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I. PURPOSE & SCOPE

The Environmental Protection Agency’s (EPA) Office of Pesticide Programs (OPP) is 
a licensing program regulating pesticides in the U.S under the Federal Insecticide, 
Fungicide, and Rodenticide Act (FIFRA) and the Federal Food, Drug, and Cosmetic Act 
(FFDCA).  As part of this program, OPP evaluates a substantial body of toxicology and 
exposure data to assess the effects of pesticides on human health and the environment.  In 
evaluating human health, EPA looks first for information directly evaluating the potential 
for effects to people, including epidemiological data.   Historically, however, few 
epidemiology studies have been available to inform the potential toxicity of pesticide 
chemicals.  As such, OPP has in the past primarily relied on toxicology studies in laboratory 
animals to assess the hazard potential and to estimate human health risk.  With the 
publication of numerous papers from the Agricultural Health Study1 and from the National 
Institute of Environmental Health Sciences (NIEHS)/EPA Children’s Centers2, among 
others, the availability of epidemiology studies conducted on U.S.-relevant exposures to 
pesticides is increasing. Nevertheless, since the number of pesticides for which quality 
epidemiology data either exist or are being developed remains relatively low in the near 
term, experimental laboratory data will likely continue to be the primary source of data for 
use in quantitative risk assessment for most pesticides.   

OPP’s goal is to use such information -- when available -- in a scientifically robust 
and transparent way.  To accomplish this, OPP has developed a general epidemiologic 
framework, as described in this document, that outlines the scientific considerations that 
OPP will weigh in evaluating how such studies and scientific information can be more fully 
integrated into risk assessments of pesticide chemicals.  The current document is neither a 
binding regulation nor is it intended to be or serve as a reviewer’s guide or manual or as a 
Standard Operating Procedure for assessing or using epidemiology data. Nor is it intended 
to be a full treatise on more modern or advanced epidemiological methods or to adequately 
convey the nuances and complexity that is important for interpreting these types of 
studies.   As such, it does not discuss (or does not discuss in any detail) such important 
epidemiological topics as causal inference and causal diagrams (Rothman et al., 2012a; 
Glymor and Greenland, 2012); more recent approaches to confounder identification, 
assessment, and control; meta-analysis and heterogeneity and its assessment/evaluation 
(Borenstein et al., 2009; Greenland and O’Rourke, 2012); or sensitivity/quantitative bias 
analysis for epidemiologic data (Lash et al., 2009; Lash et al,. 2014; Ioannidis, 2008; 
Greenland and Lash, 2012; Jurek et al., 2007).   All these topics, concepts, and issues can 
and do apply to epidemiology studies concerning pesticides, but are not covered in this 
OPP framework document.  Instead, this document provides overall conceptual 
considerations concerning the evaluation and use of epidemiology studies on pesticides in 

1 https://aghealth.nih.gov/ 
2 https://www.epa.gov/research-grants/niehsepa-childrens-environmental-health-and-disease-prevention-
research-centers 
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the context of human health risk assessments to support OPP’s FIFRA and FFDCA activities.    
An earlier version of this document was reviewed favorably by the FIFRA Scientific 
Advisory Panel (SAP) in February, 2010 (USEPA, 2010; FIFRA SAP, 2010).  This document 
incorporates improvements recommended by the SAP, public comments, and the 
experience gained since 2010 conducting assessments on several pesticides for which 
epidemiological data were available, and should be considered a document that will be 
updated from time-to-time as we progress and on as-needed basis  

II. INTRODUCTION

Two reports by the National Research Council (NRC) of the National Academy of 
Science (NAS), “Toxicity Testing in the 21st Century: A Vision and A Strategy (2007)” and 
“Science and Decisions (2009),” together provide new directions in toxicology and risk 
assessment.   These two NRC reports advocate far reaching changes in how toxicity testing 
is performed, how such data are interpreted, and ultimately how regulatory decisions are 
made.  Specifically, the 2007 report on 21st century toxicity testing advocates a shift away 
from the current focus of using apical toxicity endpoints to using toxicity pathways3 to 
inform toxicity testing, risk assessment, and ultimately decision making.  This approach is 
based on the rapidly evolving scientific understanding of how genes, proteins, and small 
molecules interact to form molecular pathways that maintain cell function in human cells. 
The goal for the new toxicity testing paradigm is to determine how exposure to 
environmental agents can perturb these pathways, thereby causing a cascade of 
subsequent key events leading to adverse health effects.  Human information like that 
found in epidemiology studies, human incident databases, and biomonitoring studies, along 
with experimental toxicological information are expected to play a significant role in this 
new approach.  Specifically, these types of human information provide insight into the 
effects caused by actual chemical exposures in humans and thus can contribute to problem 
formulation and hazard/risk characterization.  In addition, epidemiologic and human 
incident data can guide additional analyses or data generations (e.g., dose and endpoint 
selection for use in in vitro and targeted in vivo experimental studies), identify potentially 
susceptible populations, identify new health effects, or confirm the existing toxicological 
observations.   

This new vision of toxicity testing and risk assessment will involve data from 
multiple levels of biological organization ranging from the molecular level up to 
population-based surveillance with a goal of considering chemical effects from their source 
to the ultimate health outcome and effects on populations.  Such data will come from in 
vitro and in vivo experimental studies along with in silico and modeled data. OPP’s 
framework for incorporating epidemiology and incident data is conceptually consistent 
with the 2007 NRC report on 21st century toxicity testing in that both emphasize the use of 
the best available information from multiple data sources are compiled in a weight of the 
evidence (WOE) analysis.    

3 Toxicity pathways are cellular response pathways that, when sufficiently perturbed, are expected to result 
in adverse health effects. 
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As a general principle, occupational and environmental epidemiology studies are 
conducted only on widely used pesticides; these pesticides also tend to have to be well-
studied in the scientific literature.  Thus, OPP expects in many cases where epidemiologic 
data are available, a significant body of literature data on toxicology, exposure, 
pharmacokinetics (PK), and mode of action/adverse outcome pathway information 
(MOA/AOP) may also be available.  Human incident data are available on a broader range 
of chemicals, some of which have robust databases and others which do not.  In those 
situations, where there are significant human incident cases and little is known about the 
MOA/AOP or PK of a particular pesticide, the WOE analysis can be used to identify areas of 
new research.  

OPP’s approach in this framework for incorporating epidemiology and human 
incident data is not a new or novel approach.  Instead, this approach is a reasonable, logical 
extension of existing tools and methods.  This document relies on existing guidance 
documents and frameworks (Table 1) as the starting point for reviewing and evaluating 
epidemiology and human incident data for use in pesticide risk assessment.  This 
framework on using epidemiology and incident data in human health risk assessment is 
consistent with the recommendations of the NRC in its 2009 report on Science and 
Decisions, and with the agency’s recent Human Health Risk Assessment Framework 
(USEPA, 2014a) with respect to emphasizing the use of problem formulation as a tool for 
scoping, planning, and reviewing available, particularly in the context of risk management 
needs.   

Similarly, OPP’s framework is consistent with updates to the World Health 
Organization/International Programme on Chemical Safety MOA/human relevance 
framework, which highlights the importance of problem formulation and the need to 
integrate information at different levels of biological organization (Meek et al., 2014).   The 
MOA/HR framework begins with identifying the series of key events that are along the 
causal path, that are established on weight of evidence, using principles like those 
described by Bradford Hill, taking into account factors such as dose-response and temporal 
concordance, biological plausibility, coherence and consistency (Hill, 1965).  Using this 
analytic approach, epidemiologic findings can be evaluated in the context of other human 
information (including human incident findings) and experimental studies and for 
identifying areas of uncertainty and future research.   However, it is noteworthy that the 
availability of a fully elucidated MOA/AOP is a not requirement for using epidemiology 
studies in human health risk assessment.  As the agency continues to move forward in 
implementing the transformative approach in the 2007 and 2009 NRC reports and as OPP 
gains experience in integration of epidemiology and human incident information, OPP will 
re-evaluate and update this framework as appropriate.   
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Figure 1.  Schematic of the adverse outcome pathway. Adapted from Ankley et al. 
(2010). 

Table 1.  Key guidance documents and frameworks used by OPP

NAS 

1983: Risk Assessment in the Federal Government:  Managing the Process 

1994: Science and Judgment 

2007: Toxicity Testing in the 21st Century  

2009: Science and Decisions: Advancing Risk Assessment 

2011:  NAS report on Formaldehyde 

2014: Review of EPA's Integrated Risk Information System (IRIS) Process 

WHO/IPCS 

2001-2007: Mode of Action/Human Relevance Framework 

2005:  Chemical Specific Adjustment Factors (CSAF) 

2014:  New developments in the evolution and application of the WHO/IPCS 
framework on mode of action/species concordance analysis. 
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EPA 

1991-2005: Risk Assessment Forum Guidances for Risk Assessment (e.g., guidelines for 
carcinogen, reproductive, developmental, neurotoxicity, ecological, and exposure 
assessment, guidance for benchmark dose modeling, review of reference dose and 
reference concentration processes)4  

2000: Science Policy Handbook on Risk Characterization 

2006b.  Approaches for the Application of Physiologically Based Pharmacokinetic 
(PBPK) Models and Supporting Data in Risk Assessment 
2014a.  Framework for Human Health Risk Assessment to Inform Decision Making. 
2014b.  Guidance for Applying Quantitative Data to Develop Data-Derived 
Extrapolation Factors for Interspecies and Intraspecies Extrapolation  

OPP 

2001: Aggregate risk assessment  

2001 and 2002:  Cumulative risk assessment  

OECD 2013:  Organisation for Economic Co-operation and Development Guidance Document 
On Developing And Assessing Adverse Outcome Pathways 

Although there are other sources of human information, the focus of this framework is 
on interpreting and using epidemiology and human incident data in human risk 
assessment; other sources of human information are not addressed in this document in any 
depth.  Specifically, this document does not extensively discuss research with pesticides 
involving intentional exposure of human subjects5 or on studies done to measure dermal or 
inhalation exposures in agricultural workers as they perform their activities6,7 .     

4 https://www.epa.gov/osa/products-and-publications-relating-risk-assessment-produced-office-science-
advisor 
5 Both the conduct of such research and OPP’s reliance on data from such research are governed by EPA’s 
Rule for the Protection of Human Subjects of Research (40 CFR Part 26.)  Among other things, these rules 
forbid research involving intentional exposure of pregnant or nursing women or of children, require prior 
review of proposals for new research by EPA-OPP and by the Human Studies Review Board (HSRB), and 
require further review by EPA-OPP and the HSRB of reports of completed research. 
6 In the last several years, OPP has extensively evaluated existing observational studies with agricultural 
workers in efforts to improve the data and approaches used in worker exposure assessment; those 
evaluations can be found elsewhere (http://www.epa.gov/scipoly/sap/meetings/2007/010907_mtg.htm) 
7 For additional information on how such worker exposure studies are conducted and used by OPP, see PPP-
48 “Pesticides and human Health Risk Assessment: Policies, Processes, and Procedures “available at 
https://www.extension.purdue.edu/extmedia/PPP/PPP-48.pdf.   
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III. SYSTEMATIC REVIEW IN PESTICIDE RISK ASSESSMENT: EPIDEMIOLOGY

In recent years, the NRC has encouraged the agency to move towards systematic 
review processes to enhance the transparency of scientific literature reviews that support 
chemical-specific risk assessments to inform regulatory decision making (NRC 2011, 
2014).  The NRC defines systematic review as "a scientific investigation that focuses on a 
specific question and uses explicit, pre-specified scientific methods to identify, select, 
assess, and summarize the findings of similar but separate studies" (NRC, 2014).  
Consistent with NRC’s recommendations, the Office of Chemical Safety and Pollution 
Prevention (OCSPP) employs fit-for-purpose systematic reviews that rely on standard 
methods for collecting, evaluating and integrating the scientific data supporting our 
decisions.   

According to the NRC, systematic reviews “have several common elements: 
transparent and explicitly documented methods, consistent and critical evaluation of all 
relevant literature, application of a standardized approach for grading the strength of 
evidence, and clear and consistent summative language (NRC, 2014).” In recent years, 
several groups (Rooney et al., 2014; Woodruff and Sutton, 2014; Hartung, 2010) have 
published systematic review approaches for use in environmental health sciences. The 
OCSPP approach to systematic review is consistent with the principles articulated in the 
Cochrane Handbook for Systematic Reviews of Interventions for evidence-based medicine 
and with the principles of the Grading of Recommendations Assessment, Development and 
Evaluation (GRADE). GRADE guidelines used by systematic review approaches for 
environmental health sciences developed by the National Institute of Environmental Health 
Sciences (NIEHS) Office of Health Assessment and Translation (OHAT) (Rooney et al., 
2014) and University of California, San Diego (Woodruff and Sutton, 2014).  According to 
the Cochrane Handbook, the key characteristics of a systematic review are: 

a clearly stated set of objectives with pre-defined eligibility criteria for studies;
an explicit, reproducible methodology;
a systematic search that attempts to identify all studies that would meet the
eligibility criteria;
an assessment of the validity of the findings from the identified studies;
a systematic presentation and synthesis of the characteristics and findings of the
included studies.

Each approach mentioned above share common themes and workflow starting with a 
statement of scientific context (e.g., problem formulation or protocol) followed by 
literature review with explicit search strategy methods, analysis of study quality (often 
called risk of bias), evaluation of the quality of the totality of the evidence (e.g., integration) 
and ultimately leading to a conclusion(s).  Each approach recommends transparent and 
pre-determined criteria for inclusion/exclusion of scientific literature, evaluation of study 
quality, and reporting of study quality (e.g., high, medium, low).  Each approach 
recommends a pre-stated tool for data integration that provides the foundation for the 
conclusion(s). 
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So far, no single nomenclature has been agreed upon by the risk assessment 
community for systematic review and OCSPP expects terminology to evolve over time as 
more broad experience is gained.  OCSPP considers its systematic review process and 
workflow as starting with problem formulation followed by data collection, data 
evaluation, data integration, and summary findings with critical data gaps identified.  
Scientific analysis is often iterative in nature as new knowledge is obtained.   

A. Problem Formulation

In the NRC report Science and Decisions-Advancing Risk Assessment, the National 
Academy of Sciences (NAS) recommended to EPA that risk assessments and associated 
scientific analyses be developed to be useful to policy makers; in order to attain this goal, 
the NRC recommended that the agency more broadly use problem formulation in 
developing its risk assessments.  In response to the NRC, the agency published the Human 
Health Risk Assessment Framework (USEPA, 2014) which highlights the importance of 
problem formulation.  Problem formulation entails an initial dialogue between scientists 
and risk managers and provides the regulatory context for the scientific analysis and helps 
define the scope of an analysis.  Problem formulation draws from regulatory, decision-
making and policy context of the assessment, informs the technical approach to the 
assessment and systematically identifies the major factors to be considered.  As such, the 
complexity and scope of each systematic review will vary among the different risk 
assessment contexts.  In other words, an OCSPP systematic review is conducted as “fit-for-
purpose” (NRC, 2009) based on the pre-determined scope and purpose determined from 
problem formulation.   

The problem formulation involves consideration of the available information along 
with key gaps in data or scientific information.  OPP uses problem formulation as a tool to 
identify exposure pathways and potential health outcomes along with the appropriate 
methods, data sources, and approaches for the scientific analysis.    If missing data are 
critical to the assessment, options are discussed as to how best to obtain that information 
(e.g., required testing, research). The peer review process is identified and the timeline for 
completing the assessment is defined.  

Systematic review provides a transparent tool for organizing available information 
and identifying gaps in information for the regulatory purpose for the analysis.  As such, in 
problem formulation, the regulatory context of a scientific analysis is described which in 
turn defines the scope of and purpose for collection and evaluation of scientific literature.  
Some considerations in problem formulation may be related to population or life-stage, 
exposure pathways (e.g., route, duration, frequency), and/or health outcomes of interest 
identified from in vitro or in vivo laboratory studies along with epidemiology or human 
incident studies along with resources available and regulatory timeframe.   In the context of 
considering epidemiology and human incident information, an initial evaluation of the 
study quality, study design, and uncertainties are considered.   
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Key scientific issues related to hazard assessment considered in problem 
formulation include:  What are the effects associated with exposure?  What are the 
MOA/AOPs associated with these effects?  What are the temporal aspects of the effects?  
Are there susceptible populations and if so, who are they and what factors contribute to 
susceptibility?   Are there differences in PK or pharmacodynamics (PD) between laboratory 
animals and humans?  Exposure information is also evaluated in problem formulation.  Key 
scientific issues related to exposure assessment considered in problem formulation 
include:   How is the pesticide used? What are all of the relevant use sites of exposure? To 
what chemical substances will people be exposed? What are the routes, durations, and 
frequencies of exposures? Who may be exposed?  Does the exposure pose different risks to 
different groups (e.g., due age or activity patterns?)   In the specific case of epidemiology 
data, this review considers a variety of factors including, but not limited to, research 
hypothesis, study design (i.e., sample size, sufficient controls, quality of measurements, 
etc.), exposure dose/concentration, statistical analysis, and conclusions.   

B. Data Collection

The data collection phase of systematic review is the collection of available information 
from various published and unpublished sources, such as the open scientific literature and 
submitted studies for pesticide registration.  OPP reviews data collected under the 
Organisation for Economic Cooperation and Development (OECD) test guidelines, OCSPP 
harmonized test guidelines, and other pesticide (OPP guidelines).  These guideline studies 
are collected primarily from in-house databases of submitted studies and are found 
through searches of such internal databases.   

In the case of epidemiology, most studies are expected to be found in the open 
scientific literature.  Although in some cases supplemental analyses or information may be 
available, dialogue with the researchers may provide additional, important information not 
published in the original paper in understanding and interpreting epidemiology studies.  
The sources of human incident information are summarized in Section IV.   

Open literature search strategies use specified criteria to retrieve health effects 
information from the open scientific literature and unpublished sources. After identifying 
and selecting the most appropriate sources/databases and determining the most resource 
effective strategy utilizing classification codes, medical subject headings, and/or keywords, 
a search is conducted of the literature.  Depending on the complexity of the scientific 
evaluation, support from a reference librarian may or may not be needed.  The goal of a 
human health literature search is to perform a reliable and reproducible literature search 
by providing proper documentation of the literature search process. The following steps 
are conducted to retrieve relevant studies:  

The purpose of the scientific analysis and inclusion criteria are established.

Combinations of terms/key words and/or MeSH (Medical Subject Heading) terms
and their Boolean combinations (AND; OR; NOT) are used and documented.
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Advanced Search and Field Search by author, title, keywords or subject heading may 
also be performed as needed.  Knowledge of database structure, and using a 
separate search strategy for a specific database is helpful in retrieving relevant 
studies. In addition to an initial comprehensive search, periodic searches may be 
conducted to update the literature list. 

The search strategy is documented, including the date(s) of the search(es)to ensure 
that all the searches of all the databases are reproducible.   

Reference lists of retrieved articles are examined2 for additional background and to 
look for articles that were not discovered in the initial search.   

After combining the retrieved articles from different databases and removing 
duplicates, the available titles and abstracts are screened.  For some of the articles 
where relevance could not be determined from the title and the abstract, the article 
is retrieved for further review. 

Following the initial screening, articles that were not relevant (exclusion criteria) – 
such as opinion articles, studies not in English, and those consisting only of abstracts 
are excluded.  Additional exclusion criteria can be identified on a case by case basis.  
All exclusion criteria are documented.  The rest of the articles, even those that found 
no adverse health effects, are included for review and evaluation.   

 
 

C. Data Evaluation 

 
In the data evaluation phase, data quality is reviewed and conclusions are made about 

the utility of such data. Study quality reflects the overall confidence that reports findings 
are correct (Balshem et al., 2011).  As such, study quality can include: 

 
reporting quality (how well or completely a study is reported);  
how credible the findings are based on the design and conduct of the study;  
and how well the study addresses the topic under review (Rooney et al., 
2014).  

 
Study quality is first considered on an individual study basis, and the quality is judged. 

For example, one may have stronger confidence in a well conducted case control study than 
a poorly conducted cohort study.  Credibility of the scientific findings, often called risk of 
bias, is evaluated using pre-determined criteria for specific domains related to study design 
and conduct (See Table 2).   

 
OPP initially developed a guidance on using the open scientific literature 

considerations called the “Guidance for Considering and Using Open Literature Toxicity 
Studies to Support Human Health Risk Assessment” (USEPA, 2012) and generally continues 
to follow this guidance.   However, with the acceleration of systematic review in risk 
assessment, some aspects of the literature guidance may need updating in the future.  
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Conclusions about the quality of the data are made and can be described in conclusion 
statements or categories (e.g., acceptable/not acceptable; low, medium, high).   

 
Specific considerations used in evaluating epidemiology studies on pesticide chemicals 

are provided in Section III.C below.  As part of the data review, a concise written review of 
the study is developed.  This written review describes the study design, results, 
conclusions, and the strengths and weaknesses of the study. The quality of the 
epidemiologic exposure assessment is an important factor in determining what role 
epidemiologic data will play in the risk assessment.  As such, it is important to fully 
characterize the assumptions used in the epidemiologic exposure assessment and the 
degree to which these assumptions affect the interpretation and generalizability of the 
epidemiologic findings.  The evaluation of the epidemiologic exposure assessment may 
include a consideration of past and present exposure patterns (e.g., exposed populations, 
pathways, routes, and levels of exposure) and may include significant changes in use 
patterns (e.g., risk mitigation actions or new use patterns).  With regard to evaluating meta-
analyses, reporting guidelines for Meta-analysis Of Observational Studies in Epidemiology 
(MOOSE) have been developed by Stroup et al., (2000) that are useful in evaluating the 
quality and interpreting meta-analysis.  

 
D. Data Integration: Weight of Evidence (WOE) 

 
OPP’s human health characterizations involve the consideration of all available and 

relevant data, including but not limited to human studies/epidemiology, biomonitoring 
data, in vitro and in vivo experimental laboratory toxicological studies, MOA/AOP 
information, pharmacokinetic studies, and structure-activity relationships (SAR).  Once the 
different types of hazard data are collected and a full evaluation of each relevant study is 
conducted and documented, the next step is to integrate multiple lines of evidence. 

 
Data integration is based on the principle of reaching a judgment of the totality of 

the available negative and positive data for relevant hazards. OPP uses a WOE analysis for 
evaluating epidemiology and human incident data, such conclusions are made on the 
preponderance of the information rather than relying on any one study.  OPP uses the 
modified Bradford Hill criteria like those in the MOA/human relevance framework as a tool 
for organizing and integrating information from different sources (Hill, 1965; U.S. EPA, 
1999, 2005; Sonich-Mullin et al., 2001; Meek et al., 2003; Seed et al., 2005; OECD AOP Wiki 
Users Handbook8).   It is important to note that the Hill Criteria are not intended as a check 
box approach but instead are points to consider when evaluating the totality of evidence.  
In addition, the availability of a fully elucidated MOA/AOP is a not requirement for using 
epidemiology studies in human health risk assessment.  However, even in the absence of a 
fully developed MOA/AOP, collection and evaluation of mechanistic data may provide 
support for biological plausibility and help explain differences in tissue sensitivity, species, 
gender, life-stage, or other factor.  The MOA/human relevance framework is a flexible tool 
which provides a foundation for organizing information without rigidity.  It is this 

8 https://aopwiki.org/wiki/index.php/Main_Page#OECD_User_Handbook 
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flexibility that makes it a useful tool for a variety of purposes such as evaluating causality, 
integrating information across multiple lines of scientific evidence, and identifying data 
gaps and areas of future research.  In this analysis, epidemiologic findings and human 
incident data can be evaluated in the context of other human information and experimental 
studies to evaluate biological plausibility, to identify areas of uncertainty and areas of 
further research.   To describe how Bradford Hill aspects are considered in the WOE 
evaluations, OPP has used some definitions of terms as outlined in EPA’s Preamble to the 
Integrated Science Assessments (ISAs) which serve as a scientific foundation for the review 
of EPA’s National Ambient Air Quality Standards (NAAQS). (USEPA, 2015).   

 
 

Key events.  In cases where the MOA/AOP are established for a particular health 
outcome, a clear description of each of the key events (i.e., measurable parameters) 
that underlie the MOA/AOP are given. Data to inform the key events may come from 
a combination of in vitro or in vivo data sources (human or animal). These key 
events can be a combination of PK and PD events.  However, it noteworthy that the 
availability of a fully elucidated MOA/AOP is a not requirement for using 
epidemiology studies in human health risk assessment.   

 
Biological Gradient/Exposure-Response/Dose-Response Concordance & 
Relationships.  The Preamble to the ISAs notes that “In the context of epidemiology, 
a well-characterized exposure-response relationship (e.g., increasing effects 
associated with greater exposure) strongly suggests cause and effect, especially 
when such relationships are also observed for duration of exposure (e.g., increasing 
effects observed following longer exposure times) (USEPA, 2015).” When the 
MOA/AOP is known, dose-response relationships are identified for each key event.  
Dose-response relationships are compared among key events.  In some cases, the 
earlier key events may be more sensitive than later key events.  In other cases, key 
events may share similar dose-response curves.   

 
Temporal association.  Evidence of a temporal sequence between the introduction 
of an agent and appearance of the effect constitutes another argument in favor of 
causality (USEPA, 2015).  The Preamble to the ISAs notes that “Strong evidence for 
causality can be provided through ‘natural experiments’ when a change in exposure 
is found to result in a change in occurrence or frequency of health.”   
 
 

This analysis considers key events which occur rapidly (e.g., metabolism to an active 
metabolite which could occur within minutes of exposure) and those which occur after 
longer durations (e.g., development of a tumor) to ensure coherence of the effects.  Specific 
to considering epidemiology data, the temporal relationship between the exposure and 
health outcome may be considered.     
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Strength, consistency, and specificity.  
 

Consistency:  An inference of causality is strengthened when a pattern of elevated risks is 
observed across several independent studies. The reproducibility of findings constitutes 
one of the strongest arguments for causality. Statistical significance is not the sole criterion 
by which the presence or absence of an effect is determined. If there are discordant results 
among investigations, possible reasons such as differences in exposure, confounding 
factors, and the power of the study are considered (USEPA, 2015).   
 
Consistency of findings across studies is informed by the repeated observation of effects or 
associations across multiple independent studies. Further support is provided by 
reproducibility of findings in different populations under different circumstances. 
However, discordant results among independent investigations may be explained by 
differences in study methods, random errors, exposure, confounding factors, or study 
power, and thus may not be used to rule out a causal connection (USEPA, 2015). 

 
Strength of the observed association:  The finding of large, precise risks increases 
confidence that the association is not likely due to chance, bias, or other factors. However, 
it is noted that a small magnitude in an effect estimate may or may not represent a 
substantial effect in a population (USEPA, 2015). 

 
Specificity of the observed association:  Evidence linking a specific outcome to an 
exposure can provide a strong argument for causation. However, it must be recognized that 
rarely, if ever, do environmental exposures invariably predict the occurrence of an 
outcome, and that a given outcome may have multiple causes (USEPA, 2015). 
 

 
Biological plausibility and coherence.    
 

Coherence:  An inference of causality from one line of evidence (e.g., 
epidemiologiccontrolled human exposure, animal, or ecological studies) may be 
strengthened by other lines of evidence that support a cause-and-effect interpretation of 
the association. There may be coherence in demonstrating effects from evidence across 
various fields and/or across multiple study designs or related health endpoints within one 
scientific line of evidence (USEPA, 2015).   
 
When animal and human data show a similar toxic profile, both quantitatively and 
qualitatively, there is high confidence in the human health risk assessment. Whereas in 
other cases, animal and human data may show a qualitatively similar toxic profile but 
quantitative differences are observed.   For example, a particular chemical exhibits the 
same MOA/AOP in animals and humans but there may be species differences in dose-
response characteristics.  These dose-response differences could be due to tissue 
dosimetry (i.e., PK) or from different response characteristics (i.e., PD).   In contrast, animal 
and human data can, in some instances, show qualitatively dissimilar outcomes.  This 
situation highlights the need to fully and objectively evaluate all available information in a 
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transparent and comprehensive manner to consider factors such as species, gender, and 
life-stage differences and potential susceptibilities along with study design considers and 
exposure potential.   

 
Biological plausibility:  An inference of causality is strengthened by results from 
experimental studies or other sources demonstrating biologically plausible mechanisms. A 
proposed mechanism, which is based on experimental evidence and which links exposure 
to an agent to a given effect, is an important source of support for causality (USEPA, 2015).   
 
Similarly, information on MOA/AOP for a chemical, as one of many structural analogs, can 
inform decisions regarding likely causality.  Structure activity relationships and 
information on the agent’s structural analogs can provide insight into whether an 
association is causal (USEPA, 2015).   
 
EPA’s Cancer Guidelines (2005) indicate:     
 

“evaluation of the biological plausibility of the associations observed in epidemiologic 
studies reflects consideration of both exposure-related factors and toxicological 
evidence relevant to identification of potential modes of action (MOAs). Similarly, 
consideration of the coherence of health effects associations reported in the 
epidemiologic literature reflects broad consideration of information pertaining to the 
nature of the biological markers evaluated in toxicologic and epidemiologic studies. [p. 
39].”   

 
However, The Cancer Guidelines further state that “lack of mechanistic data, however, is not 
a reason to reject causality [p. 41].”   As such, lack of established MOA/AOP is not necessary 
knowledge when using epidemiology data and epidemiology associations may still be valid 
even in the absence of an established MOA/AOP and may also provide insight into potential 
MOA/AOP. 
 

Uncertainties. Uncertainties are discussed in the WOE transparently and 
objectively. 

 
 

E. Overall conclusions, recommendations for risk assessment, statement 
of areas of confidence and uncertainty  

 
It is important to document a summary of the evidence, the procedures or methods 

used to weigh the evidence, the basis for the WOE conclusion or recommendation, any 
uncertainties and areas for further research.  Recommendations are made on the role of the 
epidemiologic or human incident data in the risk assessment.  Generally, OPP does not use 
human incident information for quantitative risk assessment but instead to inform risk 
assessment/risk management activities such as indicating a potential need for a new risk 
assessment or new risk management measures, evaluating the success of risk mitigation 
actions after they are implemented, and targeting possible enforcement activities.  In 
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contrast to more limited role of human incident data, epidemiology studies have the 
potential to help inform multiple components of the risk assessment in a variety of ways.  
High quality studies with robust exposure assessment may be used to estimate a risk 
metric quantitatively.    Alternatively, outcomes reported in epidemiologic studies may be 
compared qualitatively with those seen in in vitro and animal studies to evaluate the 
human relevance of animal findings (Hertz-Picciotto, 1995) and may be useful in assessing 
the biological plausibility of epidemiologic outcomes.   In the final portion of the proposed 
WOE analysis, the overall conclusions along with statement of areas of confidence and 
uncertainty.  This section also identifies areas of additional research.   This section 
recommends the source of data for regulatory values and the appropriate approach for 
extrapolating between species (if necessary) and among humans.   
 

 

IV. REVIEWING EPIDEMIOLOGY STUDIES FOR USE IN PESTICIDE RISK ASSESSMENT 

A.  Introduction   

 
Epidemiology is a science that seeks to identify and evaluate relationships between 

exposure to chemical, physical or biological agents, and the health status of populations 
(Boyes et al., 2007).  It has been defined as the “study of how disease is distributed in 
populations and the factors that influence or determine this distribution” (Gordis, 2009). 
More broadly, it is considered as “the study of the occurrence and distribution of health-
related events, states, and processes in specified populations, including the study of the 
determinants influencing such processes and the application of this knowledge to control 
of relevant health problems” (Porta, 2014).   The objective of much epidemiologic research 
is to obtain a valid and precise estimate of the effect of a potential cause on the occurrence 
of disease.  A key objective of epidemiology, like other sciences, is determining cause and 
effect or - said differently - of identifying the etiology of a disease or health outcome and 
the risk factors with which it might be associated.   Calderon (2000) described four major 
uses of such studies:  1) describe the health status of a population and discover important 
time trends in disease and exposure frequency; 2) explain the occurrence of diseases by 
identifying factors that are associated with specific diseases or trends; 3) predict the 
number of disease occurrences and the distribution of health states in specific populations; 
and 4) improving the health status of the population by identifying factors that affect 
environmental or human health.  In the case of pesticides, epidemiology focuses on the 
relation between exposure and adverse health effects in the general population and in 
specific sub-populations, such as occupationally exposed workers or applicators.  
 

Epidemiology studies have the potential to help inform multiple components of the risk 
assessment in a variety of ways.  High quality studies with robust exposure assessment 
may be used to quantitatively estimate risk or an appropriate risk surrogate such as an 
odds ratio or risk ratio.  However, many epidemiology studies that deal with pesticides and 
pesticide exposure suffer some limitations in size, scope, exposure assessment, or data 
analysis which prevent or otherwise impede their full use in quantitative risk assessment 
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(Ntzani et al., 2013).  Pesticide use in the US has changed significantly over the last few 
decades.  As the use changes, so does the exposure to workers.  Changes in pesticide use 
have occurred due to risk mitigation actions by EPA, resistance management activities, 
introduction of new chemistries, and increased use of genetically modified crops.  These 
significant changes in exposure have to be taken into account when interpreting 
epidemiology studies and, ultimately, the decision to use such studies in quantitative risk 
assessment. Even so, epidemiology studies may be used to compare with evidence from 
experimental animal studies to characterize assumptions used in deriving such values.  In 
other cases, outcomes reported in epidemiologic studies may be compared qualitatively 
with those seen in in vitro and laboratory animal studies to evaluate biological plausibility 
or human relevance of animal findings (Hertz-Picciotto, 1995).   Human information like 
that found in epidemiology studies are expected to potentially play a significant role in the 
new vision of toxicity testing recommended by the NRC (2007).  Specifically, epidemiology 
studies can provide insight on health outcomes that may arise from real-world chemical 
exposures in humans and thus can contribute to problem formulation and hazard/risk 
characterization.  Human information may guide additional studies (e.g., dose and endpoint 
selection for use in in vitro and targeted in vivo experimental studies); and identify novel 
health effects or host susceptibilities which can be investigated with future research.   

 
When laboratory data from animal studies provide the primary source of information 

for hazard characterization, one potential source of uncertainty is the relevance of animal 
models to humans.  In the absence of data to support the contrary, animal findings are 
assumed to be relevant to humans.  Furthermore, EPA assumes that humans are more 
sensitive than laboratory animals in the absence of data to support the contrary.  In 
actuality, humans may be more or less sensitive to pesticides than other animal species.  
Epidemiology and human incident data can provide scientific information and support to 
inform uncertainties associated with species extrapolation.   With respect to population 
variability, epidemiology studies better characterize potential variability than do animal 
studies.  Specifically, epidemiologic data include the genetic diversity, and variability 
inherent in human populations and thus can better account for and represent actual 
population response to environmental chemicals than laboratory animals (Calderon, 2000).   

 
With respect to dose-response characterization, animal toxicology studies have the 

benefit that studies can be designed to cover a broad range of exposure levels.  However, 
animal toxicology studies generally use exposures which are much larger (sometimes 
orders of magnitude) than those that occur in the environment.  These high exposure levels 
in animal studies dictate the need for extrapolation from high to low doses.  This 
extrapolation introduces added uncertainty into the risk assessment.  Epidemiology studies 
and human incident data involve actual real-world exposures and thus high dose 
extrapolation may in many cases not be needed. Epidemiology studies conducted over a 
range of exposures (from low to high) are most useful.     

 
Animal studies do not replicate the length, magnitude, duration, routes of exposure and 

variability in exposure experienced by humans (Calderon, 2000).   Human exposure often 
occurs through multimedia exposure pathways, including food, water, air, and indoor and 
outdoor environments.  In contrast, controlled laboratory studies typically use a single 
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route of exposure.  In addition, humans may experience exposure to multiple chemicals 
and/or non-chemical stressors simultaneously, whereas most animal studies involve a 
single chemical stressor.   On one hand, this multi-chemical exposure in epidemiology 
studies can provide a challenge when attempting to attribute epidemiologic outcomes to a 
single pesticide chemical. On the other hand, epidemiologic research considers real-world 
exposures and may help, when considered along with experimental approaches, address 
questions associated with multiple chemical exposures which can be difficult to evaluate in 
an experimental setting.    

 
 

B.  Types of Epidemiology Studies  

 
The major types of observational epidemiologic studies are described briefly below 

with consideration of their strengths and weaknesses (Lilienfeld and Lilienfeld, 1979; 
Mausner and Kramer, 1985; Kelsey et al., 1996; Rothman and Greenland, 2012; Paddle and 
Harrington, 2000; USEPA, 2005; Purdue Pesticide Programs, PPP-43).    

 
Cohort studies begin with a group of people that share common characteristics—the 

cohort—and evaluate their health over an extended follow-up time period during which 
the occurrence of disease is recorded (see figure box from van den Brandt et al. (2002)). 
The common characteristic is often the presence vs. absence of “risk factors” (such as 
exposures)9.  In such studies, 
differences in disease occurrence 
between the “exposed” and “non-
exposed” individuals are identified 
and studied over time to determine 
differences in the rate of disease10.  
This difference in the rate of disease 
occurrence is then investigated to 
determine if the rate of disease 
differs between the exposed and 
non-exposed groups.  Cohort studies 
have the ability to simultaneously 
evaluate multiple disease outcomes 
under study (which is not true for case-control studies, which are generally limited to 
evaluating only a single (pre-specified) disease outcome, discussed below). Cohort studies 
can also be performed either prospectively, like the Agricultural Health Study (AHS, 
http://aghealth.nci.nih.gov/), or retrospectively from historical records. A prospective 
cohort design focuses on a group of people from a current point in time through a future 
point in time. A retrospective cohort design focuses on a group exposed at some point in 
the past, and compares disease rates after exposure occurred (generally through existing 

9 While exposure is often dichotomized on an exposed vs. non-exposed basis in cohort studies, exposure can 
also be measured on a quantitative scale (e.g., by a continuous measure or by quantiles) 
10 Cohort studies commonly study differences in rates of disease, but these can also include other focal 
outcomes of interest such as birth weight, mental abilities, blood pressure, etc.    
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available exposure databases (or records) available on a person-by-person (individual) 
basis).  Prospective cohort studies can be relatively lengthy and expensive to conduct, 
particularly for rare diseases, and require a large number of subjects to be under study.  
Importantly, significant resources and professional staff are required for a long period of 
time to collect high quality data.   

 
 
Case-control studies are studies in which groups of individuals with (cases) and 

generally without (controls) a given disease are identified and compared with respect to 
(generally past11) exposure to determine whether those with the disease of interest are 
more likely or no more likely to have 
been exposed to the agent(s) or 
factor(s) of interest.  That is, the 
analysis of case-control studies 
contrasts the frequency of exposure of 
the agent or factor in the cases with 
those in the controls to determine if 
these differ and, thus, whether there is a 
differential association.  In case-control 
studies, determination of the disease 
status (i.e., cases with the disease; 
controls without) generally precedes 
determination of the exposure status 
(see figure box from van den Brandt et 
al. (2002))   Because disease has already occurred at the time of selection into the case-
control study, this study design is particularly useful in studying uncommon diseases  or 
diseases with long latency and can be utilized to evaluate the relation between many 
different exposures and a specific (pre-specified) disease outcome of interest . And because 
case-control studies begin with individuals who have the disease, the studies can involve 
fewer subjects than cohort studies and can be completed in a comparatively shorter time 
frame.  Challenges in case-control investigations include the selection of an appropriate 
control group and the assessment of exposures which may have occurred long before the 
disease was diagnosed (Rothman, 2012; Wacholder et al. 1992a; Wacholder et al. 1992b; 
Wacholder et al. 1992c; Shultz and Grimes, 2002; Grimes and Schultz, 2005). Case-control 
studies can be particularly susceptible to “recall bias” in which diseased individuals may 
remember exposures or events differently (generally better) than those who serve as the 
controls and are healthy.   

 
Nested case-control studies are an example of a hybrid design and contain the 

elements of a cohort and a case-control study.  These designs can be useful when the 
analytical costs for determining pesticide exposure are too high for the entire cohort to be 
studies.  For example, a cases that that have developed the disease or health outcome in an 

11 It is possible for case-control studies to be done prospectively in which the cases have not yet developed 
the disease until after the study begins under which circumstance the cases are enrolled in the study over 
time. 
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ongoing cohort study can be matched with appropriate controls from the study that have 
not yet developed the disease or outcome of interest at the time of the analysis. One 
recognized advantage of the nested case-control study (as opposed to a more standard 
case-control study) is that the issues of selection bias and recall bias are minimized.   

 
Cross-sectional studies focus on the prevalence of disease (e.g., birth defects, small-

for-gestational age or SGA), symptoms, biological/physical and physiologic response 
measurements (e.g., pulmonary function tests, blood pressure, chest X-ray, clinical 
examinations, liver and kidney biomarkers). A key feature of such studies is that they are 
observational studies which focuses on the prevalence as a frequency measure, with the 
presence or absence of disease determined at the time of sampling or over a sampling 
period. Prevalence is the proportion of individuals in a population that has the disease and 
can either be determined as a “point prevalence” or as a “period prevalence”.12 A 
prevalence is a proportion not a rate and thus the cross sectional studies do not involve a 
follow up period. Typically, the exposure status (e.g., exposed or unexposed), disease 
status/outcome, and demographic characteristics are determined at a point in (or over) 
time. The major comparison in this study design is a comparison of the prevalence of the 
outcome in the exposed population vs. the prevalence of that outcome in the non-exposed 
population, with the risk measure being the prevalence risk ratio or odds ratio.  Cross-
sectional studies are generally used to identify patterns or trends in disease occurrence 
over time or in different geographical locations, and can be conducted quickly and 
relatively inexpensively.  However, they measure the prevalence of a disease outcome 
which is affected by both incidence – the rate of occurrence of new cases – and duration of 
the disease, and it can be difficult in any analysis to sufficiently separate these factors. 
Thus, they involve “survivor populations” and do not measure, evaluate, or consider those 
that have left the population of interest because they became ill.  Another important 
limitation of cross-sectional studies is they do not allow one to determine whether 
exposure precedes the disease.  As such, cross-sectional studies are unable to establish 
temporal relationships between disease and exposure and typically require additional 
studies to confirm a hypothesized causal association suggested by a cross-sectional study.  

 
Ecologic studies examine exposure and disease patterns using information reflecting 

group or population-level data. In an ecologic study, the unit of analysis is a group and not 
an individual13.  Here, groups of subjects are sampled, with the exposure, disease, and 
potential confounding factors measured at this group (or cluster) level.  Groups are 
generally defined on a geographic, administrative, or organizations unit basis (e.g., districts, 
towns, counties, schools, workplaces, etc.) with all exposure, disease, or confounder 
measurements made or summarized at the group level rather than at the level of the 
individual.  An ecological (group-based) study contrasts with an individual-level study in 
that in the former there is no information on whether the cases are the actual individuals 

12 The former involve measurements at a particular place and/or a particular time while the latter involves 
determinations of the proportion of cases over a given time period. 
13 Some studies can be “partially ecologic” in design in which either the exposure or the disease outcome is 
measured on a group level but the other variable is measures at an individual level with the researcher 
making inferences to the individual level.   
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with the exposure whereas in the latter exposure information is tied to the individual.  As 
an example, a study of disease rates by contaminant levels in water can be ecologic with 
respect to evaluation of the exposure, but the health outcome or disease status may have 
determined on an individual basis. In these instances, the term “semi-ecological” can 
sometimes be used when exposure is determined at the group level but outcome is 
determined at the level of the individual.   

 
Using this design, it is not possible to know whether all members of the exposed group 

are individually exposed (or the individual exposure levels) nor is it possible to infer 
individual-level effects from the group level effects that result.   If the intent of the study is 
to direct inferences to the group (rather than the individual), then this is not a concern and 
these studies can be appropriate, particularly if measurements are constrained or difficult 
to perform at the individual level and exposures within the group are generally 
homogenous. If the intent of the study is instead to direct inferences to the individual, then 
this study design suffers from what is termed the ecological fallacy:  the assumption that an 
observed relationship in an aggregated or grouped data set will reflect what would have 
been observed had the sampling occurred at the individual level.  In addition to this 
ecological fallacy issue, an additional bias arises a result of the inability to appropriately 
control for confounding variables at the level of the individual as opposed to the group 
when information on confounding factors is only available at the group level.     

 
In most cases, ecologic studies are considered as hypothesis-generating studies and 

best used for suggesting research hypotheses for future studies and may contribute to 
problem formulation.  Nevertheless, it is important to assess ecological studies on the basis 
of the quality of their design, and useful information can be gleaned from an ecologic study 
if it is well-designed (FIFRA SAP, 2010).  Ecologic studies alone generally do not have the 
ability to establish a causal association.  When taken with other these studies can be useful 
under certain circumstances and should be noted in the hazard characterization. In 
particular, stable populations, clear exposure contrasts, and large differences in risk can be 
important factors that might increase the utility of these studies.    
 
 

C.  Evaluating epidemiology studies for use in pesticide risk assessment   

OPP searches the peer reviewed literature for observational epidemiology studies of 
potential adverse acute and chronic health effects linked to chemical use. Details regarding 
literature search protocols and strategies are provided elsewhere. Epidemiologic research 
utilizing cohort, case-control, or cross-sectional study designs may provide information to 
OPP to strengthen OPP’s understanding of the potential hazards, exposure-response 
characterization, exposure scenarios. or assessment methods, and – ultimately -- risk 
characterization (van den Brandt, 2002).  In addition, compelling case reports or case 
series analysis may illumine a health effect or mechanism of action previously unidentified.  

 
Generally speaking, the quality of epidemiologic research, sufficiency of 

documentation of the study (study design and results), and relevance to risk assessment is 
considered when evaluating epidemiology studies from the open literature for use in OPP’s 
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risk assessments. It is important that these criteria are endpoint-specific as various 
methodological details become more or less important given the endpoint of concern. For 
example, it is important to understand relevant factors that influence outcome 
ascertainment (e.g., is there a test or a biomarker available to indicate presence of an effect, 
or are symptoms gradual and non-specific initially leading to physician diagnosis upon 
advanced disease state). In addition, for environmental and occupational epidemiology 
studies, the quality of the exposure assessment is vitally important. Prior consideration 
must be given to aspects of exposure and confounder measurement to the question under 
consideration.  

 
When considering individual study quality, various aspects of the design, conduct, 

analysis and interpretation of the epidemiology studies are important. These include:  
 

1. Clear articulation of the hypothesis, even if the study is hypothesis-generating in 
nature; 

2. Adequate assessment of exposure for the relevant critical windows of the health 
effects, the range of exposure of interest for the risk assessment target population, 
and the availability of a dose/exposure-response trend from the study, among other 
qualities of exposure assessment, 

3. Reasonably valid and reliable outcome ascertainment (the correct identification of 
those with and without the health effect in the study population), 

4. Appropriate inclusion and exclusion criteria that result in a sample population 
representative of the target population, and absent systematic bias, 

5. Adequate measurement and analysis of potentially confounding variables, including 
measurement or discussion of the role of multiple pesticide exposure, or mixtures 
exposure in the risk estimates observed, 

6. Overall characterization of potential systematic biases in the study including errors 
in the selection of participation and in the collection of information; this can include 
performing sensitivity analysis to determine the potential influence of systematic 
error on the risk estimates presented (e.g., Greenland’s formula) 

7. Evaluation of the statistical power of the study to observe health effects with 
appropriate discussion and/or presentation of power estimates, 

8. Use of appropriate statistical modeling techniques, given the study design and the 
nature of the outcomes under study 
 
Other Federal and non-Federal entities have offered such guides (e.g., OHAT, 

Navigation Guide, National Toxicology Program [NTP] Report on Carcinogens [ROC14], IRIS, 
Cochrane ACROBAT-Non-Randomized Studies of Interventions) (Sterne et al., 2015 as well 
as the STROBE (Strengthening the Reporting of Observational Studies in Epidemiology) 
statement for observational epidemiological studies (see www.strobe-statement.org and  
Vandenbroucke et al., 2007;  Von Elm, 2014)   As OPP gains experience with integrating 
epidemiology studies into human health risk assessment, relevant adjustments to its 
evaluation approach will be made.   

 

14 http://ntp.niehs.nih.gov/pubhealth/roc/index.html 
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Independent study evaluation is performed and documented prior to the 
development of evidence- tables of detailed summary tables which are informative to 
hazard identification and exposure response assessment. Table 2 provides a structure to 
the major considerations evaluated and the associated weight (low, medium, high) for each 
consideration.   Table 2 provides a generic set of considerations and should not be 
considered a checklist.  The specific scientific considerations appropriate for particular 
science analysis are adjusted on a case by case basis.   
 

The culmination of the study evaluation process would be to provide 
professional/expert opinion as to the nature of the potential bias that may result from 
systematic errors in each specific study identified through study specific evaluations, and 
an assessment of overall confidence in the epidemiological database. In this way, data 
integration (animal, human, mechanistic, other) would be informed by level of confidence 
in the human epidemiological studies that inform human health effects of environmental 
and occupational exposures.  
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Table 2. Study Quality Considerations a (Adapted from Munoz-Quezada et al., 2013; 
LaKind et al., 2014) 

Parameter High Moderate Low 

Exposure 
assessment 
 

Accurate and 
precise quantitative 
relationship with 
external 
exposure, internal 
dose, or target dose, 
possibly associated 
with an MOA/AOP. 
 
If questionnaire 
utilized, questionnaire 
and/or interview 
answered by subjects 
for chemical-specific 
exposure  

Evidence exists for a 
relationship 
between biomarker in a 
specified matrix 
and external exposure, 
internal dose, or 
target dose. 
 
Questionnaire and/or 
interview for chemical-
specific exposure answered by 
subjects or proxy individuals  

Poor surrogate 
 
 
Low-quality 
questionnaire and/or 
interview; information 
collected for groups of 
chemicals rather than 
chemical-specific; no 
chemical-specific 
exposure information 
collected; ever/never 
use of pesticides in 
general evaluated 

Outcome Assessment 

Standardized tool, 
validated in study 
population; medical 
record 
review/diagnosis 
confirmation by 
trained staff; 
appropriate 
consideration of 
prevalence/incidence 
of cases 

Standardized tool, not 
validated in population, or 
screening tool; or, medical 
record review, methods 
unstated  

Selected sections of 
test, or maternal 
report, other; or, 
maternal/paternal 
self-report; 
unclear/no 
consideration for 
whether prevalent or 
incident cases are 
appropriate 

Confounder control 

Good control for 
important 
confounders relevant 
to scientific question, 
and standard 
confounders 

Moderately good control 
confounders, standard 
variables, not all variables 
relevant for scientific question 

Multi-variable analysis 
not performed no 
adjustments; no 
stratification, 
restriction, or 
matching 

Statistical Analysis 

Appropriate to study 
question and design, 
supported by 
adequate sample size, 
maximizing use of 
data, reported well 
(not selective) 

Acceptable methods, 
questionable study power 
(especially sub-analyses), 
analytic choices that lose 
information, not reported 
clearly  

Minimal attention to 
statistical analyses, 
comparisons not 
performed or 
described clearly  

Risk of (other) bias 
(selection, 
differential 
misclassification, 
effect size 
magnification, other) 

Major sources of other 
potential biases not 
likely present, present 
but analyzed, unlikely 
to influence 
magnitude and 
direction of the risk 
estimate 

Other sources of bias present, 
acknowledged but not 
addressed in study, may 
influence magnitude but not 
direction of estimate 

Major study biases 
present, 
unacknowledged or 
unaddressed in study, 
cannot exclude other 
explanations for study 
finding 

a Overall study quality ranking based on comprehensive assessment across the parameters. 
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1. Exposure Assessment  
 

Exposure assessment can be defined as the “process of estimating or measuring the 
magnitude, frequency and duration of exposure to an agent, along with the number and 
characteristics of the population exposed. Ideally, it describes the sources, pathways, 
routes, and the uncertainties in the assessment. (Zartarian et al., 2005).”  In environmental 
epidemiology, exposure assessment poses a unique challenge, particularly for toxicants 
that are found in low concentrations in environmental media (NRC, 1991; NRC, 1997).  
Given the complexity of exposure pathways, researchers have developed a number of 
different approaches to assess exposure, which vary in accuracy, precision, and resource 
requirements (Niewenhuijsen, 2003).  Some of these approaches are not specific to 
epidemiologic research but may be used to inform exposure assessment in a variety of 
scientific analyses.  These approaches include indirect methods, based on historical 
records, questionnaires, and environmental monitoring, and direct methods, based on 
personal monitoring and biomonitoring.   A brief description of each method and its 
strengths and limitations is summarized below.  

 
Table 3. Summary of indirect and direct exposure assessment methods. 

Approach Method/Tools Example Exposure Estimation 

Indirect 

Historical Records 
Estimating proximity to 
agricultural crops using 
address information 

Dichotomous or ordinal 
exposure 

Questionnaires 
Determine potential for 
exposure based on 
pesticide-use responses 

Dichotomous or ordinal 
exposure 

Environmental Monitoring 
Measuring pesticide levels 
in community water 
drinking system 

Dichotomous or ordinal 
exposure, although 
exposure can be estimated 
using modeling 

Direct 
Personal Monitoring 

Measuring pesticide 
inhalation and dermal 
contact 

Quantified exposure  

Biomonitoring Measuring pesticide levels 
in blood and urine Quantified internal dose 

 
Historical records and questionnaires are used to characterize key 

characteristics which may be associated with chemical exposure.  When used in 
epidemiologic studies, historical records and questionnaires are not typically used to 
predict quantitative levels of exposure.  Rather, historical record information or 
questionnaire responses are used to assign categorical levels of exposure.  Examples of 
historical record information that can be used to assign exposure levels includes address in 
proximity to an agricultural crop and employment history information on job title and 
history.  Similarly, questionnaires can be used to determine if individuals recall using 
pesticides or identify individuals that perform specific job functions that increase their 
potential for exposure.  While historical records and questionnaires can be cost-effective 
sources of data on potential exposure, they do have limitations.  Data collected from 
historical records and questionnaires is only a surrogate of exposure.  As a result, these 
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data sources may be an oversimplification of exposure and not accurately rank individual’s 
exposure potential.   
 

Environmental monitoring is used to characterize the levels of contaminants in 
environmental media, including air, water, soil, food, and home and work environments.  
Many state and Federal programs collect environmental monitoring data that may be 
useful in epidemiologic studies.  Environmental monitoring is particularly useful for 
exposure that can be defined by geographic boundaries, such as air pollution and drinking 
water.  As such, many epidemiologic studies have utilized ambient air monitoring data and 
community drinking water system data to characterize exposure to air pollution and 
drinking water contamination, respectively.  While environmental monitoring data is useful 
for estimating exposures defined by geographic boundaries, it can be less reliable for the 
purposes of assigning individual-levels exposures, particularly when individuals live, work, 
and spend time in many different locations.   
 

Personal monitoring is used to characterize exposure at the point of contact of a 
body boundary.  Examples of personal monitoring include the use of dosimeters to assess 
dermal contact with pesticides, personal air sampling devices to assess inhalation 
exposure, and collection of duplicate diet samples to determine pesticide levels in food.  
The advantage of personal monitoring is that it is likely to provide more accurate estimates 
of individual-level exposure than indirect methods.  Personal monitoring also makes it 
possible to quantify exposure levels that can be useful for prioritizing the relevance of 
different routes of exposure.  Additionally, personal monitoring can also be used to assess 
longitudinal exposure when repeated measurements are taken over time.  While personal 
monitoring offers many advantages over indirect approaches, it also tends to be labor and 
resource intensive (Niewenhuijsen, 2003).  As a result, it is not typically feasible to conduct 
large-scale epidemiologic studies that assess exposure using personal monitoring.  
Furthermore, personal monitoring is highly dependent on the measurement techniques 
and analytic tools used to obtain samples and it is less likely that information that 
characterizes exposures during the relevant time period (usually in the past) will be 
available.  In addition, it is unlikely that the full range of exposures over the time period of 
interest will be captured, and sampling may not be over a sufficient time period to capture 
peaks and fluctuations  As such, it is extremely important to consider the scientific rigor 
and reliability of personal monitoring methodologies that are used in epidemiologic 
studies, and such monitoring may need to be supplemented by other monitoring (e.g., 
environmental, biological, and/or interview/questionnaire data).      
 

Biomonitoring is used to characterize exposure by measuring a chemical, its 
metabolite(s), or reactive product(s) in biological samples, such as blood, urine, saliva, 
milk, adipose, and other body tissues (Needham et al., 2007).  Zartarian et al. (2005) state 
that “a biomarker/biological marker has been defined as an "indicator of changes or events 
in biological systems. Biological markers of exposure refer to cellular, biochemical, 
analytical, or molecular measures that are obtained from biological media such as tissues, 
cells, or fluids and are indicative of exposure to an agent".  Thus, biomarkers can be used to 
assess exposure or as indicators of health effects (LaKind et al., 2014).  Table 4 provides 
scientific considerations for evaluating the quality and relevance of biomonitoring data 
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collected from epidemiology studies.  Assessing exposure using biomonitoring has 
expanded rapidly as analytical tools have become more cost-effective and more biomarkers 
are identified.  Compared with self-reported questionnaire or interview data, 
biomonitoring may reduce exposure misclassification and enhance the precision of the risk 
estimates. Similarly, biomonitoring integrates exposures from different routes and can be 
used to determine the amount of exposure that is absorbed into the body (Checkoway et al., 
2004).  Furthermore, knowledge as to the role of the biomarker in the natural history of 
disease is known in certain instances, such that biomarkers may help resolve temporality 
of exposure issues.   
 

While biomonitoring has many advantages over others exposure assessment 
methods, it also has its own limitations. In many studies, biological sample are only taken 
from a single point in time and may not reflect accurately reflect longitudinal patterns, 
particularly if exposures are highly variable.  Furthermore, evaluation of biomarkers also 
requires an understanding of degradation and metabolism of chemicals in both the 
environment and human body.  As such, biomarkers of exposure may differ between 
individuals for reasons other than exposure level. Differences in metabolism, co-
morbidities such as kidney disease in relation to urinary measurements, uncertainty as to 
whether the biomarker measures exposure to the active ingredient or the environmental 
degradates may all account for apparent differences in biomarkers of exposure among 
individuals, and possibly between comparison groups.  

 

182



Page 28  

 
Table 4. Considerations of biomonitoring data from environmental epidemiology research (Adapted from LaKind et 
al. (2014). 

 

Biomarker Consideration Tier 1 Tier 2 Tier 3 

 
 

Exposure biomarker 
 
 

 

Biomarker has accurate and 
precise quantitative relationship 
with external exposure, internal 
dose, or target dose.  

Biomarker has an unknown 
quantitative relationship with 
external exposure, internal 
dose, or target dose or is poor 
surrogate (low accuracy and 
precision) for exposure/dose. 

NA 

Effect biomarker Bioindicator of a key event in a 
MOA/AOP. 

Biomarkers of effect for which 
the relationship to health 
outcome is understood 

Biomarker has undetermined 
consequences (e.g., biomarker is not 
specific to a health outcome). 

Specificity Biomarker is derived from 
exposure to one parent chemical. 

Biomarker is derived from 
multiple parent chemicals with 
similar toxicities. 

Biomarker is derived from multiple 
parent chemicals with varying types 
of adverse endpoints. 

Method sensitivity 

Limits of detection are low 
enough to detect chemicals in a 
sufficient percentage of the 
samples to address the research 
question.  

Frequency of detection too low 
to address the research 
hypothesis.  

NA 

Biomarker stability Samples with a known history 
and documented stability data.  

Samples have known losses 
during storage but the 
difference between low and 
high exposures can be 
qualitatively assessed.  

Samples with either unknown 
history and/or no stability data for 
analytes of interest.  

Sample contamination 
 

Samples are contamination-free 
from time of collection to time of 
measurement (e.g., by use of 

Study not using/documenting 
these procedures.  

 

There are known contamination 
issues and no documentation that 
the issues were addressed 
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Biomarker Consideration Tier 1 Tier 2 Tier 3 

certified analyte-free collection 
supplies and reference materials, 
and appropriate use of blanks 
both in the field and lab).  
Research includes documentation 
of the steps taken to provide the 
necessary assurance that the 
study data are reliable.  

Method requirements 
 

Instrumentation that provides 
unambiguous identification and 
quantitation of the biomarker at 
the required sensitivity (e.g., GC-
HRMS, GC-MS/MS, LC-MS/MS)  

Instrumentation that allows 
for identification of the 
biomarker with a high degree 
of confidence and the required 
sensitivity (e.g., GC-MS, GC-
ECD).  

Instrumentation that only allows for 
possible quantification of the 
biomarker but the method has 
known interferants (e.g., GC-FID, 
spectroscopy) 

Matrix adjustment 
Study includes results for 
adjusted and non-adjusted 
concentrations 

Study only provides results 
using one method (matrix-
adjusted or not). 

NA 

FP = false positive; FN = false negative; GC-HRMS = gas chromatography/high-resolution mass spectrometry; GC-MS = gas chromatography/mass spectrometry; GC-ECD 
= gas chromatography-electron capture detector; GC-FID = gas chromatography-flame ionization detector], ICC = intra-class correlation coefficient ; NA = not applicable; 
PFP = probability of false positive 
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Indirect exposure assessment methods are common in retrospective studies and 
based on factors that are surrogates of chemical exposure.  As described above, indirect 
exposure data cannot generally be used to estimate quantitative exposure levels without 
additional modeling.  For example, a questionnaire can be used to determine if an 
individual has ever used a pesticide, but can less reliably collect data on all the 
environmental and behavioral factors that are needed to calculate that individual’s 
exposure.  As such, indirect exposure data are often used to classify exposure using a 
dichotomous exposure variable (i.e. exposed/unexposed) or ordinal exposure scale.  In 
contrast, direct exposure assessment methods are based on data on actual individual-level 
exposure through personal monitoring and biomonitoring.  Thus, direct methods can be 
used to estimate individual exposure or internal dose levels.  Direct methods are more 
common in prospective studies, but are also used in retrospective studies when existing 
biological samples are available from well-defined population groups.   
 

Quantified personal measurements, such as personal monitoring and 
biomonitoring, are generally considered the best source of data for estimating actual 
exposure levels (NRC, 1991; NRC, 1997).  While this is the case, accurate qualitative 
measures of exposure (e.g. dichotomous and ordinal exposure metrics) from indirect 
methods can be just as accurate for the purpose of epidemiology.  Moreover, indirect 
methods are often easier to interpret and may require less additional research and 
development to demonstrate their utility in exposure assessment.   
 

Regardless of the approach, exposure assessment methods should be able to 
provide exposure estimates that are reliable and valid.  In the context of epidemiology, 
reliability general refers to the ability to reproduce results and validity generally refers to 
the extent that exposure estimates reflect true exposure levels (Checkoway et al., 2004).  
When evaluating a particular exposure assessment’s reliability and validity, it is important 
to consider the exposure assessment’s strengths and weaknesses in the context of the 
study’s research objectives.  Less refined exposure assessment may be suitable for 
exploratory studies.  This is because exploratory studies help raise awareness about 
potential hazards that can encourage investment in more focused research.  Conversely, 
studies with more focused hypotheses can be greatly strengthened through the use of more 
refined exposure assessment methods.  Therefore, indirect and direct exposure assessment 
methods represent a spectrum of tools that are complimentary and can be used at different 
stages of research when exploring exposure-disease relationships.   
 

2. Confounding Factors  
 

Confounding occurs when the relationship between the exposure and disease is to some 
extent attributable to the effect of a second (confounding) risk factor. This can happen 
when this second (i.e., confounding) risk factor is an independent, causally-associated risk 
factor for the disease but is also associated -- causally or non-causally -- with the exposure 
under analysis and does not also serve as an intermediate variable in the causal pathway 
between the exposure and the outcome of interest. If not properly measured and accounted 
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for, confounders have the ability to change the magnitude (and potentially the direction) of 
the estimated association between an exposure and health outcome.  This can result in an 
over- or under-estimation of the relationship between exposure and disease because the 
effects of the two risk factors have not been appropriately separated, or “disentangled”.  As 
an example:  a given pesticide may be associated with lung cancer in a given study, but this 
may be due to a confounding effect of farm tractor diesel fumes: here, this second factor – 
farm tractor diesel fumes – would be a confounder if it was causally associated with the 
disease outcome (here, lung cancer) but also associated with pesticide exposure.  
Confounding factors may include less intuitive lifestyle exposures such as cigarette 
smoking, dietary factors (e.g., high energy/calorie laden diet), and physical activity (e.g., 
lack of physical activity) genetics, comorbidity, medication use, alcohol consumption, etc., 
all of which may adversely affect health and may be statistically associated with pesticide 
use. In epidemiological analyses, confounding factors are measured in the study sample 
and typically “adjusted for” in the final risk estimate in either the design phase of the study 
or the analysis phase.  With respect to the former, the epidemiological researcher can 
“restrict” the study population to individuals that share a characteristic which the 
researcher wishes to control; this has the result of removing the potential effect of 
confounding caused by that (now controlled) characteristic.  A second available method – 
also applicable to the design phase of the study -- is for the researcher to control 
confounding by “matching” individuals based on the confounding variable.  This ensures 
that the confounding variable is evenly distributed between the two comparison groups 
and effectively controls for this.  It is important to note that the relationship between the 
confounder and the exposure or outcome does not need to be found to be statistically 
significant in order for it to have an impact on the risk estimate for the main effect15.  
 

At the analysis stage, one method by which confounding can be controlled is by 
stratification.  Under this means of control, the association is measured separately under 
each of the (potentially) confounding variables; the separate estimates are “brought 
together” statistically -- if determined to be appropriate -- to produce a common odds ratio 
or other effect size measure by using Mantel-Haenszel approaches which weight the 
estimates measured in each stratum.  Stratification can be difficult if there are multiple 
potential confounders that need to be controlled simultaneously.  In such cases, 
confounding is typically dealt with by means of statistical modelling. (e.g., logistic 
regression).  
 
  It is important that careful consideration be given to confounders prior to any 
epidemiological studies being initiated in the field and it is important that any study 
adequately describe how this was done:  epidemiological studies are frequently critiqued 
for ignoring or paying insufficient attention to potential confounders. For this reason, a 
sensitivity analysis can be helpful to demonstrate the potential effects that a missing or 
unaccounted for confounder may have on the observed effect sizes (see Gustafson and 

15 This is why it is generally considered inappropriate to “statistically test” for a confounder to determine 
whether the confounder needs to be adjusted for.  Instead, some consider a change in the effect size of 10% or 
more after adjustment for (inclusion of) a potential confounder to be sufficient evidence for the confounder to 
be incorporated into the analysis.  
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McCandless, 2010). If unmeasured confounders are thought to affect the results, 
researchers should conduct sensitivity analyses to estimate the range of impacts and the 
resulting range of adjusted effect measures.  Such sensitivity analyses -- generally not 
uniformly conducted in most published epidemiological studies – can be used when 
available to estimate the impact of biases and potential confounding by known but 
unmeasured risk factors.     
 

Depending upon the specific exposure-disease association under study, a factor may 
or may not be a confounding factor that is necessary to control: in order for a substantial 
distortion in the effect size estimate to occur due to confounding, the confounder must be 
not only a relatively strong risk factor for the disease of interest16, but also be strongly 
associated with the exposure of interest.  Assessment of potential confounding is made on a 
study specific basis and – if unmeasured confounders are thought to affect the results -- 
researchers should conduct a sensitivity analysis to estimate the range of impacts and 
resulting range of adjusted effect measures. When evaluating the quality of observational 
epidemiology studies, OPP will consider whether relevant confounding factors are properly 
identified, described, measured and analyzed such that an unbiased estimate of the specific 
association under study can be made, and, when possible, may consider sensitivity analysis 
as a potential tool to assist in determining the degree to which such confounding might 
potentially affect the estimate of the effect size.  It should be emphasized that a confounder 
must be a relatively strong risk factor for the disease to be strongly associated with the 
exposure of interest to create a substantial distortion in the risk estimate.  In such cases, it 
is not sufficient to simply raise the possibility of confounding; one should make a 
persuasive argument explaining why a risk factor is likely to be a confounder, what its 
impact might be, and how important that impact might be to the interpretation of findings.  
(p. 23-25, FIFRA SAP Report, 22 April 2010)          
 

Finally, it is important to distinguish between confounding, effect modification, 
synergy, and other mediating effects of covariates.   Confounding is a bias that results from 
not controlling for a variable that is associated causally with the disease and associated –
causally or non-causally -- with the exposure of interest.  Epidemiologic researchers seek to 
minimize this bias.  Effect modifiers -- on the other hand -- are variables that differentially 
affect the magnitude of the effect size, by strata (e.g., age, race/ethnicity, SES status, genetic 
polymorphisms).  Effect modifiers may or may not also be confounders.  Typically, they are 
modelled by either introducing interaction terms in multivariable models or by evaluating 
effect sizes by strata after stratifying the data by levels of the effect modifier.  A study 
frequently needs to be specifically designed to evaluate effect modifiers in order to have a 
sufficient sample size in each population strata of interest.  Epidemiologic researchers seek 
to understand effect modifiers (not minimize them, as they do with confounders) because 
they can be important in evaluating risk differences across population strata, in evaluating 
the association between exposure and the effect of interest, and in identifying susceptible 

16 Consideration needs to be given not only to ensuring that the confounding factor is indeed a risk factor on 
its own but also to ensuring not only related to the exposure of interest.  Adjusting for a factor that has an 
association with the disease of interest wholly or partly because of its association with the exposure of 
interest will lead to attenuation of the exposure-disease relationship if it truly exists. 
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subpopulations.  Effect modifiers may or may not also be confounders.  For example, 
smoking may be a confounder in a study associating lung cancer with a pesticide often used 
on tobacco, but it may also be an effect modifier if the risk of exposure to this pesticide is 
higher among smokers than non-smokers.  Synergy is often introduced as a biological or 
pharmacological/toxicological concept rather than an epidemiological one and relates to 
the ability of two chemicals, together and acting jointly, to magnify or exaggerate the effect 
beyond that which would be seen considering the (mathematical) sum of each chemical’s 
effects alone. In epidemiological and statistical terms, this is often expressed as effect 
modification or interaction.       
 

   

3. Statistical Analysis  
 

Epidemiologic studies are designed to measure an association between a specific 
exposure and a disease. When evaluating the quality of pesticide epidemiology studies, OPP 
will also consider the statistical methods used. Specifically, OPP will consider the extent to 
which the analytic methods described in the study are appropriate to the research 
question; the completeness of the description of the statistical methods utilized; the 
appropriateness of the methods for identification, assessment and adjustment of 
potentially confounding variables in the exposure-disease relation; and, the description, 
extent of,  and presentation of any sub-group analyses which may have been performed 
(including whether statistical corrections for multiple comparisons have been made).   

 
Epidemiologic investigations typically utilize statistical modeling to estimate risk (e.g. 

generalized linear models such as logistic (for odds ratios) or Poisson (for count data) 
regression. To do so, researchers must consider not only the relevant main exposure and 
outcome variables, but also consider relevant confounding factors, and whether the 
association under investigation may differ by level of these factors, i.e., effect modification 
or interaction (Szklo et al., 2004). Upon identification of a potentially confounding variable 
-- one that substantively changes the magnitude and/or direction of the association under 
study -- adjustment through regression modeling can help to isolate the risk estimate of 
interest, i.e., the association under study. In addition, OPP will evaluate the stratification of 
the association by the level of the potential effect modifier under study or evaluation of 
statistical interaction. If the magnitude and direction of the association of interest differs 
greatly by level of a third variable, then the stratified results should be considered primary. 

 
When performing statistical modeling when the outcome is rare or the sample size is 

relatively small, it is important to be cautious about including too many covariates in the 
model.  Any resulting effect size estimate may be too high or too low and is unlikely to 
reflect the true estimate of effect. Such issues due to rare events or low sample sizes are 
also possible when conditional methods are used (e.g., conditional logistic regression when 
the design includes matching of the comparison group under study): if too few discordant 
pairs (or discordant sets) are observed, the estimated effect size may also be unreliable.  
Thus:  while controlling for confounders and other covariates is important, the assessor 
must take care not to over-control or end up with too few degrees of freedom to produce a 
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reliable test. In these cases, it may be more important to seek parsimonious models that 
adjust for only a smaller number of the most influential confounders and other covariates 
so that the effective sample size remains adequate.   

 
Finally, it is important in any statistical modeling exercise to consider statistical 

significance in the context of clinical/biological/scientific significance of the result. It may 
be that some results are statistically significant but unimportant in a clinical/biological/ 
scientific context.  The reverse can be true:  it may be that results are not statistically 
significant but may be important in a clinical/biological/scientific context.  The former may 
suggest a sample size that is larger than necessary while the latter may suggest one than is 
smaller than needed.   The latter case may be important from a public health perspective 
and warrant further exploration, especially when the association is strong (despite it being 
imprecise)  
 

4. Potential Bias in Observational Research 
 

Bias is a systematic error in the design or conduct of a study that gives rise to study 
results that are systematically different from the (unobserved) true situation. This 
contrasts with random errors which relate to sampling variability and precision (or, 
equivalently, confidence bounds) around the effect size measure, but which do not “drive” 
or “push” the result in one particular direction (e.g., either toward or away from the null).   

 
Bias is a reflection of methodological imperfections in the design or conduct of the 

study and should be addressed or discussed by researchers as part of their analysis. There 
are a number of ways that bias can be introduced into a study:  studies may be biased in the 
way in which participants are selected into the study (selection bias), or the way in which 
information about exposure and disease status is collected (information bias, including 
recall bias discussed earlier for case-control studies). One example of a common 
occupational selection bias is the “healthy worker effect” which can create an important 
bias in occupational epidemiology studies, leading to bias toward the null, and even below 
(creating the interpretation that the exposure is “protective”) No study is totally devoid of 
bias and one should consider the extent to which authors of published studies described 
potential bias in the study, and how (if at all) they attempted to address it and characterize 
it in the study.  Bias can result from differential or non-differential misclassification 
(Greenland, 1998). Differential misclassification (bias) means that misclassification has 
occurred in a way that depends on the values of other variables, while non-differential 
misclassification (bias) refers to misclassifications that do not depend on the value of other 
variables. Misclassification biases – either differential or non-differential – depend on the 
sensitivity and specificity of the study’s methods used to categorize such exposures  and 
can have a predictable effect on the direction of bias under certain (limited) conditions: this 
ability to characterize the direction of the bias based on knowledge of the study methods 
and analyses can be useful to the regulatory decision-maker since it may allow the decision 
maker to determine the extent to which, if any, the epidemiological effect sizes being 
considered (e.g., OR, RR) are likely underestimates or overestimates of the true effect 

189



Page 35  

size17.  It is not atypical to find degrees of misclassification in the range of 10 to 20 percent 
and it can be helpful in reviewing epidemiological studies to consider a form of sensitivity 
(or “what if”) analysis which evaluates such a degree of misclassification -- and whether it 
is differential or non-differential – and the degree to which such misclassification might 
impact the odds ratio or relative risk with respect to both magnitude and direction18.  
(p.25, FIFRA EPA SAP report, 22 April, 2010).   As mentioned earlier with respect to 
confounding, such quantitative sensitivity analysis is only rarely performed or practiced in 
published epidemiology studies, with bias instead more typically evaluated in a narrative 
manner without any quantitative assessment of its potential magnitude and the effect it 
may have on the epidemiological effect size estimates (Jurek at al., 2006).  This may be due 
– in part -- to a general lack of availability of computational tools for such analysis by 
epidemiologists or their unfamiliarity with them.  Such tools are becoming increasingly 
available and may be valuable in developing more rigorous quantitative methods for 
evaluation of potential biases.  
 

5. Interpretation of Null studies 
 

“Null” studies -- or well-conducted studies which report no association between 
exposure to the pesticide and an adverse health outcome -- will be evaluated carefully for 
their potential usefulness in human health risk assessment. The study may report a null 
result either because the investigated association indeed does not in reality exist, or 
because the study was conducted failed to detect an association at a given predetermined 
level of significance.  This latter result –the failure to detect an association -- should not 
necessarily be interpreted to mean that no association exists, but rather as simply one was 
not found in the particular study19,20. To evaluate which of these two conditions may be 
correct when reviewing “null” studies, one should consider other research reported 
concerning the same or similar research question, the manner in which exposure and 
outcome were assessed, the extent to which exposure misclassification may have biased 
the study to the null, the statistical methods used including the identification and analysis 
of confounding variables in the association, the extent to which the exposure is below a 
threshold at which an effect would occur or be detected, as well as the power of the study 
and its ability to detect an effect size of substantive interest.  Statistical power refers to the 
probability that researchers may correctly identify that there is a difference between the 
two comparison groups, i.e., there is an association between exposure and disease, when in 

17 The direction of bias that results from the degree of non-differential misclassification will also depend on 
the categorization of exposure (either dichotomous or polytomous).  
18 Such sensitivity analyses might be especially recommended for exposure misclassification biases which in 
many cases are expected to result in more substantive effects on the effect size estimate than those from 
confounding.       
19 The old adage that “the absence of evidence does should not be interpreted as the evidence of absence” is 
true here. 
20 See also the American Statistical Association’s Statement on Statistical Significance and P-values at 
https://www.amstat.org/asa/files/pdfs/P-ValueStatement.pdf
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fact there is in fact a true difference (or association). Studies that are “low powered” may 
falsely conclude there is no association, when an association actually exists21.  

 
Finally, it is important to consider the effects of publication bias in any systematic 

review of the literature with respect to interpretation of null studies.  The term publication 
bias refers to the tendency for the available published literature to disproportionately 
exclude such null studies.   Studies that demonstrate such a “null” association between a 
disease or health outcome can be as equally informative as those that do provided that the 
study in question meets the quality criteria established as part of the epidemiological 
review process.  These may include such factors as study design; the existence of an a priori 
hypothesis vs. an exploratory analysis; sample size and statistical power to detect an effect 
size of interest; proper ascertainment of outcome vis-à-vis sensitivity and specificity; the 
quality of the exposure assessment and the potential for differential and non-differential 
misclassification; adequacy of the measurement of key potential confounders and other 
forms of bias (information, selection, etc.); and evaluation of effect modifiers; appropriate 
statistical analyses, including consideration of and possible correction for multiple 
comparisons that a unsupported by a priori hypotheses, biological plausibility, or other 
supporting information.   
 

6. External Validity (Generalizability)  
 

As noted above, validity generally refers to the extent that exposure estimates 
reflect true exposure levels (Checkoway et al., 2004).  External validity, or generalizability, 
refers to the ability to extend the epidemiologic study results derived from a sample of the 
population (e.g., pesticide applicators) to other populations (e.g., all agricultural workers). 
To assess external validity, comparison of characteristics in the sample to the larger 
population (if known) can be made.  Such evaluation should include not only demographic 
factors, but also whether exposures (e.g., dose, timing, duration) are similar and whether 
important effect modifiers (e.g., sensitivity of vulnerable populations) were considered.   
Generalizability is of particular importance because it is important to understand whether 
and how individual study results may be applied to the larger group or targeted sub-groups 
in regulatory risk assessment.  For example, the AHS has reported statistical associations 
between some cancer and non-cancer health outcomes for some pesticide chemicals.  OPP 
has an interest in evaluating the extent to which the reported findings may apply to 
pesticide applicators in states other than North Carolina and Iowa or to farm workers who 
primarily do post-application activities.   

 
 

21 Studies that are low-powered but find statistically significant effects may also be subject to the 
phenomenon of effect size magnification and this can be important to investigate as well.  (Ioannidis, 2008).  
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V. HUMAN INCIDENT SURVEILLANCE DATA 

Generally speaking, epidemiology studies on pesticides such as those described above 
focus on lower exposures (over a longer time period) that are less likely to result in acute 
clinical symptoms. OPP is also interested in exposures that are higher and occur over 
shorter-intervals (often on an acute “one-time” basis).  This “human incident,” or poisoning 
data can be useful for evaluating short term, high exposure scenarios that can be readily 
attributed to the pesticide in question.   
 

OPP uses such “human incident information” for several purposes.  Most broadly, the 
program uses incident data to inform risk assessment/risk management activities; this 
forms an integral part of our registration review activities under our Pesticide Registration 
Improvement Act (PRIA) responsibilities.  To this end, OPP evaluates human incident data 
for trends over time and examines patterns in the severity and frequency of different 
pesticide exposures. In some cases, incident information can indicate need for additional 
information or additional risk management measures.  Incident information can also help 
assess the success of risk mitigation actions after they are implemented, and incident 
information is an important part of OPP’s performance accountability system to ensure the 
effectiveness of risk management actions that OPP has taken to protect human health and 
the environment.  Lastly, incident information can be useful in providing real world use 
information with respect to usage practices and also in potentially targeting enforcement 
or educational activities, where appropriate.    
 

OPP obtains this information from a variety of sources.  Sources of human incident data 
include both (human) medical case reports appearing in the medical and toxicological 
literature as well as information from a variety of national toxico-surveillance activities 
for acute pesticide poisonings which are considered jointly to aid acute and chronic hazard 
identification and as an integral part of the risk assessment process.22 
 

Medical case reports (first-hand accounts written by physicians) or medical case 
series (a compendium of medical case reports across individuals that share common 
source or symptomology) are valuable tools for analyzing all available evidence of health 
effects, and to complement the findings of animal studies and epidemiological studies.  In 
addition, they can identify unusual or novel occurrences of an adverse health effects 
plausibly associated with use of a specific pesticide providing “advance notice” to the 
agency for toxico-vigilance purposes.  Published case reports for pesticides typically 
describe the effects from an atypical (high exposure/dose, illegal, off-label) acute or short-
term exposure. The reports are often anecdotal and can be highly selective in nature.  They 
can, however, can be particularly valuable in identifying previously unidentified toxic 
effects in humans and in learning about the effects, health outcomes, and medical sequelae 
following high exposures.  They frequently have more detailed medical information 
(including sequelae), detailed follow-up, and generally higher quality and/or quantitative 

22 OPP is aware of efforts by IPSC to consider human incident data in risk assessment.  
http://www.who.int/ipcs/publications/methods/human_data/en/index.html
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information about dose.  If similarities are seen across multiple medical case studies or 
patterns emerge – in symptoms, exposure scenarios or usage practices -- these can provide 
valuable information for the risk assessment process and strengthen any findings.  Medical 
case studies and series that include quantitative exposure information can be compared to 
exposure estimates in the risk assessment (which are based on labeled application rates 
and surrogate exposure information) to characterize margins of exposure expected from 
typical use, when appropriate.   
 

The following considerations are evaluated in assessing medical case reports and 
medical case series: 

 
A detailed history of exposure (when, how, how much); time of onset of adverse 
effects; and signs and symptoms of the patient, are reported.  
Information on the product/chemical/pesticide, such as name, pesticide label, 
registration number, etc. 
Patient information (e.g. age, race, sex); underlying health conditions and use of any 
medications that can produce similar signs and symptoms; relevant medical history; 
and the presence of any risk factors. 
Description of events and how the diagnosis was made. 
Management and treatment of the patient, and laboratory data (before, during and 
after the therapy), including blood levels of pesticides and chemicals.  
Whether the medical report is reliable, reasonable and whether it is consistent with 
current knowledge, including other research, reviews and guidelines. 
Clinical course of the event and patient outcome (e.g. patient recovered and 
discharged from hospital; condition of patient after the discharge, any chronic 
health effects or premature death related to the pesticide or chemical exposure). 

 
 

In addition to using medical case reports/series as a source of real-world exposure and 
toxicological information, OPP also engages in toxico-surveillance activities using a variety 
of pesticide poisoning incident databases are also available. Specifically, OPP has access to 
the following five human incident data sources: the OPP Incident Data System (IDS); the 
American Association of Poison Control Centers (PCC) summary reports from their 
National Poison Data System (NPDS); data from the EPA-funded National Pesticide 
Information Center (NPIC), currently at Oregon State University; the Centers for Disease 
Control and Prevention/National Institute for Occupational Safety and Health Sentinel 
Event Notification System for Occupational Risk-Pesticides (NIOSH SENSOR-Pesticides) and 
the California Pesticide Illness Surveillance Program (PISP). Each of these are described, in 
turn below:  
 

OPP Incident Data System (IDS) is maintained by OPP and incorporates 
data submitted by registrants under FIFRA section 6(a)(2)23, as well as other 
incidents reported directly to EPA. OPP has compiled the pesticide related 

23 Under FIFRA 6(a)(2), pesticide registrants are required to notify EPA if and when they become aware of 
“factual information regarding unreasonable adverse effects on the environment of the pesticide.”   
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incident reports in the IDS since 1992. The IDS includes reports of alleged 
human health incidents from various sources, including mandatory FIFRA 
Section 6 (a) (2) reports from registrants, other federal and state health and 
environmental agencies and individual consumers. IDS include information 
on incidents involving humans, plants, wild and domestic animals where 
there is a claim of an adverse effect. The vast majority of IDS reports are 
received by the agency in paper format.  IDS entries act as a “pointers” to 
copies of original reports retained on microfilm and scanned images in OPP’s 
Information Service Center.  

 
While IDS includes both occupational and non-occupational incidents, the 
majority of incidents reported relate to non-occupational/residential 
scenarios The reports are obtained from across the U.S. and most incidents 
have all relevant product information (such as the EPA Registration Number) 
recorded. As IDS is populated mostly by information provided by pesticide 
registrants under their FIFRA 6(a)(2) reporting requirements, the agency has 
relatively high confidence in the identification of the specific product which 
is involved.  Severity rankings are included for each incident (as specified by 
CFR §159.184).  Symptom information is sometimes included in the narrative 
portion of the incident, but this information is usually not 
validated/confirmed by a healthcare professional.  IDS also includes 
narrative information on exposure scenario and hazard information.  Many 
companies use standardized, industry-developed Voluntary Incident 
Reporting Forms.   

 
OPP collects and evaluates the data from the IDS and identifies potential 
patterns with respect to the extent and severity of the health effects due to 
pesticides exposure. While IDS reports are broad in scope and can in some 
cases contain detailed information, the system does not necessarily 
consistently capture detailed information about incident events, such as 
occupational exposure circumstances or medical outcome.   
 
In addition, most cases data going into IDS is not validated or verified, though 
some reports are collected from calls to contract poison control centers. 
Nevertheless, incident information can provide an important post-marketing 
feedback loop to the agency following initial registration of the product: IDS 
incidents of a severe nature, or a suggested pattern or trend among less 
severe incidents can signal the agency to further investigate a particular 
chemical or product.  Because IDS has such extensive coverage, it can assist 
in providing temporal trend information and determining whether risk 
mitigation has helped reduce potential pesticide exposure and decreased the 
number of potential incidents reported to IDS.  Overall, IDS provides good 
information about national trends and frequency of incidents for pesticides 
and can provide valuable insights into the hazard and/or exposure potential 
of a pesticide. 
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The National Poison Data System (NPDS) -- formerly called the Toxic 
Effects Surveillance System (TESS) -- is maintained by the American 
Association of Poison Control Centers (AAPCC) and is supported with 
funding from several federal agencies.  NPDS is a computerized information 
system with geographically specific and near real-time reporting.  Although 
the main mission of Poison Control Centers is in helping callers respond to 
emergencies, NPDS data can help identify emerging problems in chemical 
product safety.  Hotlines at 61 PCC’s nationwide are open 24/7, 365 days a 
year and are staffed by specially trained nurses, pharmacists, and other 
clinical health care specialists to provide poisoning information.  Using 
computer assisted data entry, standardized protocols, and strict data entry 
criteria, local callers report incidents.  These reported incidents are retained 
locally and are updated in summary form to the national database 
maintained by AAPCC. Information calls are tallied separately and not 
counted as incidents.  The PCC system covers nearly all the US and its 
territories and has undergone major computer enhancements since 2001.   

 
NPDS includes mainly non-occupational incidents.  NPDS does not include 
narrative information and the product information may not be complete.  
NPDS provides severity rankings and symptom information that are 
designated/recorded by trained specialists, and the agency has relatively 
high confidence in this information.  NPDS also provides some information 
on the likelihood of the adverse effect being a result of the reported 
exposure. Overall, NPDS provides good information about national trends, 
frequency of incidents for pesticides, as well as the hazard potential for 
particular pesticides.  However, resource limitations permit the agency to 
only access AAPCC summary reports published each year (e.g., see 
http://www.aapcc.org/annual-reports/ ) and these serve as a supplement to 
other data sources for which the agency has more complete access.     

 
The National Pesticide Information Center (NPIC) 
(http://npic.orst.edu/index.html) is funded by EPA to serve as a source of 
objective, science-based pesticide information in response to inquiries and to 
respond to incidents. NPIC functions nationally during weekday business 
hours and is a cooperative effort between Oregon State University 
(currently) and EPA; it is intended to serve as a source of objective, science-
based pesticide information and to respond to inquiries from the public and 
to incidents. Similar to Poison Control Centers, NPIC’s primary purpose is not 
to collect incident data (about 10% of NPIC’s annual calls are considered 
“incident” related), but rather to provide information to inquirers on a wide 
range of pesticide topics, and direct them to other sources for pesticide 
incident investigation and emergency treatment.  Nevertheless, NPIC does 
collect information about incidents (approximately 4000 incidents per year) 
from inquirers and records that information in a database.  NPIC is a source 
of national incident information, but generally receives fewer reports than 
IDS.  Regardless, if a high frequency is observed in IDS for a given pesticide or 
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product, NPIC provides a source of information that can prove valuable in 
determining consistency across national data sets.  

 
As with IDS and PCC, the incidents in NPIC are mainly non-occupational. 
NPIC incidents include narratives and product information when the caller 
provides the information. Although the scope is national, there are 
significantly fewer incidents reported to NPIC than to NPDS or IDS but 
considerably more information is provided and the agency can request 
custom reports on an as-needed basis. Hazard information includes severity 
rankings, route of exposure and symptoms – which are recorded by trained 
personnel. NPIC also provides information on how likely the link between 
exposure and adverse effect is (which they call a certainty index). NPIC also 
publishes annual reports and analyses in the open literature which are 
valuable resources. 

 
 

The Center for Disease Control and Prevention National Institute for 
Occupational Health (CDC/NIOSH) manages a pesticide surveillance program 
and database entitled the Sentinel Event Notification System for 
Occupational Risk (SENSOR)-Pesticides.24  This database includes pesticide 
illness case reports in 12 states from 1998-2013.   Participating states are: 
California, Florida, Iowa, Louisiana, Michigan, Nebraska, New Mexico, New York, 
North Carolina, Oregon, Texas and Washington. The participating states for a 
given year vary depending on state and federal funding for pesticide 
surveillance.  

 
Cases of pesticide-related illnesses in the SENSOR-Pesticides database are 
ascertained from a variety of sources, including: reports from local Poison 
Control Centers, state Department of Labor workers’ compensation claims when 
reported by physicians, reports from state Departments of Agriculture, and 
physician reports to state Departments of Health. Although both occupational 
and non-occupational incidents are included in the database, the SENSOR 
coordinators primarily focus their follow-up case investigation efforts on the 
occupational pesticide incidents.  The SENSOR coordinator at the state 
Department of Health will follow-up with cases and work to obtain medical 
records in order to verify exposure scenario, symptoms, severity, and health 
outcome.  Using standardized protocol and case definitions, SENSOR 
coordinators at state Departments of Health enter the incident interview 
description provided by the case, medical report, physician and patient into the 
SENSOR data system.  

 
All SENSOR-Pesticides cases must report a minimum of two health effects in 
order to be included in the aggregate database that EPA uses for incident 

24 SENSOR-Pesticides webpage: http://www.cdc.gov/niosh/topics/pesticides/overview.html 
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analyses.  Evidence for each case is evaluated, based on the NIOSH case 
classification matrix, for its causal relationship between exposure and illness.  
98% of SENSOR-Pesticides cases are classified as definite, probable, or possible, 
and 2% of the cases are classified as suspicious.  Unlikely, asymptomatic, and 
unrelated cases, as well as those with insufficient information, are not included 
in the SENSOR-Pesticides database.  

 
Overall, SENSOR-Pesticides provides very useful information on both 
occupational and non-occupational incidents, and sometimes valuable insights 
into the hazard and/or exposure potential of a pesticide. SENSOR-Pesticides also 
conducts analyses of its own data and publishes these in the Morbidity and 
Mortality Weekly. Unlike the aforementioned databases and although it contains 
both non-occupational/residential and occupational incidents, SENSOR’s has 
traditionally focused on occupational pesticide incidents, and is of particular 
value in providing that information.  SENSOR-Pesticides data from 1998-2011 is 
available online at: http://wwwn.cdc.gov/Niosh-whc/Home/Pesticides. 

 
The California Pesticide Illness Surveillance Program (PISP) is maintained 
by the State of California. This database documents pesticide-related illnesses 
and injuries. Case reports are received from physicians and via workers’ 
compensation records. The local County Agricultural Commissioner investigates 
the circumstances of the exposure. Medical records and investigative findings 
are then evaluated by California’s Department of Pesticide Regulation (DPR) 
technical experts and entered into an illness registry. All reported pesticide 
illnesses in the California PISP program are investigated by the county 
agricultural commissioners, and the DPR evaluates the reports and compiles 
them into a database, which is used to improve the state’s program to protect 
workers and others from the adverse effects of pesticide exposure 
(http://apps.cdpr.ca.gov/calpiq/). 

 
 
Currently, OPP evaluates human incident data on a chemical-specific basis. Incidents 

from each database are analyzed for hazard potential (deaths, frequency of more severe 
incidents, and patterns/trends of reported symptoms) and exposure potential (frequency 
of incidents/ trends over time, patterns/trends of exposure scenarios, of factors affecting 
exposure or of products). When evaluating human incident data from the above databases, 
OPP considers several general criteria.  OPP considers the relative severity and frequency 
of symptoms. Additionally, OPP generally has greater confidence in reports in which 
temporal association can be verified or are at least plausible.  Lastly, other factors that are 
used to evaluate human incident data include evidence of an exposure response 
association, consistency in reported health effects, biological plausibility of reported health 
effects, elimination of alternative causes of health effect such as pharmaceutical use, and 
the specificity of the observed symptoms and health effects.  Additionally, narratives of 
more severe incidents are often evaluated for any temporal association between time-of-
exposure and effects reported to determine whether an association is supported by the 
circumstances. For example, a heart attack in an elderly individual that occurs three 
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months following an indoor pesticide application may be determined not to be a likely 
causal association.  On the other hand, a severe incident occurring at or shortly after the 
time of exposure with symptoms consistent with known symptomology for the pesticide 
class and that occurs   without prior medical history may suggest that causal inference is 
more justified.    
 

In sum, then, incident data -- consisting of both medical case reports/case series 
appearing the medical and human toxicological literature and toxico-surveillance data 
derived from the databases that EPA either maintains, funds, or accesses -- can provide 
useful, complementary information that assists OPP in evaluating the real-world risks of 
pesticides.    

 
 

VI. SUMMARY & CONCLUSIONS  

 
This framework describes important factors in reviewing epidemiology and human 

incident data and describes a proposed WOE analysis for incorporating such data in 
pesticide human health risk assessment.  OPP uses the best available data across multiple 
lines of evidence and from in vitro, in vivo, and in silico data sources.  OPP uses a WOE 
approach when integrating data from multiple sources to take into account for quality, 
consistency, relevancy, coherence and biological plausibility using modified Bradford Hill 
criteria as an organizational tool.  Application of WOE analysis is an integrative and 
interpretive process routinely used by EPA according to in scientific analysis outlined in its 
risk assessment guidelines. The WOE analysis also evaluates the quality of the combined 
data set and is consistent with the level of effort and complexity that is appropriate for a 
particular scientific assessment (U.S. EPA, 2002).  OPP acknowledges that toxicology and 
risk assessment are currently undergoing transformational changes towards implementing 
the new vision of 21st century toxicity testing.  As these transformation changes occur, OPP 
will update this approach as appropriate.    
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I. PURPOSE & SCOPE  

 
 The Environmental Protection Agency’s (EPA) Office of Pesticide Programs (OPP) is 
a licensing program regulating pesticides in the U.S under the Federal Insecticide, 
Fungicide, and Rodenticide Act (FIFRA) and the Federal Food, Drug, and Cosmetic Act 
(FFDCA).  As part of this program, OPP evaluates a substantial body of toxicology and 
exposure data to assess the effects of pesticides on human health and the environment.  In 
evaluating human health, EPA looks first for information directly evaluating the potential 
for effects to people, including epidemiological data.   Historically, however, few 
epidemiology studies have been available to inform the potential toxicity of pesticide 
chemicals.  As such, OPP has in the past primarily relied on toxicology studies in laboratory 
animals to assess the hazard potential and to estimate human health risk.  With the 
publication of numerous papers from the Agricultural Health Study1 and from the National 
Institute of Environmental Health Sciences (NIEHS)/EPA Children’s Centers2, among 
others, the availability of epidemiology studies conducted on U.S.-relevant exposures to 
pesticides is increasing. Nevertheless, since the number of pesticides for which quality 
epidemiology data either exist or are being developed remains relatively low in the near 
term, experimental laboratory data will likely continue to be the primary source of data for 
use in quantitative risk assessment for most pesticides.   
 
 OPP’s goal is to use such information -- when available -- in a scientifically robust 
and transparent way.  To accomplish this, OPP has developed a general epidemiologic 
framework, as described in this document, that outlines the scientific considerations that 
OPP will weigh in evaluating how such studies and scientific information can be more fully 
integrated into risk assessments of pesticide chemicals.  The current document is neither a 
binding regulation nor is it intended to be or serve as a reviewer’s guide or manual or as a 
Standard Operating Procedure for assessing or using epidemiology data. Nor is it intended 
to be a full treatise on more modern or advanced epidemiological methods or to adequately 
convey the nuances and complexity that is important for interpreting these types of 
studies.   As such, it does not discuss (or does not discuss in any detail) such important 
epidemiological topics as causal inference and causal diagrams (Rothman et al., 2012a; 
Glymor and Greenland, 2012); more recent approaches to confounder identification, 
assessment, and control; meta-analysis and heterogeneity and its assessment/evaluation 
(Borenstein et al., 2009; Greenland and O’Rourke, 2012); or sensitivity/quantitative bias 
analysis for epidemiologic data (Lash et al., 2009; Lash et al,. 2014; Ioannidis, 2008; 
Greenland and Lash, 2012; Jurek et al., 2007).   All these topics, concepts, and issues can 
and do apply to epidemiology studies concerning pesticides, but are not covered in this 
OPP framework document.  Instead, this document provides overall conceptual 
considerations concerning the evaluation and use of epidemiology studies on pesticides in 

1 https://aghealth.nih.gov/ 
2 https://www.epa.gov/research-grants/niehsepa-childrens-environmental-health-and-disease-prevention-
research-centers 
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the context of human health risk assessments to support OPP’s FIFRA and FFDCA activities.    
An earlier version of this document was reviewed favorably by the FIFRA Scientific 
Advisory Panel (SAP) in February, 2010 (USEPA, 2010; FIFRA SAP, 2010).  This document 
incorporates improvements recommended by the SAP, public comments, and the 
experience gained since 2010 conducting assessments on several pesticides for which 
epidemiological data were available, and should be considered a document that will be 
updated from time-to-time as we progress and on as-needed basis  

II. INTRODUCTION  

 
 Two reports by the National Research Council (NRC) of the National Academy of 
Science (NAS), “Toxicity Testing in the 21st Century: A Vision and A Strategy (2007)” and 
“Science and Decisions (2009),” together provide new directions in toxicology and risk 
assessment.   These two NRC reports advocate far reaching changes in how toxicity testing 
is performed, how such data are interpreted, and ultimately how regulatory decisions are 
made.  Specifically, the 2007 report on 21st century toxicity testing advocates a shift away 
from the current focus of using apical toxicity endpoints to using toxicity pathways3 to 
inform toxicity testing, risk assessment, and ultimately decision making.  This approach is 
based on the rapidly evolving scientific understanding of how genes, proteins, and small 
molecules interact to form molecular pathways that maintain cell function in human cells. 
The goal for the new toxicity testing paradigm is to determine how exposure to 
environmental agents can perturb these pathways, thereby causing a cascade of 
subsequent key events leading to adverse health effects.  Human information like that 
found in epidemiology studies, human incident databases, and biomonitoring studies, along 
with experimental toxicological information are expected to play a significant role in this 
new approach.  Specifically, these types of human information provide insight into the 
effects caused by actual chemical exposures in humans and thus can contribute to problem 
formulation and hazard/risk characterization.  In addition, epidemiologic and human 
incident data can guide additional analyses or data generations (e.g., dose and endpoint 
selection for use in in vitro and targeted in vivo experimental studies), identify potentially 
susceptible populations, identify new health effects, or confirm the existing toxicological 
observations.   
 
 This new vision of toxicity testing and risk assessment will involve data from 
multiple levels of biological organization ranging from the molecular level up to 
population-based surveillance with a goal of considering chemical effects from their source 
to the ultimate health outcome and effects on populations.  Such data will come from in 
vitro and in vivo experimental studies along with in silico and modeled data. OPP’s 
framework for incorporating epidemiology and incident data is conceptually consistent 
with the 2007 NRC report on 21st century toxicity testing in that both emphasize the use of 
the best available information from multiple data sources are compiled in a weight of the 
evidence (WOE) analysis.    

3 Toxicity pathways are cellular response pathways that, when sufficiently perturbed, are expected to result 
in adverse health effects. 
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As a general principle, occupational and environmental epidemiology studies are 

conducted only on widely used pesticides; these pesticides also tend to have to be well-
studied in the scientific literature.  Thus, OPP expects in many cases where epidemiologic 
data are available, a significant body of literature data on toxicology, exposure, 
pharmacokinetics (PK), and mode of action/adverse outcome pathway information 
(MOA/AOP) may also be available.  Human incident data are available on a broader range 
of chemicals, some of which have robust databases and others which do not.  In those 
situations, where there are significant human incident cases and little is known about the 
MOA/AOP or PK of a particular pesticide, the WOE analysis can be used to identify areas of 
new research.  

 
OPP’s approach in this framework for incorporating epidemiology and human 

incident data is not a new or novel approach.  Instead, this approach is a reasonable, logical 
extension of existing tools and methods.  This document relies on existing guidance 
documents and frameworks (Table 1) as the starting point for reviewing and evaluating 
epidemiology and human incident data for use in pesticide risk assessment.  This 
framework on using epidemiology and incident data in human health risk assessment is 
consistent with the recommendations of the NRC in its 2009 report on Science and 
Decisions, and with the agency’s recent Human Health Risk Assessment Framework 
(USEPA, 2014a) with respect to emphasizing the use of problem formulation as a tool for 
scoping, planning, and reviewing available, particularly in the context of risk management 
needs.   

 
Similarly, OPP’s framework is consistent with updates to the World Health 

Organization/International Programme on Chemical Safety MOA/human relevance 
framework, which highlights the importance of problem formulation and the need to 
integrate information at different levels of biological organization (Meek et al., 2014).   The 
MOA/HR framework begins with identifying the series of key events that are along the 
causal path, that are established on weight of evidence, using principles like those 
described by Bradford Hill, taking into account factors such as dose-response and temporal 
concordance, biological plausibility, coherence and consistency (Hill, 1965).  Using this 
analytic approach, epidemiologic findings can be evaluated in the context of other human 
information (including human incident findings) and experimental studies and for 
identifying areas of uncertainty and future research.   However, it is noteworthy that the 
availability of a fully elucidated MOA/AOP is a not requirement for using epidemiology 
studies in human health risk assessment.  As the agency continues to move forward in 
implementing the transformative approach in the 2007 and 2009 NRC reports and as OPP 
gains experience in integration of epidemiology and human incident information, OPP will 
re-evaluate and update this framework as appropriate.   
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Figure 1.  Schematic of the adverse outcome pathway. Adapted from Ankley et al. 
(2010). 

 

 
 

 
Table 1.  Key guidance documents and frameworks used by OPP 

NAS 

1983: Risk Assessment in the Federal Government:  Managing the Process  

1994: Science and Judgment  

2007: Toxicity Testing in the 21st Century   

2009: Science and Decisions: Advancing Risk Assessment 

2011:  NAS report on Formaldehyde 

2014: Review of EPA's Integrated Risk Information System (IRIS) Process 

WHO/IPCS 

2001-2007: Mode of Action/Human Relevance Framework  

2005:  Chemical Specific Adjustment Factors (CSAF) 

2014:  New developments in the evolution and application of the WHO/IPCS 
framework on mode of action/species concordance analysis. 
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EPA 

1991-2005: Risk Assessment Forum Guidances for Risk Assessment (e.g., guidelines for 
carcinogen, reproductive, developmental, neurotoxicity, ecological, and exposure 
assessment, guidance for benchmark dose modeling, review of reference dose and 
reference concentration processes)4  

2000: Science Policy Handbook on Risk Characterization  

2006b.  Approaches for the Application of Physiologically Based Pharmacokinetic 
(PBPK) Models and Supporting Data in Risk Assessment 
2014a.  Framework for Human Health Risk Assessment to Inform Decision Making. 
2014b.  Guidance for Applying Quantitative Data to Develop Data-Derived 
Extrapolation Factors for Interspecies and Intraspecies Extrapolation  

OPP 

2001: Aggregate risk assessment   

2001 and 2002:  Cumulative risk assessment           

OECD 2013:  Organisation for Economic Co-operation and Development Guidance Document 
On Developing And Assessing Adverse Outcome Pathways 

 
Although there are other sources of human information, the focus of this framework is 

on interpreting and using epidemiology and human incident data in human risk 
assessment; other sources of human information are not addressed in this document in any 
depth.  Specifically, this document does not extensively discuss research with pesticides 
involving intentional exposure of human subjects5 or on studies done to measure dermal or 
inhalation exposures in agricultural workers as they perform their activities6,7 .     

 
 
 
 

4 https://www.epa.gov/osa/products-and-publications-relating-risk-assessment-produced-office-science-
advisor 
5 Both the conduct of such research and OPP’s reliance on data from such research are governed by EPA’s 
Rule for the Protection of Human Subjects of Research (40 CFR Part 26.)  Among other things, these rules 
forbid research involving intentional exposure of pregnant or nursing women or of children, require prior 
review of proposals for new research by EPA-OPP and by the Human Studies Review Board (HSRB), and 
require further review by EPA-OPP and the HSRB of reports of completed research. 
6 In the last several years, OPP has extensively evaluated existing observational studies with agricultural 
workers in efforts to improve the data and approaches used in worker exposure assessment; those 
evaluations can be found elsewhere (http://www.epa.gov/scipoly/sap/meetings/2007/010907_mtg.htm) 
7 For additional information on how such worker exposure studies are conducted and used by OPP, see PPP-
48 “Pesticides and human Health Risk Assessment: Policies, Processes, and Procedures “available at 
https://www.extension.purdue.edu/extmedia/PPP/PPP-48.pdf.   
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III. SYSTEMATIC REVIEW IN PESTICIDE RISK ASSESSMENT: EPIDEMIOLOGY 

 
In recent years, the NRC has encouraged the agency to move towards systematic 

review processes to enhance the transparency of scientific literature reviews that support 
chemical-specific risk assessments to inform regulatory decision making (NRC 2011, 
2014).  The NRC defines systematic review as "a scientific investigation that focuses on a 
specific question and uses explicit, pre-specified scientific methods to identify, select, 
assess, and summarize the findings of similar but separate studies" (NRC, 2014).  
Consistent with NRC’s recommendations, the Office of Chemical Safety and Pollution 
Prevention (OCSPP) employs fit-for-purpose systematic reviews that rely on standard 
methods for collecting, evaluating and integrating the scientific data supporting our 
decisions.   

 
According to the NRC, systematic reviews “have several common elements: 

transparent and explicitly documented methods, consistent and critical evaluation of all 
relevant literature, application of a standardized approach for grading the strength of 
evidence, and clear and consistent summative language (NRC, 2014).” In recent years, 
several groups (Rooney et al., 2014; Woodruff and Sutton, 2014; Hartung, 2010) have 
published systematic review approaches for use in environmental health sciences. The 
OCSPP approach to systematic review is consistent with the principles articulated in the 
Cochrane Handbook for Systematic Reviews of Interventions for evidence-based medicine 
and with the principles of the Grading of Recommendations Assessment, Development and 
Evaluation (GRADE). GRADE guidelines used by systematic review approaches for 
environmental health sciences developed by the National Institute of Environmental Health 
Sciences (NIEHS) Office of Health Assessment and Translation (OHAT) (Rooney et al., 
2014) and University of California, San Diego (Woodruff and Sutton, 2014).  According to 
the Cochrane Handbook, the key characteristics of a systematic review are: 

 
a clearly stated set of objectives with pre-defined eligibility criteria for studies; 
an explicit, reproducible methodology; 
a systematic search that attempts to identify all studies that would meet the 
eligibility criteria; 
an assessment of the validity of the findings from the identified studies; 
a systematic presentation and synthesis of the characteristics and findings of the 
included studies. 

 
Each approach mentioned above share common themes and workflow starting with a 

statement of scientific context (e.g., problem formulation or protocol) followed by 
literature review with explicit search strategy methods, analysis of study quality (often 
called risk of bias), evaluation of the quality of the totality of the evidence (e.g., integration) 
and ultimately leading to a conclusion(s).  Each approach recommends transparent and 
pre-determined criteria for inclusion/exclusion of scientific literature, evaluation of study 
quality, and reporting of study quality (e.g., high, medium, low).  Each approach 
recommends a pre-stated tool for data integration that provides the foundation for the 
conclusion(s). 
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So far, no single nomenclature has been agreed upon by the risk assessment 

community for systematic review and OCSPP expects terminology to evolve over time as 
more broad experience is gained.  OCSPP considers its systematic review process and 
workflow as starting with problem formulation followed by data collection, data 
evaluation, data integration, and summary findings with critical data gaps identified.  
Scientific analysis is often iterative in nature as new knowledge is obtained.   

 
 

A. Problem Formulation 

In the NRC report Science and Decisions-Advancing Risk Assessment, the National 
Academy of Sciences (NAS) recommended to EPA that risk assessments and associated 
scientific analyses be developed to be useful to policy makers; in order to attain this goal, 
the NRC recommended that the agency more broadly use problem formulation in 
developing its risk assessments.  In response to the NRC, the agency published the Human 
Health Risk Assessment Framework (USEPA, 2014) which highlights the importance of 
problem formulation.  Problem formulation entails an initial dialogue between scientists 
and risk managers and provides the regulatory context for the scientific analysis and helps 
define the scope of an analysis.  Problem formulation draws from regulatory, decision-
making and policy context of the assessment, informs the technical approach to the 
assessment and systematically identifies the major factors to be considered.  As such, the 
complexity and scope of each systematic review will vary among the different risk 
assessment contexts.  In other words, an OCSPP systematic review is conducted as “fit-for-
purpose” (NRC, 2009) based on the pre-determined scope and purpose determined from 
problem formulation.   

The problem formulation involves consideration of the available information along 
with key gaps in data or scientific information.  OPP uses problem formulation as a tool to 
identify exposure pathways and potential health outcomes along with the appropriate 
methods, data sources, and approaches for the scientific analysis.    If missing data are 
critical to the assessment, options are discussed as to how best to obtain that information 
(e.g., required testing, research). The peer review process is identified and the timeline for 
completing the assessment is defined.  

Systematic review provides a transparent tool for organizing available information 
and identifying gaps in information for the regulatory purpose for the analysis.  As such, in 
problem formulation, the regulatory context of a scientific analysis is described which in 
turn defines the scope of and purpose for collection and evaluation of scientific literature.  
Some considerations in problem formulation may be related to population or life-stage, 
exposure pathways (e.g., route, duration, frequency), and/or health outcomes of interest 
identified from in vitro or in vivo laboratory studies along with epidemiology or human 
incident studies along with resources available and regulatory timeframe.   In the context of 
considering epidemiology and human incident information, an initial evaluation of the 
study quality, study design, and uncertainties are considered.   

9

 

 

OCSPP
OCSPP

 
 

 
 

A.  
 
NRC Science and Decisions-Advancing Risk Assessment - 

NAS EPA
NRC

NRC USEPA USEPA 2014

OCSPP
NRC 2009  

 

OPP

 
 

 in vitro  in vivo 

 
  

264



Page 10  

Key scientific issues related to hazard assessment considered in problem 
formulation include:  What are the effects associated with exposure?  What are the 
MOA/AOPs associated with these effects?  What are the temporal aspects of the effects?  
Are there susceptible populations and if so, who are they and what factors contribute to 
susceptibility?   Are there differences in PK or pharmacodynamics (PD) between laboratory 
animals and humans?  Exposure information is also evaluated in problem formulation.  Key 
scientific issues related to exposure assessment considered in problem formulation 
include:   How is the pesticide used? What are all of the relevant use sites of exposure? To 
what chemical substances will people be exposed? What are the routes, durations, and 
frequencies of exposures? Who may be exposed?  Does the exposure pose different risks to 
different groups (e.g., due age or activity patterns?)   In the specific case of epidemiology 
data, this review considers a variety of factors including, but not limited to, research 
hypothesis, study design (i.e., sample size, sufficient controls, quality of measurements, 
etc.), exposure dose/concentration, statistical analysis, and conclusions.   

B. Data Collection 

 
The data collection phase of systematic review is the collection of available information 

from various published and unpublished sources, such as the open scientific literature and 
submitted studies for pesticide registration.  OPP reviews data collected under the 
Organisation for Economic Cooperation and Development (OECD) test guidelines, OCSPP 
harmonized test guidelines, and other pesticide (OPP guidelines).  These guideline studies 
are collected primarily from in-house databases of submitted studies and are found 
through searches of such internal databases.   

 
In the case of epidemiology, most studies are expected to be found in the open 

scientific literature.  Although in some cases supplemental analyses or information may be 
available, dialogue with the researchers may provide additional, important information not 
published in the original paper in understanding and interpreting epidemiology studies.  
The sources of human incident information are summarized in Section IV.   

 
Open literature search strategies use specified criteria to retrieve health effects 

information from the open scientific literature and unpublished sources. After identifying 
and selecting the most appropriate sources/databases and determining the most resource 
effective strategy utilizing classification codes, medical subject headings, and/or keywords, 
a search is conducted of the literature.  Depending on the complexity of the scientific 
evaluation, support from a reference librarian may or may not be needed.  The goal of a 
human health literature search is to perform a reliable and reproducible literature search 
by providing proper documentation of the literature search process. The following steps 
are conducted to retrieve relevant studies:  

 

The purpose of the scientific analysis and inclusion criteria are established. 

Combinations of terms/key words and/or MeSH (Medical Subject Heading) terms 
and their Boolean combinations (AND; OR; NOT) are used and documented.  
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Advanced Search and Field Search by author, title, keywords or subject heading may 
also be performed as needed.  Knowledge of database structure, and using a 
separate search strategy for a specific database is helpful in retrieving relevant 
studies. In addition to an initial comprehensive search, periodic searches may be 
conducted to update the literature list. 

The search strategy is documented, including the date(s) of the search(es)to ensure 
that all the searches of all the databases are reproducible.   

Reference lists of retrieved articles are examined2 for additional background and to 
look for articles that were not discovered in the initial search.   

After combining the retrieved articles from different databases and removing 
duplicates, the available titles and abstracts are screened.  For some of the articles 
where relevance could not be determined from the title and the abstract, the article 
is retrieved for further review. 

Following the initial screening, articles that were not relevant (exclusion criteria) – 
such as opinion articles, studies not in English, and those consisting only of abstracts 
are excluded.  Additional exclusion criteria can be identified on a case by case basis.  
All exclusion criteria are documented.  The rest of the articles, even those that found 
no adverse health effects, are included for review and evaluation.   

 
 

C. Data Evaluation 

 
In the data evaluation phase, data quality is reviewed and conclusions are made about 

the utility of such data. Study quality reflects the overall confidence that reports findings 
are correct (Balshem et al., 2011).  As such, study quality can include: 

 
reporting quality (how well or completely a study is reported);  
how credible the findings are based on the design and conduct of the study;  
and how well the study addresses the topic under review (Rooney et al., 
2014).  

 
Study quality is first considered on an individual study basis, and the quality is judged. 

For example, one may have stronger confidence in a well conducted case control study than 
a poorly conducted cohort study.  Credibility of the scientific findings, often called risk of 
bias, is evaluated using pre-determined criteria for specific domains related to study design 
and conduct (See Table 2).   

 
OPP initially developed a guidance on using the open scientific literature 

considerations called the “Guidance for Considering and Using Open Literature Toxicity 
Studies to Support Human Health Risk Assessment” (USEPA, 2012) and generally continues 
to follow this guidance.   However, with the acceleration of systematic review in risk 
assessment, some aspects of the literature guidance may need updating in the future.  
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Conclusions about the quality of the data are made and can be described in conclusion 
statements or categories (e.g., acceptable/not acceptable; low, medium, high).   

 
Specific considerations used in evaluating epidemiology studies on pesticide chemicals 

are provided in Section III.C below.  As part of the data review, a concise written review of 
the study is developed.  This written review describes the study design, results, 
conclusions, and the strengths and weaknesses of the study. The quality of the 
epidemiologic exposure assessment is an important factor in determining what role 
epidemiologic data will play in the risk assessment.  As such, it is important to fully 
characterize the assumptions used in the epidemiologic exposure assessment and the 
degree to which these assumptions affect the interpretation and generalizability of the 
epidemiologic findings.  The evaluation of the epidemiologic exposure assessment may 
include a consideration of past and present exposure patterns (e.g., exposed populations, 
pathways, routes, and levels of exposure) and may include significant changes in use 
patterns (e.g., risk mitigation actions or new use patterns).  With regard to evaluating meta-
analyses, reporting guidelines for Meta-analysis Of Observational Studies in Epidemiology 
(MOOSE) have been developed by Stroup et al., (2000) that are useful in evaluating the 
quality and interpreting meta-analysis.  

 
D. Data Integration: Weight of Evidence (WOE) 

 
OPP’s human health characterizations involve the consideration of all available and 

relevant data, including but not limited to human studies/epidemiology, biomonitoring 
data, in vitro and in vivo experimental laboratory toxicological studies, MOA/AOP 
information, pharmacokinetic studies, and structure-activity relationships (SAR).  Once the 
different types of hazard data are collected and a full evaluation of each relevant study is 
conducted and documented, the next step is to integrate multiple lines of evidence. 

 
Data integration is based on the principle of reaching a judgment of the totality of 

the available negative and positive data for relevant hazards. OPP uses a WOE analysis for 
evaluating epidemiology and human incident data, such conclusions are made on the 
preponderance of the information rather than relying on any one study.  OPP uses the 
modified Bradford Hill criteria like those in the MOA/human relevance framework as a tool 
for organizing and integrating information from different sources (Hill, 1965; U.S. EPA, 
1999, 2005; Sonich-Mullin et al., 2001; Meek et al., 2003; Seed et al., 2005; OECD AOP Wiki 
Users Handbook8).   It is important to note that the Hill Criteria are not intended as a check 
box approach but instead are points to consider when evaluating the totality of evidence.  
In addition, the availability of a fully elucidated MOA/AOP is a not requirement for using 
epidemiology studies in human health risk assessment.  However, even in the absence of a 
fully developed MOA/AOP, collection and evaluation of mechanistic data may provide 
support for biological plausibility and help explain differences in tissue sensitivity, species, 
gender, life-stage, or other factor.  The MOA/human relevance framework is a flexible tool 
which provides a foundation for organizing information without rigidity.  It is this 

8 https://aopwiki.org/wiki/index.php/Main_Page#OECD_User_Handbook 
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flexibility that makes it a useful tool for a variety of purposes such as evaluating causality, 
integrating information across multiple lines of scientific evidence, and identifying data 
gaps and areas of future research.  In this analysis, epidemiologic findings and human 
incident data can be evaluated in the context of other human information and experimental 
studies to evaluate biological plausibility, to identify areas of uncertainty and areas of 
further research.   To describe how Bradford Hill aspects are considered in the WOE 
evaluations, OPP has used some definitions of terms as outlined in EPA’s Preamble to the 
Integrated Science Assessments (ISAs) which serve as a scientific foundation for the review 
of EPA’s National Ambient Air Quality Standards (NAAQS). (USEPA, 2015).   

 
 

Key events.  In cases where the MOA/AOP are established for a particular health 
outcome, a clear description of each of the key events (i.e., measurable parameters) 
that underlie the MOA/AOP are given. Data to inform the key events may come from 
a combination of in vitro or in vivo data sources (human or animal). These key 
events can be a combination of PK and PD events.  However, it noteworthy that the 
availability of a fully elucidated MOA/AOP is a not requirement for using 
epidemiology studies in human health risk assessment.   

 
Biological Gradient/Exposure-Response/Dose-Response Concordance & 
Relationships.  The Preamble to the ISAs notes that “In the context of epidemiology, 
a well-characterized exposure-response relationship (e.g., increasing effects 
associated with greater exposure) strongly suggests cause and effect, especially 
when such relationships are also observed for duration of exposure (e.g., increasing 
effects observed following longer exposure times) (USEPA, 2015).” When the 
MOA/AOP is known, dose-response relationships are identified for each key event.  
Dose-response relationships are compared among key events.  In some cases, the 
earlier key events may be more sensitive than later key events.  In other cases, key 
events may share similar dose-response curves.   

 
Temporal association.  Evidence of a temporal sequence between the introduction 
of an agent and appearance of the effect constitutes another argument in favor of 
causality (USEPA, 2015).  The Preamble to the ISAs notes that “Strong evidence for 
causality can be provided through ‘natural experiments’ when a change in exposure 
is found to result in a change in occurrence or frequency of health.”   
 
 

This analysis considers key events which occur rapidly (e.g., metabolism to an active 
metabolite which could occur within minutes of exposure) and those which occur after 
longer durations (e.g., development of a tumor) to ensure coherence of the effects.  Specific 
to considering epidemiology data, the temporal relationship between the exposure and 
health outcome may be considered.     
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Strength, consistency, and specificity.  
 

Consistency:  An inference of causality is strengthened when a pattern of elevated risks is 
observed across several independent studies. The reproducibility of findings constitutes 
one of the strongest arguments for causality. Statistical significance is not the sole criterion 
by which the presence or absence of an effect is determined. If there are discordant results 
among investigations, possible reasons such as differences in exposure, confounding 
factors, and the power of the study are considered (USEPA, 2015).   
 
Consistency of findings across studies is informed by the repeated observation of effects or 
associations across multiple independent studies. Further support is provided by 
reproducibility of findings in different populations under different circumstances. 
However, discordant results among independent investigations may be explained by 
differences in study methods, random errors, exposure, confounding factors, or study 
power, and thus may not be used to rule out a causal connection (USEPA, 2015). 

 
Strength of the observed association:  The finding of large, precise risks increases 
confidence that the association is not likely due to chance, bias, or other factors. However, 
it is noted that a small magnitude in an effect estimate may or may not represent a 
substantial effect in a population (USEPA, 2015). 

 
Specificity of the observed association:  Evidence linking a specific outcome to an 
exposure can provide a strong argument for causation. However, it must be recognized that 
rarely, if ever, do environmental exposures invariably predict the occurrence of an 
outcome, and that a given outcome may have multiple causes (USEPA, 2015). 
 

 
Biological plausibility and coherence.    
 

Coherence:  An inference of causality from one line of evidence (e.g., 
epidemiologiccontrolled human exposure, animal, or ecological studies) may be 
strengthened by other lines of evidence that support a cause-and-effect interpretation of 
the association. There may be coherence in demonstrating effects from evidence across 
various fields and/or across multiple study designs or related health endpoints within one 
scientific line of evidence (USEPA, 2015).   
 
When animal and human data show a similar toxic profile, both quantitatively and 
qualitatively, there is high confidence in the human health risk assessment. Whereas in 
other cases, animal and human data may show a qualitatively similar toxic profile but 
quantitative differences are observed.   For example, a particular chemical exhibits the 
same MOA/AOP in animals and humans but there may be species differences in dose-
response characteristics.  These dose-response differences could be due to tissue 
dosimetry (i.e., PK) or from different response characteristics (i.e., PD).   In contrast, animal 
and human data can, in some instances, show qualitatively dissimilar outcomes.  This 
situation highlights the need to fully and objectively evaluate all available information in a 
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transparent and comprehensive manner to consider factors such as species, gender, and 
life-stage differences and potential susceptibilities along with study design considers and 
exposure potential.   

 
Biological plausibility:  An inference of causality is strengthened by results from 
experimental studies or other sources demonstrating biologically plausible mechanisms. A 
proposed mechanism, which is based on experimental evidence and which links exposure 
to an agent to a given effect, is an important source of support for causality (USEPA, 2015).   
 
Similarly, information on MOA/AOP for a chemical, as one of many structural analogs, can 
inform decisions regarding likely causality.  Structure activity relationships and 
information on the agent’s structural analogs can provide insight into whether an 
association is causal (USEPA, 2015).   
 
EPA’s Cancer Guidelines (2005) indicate:     
 

“evaluation of the biological plausibility of the associations observed in epidemiologic 
studies reflects consideration of both exposure-related factors and toxicological 
evidence relevant to identification of potential modes of action (MOAs). Similarly, 
consideration of the coherence of health effects associations reported in the 
epidemiologic literature reflects broad consideration of information pertaining to the 
nature of the biological markers evaluated in toxicologic and epidemiologic studies. [p. 
39].”   

 
However, The Cancer Guidelines further state that “lack of mechanistic data, however, is not 
a reason to reject causality [p. 41].”   As such, lack of established MOA/AOP is not necessary 
knowledge when using epidemiology data and epidemiology associations may still be valid 
even in the absence of an established MOA/AOP and may also provide insight into potential 
MOA/AOP. 
 

Uncertainties. Uncertainties are discussed in the WOE transparently and 
objectively. 

 
 

E. Overall conclusions, recommendations for risk assessment, statement 
of areas of confidence and uncertainty  

 
It is important to document a summary of the evidence, the procedures or methods 

used to weigh the evidence, the basis for the WOE conclusion or recommendation, any 
uncertainties and areas for further research.  Recommendations are made on the role of the 
epidemiologic or human incident data in the risk assessment.  Generally, OPP does not use 
human incident information for quantitative risk assessment but instead to inform risk 
assessment/risk management activities such as indicating a potential need for a new risk 
assessment or new risk management measures, evaluating the success of risk mitigation 
actions after they are implemented, and targeting possible enforcement activities.  In 
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contrast to more limited role of human incident data, epidemiology studies have the 
potential to help inform multiple components of the risk assessment in a variety of ways.  
High quality studies with robust exposure assessment may be used to estimate a risk 
metric quantitatively.    Alternatively, outcomes reported in epidemiologic studies may be 
compared qualitatively with those seen in in vitro and animal studies to evaluate the 
human relevance of animal findings (Hertz-Picciotto, 1995) and may be useful in assessing 
the biological plausibility of epidemiologic outcomes.   In the final portion of the proposed 
WOE analysis, the overall conclusions along with statement of areas of confidence and 
uncertainty.  This section also identifies areas of additional research.   This section 
recommends the source of data for regulatory values and the appropriate approach for 
extrapolating between species (if necessary) and among humans.   
 

 

IV. REVIEWING EPIDEMIOLOGY STUDIES FOR USE IN PESTICIDE RISK ASSESSMENT 

A.  Introduction   

 
Epidemiology is a science that seeks to identify and evaluate relationships between 

exposure to chemical, physical or biological agents, and the health status of populations 
(Boyes et al., 2007).  It has been defined as the “study of how disease is distributed in 
populations and the factors that influence or determine this distribution” (Gordis, 2009). 
More broadly, it is considered as “the study of the occurrence and distribution of health-
related events, states, and processes in specified populations, including the study of the 
determinants influencing such processes and the application of this knowledge to control 
of relevant health problems” (Porta, 2014).   The objective of much epidemiologic research 
is to obtain a valid and precise estimate of the effect of a potential cause on the occurrence 
of disease.  A key objective of epidemiology, like other sciences, is determining cause and 
effect or - said differently - of identifying the etiology of a disease or health outcome and 
the risk factors with which it might be associated.   Calderon (2000) described four major 
uses of such studies:  1) describe the health status of a population and discover important 
time trends in disease and exposure frequency; 2) explain the occurrence of diseases by 
identifying factors that are associated with specific diseases or trends; 3) predict the 
number of disease occurrences and the distribution of health states in specific populations; 
and 4) improving the health status of the population by identifying factors that affect 
environmental or human health.  In the case of pesticides, epidemiology focuses on the 
relation between exposure and adverse health effects in the general population and in 
specific sub-populations, such as occupationally exposed workers or applicators.  
 

Epidemiology studies have the potential to help inform multiple components of the risk 
assessment in a variety of ways.  High quality studies with robust exposure assessment 
may be used to quantitatively estimate risk or an appropriate risk surrogate such as an 
odds ratio or risk ratio.  However, many epidemiology studies that deal with pesticides and 
pesticide exposure suffer some limitations in size, scope, exposure assessment, or data 
analysis which prevent or otherwise impede their full use in quantitative risk assessment 
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(Ntzani et al., 2013).  Pesticide use in the US has changed significantly over the last few 
decades.  As the use changes, so does the exposure to workers.  Changes in pesticide use 
have occurred due to risk mitigation actions by EPA, resistance management activities, 
introduction of new chemistries, and increased use of genetically modified crops.  These 
significant changes in exposure have to be taken into account when interpreting 
epidemiology studies and, ultimately, the decision to use such studies in quantitative risk 
assessment. Even so, epidemiology studies may be used to compare with evidence from 
experimental animal studies to characterize assumptions used in deriving such values.  In 
other cases, outcomes reported in epidemiologic studies may be compared qualitatively 
with those seen in in vitro and laboratory animal studies to evaluate biological plausibility 
or human relevance of animal findings (Hertz-Picciotto, 1995).   Human information like 
that found in epidemiology studies are expected to potentially play a significant role in the 
new vision of toxicity testing recommended by the NRC (2007).  Specifically, epidemiology 
studies can provide insight on health outcomes that may arise from real-world chemical 
exposures in humans and thus can contribute to problem formulation and hazard/risk 
characterization.  Human information may guide additional studies (e.g., dose and endpoint 
selection for use in in vitro and targeted in vivo experimental studies); and identify novel 
health effects or host susceptibilities which can be investigated with future research.   

 
When laboratory data from animal studies provide the primary source of information 

for hazard characterization, one potential source of uncertainty is the relevance of animal 
models to humans.  In the absence of data to support the contrary, animal findings are 
assumed to be relevant to humans.  Furthermore, EPA assumes that humans are more 
sensitive than laboratory animals in the absence of data to support the contrary.  In 
actuality, humans may be more or less sensitive to pesticides than other animal species.  
Epidemiology and human incident data can provide scientific information and support to 
inform uncertainties associated with species extrapolation.   With respect to population 
variability, epidemiology studies better characterize potential variability than do animal 
studies.  Specifically, epidemiologic data include the genetic diversity, and variability 
inherent in human populations and thus can better account for and represent actual 
population response to environmental chemicals than laboratory animals (Calderon, 2000).   

 
With respect to dose-response characterization, animal toxicology studies have the 

benefit that studies can be designed to cover a broad range of exposure levels.  However, 
animal toxicology studies generally use exposures which are much larger (sometimes 
orders of magnitude) than those that occur in the environment.  These high exposure levels 
in animal studies dictate the need for extrapolation from high to low doses.  This 
extrapolation introduces added uncertainty into the risk assessment.  Epidemiology studies 
and human incident data involve actual real-world exposures and thus high dose 
extrapolation may in many cases not be needed. Epidemiology studies conducted over a 
range of exposures (from low to high) are most useful.     

 
Animal studies do not replicate the length, magnitude, duration, routes of exposure and 

variability in exposure experienced by humans (Calderon, 2000).   Human exposure often 
occurs through multimedia exposure pathways, including food, water, air, and indoor and 
outdoor environments.  In contrast, controlled laboratory studies typically use a single 
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route of exposure.  In addition, humans may experience exposure to multiple chemicals 
and/or non-chemical stressors simultaneously, whereas most animal studies involve a 
single chemical stressor.   On one hand, this multi-chemical exposure in epidemiology 
studies can provide a challenge when attempting to attribute epidemiologic outcomes to a 
single pesticide chemical. On the other hand, epidemiologic research considers real-world 
exposures and may help, when considered along with experimental approaches, address 
questions associated with multiple chemical exposures which can be difficult to evaluate in 
an experimental setting.    

 
 

B.  Types of Epidemiology Studies  

 
The major types of observational epidemiologic studies are described briefly below 

with consideration of their strengths and weaknesses (Lilienfeld and Lilienfeld, 1979; 
Mausner and Kramer, 1985; Kelsey et al., 1996; Rothman and Greenland, 2012; Paddle and 
Harrington, 2000; USEPA, 2005; Purdue Pesticide Programs, PPP-43).    

 
Cohort studies begin with a group of people that share common characteristics—the 

cohort—and evaluate their health over an extended follow-up time period during which 
the occurrence of disease is recorded (see figure box from van den Brandt et al. (2002)). 
The common characteristic is often the presence vs. absence of “risk factors” (such as 
exposures)9.  In such studies, 
differences in disease occurrence 
between the “exposed” and “non-
exposed” individuals are identified 
and studied over time to determine 
differences in the rate of disease10.  
This difference in the rate of disease 
occurrence is then investigated to 
determine if the rate of disease 
differs between the exposed and 
non-exposed groups.  Cohort studies 
have the ability to simultaneously 
evaluate multiple disease outcomes 
under study (which is not true for case-control studies, which are generally limited to 
evaluating only a single (pre-specified) disease outcome, discussed below). Cohort studies 
can also be performed either prospectively, like the Agricultural Health Study (AHS, 
http://aghealth.nci.nih.gov/), or retrospectively from historical records. A prospective 
cohort design focuses on a group of people from a current point in time through a future 
point in time. A retrospective cohort design focuses on a group exposed at some point in 
the past, and compares disease rates after exposure occurred (generally through existing 

9 While exposure is often dichotomized on an exposed vs. non-exposed basis in cohort studies, exposure can 
also be measured on a quantitative scale (e.g., by a continuous measure or by quantiles) 
10 Cohort studies commonly study differences in rates of disease, but these can also include other focal 
outcomes of interest such as birth weight, mental abilities, blood pressure, etc.    
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available exposure databases (or records) available on a person-by-person (individual) 
basis).  Prospective cohort studies can be relatively lengthy and expensive to conduct, 
particularly for rare diseases, and require a large number of subjects to be under study.  
Importantly, significant resources and professional staff are required for a long period of 
time to collect high quality data.   

 
 
Case-control studies are studies in which groups of individuals with (cases) and 

generally without (controls) a given disease are identified and compared with respect to 
(generally past11) exposure to determine whether those with the disease of interest are 
more likely or no more likely to have 
been exposed to the agent(s) or 
factor(s) of interest.  That is, the 
analysis of case-control studies 
contrasts the frequency of exposure of 
the agent or factor in the cases with 
those in the controls to determine if 
these differ and, thus, whether there is a 
differential association.  In case-control 
studies, determination of the disease 
status (i.e., cases with the disease; 
controls without) generally precedes 
determination of the exposure status 
(see figure box from van den Brandt et 
al. (2002))   Because disease has already occurred at the time of selection into the case-
control study, this study design is particularly useful in studying uncommon diseases  or 
diseases with long latency and can be utilized to evaluate the relation between many 
different exposures and a specific (pre-specified) disease outcome of interest . And because 
case-control studies begin with individuals who have the disease, the studies can involve 
fewer subjects than cohort studies and can be completed in a comparatively shorter time 
frame.  Challenges in case-control investigations include the selection of an appropriate 
control group and the assessment of exposures which may have occurred long before the 
disease was diagnosed (Rothman, 2012; Wacholder et al. 1992a; Wacholder et al. 1992b; 
Wacholder et al. 1992c; Shultz and Grimes, 2002; Grimes and Schultz, 2005). Case-control 
studies can be particularly susceptible to “recall bias” in which diseased individuals may 
remember exposures or events differently (generally better) than those who serve as the 
controls and are healthy.   

 
Nested case-control studies are an example of a hybrid design and contain the 

elements of a cohort and a case-control study.  These designs can be useful when the 
analytical costs for determining pesticide exposure are too high for the entire cohort to be 
studies.  For example, a cases that that have developed the disease or health outcome in an 

11 It is possible for case-control studies to be done prospectively in which the cases have not yet developed 
the disease until after the study begins under which circumstance the cases are enrolled in the study over 
time. 
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ongoing cohort study can be matched with appropriate controls from the study that have 
not yet developed the disease or outcome of interest at the time of the analysis. One 
recognized advantage of the nested case-control study (as opposed to a more standard 
case-control study) is that the issues of selection bias and recall bias are minimized.   

 
Cross-sectional studies focus on the prevalence of disease (e.g., birth defects, small-

for-gestational age or SGA), symptoms, biological/physical and physiologic response 
measurements (e.g., pulmonary function tests, blood pressure, chest X-ray, clinical 
examinations, liver and kidney biomarkers). A key feature of such studies is that they are 
observational studies which focuses on the prevalence as a frequency measure, with the 
presence or absence of disease determined at the time of sampling or over a sampling 
period. Prevalence is the proportion of individuals in a population that has the disease and 
can either be determined as a “point prevalence” or as a “period prevalence”.12 A 
prevalence is a proportion not a rate and thus the cross sectional studies do not involve a 
follow up period. Typically, the exposure status (e.g., exposed or unexposed), disease 
status/outcome, and demographic characteristics are determined at a point in (or over) 
time. The major comparison in this study design is a comparison of the prevalence of the 
outcome in the exposed population vs. the prevalence of that outcome in the non-exposed 
population, with the risk measure being the prevalence risk ratio or odds ratio.  Cross-
sectional studies are generally used to identify patterns or trends in disease occurrence 
over time or in different geographical locations, and can be conducted quickly and 
relatively inexpensively.  However, they measure the prevalence of a disease outcome 
which is affected by both incidence – the rate of occurrence of new cases – and duration of 
the disease, and it can be difficult in any analysis to sufficiently separate these factors. 
Thus, they involve “survivor populations” and do not measure, evaluate, or consider those 
that have left the population of interest because they became ill.  Another important 
limitation of cross-sectional studies is they do not allow one to determine whether 
exposure precedes the disease.  As such, cross-sectional studies are unable to establish 
temporal relationships between disease and exposure and typically require additional 
studies to confirm a hypothesized causal association suggested by a cross-sectional study.  

 
Ecologic studies examine exposure and disease patterns using information reflecting 

group or population-level data. In an ecologic study, the unit of analysis is a group and not 
an individual13.  Here, groups of subjects are sampled, with the exposure, disease, and 
potential confounding factors measured at this group (or cluster) level.  Groups are 
generally defined on a geographic, administrative, or organizations unit basis (e.g., districts, 
towns, counties, schools, workplaces, etc.) with all exposure, disease, or confounder 
measurements made or summarized at the group level rather than at the level of the 
individual.  An ecological (group-based) study contrasts with an individual-level study in 
that in the former there is no information on whether the cases are the actual individuals 

12 The former involve measurements at a particular place and/or a particular time while the latter involves 
determinations of the proportion of cases over a given time period. 
13 Some studies can be “partially ecologic” in design in which either the exposure or the disease outcome is 
measured on a group level but the other variable is measures at an individual level with the researcher 
making inferences to the individual level. 
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with the exposure whereas in the latter exposure information is tied to the individual.  As 
an example, a study of disease rates by contaminant levels in water can be ecologic with 
respect to evaluation of the exposure, but the health outcome or disease status may have 
determined on an individual basis. In these instances, the term “semi-ecological” can 
sometimes be used when exposure is determined at the group level but outcome is 
determined at the level of the individual.   

 
Using this design, it is not possible to know whether all members of the exposed group 

are individually exposed (or the individual exposure levels) nor is it possible to infer 
individual-level effects from the group level effects that result.   If the intent of the study is 
to direct inferences to the group (rather than the individual), then this is not a concern and 
these studies can be appropriate, particularly if measurements are constrained or difficult 
to perform at the individual level and exposures within the group are generally 
homogenous. If the intent of the study is instead to direct inferences to the individual, then 
this study design suffers from what is termed the ecological fallacy:  the assumption that an 
observed relationship in an aggregated or grouped data set will reflect what would have 
been observed had the sampling occurred at the individual level.  In addition to this 
ecological fallacy issue, an additional bias arises a result of the inability to appropriately 
control for confounding variables at the level of the individual as opposed to the group 
when information on confounding factors is only available at the group level.     

 
In most cases, ecologic studies are considered as hypothesis-generating studies and 

best used for suggesting research hypotheses for future studies and may contribute to 
problem formulation.  Nevertheless, it is important to assess ecological studies on the basis 
of the quality of their design, and useful information can be gleaned from an ecologic study 
if it is well-designed (FIFRA SAP, 2010).  Ecologic studies alone generally do not have the 
ability to establish a causal association.  When taken with other these studies can be useful 
under certain circumstances and should be noted in the hazard characterization. In 
particular, stable populations, clear exposure contrasts, and large differences in risk can be 
important factors that might increase the utility of these studies.    
 
 

C.  Evaluating epidemiology studies for use in pesticide risk assessment   

OPP searches the peer reviewed literature for observational epidemiology studies of 
potential adverse acute and chronic health effects linked to chemical use. Details regarding 
literature search protocols and strategies are provided elsewhere. Epidemiologic research 
utilizing cohort, case-control, or cross-sectional study designs may provide information to 
OPP to strengthen OPP’s understanding of the potential hazards, exposure-response 
characterization, exposure scenarios. or assessment methods, and – ultimately -- risk 
characterization (van den Brandt, 2002).  In addition, compelling case reports or case 
series analysis may illumine a health effect or mechanism of action previously unidentified.  

 
Generally speaking, the quality of epidemiologic research, sufficiency of 

documentation of the study (study design and results), and relevance to risk assessment is 
considered when evaluating epidemiology studies from the open literature for use in OPP’s 
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risk assessments. It is important that these criteria are endpoint-specific as various 
methodological details become more or less important given the endpoint of concern. For 
example, it is important to understand relevant factors that influence outcome 
ascertainment (e.g., is there a test or a biomarker available to indicate presence of an effect, 
or are symptoms gradual and non-specific initially leading to physician diagnosis upon 
advanced disease state). In addition, for environmental and occupational epidemiology 
studies, the quality of the exposure assessment is vitally important. Prior consideration 
must be given to aspects of exposure and confounder measurement to the question under 
consideration.  

 
When considering individual study quality, various aspects of the design, conduct, 

analysis and interpretation of the epidemiology studies are important. These include:  
 

1. Clear articulation of the hypothesis, even if the study is hypothesis-generating in 
nature; 

2. Adequate assessment of exposure for the relevant critical windows of the health 
effects, the range of exposure of interest for the risk assessment target population, 
and the availability of a dose/exposure-response trend from the study, among other 
qualities of exposure assessment, 

3. Reasonably valid and reliable outcome ascertainment (the correct identification of 
those with and without the health effect in the study population), 

4. Appropriate inclusion and exclusion criteria that result in a sample population 
representative of the target population, and absent systematic bias, 

5. Adequate measurement and analysis of potentially confounding variables, including 
measurement or discussion of the role of multiple pesticide exposure, or mixtures 
exposure in the risk estimates observed, 

6. Overall characterization of potential systematic biases in the study including errors 
in the selection of participation and in the collection of information; this can include 
performing sensitivity analysis to determine the potential influence of systematic 
error on the risk estimates presented (e.g., Greenland’s formula) 

7. Evaluation of the statistical power of the study to observe health effects with 
appropriate discussion and/or presentation of power estimates, 

8. Use of appropriate statistical modeling techniques, given the study design and the 
nature of the outcomes under study 
 
Other Federal and non-Federal entities have offered such guides (e.g., OHAT, 

Navigation Guide, National Toxicology Program [NTP] Report on Carcinogens [ROC14], IRIS, 
Cochrane ACROBAT-Non-Randomized Studies of Interventions) (Sterne et al., 2015 as well 
as the STROBE (Strengthening the Reporting of Observational Studies in Epidemiology) 
statement for observational epidemiological studies (see www.strobe-statement.org and  
Vandenbroucke et al., 2007;  Von Elm, 2014)   As OPP gains experience with integrating 
epidemiology studies into human health risk assessment, relevant adjustments to its 
evaluation approach will be made.   

 

14 http://ntp.niehs.nih.gov/pubhealth/roc/index.html 
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Independent study evaluation is performed and documented prior to the 
development of evidence- tables of detailed summary tables which are informative to 
hazard identification and exposure response assessment. Table 2 provides a structure to 
the major considerations evaluated and the associated weight (low, medium, high) for each 
consideration.   Table 2 provides a generic set of considerations and should not be 
considered a checklist.  The specific scientific considerations appropriate for particular 
science analysis are adjusted on a case by case basis.   
 

The culmination of the study evaluation process would be to provide 
professional/expert opinion as to the nature of the potential bias that may result from 
systematic errors in each specific study identified through study specific evaluations, and 
an assessment of overall confidence in the epidemiological database. In this way, data 
integration (animal, human, mechanistic, other) would be informed by level of confidence 
in the human epidemiological studies that inform human health effects of environmental 
and occupational exposures.  
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Table 2. Study Quality Considerations a (Adapted from Munoz-Quezada et al., 2013; 
LaKind et al., 2014) 

Parameter High Moderate Low 

Exposure 
assessment 
 

Accurate and 
precise quantitative 
relationship with 
external 
exposure, internal 
dose, or target dose, 
possibly associated 
with an MOA/AOP. 
 
If questionnaire 
utilized, questionnaire 
and/or interview 
answered by subjects 
for chemical-specific 
exposure  

Evidence exists for a 
relationship 
between biomarker in a 
specified matrix 
and external exposure, 
internal dose, or 
target dose. 
 
Questionnaire and/or 
interview for chemical-
specific exposure answered by 
subjects or proxy individuals  

Poor surrogate 
 
 
Low-quality 
questionnaire and/or 
interview; information 
collected for groups of 
chemicals rather than 
chemical-specific; no 
chemical-specific 
exposure information 
collected; ever/never 
use of pesticides in 
general evaluated 

Outcome Assessment 

Standardized tool, 
validated in study 
population; medical 
record 
review/diagnosis 
confirmation by 
trained staff; 
appropriate 
consideration of 
prevalence/incidence 
of cases 

Standardized tool, not 
validated in population, or 
screening tool; or, medical 
record review, methods 
unstated  

Selected sections of 
test, or maternal 
report, other; or, 
maternal/paternal 
self-report; 
unclear/no 
consideration for 
whether prevalent or 
incident cases are 
appropriate 

Confounder control 

Good control for 
important 
confounders relevant 
to scientific question, 
and standard 
confounders 

Moderately good control 
confounders, standard 
variables, not all variables 
relevant for scientific question 

Multi-variable analysis 
not performed no 
adjustments; no 
stratification, 
restriction, or 
matching 

Statistical Analysis 

Appropriate to study 
question and design, 
supported by 
adequate sample size, 
maximizing use of 
data, reported well 
(not selective) 

Acceptable methods, 
questionable study power 
(especially sub-analyses), 
analytic choices that lose 
information, not reported 
clearly  

Minimal attention to 
statistical analyses, 
comparisons not 
performed or 
described clearly  

Risk of (other) bias 
(selection, 
differential 
misclassification, 
effect size 
magnification, other) 

Major sources of other 
potential biases not 
likely present, present 
but analyzed, unlikely 
to influence 
magnitude and 
direction of the risk 
estimate 

Other sources of bias present, 
acknowledged but not 
addressed in study, may 
influence magnitude but not 
direction of estimate 

Major study biases 
present, 
unacknowledged or 
unaddressed in study, 
cannot exclude other 
explanations for study 
finding 

a Overall study quality ranking based on comprehensive assessment across the parameters. 
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1. Exposure Assessment  
 

Exposure assessment can be defined as the “process of estimating or measuring the 
magnitude, frequency and duration of exposure to an agent, along with the number and 
characteristics of the population exposed. Ideally, it describes the sources, pathways, 
routes, and the uncertainties in the assessment. (Zartarian et al., 2005).”  In environmental 
epidemiology, exposure assessment poses a unique challenge, particularly for toxicants 
that are found in low concentrations in environmental media (NRC, 1991; NRC, 1997).  
Given the complexity of exposure pathways, researchers have developed a number of 
different approaches to assess exposure, which vary in accuracy, precision, and resource 
requirements (Niewenhuijsen, 2003).  Some of these approaches are not specific to 
epidemiologic research but may be used to inform exposure assessment in a variety of 
scientific analyses.  These approaches include indirect methods, based on historical 
records, questionnaires, and environmental monitoring, and direct methods, based on 
personal monitoring and biomonitoring.   A brief description of each method and its 
strengths and limitations is summarized below.  

 
Table 3. Summary of indirect and direct exposure assessment methods. 

Approach Method/Tools Example Exposure Estimation 

Indirect 

Historical Records 
Estimating proximity to 
agricultural crops using 
address information 

Dichotomous or ordinal 
exposure 

Questionnaires 
Determine potential for 
exposure based on 
pesticide-use responses 

Dichotomous or ordinal 
exposure 

Environmental Monitoring 
Measuring pesticide levels 
in community water 
drinking system 

Dichotomous or ordinal 
exposure, although 
exposure can be estimated 
using modeling 

Direct 
Personal Monitoring 

Measuring pesticide 
inhalation and dermal 
contact 

Quantified exposure  

Biomonitoring Measuring pesticide levels 
in blood and urine Quantified internal dose 

 
Historical records and questionnaires are used to characterize key 

characteristics which may be associated with chemical exposure.  When used in 
epidemiologic studies, historical records and questionnaires are not typically used to 
predict quantitative levels of exposure.  Rather, historical record information or 
questionnaire responses are used to assign categorical levels of exposure.  Examples of 
historical record information that can be used to assign exposure levels includes address in 
proximity to an agricultural crop and employment history information on job title and 
history.  Similarly, questionnaires can be used to determine if individuals recall using 
pesticides or identify individuals that perform specific job functions that increase their 
potential for exposure.  While historical records and questionnaires can be cost-effective 
sources of data on potential exposure, they do have limitations.  Data collected from 
historical records and questionnaires is only a surrogate of exposure.  As a result, these 
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data sources may be an oversimplification of exposure and not accurately rank individual’s 
exposure potential.   
 

Environmental monitoring is used to characterize the levels of contaminants in 
environmental media, including air, water, soil, food, and home and work environments.  
Many state and Federal programs collect environmental monitoring data that may be 
useful in epidemiologic studies.  Environmental monitoring is particularly useful for 
exposure that can be defined by geographic boundaries, such as air pollution and drinking 
water.  As such, many epidemiologic studies have utilized ambient air monitoring data and 
community drinking water system data to characterize exposure to air pollution and 
drinking water contamination, respectively.  While environmental monitoring data is useful 
for estimating exposures defined by geographic boundaries, it can be less reliable for the 
purposes of assigning individual-levels exposures, particularly when individuals live, work, 
and spend time in many different locations.   
 

Personal monitoring is used to characterize exposure at the point of contact of a 
body boundary.  Examples of personal monitoring include the use of dosimeters to assess 
dermal contact with pesticides, personal air sampling devices to assess inhalation 
exposure, and collection of duplicate diet samples to determine pesticide levels in food.  
The advantage of personal monitoring is that it is likely to provide more accurate estimates 
of individual-level exposure than indirect methods.  Personal monitoring also makes it 
possible to quantify exposure levels that can be useful for prioritizing the relevance of 
different routes of exposure.  Additionally, personal monitoring can also be used to assess 
longitudinal exposure when repeated measurements are taken over time.  While personal 
monitoring offers many advantages over indirect approaches, it also tends to be labor and 
resource intensive (Niewenhuijsen, 2003).  As a result, it is not typically feasible to conduct 
large-scale epidemiologic studies that assess exposure using personal monitoring.  
Furthermore, personal monitoring is highly dependent on the measurement techniques 
and analytic tools used to obtain samples and it is less likely that information that 
characterizes exposures during the relevant time period (usually in the past) will be 
available.  In addition, it is unlikely that the full range of exposures over the time period of 
interest will be captured, and sampling may not be over a sufficient time period to capture 
peaks and fluctuations  As such, it is extremely important to consider the scientific rigor 
and reliability of personal monitoring methodologies that are used in epidemiologic 
studies, and such monitoring may need to be supplemented by other monitoring (e.g., 
environmental, biological, and/or interview/questionnaire data).      
 

Biomonitoring is used to characterize exposure by measuring a chemical, its 
metabolite(s), or reactive product(s) in biological samples, such as blood, urine, saliva, 
milk, adipose, and other body tissues (Needham et al., 2007).  Zartarian et al. (2005) state 
that “a biomarker/biological marker has been defined as an "indicator of changes or events 
in biological systems. Biological markers of exposure refer to cellular, biochemical, 
analytical, or molecular measures that are obtained from biological media such as tissues, 
cells, or fluids and are indicative of exposure to an agent".  Thus, biomarkers can be used to 
assess exposure or as indicators of health effects (LaKind et al., 2014).  Table 4 provides 
scientific considerations for evaluating the quality and relevance of biomonitoring data 
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collected from epidemiology studies.  Assessing exposure using biomonitoring has 
expanded rapidly as analytical tools have become more cost-effective and more biomarkers 
are identified.  Compared with self-reported questionnaire or interview data, 
biomonitoring may reduce exposure misclassification and enhance the precision of the risk 
estimates. Similarly, biomonitoring integrates exposures from different routes and can be 
used to determine the amount of exposure that is absorbed into the body (Checkoway et al., 
2004).  Furthermore, knowledge as to the role of the biomarker in the natural history of 
disease is known in certain instances, such that biomarkers may help resolve temporality 
of exposure issues.   
 

While biomonitoring has many advantages over others exposure assessment 
methods, it also has its own limitations. In many studies, biological sample are only taken 
from a single point in time and may not reflect accurately reflect longitudinal patterns, 
particularly if exposures are highly variable.  Furthermore, evaluation of biomarkers also 
requires an understanding of degradation and metabolism of chemicals in both the 
environment and human body.  As such, biomarkers of exposure may differ between 
individuals for reasons other than exposure level. Differences in metabolism, co-
morbidities such as kidney disease in relation to urinary measurements, uncertainty as to 
whether the biomarker measures exposure to the active ingredient or the environmental 
degradates may all account for apparent differences in biomarkers of exposure among 
individuals, and possibly between comparison groups.  
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Table 4. Considerations of biomonitoring data from environmental epidemiology research (Adapted from LaKind et 
al. (2014). 

 

Biomarker Consideration Tier 1 Tier 2 Tier 3 

 
 

Exposure biomarker 
 
 

 

Biomarker has accurate and 
precise quantitative relationship 
with external exposure, internal 
dose, or target dose.  

Biomarker has an unknown 
quantitative relationship with 
external exposure, internal 
dose, or target dose or is poor 
surrogate (low accuracy and 
precision) for exposure/dose. 

NA 

Effect biomarker Bioindicator of a key event in a 
MOA/AOP. 

Biomarkers of effect for which 
the relationship to health 
outcome is understood 

Biomarker has undetermined 
consequences (e.g., biomarker is not 
specific to a health outcome). 

Specificity Biomarker is derived from 
exposure to one parent chemical. 

Biomarker is derived from 
multiple parent chemicals with 
similar toxicities. 

Biomarker is derived from multiple 
parent chemicals with varying types 
of adverse endpoints. 

Method sensitivity 

Limits of detection are low 
enough to detect chemicals in a 
sufficient percentage of the 
samples to address the research 
question.  

Frequency of detection too low 
to address the research 
hypothesis.  

NA 

Biomarker stability Samples with a known history 
and documented stability data.  

Samples have known losses 
during storage but the 
difference between low and 
high exposures can be 
qualitatively assessed.  

Samples with either unknown 
history and/or no stability data for 
analytes of interest.  

Sample contamination 
 

Samples are contamination-free 
from time of collection to time of 
measurement (e.g., by use of 

Study not using/documenting 
these procedures.  

 

There are known contamination 
issues and no documentation that 
the issues were addressed 
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Biomarker Consideration Tier 1 Tier 2 Tier 3 

certified analyte-free collection 
supplies and reference materials, 
and appropriate use of blanks 
both in the field and lab).  
Research includes documentation 
of the steps taken to provide the 
necessary assurance that the 
study data are reliable.  

Method requirements 
 

Instrumentation that provides 
unambiguous identification and 
quantitation of the biomarker at 
the required sensitivity (e.g., GC-
HRMS, GC-MS/MS, LC-MS/MS)  

Instrumentation that allows 
for identification of the 
biomarker with a high degree 
of confidence and the required 
sensitivity (e.g., GC-MS, GC-
ECD).  

Instrumentation that only allows for 
possible quantification of the 
biomarker but the method has 
known interferants (e.g., GC-FID, 
spectroscopy) 

Matrix adjustment 
Study includes results for 
adjusted and non-adjusted 
concentrations 

Study only provides results 
using one method (matrix-
adjusted or not). 

NA 

FP = false positive; FN = false negative; GC-HRMS = gas chromatography/high-resolution mass spectrometry; GC-MS = gas chromatography/mass spectrometry; GC-ECD 
= gas chromatography-electron capture detector; GC-FID = gas chromatography-flame ionization detector], ICC = intra-class correlation coefficient ; NA = not applicable; 
PFP = probability of false positive 

 

29
 

 

 1 2 3 

 

 

  

 GC-HRMS GC-MS/MS
LC-MS/MS  

GC-MS GC-ECD  GC-
FID  

  
1

 

NA 

FP = FN = GC-HRMS = GC-MS =  
GC-ECD= - GC-FID -  
ICC NA PFP  

 

284



Page 30  

Indirect exposure assessment methods are common in retrospective studies and 
based on factors that are surrogates of chemical exposure.  As described above, indirect 
exposure data cannot generally be used to estimate quantitative exposure levels without 
additional modeling.  For example, a questionnaire can be used to determine if an 
individual has ever used a pesticide, but can less reliably collect data on all the 
environmental and behavioral factors that are needed to calculate that individual’s 
exposure.  As such, indirect exposure data are often used to classify exposure using a 
dichotomous exposure variable (i.e. exposed/unexposed) or ordinal exposure scale.  In 
contrast, direct exposure assessment methods are based on data on actual individual-level 
exposure through personal monitoring and biomonitoring.  Thus, direct methods can be 
used to estimate individual exposure or internal dose levels.  Direct methods are more 
common in prospective studies, but are also used in retrospective studies when existing 
biological samples are available from well-defined population groups.   
 

Quantified personal measurements, such as personal monitoring and 
biomonitoring, are generally considered the best source of data for estimating actual 
exposure levels (NRC, 1991; NRC, 1997).  While this is the case, accurate qualitative 
measures of exposure (e.g. dichotomous and ordinal exposure metrics) from indirect 
methods can be just as accurate for the purpose of epidemiology.  Moreover, indirect 
methods are often easier to interpret and may require less additional research and 
development to demonstrate their utility in exposure assessment.   
 

Regardless of the approach, exposure assessment methods should be able to 
provide exposure estimates that are reliable and valid.  In the context of epidemiology, 
reliability general refers to the ability to reproduce results and validity generally refers to 
the extent that exposure estimates reflect true exposure levels (Checkoway et al., 2004).  
When evaluating a particular exposure assessment’s reliability and validity, it is important 
to consider the exposure assessment’s strengths and weaknesses in the context of the 
study’s research objectives.  Less refined exposure assessment may be suitable for 
exploratory studies.  This is because exploratory studies help raise awareness about 
potential hazards that can encourage investment in more focused research.  Conversely, 
studies with more focused hypotheses can be greatly strengthened through the use of more 
refined exposure assessment methods.  Therefore, indirect and direct exposure assessment 
methods represent a spectrum of tools that are complimentary and can be used at different 
stages of research when exploring exposure-disease relationships.   
 

2. Confounding Factors  
 

Confounding occurs when the relationship between the exposure and disease is to some 
extent attributable to the effect of a second (confounding) risk factor. This can happen 
when this second (i.e., confounding) risk factor is an independent, causally-associated risk 
factor for the disease but is also associated -- causally or non-causally -- with the exposure 
under analysis and does not also serve as an intermediate variable in the causal pathway 
between the exposure and the outcome of interest. If not properly measured and accounted 
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for, confounders have the ability to change the magnitude (and potentially the direction) of 
the estimated association between an exposure and health outcome.  This can result in an 
over- or under-estimation of the relationship between exposure and disease because the 
effects of the two risk factors have not been appropriately separated, or “disentangled”.  As 
an example:  a given pesticide may be associated with lung cancer in a given study, but this 
may be due to a confounding effect of farm tractor diesel fumes: here, this second factor – 
farm tractor diesel fumes – would be a confounder if it was causally associated with the 
disease outcome (here, lung cancer) but also associated with pesticide exposure.  
Confounding factors may include less intuitive lifestyle exposures such as cigarette 
smoking, dietary factors (e.g., high energy/calorie laden diet), and physical activity (e.g., 
lack of physical activity) genetics, comorbidity, medication use, alcohol consumption, etc., 
all of which may adversely affect health and may be statistically associated with pesticide 
use. In epidemiological analyses, confounding factors are measured in the study sample 
and typically “adjusted for” in the final risk estimate in either the design phase of the study 
or the analysis phase.  With respect to the former, the epidemiological researcher can 
“restrict” the study population to individuals that share a characteristic which the 
researcher wishes to control; this has the result of removing the potential effect of 
confounding caused by that (now controlled) characteristic.  A second available method – 
also applicable to the design phase of the study -- is for the researcher to control 
confounding by “matching” individuals based on the confounding variable.  This ensures 
that the confounding variable is evenly distributed between the two comparison groups 
and effectively controls for this.  It is important to note that the relationship between the 
confounder and the exposure or outcome does not need to be found to be statistically 
significant in order for it to have an impact on the risk estimate for the main effect15.  
 

At the analysis stage, one method by which confounding can be controlled is by 
stratification.  Under this means of control, the association is measured separately under 
each of the (potentially) confounding variables; the separate estimates are “brought 
together” statistically -- if determined to be appropriate -- to produce a common odds ratio 
or other effect size measure by using Mantel-Haenszel approaches which weight the 
estimates measured in each stratum.  Stratification can be difficult if there are multiple 
potential confounders that need to be controlled simultaneously.  In such cases, 
confounding is typically dealt with by means of statistical modelling. (e.g., logistic 
regression).  
 
  It is important that careful consideration be given to confounders prior to any 
epidemiological studies being initiated in the field and it is important that any study 
adequately describe how this was done:  epidemiological studies are frequently critiqued 
for ignoring or paying insufficient attention to potential confounders. For this reason, a 
sensitivity analysis can be helpful to demonstrate the potential effects that a missing or 
unaccounted for confounder may have on the observed effect sizes (see Gustafson and 

15 This is why it is generally considered inappropriate to “statistically test” for a confounder to determine 
whether the confounder needs to be adjusted for.  Instead, some consider a change in the effect size of 10% or 
more after adjustment for (inclusion of) a potential confounder to be sufficient evidence for the confounder to 
be incorporated into the analysis.  
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McCandless, 2010). If unmeasured confounders are thought to affect the results, 
researchers should conduct sensitivity analyses to estimate the range of impacts and the 
resulting range of adjusted effect measures.  Such sensitivity analyses -- generally not 
uniformly conducted in most published epidemiological studies – can be used when 
available to estimate the impact of biases and potential confounding by known but 
unmeasured risk factors.     
 

Depending upon the specific exposure-disease association under study, a factor may 
or may not be a confounding factor that is necessary to control: in order for a substantial 
distortion in the effect size estimate to occur due to confounding, the confounder must be 
not only a relatively strong risk factor for the disease of interest16, but also be strongly 
associated with the exposure of interest.  Assessment of potential confounding is made on a 
study specific basis and – if unmeasured confounders are thought to affect the results -- 
researchers should conduct a sensitivity analysis to estimate the range of impacts and 
resulting range of adjusted effect measures. When evaluating the quality of observational 
epidemiology studies, OPP will consider whether relevant confounding factors are properly 
identified, described, measured and analyzed such that an unbiased estimate of the specific 
association under study can be made, and, when possible, may consider sensitivity analysis 
as a potential tool to assist in determining the degree to which such confounding might 
potentially affect the estimate of the effect size.  It should be emphasized that a confounder 
must be a relatively strong risk factor for the disease to be strongly associated with the 
exposure of interest to create a substantial distortion in the risk estimate.  In such cases, it 
is not sufficient to simply raise the possibility of confounding; one should make a 
persuasive argument explaining why a risk factor is likely to be a confounder, what its 
impact might be, and how important that impact might be to the interpretation of findings.  
(p. 23-25, FIFRA SAP Report, 22 April 2010)          
 

Finally, it is important to distinguish between confounding, effect modification, 
synergy, and other mediating effects of covariates.   Confounding is a bias that results from 
not controlling for a variable that is associated causally with the disease and associated –
causally or non-causally -- with the exposure of interest.  Epidemiologic researchers seek to 
minimize this bias.  Effect modifiers -- on the other hand -- are variables that differentially 
affect the magnitude of the effect size, by strata (e.g., age, race/ethnicity, SES status, genetic 
polymorphisms).  Effect modifiers may or may not also be confounders.  Typically, they are 
modelled by either introducing interaction terms in multivariable models or by evaluating 
effect sizes by strata after stratifying the data by levels of the effect modifier.  A study 
frequently needs to be specifically designed to evaluate effect modifiers in order to have a 
sufficient sample size in each population strata of interest.  Epidemiologic researchers seek 
to understand effect modifiers (not minimize them, as they do with confounders) because 
they can be important in evaluating risk differences across population strata, in evaluating 
the association between exposure and the effect of interest, and in identifying susceptible 

16 Consideration needs to be given not only to ensuring that the confounding factor is indeed a risk factor on 
its own but also to ensuring not only related to the exposure of interest.  Adjusting for a factor that has an 
association with the disease of interest wholly or partly because of its association with the exposure of 
interest will lead to attenuation of the exposure-disease relationship if it truly exists. 
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subpopulations.  Effect modifiers may or may not also be confounders.  For example, 
smoking may be a confounder in a study associating lung cancer with a pesticide often used 
on tobacco, but it may also be an effect modifier if the risk of exposure to this pesticide is 
higher among smokers than non-smokers.  Synergy is often introduced as a biological or 
pharmacological/toxicological concept rather than an epidemiological one and relates to 
the ability of two chemicals, together and acting jointly, to magnify or exaggerate the effect 
beyond that which would be seen considering the (mathematical) sum of each chemical’s 
effects alone. In epidemiological and statistical terms, this is often expressed as effect 
modification or interaction.       
 

   

3. Statistical Analysis  
 

Epidemiologic studies are designed to measure an association between a specific 
exposure and a disease. When evaluating the quality of pesticide epidemiology studies, OPP 
will also consider the statistical methods used. Specifically, OPP will consider the extent to 
which the analytic methods described in the study are appropriate to the research 
question; the completeness of the description of the statistical methods utilized; the 
appropriateness of the methods for identification, assessment and adjustment of 
potentially confounding variables in the exposure-disease relation; and, the description, 
extent of,  and presentation of any sub-group analyses which may have been performed 
(including whether statistical corrections for multiple comparisons have been made).   

 
Epidemiologic investigations typically utilize statistical modeling to estimate risk (e.g. 

generalized linear models such as logistic (for odds ratios) or Poisson (for count data) 
regression. To do so, researchers must consider not only the relevant main exposure and 
outcome variables, but also consider relevant confounding factors, and whether the 
association under investigation may differ by level of these factors, i.e., effect modification 
or interaction (Szklo et al., 2004). Upon identification of a potentially confounding variable 
-- one that substantively changes the magnitude and/or direction of the association under 
study -- adjustment through regression modeling can help to isolate the risk estimate of 
interest, i.e., the association under study. In addition, OPP will evaluate the stratification of 
the association by the level of the potential effect modifier under study or evaluation of 
statistical interaction. If the magnitude and direction of the association of interest differs 
greatly by level of a third variable, then the stratified results should be considered primary. 

 
When performing statistical modeling when the outcome is rare or the sample size is 

relatively small, it is important to be cautious about including too many covariates in the 
model.  Any resulting effect size estimate may be too high or too low and is unlikely to 
reflect the true estimate of effect. Such issues due to rare events or low sample sizes are 
also possible when conditional methods are used (e.g., conditional logistic regression when 
the design includes matching of the comparison group under study): if too few discordant 
pairs (or discordant sets) are observed, the estimated effect size may also be unreliable.  
Thus:  while controlling for confounders and other covariates is important, the assessor 
must take care not to over-control or end up with too few degrees of freedom to produce a 
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reliable test. In these cases, it may be more important to seek parsimonious models that 
adjust for only a smaller number of the most influential confounders and other covariates 
so that the effective sample size remains adequate.   

 
Finally, it is important in any statistical modeling exercise to consider statistical 

significance in the context of clinical/biological/scientific significance of the result. It may 
be that some results are statistically significant but unimportant in a clinical/biological/ 
scientific context.  The reverse can be true:  it may be that results are not statistically 
significant but may be important in a clinical/biological/scientific context.  The former may 
suggest a sample size that is larger than necessary while the latter may suggest one than is 
smaller than needed.   The latter case may be important from a public health perspective 
and warrant further exploration, especially when the association is strong (despite it being 
imprecise)  
 

4. Potential Bias in Observational Research 
 

Bias is a systematic error in the design or conduct of a study that gives rise to study 
results that are systematically different from the (unobserved) true situation. This 
contrasts with random errors which relate to sampling variability and precision (or, 
equivalently, confidence bounds) around the effect size measure, but which do not “drive” 
or “push” the result in one particular direction (e.g., either toward or away from the null).   

 
Bias is a reflection of methodological imperfections in the design or conduct of the 

study and should be addressed or discussed by researchers as part of their analysis. There 
are a number of ways that bias can be introduced into a study:  studies may be biased in the 
way in which participants are selected into the study (selection bias), or the way in which 
information about exposure and disease status is collected (information bias, including 
recall bias discussed earlier for case-control studies). One example of a common 
occupational selection bias is the “healthy worker effect” which can create an important 
bias in occupational epidemiology studies, leading to bias toward the null, and even below 
(creating the interpretation that the exposure is “protective”) No study is totally devoid of 
bias and one should consider the extent to which authors of published studies described 
potential bias in the study, and how (if at all) they attempted to address it and characterize 
it in the study.  Bias can result from differential or non-differential misclassification 
(Greenland, 1998). Differential misclassification (bias) means that misclassification has 
occurred in a way that depends on the values of other variables, while non-differential 
misclassification (bias) refers to misclassifications that do not depend on the value of other 
variables. Misclassification biases – either differential or non-differential – depend on the 
sensitivity and specificity of the study’s methods used to categorize such exposures  and 
can have a predictable effect on the direction of bias under certain (limited) conditions: this 
ability to characterize the direction of the bias based on knowledge of the study methods 
and analyses can be useful to the regulatory decision-maker since it may allow the decision 
maker to determine the extent to which, if any, the epidemiological effect sizes being 
considered (e.g., OR, RR) are likely underestimates or overestimates of the true effect 
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size17.  It is not atypical to find degrees of misclassification in the range of 10 to 20 percent 
and it can be helpful in reviewing epidemiological studies to consider a form of sensitivity 
(or “what if”) analysis which evaluates such a degree of misclassification -- and whether it 
is differential or non-differential – and the degree to which such misclassification might 
impact the odds ratio or relative risk with respect to both magnitude and direction18.  
(p.25, FIFRA EPA SAP report, 22 April, 2010).   As mentioned earlier with respect to 
confounding, such quantitative sensitivity analysis is only rarely performed or practiced in 
published epidemiology studies, with bias instead more typically evaluated in a narrative 
manner without any quantitative assessment of its potential magnitude and the effect it 
may have on the epidemiological effect size estimates (Jurek at al., 2006).  This may be due 
– in part -- to a general lack of availability of computational tools for such analysis by 
epidemiologists or their unfamiliarity with them.  Such tools are becoming increasingly 
available and may be valuable in developing more rigorous quantitative methods for 
evaluation of potential biases.  
 

5. Interpretation of Null studies 
 

“Null” studies -- or well-conducted studies which report no association between 
exposure to the pesticide and an adverse health outcome -- will be evaluated carefully for 
their potential usefulness in human health risk assessment. The study may report a null 
result either because the investigated association indeed does not in reality exist, or 
because the study was conducted failed to detect an association at a given predetermined 
level of significance.  This latter result –the failure to detect an association -- should not 
necessarily be interpreted to mean that no association exists, but rather as simply one was 
not found in the particular study19,20. To evaluate which of these two conditions may be 
correct when reviewing “null” studies, one should consider other research reported 
concerning the same or similar research question, the manner in which exposure and 
outcome were assessed, the extent to which exposure misclassification may have biased 
the study to the null, the statistical methods used including the identification and analysis 
of confounding variables in the association, the extent to which the exposure is below a 
threshold at which an effect would occur or be detected, as well as the power of the study 
and its ability to detect an effect size of substantive interest.  Statistical power refers to the 
probability that researchers may correctly identify that there is a difference between the 
two comparison groups, i.e., there is an association between exposure and disease, when in 

17 The direction of bias that results from the degree of non-differential misclassification will also depend on 
the categorization of exposure (either dichotomous or polytomous).
18 Such sensitivity analyses might be especially recommended for exposure misclassification biases which in 
many cases are expected to result in more substantive effects on the effect size estimate than those from 
confounding.       
19 The old adage that “the absence of evidence does should not be interpreted as the evidence of absence” is 
true here. 
20 See also the American Statistical Association’s Statement on Statistical Significance and P-values at 
https://www.amstat.org/asa/files/pdfs/P-ValueStatement.pdf
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fact there is in fact a true difference (or association). Studies that are “low powered” may 
falsely conclude there is no association, when an association actually exists21.  

 
Finally, it is important to consider the effects of publication bias in any systematic 

review of the literature with respect to interpretation of null studies.  The term publication 
bias refers to the tendency for the available published literature to disproportionately 
exclude such null studies.   Studies that demonstrate such a “null” association between a 
disease or health outcome can be as equally informative as those that do provided that the 
study in question meets the quality criteria established as part of the epidemiological 
review process.  These may include such factors as study design; the existence of an a priori 
hypothesis vs. an exploratory analysis; sample size and statistical power to detect an effect 
size of interest; proper ascertainment of outcome vis-à-vis sensitivity and specificity; the 
quality of the exposure assessment and the potential for differential and non-differential 
misclassification; adequacy of the measurement of key potential confounders and other 
forms of bias (information, selection, etc.); and evaluation of effect modifiers; appropriate 
statistical analyses, including consideration of and possible correction for multiple 
comparisons that a unsupported by a priori hypotheses, biological plausibility, or other 
supporting information.   
 

6. External Validity (Generalizability)  
 

As noted above, validity generally refers to the extent that exposure estimates 
reflect true exposure levels (Checkoway et al., 2004).  External validity, or generalizability, 
refers to the ability to extend the epidemiologic study results derived from a sample of the 
population (e.g., pesticide applicators) to other populations (e.g., all agricultural workers). 
To assess external validity, comparison of characteristics in the sample to the larger 
population (if known) can be made.  Such evaluation should include not only demographic 
factors, but also whether exposures (e.g., dose, timing, duration) are similar and whether 
important effect modifiers (e.g., sensitivity of vulnerable populations) were considered.   
Generalizability is of particular importance because it is important to understand whether 
and how individual study results may be applied to the larger group or targeted sub-groups 
in regulatory risk assessment.  For example, the AHS has reported statistical associations 
between some cancer and non-cancer health outcomes for some pesticide chemicals.  OPP 
has an interest in evaluating the extent to which the reported findings may apply to 
pesticide applicators in states other than North Carolina and Iowa or to farm workers who 
primarily do post-application activities.   

 
 

21 Studies that are low-powered but find statistically significant effects may also be subject to the 
phenomenon of effect size magnification and this can be important to investigate as well.  (Ioannidis, 2008).
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V. HUMAN INCIDENT SURVEILLANCE DATA 

Generally speaking, epidemiology studies on pesticides such as those described above 
focus on lower exposures (over a longer time period) that are less likely to result in acute 
clinical symptoms. OPP is also interested in exposures that are higher and occur over 
shorter-intervals (often on an acute “one-time” basis).  This “human incident,” or poisoning 
data can be useful for evaluating short term, high exposure scenarios that can be readily 
attributed to the pesticide in question.   
 

OPP uses such “human incident information” for several purposes.  Most broadly, the 
program uses incident data to inform risk assessment/risk management activities; this 
forms an integral part of our registration review activities under our Pesticide Registration 
Improvement Act (PRIA) responsibilities.  To this end, OPP evaluates human incident data 
for trends over time and examines patterns in the severity and frequency of different 
pesticide exposures. In some cases, incident information can indicate need for additional 
information or additional risk management measures.  Incident information can also help 
assess the success of risk mitigation actions after they are implemented, and incident 
information is an important part of OPP’s performance accountability system to ensure the 
effectiveness of risk management actions that OPP has taken to protect human health and 
the environment.  Lastly, incident information can be useful in providing real world use 
information with respect to usage practices and also in potentially targeting enforcement 
or educational activities, where appropriate.    
 

OPP obtains this information from a variety of sources.  Sources of human incident data 
include both (human) medical case reports appearing in the medical and toxicological 
literature as well as information from a variety of national toxico-surveillance activities 
for acute pesticide poisonings which are considered jointly to aid acute and chronic hazard 
identification and as an integral part of the risk assessment process.22 
 

Medical case reports (first-hand accounts written by physicians) or medical case 
series (a compendium of medical case reports across individuals that share common 
source or symptomology) are valuable tools for analyzing all available evidence of health 
effects, and to complement the findings of animal studies and epidemiological studies.  In 
addition, they can identify unusual or novel occurrences of an adverse health effects 
plausibly associated with use of a specific pesticide providing “advance notice” to the 
agency for toxico-vigilance purposes.  Published case reports for pesticides typically 
describe the effects from an atypical (high exposure/dose, illegal, off-label) acute or short-
term exposure. The reports are often anecdotal and can be highly selective in nature.  They 
can, however, can be particularly valuable in identifying previously unidentified toxic 
effects in humans and in learning about the effects, health outcomes, and medical sequelae 
following high exposures.  They frequently have more detailed medical information 
(including sequelae), detailed follow-up, and generally higher quality and/or quantitative 

22 OPP is aware of efforts by IPSC to consider human incident data in risk assessment.  
http://www.who.int/ipcs/publications/methods/human_data/en/index.html
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information about dose.  If similarities are seen across multiple medical case studies or 
patterns emerge – in symptoms, exposure scenarios or usage practices -- these can provide 
valuable information for the risk assessment process and strengthen any findings.  Medical 
case studies and series that include quantitative exposure information can be compared to 
exposure estimates in the risk assessment (which are based on labeled application rates 
and surrogate exposure information) to characterize margins of exposure expected from 
typical use, when appropriate.   
 

The following considerations are evaluated in assessing medical case reports and 
medical case series: 

 
A detailed history of exposure (when, how, how much); time of onset of adverse 
effects; and signs and symptoms of the patient, are reported.  
Information on the product/chemical/pesticide, such as name, pesticide label, 
registration number, etc. 
Patient information (e.g. age, race, sex); underlying health conditions and use of any 
medications that can produce similar signs and symptoms; relevant medical history; 
and the presence of any risk factors. 
Description of events and how the diagnosis was made. 
Management and treatment of the patient, and laboratory data (before, during and 
after the therapy), including blood levels of pesticides and chemicals.  
Whether the medical report is reliable, reasonable and whether it is consistent with 
current knowledge, including other research, reviews and guidelines. 
Clinical course of the event and patient outcome (e.g. patient recovered and 
discharged from hospital; condition of patient after the discharge, any chronic 
health effects or premature death related to the pesticide or chemical exposure). 

 
 

In addition to using medical case reports/series as a source of real-world exposure and 
toxicological information, OPP also engages in toxico-surveillance activities using a variety 
of pesticide poisoning incident databases are also available. Specifically, OPP has access to 
the following five human incident data sources: the OPP Incident Data System (IDS); the 
American Association of Poison Control Centers (PCC) summary reports from their 
National Poison Data System (NPDS); data from the EPA-funded National Pesticide 
Information Center (NPIC), currently at Oregon State University; the Centers for Disease 
Control and Prevention/National Institute for Occupational Safety and Health Sentinel 
Event Notification System for Occupational Risk-Pesticides (NIOSH SENSOR-Pesticides) and 
the California Pesticide Illness Surveillance Program (PISP). Each of these are described, in 
turn below:  
 

OPP Incident Data System (IDS) is maintained by OPP and incorporates 
data submitted by registrants under FIFRA section 6(a)(2)23, as well as other 
incidents reported directly to EPA. OPP has compiled the pesticide related 

23 Under FIFRA 6(a)(2), pesticide registrants are required to notify EPA if and when they become aware of 
“factual information regarding unreasonable adverse effects on the environment of the pesticide.”   
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incident reports in the IDS since 1992. The IDS includes reports of alleged 
human health incidents from various sources, including mandatory FIFRA 
Section 6 (a) (2) reports from registrants, other federal and state health and 
environmental agencies and individual consumers. IDS include information 
on incidents involving humans, plants, wild and domestic animals where 
there is a claim of an adverse effect. The vast majority of IDS reports are 
received by the agency in paper format.  IDS entries act as a “pointers” to 
copies of original reports retained on microfilm and scanned images in OPP’s 
Information Service Center.  

 
While IDS includes both occupational and non-occupational incidents, the 
majority of incidents reported relate to non-occupational/residential 
scenarios The reports are obtained from across the U.S. and most incidents 
have all relevant product information (such as the EPA Registration Number) 
recorded. As IDS is populated mostly by information provided by pesticide 
registrants under their FIFRA 6(a)(2) reporting requirements, the agency has 
relatively high confidence in the identification of the specific product which 
is involved.  Severity rankings are included for each incident (as specified by 
CFR §159.184).  Symptom information is sometimes included in the narrative 
portion of the incident, but this information is usually not 
validated/confirmed by a healthcare professional.  IDS also includes 
narrative information on exposure scenario and hazard information.  Many 
companies use standardized, industry-developed Voluntary Incident 
Reporting Forms.   

 
OPP collects and evaluates the data from the IDS and identifies potential 
patterns with respect to the extent and severity of the health effects due to 
pesticides exposure. While IDS reports are broad in scope and can in some 
cases contain detailed information, the system does not necessarily 
consistently capture detailed information about incident events, such as 
occupational exposure circumstances or medical outcome.   
 
In addition, most cases data going into IDS is not validated or verified, though 
some reports are collected from calls to contract poison control centers. 
Nevertheless, incident information can provide an important post-marketing 
feedback loop to the agency following initial registration of the product: IDS 
incidents of a severe nature, or a suggested pattern or trend among less 
severe incidents can signal the agency to further investigate a particular 
chemical or product.  Because IDS has such extensive coverage, it can assist 
in providing temporal trend information and determining whether risk 
mitigation has helped reduce potential pesticide exposure and decreased the 
number of potential incidents reported to IDS.  Overall, IDS provides good 
information about national trends and frequency of incidents for pesticides 
and can provide valuable insights into the hazard and/or exposure potential 
of a pesticide. 
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The National Poison Data System (NPDS) -- formerly called the Toxic 
Effects Surveillance System (TESS) -- is maintained by the American 
Association of Poison Control Centers (AAPCC) and is supported with 
funding from several federal agencies.  NPDS is a computerized information 
system with geographically specific and near real-time reporting.  Although 
the main mission of Poison Control Centers is in helping callers respond to 
emergencies, NPDS data can help identify emerging problems in chemical 
product safety.  Hotlines at 61 PCC’s nationwide are open 24/7, 365 days a 
year and are staffed by specially trained nurses, pharmacists, and other 
clinical health care specialists to provide poisoning information.  Using 
computer assisted data entry, standardized protocols, and strict data entry 
criteria, local callers report incidents.  These reported incidents are retained 
locally and are updated in summary form to the national database 
maintained by AAPCC. Information calls are tallied separately and not 
counted as incidents.  The PCC system covers nearly all the US and its 
territories and has undergone major computer enhancements since 2001.   

 
NPDS includes mainly non-occupational incidents.  NPDS does not include 
narrative information and the product information may not be complete.  
NPDS provides severity rankings and symptom information that are 
designated/recorded by trained specialists, and the agency has relatively 
high confidence in this information.  NPDS also provides some information 
on the likelihood of the adverse effect being a result of the reported 
exposure. Overall, NPDS provides good information about national trends, 
frequency of incidents for pesticides, as well as the hazard potential for 
particular pesticides.  However, resource limitations permit the agency to 
only access AAPCC summary reports published each year (e.g., see 
http://www.aapcc.org/annual-reports/ ) and these serve as a supplement to 
other data sources for which the agency has more complete access.     

 
The National Pesticide Information Center (NPIC) 
(http://npic.orst.edu/index.html) is funded by EPA to serve as a source of 
objective, science-based pesticide information in response to inquiries and to 
respond to incidents. NPIC functions nationally during weekday business 
hours and is a cooperative effort between Oregon State University 
(currently) and EPA; it is intended to serve as a source of objective, science-
based pesticide information and to respond to inquiries from the public and 
to incidents. Similar to Poison Control Centers, NPIC’s primary purpose is not 
to collect incident data (about 10% of NPIC’s annual calls are considered 
“incident” related), but rather to provide information to inquirers on a wide 
range of pesticide topics, and direct them to other sources for pesticide 
incident investigation and emergency treatment.  Nevertheless, NPIC does 
collect information about incidents (approximately 4000 incidents per year) 
from inquirers and records that information in a database.  NPIC is a source 
of national incident information, but generally receives fewer reports than 
IDS.  Regardless, if a high frequency is observed in IDS for a given pesticide or 
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product, NPIC provides a source of information that can prove valuable in 
determining consistency across national data sets.  

 
As with IDS and PCC, the incidents in NPIC are mainly non-occupational. 
NPIC incidents include narratives and product information when the caller 
provides the information. Although the scope is national, there are 
significantly fewer incidents reported to NPIC than to NPDS or IDS but 
considerably more information is provided and the agency can request 
custom reports on an as-needed basis. Hazard information includes severity 
rankings, route of exposure and symptoms – which are recorded by trained 
personnel. NPIC also provides information on how likely the link between 
exposure and adverse effect is (which they call a certainty index). NPIC also 
publishes annual reports and analyses in the open literature which are 
valuable resources. 

 
 

The Center for Disease Control and Prevention National Institute for 
Occupational Health (CDC/NIOSH) manages a pesticide surveillance program 
and database entitled the Sentinel Event Notification System for 
Occupational Risk (SENSOR)-Pesticides.24  This database includes pesticide 
illness case reports in 12 states from 1998-2013.   Participating states are: 
California, Florida, Iowa, Louisiana, Michigan, Nebraska, New Mexico, New York, 
North Carolina, Oregon, Texas and Washington. The participating states for a 
given year vary depending on state and federal funding for pesticide 
surveillance.  

 
Cases of pesticide-related illnesses in the SENSOR-Pesticides database are 
ascertained from a variety of sources, including: reports from local Poison 
Control Centers, state Department of Labor workers’ compensation claims when 
reported by physicians, reports from state Departments of Agriculture, and 
physician reports to state Departments of Health. Although both occupational 
and non-occupational incidents are included in the database, the SENSOR 
coordinators primarily focus their follow-up case investigation efforts on the 
occupational pesticide incidents.  The SENSOR coordinator at the state 
Department of Health will follow-up with cases and work to obtain medical 
records in order to verify exposure scenario, symptoms, severity, and health 
outcome.  Using standardized protocol and case definitions, SENSOR 
coordinators at state Departments of Health enter the incident interview 
description provided by the case, medical report, physician and patient into the 
SENSOR data system.  

 
All SENSOR-Pesticides cases must report a minimum of two health effects in 
order to be included in the aggregate database that EPA uses for incident 

24 SENSOR-Pesticides webpage: http://www.cdc.gov/niosh/topics/pesticides/overview.html 
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analyses.  Evidence for each case is evaluated, based on the NIOSH case 
classification matrix, for its causal relationship between exposure and illness.  
98% of SENSOR-Pesticides cases are classified as definite, probable, or possible, 
and 2% of the cases are classified as suspicious.  Unlikely, asymptomatic, and 
unrelated cases, as well as those with insufficient information, are not included 
in the SENSOR-Pesticides database.  

 
Overall, SENSOR-Pesticides provides very useful information on both 
occupational and non-occupational incidents, and sometimes valuable insights 
into the hazard and/or exposure potential of a pesticide. SENSOR-Pesticides also 
conducts analyses of its own data and publishes these in the Morbidity and 
Mortality Weekly. Unlike the aforementioned databases and although it contains 
both non-occupational/residential and occupational incidents, SENSOR’s has 
traditionally focused on occupational pesticide incidents, and is of particular 
value in providing that information.  SENSOR-Pesticides data from 1998-2011 is 
available online at: http://wwwn.cdc.gov/Niosh-whc/Home/Pesticides. 

 
The California Pesticide Illness Surveillance Program (PISP) is maintained 
by the State of California. This database documents pesticide-related illnesses 
and injuries. Case reports are received from physicians and via workers’ 
compensation records. The local County Agricultural Commissioner investigates 
the circumstances of the exposure. Medical records and investigative findings 
are then evaluated by California’s Department of Pesticide Regulation (DPR) 
technical experts and entered into an illness registry. All reported pesticide 
illnesses in the California PISP program are investigated by the county 
agricultural commissioners, and the DPR evaluates the reports and compiles 
them into a database, which is used to improve the state’s program to protect 
workers and others from the adverse effects of pesticide exposure 
(http://apps.cdpr.ca.gov/calpiq/). 

 
 
Currently, OPP evaluates human incident data on a chemical-specific basis. Incidents 

from each database are analyzed for hazard potential (deaths, frequency of more severe 
incidents, and patterns/trends of reported symptoms) and exposure potential (frequency 
of incidents/ trends over time, patterns/trends of exposure scenarios, of factors affecting 
exposure or of products). When evaluating human incident data from the above databases, 
OPP considers several general criteria.  OPP considers the relative severity and frequency 
of symptoms. Additionally, OPP generally has greater confidence in reports in which 
temporal association can be verified or are at least plausible.  Lastly, other factors that are 
used to evaluate human incident data include evidence of an exposure response 
association, consistency in reported health effects, biological plausibility of reported health 
effects, elimination of alternative causes of health effect such as pharmaceutical use, and 
the specificity of the observed symptoms and health effects.  Additionally, narratives of 
more severe incidents are often evaluated for any temporal association between time-of-
exposure and effects reported to determine whether an association is supported by the 
circumstances. For example, a heart attack in an elderly individual that occurs three 
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months following an indoor pesticide application may be determined not to be a likely 
causal association.  On the other hand, a severe incident occurring at or shortly after the 
time of exposure with symptoms consistent with known symptomology for the pesticide 
class and that occurs   without prior medical history may suggest that causal inference is 
more justified.    
 

In sum, then, incident data -- consisting of both medical case reports/case series 
appearing the medical and human toxicological literature and toxico-surveillance data 
derived from the databases that EPA either maintains, funds, or accesses -- can provide 
useful, complementary information that assists OPP in evaluating the real-world risks of 
pesticides.    

 
 

VI. SUMMARY & CONCLUSIONS  

 
This framework describes important factors in reviewing epidemiology and human 

incident data and describes a proposed WOE analysis for incorporating such data in 
pesticide human health risk assessment.  OPP uses the best available data across multiple 
lines of evidence and from in vitro, in vivo, and in silico data sources.  OPP uses a WOE 
approach when integrating data from multiple sources to take into account for quality, 
consistency, relevancy, coherence and biological plausibility using modified Bradford Hill 
criteria as an organizational tool.  Application of WOE analysis is an integrative and 
interpretive process routinely used by EPA according to in scientific analysis outlined in its 
risk assessment guidelines. The WOE analysis also evaluates the quality of the combined 
data set and is consistent with the level of effort and complexity that is appropriate for a 
particular scientific assessment (U.S. EPA, 2002).  OPP acknowledges that toxicology and 
risk assessment are currently undergoing transformational changes towards implementing 
the new vision of 21st century toxicity testing.  As these transformation changes occur, OPP 
will update this approach as appropriate.    
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Abstract

In 2013, EFSA published a comprehensive systematic review of epidemiological studies published from
2006 to 2012 investigating the association between pesticide exposure and many health outcomes.
Despite the considerable amount of epidemiological information available, the quality of much of this
evidence was rather low and many limitations likely affect the results so firm conclusions cannot
be drawn. Studies that do not meet the ‘recognised standards’ mentioned in the Regulation (EU)
No 1107/2009 are thus not suited for risk assessment. In this Scientific Opinion, the EFSA Panel on Plant
Protection Products and their residues (PPR Panel) was requested to assess the methodological
limitations of pesticide epidemiology studies and found that poor exposure characterisation primarily
defined the major limitation. Frequent use of case–control studies as opposed to prospective studies was
considered another limitation. Inadequate definition or deficiencies in health outcomes need to be
avoided and reporting of findings could be improved in some cases. The PPR Panel proposed
recommendations on how to improve the quality and reliability of pesticide epidemiology studies to
overcome these limitations and to facilitate an appropriate use for risk assessment. The
Panel recommended the conduct of systematic reviews and meta-analysis, where appropriate, of
pesticide observational studies as useful methodology to understand the potential hazards of pesticides,
exposure scenarios and methods for assessing exposure, exposure–response characterisation and risk
characterisation. Finally, the PPR Panel proposed a methodological approach to integrate and weight
multiple lines of evidence, including epidemiological data, for pesticide risk assessment. Biological
plausibility can contribute to establishing causation.
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Summary

The European Food Safety Authority (EFSA) asked the Panel on Plant Protection Products and their
Residues (PPR Panel) to develop a Scientific Opinion on the follow-up of the findings of the External
Scientific Report ‘Literature review of epidemiological studies linking exposure to pesticides and health
effects’ (Ntzani et al., 2013). This report was based on a systematic review and meta-analysis of
epidemiological studies published between 2006 and 2012 and summarised the associations found
between pesticide exposure and 23 major categories of human health outcomes. Most relevant
significant associations were found for liver cancer, breast cancer, stomach cancer, amyotrophic lateral
sclerosis, asthma, type II diabetes, childhood leukaemia and Parkinson’s disease. While the inherent
weaknesses of the epidemiological studies assessed do not allow firm conclusions to be drawn on
causal relationships, the systematic review raised a concern about the suitability of regulatory studies
to inform on specific and complex human health outcomes.

The PPR Panel developed a Scientific Opinion to address the methodological limitations affecting
the quality of epidemiological studies on pesticides. This Scientific Opinion is intended only to assist the
peer review process during the renewal of pesticides under Regulation (EC) 1107/2009 where the
evaluation of epidemiological studies, along with clinical cases and poisoning incidents following any
kind of human exposure, if available, is a data requirement. Epidemiological data concerning exposures
to pesticides in Europe will not be available before first approval of an active substance and so will not
be expected to contribute to a draft assessment report (DAR). However, there is the possibility that
earlier prior approval has been granted for use of an active substance in another jurisdiction and
epidemiological data from that area may be considered relevant. Regulation (EC) No 1107/2009
requires a search of the scientific peer-reviewed open literature, which includes existing
epidemiological studies. This type of data is more suited for the renewal process of active substances,
also in compliance with Regulation (EC) 1141/2010 which indicates that ‘The dossiers submitted for
renewal should include new data relevant to the active substance and new risk assessments’.

In this Opinion, the PPR Panel proposed a methodological approach specific for pesticide active
substances to make appropriate use of epidemiological data for risk assessment purposes, and
proposed recommendations on how to improve the quality and reliability of epidemiological studies on
pesticides. In addition, the PPR Panel discussed and proposed a methodology for the integration of
epidemiological evidence with data from experimental toxicology as both lines of evidence can
complement each other for an improved pesticide risk assessment process.

First, the opinion introduces the basic elements of observational epidemiological studies1 and
contrasts them with interventional studies which are considered to provide the most reliable evidence
in epidemiological research as the conditions for causal inference are usually met. The major
observational study designs are described together with the importance of a detailed description of
pesticide exposure, the use of validated health outcomes and appropriate statistical analysis to model
exposure–health relationships. The external and internal study validity is also addressed to account for
the role of chance in the results and to ascertain whether factors other than exposure can distort the
associations found. Several types of human data can contribute to the risk assessment process of
pesticides, particularly to support hazard identification. Besides formal epidemiological studies, other
sources of human data such as case series, disease registries, poison control centre information,
occupational health surveillance data and post-marketing surveillance programmes, can provide useful
information for hazard identification, particularly in the context of acute, specific health effects.

However, many of the existing epidemiological studies on pesticides exposure and health effects
suffer from a range of methodological limitations or deficiencies (Terms of Reference (ToR) 1). The
Panel notes that the complexity of studying associations between exposure to pesticides and health
outcomes in observational settings among humans is more challenging than in many other disciplines
of epidemiology. This complexity lies in some specific characteristics in the field of pesticide
epidemiology such as the large number of active substances in the market (around 480 approved for
use in the European Union (EU)), the difficulties to measure exposure, and the frequent lack of
quantitative (and qualitative) data on exposure to individual pesticides. The systematic appraisal of
epidemiological evidence carried out in an EFSA external scientific report (Ntzani et al., 2013) identified
a number of methodological limitations. Poor exposure characterisation primarily defines the major
limitation of most existing studies because of the lack of direct and detailed exposure assessment to
specific pesticides (e.g. use of generic pesticide definitions). Frequent use of case–control studies as

1 This Opinion deals only with observational studies (also called epidemiological studies) and vigilance data. In contrast,
interventional studies (also called experimental studies, such as randomised clinical trials) are outside the scope of this Opinion.
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opposed to prospective studies is also a limitation. Inadequate definition or deficiencies in health
outcomes, deficiencies in statistical analysis and poor quality reporting of research findings were
identified as other limitations of some pesticide epidemiological studies. These limitations are to some
extent responsible for heterogeneity or inconsistency of data that challenge drawing robust conclusions
on causality. Given the small effect sizes for most of the outcomes addressed by Ntzani et al. (2013),
the contribution of bias in the study design can play a role.

The PPR Panel also provides a number of refinements (ToR 2) and recommendations (ToR 3) to
improve future pesticide epidemiological studies that will benefit the risk assessment. The quality and
relevance of epidemiological research can be enhanced by (a) an adequate assessment of exposure,
preferentially by using personal exposure monitoring or biomarker concentrations of specific pesticides
(or combination of pesticides) at an individual level, reported in a way that minimises misclassification
of exposure and allows for dose–response assessment; (b) a sufficiently valid and reliable outcome
assessment (well defined clinical entities or validated surrogates); (c) adequately accounting for
potentially confounding variables (including other known exposures affecting the outcomes); (d)
conducting and reporting subgroup analysis (e.g. stratification by gender, age, etc.). A number of
reporting guidelines and checklists developed specifically for studies on environmental epidemiology
are of interest for epidemiological studies assessing pesticide exposures. This is the case for extensions
of the modified STROBE (STrengthening the Reporting of OBservational studies in Epidemiology)
criteria, among others, which includes recommendations on what should be included in an accurate
and complete report of an observational study.

Exposure assessment can be improved at the individual level (direct and detailed exposure
assessment to specific pesticides in order to provide a reliable dosimeter for the pesticide of concern
that can be supplemented with other direct measures such as biomonitoring). Besides, exposure can
be assessed at population level by using registered data that can then be linked to electronic health
records. This will provide studies with unprecedented sample size and information on exposure and
subsequent disease. Geographical information systems (GIS) and small area studies might also serve
as an additional way to provide estimates of residential exposures. These more generic exposure
assessments have the potential to identify general risk factors and may be important both informing
overall regulatory policies, and for identification of matters for further epidemiological research. The
development of -omic technologies also presents intriguing possibilities for improving exposure
assessment through measurement of a wide range of molecules, from xenobiotics and metabolites in
biological matrices (metabolomics) to complexes with DNA and proteins (adductomics). Omics have
the potential to measure profiles or signatures of the biological response to the cumulative exposure to
complex chemical mixtures and allows a better understanding of biological pathways. Health outcomes
can be refined by using validated biomarkers of effect, that is, a quantifiable biochemical, physiological
or any other change that, is related to level of exposure, is associated with a health impairment and
also helps to understand a mechanistic pathway of the development of a disease.

The incorporation of epidemiological studies into regulatory risk assessment (ToR 4) represents a
major challenge for scientists, risk assessors and risk managers. The findings of the different
epidemiological studies can be used to assess associations between potential health hazards and
adverse health effects, thus contributing to the risk assessment process. Nevertheless, and despite the
large amount of available data on associations between pesticide exposure and human health
outcomes, the impact of such studies in regulatory risk assessment is still limited. Human data can be
used for many stages of risk assessment; however, a single (not replicated) epidemiological study, in
the absence of other studies on the same pesticide active substance, should not be used for hazard
characterisation unless it is of high quality and meets the ‘recognised standards’ mentioned in the
Regulation (EU) No 1107/2009. As these ‘recognised standards’ are not detailed in the Regulation, a
number of recommendations should be considered for optimal design and reporting of epidemiological
studies to support regulatory assessment of pesticides. Although further specific guidance will be
helpful, this is beyond the ToR of this Opinion. Evidence synthesis techniques, such as systematic
reviews and meta-analysis (where appropriate) offer a useful approach. While these tools allow
generation of summary data, increased statistical power and precision of risk estimates by combining
the results of all individual studies meeting the selection criteria, they cannot overcome methodological
flaws or bias of individual studies. Systematic reviews and meta-analysis of observational studies have
the capacity of large impact on risk assessment as these tools provide information that strengthens the
understanding of the potential hazards of pesticides, exposure scenarios and methods for assessing
exposure, exposure–response characterisation and risk characterisation. Although systematic reviews
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are also considered a potential tool for answering toxicological questions, their methodology would
need to be adapted to the different lines of evidence.

Study evaluation should be performed within a best evidence synthesis framework as it provides an
indication on the nature of the potential biases each specific study may have and an assessment of
overall confidence in the epidemiological database. This Opinion reports the study quality parameters
to be evaluated in single epidemiological studies and the associated weight (low, medium and high) for
each parameter. Three basic categories are proposed as a first tier to organise human data with
respect to risk of bias and quality: (a) low risk of bias and high/medium reliability; (b) medium risk of
bias and medium reliability; (c) high risk of bias and low reliability because of serious methodological
limitations or flaws that reduce the validity of results or make them largely uninterpretable for a
potential causal association. These categories are intended to parallel the reliability and relevance
rating of each stream of evidence according to the EFSA peer review of active substances: acceptable,
supplementary and unacceptable. Risk assessment should not be based on results of epidemiological
studies that do not meet well-defined data quality standards in order to meet the ‘recognised
standards’ mentioned in the Regulation (EU) No 1107/2009.

Epidemiological studies provide complementary data that can be integrated together with data from
in vivo laboratory animal studies, mechanistic in vitro models and ultimately in silico technology for
pesticide risk assessment (ToR 4). The combination of all these lines of evidence can contribute to a
Weight-of-Evidence (WoE) analysis in the characterisation of human health risks with the aim of
improving decision-making. Although the different sets of data can be complementary and
confirmatory, and thus serve to strengthen the confidence of one line of evidence on another, they
may individually be insufficient and pose challenges for characterising properly human health risks.
Hence, all four lines of evidence (epidemiology, animal, in vitro, in silico) make a powerful combination,
particularly for chronic health effects of pesticides, which may take decades to be clinically manifested
in an exposed human population.

The first consideration is how well the health outcome under consideration is covered by existing
toxicological and epidemiological studies on pesticides. When both types of studies are available for a
given outcome/endpoint, both should be assessed for strengths and weaknesses before being used for
risk assessment. Once the reliability of available human evidence (observational epidemiology and
vigilance data), experimental evidence (animal and in vitro data) and non-testing data (in silico
studies) has been evaluated, the next step involves weighting these sources of data. This opinion
proposed an integrated approach where all lines of evidence are considered in an overall WoE
framework to better support the risk assessment. This framework relies on a number of principles
highlighting when one line should take precedence over another. The concordance or discordance
between human and experimental data should be assessed in order to determine which data set
should be given precedence. Although the totality of evidence should be assessed, the more reliable
data should be given more weight, regardless of whether the data comes from human or experimental
studies. The more challenging situation is when study results are not concordant. In such cases, the
reasons for the difference should be considered and efforts should be made to develop a better
understanding of the biological basis for the contradiction.

Human data on pesticides can help verify the validity of estimations made based on extrapolation
from the full toxicological database regarding target organs, dose–response relationships and the
reversibility of toxic effects, and to provide reassurance on the extrapolation process without direct
effects on the definition of reference values. Thus, pesticide epidemiological data can form part of the
overall WoE of available data using modified Bradford Hill criteria as an organisational tool to increase
the likelihood of an underlying causal relationship.
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1. Introduction

1.1. Regulatory data requirements regarding human health in pesticide
risk assessment

Regulatory authorities in developed countries conduct a formal human risk assessment for each
registered pesticide based on mandated toxicological studies, done according to specific study
protocols, and estimates of likely human exposure.

In the European Union (EU), the procedure for the placing of plant protection products (PPP) on the
market is laid down by Commission Regulation No 1107/20092. Commission Regulations No 283/20133

and 284/20134 set the data requirements for the evaluation and re-evaluation of active substances and
their formulations.

The data requirements regarding mammalian toxicity of the active substance are described in part
A of Commission Regulation (EU) No 283/2013 for chemical active substances and in part B for
microorganisms including viruses. With regard to the requirements for pesticide active substances,
reference to the use of human data may be found in different chapters of Section 5 related to
different end-points. For instance, data on toxicokinetics and metabolism that include in vitro
metabolism studies on human material (microsomes or intact cell systems) belong to Chapter 5.1 that
deals with studies of absorption, distribution, metabolism and excretion in mammals; in vitro
genotoxicity studies performed on human material are described in Chapter 5.4 on genotoxicity testing
and specific studies such as acetylcholinesterase inhibition in human volunteers are found in Chapter
5.7 on neurotoxicity studies. Chapter 5.8 refers to supplementary studies on the active substance, and
some specific studies, such as pharmacological or immunological investigations.

Although the process of pesticide evaluation is mainly based on experimental studies, human data
could add relevant information to that process. The requirements relating to human data are mainly
found in Chapter 5.9 ‘Medical data’ of Regulation (EU) No 283/2013. It includes medical reports
following accidental, occupational exposure or incidents of intentional self-poisoning as well as
monitoring studies such as on surveillance of manufacturing plant personnel and others. The
information may be generated and reported through official reports from national poison control
centres as well as epidemiological studies published in the open literature. The Regulation requires that
‘relevant’ information on the effects of human exposure, where available, shall be used to confirm the
validity of extrapolations regarding exposure and conclusions with respect to target organs, dose–
response relationships, and the reversibility of adverse effects.

Regulation (EU) No 1107/2009 equally states that, ‘where available, and supported with data on
levels and duration of exposure, and conducted in accordance with recognised standards, epidemiological
studies are of particular value and must be submitted’. However, it is clear that there is no obligation for
the petitioners to conduct epidemiological studies specific for the active substance undergoing the
approval or renewal process. Rather, according to Regulation (EC) No 1107/2009, applicants submitting
dossiers for approval of active substances shall provide ‘scientific peer-reviewed public available literature
[. . .]. This should be on the active substance and its relevant metabolites dealing with side-effects on
health [. . .] and published within the last ten years before the date of submission of the dossier’.

In particular, epidemiological studies on pesticides should be retrieved from the literature according
to the EFSA Guidance entitled ‘Submission of scientific-peer reviewed open literature for the approval
of pesticide active substances under Regulation (EC) No 1107/2009’ (EFSA, 2011a), which follows the
principles of the Guidance ‘Application of systematic review methodology to food and feed safety
assessments to support decision-making’ (EFSA, 2010a). As indicated in the EFSA Guidance, ‘the
process of identifying and selecting scientific peer-reviewed open literature for active substances, their
metabolites, or plant protection products’ is based on a literature review which is systematic in the
approach.

The submission of epidemiological studies and more generally of human data by the applicants in
Europe has especially previously sometimes been incomplete and/or has not been performed in

2 Regulation (EC) No 1107/2009 of the European Parliament and of the Council of 21 October 2009 concerning the placing of plant
protection products on the market and repealing Council Directives 79/117/EEC and 91/414/EEC. OJ L 309, 24.11.2009, p. 1–50.

3 Commission Regulation (EU) No 283/2013, of 1 March 2013, setting out the data requirements for active substances, in
accordance with Regulation (EC) No 1107/2009 of the European Parliament of the Council concerning the placing of plant
protection products on the market. OJ L 93, 3.4.2013, p. 1–84.

4 Commission Regulation (EU) No 284/2013 of 1 March 2013 setting out the data requirements for plant protection products, in
accordance with Regulation (EC) No 1107/2009 of the European Parliament and of the Council concerning the placing of plant
protection products on the market. OJ L 93, 3.4.2013, p. 85–152.

Epidemiological studies and pesticides

www.efsa.europa.eu/efsajournal 8 EFSA Journal 2017;15(10):5007

313



compliance with current EFSA Guidance (EFSA, 2011a). This is probably owing to the fact that a
mandatory requirement to perform an (epidemiological) literature search according to specific EFSA
Guidance is relatively recent, e.g. introduced for AIR-3 substances (Regulation AIR-3: Reg. (EU)
No 844/2012; Guidance Document SANCO/2012/11251 – rev.4).

The integration of epidemiological data with toxicological findings in the peer review process of
pesticides in the EU should be encouraged but is still lacking. A recent and controversial example is the
one related to the evaluation of glyphosate in which significant efforts were made to include
epidemiological studies in the risk assessment, but the conclusion was that these studies provided very
limited evidence of an association between glyphosate and health outcomes.

In the case of the peer review of 2,4-D, most of epidemiological data were not used in the risk
assessment because it was critical to know the impurity profile of the active substance and this
information was not available in the publications (as happens frequently in epidemiological studies). In
conclusion, within the European regulatory system there is no example of a pesticide active substance
approval being influenced by epidemiological data.

Now that a literature search including epidemiological studies is mandatory and guidance is in place
(EFSA, 2011a), a more consistent approach can facilitate risk assessment. However, no framework has
been established on how to assess such epidemiological information in the regulatory process. In
particular, none of the classical criteria used for the evaluation of these studies is included in the
current regulatory framework (e.g. study design, use of odd ratios and relative risks, potential
confounders, multiple comparisons, assessment of causality). It follows that specific criteria or
guidance for the appropriate use of epidemiological findings in the process of writing and peer
reviewing Draft Assessment Reports (DARs) or Renewal Assessment Reports (RAR) is warranted. The
EFSA Stakeholder Workshop (EFSA, 2015a) anticipated that the availability of more robust and
methodologically sound studies presenting accurate information on exposure would bolster the
regulation of pesticides in the EU.

Another potential challenge is synchronisation between the process of renewal of active substances
and the output of epidemiological studies. Indeed, the planning, conduct, and analysis of
epidemiological studies often require a substantial amount of time, especially where interpretation of
data is complex.

1.2. Background and Terms of Reference as provided by the requestor

In 2013, the European Food Safety Authority (EFSA) published an External scientific report
‘Literature review on epidemiological studies linking exposure to pesticides and health effects’ carried
out by the University of Ioannina Medical School (Ntzani et al., 2013). The report is based on a
systematic review of epidemiological studies published between 2006 and 2012 and summarises the
association between pesticide exposure and any health outcome examined (23 major categories of
human health outcomes). In particular, a statistically significant association was observed through fixed
and random effect meta-analyses between pesticide exposure and the following health outcomes: liver
cancer, breast cancer, stomach cancer, amyotrophic lateral sclerosis, asthma, type II diabetes,
childhood leukaemia and Parkinson’s disease.

Despite the large number of research articles and analyses (> 6,000) available, the authors of the
report could not draw any firm conclusions for the majority of the health outcomes. This observation is
in line with previous studies assessing the association between the use of pesticides and the occurrence
of human health adverse effects which all acknowledge that such epidemiological studies suffer from a
number of limitations and large heterogeneity of data. The authors especially noted that broad
pesticides definitions in the epidemiological studies limited the value of the results of meta-analyses.
Also, the scope of the report did not allow the in-depth associations between pesticide exposure and
specific health outcomes. Nonetheless, the report highlights a number of health outcomes where
further research is needed to draw firmer conclusions regarding their possible association with pesticide
exposures.

Nevertheless, the outcomes of the External scientific report are in line with other similar studies
published in Europe,5,6 and raise a number of questions and concerns, with regard to pesticide
exposure and the associations with human health outcomes. Furthermore, the results of the report

5 France: INSERM report 2013: Pesticides – effets sur la sant�e.
6 UK: COT report 2011: Statement on a systematic review of the epidemiological literature on para-occupational exposure to
pesticides and health outcomes other than cancer, and COT report 2006: Joint Statement on Royal Commission on
Environmental Pollution report on crop spraying and the health of residents and bystanders.
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open the way for discussion on how to integrate results from epidemiological studies into pesticide risk
assessments. This is particularly important for the peer-review team at EFSA dealing with the
evaluation of approval of plant protection products for which the peer-review needs to evaluate
epidemiological findings according to EU Regulation No 283/2013. The regulation states that applicants
must submit ‘relevant’ epidemiological studies, where available.

For the Scientific Opinion, the PPR Panel will discuss the associations between pesticide exposure
and human health effects observed in the External scientific report (Ntzani et al., 2013) and how these
findings could be interpreted in a regulatory pesticide risk assessment context. Hence, the PPR
Panel will systematically assess the epidemiological studies collected in the report by addressing major
data gaps and limitations of the studies and provide related recommendations.

The PPR Panel will specifically:

1) collect and review all sources of gaps and limitations, based on (but not necessarily limited
to) those identified in the External scientific report in regard to the quality and relevance of
the available epidemiological studies.

2) based on the gaps and limitations identified in point 1, propose potential refinements for
future epidemiological studies to increase the quality, relevance and reliability of the findings
and how they may impact pesticide risk assessment. This may include study design,
exposure assessment, data quality and access, diagnostic classification of health outcomes,
and statistical analysis.

3) identify areas in which information and/or criteria are insufficient or lacking and propose
recommendations for how to conduct pesticide epidemiological studies in order to improve
and optimise the application in risk assessment. These recommendations should include
harmonisation of exposure assessment (including use of biomonitoring data), vulnerable
population subgroups and/or health outcomes of interest (at biochemical, functional,
morphological and clinical level) based on the gaps and limitations identified in point 1.

4) discuss how to make appropriate use of epidemiological findings in risk assessment of
pesticides during the peer review process of draft assessment reports, e.g. weight-of-
evidence (WoE) as well as integrating the epidemiological information with data from
experimental toxicology, adverse outcome pathways (AOP), mechanism of actions, etc.

The PRAS Unit will consult the Scientific Committee on the consensual approach to EFSA’s
overarching scientific areas,7 including the integration of epidemiological studies in risk assessment.

1.3. Interpretation of the Terms of Reference

In the Terms of Reference (ToR), EFSA requested the PPR Panel to write a scientific Opinion on the
follow up of the results from the External Scientific Report on a systematic review of epidemiological
studies published between 2006 and 2012 linking exposure to pesticides and human health effects
(Ntzani et al., 2013). According to EU Regulation No 283/2013, the integration of epidemiological data
into pesticide risk assessment is important for the peer review process of DAR and RAR of active
substances for EU approval and their intended use as plant protection products.

In its interpretation of the terms of reference, the PPR Panel will then develop a Scientific Opinion to
address the methodological limitations identified in epidemiological studies on pesticides and to make
recommendations to the sponsors of such studies on how to improve them in order to facilitate their use
for regulatory pesticide risk assessment, particularly for substances in the post-approval period. The PPR
Panel notes that experimental toxicology studies also present limitations related to their methodology
and quality of reporting; however, the assessment of these limitations is beyond the ToR of this Opinion.

This Scientific Opinion is intended to assist the peer review process during the renewal of pesticides
under Regulation 1107/2009 where the evaluation of epidemiological studies, along with clinical cases
and poisoning incidents following any kind of human exposure, if available, represent a data
requirement. Epidemiological data concerning exposures to pesticides in Europe will not be available
before first approval of an active substance (with the exception of incidents produced during the
manufacturing process, which are expected to be very unlikely) and so will not be expected to
contribute to a DAR. However, there is the possibility that earlier prior approval has been granted for
use of an active substance in another jurisdiction and epidemiological data from that area may be
considered relevant. Regulation (EC) No 1107/2009 requires a search of the scientific peer-reviewed

7 According to article 28 of Regulation (EC) No 178/2002.
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open literature, where it is expected to retrieve existing epidemiological studies. It is therefore
recognised that epidemiological studies are more suitable for the renewal process of active substances,
also in compliance with the provision of the EC regulation 1141/2010 indicating that ‘The dossiers
submitted for renewal should include new data relevant to the active substance and new risk
assessments to reflect any changes in data requirements and any changes in scientific or technical
knowledge since the active substance was first included in Annex I to Directive 91/414/EEC’.

The PPR Panel will specifically address the following topics:

1) Review inherent weaknesses affecting the quality of epidemiological studies (including gaps
and limitations of the available pesticide epidemiological studies) and their relevance in the
context of regulatory pesticide risk assessment. How can these weaknesses be addressed?

2) What are potential contributions of epidemiological studies that complement classical
toxicological studies conducted in laboratory animal species in the area of pesticide risk
assessment?

3) Discuss and propose a methodological approach specific for pesticide active substances on
how to make appropriate use of epidemiological studies, focusing on how to improve the
gaps and limitations identified.

4) Propose refinements to practice and recommendations for better use of the available
epidemiological evidence for risk assessment purposes. Discuss and propose a methodology
for the integration of epidemiological information with data from experimental toxicology.

This Scientific Opinion, particularly Section 2–4, is not intended to address the bases of
epidemiology as a science. Those readers willing to deepen into specific aspects of this science are
encouraged to read general textbook of epidemiology (e.g. Rothman et al., 2008).

It should be taken into account that this Opinion is focussed only on pesticide epidemiology studies
in the EU regulatory context and not from a general scientific perspective. Therefore, the actual
limitations and weaknesses of experimental toxicology studies will not be addressed herein.

1.4. Additional information

In order to fully address topics 1–4 above (Section 1.3), attention has been paid to a number of
relevant reviews of epidemiological studies and the experience of other National and International bodies
with knowledge of epidemiology in general and in applying epidemiology to pesticide risk assessment
specifically. Detailed attention has been given to these studies in Annex A and drawn from the experience
of the authors that have contributed constructively to understanding in this area. Also Annex A records
published information that has been criticised for its lack of rigour showing how unhelpful some
published studies may be. The lessons learned from such good (and less-good) practice have been
incorporated into the main text by cross-referring to Annex A. In this way, this Scientific Opinion has the
aim of clearly distilling and effectively communicating the arguments in the main text without
overwhelming the reader with all the supporting data which is nevertheless accessible.

In addition, Annex B contains a summary of the main findings of a project that EFSA outsourced in
2015 to further investigate the role of human biological monitoring (HBM) in occupational health and
safety strategies as a tool for refined exposure assessment in epidemiological studies and to contribute
to the evaluation of potential health risks from occupational exposure to pesticides (Bevan et al., 2017).

2. General framework of epidemiological studies on pesticides

This section introduces the basic elements of epidemiological studies on pesticides and contrasts
them with other types of studies. For more details general textbook on epidemiology are
recommended (Rothman et al., 2008; Thomas, 2009).

2.1. Study design

Epidemiology studies the distribution and determinants of health outcomes in human or other
target species populations, to ascertain how, when and where diseases occur. This can be done
through observational studies and intervention studies (i.e. clinical trials),8 which compare study

8 In this opinion, ‘human data’ includes observational studies, also called epidemiological studies, where the researcher is
observing natural relationships between factors and health outcomes without acting upon study participants. Vigilance data
also fall under this concept. In contrast, intervention studies (also referred to as experimental studies) are outside the scope of
this Opinion, and their main feature is that the researcher intercedes as part of the study design.
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groups subject to differing exposure to a potential risk factor. Both types of studies are carried out in a
natural setting, which is a less controlled environment than laboratories.

Information on cases of disease occurring in a natural setting can also be systematically recorded in
the form of case reports or case series of exposed individuals only. Although case series/reports do not
compare study groups according to differing exposure, they may provide useful information,
particularly on acute effects following high exposures, which makes them potentially relevant for
hazard identification.

In randomised clinical trials, the exposure of interest is randomly allocated to subjects and,
whenever possible, these subjects are blinded to their treatment, thereby eliminating potential bias
due to their knowledge about their exposure to a particular treatment. This is why they are called
intervention studies. Observational epidemiological studies differ from clinical intervention studies in
that the exposure of interest is not randomly assigned to the subjects enrolled and participants are
often not blinded to their exposure. This is why they are called observational. As a result, randomised
clinical trials rank higher in terms of design as they provide unbiased estimates of average treatment
effects.

The lack of random assignment of exposure in observational studies represents a key challenge, as
other risk factors that are associated with the occurrence of disease may be unevenly distributed
between those exposed and non-exposed. This means that known confounders need to be measured
and accounted for. However, there is always the possibility that unknown or unmeasured confounders
are left unaccounted for, although unknown confounders cannot be addressed. Furthermore, the fact
that study participants are often unaware of their current or past exposure or may not recall these
accurately in observational studies (e.g. second-hand smoke, dietary intake or occupational hazards)
may result in biased estimates of exposure if it is based on self-report. As an example, it is not unlikely
that when cancer cases and controls are asked whether they have previously been exposed to a
pesticide the cancer cases may report their exposure differently from controls, even in cases where the
past exposures did not differ between the two groups.

Traditionally, designs of observational epidemiological studies are classified as either ecological,
cross-sectional, case–control or cohort studies. This approach is based on the quality of exposure
assessment and the ability to assess directionality from exposure to outcome. These differences largely
determine the quality of the study (Rothman and Greenland, 1998; Pearce, 2012).

• Ecological studies are observational studies where either exposure, outcome or both are
measured on a group but not at individual level and the correlation between the two is then
examined. Most often, exposure is measured on a group level while the use of health registries
often allows for extraction of health outcomes on an individual level (cancer, mortality). These
studies are often used when direct exposure assessment is difficult to achieve and in cases
where large contrast in exposures are needed (comparing levels between different countries or
occupations). Given the lack of exposure and/or outcome on an individual level, these studies
are useful for hypothesis generation but results generally need to be followed up using more
rigorous design in either humans or use of experimental animals.

• In cross-sectional studies, exposure and health status are assessed at the same time, and
prevalence rates (or incidence over a limited recent time) in groups varying in exposure are
compared. In such studies, the temporal relationship between exposure and disease cannot be
established since the current exposure may not be the relevant time window that leads to
development of the disease. The inclusion of prevalent cases is a major drawback of (most)
cross-sectional studies, particularly for chronic long-term diseases. Cross-sectional studies may
nevertheless be useful for risk assessment if exposure and effect occur more or less
simultaneously or if exposure does not change over time.

• Case–control studies examine the association between estimates of past exposures among
individuals that already have been diagnosed with the outcome of interest (e.g. cases) to a
control group of subjects from the same population without such outcome. In population-
based incident case–control studies, cases are obtained from a well-defined population, with
controls selected from members of the population who are disease free at the time a case is
incident. The advantages of case–control studies are that they require less sample sizes, time
and resources compared to prospective studies and often they are the only viable option when
studying rare outcomes such as some types of cancer. In case–control studies, past exposure
is most often not assessed based on ‘direct’ measurement but rather through less certain
measurements such as a recall captured through interviewer or self-administered
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questionnaires or proxies such as job descriptions titles or task histories. Although case–control
studies may allow for proper exposure assessment, these studies are prone to recall-bias when
estimating exposure. Other challenges include the selection of appropriate controls; as well as
the need for appropriate confounder control.

• In cohort studies, the population under investigation consists of individuals who are at risk of
developing a specific disease or health outcome at some point in the future. At baseline and at
later follow-ups (prospective cohort studies) relevant exposures, confounding factors and
health outcomes are assessed. After an appropriate follow-up period, the frequency of
occurrence of the disease is compared among those differently exposed to the previously
assessed risk factor of interest. Cohort studies are therefore by design prospective as the
assessment of exposure to the risk factor and covariates of interest are measured before the
health outcome has occurred. Thus, they can provide better evidence for causal associations
compared to the other designs mentioned above. In some cases, cohort studies may be based
on estimates of past exposure. Such retrospective exposure assessment is less precise than
direct measure and prone to recall bias. As a result, the quality of evidence from cohort
studies varies according to the actual method used to assess exposure and the level of detail
by which information on covariates were collected. Cohort studies are particularly useful for
the study of relatively common outcomes. If sufficiently powered in terms of size, they can
also be used to appropriately address relatively rare exposures and health outcomes.
Prospective cohort studies are also essential to study different critical exposure windows. An
example of this is longitudinal birth cohorts that follow children at regular intervals until adult
age. Cohort studies may require a long observation period when outcomes have a long latency
prior to onset of disease. Thus, such studies are both complex and expensive to conduct and
are prone to loss of follow-up.

2.2. Population and sample size

A key strength of epidemiological studies is that they study diseases in the very population about
which conclusions are to be drawn, rather than a proxy species. However, only rarely will it be possible
to study the whole population. Instead, a sample will be drawn from the reference population for the
purpose of the study. As a result, the observed effect size in the study population may differ from that
in the population if the former does not accurately reflect the latter. However, observations made in a
non-representative sample may still be valid within that sample but care should then be made when
extrapolating findings to the general population.

Having decided how to select individuals for the study, it is also necessary to decide how many
participants should minimally be enrolled. The sample size of a study should be large enough to warrant
sufficient statistical power. The standard power (also called sensitivity) is 80%, which means the ability of
a study to detect an effect of a given magnitude when that effect actually exists in the target population;
in other words, there is 80% probability of drawing the right conclusion from the results of the analyses
and a corresponding probability of 20% or drawing the wrong conclusion and missing a true effect.
Power analysis is often used to calculate the minimum sample size required to likely detect an effect of a
given size. Small samples are likely to constitute an unrepresentative sample. The statistical power is also
closely related to risk inflation, which needs to be given special attention when interpreting statistically
significant results from small or underpowered studies (see Annex D).

Epidemiological studies, like toxicological studies in laboratory animals, are often designed to
examine multiple endpoints unlike clinical trials that are designed and conducted to test one single
hypothesis, e.g. efficacy of a medical treatment. To put this in context, for laboratory animal toxicology
test protocols, OECD guidance for pesticides may prescribe a minimum number of animals to be
enrolled in each treatment group. This does not guarantee adequate power for any of the multitude of
other endpoints being tested in the same study. It is thus important to appropriately consider the
power of a study when conducting both epidemiology and laboratory studies.

2.3. Exposure

The quality of the exposure measurements influences the ability of a study to correctly ascertain
the causal relationship between the (dose of) exposure and a given adverse health outcome.

In toxicological studies in laboratory animals, the ‘treatment regime’ i.e. dose, frequency, duration
and route are well defined beforehand and its implementation can be verified. This often allows
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expression of exposure in terms of external dose administered daily via oral route for example in a 90-
day study, by multiplying the amount of feed ingested every day by a study animal with the intended
(and verified) concentration of the chemical present in the feed. Also, in the future, the internal
exposure has to be determined in the pivotal studies.

In the case of pesticides, estimating exposure in a human observational setting is difficult as the
dose, its frequency and duration over time and the route of exposure are not controlled and not even
well known.

Measuring the intensity, frequency and duration of exposure is often necessary for investigating
meaningful associations. Exposure may involve a high dose over a relatively short period of time, or a
low-level prolonged dose over a period from weeks to years. While the effects of acute, high-dose
pesticide exposure may appear within hours or days, the effects of chronic, low-dose exposures may
not appear until years later. Also, a disease may require a minimal level of exposure but increase in
probability with longer exposure.

There may be differences in absorption and metabolism via different routes (dermal, inhalation and
oral). While dermal or inhalation are often the routes exposure occurs in occupational settings,
ingestion (food, water) may be the major route of pesticide exposure for the general population.
Pharmacokinetic differences among individuals may result in differing systemic or tissue/organ doses
even where the absorbed external doses may appear similar.

2.4. Health outcomes

The term health outcome refers to a disease state, event, behaviour or condition associated with
health that is under investigation. Health outcomes are those clinical events (usually represented as
diagnosis codes, i.e. International Classification of Diseases (ICD) 10) or outcomes (i.e. death) that are
the focus of the research. Use of health outcomes requires a well-defined case definition, a system to
report and record the cases and a measure to express the frequency of these events.

A well-defined case definition is necessary to ensure that cases are consistently diagnosed,
regardless of where, when and by whom they were identified and thus avoid misclassification. A case
definition involves a standard set of criteria, which can be a combination of clinical symptoms/signs,
sometimes supplemented by confirmatory diagnostic tests with their known sensitivity and specificity.
The sensitivity of the whole testing procedure (i.e. the probability that a person with an adverse health
condition is truly diagnosed) must be known to estimate the true prevalence or incidence.

The clinical criteria may also involve other characteristics (e.g. age, occupation) that are associated
with increased disease risk. At the same time, appropriately measured and defined phenotypes or hard
clinical outcomes add validity to the results.

Disease registries contain clinical information of patients on diagnosis, treatment and outcome.
These registries periodically update patient information and can thus provide useful data for
epidemiological research. Mortality, cancer and other nation-wide health registries generally meet the
case-definition requirements and provide (almost) exhaustive data on the incident cases within a
population. These health outcomes are recorded and classified in national health statistics databases,
which depend on accepted diagnostic criteria that are evolving and differ from one authority to
another. This may confound attempts to pool data usefully for societal benefit. Registry data present
many opportunities for meaningful analysis, but the degree of data completeness and validity may
challenge making appropriate inferences. Also, changes in coding conventions over the lifetime of the
database may have an impact on retrospective database research.

Although the disease status is typically expressed as a dichotomous variable, it may also be
measured as an ordinal variable (e.g. severe, moderate, mild or no disease) or as a quantitative
variable for example by measuring molecular biomarkers of toxic response in target organs or
physiological measures such as blood pressure or serum concentration of lipids or specific proteins.

The completeness of the data capture and its consistency are key contributors to the reliability of
the study. Harmonisation of diagnostic criteria, data storage and utility would bring benefits to the
quality of epidemiological studies.

A surrogate endpoint is used as substitute for a well-defined disease endpoint, an outcome measure,
commonly a laboratory measurement (biomarker of response). These measures are considered to be on
the causal pathway for the clinical outcome. In contrast to overt clinical disease, such biological markers
of health may allow to detect subtle, subclinical toxicodynamic processes. For such outcomes, detailed
analytical protocols for quantification should be specified to enable comparison or replication across
laboratories. The use of AOPs can highlight differences in case definitions.
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Although surrogate outcomes may offer additional information, the suitability of the surrogate
outcome examined needs to be carefully assessed. In particular, the validity of surrogate outcomes
may represent a major limitation to their use (la Cour et al., 2010). Surrogate endpoints that have not
been validated should thus be avoided.

When the health status is captured in other ways, such as from self-completed questionnaires or
telephone interviews, from local records (medical or administrative databases) or through clinical
examination only, these should be validated to demonstrate that they reflect the underlying case
definition.

2.5. Statistical analysis and reporting

Reporting in detail materials, methods and results, and conducting appropriate statistical analyses
are key steps to ensure quality of epidemiological studies. Regarding statistical analysis, one can
distinguish between descriptive statistics and modelling of exposure–health outcome relationship.

2.5.1. Descriptive statistics

Descriptive statistics aim to summarise the important characteristics of the study groups, such as
exposure measures, health outcomes, possible confounding factors and other relevant factors. The
descriptive statistics often include frequency tables and measures of central tendency (e.g. means and
medians) and dispersion (e.g. variance and interquartile range) of the parameters or variables studied.

2.5.2. Modelling exposure–health outcome relationship

Modelling of the exposure–health relationship aims to assess the possible relationship between the
exposure and the health outcome under consideration. In particular, it can evaluate how this
relationship may depend on dose and mode of exposure and other possible intervening factors.

Statistical tests determine the probability that the observations found in scientific studies may have
occurred as a result of chance. This is done by summarising the results from individual observations
and evaluating whether these summary estimates differ significantly between, e.g. exposed and
non-exposed groups, after taking into consideration random errors in the data.

For dichotomous outcomes, the statistical analysis compares study groups by assessing whether
there is a difference in disease frequency between the exposed and control populations. This is usually
done using a relative measure. The relative risk (RR) in cohort studies estimates the relative
magnitude of an association between exposure and disease comparing those that are exposed (or
those that have a higher exposure level) with those that are not exposed (or those that have a lower
exposure level). It indicates the likelihood of developing the disease in the exposed group relative to
those who are not (or less) exposed. An odds ratio (OR), generally an outcome measure in case–
control and cross-sectional studies, represents the ratio of the odds of exposure between cases and
controls (or diseased and non-diseased individuals in a cross-sectional study) and is often the relative
measure used in statistical testing. Different levels or doses of exposure can be compared in order to
see if there is a dose–response relationship. For continuous outcome measures, mean or median
change in the outcome are often examined across different level of exposure; either through analyses
of variance or through other parametric statistics.

While the statistical analysis will show that observed differences are significantly different or not
significantly different, both merit careful reflection (Greenland et al., 2016).

Interpretation of the absence of statistically significant difference. Failure to reject the
null hypothesis does not necessarily mean that no association is present because the study may not
have sufficient power to detect it. The power depends on the following factors:

• sample size: with small sample sizes, statistical significance is more difficult to detect, even if
true;

• variability in individual response or characteristics, either by chance or by non-random factors:
the larger the variability, the more difficult to demonstrate statistical significance;

• effect size or the magnitude of the observed difference between groups: the smaller the size
of the effect, the more difficult to demonstrate statistical significance.

Interpretation of statistically significant difference. Statistical significance means that the
observed difference is not likely due to chance alone. However, such a result still merits careful
consideration.
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• Biological relevance. Rejection of the null hypothesis does not necessarily mean that the
association is biologically meaningful, nor does it mean that the relationship is causal (Skelly,
2011). The key issue is whether the magnitude of the observed difference (or ‘effect size’) is
large enough to be considered biologically relevant. Thus, an association that is statistically
significant may be or may be not biologically relevant and vice versa. While epidemiological
results that are statistically significant may be dismissed as ‘not biologically relevant’,
non-statistically significant results are seldom determined to be ‘biologically relevant’.
Increasingly, researchers and regulators are looking beyond statistical significance for evidence
of a ‘minimal biologically important difference’ for commonly used outcomes measures.
Factoring biological significance relevance into study design and power calculations, and
reporting results in terms of biological as well as statistical significance will become increasingly
important for risk assessment (Skelly, 2011). This is the subject of an EFSA Scientific
Committee guidance document outlining generic issues and criteria to be taken into account
when considering biological relevance (EFSA Scientific Committee, 2017a); also a framework is
being developed to consider biological relevance at three main stages related to the process of
dealing with evidence (EFSA Scientific Committee, 2017b).

• Random error. Evaluation of statistical precision involves consideration of random error within
the study. Random error is the part of the study that cannot be predicted because that part is
attributable to chance. Statistical tests determine the probability that the observations found in
scientific studies have occurred as a result of chance. In general, as the number of study
participants increases, precision (often expressed as standard error) of the estimate of central
tendency (e.g. the mean) is increased and the ability to detect a statistically significant
difference, if there is a real difference between study groups, i.e. the study’s power, is
enhanced. However, there is always a possibility, at least in theory, that the results observed
are due to chance only and that no true differences exist between the compared groups
(Skelly, 2011). Very often this value is set at 5% (significance level).

• Multiple testing. As mentioned previously when discussing sample size, modelling of the
exposure–health relationship is in principle hypothesis-driven, i.e. it is to be stated beforehand
in the study objectives what will be tested. However, in reality, epidemiological studies (and
toxicological studies in laboratory animals) often explore a number of different health
outcomes in relation to the same exposure. If many statistical tests are conducted, some 5%
of them will be statistically significant by chance. Such testing of multiple endpoints
(hypotheses) increases the risk of false positive results and this can be controlled for by use of
Bonferroni, Sidak or Benjamini–Hochberg corrections or other suitable methods. But this is
often omitted. Thus, when researchers carry out many statistical tests on the same set of
data, they can conclude that there are real differences where in fact there are none.
Therefore, it is important to consider large number of statistical results as preliminary
indications that require further validation. The EFSA opinion on statistical significance and
biological significance notes that the assumptions derived from a statistical analysis should be
related to the study design (EFSA, 2011b).

• Effect size magnification. An additional source of bias, albeit one that is lesser known, is that
which may result from small sample sizes and the consequent low statistical power. This lesser
known type of bias is ‘effect size magnification’ which can result from low powered studies.
While it is generally widely known that small, low-powered studies can result in false negatives
since the study power is inadequate to reliably detect a meaningful effect size, it is less well
known that these studies can result in inflation of effect sizes if those estimated effects pass a
statistical threshold (e.g. the common p < 0.05 threshold used to judge statistical
significance). This effect –also known as effect size magnification – is a phenomenon by which
a ‘discovered’ association (i.e. one that has passed a given threshold of statistical significance)
from a study with suboptimal power to make that discovery will produce an observed effect
size that is artificially – and systematically – inflated. This is because smaller, low-powered
studies are more likely to be affected by random variation among individuals than larger ones.
Mathematically, conditional on a result passing some predetermined threshold of statistical
significance, the estimated effect size is a biased estimate of the true effect size, with the
magnitude of this bias inversely related to power of the study.
As an example, if a trial were run thousands of times, there will be a broad distribution of
observed effect sizes, with smaller trials systematically producing a wider variation in observed
effect sizes than larger trials, but the median of these estimated effect sizes is close to the true
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effect size. However, in a small and low powered study, only a small proportion of observed
effects will pass any given (high) statistical threshold of significance and these will be only the
ones with the greatest of effect sizes. Thus, when these smaller, low powered studies with
greater random variation do indeed find a significance-triggered association as a result of
passing a given statistical threshold, they are more likely to overestimate the size of that
effect. What this means is that research findings of small and significant studies are biased in
favour of finding inflated effects. In general, the lower the background (or control or natural)
rate, the lower the effect size of interest, and the lower the power of the study, the greater
the tendency towards and magnitude of inflated effect sizes.
It is important to note, however, that this phenomenon is only present when a ‘pre-screening’
for statistical significance is done. The bottom line is that if it is desired to estimate a given
quantity such as an OR or RR, ‘pre-screening’ a series of effect sizes for statistical significance
will result in an effect size that is systematically biased away from the null (larger than the true
effect size). To the extent that regulators, decision-makers, and others are acting in this way –
looking for statistically significant results in what might be considered a sea of comparisons
and then using those that cross a given threshold of statistical significance to evaluate and
judge the magnitude of the effect – will likely result in an exaggerated sense of the magnitude
of the hypothesised association. Additional details and several effect size simulations are
provided in Annex D of this document.

Confounding occurs when the relationship between the exposure and disease is to some extent
attributable to the effect of another risk factor, i.e. the confounder. There are several traditionally
recognised requirements for a risk factor to actually act as a confounder as described by McNamee
(2003) and illustrated below. The factor must:

• be a cause of the disease, or a surrogate measure of the cause, in unexposed people; factors
satisfying this condition are called ‘risk factors’;

• be correlated, positively or negatively, with exposure in the study populations independently
from the presence of the disease. If the study population is classified into exposed and
unexposed groups, this means that the factor has a different distribution (prevalence) in the
two groups;

• not be an intermediate step in the causal pathway between the exposure and the disease

Confounding can result in an over- or underestimation of the relationship between exposure and
disease and occurs because the effects of the two risk factors have not been separated or
‘disentangled’. In fact, if strong enough, confounding can also reverse an apparent association. For
instance, because agriculture exposures cover many different exposure categories, farmers are likely to
be more highly exposed than the general population to a wide array of risk factors, including biological
agents (soil organisms, livestock, farm animals), pollen, dust, sunlight and ozone amongst others,
which may act as potential confounding factors.

A number of procedures are available for controlling confounding, both in the design phase of the
study or in the analytical phase. For large studies, control in the design phase is often preferable. In
the design phase, the epidemiological researcher can limit the study population to individuals that
share a characteristic which the researcher wishes to control. This is known as ‘restriction’ and in fact
removes the potential effect of confounding caused by the characteristic which is now eliminated. A
second method in the design phase through which the researcher can control confounding is by
‘matching’. Here, the researcher matches individuals based on the confounding variable which ensures
that this is evenly distributed between the two comparison groups.

Beyond the design phase, at the analysis stage, control for confounding can be done by means of
either stratification or statistical modelling. One means of control is by stratification in which the
association is measured separately, under each of the confounding variables (e.g. males and females,
ethnicity or age group). The separate estimates can be ‘brought together’ statistically – when
appropriate – to produce a common OR, RR or other effect size measure by weighting the estimates
measured in each stratum (e.g. using Mantel–Haenszel approaches). This can be done at the cost of
reducing the sample size for the analysis. Although relatively easy to perform, there can be difficulties
associated with the inability of this stratification to deal with multiple confounders simultaneously. For
these situations, control can be achieved through statistical modelling (e.g. multiple logistic
regression).
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Regardless of the approaches available for control of confounding in the design and analysis phases
of the study described above, it is important – prior to any epidemiological studies being initiated in
the field – that careful consideration be given to confounders because researchers cannot control for a
variable which they have not considered in the design or for which they have not collected data.

Epidemiological studies – published or not – are often criticised for ignoring potential confounders
that may possibly either falsely implicate or inappropriately negate a given risk factor. Despite these
critiques, rarely is an argument presented on the likely size of the impact of the bias from such
possible confounding. It should be emphasised that a confounder must be a relatively strong risk
factor for the disease to be strongly associated with the exposure of interest to create a substantial
distortion in the risk estimate. It is not sufficient to simply raise the possibility of confounding; one
should make a persuasive argument explaining why a risk factor is likely to be a confounder, what its
impact might be and how important that impact might be to the interpretation of findings. It is
important to consider the magnitude of the association as measured by the RR, OR, risk ratio,
regression coefficient, etc. since strong relative risks are unlikely to be due to unmeasured
confounding, while weak associations may be due to residual confounding by variables that the
investigator did not measure or control in the analysis (US-EPA, 2010b).

Effect modification. Effects of pesticides, and other chemicals, on human health can hardly be
expected to be identical across all individuals. For example, the effect that any given active substance
might have on adult healthy subjects may not be the same as that it may have on infants, elderly, or
pregnant women. Thus, some subsets of the population are more likely to develop a disease when
exposed to a chemical because of an increased sensitivity. For this, the term ‘vulnerable subpopulation’
has been used, which means children, pregnant women, the elderly, individuals with a history of
serious illness and other subpopulations identified as being subject to special health risks from
exposure to environmental chemicals (i.e. because of genetic polymorphisms of drug-metabolising
enzymes, transporters or biological targets). The average effect measures the effect of an exposure
averaged over all subpopulations. However, there may be heterogeneity in the strength of an
association between various subpopulations. For example, the magnitude of the association between
exposure to chemical A and health outcome B may be stronger in children than in healthy adults, and
absent in those wearing protective clothing at the time of exposure or in those of different genotype.
If heterogeneity is truly present, then any single summary measure of an overall association would be
deficient and possibly misleading. The presence of heterogeneity is assessed by testing for the
presence of statistically significant interaction between the factor and the effect in the various
subpopulations. But, in practice, this requires large sample size.

Investigating the effect in subpopulations defined by relevant factors may advance knowledge on
the effect on human health of the risk factor of interest.

2.6. Study validity

When either a statistically significant association or no such significant association between, for
example, pesticide exposures and a health outcome is observed, there is a need to also evaluate the
validity of a research study, assessing factors that might distort the true association and/or influence
its interpretation. These imperfections relate to systematic sources of error that result in a
(systematically) incorrect estimate of the association between exposure and disease. In addition, the
results from a single study takes on increased validity when it is replicated in independent
investigations conducted on other populations of individuals at risk of developing the disease.

Temporal sequence. Any claim of causation must involve the cause preceding in time the
presumed effect. Rothman (2002) considered temporality as the only criterion that is truly causal, such
that lack of temporality rules out causality. While the temporal sequence of an epidemiological
association implies the necessity for the exposure to precede the outcome (effect) in time,
measurement of the exposure is not required to precede measurement of the outcome. This
requirement is easier met in prospective study designs (i.e. cohort studies), than when exposure is
assessed retrospectively (case–control studies) or assessed at the same time than the outcome (cross-
sectional studies). However, also in prospective studies, the time sequence for cause and effect and
the temporal direction might be difficult to ascertain if a disease developed slowly and initial forms of
disease were difficult to measure (H€ofler, 2005).

The generalisability of the result from the population under study to a broader population should
also be considered for study validity. While the random error discussed previously is considered a
precision problem and is affected by sampling variability, bias is considered a validity issue. More
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specifically, bias issues generally involve methodological imperfections in study design or study analysis
that affect whether the correct population parameter is being estimated. The main types of bias
include selection bias, information bias (including recall bias and interviewer/observer bias) and
confounding. An additional potential source of bias is effect size magnification, which has already been
mentioned.

Selection bias concerns a systematic error relating to validity that occurs as a result of the
procedures and methods used to select subjects into the study, the way that subjects are lost from the
study or otherwise influence continuing study participation.

Typically, such a bias occurs in a case–control study when inclusion (or exclusion) of study subjects
on the basis of disease is somehow related to the prior exposure status being studied. One example
might be the tendency for initial publicity or media attention to a suspected association between an
exposure and a health outcome to result in preferential diagnosis of those that had been exposed
compared to those that had not. Selection bias can also occur in cohort studies if the exposed and
unexposed groups are not truly comparable as when, for example, those that are lost from the study
(loss to follow-up, withdrawn or non-response) are different in status to those who remain. Selection
bias can also occur in cross-sectional studies due to selective survival: only those that have survived
are included in the study. These types of bias can generally be dealt with by careful design and
conduct of a study (see also Sections 4, 6 and 8).

The ‘healthy worker effect’ (HWE) is a commonly recognised selection bias that illustrates a specific
bias that can occur in occupational epidemiology studies: workers tend to be healthier than individuals
from the general population overall since they need to be employable in a workforce and can thus
often have a more favourable outcome status than a population-based sample obtained from the
general population. Such a HWE bias can result in observed associations that are masked or lessened
compared to the true effect and thus can lead to the appearance of lower mortality or morbidity rates
for workers exposed to chemicals or other deleterious substances.

Information bias concerns a systematic error when there are systematic differences in the way
information regarding exposure or the health outcome are obtained from the different study groups
that result in incorrect or otherwise erroneous information being obtained or measured with respect to
one or more covariates being measured in the study. Information bias results in misclassification which
in turn leads to incorrect categorisation with respect to either exposure or disease status and thus the
potential for bias in any resulting epidemiological effect size measure such as an OR or RR.

Misclassification of exposure status can result from imprecise, inadequate or incorrect
measurements; from a subject’s incorrect self-report; or from incorrect coding of exposure data.

Misclassification of disease status can, for example, arise from laboratory error, from detection bias,
from incorrect or inconsistent coding of the disease status in the database, or from incorrect recall.
Recall bias is a type of information bias that concerns a systematic error when the reporting of disease
status is different, depending on the exposure status (or vice versa). Interviewer bias is another kind
of information bias that occurs where interviewers are aware of the exposure status of individuals and
may probe for answers on disease status differentially – whether intended or not – between exposure
groups. This can be a particularly pernicious form of misclassification – at least for case–control studies
– since a diseased subject may be more likely to recall an exposure that occurred at an earlier time
period than a non-diseased subject. This will lead to a bias away from null value (of no relation
between exposure and disease) in any effect measure.

Importantly, such misclassifications as described above can be ‘differential’ or ‘non-differential’ and
these relate to (i) the degree to which a person that is truly exposed (or diseased) is correctly
classified as being truly exposed or diseased and (ii) the degree to which an individual who is truly not
exposed (or diseased) is correctly classified in that way. The former is known as ‘sensitivity’ while the
latter is referred to as ‘specificity’ and both of these play a role in determining the existence and
possible direction of bias. Differential misclassification means that misclassification has occurred in a
way that depends on the values of other variables, while non-differential misclassification refers to
misclassifications that do not depend on the value of other variables.

What is important from an epidemiological perspective is that misclassification biases – either
differential or non-differential – depend on the sensitivity and specificity of the study’s methods used
to categorise such exposures and can have a predictable effect on the direction of bias under certain
(limited) conditions: this ability to characterise the direction of the bias based on knowledge of the
study methods and analyses can be useful to the regulatory decision-maker since it allows the decision
maker to determine whether the epidemiological effect sizes being considered (e.g. OR, RR) are likely
underestimates or overestimates of the true effect size. While it is commonly assumed by some that
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non-differential misclassification bias produces predictable biases towards the null (and thus
systematically under-predicts the effect size), this is not necessarily the case. Also, the sometimes
common assumption in epidemiology studies that misclassification is non-differential (which is
sometimes also paired with the assumption that non-differential misclassification bias is always
towards the null) is not always justified (e.g. see Jurek et al., 2005).

When unmeasured confounders are thought to affect the results, researchers should conduct
sensitivity analyses to estimate the range of impacts and the resulting range of adjusted effect
measures (US-EPA, 2010b). Quantitative sensitivity (or bias) analyses are, however, not typically
conducted in many epidemiological studies, with most researchers instead describing various potential
biases qualitatively in the form of a narrative in the discussion section of a paper.

It is often advisable that the epidemiological investigator performs sensitivity analysis to estimate
the impact of biases, such as exposure misclassification or selection bias, by known but unmeasured
risk factors or to demonstrate the potential effects that a missing or unaccounted for confounder may
have on the observed effect sizes (see Lash et al., 2009; Gustafson and McCandless, 2010). Sensitivity
analyses should be incorporated in the list of criteria for reviewing epidemiological data for risk
assessment purposes.

3. Key limitations of the available epidemiological studies on
pesticides

3.1. Limitations identified by the authors of the EFSA external scientific
report

The EFSA External scientific report (Ntzani et al., 2013; summarised in Annex A) identified a
plethora of epidemiological studies which investigate diverse health outcomes. In an effort to
systematically appraise the epidemiological evidence, a number of methodological limitations were
highlighted. In the presence of these limitations, robust conclusions could not be drawn, but outcomes
for which supportive evidence from epidemiology existed were highlighted for future investigation. The
main limitations identified included (Ntzani et al., 2013):

• Lack of prospective studies and frequent use of study designs that are prone to bias (case–
control and cross-sectional studies). In addition, many of the studies assessed appeared to be
insufficiently powered.

• Lack of detailed exposure assessment, at least compared to many other fields within
epidemiology. The information on specific pesticide exposure and co-exposures was often
lacking, and appropriate biomarkers were seldom used. Instead, many studies relied on broad
definition of exposure assessed through questionnaires (often not validated).

• Deficiencies in outcome assessment (broad outcome definitions and use of self-reported
outcomes or surrogate outcomes).

• Deficiencies in reporting and analysis (interpretation of effect estimates, confounder control
and multiple testing).

• Selective reporting, publication bias and other biases (e.g. conflict of interest).

The observed heterogeneity in the results within each studied outcome was often large. However,
heterogeneity is not always a result of biases and may be genuine and consideration of a priori defined
subgroup analysis and meta-regression should be part of evidence synthesis efforts. Occupational
studies, which are of particular importance to pesticide exposure, are also vulnerable to the healthy
worker effect, a bias resulting in lower morbidity and mortality rates within the workforce than in the
general population. The healthy worker effect tends to decline with increasing duration of employment
and length of follow-up.

Studies with sufficient statistical power, detailed definition of pesticide exposure, data for many health
outcomes and transparent reporting are rare, apart from the Agricultural Health Study (AHS) and other
similarly designed studies. It is important to note that several of these methodological limitations have
not been limited to pesticide exposure studies and, most importantly, are not specific in epidemiology
and have been observed in other specific fields including in animal studies (Tsilidis et al., 2013).

Given the wide range of pesticides with various definitions found in the EFSA External scientific
report, it is difficult to harmonise this information across studies. Although heterogeneity of findings
across studies can be as informative as homogeneity, information needs to be harmonised such that
replication can be assessed and summary effect sizes be calculated. This does not mean that if there is
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genuine heterogeneity the different studies cannot be pooled. Limited conclusions can be made from a
single study. Nonetheless, the report highlighted a number of associations between pesticides and
health effects that merit further consideration and investigation. Of interest is the fact that a
considerable proportion of the published literature focused on pesticides no longer approved for use in
the EU and in most developed countries e.g. studies focusing solely on DDT and its metabolites
constituted almost 10% of the eligible studies (Ntzani et al., 2013). These may still be appropriate
since they may persist as pesticide residues or because they continue to be used in developing
countries. Also, the report focused on epidemiological evidence in relation to any health outcome
across an approximately 5-year window. Although the report is valuable in describing the field of
epidemiological assessment of pesticide–health associations, it is not able to answer specific disease-
pesticide questions thoroughly. A more in-depth analysis of specific disease endpoints associated with
pesticides exposure is needed, where this information is available, and studies published earlier than
the time window covered by the EFSA External scientific report should be also included.

3.2. Limitations in study designs

For ethical reasons, randomised controlled trials are not allowed to test the safety of low dose
pesticide exposure in the EU. Therefore, information on potential adverse health consequences in
humans has to be extracted using observational studies.

For diseases with long-latency periods, measurement of exposure at one time point may not
accurately reflect the long-term exposure which is needed to develop such diseases. This is particularly
important for non-persistent pesticides, whose levels in biological samples are not constant but vary
quite often. Thus, those studies that claim an association between a single measurement in urine
samples and a long latency outcome should be carefully interpreted.

Among the 795 studies reviewed in the Ntzani report, 38% were case–control studies and 32%
cross-sectional studies. As a result, evidence on potential adverse health consequences of pesticide
exposure is largely based on studies that lack prospective design at least for outcomes that have long
latency periods. For the cross-sectional studies, directionality cannot be assessed and observed
associations may often reflect reverse causation (is the disease caused by the exposure, or does the
disease influence the exposure?). Although reverse causation is a potential problem of cross-sectional
studies in many fields of epidemiology, in pesticide epidemiology, it is less of an issue, because in most
situations it is unlikely that a disease will cause exposure to pesticides.

Although case–control studies are frequently used for rare outcomes, such as several cancers, their
main limitation is that they are prone to recall bias and they have to rely on retrospective assessment
of exposure. However, they can still provide useful information, especially for rare outcomes. It is
important to examine whether results from case–control and prospective studies converge. This was,
for example, the case amongst studies that were conducted to examine associations between intake of
trans-fatty acids and cardiovascular disease (EFSA, 2004), where both case–control and prospective
studies consistently reported positive associations. The effect estimates between the two study designs
were systematically different with prospective studies reporting more modest effect sizes but both
study designs reached similar conclusions. As for pesticides, similar values have been observed for the
magnitude of association between Parkinson’s disease and pesticide exposure irrespective of the study
design (reviewed in Hern�andez et al., 2016).

3.3. Relevance of study populations

Because the environmentally relevant doses of pesticides to which individuals are exposed are
lower than those required to induce observed toxicity in animal models, the associated toxic effects
need to be understood in the context of differences of susceptibility of subpopulations. Potentially
vulnerable groups are at an increased risk against exposure to low levels of pesticides than healthy
individuals, sometimes during sensitive windows of exposure. This is the case of genetic susceptibility,
which represents a critical factor for risk assessment that should be accounted for (G�omez-Mart�ın
et al., 2015). Genetic susceptibility largely depends on functional genetic polymorphisms affecting
toxicokinetics (e.g. genes encoding xenobiotic metabolising enzymes and membrane transporters)
and/or toxicodynamics (e.g. different receptor gene polymorphisms). This genetic variability should be
considered on the basis of a plausible scientific hypothesis.

While different disorders, particularly neurodegenerative diseases (Parkinson’s disease, Alzheimer’s
disease, amyotrophic lateral sclerosis) have been linked to exposures to environmental factors (e.g.
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pesticides), in many instances the genetic architecture of the disorder has not been taken into
account. The prevalence of specific gene mutations may reach 5–10% and sometimes over 20% of
cases in certain populations (Gibson et al., 2017), so that the links of these diseases to pesticide
exposure may be heavily influenced by genetic structure within populations under study. Given the
small effect sizes for many of these disorders, the underlying effects of specific genes not accounted
for in the study design may modify the disease risk estimates. Hence, associations with pesticide
exposure may need to be evaluated in the light of common genetic influences known to be associated
with a spectrum of neurodegenerative diseases. However, genetic variation by itself does not
predispose people for an increased pesticide exposure.

A subgroup of population of special interest is represented by children, because their metabolism,
physiology, diet and exposure patterns to environmental chemicals differ from those of adults and can
make them more susceptible to their harmful effects. The window(s) of biologic susceptibility remain
unknown for the most part, and would be expected to vary by mechanism. Gender-based susceptibility
also merits consideration in case of pesticide-related reproductive toxicity and endocrine disruption.
Those subgroups are currently considered during the risk assessment process but may deserve more
attention to provide additional protection.

3.4. Challenges in exposure assessment

The main limitations of epidemiological studies conducted on pesticides derive from uncertainty in
exposure assessment. Limitations include the fact that most currently approved pesticides tend to have
short elimination half-lives and that their use involves application of various formulations depending on
the crop and season. As a result, accurate assessment needs to capture intermittent long-term exposure
of these non-persistent chemicals as well as being able to quantify exposure to individual pesticides.

Numerous studies have assessed internal exposure by measuring urinary non-active metabolites
common for a large group of pesticides (for example, dialkyl phosphates for organophosphates,
3-phenoxybenzoic acid for pyrethroids or 6-chloronicotinic acid for neonicotinoids). These data should
not be utilised to infer any risk because: (a) a fraction of these metabolites might reflect direct
exposure through ingestion of preformed metabolites from food and other sources, rather than
ingestion of the parent compound and (b) the potency of the different parent pesticides can vary by
orders of magnitude. Thereby, HBM data based on those urine metabolites can be unhelpful unless
they are paired with other data indicating the actual pesticide exposure.

Ideally exposure should be quantified on an individual level using biomarkers of internal dose. As
most available biomarkers reflect short term (few hours or days) exposure and given the cost and
difficulty of collecting multiple samples over time, many studies quantify exposure in terms of external
dose. Quantitative estimation of external dose needs to account for both frequency and duration of
exposure and should preferably be done on an individual but not group level. Often external exposure
is quantified using proxy measures such as:

• subject- or relative-reported jobs, job titles, tasks or other lifestyle habits which are being
associated with the potential exposure to or actual use of pesticides in general;

• handling of a specific product or set of products and potential exposure to these as
documented through existing pesticide records or diaries or estimated from crops grown;

• environmental data: environmental pesticide monitoring, e.g. in water, distance from and/or
duration of residence in a particular geographical area considered to be a site of exposure.

In many cases, these proxy measures are recorded with use of questionnaires, which can be either
interviewer-administered or based on self-report. However, questionnaire data often rely on individual
recall and knowledge and are thus potentially subject to both recall bias and bias introduced by the
interviewer or study subjects. These sources of bias can to some extent be quantified if the
questionnaires are validated against biomarkers (that is, to what extent do individual questions predict
biomarker concentrations in a sub-sample of participants). If the exposure is assessed retrospectively
the accuracy of the recall is for obvious reasons more likely to be compromised and impossible to
validate. When exposure is based on records, similar difficulties may occur due to, e.g. incomplete or
inaccurate records.

In many previous studies, duration of exposure is often used as a surrogate of cumulative
exposure, assuming that exposure is uniform and continuous over time (e.g. the employment period)
but this assumption must be challenged for pesticides. Although for some chemicals the exposure
patterns may be fairly constant, exposures for the large number of pesticides available in the market
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will vary with season, by personal protective equipment (PPE) and by work practices, and in many
cases, uses are not highly repetitive. At an individual level, exposures can vary on a daily and even
hourly basis, and often involve several pesticides. This temporal variability can result in particularly
high variation in systemic exposures for pesticides with short biological half-lives and considerable
uncertainty in extrapolating single or few measurements to individual exposures over a longer term.
Hence, many repeated measurements over time may be required to improve exposure estimates.

3.5. Inappropriate or non-validated surrogates of health outcomes

Self-reported health outcomes are frequently used in epidemiological research because of the
difficulty of verifying responses in studies with large samples and limited funds, among other reasons.
Although a number of studies have examined agreement between self-reported outcomes and medical
records, the lack of verification of such metrics can lead to misclassification, particularly in large
population-based studies, which may detract from reliability of the associations found.

Reliance on clinically manifested outcomes can increase the likelihood that individuals who have
progressed along the toxicodynamic continuum from exposure to disease but have not yet reached an
overt clinical disease state will be misclassified as not having the disease (Nachman et al., 2011).
Thereby, delay in onset of clinical symptoms following exposure may cause underreporting where
clinical assessment alone is used at an inappropriate point in time.

In the case of carcinogenesis, there are some examples where subclinical outcomes have been
assessed as preneoplastic lesions with potential to progress to neoplastic conditions. This is the case of
monoclonal gammopathy of undetermined significance (MGUS), which has been associated with
pesticide exposure in the AHS (Landgren et al., 2009), as this condition has a 1% average annual risk
of progression to malignant multiple myeloma (Zingone and Kuehl, 2011). However, it is difficult to
predict if and when an MGUS will progress to multiple myeloma. Since there are studies indicating that
pesticide exposure may be associated with the risk of precancerous lesions in animal research, a
combined epidemiological analysis of both preneoplastic and neoplastic outcomes may increase the
power of such an analysis.

Surrogate outcomes may seem an attractive alternative to clinically relevant outcomes since there
may be various surrogates for the same disease and they may occur sooner and/or be easier to
assess, thereby shortening the time to diagnosis. A valid surrogate endpoint must, however, be
predictive of the causal relationship and accurately predict the outcome of interest. In addition, these
surrogates should be relevant to the mode of action of a pesticide such that they should be anchored
to established toxicological endpoints to support their predictivity. Although surrogate markers may
correlate with an outcome, they may not capture the effect of a factor on the outcome. This may be
because the surrogate may not be causally or strongly related to the clinical outcome, but only a
concomitant factor, and thus may not be predictive of the clinical outcome. The validity of surrogate
outcomes may thus represent a major limitation to their use (la Cour et al., 2010).

However, concerns arise as to whether critical regulatory decisions can be made based on
epidemiological studies that did not directly measure the adverse health outcome but valid surrogates
instead. The use of surrogates as replacement endpoints should be considered only when there is
substantial evidence to establish their reliability in predicting clinical meaningful effects.

3.6. Statistical analyses and interpretation of results

The statistical analyses and the interpretation of scientific findings that appear in the epidemiological
literature on the relationship between pesticides and health outcomes do not substantially deviate
from those reported in other fields of epidemiological research. Therefore, the advantages and
limitations of epidemiological studies presented in Section 2.5 also apply to the epidemiological studies
on pesticides.

The few distinctive features of the epidemiological studies on pesticides include the following: (a)
sparse use of appropriate statistical analyses in the presence of measurement errors when assessing
exposure to pesticides and (b) paucity of information on other important factors that may affect the
exposure–health outcome relationship. These features are expanded on in the following paragraphs.

a) Statistical analyses in the presence of measurement errors

The difficulties inherent in correctly measuring exposure are frequent in many areas of
epidemiological research, such as nutritional epidemiology and environmental epidemiology. It is not
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easy to gauge the short- and long-term exposure outside controlled laboratory experimental settings.
In large populations, individuals are exposed to a variety of different agents in a variety of different
forms for varying durations and with varying intensities.

Unlike nutritional or environmental epidemiology, however, pesticide epidemiology has so far made
little use of statistical analyses that would appropriately incorporate measurement errors, despite their
wide availability and sizable literature on the topic. A direct consequence of this is that the inferential
conclusions may not have been as accurate and as precise as they could have been if these statistical
methods were utilised (Bengtson et al., 2016; Dionisio et al., 2016; Spiegelman, 2016).

b) Information on other important factors of interest

Identifying and measuring the other relevant factors that might affect an outcome of interest is a
recurrent and crucial issue in all fields of science. For example, knowing that a drug effectively cures a
disease on average may not suffice if such drug is indeed harmful to children or pregnant women.
Whether or not age, pregnancy and other characteristics affect the efficacy of a drug is an essential
piece of information to doctors, patients, drug manufacturers and drug-approval agencies alike.

Pesticide epidemiology provides an opportunity for careful identification, accurate measuring and
thorough assessment of possible relevant factors and their role in the exposure–health outcome
relationship. Most often, relevant factors have been screened as potential confounders. When
confounding effects were detected, these needed to be adjusted for in the statistical analyses. This
has left room for further investigations that would shed light on this important issue by reconsidering
data that have already been collected and that may be collected in future studies. The statistical
methods in the pesticide literature have been mainly restricted to standard applications of basic
regression analyses, such as binary probability and hazard regression models. Potentially useful
analytical approaches, such as propensity score matching, mediation analyses, and causal inference,
would be helpful for pesticide epidemiology (Imbens and Rubin, 2015).

4. Proposals for refinement to future epidemiological studies for
pesticide risk assessment

This section is aimed at addressing methods for assessment of available pesticide epidemiological
studies and proposals for improvement of such studies to be useful for regulatory purposes.

When considering the potential regulatory use of epidemiological data, many of the existing
epidemiological studies on pesticides exposure and health effects suffer from a range of
methodological limitations or deficiencies which limit their value in the assessment of individual active
substances. Epidemiological studies on pesticides exposure and health effects would ideally generate
semi-quantitative data or be able to have greater relevance to quantitative risk assessment with
respect to the output from prediction models. This would allow epidemiological results to be expressed
in terms more comparable to the quantitative risk assessments, which are more typically used in
evaluating the risks of pesticides. The question arises how such epidemiological data could be
considered for risk assessment when judged in comparison to the predictive models. A precisely
measured quantitative dose–response relationship is presently rarely attainable as a result of current
pesticide epidemiological studies.

The quality, reliability and relevance of the epidemiological evidence in relation to pesticide
exposure and health effects can be enhanced by improving (a) the quality of each individual study and
(b) the assessment of the combined evidence accrued from all available studies.

4.1. Assessing and reporting the quality of epidemiological studies

The quality and relevance of epidemiological research should be considered when selecting
epidemiological studies from the literature for use in risk assessment. The quality of this research can
be enhanced by (US-EPA, 2012; Hern�andez et al., 2016):

a) an adequate assessment of exposure, preferentially biomarker concentrations at individual level
reported in a way which will allow for a dose–response assessment;

b) a reasonably valid and reliable outcome assessment (well-defined clinical entities or validated
surrogates);

c) an adequate accounting for potentially confounding variables (including exposure to multiple
chemicals);

d) the conduct and reporting of subgroup analysis (e.g. stratification by gender, age, ethnicity).
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It is widely accepted that biomedical research is subject to and suffers from diverse limitations. An
assessment of weaknesses in the design, conduct and analysis of epidemiology research studies on
pesticides is essential to identify potentially misleading results and identify reliable data.

Guidelines and checklists help individuals meet certain standards by providing sets of rules or
principles that guide towards the best behaviour in a particular area. Several tools and guidelines have
been developed to aid the assessment of epidemiological evidence; however, there is no specific tool
for assessing studies on pesticides. Although these studies have special considerations around exposure
assessment that require specific attention, standard epidemiological instruments for critical appraisal of
existing studies may apply. Existing reporting guidelines usually specify a minimum set of information
needed for a complete and clear account of what was done and what was found during a research
study focusing on aspects that might have introduced bias into the research (Simera et al., 2010).

A number of tools were specifically designed for quality appraisal of observational epidemiological
studies, such as the Newcastle–Ottawa scale (NOS) and the Research Triangle Institute (RTI) item
bank. The latter is a practical and validated tool which consists of a checklist of 29 questions for
evaluating the risk of bias and precision of epidemiological studies of chemical exposures. In addition,
the Biomonitoring, Environmental Epidemiology, and Short-Lived Chemicals (BEES-C) instrument was
developed to evaluate the quality of epidemiological research that use biomonitoring to assess short-
lived chemicals (LaKind et al., 2015), but it can also be used for persistent chemicals and
environmental measures as its main elements are cross-cutting and are more broadly applicable. Two
earlier efforts to develop evaluative schemes focused on epidemiology research on environmental
chemical exposures and neurodevelopment (Amler et al., 2006; Youngstrom et al., 2011).

Regarding quality of reporting, the Enhancing the QUAlity and Transparency Of health Research
(EQUATOR) Network, officially launched in June 2008, is an international initiative that promotes
transparent and accurate reporting of health research studies. It currently lists over 90 reporting
guidelines with some of them being specific for observational epidemiological studies (e.g. Strengthening
the Reporting of OBservational studies in Epidemiology (STROBE)). The STROBE statement includes
recommendations on what should be included in an accurate and complete report of an observational
study including cross-sectional, case–control and cohort studies using a checklist of 22 items that relate
to the title, abstract, introduction, methods, results and discussion sections of articles (von Elm et al.,
2007). The STROBE statement has been endorsed by a growing number of biomedical journals which
refer to it in their instructions for authors. Table 1 presents a summary of the main features that STROBE
proposes to be taking into account when assessing the quality of reporting epidemiological studies.
Extensions to STROBE are available including the STROBE Extension to Genetic Association studies
(STREGA) initiative and the STROBE-ME statement for assessment of molecular epidemiology studies.
Since the STROBE checklist mentions only in a general way exposure and health outcomes, the PPR
Panel recommends that an extension of the STROBE statement be developed, for inclusion in the
EQUATOR network library, specifically relevant to the area of pesticide exposure and health outcomes.
This would greatly assist researchers and regulatory bodies in the critical evaluation of study quality.

Table 1: Main features of the STROBE tool to assess quality of reporting of epidemiological studies

STROBE Statement Items

Factor Item Recommendation

Title and Abstract

1 a) Indicate the study’s design with a commonly used term in the title of the
abstract

b) Provide in the abstract an informative and balanced summary of what was
done and what was found

Introduction

Background/rationale 2 Explain the scientific background and rationale for the investigation being
reported

Objectives 3 State specific objectives, including prespecified hypotheses

Methods
Study design 4 Present key elements of study design early in the paper

Setting 5 Describe the setting, locations and relevant dates, including periods of
recruitment, exposure, follow-up and data collection
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STROBE Statement Items

Factor Item Recommendation

Participants 6 a) Cohort study – Give the eligibility criteria, and the sources and methods of
selection of participants. Describe methods of follow-up
Case–control study – Give the eligibility criteria, and the sources and
methods of case ascertainment and control selection. Give the rationale for
the choice of cases and controls
Cross-sectional study – Give eligibility criteria, and the sources and methods
of selection of participants

b) Cohort study – For matched studies, give matching criteria and the number
of exposed and unexposed
Case–control study – For matched studies, giving matching criteria and the
number of controls per case

Variables 7 Clearly define all outcomes, exposures, predictors, potential confounders and
effect modifiers. Give diagnostic criteria, if applicable

Data sources/
measurements

8* For each variable of interest, give sources of data and details of methods of
assessment (measurement). Describe comparability of assessment methods if
there is more than one group

Bias 9 Describe any efforts to address potential sources of bias
Study size 10 Explain how the study size was arrived at

Quantitative variables 11 Explain how quantitative variables were handled in the analyses. If applicable,
describe which groupings were chosen and why

Statistical methods 12 a) Describe all statistical methods, including those used to control for
confounding

b) Describe any methods used to examine subgroups and interactions
c) Explain how missing data were addressed
d) Cohort study – If applicable, explain how loss to follow-up was addressed

Case–control study – If applicable, explain how matching of cases and
controls was addressed
Cross-sectional study – If applicable, describe analytical methods taking
account of sampling strategy

e) Describe any sensitivity analyses

Results
Participants 13* a) Report numbers of individuals at each stage of study – e.g. numbers

potentially eligible, examined for eligibility, confirmed eligible, included in the
study, completing follow-up and analysed

b) Give reasons for non-participation at each stage
c) Consider use of a flow diagram

Descriptive data 14* a) Give characteristics of study participants (e.g. demographic, clinical, social)
and information on exposures and potential confounders

b) Indicate number of participants with missing data for each variable of
interest

c) Cohort study – Summarise follow-up time (e.g. average and total amount)

Outcome data 15* Cohort study – Report numbers of outcome events or summary measures over
time
Case–control study – Report numbers in each exposure category, or summary
measures of exposure
Cross-sectional study – Report numbers of outcome events or summary
measures

Main results 16 a) Give unadjusted estimates and, if applicable, confounder-adjusted estimates
and their precision (e.g. 95% confidence interval). Make clear which
confounders were adjusted for and why they were included

b) Report category boundaries when continuous variables were categorised
c) If relevant, consider translating estimates of relative risk into absolute risk

for a meaningful time period
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Selective reporting can occur because non-significant results or unappealing significant results may
not be published. Investigators should avoid the selective reporting of significant results and high-risk
estimates. In this regard, standardisation of reporting of epidemiological studies could help to reduce
or avoid selective reporting. The STROBE statement and similar efforts are useful tools for this
purpose. Although some epidemiological research will remain exploratory and post hoc in nature, this
should be clarified in the publications and selective reporting minimised, so that epidemiological
findings could be interpreted in the most appropriate perspective (Kavvoura et al., 2007).

Preregistration of studies and prepublication of protocols are the measures taken by some Journal
editors and Ethics Committees to reduce reporting bias and publication bias in clinical trials on
pharmaceuticals. Although a similar proposal has been suggested for observational epidemiological
studies in order to be conducted as transparently as possible to reduce reporting bias and publication
bias, there is no consensus among epidemiologists (Pearce, 2011; Rushton, 2011). In contrast, a
number of initiatives have been undertaken by professional societies to foster good epidemiological
practice. This is the case, for example, of the International Epidemiological Association (IEA, 2007) or
the Dutch Society for Epidemiology on responsible epidemiologic Research Practice (DSE, 2017).

Data quality assessment of formal epidemiological studies is based solely on the methodological
features of each individual study rather than on the results, regardless of whether they provide evidence
for or against an exposure/outcome association. However, for risk assessment, it is important to assess
not only the quality of study methods but also the quality of the information they provide. Indeed, good
studies may be dismissed during the formal quality assessment by the poor reporting of the information.

4.2. Study design

Well conducted prospective studies with appropriate exposure assessment provide the most reliable
information and are less prone to biases. When prospective studies are available, results from studies
of less robust design can give additional support. In the absence of prospective studies the results
from cross-sectional and case–control studies should be considered but interpreted with caution.
However, it is acknowledged that a well-designed case–control study may be superior to a less well
designed cohort study. Analytical approaches should be congruent with the study design, and
assumptions that the statistical methods required should be carefully evaluated.

Ideally observational studies for long-term diseases should be prospective and designed such that
the temporal separation between the exposure and the health outcome is appropriate with respect to
the time it takes to develop the disease. For outcomes such as cancer or cardiovascular diseases,
which often have a long latency period (> 10 years), exposure should be assessed more than once
prior to the outcome assessment. For other outcomes with a shorter latency period, such as immune
function disturbances, the appropriate temporal separation may be in the range of days or weeks and
a single exposure assessment may be adequate. In short, the ideal design of a study depends on the
latency period for the outcome under consideration. The expected latency period then determines both
the length of follow-up and the frequency for which the exposure has to be quantified.

STROBE Statement Items

Factor Item Recommendation

Other analyses 17 Report other analyses done – e.g. analyses of subgroups and interactions, and
sensitivity analyses

Discussion
Key results 18 Summarise key results with reference to study objectives

Limitations 19 Discuss limitations of the study, taking into account sources of potential bias or
imprecision. Discuss both direction and magnitude of any potential bias

Interpretation 20 Give a cautious overall interpretation of results considering objectives,
limitations, multiplicity of analyses, results from similar studies, and other
relevant evidence

Generalisability 21 Discuss the generalisability (external validity) of the study results
Other information

Funding 22 Give the source of funding and the role of the funders for the present study and,
if applicable, for the original study on which the present article is based

*: Give information separately for cases and controls in case–control studies and, if applicable, for exposed and unexposed
groups in cohort and cross-sectional studies.
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4.3. Study populations

The EU population, which exceeds 500 million people, can be assumed to be fairly heterogeneous
and so expected to include a number of more sensitive individuals that may be affected at lower doses
of pesticide exposure. To address this, in stratified sampling, the target population is divided into
subgroups following some key population characteristics (e.g. sex, age, geographic distribution,
ethnicity or genetic variation) and a random sample is taken within each subgroup. This allows
subpopulations to be represented in a balanced manner in the study population.

Vulnerable populations should then be examined in epidemiological studies either through subgroup
or sensitivity analysis. However, such analyses need to be defined a priori. In case of ad hoc subgroup
sensitivity analysis, the statistical thresholds should be adjusted accordingly and the replication of
results should follow. Evidence of vulnerable subpopulations would ideally involve prospective studies
that include assessment of biomarkers of exposure, subclinical endpoints and disease incidence over
time.

It may be impossible to find a threshold of a toxic-induced increase in disease in the population
because a large number of people are in a preclinical state and would be sensitive to the low end of
the dose–response curve. For that to be evident, the epidemiology data would need to characterise
the relationship between chemical exposure and risk of disease in a broad cross-section of the
population (or look at precursor lesions or key events) and allow a robust examination of a low-dose
slope.

On the basis of the degree of evidence relevant to a vulnerable subpopulation, consideration should
be given to whether dose–response assessment will focus on the population as a whole or will involve
separate assessments for the general population and susceptible subgroups. If it is the population as a
whole, the traditional approach is to address variability with uncertainty factors; it may also be possible
to analyse the effect of variability on risk by evaluating how the risk distribution of the disease shifts in
response to the toxicant. In essence, the risk distribution based on a subclinical biomarker is an
expression of toxicodynamic variability that can be captured in dose–response assessment.

The alternative approach is to address vulnerable subpopulations as separate from the general
population and assign them unique potencies via dose–response modelling specific to the groups that
might be based on actual dose–response data for the groups, on adjustments for specific toxicokinetic or
toxicodynamic factors, or on more generic adjustment or uncertainty factors. For a pesticide, if it is
known that a particular age group, disease (or disease-related end-point), genetic variant or co-exposure
creates unique vulnerability, efforts should be made to estimate the potency differences relative to the
general population and on that basis to consider developing separate potency values or basing a
single value on the most sensitive group or on the overall population with adjustments for vulnerable
groups.

4.4. Improvement of exposure assessment

The difficulties often associated with pesticide exposure assessment in epidemiological studies have
been highlighted above. The description of pesticide exposure (in particular quantitative information on
exposure to individual pesticides) is generally reported in insufficient detail for regulatory purposes and
this limitation is difficult to overcome, especially for diseases with a long latency period (e.g. many
cancers and neurodegenerative disorders).

It is noteworthy that the methods necessary to conduct exposure monitoring are to be submitted
by the applicant in the dossier. The regulation requirements do ask for validated methods that can be
used for determining exposure. The Commission Regulation (EU) No 283/2013, setting out the data
requirements for active substances, in accordance with Regulation (EC) No 1107/2009 of the European
Parliament and of the Council concerning the placing of PPP on the market, addresses information on
methods of analysis required to support both pre-approval studies and post-approval monitoring. In
this context, the post-approval requirements are the most relevant and the regulation literally states:

‘4.2. Methods for post-approval control and monitoring purposes – Methods, with a full description,
shall be submitted for:

a) the determination of all components included in the monitoring residue definition as submitted in
accordance with the provisions of point 6.7.1 in order to enable Member States to determine
compliance with established maximum residue levels (MRLs); they shall cover residues in or on
food and feed of plant and animal origin;
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b) the determination of all components included for monitoring purposes in the residue definitions
for soil and water as submitted in accordance with the provisions of point 7.4.2;

c) the analysis in air of the active substance and relevant breakdown products formed during or
after application, unless the applicant shows that exposure of operators, workers, residents or
bystanders is negligible;

d) the analysis in body fluids and tissues for active substances and relevant metabolites.

As far as practicable these methods shall employ the simplest approach, involve the minimum cost,
and require commonly available equipment. The specificity of the methods shall be determined and
reported. It shall enable all components included in the monitoring residue definition to be determined.
Validated confirmatory methods shall be submitted if appropriate. The linearity, recovery and precision
(repeatability) of methods shall be determined and reported.

Data shall be generated at the LOQ and either the likely residue levels or ten times the LOQ. The
LOQ shall be determined and reported for each component included in the monitoring residue
definition. For residues in or on food and feed of plant and animal origin and residues in drinking
water, the reproducibility of the method shall be determined by means of an independent laboratory
validation (ILV) and reported’.

From this, it can be concluded that the requirements exist, but are somewhat less stringent for
human biomonitoring than for monitoring of residues in food and feed.

Failure to use these existing methods restricts the potential for the use of epidemiological evidence
in the regulation of specific pesticides. It is therefore important that those contemplating future studies
carefully consider approaches to be used to avoid misclassification of exposure, and to conduct
appropriate detailed exposure assessments for specific pesticides, which allow for sound dose–
response analyses, and demonstrate the validity of the methods used.

A given exposure may have a different health impact depending on the period in the lifespan when
exposure takes place. Greater attention needs to be paid to exposures occurring during periods of
potential susceptibility for disease development by ensuring that the exposure assessment adequately
addresses such critical times. This may be particularly relevant for studies involving neurodevelopment,
obesity or allergic responses, which are complex multistage developmental processes that occur either
prenatally or in the early post-natal life. For this reason, measurement of the exposure at one single
time period may not properly characterise relevant exposures for all health effects of the
environmental factors, and thus, the possibility arises of needing to measure the exposure at several
critical periods of biological vulnerability to environmental factors. It is particularly challenging to
construct an assessment of historical exposures which may deviate from current exposures, in both
the range of chemicals and intensity of exposure and also co-exposure to other substances which are
not included in the scope of study.

There are advantages and disadvantages to all methods of measuring pesticide exposure, and
specific study designs and aims should be carefully considered to inform a specific optimal approach.

Exposure assessment can be improved at the individual level in observational research by using:

a) Personal exposure monitoring: This can be used to document exposures as readings
measure pesticide concentration at the point of contact. Personal exposure monitors have been costly
and burdensome for study participants. However, technological advances have recently driven personal
exposure monitoring for airborne exposures to inexpensive, easy to use devices and these are suitable
for population research. Personal exposure monitors that are specific to pesticide exposure could
involve sensors to measure airborne concentrations, ‘skin’ patches to measure dermal concentrations,
indoor home monitors that capture dust to measure other means of exposure. These mobile
technology advances can be employed to provide observational studies with detailed and robust
exposure assessments. Such equipment is now increasingly being adapted to serve large-scale
population research and to capture data from large cohort studies. These coupled with other
technological advances, such as real time data transfers via mobile phones and mobile phone
applications to capture lifestyle and other habits, could bring next generation observational studies far
more detailed and robust exposure assessments compared to current evidence. However, the
generation of huge volumes of data can pose organisational, statistical and technical challenges,
particularly with extended follow-up times. Ethics and personal data protection issue should be taken
into account, and local regulations may prevent extensive use of such technologies. However, use of
such personal monitors only provides information for one of the different potential routes of exposure.

b) Biomarkers of exposure (human biomonitoring (HBM)). An alternative and/or complementary
approach is to ascertain the internal dose, which is the result of exposure via different routes (dermal,
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inhalation and dietary exposure). These biomarkers have the potential to play an important role in
assessing aggregate exposure to pesticides and informing cumulative risk assessment. Biomonitoring
requires measurements in biological samples of concentrations of chemical under consideration (parent
or metabolites) or markers of pathophysiologic effects thereof (such as adducts). However, challenges
may include uncertainties relating to extrapolation of measured concentrations in biological samples to
relevant doses.

Although biomonitoring has the potential to provide robust estimates of absorbed doses of
xenobiotics, modern pesticides and their metabolites are eliminated from the body relatively quickly, with
excretion half-lives typically measured in a few days (Oulhote and Bouchard, 2013). Consequently, use
of biomarkers is both resource intensive and intrusive. The process is even more intrusive when it has to
be conducted repeatedly on large numbers of individuals to monitor exposures over long durations.

Nevertheless, because of the potential to provide accurate integrated estimates of absorbed doses,
biological monitoring of pesticides and their metabolites can be usefully employed to calibrate other
approaches of exposure assessment. A good example of such an approach is that used by the Agricultural
Health Study (Thomas et al., 2010; Coble et al., 2011; Hines et al., 2011). Also, HBM methods can be
used with other forms of exposure assessment for the construction of long exposure histories.

Biomonitoring improves the precision in characterisation of exposure and allows the investigation of
changes in exposure that occur at environmentally relevant exposure concentrations. Data collected in
large-scale biomonitoring studies can be useful in setting reference ranges to assist in exposure
classification in further epidemiological studies. Biomonitoring data also provide critical information for
conducting improved risk assessment and help to identify subpopulations at special risk for adverse
outcomes.

Biobanks, as repositories of biological samples, can be exploited to assess biomarkers of exposure
with the aim of investigating early exposure–late effect relationships. That is, whether exposures
occurring during early life are critical for disease development later in life (e.g. neurobehavioral
impairment, children tumours, immunotoxic disorders, etc.) and to retrospectively assess health risks
according to current health guidelines.

The results of measurements of metabolite levels in human matrices, e.g. urine, blood or hair do not
provide the complete story with respect to the actual received dose. Additional assessment, possibly
employing physiological-based toxicokinetic (PBTK) approaches, may be required to estimate the total
systemic or tissue/organ doses. A PBTK model is a physiologically based compartmental model used to
characterise toxicokinetic behaviour of a chemical, in particular for predicting the fate of chemicals in
humans. Data on blood flow rates, metabolic and other processes that the chemical undergoes within
each compartment are used to construct a mass-balance framework for the PBTK model. PBTK models
cannot be used only to translate external exposures into an internal (target) dose in the body, but also
to infer external exposures from biomonitoring data. Furthermore, PBTK models need to be validated.

Toxicokinetic processes (ADME) determine the ‘internal concentration’ of an active substance
reaching the target and help to relate this concentration/dose to the observed toxicity effect. Studies
have been prescribed by the current regulations, but it would be beneficial to survey all the evidence,
be it from in vitro, animal or human studies, about toxicokinetic behaviour of an active substance.
Further discussion on quality assurance issues and factors to consider in relation to HBM studies is
present in the report of the EFSA outsourced project (Bevan et al., 2017).

Exposure assessment can also be improved at the population level in observational research by using:

a) Larger epidemiological studies that make use of novel technologies and big data availability, such
as registry data or data derived from large databases (including administrative databases) on health
effects and pesticide usage, could provide more robust findings that might eventually be used for
informed decision-making and regulation. Much effort needs to concentrate around the use of
registered data which may contain records of pesticide use by different populations, such as farmers
or other professional users that are required to maintain.9 Such data could be further linked to

9 Regulation 1107/2009 Article 67 states: Record-keeping 1. Producers, suppliers, distributors, importers, and exporters of plant
protection products shall keep records of the plant protection products they produce, import, export, store or place on the
market for at least 5 years. Professional users of plant protection products shall, for at least 3 years, keep records of the plant
protection products they use, containing the name of the plant protection product, the time and the dose of application, the
area and the crop where the plant protection product was used. They shall make the relevant information contained in these
records available to the competent authority on request. Third parties such as the drinking water industry, retailers or
residents, may request access to this information by addressing the competent authority. The competent authorities shall
provide access to such information in accordance with applicable national or Community law.
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electronic health records (vide supra) and provide studies with unprecedented sample size and
information on exposure and subsequent disease and will eventually be able to answer robustly
previously unanswered questions. At the same time, information on active substances needs to be
better captured in these registries and large databases. Dietary pesticide residue exposure can be
estimated more accurately by using spraying journal data in combination with supervised residue trials.
This method has the advantage of including more comprehensive and robust source data, more
complete coverage of used pesticides and more reliable and precise estimates of residues below
standard limit of quantification (LOQ) (Larsson et al., 2017).

b) Novel sophisticated approaches to geographical information systems (GIS) and small area
studies might also serve as an additional way to provide estimates of residential exposures. Exposure
indices based on GIS (i.e. residential proximity to agricultural fields and crop surface with influence
around houses), when validated, may represent a useful complementary tool to biomonitoring and
have been used to assess exposure to pesticides with short biological half-lives (Cornelis et al., 2009).
As some such exposures maybe influenced by wind direction, amongst other factors, this should be
taken into account through a special analysis of outcomes to make best of use of the approach. Also,
these indices could be more representative, albeit non-specific, measures of cumulative exposure to
non-persistent pesticides for long periods of time than biomonitoring data (Gonz�alez-Alzaga et al.,
2015).

As already discussed, to be useful for the regulatory risk assessments of individual compounds
epidemiological exposure assessments should provide information on specific pesticides. However,
epidemiological studies which include more generic exposure assessments also have the potential to
identify general risk factors and suggest inferences of causal associations in relevant human
populations. Such observations may be important both informing overall regulatory policies, and for
identification of matters for further epidemiological research.

Recent advances in modern technologies make it possible to estimate pesticide exposures to an
unprecedented extent using novel analytical strategies:

a) The development of the so called -omic techniques, such as metabolomics and adductomics,
also presents intriguing possibilities for improving exposure assessment through measurement of a
wide range of molecules, from xenobiotics and metabolites recorded over time in biological matrices
(blood, saliva, urine, hair, nails, etc.), to covalent complexes with DNA and proteins (adductomics) and
understanding biological pathways. These methodologies could be used in conjunction with other
tools. There is also both interest and the recognition that further work is required before such
techniques can be applied in regulatory toxicology. The use of the exposome (the totality of exposures
received by an individual during life) might be better defined by using ‘omics’ technologies and
biomarkers appropriate for human biomonitoring. Nevertheless, important limitations have to be
acknowledged because of the lack of validation of these methodologies and their cost, which limits
their use at large scale.

b) Environmental exposures are traditionally assessed following ‘one-exposure-one-health-effect’
approach. In contrast, the exposome encompass the totality of human environmental exposures from
conception onward complementing the genetics knowledge to characterise better the environmental
components in disease aetiology. As such, the exposome includes not only any lifetime chemical
exposures but also other external and or internal environmental factors, such as infections, physical
activity, diet, stress and internal biological factors (metabolic factors, gut microflora, inflammation and
oxidative stress). A complete exposome would have to integrate many external and internal exposures
from different sources continuously over the life course. However, a truly complete exposome will likely
never be measured. Although all these domains of the exposome need to be captured by using
different approaches than the traditional ones, it is envisaged that no single tool will be enough to this
end.

The more holistic approach of exposure is not intended to replace the traditional ‘one-exposure-
one-health-effect’ approach of current epidemiological studies. However, it would improve our
understanding of the predictors, risk factors and protective factors of complex, multifactorial chronic
diseases. The exposome offers a framework that describes and integrates, holistically, the
environmental influences or exposures over a lifetime (Nieuwenhuijsen, 2015).

Collaborative research and integration of epidemiological or exploratory studies forming large
consortia are needed to validate these potential biomarkers and eventually lead to improved exposure
assessment. The incorporation of the exposome paradigm into traditional biomonitoring approaches
offers a means to improve exposure assessment. Exposome-wide association studies (EWAS) allow to
measurement of thousands of chemicals in blood from healthy and diseased people, test for disease

Epidemiological studies and pesticides

www.efsa.europa.eu/efsajournal 31 EFSA Journal 2017;15(10):5007

336



associations and identify useful biomarkers of exposure that can be targeted in subsequent
investigations to locate exposure sources, establish mechanisms of action and confirm causality
(Rappaport, 2012). After identifying these key chemicals and verifying their disease associations in
independent samples of cases and controls, the chemicals can be used as biomarkers of exposures or
disease progression in targeted analyses of blood from large populations.

In relation to the exposome concept, the -omics technologies have the potential to measure
profiles or signatures of the biological response to the cumulative exposure to complex chemical
mixtures. An important advance would be to identify a unique biological matrix where the exposome
could be characterised without assessing each individual exposure separately in a given biological
sample. The untargeted nature of omics data will capture biological responses to exposure in a more
holistic way and will provide mechanistic information supporting exposure-related health effects.
Importantly, omics tools could shed light on how diverse exposures act on common pathways to cause
the same health outcomes.

While improved exposure assessment increases the power to detect associations, in any individual
study it is necessary to maximise the overall power of the study by optimising the balance between
the resource used for conducting an exposure assessment for each subject and the total number of
subjects.

4.5. Health outcomes

For pesticides, the health outcomes are broad as these chemicals have not shown a particular
effect in relation to just one single disease area. For each health outcome, multiple definitions may
exist in the literature with a varying degree of validation and unknown reproducibility across different
databases, which are limited by the lack of generalisability. A proper definition of a health outcome is
critical to the validity and reproducibility of observational epidemiological studies, and the consistency
and clarity of these definitions need to be considered across studies. While prospective observational
studies have explicit outcome definitions, inclusion and exclusion criteria and standardised data
collection, retrospective studies usually rely on identification of health outcomes based largely on
coded data, and classification and coding of diseases may change over time. Detailed description of
the actual codes used to define key health outcomes and the results of any validation efforts are
valuable to future research efforts (Stang et al., 2012; Reich et al., 2013). An example of coded
diseases is the ICD-10, which for instance can be used as a tool to standardise the broad spectrum of
malignant diseases.

In some surveillance studies, it is preferable to use broader definitions with a higher sensitivity to
identify all potential cases and then apply a narrower and more precise definition with a high positive
predictive value to reduce the number of false positives and resulting in more accurate cases. In
contrast, in formal epidemiological studies, a specific event definition is used and validated to
determine its precision; however, the ‘validation’ does not test alternative definitions, so it is not
possible to determine sensitivity or specificity.

Surrogate endpoints should be avoided unless they have been validated. Some criteria to assess
the validity of a surrogate outcome include:

• The surrogate has been shown to be in the causal pathway of the disease. This can be
supported by the following evidence: correlation of biomarker response to pathology and
improved performance relative to other biomarkers; biological understanding and relevance to
toxicity (mechanism of response); consistent response across mechanistically different
compounds and similar response across sex, strain and species; the presence of dose–
response and temporal relationship to the magnitude of response; specificity of response to
toxicity; that is, the biomarker should not reflect the response to toxicities in other tissues, or
to physiological effects without toxicity in the target organ.

• At least one well conducted trial using both the surrogate and true outcome (Grimes and
Schulz, 2005; la Cour et al., 2010). Several statistical methods are used to assess these criteria
and if they are fulfilled the validity of the surrogate is increased. However, many times some
uncertainty remains, making it difficult to apply surrogates in epidemiological studies (la Cour
et al., 2010).

The data on health outcomes over the whole EU is potentially very extensive. If it can be managed
effectively, it will open the prospect of greater statistical power for epidemiological studies assessing
deleterious effects using very large sample sizes. Necessary prerequisites for these studies which may

Epidemiological studies and pesticides

www.efsa.europa.eu/efsajournal 32 EFSA Journal 2017;15(10):5007

337



detect new subtle effects, chronic effects or effects on subpopulations when stratified are beyond the
remit of risk assessment. They include trans-national approaches to health informatics where
harmonised diagnostics, data storage and informatics coupled with legally approved access to
anonymised personal data for societal benefit are established. Health records should include adequate
toxidrome classification. The latter may in turn require improvements in medical and paramedical
training to ensure the quality of the input data.

Another opportunity for biological monitoring to be employed is where the investigation involves
the so-called biomarkers of effect. That is a quantifiable biochemical, physiological, or other change
that, depending on the magnitude, is associated with an established or possible health impairment or
disease. Biomarkers of effect should reflect early biochemical modifications that precede functional or
structural damage. Thus, knowledge of the mechanism ultimately leading to toxicity is necessary to
develop specific and useful biomarkers, and vice versa, an effect biomarker may help to explain a
mechanistic pathway of the development of a disease. Such biomarkers should identify early and
reversible events in biological systems that may be predictive of later responses, so that they are
considered to be preclinical in nature. Advances in experimental -omics technologies will show promise
and provide sound information for risk assessment strategies, i.e. on mode of action, response
biomarkers, estimation of internal dose and dose–response relationships (DeBord et al., 2015). These
technologies must be validated to assess their relevance and reliability. Once validated, they can be
made available for regulatory purposes.

5. Contribution of vigilance data to pesticides risk assessment

In addition to the formal epidemiological studies discussed in Sections 2–4, other human health
data can be generated from ad hoc reports or as a planned process, i.e. through monitoring systems
that have been implemented at the national level by public health authorities or authorisation holders.
Consistent with Sections 2–4, this section first reviews how such a monitoring system should operate,
what the current situation is regarding the monitoring of pesticides and what recommendations for
improvement can be made.

5.1. General framework of case incident studies

A continuous process of collection, reporting and evaluation of adverse incidents has the potential
to improve the protection of health and safety of users and others by reducing the likelihood of the
occurrence of the same adverse incident in different places at later times, and also to alleviate
consequences of such incidents. This obviously also requires timely dissemination of the information
collected on such incidents. Such a process is referred to as vigilance.10

For example in the EU, the safety monitoring of medicines is known as pharmacovigilance; the
pharmacovigilance system operates between the regulatory authorities in Member States, the
European Commission and the European Medicines Agency (EMA). In some Member States, regional
centres are in place under the coordination of the national Competent Authorities. Manufacturers and
health care professionals report incidents to the Competent Authority at the national level, which
ensures that any information regarding adverse reactions is recorded and evaluated centrally and also
notifies other authorities for subsequent actions. The records are then centralised by the EMA which
supports the coordination of the European pharmacovigilance system and provides advice on the safe
and effective use of medicines.

5.2. Key limitations of current framework of case incident reporting

Several EU regulations require the notification and/or collection and/or reporting of adverse events
caused by pesticides in humans (occurring after acute or chronic exposure in the occupational setting,
accidental or deliberate poisoning, etc.). These include:

• Article 56 of EC Regulation 1107/2009 requires that ‘The holder of an authorisation for a plant
protection product shall immediately notify the Member States [. . .] In particular, potentially

10 The concept of survey refers to a single effort to measure and record something, and surveillance refers to repeated
standardized surveys to detect trends in populations in order to demonstrate the absence of disease or to identify its presence
or distribution to allow for timely dissemination of information. Monitoring implies the intermittent analysis of routine
measurements and observations to detect changes in the environment or health status of a population, but without eliciting a
response. Vigilance is distinct from surveillance and mere monitoring as it implies a process of paying close and continuous
attention, and in this context addresses specifically post marketing events related to the use of a chemical.
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harmful effects of that plant protection product, or of residues of an active substance, its
metabolites, a safener, synergist or co-formulant contained in it on human health [. . .] shall be
notified. To this end the authorisation holder shall record and report all suspected adverse
reactions in humans, in animals and the environment related to the use of the plant protection
product. The obligation to notify shall include relevant information on decisions or assessments
by international organisations or by public bodies which authorise plant protection products or
active substances in third countries’.

• Article 7 of EC Directive 128/2009 establishing a framework for Community action to achieve
the sustainable use of pesticides requires that: ‘2. Member States shall put in place systems for
gathering information on pesticide acute poisoning incidents, as well as chronic poisoning
developments where available, among groups that may be exposed regularly to pesticides such
as operators, agricultural workers or persons living close to pesticide application areas. 3. To
enhance the comparability of information, the Commission, in cooperation with the Member
States, shall develop by 14 December 2012 a strategic guidance document on monitoring and
surveying of impacts of pesticide use on human health and the environment’. However, at the
time of publishing this scientific opinion, this document has still not been released.

There are three additional regulations that apply, although indirectly, to pesticides and reporting:

• EC Regulation 1185/2009 concerning statistics on pesticides requires that Member States shall
collect data on pesticide sales and uses according to a harmonised format. The statistics on
the placing on the market shall be transmitted yearly to the Commission and the statistics on
agricultural use shall be transmitted every 5 year.

• Article 50 of Regulation (EC) 178/2002, laying down the general principles and requirements of
food law, set up an improved and broadened rapid alert system covering food and feed
(RASFF). The system is managed by the Commission and includes as members of the network
Member States, the Commission and the Authority. It reports on non-authorised occurrences of
pesticides residues and food poisoning cases.

• Article 45 (4) of EC Regulation 1272/2008 (CLP Regulation): importers and downstream users
placing hazardous chemical mixtures on the market of an EU Member State will have to submit a
notification to the Appointed Body/Poison Centre of that Member State. The notification needs to
contain certain information on the chemical mixture, such as the chemical composition and
toxicological information, as well as the product category to which the mixture belongs. The
inclusion of information on the product category in a notification allows Appointed Bodies/Poison
Centres to carry out comparable statistical analysis (e.g. to define risk management measures),
to fulfil reporting obligations and to exchange information among MS. The product category is
therefore not used for the actual emergency health response as such, but allows the
identification of exposure or poisoning trends and of possible measures to prevent future
poisoning cases. When formally adopted, the new Regulation will apply as of 1 January 2020.

While there are substantial legislative provisions, to this date a single unified EU
‘phytopharmacovigilance’11 system akin to the pharmacovigilance system does not exist for PPP.
Rather, a number of alerting systems have been developed within the EU to alert, notify, report and
share information on chemical hazards that may pose a risk to public health in Member States. These
systems cover different sectors including medicines, food stuffs, consumer products, industrial
accidents, notifications under International Health Regulations (IHR) and events detected by EU
Poisons Centres and Public Health Authorities. Each of these systems notify and distribute timely
warnings to competent authorities, public organisations, governments, regulatory authorities and
public health officials to enable them to take effective action to minimise and manage the risk to public
health (Orford et al., 2014).

In the EU, information on acute pesticide exposure/incident originates mainly from data collected
and reported by Poison Control Centres (PCC’s). PCC’s collect both cases of acute and chronic
exposure/poisoning they are aware of, in the general population and in occupational settings. Cases
are usually well-documented and information includes circumstances of exposure/incident, description
of the suspected causal agent, level and duration of exposure, the clinical course and treatment and
an assessment of the causal relationship. In severe cases, the toxin and/or the metabolites are usually

11 ‘phytovigilance’ would refer to a vigilance system for plants; as pesticides are intended to be ‘medicines’ for crops, the term
‘phytopharmacovigilance’ is considered to be the more appropriate one here. Furthermore, it is a broad term used in France
covering soil, water, air, environment, animal data, etc.
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measured in blood or urine. However, follow-up of cases reported to the centres merits further
attention to identify potential long-term protracted effects.

There are two key obstacles to using Poison Centres data: official reports from national Poisons
Centres are not always publicly available and when they are, there is a large heterogeneity in the
format of data collections and coding, and assessment of the causal relationship. Indeed, each
Member State has developed its own tools for collection activities resulting in difficulties for comparing
and exchanging exposure data. In 2012, the European Commission funded a collaborative research
and development project to support the European response to emerging chemical events: the Alerting
and Reporting System for Chemical Health Threats, Phase III (ASHTIII) project. Among the various
tools and methodologies that were considered, methods to exchange and compare exposure data from
European PCC’s were developed. As a feasibility study, work-package 5 included the development of a
harmonised and robust coding system to enable Member States to compare pesticide exposure data.
However, results of a consultation with the PCC community showed that further coordination of data
coding and collection activities is supported. It was concluded that more support and coordination is
required at the EU and Member States level so that exposures data can be compared between
Member States (Orford et al., 2015).

In addition to data collected by PCC’s, several Member States have set up programmes dedicated
to occupational health surveillance.12 The purpose of these programmes is to identify the kinds of jobs,
types of circumstances and pesticides that cause health problems in workers in order to learn more
about occupational pesticide illnesses and injuries and how to prevent them. They are based on
voluntary event notification by physicians (sometimes self-reporting by users) of any case of suspected
work-related pesticide injury or illness or poisoning. In addition to medical data, information gathered
includes data regarding type of crop, mode of application, temperature, wind speed, wearing of
personal protection equipment, etc. Once collected, these data are examined and a report is released
periodically; they provide a useful support to evaluate the safety of the products under re-registration.
These data also highlight emerging problems and allow definition of evidence-based preventive
measures for policy-makers. At EU level, the European Agency for Safety and Health at Work (EU-
OSHA)13 has very little in the way of monitoring of occupational pesticide-related illnesses data. In the
USA, a programme specifically dedicated to pesticides funded and administered by the National
Institute for Occupational Safety and Health (NIOSH) is in operation in a number of States.14

In summary, currently human data may be collected in the form of case reports or case series,
poison centres information, coroner’s court findings, occupational health surveillance programmes or
post-marketing surveillance programmes. However, not all this information is present in the medical
data submitted by applicants mainly because the different sources of information are diverse and
heterogeneous by nature, which makes some of them sometimes not accessible.

• Data collected through occupational health surveillance of the plant production workers or if
they do so, the medical data are quite limited being typically basic clinical blood measurements,
physical examinations, potentially with simple indications of how and where exposed took place,
and there usually is no long-term follow up. Furthermore, worker exposures in modern plants
(especially in the EU) are commonly very low, and often their potential exposure is to a variety
of pesticides (unless it is a facility dedicated to a specific chemical).

• Moreover, the reporting of data from occupational exposure to the active substances during
manufacture is often combined with results from observations arising from contact with the
formulated plant protection product as the latter information results from case reports on
poisoning incidents and epidemiological studies of those exposed as a result of PPP use.
Indeed, the presence of co-formulants in a plant protection product can modify the acute
toxicological profile. Thus, to facilitate proper assessment, when reporting findings collected in
humans it should be clearly specified whether it refers to the active substance per se or a PPP.

With regard to the requirements of specific data on diagnoses of poisoning by the active substance
or formulated plant protection products and proposed treatments, which are also part of chapter 5.9
of the EC Regulation 283/2013, information is often missing or limited to those cases where the toxic
mode of action is known to occur in humans and a specific antidote has been identified.

12 For example: Phyt’attitude in France is a vigilance programme developed by the Mutualit�e Sociale Agricole: http://www.msa.
fr/lfr/sst/phyt-attitude

13 https://osha.europa.eu/en/about-eu-osha
14 SENSOR programme: https://www.cdc.gov/niosh/topics/pesticides/overview.html
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5.3. Proposals for improvement of current framework of case incident
reporting

In order to avoid duplication and waste of effort, a logical next step would be to now develop, with
all concerned public and private sector actors, an EU ‘phytopharmacovigilance’ system for chemicals
similar to the ones that have been put in place for medicines. This network could be based on
committed and specifically trained occupational health physicians and general practitioners in rural
areas, and resources should be allocated by Member States to establish and to successfully maintain
the system. Indeed such a network would be useful in detecting acute effects; it would also act as a
sentinel surveillance network for specific health effects (such as asthma, sensitisation, etc.) or for the
detection of emerging work-related disease. In fact, while much experience has already been gained
on how to gradually build such a system, it is nevertheless envisioned that this will take a number of
years to be put in place. Several difficulties will arise because of the nature of the data collected (the
sources of information are potentially diverse), the quality and completeness of the collected
information for every case (especially the circumstances), the grading of severity and accountability of
the observed effects (the link between the observed effect and the product). Rules should be defined
so that they are identical from one ‘evaluator’ to another. The network should be stable over time (e.g.
continuity in national organisations involved, consistent methodology employed, etc.), to ensure that
the phytopharmacovigilance system fully complies with the objectives, i.e. monitoring changes over
time. The use of phytopharmacovigilance data is unlikely to be limited to risk assessment purposes
and may have an impact on risk management decisions (e.g. revisions in the terms and conditions of
product authorisations or ultimately product withdrawal); this should be clear to all stakeholders from
the outset.

Such a system may not merit being established solely for chemicals that are (predominantly) used
as pesticides. However, given the legislative provisions already in place for pesticides, its development
may need to be prioritised for pesticides.

In conclusion, the European Commission together with the Member States should initiate the
development of an EU-wide vigilance framework for pesticides. These should include:

• harmonisation of human incident data collection activities at the EU level;
• coordination of the compilation of EU-wide databases;
• improving the collaboration between Poison Centres and regulatory authorities at national level

in order to collect all the PPP poisonings produced in each Member State;
• guidance document on monitoring the impact of pesticide use on human health with

harmonisation of data assessment for causal relationships;
• regular EU-wide reports.

6. Proposed use of epidemiological studies and vigilance data in
support of the risk assessment of pesticides

This section briefly reviews the risk assessment process (Section 6.1) based on experimental
studies and discusses what information epidemiological studies could add to that process. Next, the
assessment of the reliability of epidemiological studies is addressed in Section 6.2. In Section 6.3, the
relevance of one or more studies found to be reliable is assessed.

6.1. The risk assessment process

Risk assessment is the process of evaluating risks to humans and the environment from chemicals
or other contaminants and agents that can adversely affect health. For regulatory purposes, the
process used to inform risk managers consists of four steps (EFSA, 2012a). On the one hand,
information is gathered on the nature of toxic effects (hazard identification) and the possible dose–
response relationships between the pesticide and the toxic effects (hazard characterisation). On the
other hand, information is sought about the potential exposure of humans (consumers, applicators,
workers, bystanders and residents) and of the environment (exposure assessment). These two
elements are weighed in the risk characterisation to estimate that populations be potentially exposed
to quantities exceeding the reference dose values, that is, to estimate the extra risk of impaired health
in the exposed populations. Classically, this is used to inform risk managers for regulatory purposes.

a) Step 1. Hazard identification.
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Epidemiological studies and vigilance data are relevant for hazard identification as they can point to
potential link between pesticide exposure and health. In this context, epidemiological data can provide
invaluable information in ‘scanning the horizon’ for effects not picked up in experimental models.
Importantly, these studies also provide information about potentially enhanced risks for vulnerable
population subgroups, sensitive parts of the lifespan, and gender selective effects.

b) Step 2. Hazard characterisation (dose–response assessment). As previously discussed a classic
dose–response framework is not normally considered when using epidemiological data as the exposure
dose is rarely assigned. The challenge presented when high quality epidemiological studies are
available is to see whether these can best be integrated into the scheme as numerical input. A dose–
response framework is rarely considered when using epidemiological data for risk assessment of
pesticides. However, previous scientific opinions of the EFSA CONTAM Panel have used epidemiology as
basis for setting reference values, particularly in the case of cadmium, lead, arsenic and mercury,
which are the most well-known and data rich (EFSA, 2009a,b, 2010b, 2012b). Even when they may
not form the basis of a dose–response assessment, vigilance and epidemiological data may provide
supportive evidence to validate or invalidate a dose–response study carried out in laboratory animals.
Characterisation of the relationships between varying doses of a chemical and incidences of adverse
effects in exposed populations requires characterisation of exposure or dose, assessment of response
and selection of a dose–response model to fit the observed data in order to find a no-effect level. This
raises two questions: can a dose–response be derived from epidemiological data to identify a no-effect
level. If not, can epidemiological information otherwise contribute to the hazard characterisation?

Understanding dose–response relationships could also be relevant where adverse health outcomes
are demonstrated to be associated with uses with higher exposures than EU good plant protection
practice would give rise to, but where no association is observed from uses with lower exposures. It is
clear that in this context the statistical summary of an epidemiological study defining RR or OR is
potentially useful quantitative information to feed into the hazard characterisation process, when the
study design meets the necessary standards.

c) Step 3. Exposure assessment. Data concerning the assessment of exposure are often hard to
estimate in complex situations where a variety of uncontrolled ‘real-world’ factors confound the analysis.
As discussed previously, contemporary biological monitoring is rarely carried out in the general human
population for practical reasons including high cost, test availability and logistics. However, it is anticipated
that in the near future biomonitoring studies and data on quantitative exposure to pesticides will increase.

Step 4. Risk characterisation. In this final step, data on exposure are compared with health-based
reference values to estimate the extra risk of impaired health in the exposed populations. Human data
can indeed help verify the validity of estimations made based on extrapolation from the full
toxicological database regarding target organs, dose–response relationships and the reversibility of
toxic effects, and to provide reassurance on the extrapolation process without direct effects on the
definition of reference values (London et al., 2010).

Epidemiological data might also be considered in the context of uncertainty factors (UFs). An UF of 10
is generally used on animal data to account for interspecies variability of effects and this is combined with
a further factor of 10 to account for variation in susceptibility of different parts of the human population.
However, there are cases where only human data are considered (when this is more critical than animals
data) and a single factor of 10 for intraspecies variability will apply. It is noted that at this moment
Regulation (EC) No 1107/2009 Article 4(6) stipulates that: ‘In relation to human health, no data collected
on humans shall be used to lower the safety margins resulting from tests on animals’. The implication of
this is that for risk assessment epidemiological data may only be used to increase the level of precaution
used in the risk assessment, and not to decrease UFs even where relevant human data are available.

6.2. Assessment of the reliability of individual epidemiological studies

Factors to be considered in determining how epidemiology should be considered for a WoE assessment
are described below and have been extensively outlined by available risk of bias tools for observational
epidemiological studies.15 The following examples represent factors to look for not an exhaustive list:

• Study design and conduct. Was the study design appropriate to account for the expected
distributions of the exposure and outcome, and population at risk? Was the study conducted
primarily in a hypothesis generating or a hypothesis-testing mode?

15 Assessing Risk of Bias and Confounding in Observational Studies of Interventions or Exposures: Further Development of the
RTI Item Bank (https://www.ncbi.nlm.nih.gov/books/NBK154464/) and Cochrane handbook.
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• Population. Did the study sample the individuals of interest from a well-defined population? Did
the study have adequate statistical power and precision to detect meaningful differences for
outcomes between exposed and unexposed groups?

• Exposure assessment. Were the methods used for assessing exposure valid, reliable and
adequate? Was a wide range of exposures examined? Was exposure assessed at quantitative
level or in a categorical or dichotomous (e.g. ever vs never) manner? Was exposure assessed
prospectively or retrospectively?

• Outcome assessment. Were the methods used for assessing outcomes valid, reliable and
adequate? Was a standardised procedure used for collecting data on health outcomes? Were
health outcomes ascertained independently from exposure status to avoid information bias?

• Confounder control: were potential confounding factors appropriately identified and
considered? How were they controlled for? Were the methods used to document these factors
valid, reliable and adequate?

• Statistical analysis. Did the study estimate quantitatively the independent effect of an exposure
on a health outcome of interest? Were confounding factors appropriately controlled in the
analyses of the data?

• Is the reporting of the study adequate and following the principles of transparency and the
guidelines of the STROBE statement (or similar tools)?

Study evaluation should provide an indication on the nature of the potential limitations each specific
study may have and an assessment of overall confidence in the epidemiological database.

Furthermore, the nature and the specificity of the outcome with regards to other known risk factors
can influence the evaluation of human data for risk assessment purposes, particularly in case of
complex health endpoints such as chronic effects with long induction and latency periods.

Table 2 shows the main parameters to be evaluated in single epidemiological studies and the
associated weight (low, medium and high) for each parameter. Specific scientific considerations should
be applied on a case-by-case basis, but it would be unrealistic to implement these criteria in a rigid
and unambiguous manner.

Table 2: Study quality considerations for weighting epidemiological observational studies(a),(b)

Parameter High Moderate Low
Study design
and conduct

Prospective studies.
Prespecified hypothesis
(compound and outcome
specific)

Case–control studies.
Prospective studies not
adequately covering exposure
or outcome assessment

Cross-sectional, ecological
studies
Case–control studies not
adequately covering exposure
or outcome assessment

Population Random sampling. Sample size
large enough to warrant
sufficient power
Population characteristics well
defined (including vulnerable
subgroups)

Questionable study power, not
justified in detail

Non-representative sample of
the target population
Population characteristics not
sufficiently defined

No detailed information on how
the study population was
selected
Population characteristics poorly
defined

Exposure
assessment

Accurate and precise
quantitative exposure
assessment (human
biomonitoring or external
exposure) using validated
methods
Validated questionnaire and/or
interview for chemical-specific
exposure answered by subjects

Non-valid surrogate or
biomarker in a specified matrix
and external exposure

Questionnaire and/or interview
for chemical-specific exposure
answered by subjects or proxy
individuals

Poor surrogate
Low-quality questionnaire
and/or interview; information
collected for groups of
chemicals

No chemical-specific exposure
information collected;
ever/never use of pesticides in
general evaluated

Outcome
Assessment

Valid and reliable outcome
assessment. Standardised and
validated in study population
Medical record or diagnosis
confirmed

Standardised outcome, not
validated in population, or
screening tool; or, medical
record non-confirmed

Non-standardised and
non-validated health outcome
Inappropriate or self-reported
outcomes.
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If the above assessment is part of the evidence synthesis exercise, where epidemiological research
is being assessed and quantitatively summarised, it permits more accurate estimation of absolute risk
related to pesticide exposure and further quantitative risk assessment.

In the particular case of pesticide epidemiology data, three basic categories are proposed as a first tier
to organise human data with respect to risk of bias and reliability16: (a) low risk of bias and high reliability
(all or most of the above quality factors have been addressed with minor methodological limitations); (b)
medium risk of bias and medium reliability (many of the above quality factors have been addressed with
moderate methodological limitations); (c) high risk of bias and low reliability, because of serious
methodological limitations or flaws that reduce the validity of results or make them largely
uninterpretable for a potential causal association. The latter studies are considered unacceptable for risk
assessment mainly because of poor exposure assessment, misclassification of exposure and/or health
outcome, or lack of statistical adjustment for relevant confounders. Risk assessment should not be based
on results of epidemiological studies that do not meet well-defined data quality standards. Furthermore,
results of exploratory research will need to be confirmed in future research before they can be used for
risk assessment.

6.3. Assessment of strength of evidence of epidemiological studies

This section briefly discusses some important issues specifically related to combining and
summarising results from different epidemiological studies on the association between pesticides and
human health.

The approach for weighting epidemiological studies is mainly based on the modified Bradford Hill
criteria, which are a group of conditions that provide evidence bearing on a potentially causal
relationship between an incidence and a possible consequence (strength, consistency, specificity,
temporality, biological gradient, plausibility, coherence, experiment and analogy) (Table 3). Clearly, the

Parameter High Moderate Low
Confounder
control

Adequate control for important
confounders relevant to
scientific question, and
standard confounders
Careful consideration is given
to clearly indicated confounders

Confounders are partially
controlled for
Moderately control of
confounders and standard
variables
Not all variables relevant for
scientific question are
considered

No control of potential
confounders and effect
modifiers in the design and
analysis phases of the study

Statistical
Analysis

Appropriate to study design,
supported by adequate sample
size, maximising use of data,
reported well (not selective)
Statistical methods to control
for confounding are used and
adjusted and unadjusted
estimates are presented.
Subgroups and interaction
analysis are conducted

Acceptable methods, analytic
choices that lose information,
not reported clearly
Post hoc analysis conducted
but clearly indicated

Only descriptive statistics or
questionable bivariate analysis
is made
Comparisons not performed or
described clearly
Deficiencies in analysis (e.g.
multiple testing)

Reporting Key elements of the Material
and Methods, and results are
reported with sufficient detail
Numbers of individuals at each
stage of study is reported
A plausible mechanism for the
association under investigation
is provided

Some elements of the Material
and Methods or results are
not reported with sufficient
detail
Interpretation of results
moderately addressed

Deficiencies in reporting
(interpretation of effect
estimates, confounder control)
Selective reporting
Paucity of information on
relevant factors that may affect
the exposure–health
relationship. Misplaced focus of
the inferential objectives
Not justified conclusions

(a): Overall study quality ranking based on comprehensive assessment across the parameters.
(b): Adapted from US-EPA (2016), based in turn on Mu~noz-Quezada et al. (2013) and LaKind et al. (2014).

16 These categories are in accordance with those currently used by EFSA for the peer review of pesticide active substances:
acceptable, supplementary and unacceptable.
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more of these criteria that are met the stronger the basis for invoking the association as evidence for a
meaningful association. However, Bradford Hill was unwilling to define what causality was and never
saw the criteria as sufficient or even absolutely necessary but simply of importance to consider in a
common-sense evaluation.

For predictive causality, care must be taken to avoid the logical fallacy post hoc ergo propter hoc
that states ‘Since event Y followed event X, event Y must have been caused by event X’. H€ofler (2005)
quotes a more accurate ‘counterfactual’ definition as follows ‘but for E, D will not occur or would not
have occurred, but given E it will/would have occurred’. Yet, more detailed descriptions using symbolic
logic are also available (Maldonado and Greenland, 2002). Rothman and Greenland (2008) stated that
‘the only sine qua non for a counterfactual effect is the condition that the cause must precede the
effect. If the event proposed as a result or “effect” precedes its cause, there may be an association
between the events but certainly no causal relationship’.

6.3.1. Synthesis of epidemiological evidence

Systematic reviews and meta-analysis of observational studies can provide information that
strengthens the understanding of the potential hazards of pesticides, exposure–response
characterisation, exposure scenarios and methods for assessing exposure, and ultimately risk
characterisation (van den Brandt, 2002). Systematic reviews entail a detailed and comprehensive plan

Table 3: Considerations for WoE analysis based on the modified Bradford Hill criteria for evidence
integration

Category Considerations
Strength of
Association

The assessment of the strength of association (not only the magnitude of association but
also statistical significance) requires examination of underlying methods, comparison to the
WoE in the literature and consideration of other contextual factors including the other
criteria discussed herein

Consistency of
Association

Associations should be consistent across multiple independent studies, particularly those
conducted with different designs and in different populations under different
circumstances. This criterion also applies to findings consistent across all lines of evidence
(epidemiology, animal testing, in vitro systems, etc.) in light of modern data integration

Specificity The original criteria of evidence linking a specific outcome to an exposure can provide a
strong argument for causation has evolved and may have new and interesting implications
within the context of data integration. Data integration may elucidate some mechanistic
specificity among the varied outcomes associated with complex exposures. The lack of
specificity can help to narrow down specific agents associated with disease

Temporality Evidence of a temporal sequence between exposure to an agent and appearance of the
effect within an appropriate time frame constitutes one of the best arguments in favour of
causality. Thus, study designs that ensure a temporal progression between the two
measures are more persuasive in causal inference

Biological Gradient
(Dose–response)

Increased effects associated with greater exposures, or duration of exposures, strongly
suggest a causal relationship. However, its absence does not preclude a causal association

Biological Plausibility Data explained and supported by biologically plausible mechanisms based on experimental
evidence strengthen the likelihood that an association is causal. However, lack of
mechanistic data should not be taken as evidence against causality

Coherence The interpretation of evidence should make sense and not to conflict with what is known
about the biology of the outcome in question under the exposure-to-disease paradigm. If
it does, the species closest to humans should be considered to have more relevance to
humans

Experimental
Evidence

Results from randomised experiments provide stronger evidence for a causal association
than results based on other study designs. Alternatively, an association from a non-
experimental study may be considered as causal if a randomised prevention derived from
the association confirms the finding

Sequence of Key
events

Provide a clear description of each of the key events (i.e. measurable parameters from a
combination of in vitro, in vivo or human data sources) that underlie the established
MoA/AOP for a particular health outcome. A fully elucidated MoA/AOP is a not requirement
for using epidemiology studies in human health risk assessment

Adapted from H€ofler (2005), Fedak et al. (2015) and US-EPA (2016).
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and search strategy defined a priori aimed at reducing bias by identifying, appraising and synthesising
all relevant studies on a particular topic. The major steps of a systematic review are as follows:
formulation of the research question; definition of inclusion and exclusion criteria; search strategy for
studies across different databases; selection of studies according to predefined strategy; data
extraction and creation of evidence tables; assessment of methodological quality of the selected
studies; including the risk of bias; synthesis of data (a meta-analysis can be performed if studies
allow); and interpretation of results and drawing of conclusions (EFSA, 2010a). Evidence synthesis is,
however, challenging in the field of pesticide epidemiology as standardisation and harmonisation is
difficult. Nonetheless, evidence synthesis should play a pivotal role in assessing the robustness and
relevance of epidemiological studies.

Statistical tools have been developed that can help assess this evidence. When multiple studies on
nearly identical sets of exposures and outcomes are available, these can provide important scientific
evidence. Where exposure and outcomes are quantified and harmonised across studies, data from
individual epidemiological studies with similar designs can be combined to gain enough power to
obtain more precise risk estimates and to facilitate assessment of heterogeneity. Appropriate
systematic reviews and quantitative synthesis of the evidence needs to be performed regularly (e.g.
see World Cancer Research Fund approach to continuous update of meta-analysis for cancer risk
factor17). Studies should be evaluated according to previously published criteria for observational
research and carefully examine possible selection bias, measurement error, sampling error,
heterogeneity, study design, and reporting and presentation of results.

Meta-analysis is the term generally used to indicate the collection of statistical methods for
combining and contrasting the results reported by different studies (Greenland and O’Rourke, 2008).
Meta-analysis techniques could be used to examine the presence of diverse biases in the field such as
small study effects and excess significance bias. Meta-analyses, however, do not overcome the
underlying biases that may be associated with each study design (i.e. confounding, recall bias or other
sources of bias are not eliminated). The extent to which a systematic review or meta-analysis can
draw conclusions about the effects of a pesticide depends strongly on whether the data and results
from the included studies are valid, that is, on the quality of the studies considered. In particular,
consistent findings among original studies resulting from a consistent bias will produce a biased
conclusion in the systematic review. Likewise, a meta-analysis of invalid studies may produce a
misleading result, yielding a narrow confidence interval around the wrong effect estimate.

In addition to summarising the basic study characteristics of the literature reviewed, a typical meta-
analysis should include the following components: (a) the average effect size and effect size
distribution for each outcome of interest and an examination of the heterogeneity in the effect size
distributions; (b) subgroup analysis in which the variability present in the effect size distribution is
systematically analysed to identify study characteristics that are associated with larger or smaller effect
sizes; (c) publication bias analysis and other sensitivity analyses to assess the validity of conclusions
drawn (Wilson and Tanner-Smith, 2014).

In a meta-analysis, it is important to specify a model that adequately describes the effect size
distribution of the underlying population of studies. Meta-analysis using meaningful effect size
distributions will help to integrate quantitative risk into risk assessment models. The conventional
normal fixed- and random-effects models assume a normal effect size population distribution,
conditionally on parameters and covariates. Such models may be adequate for estimating the overall
effect size, but surely not for prediction if the effect size distribution exhibits a non-normal shape
(Karabatsos et al., 2015).

6.3.2. Meta-analysis as a tool to explore heterogeneity across studies

When evaluating the findings of different studies, many aspects should be carefully evaluated.
Researchers conducting meta-analyses may tend to limit the scope of their investigation to the
determination of the size of association averaged over the considered studies. The motivation often is
that aggregating the results yields greater statistical power and precision for the effect of interest.
Because individual estimates of effect vary by chance, some variation is expected. However, estimates
must be summarised only when meaningful. An important aspect that is often overlooked is
heterogeneity of the strength of associations across subgroups of individuals. Heterogeneity between

17 World Cancer Research Fund International. Continuous Update Project (CUP) http://www.wcrf.org/int/research-we-fund/
continuous-update-project-cup
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studies needs to be assessed and quantified when present (Higgins, 2008). In meta-analysis,
heterogeneity among results from different studies may indeed be as informative as homogeneity.
Exploring the reasons underlying any observed inconsistencies of findings is generally conducive of
great understanding.

Figure 1 shows three forest plots from a fictitious example in which each of three pesticides (A, B
and C) is evaluated in meta-analysis of two studies. It is assumed that both studies for each pesticide
are of the highest quality and scientific rigor. No biases are suspected.

The following text contains short comments on the interpretation of the results in Figure 1, one
pesticide at a time.

• Exposure to pesticide A seems to double the risk of the disease. The results are consistent
between the two studies and the confidence intervals do not contain the null value, one. These
results, however, do not imply that (a) the risk ratio would be about 2 in any other study that
was conducted on the same exposure and disease; or that (b) the risk ratio is two in any
group of individuals (e.g. males or females, young or old).

• Exposure to pesticide B seems to halve the risk of the disease. The results are consistent
between the two studies and the confidence intervals do not contain the null value, one. These
results, however, do not imply that (a) the risk ratio would be about a half in any other study
that was conducted on the same exposure and disease; or that (b) the risk ratio is about a
half in any group of individuals (e.g. males or females, young or old).

• Exposure to pesticide C seems to double the risk of the disease in one study and to halve the
risk in the other. The results are inconsistent between the two studies and the confidence
intervals do not contain the null value, one. These results, however, do not imply that (a) the
risk ratio would be about one in any other study that was conducted on the same exposure
and disease; or that (b) the risk ratio is about one in any group of individuals (e.g. males or
females, young or old).

What evidence can the results shown in Figure 1 provide?
The risk ratio reported by any study can be generalised to other populations only if all the relevant

factors have been controlled for (Bottai, 2014; Santacatterina and Bottai, 2015). In this context, relevant
factors are variables that are stochastically dependent with the health outcome of interest. For example,
cardiovascular diseases are more prevalent among older subjects than among younger individuals. Age is
therefore a relevant factor for cardiovascular diseases. The evidence provided by the results shown in
Figure 1 are potentially valid only if this step was taken in each of the studies considered. If that was the
case for the studies, then, there is evidence that exposure to pesticide A doubles the risk in the specific
group of individuals considered by each of the two studies. If the risk ratios are summary measures over
the respective study populations, then none of the findings should be generalised. However, if the risk
ratios for pesticide A were not adjusted for any factor, and the underlying populations were very different

0 1 2 3

Pesticide A

0 1 2 3

Pesticide B

0 1 2 3

Pesticide C

Figure 1: Forest plots from a fictitious example in which each of three pesticides (A, B and C) is
evaluated in a meta-analysis of two studies. The x-axis in each plot represents the
estimated risk ratio of the disease of interest comparing exposed and unexposed
individuals. The squares denote the estimated risk ratio in each study and the grey
diamonds the summarised risk ratio. The horizontal lines indicate 95% confidence intervals
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across the two studies, then there would still be evidence that there may be no relevant factors and
pesticide A doubles the risk in any subgroup of individuals. Pesticide B appears to halve the risk, and the
estimated confidence intervals are narrower for pesticide B than for pesticide A. Generalisability of the
findings, however, holds for pesticide B under the conditions stated above for pesticide A. As for pesticide
C, the forest plot provides evidence that exposure to this pesticide raises the risk of the disease in the
group of individuals in one of the studies and decreases it in the group considered in the other study.
Again, if the risk ratios are summary measures over the respective study populations, then none of the
findings should be generalised. Investigating the reasons behind the inconsistency between the two
studies on pesticide C can provide as much scientific insight as investigating the reasons behind the
similarity between the studies on pesticide A or pesticide B.

In general, the overall summary measures provided by forest plots, such as the silver diamonds in
each of the three panels of Figure 1, are of little scientific interest. When evaluating the findings of
different studies, many aspects should be carefully evaluated. An important aspect that is often
overlooked is heterogeneity of the strength of associations across subgroups of individuals. When
information about subgroup analysis is provided in the publications that describe a study, this should
be carefully evaluated. Sensitivity analyses should complement the results provided by different
studies. These should aim to evaluate heterogeneity and the possible impact of uncontrolled for
relevant factors along with information and sampling error. A synoptic diagram is displayed in Figure 2.

6.3.3. Usefulness of meta-analysis for hazard identification

Human data can be used for many stages of risk assessment. Single epidemiological studies, if
further studies on the same pesticide are not available, should not be used as a sole source for hazard
identification, unless they are high quality studies (according to criteria shown in Table 2). Evidence
synthesis techniques which bring together many studies, such as systematic reviews and meta-analysis
(where appropriate) should be utilised instead. Although many meta-analyses have been carried out
for the quantitative synthesis of data related to chronic diseases, their application for risk assessment
modelling is still limited.

Importantly, evidence synthesis will provide a methodological assessment and a risk of bias
assessment of the current evidence highlighting areas of uncertainties and identifying associations with
robust and credible evidence.

Figure 3 shows a simple methodology proposed for the application of epidemiological studies into
risk assessment. The first consideration is the need of combining different epidemiological studies

• Information error, such as measurement error, effect size magnification

Bias

• Which were considered and which were not considered
• How were they distributed in each study
• What population is the resulting inference on

Relevant Factors

• Standard errors, not p-values, of the estimates of the parameters of interest 

Sampling Error

• Range of the parameters of interest that are consistent with observed data

Sensitivity Analyses

Figure 2: Items to consider when evaluating and comparing multiple studies
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addressing the same outcome. This can be made following criteria proposed by EFSA guidance for
systematic reviews (EFSA, 2010a). Then, the risk of bias is assessed based on the factors described in
Section 6.2 for a WoE assessment, namely: study design and conduct, population, exposure
assessment, outcome assessment, confounder control, statistical analysis and reporting of results.
Those studies categorised as of low reliability will be considered unacceptable for risk assessment. The
remaining studies will be weighted and used for hazard identification.

If quantitative data are available, a meta-analysis can be conducted to create summary data and to
improve the statistical power and precision of risk estimates (OR, RR) by combining the results of all
individual studies available or meeting the selection criteria. As meta-analyses determine the size of
association averaged over the considered studies, they provide a stronger basis for hazard
identification. Moreover, under certain circumstances, there is the possibility to move towards risk
characterisation metrics because these measured differences in health outcomes (OR, RR) can be
converted to dose–response relationships (Nachman et al., 2011). Although quite unusual in practice,
this would allow for the identification of critical effects in humans and/or setting reference values
without the need of using animal extrapolation.

Since heterogeneity is common in meta-analyses, there is a need to assess which studies could be
combined quantitatively. Heterogeneity can be genuine, representing diverse effects in different
subgroups, or might represent the presence of bias. If heterogeneity is high (I2 greater than 50%),
individual studies should not be combined to obtain a summary measure because of the high risk of
aggregating bias from different sources. Sources of heterogeneity should be explored through
sensitivity analysis and/or meta-regression. Furthermore, the presence of diverse biases in the meta-
analysis should be examined, such as small study effects, publication bias and excess significance bias.
It is important to find models that adequately describe the effect size distribution of the underlying
studied populations.

6.3.4. Pooling data from similar epidemiological studies for potential dose–response
modelling

As in other fields of research, findings from a single epidemiological study merit verification through
replication. When the number of replications is abundant, it may be worthwhile to assess the entire set
of replicate epidemiological studies through a meta-analysis and ascertain whether, for key outcomes,
findings are consistent across studies. Such an approach will provide more robust conclusions about
the existence of cause-effect relationships.

Figure 3: Methodology for utilisation of epidemiological studies for risk assessment
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Once a hazard has been identified, the next step in risk assessment is to conduct a dose–response
assessment to estimate the risk of the adverse effect at different levels of exposure and/or the
concentration level below which no appreciable adverse health effect can be assumed for a given
population. However, this step requires fully quantitative (or at least semi-quantitative) exposure data
at an individual level. Summary estimates resulting from quantitative synthesis would be more
informative for risk assessment if they present an OR for a given change in the continuous variable of
exposure (or per a given percentile change in exposure) as this allows for relative comparisons across
studies and could be of help to derive health-based reference values. Only within such a framework
can data from human studies with similar designs be merged to gain enough power to model proper
dose–response curves (Greenland and Longnecker, 1992; Orsini et al., 2012).

Conversely, meta-analytical approaches may be of limited value if a combined OR is calculated
based on meta-analyses interpreting exposure as a ‘yes’ or a ‘no’ (ever vs never) because exposures
are not necessarily to active ingredients in the same proportion in all studies included. Even though in
these cases, meta-analyses may consistently find an increased risk associated with pesticide exposure,
for risk assessment the exposure needs to characterise the effect of specific pesticide classes or even
better individual pesticides as their potency may differ within the same class (Hern�andez et al., 2016).

This approach would allow points of departure to be identified (e.g. benchmark doses (BMD)) and
would be relevant for the integration of epidemiological studies into quantitative risk assessment.
Although BMD modelling is currently used for analysing dose–response data from experimental studies,
it is possible to apply the same approach to data from observational epidemiological studies (Budtz-
Jørgenson et al., 2004). The EFSA Scientific Committee confirmed that the BMD approach is a
scientifically more advanced method compared to the no observed-adverse-effect level (NOAEL)
approach for deriving a Reference Point, since it makes extended use of the dose–response data from
experimental and epidemiological studies to better characterise and quantify potential risks. This
approach, in principle, can be applicable to human data (EFSA Scientific Committee, 2017b), although
the corresponding guidelines are yet to be developed.

Dose–response data from observational epidemiological studies may differ from typical animal toxicity
data in several respects and these differences are relevant to BMD calculations. Exposure data often do
not fall into a small number of well-defined dosage groups. Unlike most experimental studies,
observational studies may not include a fully unexposed control group, because all individuals may be
exposed to some extent to a chemical contaminant. In this case, the BMD approach still applies since
fitting a dose–response curve does not necessarily require observations at zero exposure. However, the
response at zero exposure would then need to be estimated by low-dose extrapolation. Hence, the BMD
derived from epidemiological data can be strongly model-dependent (Budtz-Jørgensen et al., 2001).

Epidemiology data need to be of sufficient quality to allow the application of the BMD approach,
especially in terms of assigning an effect to a specific pesticide and its exposure. Clear rules and
guidance, and definition of model parameters need to be considered for such a BMD approach, which
might differ from BMD approaches from controlled experimental environments. Although the BMD
modelling approach has been applied to epidemiological data on heavy metals and alcohol
(Lachenmeier et al., 2011), currently, few individual studies on pesticides are suitable for use in dose–
response modelling, much less in combination with other studies. However, future studies should be
conducted and similarly reported so that they could be pooled together for a more robust assessment.

7. Integrating the diverse streams of evidence: human (epidemiology
and vigilance data) and experimental information

This section first considers in Section 7.1 the different nature of the main streams of evidence, i.e.
originating either from experimental studies or from epidemiological studies. The approach used is that
recommended by the EFSA Scientific Committee Guidance on WoE (EFSA Scientific Committee, 2017b),
which distinguishes three successive phases to assess and integrate these different streams of
information: reliability, relevance and consistency. The first step, consists in the assessment of the
reliability of individual studies be they epidemiological (addressed in Section 6) or experimental
(beyond the scope of this Scientific Opinion). Then, the relevance (strength of evidence) of one or
more studies found to be reliable is assessed using principles of epidemiology (addressed in Section 6)
and toxicology. Next, Section 7.2 considers how to bring together different streams of relevant
information from epidemiological and experimental studies, which is considered in a WoE approach, to
assess consistency and biological plausibility for humans.
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7.1. Sources and nature of the different streams of evidence
Comparison of experimental and epidemiological approaches

In the regulatory risk assessment of pesticides, the information on the toxic effects is based on the
results of a full set of experiments as required by Regulation (EC) 283/2013 and 284/2013, and
conducted according to OECD guidelines. They are carried out in vivo or in vitro, so there will always
be some high-quality experimental data available for pesticides as required to be provided by
applicants under Regulation (EC) 1107/2009. A number of categories are established for rating the
reliability of each stream of evidence according to the EFSA peer review of active substances:
acceptable, supplementary and unacceptable. The data quality and reliability of in vivo or in vitro
toxicity studies should be assessed using evaluation methods that better provide more structured
support for determining a study’s adequacy for hazard and risk assessments. Criteria have been
proposed for conducting and reporting experimental studies to enable their use in health risk
assessment for pesticides (Kaltenh€auser et al., 2017).

Animal (in vivo) studies on pesticide active substances conducted according to standardised test
guidelines and good laboratory practices (GLP, e.g. OECD test guidelines) are usually attributed higher
reliability than other research studies. Notwithstanding, since there is no evidence that studies
conducted under such framework have a lower risk of bias (Vandenberg et al., 2016), evidence from
all relevant studies, both GLP and non-GLP, should also be considered and weighted. Thus, data from
peer-reviewed scientific literature should be taken into account for regulatory risk assessment of
pesticide active substances, provide they are of sufficient quality after being assessed for
methodological reliability. Their contribution to the overall WoE is influenced by factors including test
organism, study design and statistical methods, as well as test item identification, documentation and
reporting of results (Kaltenh€auser et al., 2017).

The internal validity of in vitro toxicity studies should be evaluated as well to provide a better
support for determining a study’s adequacy for hazard and risk assessments. In silico modelling can be
used to derive structure–activity relationships (SAR) and to complement current toxicity tests for the
identification and characterisation of the mode or mechanisms of action of the active substance in
humans. These alternative toxicity testing (and non-testing) approaches could be helpful in the
absence of animal data, e.g. to screen for potential neurodevelopmental or endocrine disruption
effects of pesticides, and to increase confidence in animal testing. Considering the demand for
minimising the number of animal studies for regulatory purposes, non-animal testing information can
provide relevant stand-alone evidence that can be used in the WoE assessment.

A number of toxicological issues are amenable for systematic review, from the impact of chemicals
on human health to risks associated with a specific exposure, the toxicity of chemical mixtures, the
relevance of biomarkers of toxic response or the assessment of new toxicological test methods
(Hoffmann et al., 2017). For instance, in a previous Scientific Opinion EFSA used a systematic review
for the determination of toxicological mechanisms in the frame of AOP approach (Choi et al., 2016;
EFSA Scientific Committee, 2017c).

Besides toxicity data on the active substance, such data may also be required on metabolites or
residues if human exposure occur through the diet or drinking water. Results from these studies are
then considered in relation to expected human exposures estimated through food consumption and
other sources of exposure. The strength of this approach is that in vivo studies account for potential
toxic metabolites, though not always animal metabolic pathways parallels the ones of humans.

Experimental studies in laboratory animals are controlled studies where confounding is eliminated
by design, which is not always the case with epidemiological studies. Animals used in regulatory
studies are, however, typically inbred, genetically homogeneous and due to the controlled environment
they lack the full range of quantitative and qualitative chemical susceptibility profiles. Nevertheless,
animal surrogates of human diseases are being challenged by their scientific validity and translatability
to humans, and the lack of correlation often found between animal data and human outcomes can be
attributed to the substantial interspecies differences in disease pathways and disease-induced changes
in gene expression profiles (Esch et al., 2015). Thereby, many experimental models do not capture
complex multifactorial diseases making animal-to-human extrapolation subject to considerable
uncertainty. Current risk assessment is therefore by its nature predictive and may be insufficient
because it is chemical-specific and humans are exposed to a large number of chemicals from
environmental, dietary and occupational sources or because of different toxicokinetic differences. In
recognition of the uncertain nature of animal-to-human extrapolation, the regulatory risk assessment
advice does not just consider the relevant point(s) of departure (NOAEL, LOAEL or BMDL) that have
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been identified as safe but lowers these values using uncertainty factors (UFs) to propose safe
reference dose values, either for acute or chronic toxicity.

Given the limitations of studies in laboratory animals, epidemiological studies in the ‘real world’ are
needed, even if they have limitations of their own. Epidemiological studies incorporate the true (or
estimated) range of population exposures, which usually are intermittent and at inconsistent doses
instead of occurring at a consistent rate and dose magnitude (Nachman et al., 2011). Since
epidemiological studies are based on real-world exposures, they provide insight into actual human
exposures that can then be linked to diseases, avoiding the uncertainty associated with extrapolation
across species. Hence, it can be said that they address the requirements of Regulation 1107/2009
Article 4, which stipulates that the risk assessment should be based on good plant protection practice
and realistic use conditions. Thus, epidemiological studies assist problem formulation and hazard/risk
characterisation whilst avoiding the need for high dose extrapolation (US-EPA, 2010).

Epidemiological studies therefore provide the opportunity to (a) identify links with specific human
health outcomes that are difficult to detect in animal models; (b) affirmation of the human relevance
of effects identified in animal models; (c) ability to evaluate health effects for which animal models are
unavailable or limited (Raffaele et al., 2011). Epidemiological evidence will be considered over
experimental animal evidence only when sufficiently robust pesticide epidemiological studies are
available. However, in epidemiological studies, there are always a variety of factors that may affect the
health outcome and confound the results. For example, when epidemiological data suggest that
exposures to pesticide formulations are harmful they usually cannot identify what component may be
responsible due to the complexity of accurately assessing human exposures to pesticides. While some
co-formulants are not intrinsically toxic, they can be toxicologically relevant if they change the
toxicokinetics of the active substance. In addition, confounding by unmeasured factor(s) associated
with the exposure can never be fully excluded; however, a hypothetical confounder (yet unrecognised)
may not be an actual confounder and has to be strongly associated with disease and exposure in order
to have a meaningful effect on the risk (or effect size) estimate, which is not always the case.

Many diseases are known to be associated with multiple risk factors; however, a hazard-by-hazard
approach is usually considered for evaluating the consequences of individual pesticide hazards on
vulnerable systems (Figure 4A). Specifically, single-risk analysis allows a determination of the individual
risk arising from one particular hazard and process occurring under specific conditions, while it does
not provide an integrated assessment of multiple risks triggered by different environmental stressors
(either natural or anthropogenic) (Figure 4B). Risk assessment would benefit by developing procedures
for evaluating evidence for co-occurrence of multiple adverse outcomes (Nachman et al., 2011), which
is more in line with what happens in human setting. For these reasons, if appropriately conducted,
epidemiological studies can be highly relevant for the risk assessment process.
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In parallel with epidemiological data, vigilance data can provide an additional stream of evidence,
especially for acute toxicity. Cases are usually well-documented and information can be used at
different steps of the risk assessment; these include: level and duration of exposure, clinical course
and assessment of the causal relationship. In severe cases, the toxin and/or the metabolites are
usually measured in blood or urine which allows for comparison with animal data and in some cases
for setting toxicological values.

In summary, experimental studies or epidemiological studies and vigilance data represent two
different approaches to collect and assess evidence i.e. one emanating from controlled exposures
(usually to a single substance) using experimental study design and a relatively homogeneous
surrogate population, the other reflecting the changes observed in a heterogeneous target population
from mixed (and varying) exposure conditions using non-experimental study design (ECETOC, 2009).
Epidemiology and toxicology each bring important and different contributions to the identification of
human hazards. This makes both streams of evidence complementary, and their combination
represents a powerful approach. Animal studies should always inform the interpretation of
epidemiological studies and vice versa; hence, they should not be studied and interpreted
independently.

7.2. Principles for weighting of human observational and laboratory
animal experimental data

Following the identification of reliable human (epidemiological or vigilance) studies and the
assessment of the relevance of the pooled human studies, the separate lines of evidence that were
found to be relevant need to be integrated with other lines of evidence that were equally found to be
relevant.

The first consideration is thus how well the health outcome under consideration is covered by
toxicological and epidemiological studies. When both animal and human studies are considered to be
available for a given outcome/endpoint, this means that individual studies will first have been assessed
for reliability and strength of evidence (Sections 6.2 and 6.3, respectively, for epidemiological studies)

Figure 4: Role of epidemiological studies when compared to classical toxicological studies
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prior to the weighting of the various sources of evidence. Although the different sets of data can be
complementary and confirmatory, individually they may be insufficient and pose challenges for
characterising properly human health risks. Where good observational data are lacking, experimental
data have to be used. Conversely, when no experimental data is available, or the existing experimental
data were found not to be relevant to humans, the risk assessment may have to rely on the available
and adequate observational studies.

A framework is proposed for a systematic integration of data from multiple lines of evidence (in
particular, human and experimental studies) for risk assessment (Figure 5). Such integration is based
on a WoE analysis accounting for relevance, consistency and biological plausibility using modified
Bradford Hill criteria (Table 3). For a comparative interpretation of human and animal data, this
framework should rely on the following principles (adapted from ECETOC, 2009; Lavelle et al., 2012):

• Although the totality of evidence should be assessed, only the studies that are found to be
reliable (those categorised as acceptable or supplementary evidence) are considered further. If
the data from the human or the experimental studies is considered to be of low reliability
(categorised as unacceptable), no risk assessment can be conducted.

• A WoE approach should be followed where several lines of evidence are found to be relevant.
For pesticide active substances, experimental studies following OECD test guidelines are
deemed high reliability unless there is evidence to the contrary. The strength of evidence from
animal studies can be upgraded if there is high confidence in alternative pesticide toxicity
testing or non-testing methods (e.g. in vitro and in silico studies, respectively). As for
epidemiological evidence, the conduct of meta-analysis provides a more precise estimate of the
magnitude of the effect than individual studies and also allows for examining variability across
studies (see Section 6.3).

• Next, the studies that are found to be more relevant for the stage being assessed are to be
given more weight, regardless of whether the data comes from human or animal studies.
Where human data are of highest relevance, and supported by a mechanistic scientific
foundation, they should take precedence for each stage of the risk assessment. When human
and experimental data are of equal or similar relevance, it is important to assess their
concordance (consistency across the lines of evidence) in order to determine whether and
which data set may be given precedence.

– In case of concordance between human and experimental data, the risk assessment should
use all the data as both yield similar results in either hazard identification (e.g. both
indicate the same hazard) or hazard characterisation (e.g. both suggest similar safe dose
levels). Thus, both can reinforce each other and similar mechanisms may be assumed in
both cases.

– In case of non-concordance, the framework needs to account for this uncertainty. For
hazard identification, the data suggesting the presence of a hazard should generally take
precedence. For dose–response, the data resulting in the lower acceptable level should
take precedence. In every situation of discordance, the reasons for this difference should
be considered. If the reason is related to the underlying biological mechanisms, or
toxicokinetic differences between humans and animal models, then confidence in the risk
assessment will increase. Conversely, if the reason cannot be understood or explained,
then the risk assessment may be less certain. In such cases, efforts should be made to
develop a better understanding of the biological basis for the contradiction.
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Epidemiological studies provide complementary data to analyse risk and should be contextualised in
conjunction with well-designed toxicological in vivo studies and mechanistic studies. The overall
strength of the evidence achieved from integrating multiple lines of evidence will be at least as high as
the highest evidence obtained for any single line. This integrated approach provides explicit guidance
on how to weight and integrate toxicological and epidemiological evidence. This is a complex task that
becomes even more difficult when epidemiological data deal with multifactorial, multihit, chronic
diseases for which toxicological models, or disease-specific animal models, are limited.

7.3. Weighting all the different sources of evidence

The WHO/IPCS defines the WoE approach as a process in which all of the evidence considered
relevant for risk assessment is evaluated and weighted (WHO/IPCS, 2009). The WoE approach, taking
the risk assessment of chemical substances as an example, requires the evaluation of distinct lines of
evidence (in vivo, in vitro, in silico, population studies, modelled and measured exposure data, etc.).
The challenge is to weight these types of evidence in a systematic, consistent and transparent way
(SCENIHR, 2012). The weighting may be formally quantitative or rely on categorisation according to
criterion referencing of risk.

An EFSA Working Group was established to provide transparent criteria for the use of the WoE
approach for the evaluation of scientific data by EFSA’s Panels and Scientific Committee (EFSA, 2015b).
The aim of this Working Group was to provide support to stakeholders on how individual studies
should be selected and weighted, how the findings integrated to reach the final conclusions and to
identify uncertainties regarding the conclusions.

The WoE approach is not consistently considered in the risk assessment of pesticides in the peer
review process of DAR or RAR. Expert judgement alone, without a structured WoE approach, has been
more commonly used. A few examples can be found, such as the peer review of glyphosate (EFSA,
2015c), where the rapporteur Member State (RMS) considered all the data either from industry or

Figure 5: Methodology for the integration of human and animal data for risk assessment
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from public literature, including epidemiological data, and took a specific WoE approach with
established ad hoc criteria and considering all data available for proposing an ‘overall’ NOAEL for each
endpoint of toxicity explored.

The US-EPA has recently applied specific criteria for the WoE approach to the peer review of the
pesticide chlorpyrifos by following the ‘Framework for incorporating human epidemiologic & incident
data in health risk assessment’. In this specific case, a WoE analysis has been conducted to integrate
quantitative and qualitative findings across many lines of evidence including experimental toxicology
studies, epidemiological studies and physiologically based pharmacokinetic and pharmacodynamic
(PBPK-PD) modelling. Chlorpyrifos was also used as an example for the EFSA Guidance on literature
search under Regulation (EC) No 1107/2009. In addition, an EFSA conclusion (EFSA, 2014a) took into
consideration the US-EPA review (2011) to revise its first conclusion produced in 2011.

In sum, a broader WoE approach can be applied to evaluate the available scientific data using
modified Bradford Hill criteria as an organisational tool to increase the likelihood of an underlying
causal relationship (Table 3). Although epidemiology increasingly contributes to establishing causation,
an important step to this end is the establishment of biological plausibility (US-EPA, 2010; Adami et al.,
2011; Buonsante et al., 2014).

7.4. Biological mechanisms underlying the outcomes

A biological mechanism describes the major steps leading to a health effect following interaction of
a pesticide with its biological targets. The mechanism of toxicity is described as the major steps
leading to an adverse health effect. An understanding of all steps leading to an effect is not necessary,
but identification of the key events following chemical interaction is required to describe a mechanism
(of toxicity in the case of an adverse health effect). While many epidemiological studies have shown
associations between pesticide exposures and chronic diseases, complementary experimental research
is needed to provide mechanistic support and biological plausibility to the human epidemiological
observations. Experimental exposures should be relevant to the human population provided that the
biologic mechanisms in laboratory animals occur in humans.

Establishing biological plausibility as part of the interpretation of epidemiological studies is relevant
and should take advantage of modern technologies and approaches (Section 7.6). In this context, the
AOP framework can be used as a tool for systematically organising and integrating complex information
from different sources to investigate the biological mechanisms underlying toxic outcomes and to inform
the causal nature of links observed in both experimental and observational studies (Section 7.5).

The use of data to inform specific underlying biological mechanisms or pathways of the potential toxic
action of pesticides is limited since only selected pesticide chemicals have been investigated for biological
function in relation to a specific health outcome. It may be possible to formulate a mode of action (MoA)
hypothesis, particularly where there is concordance between results of comparable animal studies or
when different chemicals show the same pattern of toxicity. It is essential to identify the toxicant and the
target organ as well as the dose–response curve of the considered effect and its temporal relationship. If
the different key events leading to toxicity and a MoA hypothesis can be identified, it is sometimes
possible to evaluate the plausibility of these events to humans (ECETOC, 2009).

Sulfoxaflor is an example where MoA has been extensively studied and has been also widely used
as an example during the ECHA/EFSA MOA/HRF workshop held in November 2014. Sulfoxaflor induced
hepatic carcinogenicity in both rats and mice. Studies to determine the MoA for these liver tumours
were performed in an integrated and prospective manner as part of the standard battery of toxicology
studies such that the MoA data were available prior to, or by the time of, the completion of the
carcinogenicity studies. The MoA data evaluated in a WoE approach indicated that the identified rodent
liver tumour MoA for sulfoxaflor would not occur in humans. For this reason, sulfoxaflor is considered
not to be a potential human liver carcinogen.

Furthermore, sometimes MoA data may indicate a lack of possible effects. If there are biological data
that indicate an adverse effect is not likely to occur in humans, this should inform the interpretation of
epidemiological studies. Nevertheless, while primary target site selectivity between pests and humans
plays an important role in pesticides safety, secondary targets in mammals must also be considered.

In the case of exposure to multiple pesticides, the decision to combine risks can be taken if the
pesticides share a common mechanism of toxicity (act on the same molecular target at the same target
tissue, act by the same biochemical mechanism of action, and share a common toxic intermediate)
which may cause the same critical effect or just based on the observation that they share the same
target organ (EFSA 2013a,b). However, cumulative risk assessment is beyond the scope of this Opinion.
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7.5. Adverse Outcome Pathways (AOPs)

The AOP methodology provides a framework to collect and evaluate relevant chemical, biological
and toxicological information in such a way that is useful for risk assessment (OECD, 2013). An AOP
may be defined as the sequence of key events following the interaction of a chemical with a biological
target (molecular initiating event (MIE)) to the in vivo adverse outcome relevant to human health. All
these key events are necessary elements of the MoA and should be empirically observable or
constitute biologically based markers for such an event. An AOP is therefore a linear pathway from one
MIE to one adverse outcome at a level of biological organisation relevant to risk assessment. The goal
of an AOP is to provide a flexible framework to describe the cascade of key events that lead from a
MIE to an adverse outcome in a causal linkage (EFSA PPR Panel, 2017). The ‘key events’ must be
experimentally measurable and the final adverse effect is usually associated with an in vivo OECD Test
Guideline. However, in some cases the adverse outcome may be at a level of biological organisation
below that of the apical endpoint described in a test guideline (OECD, 2013).

A particular MIE may lead to several final adverse effects and, conversely, several MIEs may
converge in the same final adverse effect. However, each AOP will have only one MIE and one final
adverse effect, but may involve an unlimited number of intermediate steps (Vinken, 2013). It should
be noted that key events at different levels of biological organisation provide a greater WoE than
multiple events at the same level of organisation (OECD, 2013).

The essential biochemical steps involved in a toxic response are identified and retrieved from an in-
depth survey of relevant scientific literature or from experimental studies. Any type of information can
be incorporated into an AOP, including structural data, ‘omics-based’ data and in vitro, in vivo or in
silico data. However, in vivo data are preferred over in vitro data and endpoints of interest are
preferred to surrogate endpoints (Vinken, 2013). The AOPs identified must not be incompatible with
normal biological processes, since they need to be biologically plausible.

Qualitative AOPs (intended as an AOP including the assembly and evaluation of the supporting WoE
following the OECD guidance for AOP development) should be the starting and standard approach in
the process of integration of epidemiology studies into risk assessment by supporting (or identifying
the lack of support for) the biological plausibility of the link between exposure to pesticides affecting
the pathway and the adverse outcome. Accordingly, qualitative AOPs may be developed solely for the
purpose of hazard identification, to support biological plausibility of epidemiological studies based on
mechanistic knowledge (EFSA PPR Panel, 2017).

The AOP framework is a flexible and transparent tool for the review, organisation and interpretation
of complex information gathered from different sources. This approach has the additional advantage of
qualitatively characterising the uncertainty associated with any inference of causality and identifying
whether additional mechanistic studies or epidemiological research would be more effective in reducing
uncertainty. The AOP framework is therefore a useful tool for risk assessment to explore whether an
adverse outcome is biologically plausible or not. For the purpose of analysing the biological plausibility,
AOPs can serve as an important tool, particularly when the regulatory animal toxicological studies are
negative but the evaluation of the apical endpoint (or relevant biomarkers) observed in epidemiological
studies is considered inadequate based on the AOP. By means of mechanistically describing apical
endpoints, the AOP contributes to the hazard identification and characterisation steps in risk
assessment. As the AOP framework is chemically agnostic, if complemented by the MoA and/or
Integrated Approach on Testing and Assessment (IATA) framework, it will support the chemical specific
risk assessment (EFSA PPR Panel, 2017).

AOP and MoA data can be used to assess the findings of epidemiological studies to weight their
conclusions. Whether those findings are inconsistent with deep understanding of biological
mechanisms, or simply empirical, they should be given less weight than other findings that are
consistent with AOP or MoA frameworks once established. However, there are relatively few examples
of well-documented AOPs and a full AOP/MoA framework is not a requirement for using
epidemiological studies in risk assessment.

AOPs are thus a critical element to facilitate moving towards a mechanistic-based risk assessment
instead of the current testing paradigm relying heavily on apical effects observed in animal studies.
Shifting the risk assessment paradigm towards mechanistic understanding would reduce limitations of
the animal data in predicting human health effects for a single pesticide, and also support the
current efforts being made on cumulative risk assessment of pesticide exposure (EFSA PPR Panel,
2017).
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7.6. Novel tools for identifying biological pathways and mechanisms
underlying toxicity

The elucidation of toxicity pathways brings the opportunity of identifying novel biomarkers of early
biological perturbations in the toxicodynamic progression towards overt disease, particularly from
advances in biomonitoring, in -omics technologies and systems biology (toxicology). The revolution of
omics in epidemiology holds the promise of novel biomarkers of early effect and offers an opportunity
to investigate mechanisms, biochemical pathways and causality of associations.

The growing recognition of the value of biomonitoring data in epidemiological investigations may
help to reduce misclassification by providing objective measures of exposure and outcome. As long as
biomarker data for exposure, outcome and susceptibility are increasingly generated, epidemiology will
have a greater impact in the understanding of toxicodynamic progression as a function of pesticide
exposure and eventually in risk assessment. A challenge for risk assessors will be to acknowledge
where subtle and early changes along the toxicodynamic pathway are indicative of increased potential
for downstream effects (Nachman et al., 2011). Omics data can be used for gaining insight to the MoA
by identifying pathways affected by pesticides and as such can assist hazard identification, the first
step in risk assessment.

Transcriptomic, metabolomic, epigenomic and proteomic profiles of biological samples provide a
detailed picture, sometimes at individual molecule resolution, of the evolving state of cells under the
influence of environmental chemicals, thus revealing early mechanistic links with potential health
effects. Nowadays, the challenges and benefits that advances in -omics techniques can bring to
regulatory toxicology are still being explored (Marx-Stoelting et al., 2015). Clear rules for assessing the
specificity of these biomarkers are necessary.

Those -omic applications most relevant and advanced in the context of toxicology are analysis of
MoA and the derivations of AOP, and biomarker identification, all of which potentially assist
epidemiology too. For example, (a) transcriptomics: comparing gene expression (mRNA) profiles can
be used for biomarker discovery, grouping expressed genes into functional groups (Gene Ontology
categories) or for Gene Set Analysis. Such techniques may provide varying information regarding
biological mechanisms. (b) Proteomics: studying the protein profile of samples, with sophisticated
analysis of protein quantity and post-translational modifications which may be associated with changes
in biological pathways following exposure and possible disease development, utilising informatics and
protein databases for identification and quantification. (c) Metabolomics uses nuclear magnetic
resonance spectroscopy or mass-spectrometry based techniques to produce data which are analysed
via software, and databases, to identify markers (molecular signatures and pathways) that correlate
with exposure or disease. (d) The use of the exposome (the totality of exposures received by an
individual during life) might be better defined by using -omics technologies and biomarkers appropriate
for human biomonitoring. Nevertheless, important limitations stemming from the lack of validation of
these methodologies and their cost limit their use at large scale.

The application of -omics technologies to environmental health research requires special
consideration to study design, validation, replications, temporal variance and meta-data analysis
(Vlaanderen et al., 2010). For larger studies, intra-individual variability in the molecular profiles
measured in biological samples should show less variability than the interindividual variation in profiles
of gene expression, protein levels or metabolites, which are highly variable over time. It is important
that these inter-individual variations should not be larger than variation related to exposure changes,
but it is not certain if this will be true.

The biologically meaningful omics signatures identified by performing omics-exposure and omics-
health association studies provide useful data for advanced risk assessment. This approach supports
moving away from apical toxicity endpoints towards earlier key events in the toxicity pathway resulting
from chemical-induced perturbation of molecular/cellular responses (NRC, 2007).

7.7. New data opportunities in epidemiology

The current technological landscape permits the digitisation and storage of unprecedented amount
of data from many sources, including smart phones, text messages, credit card purchases, online
activity, electronic medical records, global positioning system (GPS) and supermarket purchasing data.
While some of these data sources may provide valuable information for risk assessment, many of them
contain personal information that can outpace legal frameworks and arise questions about the ethics
of its use for scientific or regulatory purposes. A specific example is constituted by data containing
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personal information related to health, which are considered sensitive or especially protected, such as
electronic medical records, information from occupational or environmental questionnaires, geographic
location, health or social security number, etc. These various forms of health information are being
easily created, stored and accessed. Big data provide researchers with the ability to match or link
records across a number of data sources. Linking of big data sources of health and heritable
information offers great promise for understanding disease predictors (Salerno et al., 2017); however,
there are challenges in using current methods to process, analyse and interpret the data systematically
and efficiently or to find relevant signals in potential oceans of noise, as noted by the Board on
Environmental Studies and Toxicology of the National Academies of Sciences, Engineering, and
Medicine in its 2017 report.18

In addition, medico-administrative data, such as drug reimbursements drawn from National Health
Insurance or hospital discharge databases, can be cross-linked with data on agricultural activities
drawn from agricultural census or geographical mapping. It is acknowledged that in several instances
this information can be obtained at group level only, and an important challenge will be to obtain data
at individual level and/or on individual habits.

Biobanks also constitute new data sources from healthy or diseased populations. They consist of an
organised collection of human biological specimens and associated information stored for diverse
research purposes. These biosamples are available for application of novel technologies with potential
for generating data valuable for exposure assessment or exposure reconstruction. If studies’ design
and conduct are harmonised, data and samples can be shared between biobanks to promote powerful
pooled analyses and replications studies (Burton et al., 2010).

Large scale epidemiological studies with deep phenotyping provide also unprecedented opportunities
to link well phenotyped study participants with the aforementioned data. For example, UK Biobank, has
recruited over 500,000 individuals with questionnaire, medical history and physical measurements data
as well as stored blood and urine samples with available genome wide association data for all 500,000
participants, and linkage to Hospital Episode Statistics, national registry data and primary care records.
To gain information on air pollution and noise levels, the postcode of participants has been linked to air
pollution or noise estimates. In addition, piloting of personal exposure monitoring will take place in order
to collect individual level data on these exposures. These approaches could be extended to gain
information on pesticide exposure, either through geographical linkage, linkage with purchasing and
occupational registries, and personal exposure monitoring. Similar biobanks exist in many other EU
countries (http://www.bbmri-eric.eu/BBMRI-ERIC has collected most EU studies).

8. Overall recommendations

8.1. Recommendations for single epidemiological studies:

The following recommendations for improving epidemiological studies are aimed to conform to the
‘recognised standards’ mentioned in Regulation (EU) No 1107/2009 to make them of particular value
to risk assessment of pesticides (‘where available, and supported with data on levels and duration of
exposure, and conducted in accordance with recognised standards, epidemiological studies are of
particular value and must be submitted’). Accordingly, these recommendations can indeed not be
considered as a practical guidance for researchers on how to conduct such studies, but for those who
are planning to conduct a study for further use in pesticide risk assessment.

a) Study design (including confounding)

1) Since prospective epidemiological designs provide stronger evidence for causal
inference, these studies are encouraged over the other designs for pesticide risk
assessment.

2) Future epidemiological studies should be conducted using the appropriate sample size in
order to properly answer the question under investigation. A power analysis should thus
be performed at the study design stage.

3) Future studies should take into consideration heterogeneity, subpopulations, exposure
windows and susceptibility periods and conditions (pregnancy, development, diseases,
etc.).

18 National Academies of Sciences, Engineering, and Medicine; Division on Earth and Life Studies; Board on Environmental
Studies and Toxicology; Committee on Incorporating 21st Century Science into Risk-Based Evaluations. Washington (DC):
National Academies Press (US); 2017 Jan.
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4) A wide range of potential confounding variables (including co-exposure to other
chemicals, lifestyle, socioeconomic factors, etc.) should be measured or accounted for
during the design stage (e.g. matching) of the study.

5) Consideration of host factors that may influence toxicity and act as effect modifiers.
These will include genetic polymorphisms data (e.g. paraoxonase-1 genotype) or
nutritional factors (e.g. iodine status) among others.

6) Collaboration between researchers is encouraged to build-up consortia that enhance the
effectiveness of individual cohorts.

Collection and appropriately storage of relevant biological material should be undertaken for future
exposure assessment, including the use of novel technologies.

b) Exposure (measurement, data transformation for reporting and statistical analysis):

1) Collection of specific information on exposure should avoid as far as possible broad
definitions of exposure, non-specific pesticide descriptions and broad exposures
classifications such as ‘never’ vs. ‘ever’ categories. Nevertheless, these categories may
be valuable under certain circumstances, e.g. to anticipate a class effect.

2) Studies which only look at broad classes of pesticides (generic groups of unrelated
substances), or ‘insecticides’, ‘herbicides’, etc. or even just ‘pesticides’ in general are of
much less use (if any) for risk assessment. Studies that investigate specific named
pesticides and co-formulants are more useful for risk assessment.

3) Pesticides belonging to the same chemical class or eliciting the same mode of toxic
action or toxicological effects might be grouped in the same category. Further
refinement with information on frequency, duration and intensity of exposure might help
in estimating exposure patterns.

4) In occupational epidemiology studies, operator and worker behaviour and proper use of
PPE should be adequately reported as these exposure modifiers may significantly change
exposures and thereby potential associations.

5) Improving the accuracy of exposure measurement is increasingly important, particularly
for cohort studies. Long-term cohort studies which cover the etiologically relevant time
period should improve the accuracy of measures of exposures by use of repeated
biologic measures or repeated updates of self-reported exposures.

6) Indirect measures of environmental exposure for wider populations, including records on
pesticide use, registry data, GIS, geographical mapping, etc., as well as data derived
from large databases (including administrative databases) may be valuable for
exploratory studies. If these data are not available, records/registries should be initiated.
Likewise, estimation of dietary exposure to pesticide from food consumption databases
and levels of pesticide residues from monitoring programmes can be used as well. As
with direct exposure assessment, each method of indirect measurement should be
reviewed for risk of bias and misclassification and weighted appropriately.

7) Whenever possible, exposure assessment should use direct measurements of exposure
to named pesticides in order to establish different levels of exposure (e.g. personal
exposure metering/biological monitoring), possibly in conjunction with other methods of
exposure assessment which are more practicable or even necessary for large studies
and historical exposures. New studies should explore novel ways of personal exposure
monitoring. Results should be expressed using standardised units to normalise exposure
across populations

8) The characterisation of exposure assessment over time can benefit by undertaken a more
comprehensive exposure monitoring strategy coupled with information on exposure
determinants over a longer time period collected from questionnaires or job-exposure
matrices supported by biomonitoring data. Exposure assessment models can be
comprehensively supported by HBM studies, which would allow identification of the critical
exposure parameters. If such case, adjustments can then be made to the parameter
assumptions within the models, leading to more realistic evaluations of exposure.

9) The use of the exposome concept and metabolomics in particular hold great promise for
next-generation epidemiological studies both for better exposure measurement
(biomarkers of exposure), for identification of vulnerable subpopulations and for
biological interpretation of toxicity pathways (biomarkers of disease).
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10) Improved knowledge on exposure (and toxicity) to pesticide mixtures will be beneficial
for comprehensive risk assessment. Consideration of the joint action of combined
exposures to multiple pesticides acting on common targets, or eliciting similar adverse
effects, is relevant for cumulative risk assessment. This requires all the components of
the mixture to be known as well as an understanding of the MoA, dose–response
characteristics and potential interactions between components. Characterisation of the
exposure is a key element for combined exposure to multiple pesticides where the
pattern and magnitude of exposure changes over time.

c) Adverse Outcomes (measurement, data transformation for reporting and statistical analysis):

1) Self-reported health outcomes should be avoided or confirmed by independent, blinded
assessment of disease status by a medical expert assigned to the study.

2) Outcomes under study should be well defined and surrogate endpoints should be avoided
unless they have been validated. Care must be taken when definitions of diseases and
subclasses of diseases change over time (cancer, neurodegenerative disorders, etc.).

3) Use should be made of biological markers of early biological effect to improve the
understanding of the pathogenesis of diseases. These quantitative biological parameters
from mechanistic toxicology will enhance the usefulness of epidemiology because they
improve the study sensitivity, reduce misclassification and enhance human relevance as
compared to findings from studies in experimental animals. Since these refined
endpoints are early events in the toxicodynamic pathway and often measured on a
continuous scale, they might be preferable to more overt and traditional outcomes.

4) The use of biomarkers of effect may be helpful in assessing aggregate exposure to
pesticides and informing cumulative risk assessment.

5) Developing read across methods allowing health outcomes to be identified using
epidemiological studies and to link acute and chronic incidents records with experimental
findings.

d) Statistical (descriptive statistics, modelling of exposure–effect relationship):

1) Statistical analysis should be based on a priori defined analytical (statistical) protocols, to
avoid post hoc analyses for exploratory studies and report all the results, regardless of
whether they are statistically significant or not.

2) Data should be reported in such a way that permit, where appropriate, mathematical
modelling to estimate individual/population exposures and dose–response assessment
irrespective of whether direct or indirect measures are used.

3) Reports should include both unadjusted and adjusted proportions and rates of outcome
of interest across studies that are based on underlying populations with different
structure of relevant factors and exposures.

4) Possible relevant factors, and their role in the exposure–health outcome relationship,
should be carefully identified, accurately measured and thoroughly assessed. Most often,
relevant factors have been screened as potential confounders. When confounding effects
were detected, these needed to be adjusted for using appropriate statistical methods
that include sensitivity analysis.

5) Potentially useful analytical approaches, such as propensity score matching, mediation
analyses, and causal inference are encouraged to be applied in pesticide epidemiology.

6) When the association between a given pesticide exposure and a disease is found to
be statistically significant, particularly in (presumed) low powered studies, it would be
general good practice to perform a power analysis/design calculation to determine the
degree to which the statistically significant effect size estimate (e.g. OR or RR) may be
artificially inflated or magnified.19

19 Additional information on power and sample size recommendations and related issues including effect size magnification and
design calculations are provided in Annex D to this report. Specifically, a power calculation requires 3 values to be clearly
reported by epidemiological studies: (i) the number of subjects in the non-exposed group (including individuals with and
without the disease of interest); (ii) the number of subjects in the exposed group (also including individuals with and without
the disease of interest); (iii) the number of diseased subjects in the non-exposed group.
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e) Reporting of results:

1) These should follow practices of good reporting of epidemiological research outlined in the
STROBE statement and in the EFSA guideline on statistical reporting (EFSA, 2014b) and
include the further suggestions identified in this Opinion including effect size inflation
estimates.

2) Although some epidemiological research will remain exploratory and post hoc in nature,
this should be acknowledged and supported by appropriate statistical analysis.

3) Epidemiological studies are encouraged to provide access to raw data for further
investigations and to deposit their full results and scripts or software packages used for
analyses.

4) Report, or deposit using online sources, all results along with scripts and statistical tools
used to allow the reproducibility of results to be tested.

5) Report all sources of funding and adequately report financial and other potential
conflicts of interest.

As a general recommendation, the PPR Panel encourages development of guidance for
epidemiological research in order to increase its value, transparency and accountability for risk
assessment.20 An increased quality of epidemiological studies, together with responsible research
conduct and scientific integrity, will benefit the incorporation of these studies into risk assessment.

8.2. Surveillance

1) Increase the reporting of acute and chronic incidents by setting up post-marketing
surveillance programmes (occupational and general population) as required by article 7 of
EU directive 2009/128; this should be fulfilled by developing surveillance networks with
occupational health physicians and by boosting the collaboration between national
authorities dealing with PPP and poison control information centres.

2) Develop a valid method for assessing the weight/strength of the causal relationship
(‘imputability’) for acute and chronic incidents, and develop glossaries and a thesaurus to
support harmonised reporting between EU member states.

3) Harmonised data from member states should be gathered at the EU level and examined
periodically by the Commission/EFSA and a report should be released focussing on the most
relevant findings.

4) Develop an EU-wide vigilance framework for pesticides.
5) There is scope for training improvements regarding pesticide toxidromes in toxicology courses for

medical and paramedical staff responsible for diagnostic decisions, data entry and management.

8.3. Meta-analysis of multiple epidemiological studies

1) Evidence from epidemiological studies might be pooled by taking into account a thorough
evaluation of the methods and biases of individual studies, an assessment of the degree of
heterogeneity among studies, development of explanations underlying any heterogeneity
and a quantitative summary of the evidence (provided that it is consistent).

2) For every evidence synthesis effort, studies should be reviewed using relevant risk of bias
tools. Studies with different designs, or with different design features, may require (some)
different questions for risk of bias assessments.

3) Evidence syntheses should not be restricted to specific time frames; they should include the
totality of evidence. These efforts are more relevant if focused on specific health outcome or
disease categories.

4) In evidence synthesis efforts, beyond the quantitative synthesis of the effect sizes, there
should be consideration on the calculated predictive intervals, small study effects and
asymmetry bias, conflicts of interest, confounding, excess significance bias,21 and
heterogeneity estimates.

20 An example is the guideline developed by the Dutch Society for Epidemiology on responsible epidemiologic Research Practice
(2017).

21 Excess significance bias refers to the situation in which there are too many studies with statistically significant results in the
published literature on a particular outcome. This pattern suggests strong biases in the literature, with publication bias,
selective outcome reporting, selective analyses reporting, or fabricated data being possible explanations (Ioannidis and
Trikalinos, 2007).
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5) In the presence of heterogeneity, studies with highly selected populations, albeit
unrepresentative of their respective populations, may prove valuable and deserve
consideration as they may represent genuine and not statistical heterogeneity.

6) A more consistent reporting such as for age, race and gender across studies would enhance
the meta-analyses.

7) Where quantitative data of individual pesticides are available from epidemiological studies,
they can be combined or pooled for dose–response modelling, which could enable
development of quantitative risk estimates and points of departure (BMDL, NOAEL).

8) International consortium of cohort studies should be encouraged to support data pooling to
study disease–exposure associations that individual cohorts do not have sufficient statistical
power to study (e.g. AGRICOH).

8.4. Integration of epidemiological evidence with other sources of
information

1) All lines of evidence (epidemiology, animal, in vitro data) should be equally scrutinised for
biases.

2) Validated and harmonised methods should be developed to combine observational studies,
animal/basic science studies and other sources of evidence for risk assessment.

3) Experimental and human data should both contribute to hazard identification and to dose–
response assessment.

4) A systematic integration of data from multiple lines of evidence should be based on a WoE
analysis accounting for relevance, consistency and biological plausibility using modified
Bradford Hill criteria. The principles underlying this framework are described in Section 7.2
and summarised in Figure 5.

5) Epidemiological findings should be integrated with other sources of information (data from
experimental toxicology, mechanism of action/AOP) by using a WoE approach. An integrated
and harmonised approach should be developed by bringing together animal, mechanistic
and human data in an overall WoE framework in a systematic and consistent manner.

6) The AOP framework offers a structured platform for the integration of various kinds of
research results.

7) Animal, in vitro data and human data should be assessed as a whole for each endpoint. A
conclusion can be drawn as to whether the results from the experiments are confirmed by
human data for each endpoint and this could be included in the RARs.

9. Conclusions

This Scientific Opinion is intended to help the peer review process during the renewal of pesticides
authorisation (and, where possible, during the approval process) under Regulation 1107/2009 which
requires a search of the scientific peer-reviewed open literature, including existing epidemiological
studies. These are more suitable for the renewal process of active substances, also in compliance with
Regulation 1141/2010, which indicates that the dossiers submitted for renewal should include new
data relevant to the active substance.

The four key elements of the terms of reference are repeated below and the parts of the text
addressing the individual terms are identified in order. As they follow from the text passages grouped
with each of the ToRs the recommendations relevant to each of the ToRs are also indicated as follows.

‘The PPR Panel will discuss the associations between pesticide exposure and human health effects
observed in the External scientific report (Ntzani et al., 2013) and how these findings could be
interpreted in a regulatory pesticide risk assessment context. Hence, the PPR Panel will systematically
assess the epidemiological studies collected in the report by addressing major data gaps and
limitations of the studies and provide recommendations thereof’.

‘The PPR Panel will specifically’:

1) Collect and review all sources of gaps and limitations, based on (but not necessarily limited to)
those identified in the External Scientific report in regard to the quality and relevance of the
available epidemiological studies. Responses in Section 3 pp. 20–24, Section 5.2 pp. 33–35:
no Recommendations appropriate.

2) Based on the gaps and limitations identified in point 1, propose potential refinements for
future epidemiological studies to increase the quality, relevance and reliability of the findings
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and how they may impact pesticide risk assessment. This may include study design,
exposure assessment, data quality and access, diagnostic classification of health outcomes,
and statistical analysis. Responses in Section 4 pp 24–33: recommendations in Sections 8.1,
8.2 and 8.3 pp. 54–58.

3) Identify areas in which information and/or criteria are insufficient or lacking and propose
recommendations for how to conduct pesticide epidemiological studies in order to improve
and optimise the application in risk assessment. These recommendations should include
harmonisation of exposure assessment (including use of biomonitoring data), vulnerable
population sub-groups and/or health outcomes of interest (at biochemical, functional,
morphological and clinical level) based on the gaps and limitations identified in point 1.
Responses in Sections 4.2–4.5 pp. 27–33, Section 5.3 pp. 36: recommendations in
Section 8.1 c) 1–4, pp. 56.

4) Discuss how to make appropriate use of epidemiological findings in risk assessment of
pesticides during the peer review process of draft assessment reports, e.g. WoE as well as
integrating the epidemiological information with data from experimental toxicology, AOPs,
mechanism of actions, etc. Responses in Sections 6.2 and 6.3 pp. 37–45 and 7 pp. 45–54:
Responses in Section 8.4 pp. 58.

As explained above, appropriate epidemiological data and post-approval surveillance may usefully
contribute to the risk assessment framework by hazard identification, and – with methodological
improvements – hazard characterisation. It can be improved by contributions from WoE analysis,
Uncertainty analysis, and identification and estimation of biases. It is the responsibility of applicants to
collect the available relevant literature, to consider its relevance and quality using relevant EFSA
criteria including those for systematic review and to introduce discussion of the outcomes within the
DAR, RAR and post-approval frameworks that are prescribed under EU law.

The definition of appropriate quality will require analysis of sample size, statistical procedures,
estimates of effect size inflation, assessment of biases and their contribution to the conclusions drawn.

The nature of the studies will require consideration at all relevant points in the risk assessment
process so that for example epidemiological data on reproductive topics will be considered alongside
laboratory animal studies designed to reveal reproductive effects and in the context of
recommendation for labelling for reproductive toxicity (for ECHA).

Unless there is history of use in countries outside the EU, the relevant epidemiological studies will
be restricted in their effect on the DAR but the RAR and Surveillance framework is potentially able to
benefit from epidemiology progressively as time after first approval passes and from prior use of Active
Ingredients in other jurisdictions. It is recommended that RAR and surveillance protocols should reflect
this difference.

The specific recommendations listed above follow from detailed arguments based on an analysis of
present and foreseen strengths weaknesses opportunities and threats related to the use of
epidemiological data in risk assessment. Broadly these are as follows:

Strengths. Include:

• The fact that the evidence concerns human specific risks.
• That health outcomes are integrated measures of the effects of all exposure to toxins.
• The ability to elicit subjective experience from potentially affected people.

Weaknesses. Include:

• The exposures to pesticides are usually complex; contribution of a specific active ingredient is
not easily deciphered.

• The exposures occur in various settings where precisely controlled conditions are lacking.
• Most data reflect the responses of mixed populations.
• Many data show low level associations that are inconsistently repeatable and require

sophisticated analysis.

Opportunities. Despite the range of limitations described in this Opinion, which apply to many
available published epidemiological studies, there are opportunities to benefit risk assessment of
pesticides. These include:

• The access to very large numbers of potentially exposed individuals for studies that may reveal
subtle health effects and reveal the experience of sensitive sub-groups.
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• The prospect of improving exposure estimation using biomonitoring and new molecular
approaches to establish tissue burdens of potential toxins and their residues.

• The possibility of fully integrating human data into the conventional risk assessment based on
responses in laboratory animals.

• Utilising WoE, AOP, Expert judgement, Expert Knowledge Elicitation (EKE) and Uncertainty
Analysis to evaluate differences in the quality of potentially relevant data.

• The opportunity to engage professional epidemiologists and statisticians to refine interpretation
of epidemiological findings and to recommend improved designs to tackle difficult areas such
as chronic and combined exposure risks and dose–response data.

• A major information technology opportunity exists in pooling data from a variety of national
sources. Once the relevant legal, methodological and ethical issues are overcome much more
valuable data can be collected. When this data is made available, in a form that can be used in
a ‘big data’ setting for societal benefit there will be potential for significant improvements in
epidemiological studies. First, however, it will be necessary to preserve individual privacy and
essential commercial confidentiality. Once these obstacles are overcome the statistical power of
epidemiological studies can be improved and applied to identify and possibly characterise
hazards better. These aims can be realised effectively by agreed actions at a high EU level.
Interstate approval for providing data and interactive platforms will need to be backed by
harmonisation of population health information, food consumption data, active substance and
co-formulant spatial and temporal application data. Such rich data can be expected to assist in
increasing consistency, a criterion that strengthens evidence of causality and reliability. It
promises larger sample sizes for epidemiological studies that will be better able to identify
vulnerable groups that may require special protection from pesticide toxicity.

Threats. Include:

• Widespread perception of risk levels to the human population or to wildlife and the
environment that are unrealistic and that cause negative consequences in societies.

• Poor experimental design yielding false positive or false negative conclusions that undermine
data from other valid sources.

• Failure to respond to emerging risks as a result of ineffective surveillance or unwillingness to
make appropriate anonymised data available for societal benefit.

• Waste of data through failure to collect appropriate information regarding exposure
(specifically occupational exposure) by registries (cancer or congenital anomalies) or
surveillance programmes which hinders linking health outcomes to exposure.

• Waste of data through failure to harmonise diagnostic criteria, failure to record data in a
sufficiently detailed combinable form for integrated analysis, poor training of medical and
paramedical staff in relevant toxidromes that will allow optimum quality of data entered into
Health Statistics Databases.
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Glossary and Abbreviations

ADI Acceptable daily intake. A measure of the amount of a pesticide in food or
drinking water that can be ingested (orally) on a daily basis over a lifetime
without an appreciable health risk.

ADME Abbreviation used in pharmacology (and toxicology) for absorption, distribution,
metabolism, and excretion of a chemical o pharmaceutical compound and
describes its disposition within an organism.

AOP Adverse Outcome Pathway. A structured representation of biological events
leading to adverse effects relevant to risk assessment.

ARfD Acute Reference Dose. An estimate of the amount a pesticide in food or drinking
water (normally expressed on a body weight basis) that can be ingested in a
period of 24 hours or less without appreciable health risks to the consumer on
the basis of all known facts at the time of the evaluation.

Biomarker Also known as ‘biological marker’. A characteristic that is objectively measured
and evaluated as an indication of normal biologic processes, pathogenic
processes or pharmacologic responses to a therapeutic intervention
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BMD Benchmark Dose. A threshold dose or concentration that produces a
predetermined change in response rate of an adverse effect (the benchmark
response or BMR) compared to background. The lower 95% confidence limit is
calculated (BMDL) to be further used as a point of departure to derive health-
based reference values.

HBM Human biomonitoring. The measurement of a chemical and/or its metabolites in
human biological fluids or tissues. Also referred as to the internal dose of a
chemical resulting from integrated exposures from all exposure routes.

Human data They include observational studies (also called epidemiological studies) where the
researcher is observing natural relationships between factors and health
outcomes without acting upon study participants. Vigilance data also fall under
this concept. In contrast, interventional studies (also called experimental studies
or randomised clinical trials), where the researcher intercedes as part of the study
design, are outside the scope of this opinion.

IARC International Agency for Research on Cancer. An agency of the World Health
Organization whose role is to conduct and coordinate research into the causes
and occurrence of cancer worldwide.

LOAEL Lowest-observed-adverse-effect level. The lowest concentration or amount of a
chemical stressor evaluated in a toxicity test that shows harmful effects (e.g. an
adverse alteration of morphology, biochemistry, function, or lifespan of a target
organism).

NOAEL No observed-adverse-effect level. Highest dose at which there was not an
observed toxic or adverse effect.

OR Odds ratio. A measure of association between an exposure and an outcome. The
OR represents the odds that an outcome will occur given a particular exposure,
compared to the odds of the outcome occurring in the absence of that exposure.

PBTK-TD Physiologically based toxicokinetic/toxicodynamic modelling is a mathematical
modelling approach aimed at integrating a priori knowledge of physiological
processes with other known/observed information to mimic the fates and effects
of compounds in the bodies of humans, preclinical species and/or other
organisms.

PPP Plant Protection Product. The term ‘pesticide’ is often used interchangeably with
‘plant protection product’, however, pesticide is a broader term that also covers
non plant/crop uses, for example biocides.

RR Relative risk. Ratio of the probability of an event (e.g. developing a disease)
occurring in an exposed group to the probability of the event occurring in a
comparison, non-exposed group.

RMS Rapporteur member state. The member state of the European Union initially in
charge of assessing and evaluating a dossier on a pesticide active substance
toxicological assessment.

Sensitivity The ability of a test to correctly classify an individual as 0diseased0. Probability of
being test positive when disease present.

Specificity The ability of a test to correctly classify an individual as disease-free. Probability
of being test negative when disease absent.

Surrogate endpoint A biomarker intended to substitute for a clinical endpoint

AHS Agricultural Health Study
ASHTIII Alerting and Reporting System for Chemical Health Threats, Phase III
BEES-C Biomonitoring, Environmental Epidemiology, and Short-Lived Chemicals
DAR draft assessment report
DDE dichlorodiphenyldichloroethylene
DDT dichlorodiphenyltrichloroethane
EMA European Medicines Agency
EPA US Environmental Protection Agency
EQUATOR Enhancing the QUAlity and Transparency Of health Research
EU-OSHA European Agency for Safety and Health at Work
EWAS Exposome-wide association studies
GIS Geographical information systems
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GLP good laboratory practice
GPS global positioning system
HWE healthy worker effect
IATA Integrated Approach on Testing and Assessment
ICD International Classification of Diseases
IHR International Health Regulations
INSERM French National Institute of Health and Medical Research
LOQ limit of quantification
MGUS monoclonal gammopathy of undetermined significance
MIE molecular initiating event
MoA mode of action
NHL non-Hodgkin’s lymphoma
NIOSH National Institute for Occupational Safety and Health
NOS Newcastle-Ottawa scale
OECD Organisation for Economic Co-operation and Development
OPP Office of Pesticide Programs
PCC Poison Control Centre
PPE personal protective equipment
RAR Renewal Assessment Report
RASFF rapid alert system covering food and feed
RTI Research Triangle Institute
SAR structure–activity relationship
STREGA STROBE Extension to Genetic Association studies
STROBE STrengthening the Reporting of OBservational studies in Epidemiology
ToR Term of Reference
UF uncertainty factor
WHO World Health Organization
WoE Weight-of-Evidence
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Annex A – Pesticide epidemiological studies reviewed in the EFSA External
Scientific Report and other reviews

The extensive evidence gathered by the EFSA External Scientific Report (Ntzani et al., 2013)
highlights that there is a considerable amount of information available on pesticide exposure and
health outcomes from epidemiological studies. Nonetheless, the quality of this evidence is usually low
and many biases are likely to affect the results to an extent that firm conclusions cannot be made. In
particular, exposure epidemiology has long suffered from poor measurement and definition and in
particular for pesticides this has always been exceptionally difficult to assess and define.

A.1. The EFSA External scientific report

A.1.1. Methodological quality assessment

The External Scientific Report consists of a comprehensive systematic review of all the
epidemiological studies published between 1 January 2006 and 30 September 2012, investigating the
association between pesticide exposure and the occurrence of any human health-related outcomes.

The methodological assessment of eligible studies (to evaluate risk of bias associated with each
study) was focused on: study design, study population, level of details in exposure definition and the
methods of exposure measurement and the specificity of the measurement. Efforts undertaken to
account for confounders through matching or multivariable models, blinded exposure assessment and
well-defined and valid outcome assessment were considered.

The elements of the methodological appraisal were considered from the Research Triangle Institute
(RTI; Research Triangle Park, NC, USA) item bank, a practical and validated tool for evaluating the risk
of bias and precision of observational studies. Those elements are described below (Table A.1).

Quantitative synthesis of the results was attempted when there were 5 or more eligible studies per
examined outcome and when there was no substantial heterogeneity among the published evidence.
Publication bias was assessed using funnel plots which allowed to visually inspect asymmetry when
more than 10 studies were included in the meta-analysis.

Toxicological data was not reviewed or discussed in the External Scientific Report.

A.1.2. Inclusion/exclusion criteria

All types of pesticides, including those banned in the EU, were considered to enhance the totality of
the epidemiological evidence available at the time of the review.

Table A.1: Elements from the Research Triangle Institute (RTI; Research Triangle Park, NC, USA)
item bank for methodological appraisal of epidemiological studies
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Exclusion criteria:

• Studies without control populations (case reports, case series) and ecological studies
• Pesticide poisoning or accidental high dose exposure
• Studies with no quantitative information on effect estimates
• Studies with different follow-up periods and examining the same outcome, only the one with

the longest follow-up was retained to avoid data duplication.
• Studies referred to the adverse effects of substances used as therapy for various medical

conditions (e.g. warfarin-based anticoagulants)
• Studies on solvents and other non-active ingredients (e.g. co-formulants) in pesticides
• Studies examining the association between exposure and biomarkers of exposure were not

considered eligible as they do not examine health outcomes
• Studies/analyses investigating exposure to pesticides: arsenic, hexachlorocyclohexane (HCH) a

or b, lead, dioxins and dioxin-like compounds including polychlorinated biphenyls (PCBs) were
not considered

• Narrative reviews were excluded but not systematic reviews or meta-analyses.

Publications reporting series of acute poisonings or clinical cases, biomonitoring studies unrelated to
health effects, or studies conducted on animals or human cell systems were not included; only
epidemiological studies addressing human health effects were selected. Publications that lacked
quantitative data for measuring associations were also excluded.

Cohort studies, case–control studies and cross-sectional studies were included. Each study
underwent an assessment of its eligibility based on a method including 12 criteria such as study
design, precise description of the inclusion/exclusion criteria, level of detail in describing exposure,
robustness in the measurement of exposure, adjustment for potential confounding factors, method of
assessment of the health outcome, sample size, etc. Among these 12 criteria, three were related to
the degree of precision in the description/measurement of exposure, which may explain why a large
number of epidemiological studies were not selected.

A.1.3. Results

Overall, 602 individual publications were included in the scientific review. These 602 publications
corresponded to 6,479 different analyses. The overwhelming majority of evidence comes from
retrospective or cross-sectional studies (38% and 32%, respectively) and only 30% of studies had a
prospective design. Exposure assessment varied widely between studies and overall 46% measured
biomarkers of pesticides exposure and another 46% used questionnaires to estimate exposure to
pesticides. Almost half of the studies (49%) were based in America. Most studies examined
associations between occupational exposure to pesticides and health effects. The entire spectrum of
diseases associated with pesticides has not been studies before. The report examined a wide variety of
outcomes (Figure A.1). The largest proportion of studies pertains to cancer outcomes (N = 164) and
outcomes related to child health (N = 84).
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Despite the large volume of available data and the large number (> 6,000) of analyses available,
firm conclusions were not made for the majority of the outcomes studied. This was due to several
limitations of the data collected as well as to inherent limitations of the review itself. As mentioned
above, the review studied the whole range of outcomes examined in relation to pesticides during an
approximately 5 years’ period. Thus, only recent evidence was reviewed and the results of the meta-
analyses performed should be cautiously interpreted as they do not include all the available evidence.
It is therefore capable of highlighting outcomes which merit further in-depth analysis in relation to
pesticides by looking at the entire literature (beyond 5 years) and by focusing on appraising the
credibility of evidence selected. The limitations of the studies itself are in line with other field of
environmental epidemiology and focus around the exposure assessment, the study design, the
statistical analysis and reporting. In particular:

a) Exposure assessment: The assessment of exposure is perhaps the most important
methodological limitation of the studies reviewed in the ESR. Studies used different methods for exposure
assessment and assignment. Most studies were based on self-reported exposure to pesticides, defined as
‘ever versus never’ use or as ‘regular versus non-regular’ use. Such methods suffer from high
misclassification rates and do not allow for dose–response analysis. This is especially the case for
retrospective studies where misclassification would be differential with higher exposures reported in
participants with disease (recall bias) (Raphael, 1987). While questionnaires might be capable of
differentiating subjects with very high and very low exposure levels, they are not capable of valid exposure
classification across an exposure gradient, thus not allowing the study of dose–response relationships.
Also, questionnaire for exposure assessment need to be validated for use in epidemiological studies.
Nonetheless, a vast proportion of studies use in house version of non-validated questionnaires which may
suffer from content (the questionnaire does not cover all sources of exposure to the hazard of interest) or
criterion validity (e.g. through inaccurate recall or misunderstanding of questions) (Coggon, 1995).

Although the range of categories of pesticide studied is wide, studies very often concentrate on a
broadly defined pesticide category, so that it is difficult to know what type of pesticide the population
is exposed to.

Figure A.1: Major outcome categories and corresponding percentage of studies examining those
outcomes among the publications reviewed by the EFSA external scientific report (Ntzani
et al., 2013)
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Exposure to pesticides was defined as reported use of pesticides by the study participant or by
government registry data. These derive from self-administered questionnaires, interviewer administrated
questionnaires, job exposure matrices (JEM), by residential status (proximity to pesticide exposure), by
detecting biomarkers associated with pesticide exposure or by other means as defined by each study.

Studies often examine pesticides that have already been banned in western populations and the
EU. The use of biomarkers as means of exposure assessment is infrequent, but still available in almost
half of the studies.

b) Study design: As mentioned above, the majority of evidence comes form case–control studies
and cross-sectional studies. Cross-sectional, and in part also case–control studies, cannot fully assess
the temporal relationships and thus are less able to provide support regarding the causality of
associations.

c) Outcomes examined: The definition of clinical outcomes displayed large variability in eligible
epidemiological studies, which can further cause the variability in results. Perhaps most important in
this setting is the use of a great number of surrogate outcomes examined. Surrogate outcomes are
biomarkers or physical measures that are generally accepted as substitutes for, or predictors of,
specific clinical outcomes. However, often these surrogate outcomes are not validated and do not meet
the strict definitions of surrogate outcomes. Such outcomes can be defined as possible predictors of
clinical outcomes but do not fulfil the criteria for a surrogate outcome. It is essential to appraise the
evidence around non-validated surrogate outcomes by taking into account the implicit assumptions of
these outcomes.

A great variety of assessed outcomes covering a wide range of pathophysiologies was observed.
‘Hard’ clinical outcomes as well as many surrogate outcomes included in the database reflect the
different methodologies endorsed to approach the assessed clinical research questions. The different
outcomes were divided into 23 major disease categories, with the largest proportion of studies
addressing cancer and child health outcomes.

The adverse health effects assessed included:

a) major clinical outcomes, such as cancer, respiratory (allergy), reproductive (decreased fertility,
birth defects) and neurodegenerative (Parkinson’s disease);

b) clinical surrogate outcomes, e.g. neurodevelopmental impairment (assessed by neurocognitive
scales);

c) laboratory surrogate outcomes (e.g. liver enzyme changes).

For many adverse health effects attributed to pesticide exposure, there exist contradictory or
ambiguous studies. Whether this results from lack of consistency or real heterogeneity warrants
further clarification.

d) Statistical analysis:
Simultaneous exposure to multiple agents (heavy metals, solvents, suspended particulate matter

etc.) from different sources is common. It may introduce further bias in the results as all of them may
produce adverse health outcomes. Thus, it is essential to account for confounding from exposure to
multiple agents in order to delineate true associations but this has not been possible in the
overwhelming majority of evidence assessed in the EFSA external scientific report.

In addition, the evidence collected and appraised in the EFSA external scientific report (Ntzani et al.,
2013) is likely to suffer from selective reporting and multiple testing. The studies reported a very wide
range of analyses; 602 publications resulted in 6,000 analyses. The amount of multiple hypothesis testing is
enormous. These analyses need to be adjusted for multiple hypothesis testing else, otherwise the results
suffer from high false positive rate. Even when studies present only one analysis, selective reporting is
always a possibility as has been shown in other epidemiological fields as well. In addition, when interpreting
results one should also take into account that, especially for certain outcomes (e.g. cancers), the majority
of evidence comes from single study populations and the Agricultural Health Study in particular.

A.1.4. Conclusion of the EFSA External Scientific Report

Regardless of the limitations highlighted above, the External Scientific Report (Ntzani et al., 2013)
showed consistent evidence of a link between exposure to pesticides and Parkinson’s disease and
childhood leukaemia, which was also supported by previous meta-analyses. In addition, an increased
risk was also found for diverse health outcomes less well studied to date, such as liver cancer, breast
cancer and type II diabetes. Effects on other outcomes, such as endocrine disorders, asthma and
allergies, diabetes and obesity showed increased risks and should be explored further.
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Childhood leukaemia and Parkinson’s disease are the two outcomes for which a meta-analysis after
2006 was found consistently showing an increased risk associated with pesticide exposure.
Nonetheless, the exposure needs to be better studied to disentangle the effect of specific pesticide
classes or even individual pesticides. Significant summary estimates have also been reported for other
outcomes (summarised in Table A.2). However, as they represent studies from 2006 onwards results
should be regarded as suggestive of associations only and limitations especially regarding the
heterogeneity of exposure should always been taken into consideration. Data synthesis and statistical
tools should be applied to these data in relation to specific outcomes, after the update of the results to
include publications before 2006, in order to quantify the amount of bias that could exist and isolate
outcomes where the association with pesticides is well supported even when estimates of bias are
taken into account. Similarly, outcomes where further evidence is needed to draw firm conclusions
need to be highlighted.

Table A.2: Summary of meta-analyses performed in the report

Health outcome
N

studies
Meta-analysis

results
I2

Leukaemia 6 1.26 (0.93; 1.71) 59.4%

Hodgkin lymphoma 7 1.29 (0.81–2.06) 81.6%
Childhood leukaemia (exposure to pesticides during pregnancy) 6 1.67 (1.25–2.23) 81.2%

Childhood leukaemia (exposure to insecticides during pregnancy) 5 1.55 (1.14–2.11) 65%
Childhood leukaemia (exposure to insecticides during pregnancy –
update Turner, 2010)

9 1.69 (1.35–2.11) 49.8%

Childhood leukaemia (exposure to unspecified pesticides during
pregnancy)

5 2.00 (1.73–2.30) 39.6%

Childhood leukaemia (exposure to unspecified pesticides during
pregnancy – update Turner, 2010)

11 1.30 (1.06–1.26) 26.5%

Childhood leukaemia (exposure to pesticides during childhood) 7 1.27 (0.96–1.69) 61.1%
Childhood leukaemia (exposure to insecticides during childhood –
update Turner, 2010)

8 1.51 (1.28–1.78) 0%

Childhood leukaemia (exposure to unspecified pesticides during
childhood – update Turner, 2010)

11 1.36 (1.19–1.55) 0%

Breast cancer (DDE exposure) 5 1.13 (0.81–1.57) 0%

Breast cancer 11 1.24 (1.08–1.43) 0%
Testicular cancer (DDE exposure) 5 1.40 (0.82–2.39) 59.5%

Stomach cancer 6 1.79 (1.30–2.47) 0%
Liver cancer 5 2.50 (1.57–3.98) 25.4%

Cryptorchidism 8 1.19 (0.96–1.49) 23.9%
Cryptorchidism (DDT exposure) 4 1.47 (0.98–2.20) 51%

Hypospadias (general pesticide exposure) 6 1.01 (0.74–1.39) 71.5%
Hypospadias (exposure to specific pesticides) 9 1.00 (0.84–1.18) 65.9%

Abortion 6 1.52 (1.09–2.13) 63.1%
Parkinson’s disease 26 1.49 (1.28–1.73) 54.6%

Parkinson’s disease (DDT exposure) 5 1.01 (0.78–1.30) 0%
Parkinson’s disease (paraquat exposure) 9 1.32 (1.09–1.60) 34.1%

Amyotrophic lateral sclerosis 6 1.58 (1.31–1.90) 10%
Asthma (DDT exposure) 5 1.29 (1.14–1.45) 0%

Asthma (paraquat exposure) 6 1.40 (0.95–2.06) 53.3%
Asthma (chlorpyrifos exposure) 5 1.03 (0.82–1.28) 0%

Type 1 diabetes (DDE exposure) 8 1.89 (1.25–2.86) 49%
Type 1 diabetes (DDT exposure) 6 1.76 (1.20–2.59) 76.3%

Type 2 diabetes (DDE exposure) 4 1.29 (1.13–1.48) 0%

N = number of studies considered for the meta-analysis; in the column of meta-analysis results, the numbers represent the
statistical estimate for the size of effect (odds ratio (OR), or relative risk (RR)) with the corresponding 95% confidence interval
(CI). I2 represents the percentage of total variation across studies that is due to heterogeneity.
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A.2. The INSERM report

In September 2013, the French National Institute of Health and Medical Research (INSERM)
released a literature review carried out with a group of experts on the human health effects of
exposure to pesticides.22 Epidemiological or experimental data published in the scientific literature up
to June 2012 were analysed. The report was accompanied by a summary outlining the literature
analysis and highlighting the main findings and policy lines, as well as the recommendations.

The INSERM report is composed of four parts: (1) exposure assessment, with a detailed description
of direct and indirect methods to assess exposure in epidemiological studies; (2) epidemiology, with an
inventory and analysis of epidemiological studies available in the literature up to 2012, and a scoring
system to assess the strength of presumed association; (3) toxicology, with a review of toxicological
data (metabolism, mode of action and molecular pathway) of some substances and assessment of
biological plausibility; (4) recommendations.

The vast majority of substances identified by the INSERM report as having a presumed moderate or
strong association with the occurrence of health effects are chemicals that are now prohibited. This is
mainly driven by the fact that the majority of the diseases examined are diseases of the elderly;
therefore, the studies performed to date are based on persons who were old at the time of the study
and exposed many years ago. By definition, it is not yet possible to investigate the potential long term
effects of many of the more recent products.

These substances belong to the group of organochlorine insecticides, such as DDT or toxaphene, or
insecticides with cholinesterase-inhibiting properties, such as terbufos or propoxur.

Of the seven approved active substances identified by the INSERM expert appraisal report (the
herbicides 2,4-D, MCPA, mecoprop, glyphosate, the insecticide chlorpyrifos, and the foliar fungicides
mancozeb and maneb), all had a presumed moderate or weak association with haematopoietic
cancers. Two of them (the foliar fungicides mancozeb and maneb) had a presumed weak association
with Parkinson’s disease and two (chlorpyrifos and glyphosate) had a presumed association with
developmental impairment identified as weak or moderate in the expert appraisal.

A.2.1. Description of methods to assess exposure in epidemiological
studies

Different methods (direct and indirect) have been developed to assess exposure, such as biological
or environmental monitoring data, ad hoc questionnaires, job- or crop-exposure matrices, analysis of
professional calendars, sales data, land use data, etc. According to the authors, these various tools can
be combined with each other but, to date none has been validated as a reference method for
estimating exposure in the context of occupational pesticide exposure assessment.

A.2.2. Epidemiology

The group of experts from INSERM carried out an inventory and analysis of epidemiological studies
available in the literature, examining the possible association between pesticide exposure and health
outcomes: eight cancer sites (non-Hodgkin lymphoma, leukaemia, lymphoma, multiple myeloma,
prostate, testis, brain, melanoma), three neurodegenerative diseases (Parkinson’s disease, Alzheimer’s
disease, amyotrophic lateral sclerosis), cognitive or depressive disorders, effects on reproductive
function (fertility, pregnancy and child development) and childhood cancers. These are health
outcomes that have been identified in previous studies as potentially related to pesticide exposure.

Epidemiological studies addressing primarily farmers, pesticide applicators and workers of the
pesticide manufacturing industries, as well as the general population when it was relevant, were
selected.

The INSERM group of experts established a hierarchy in the relevance of the studies, placing the
meta-analysis at the top, then the systematic review, then the cohort study, and finally, the case–
control study. Based on this hierarchy, a scoring system was defined to assess the strength of
presumption of the association between exposure and the occurrence of health outcomes from the
analysis of the study results; for each disease or pathological condition investigated, this score may
vary depending on the quality, type and number of available studies, as, for example:

(++): strong presumption: based on the results of a meta-analysis, or several cohort studies or at
least one cohort study and two case–control studies, or more than two case–control studies;

22 INSERM. Pesticides. Effets sur la sant�e. Collection expertise collective, Inserm, Paris, 2013.
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(+): moderate presumption: based on the results of a cohort study or a nested case–control study
or two case–control studies;

(�): weak presumption: based on the results of one case–control study. This synthesis takes the
work beyond the status of a simple mapping exercise.

A.2.3. Toxicological data

Toxicological data that were considered in the literature review were mainly those regarding
metabolism, mode of action and molecular pathways. None of the studies provided as part of the
procedures for placing products on the market were considered except if they were published in the
open literature.

When substances were clearly identified in the epidemiological studies, a scoring system was
defined to assess the biological plausibility from the study results: coherence with pathophysiological
data and occurrence of health outcome.

(++): hypothesis supported by 3 mechanisms of toxicity;
(+): hypothesis supported by at least one mechanism of toxicity.

A.2.4. Findings

The major results of the INSERM report are summarised in Tables A.3–A.6.

Table A.3: Statistically significant associations between occupational exposure to pesticides and
health outcomes in adults (health outcomes that were analysed in the review)

Health outcome Type of population with significant risk excess
Strength of

presumption(a)

NHL Farmers, operators, manufacturing plant personnel ++

Prostate cancer Farmers, operators, manufacturing plant personnel ++

Multiple myeloma Farmers, operators ++

Parkinson’s disease Occupational and non-occupational exposure ++

Leukaemia Farmers, operators, manufacturing plant personnel +

Alzheimer’s disease Farmers +

Cognitive disorders(b) Farmers +

Fertility and fecundability disorders Occupational exposure +

Hodgkin lymphoma Agricultural workers �
Testicular cancer Agricultural workers �
Brain cancer (glioma, meningioma) Agricultural workers �
Melanoma Agricultural workers �
Amyotrophic lateral sclerosis Farmers �
Anxiety, depression(b) Farmers, farmers with a history of acute poisoning,

operators
�

(a): Scoring system: strong presumption (++), moderate presumption (+), weak presumption (�).
(b): Almost all pesticides were organophosphates.
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Table A.4: Associations between occupational or home use exposure to pesticides and cancers or
developmental impairment in children (health outcomes that were analysed in the
review) (only statistically significant associations are shown)

Health outcome
Type of exposure and population with significant risk
excess

Strength of
presumption(a)

Leukaemia Occupational exposure during pregnancy, prenatal exposure
(residential)

++

Brain cancer Occupational exposure during pregnancy ++

Congenital malformation Occupational exposure during pregnancy;
Residential exposure during pregnancy (agricultural area, home
use)

++
+

Fetal death Occupational exposure during pregnancy +

Neurodevelopment Residential exposure during pregnancy (agricultural area, home
use, food)(b);
Occupational exposure during pregnancy

++
�

(a): Scoring system: strong presumption (++), moderate presumption (+), weak presumption (�).
(b): Organophosphates.

Table A.5: Findings related to approved active substances: epidemiological assessment and
biological plausibility

Active substance Classification Strength of presumption(a) Biological plausibility(b)

Organophosphates
Insecticide

Chlorpyrifos Acute Tox cat 3 Leukaemia (+)
Neurodevelopment (+)
NHL (�)

Yes (++)
Yes (++)
Yes (++)

Dithiocarbamates
Fungicide

Mancozeb/Maneb Repro cat 2 Leukaemia (+)
Melanoma (+)
Parkinson’s disease
(in combination with paraquat) (�)

?
?
Yes (+)

Phenoxy herbicides
Herbicide

2,4-D
MCPA
Mecoprop

Acute Tox cat 4
Acute Tox cat 4
Acute Tox cat 4

NHL (+)
NHL (�)
NHL (�)

?
?
?

Aminophosphonate glycine
Herbicide

Glyphosate NHL (+)
Fetal death (�)

?
?

(a): Scoring system: strong presumption (++), moderate presumption (+), weak presumption (�).
(b): Scoring system: (++): hypothesis supported by 3 different known mechanisms of toxicity, (+): hypothesis supported by at

least one mechanism of toxicity.

Epidemiological studies and pesticides

www.efsa.europa.eu/efsajournal 75 EFSA Journal 2017;15(10):5007

380



Table A.6: Findings related to non-approved active substances: epidemiological assessment and
biological plausibility

Active substance Ban in the EU
IARC
classification

Strength of
presumption(a)

Biological
plausibility(b)

Dieldrin 1978 3 or 2 (US-EPA) NHL(c) (�)
Prostate cancer (�)
Parkinson’s disease (�)

Yes (+)
Yes (+)
?

DDT/DDE 1978 2B NHL (++)
Testicular cancer (+)
Child growth (++)
Neurodevelopment (�)
Impaired sperm
parameters (+)

Yes (+)
?
?
?
?

Chlordane 1978 2B NHL (�)
Leukaemia (+)
Prostate cancer (�)
Testicular cancer (+)

Yes (+)
Yes (+)
Yes (+)
?

Lindane (c-HCH) 2002/2004/2006/2007 2B(d) NHL (++)
Leukaemia (+)

Yes (++)
Yes (++)

b-HCH 2002/2004/2006/2007 2B(d) Prostate cancer (�) ?

Toxaphene 2004 2B NHL(c) (�)
Leukaemia (+)
Melanoma (+)

Yes (++)
Yes (++)
Yes (+)

Chlordecone 2004 2B Cancer prostate (++)
Impaired sperm
parameters (+)
Neurodevelopment (+)

Yes (+)
?
?

Heptachlor 1978 2B Leukaemia (+) Yes (+)
Endosulfan 2005 Not classified ? Yes (+)

Hexachlorobenzene
(HCB)

1978 2B Child growth (+) ?

Terbufos 2003/2007 NHL (+)
Leukaemia (+)

?
?

Diazinon 2008 NHL (+)
Leukaemia (+)

?
?

Malathion 2008 3 NHL (++)
Leukaemia (+)
Neurodevelopment (+)
Impaired sperm
parameters (+)

Yes (+)
Yes (+)
?
?

Fonofos 2003 NHL (�)
Leukaemia (+)
Prostate cancer (+)

?
?
?

Parathion 2002 3 Melanoma (+) ?

Coumaphos Never notified and
authorised in the EU

Prostate cancer (+) ?

Carbaryl 2008 3 NHL (�)
Melanoma (+)
Impaired sperm
parameters (+)

?
?
?

Propoxur 2002 Neurodevelopment (+)
Fetal growth (+)

?
?

Carbofuran 2008 NHL (�)
Prostate cancer (+)

?
?

Butylate 2003 NHL (+)
Prostate cancer (+)

?
?

EPTC 2003 Leukaemia (+) ?
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A.2.5. Recommendations

The analysis of the available epidemiological and mechanistic data on some active substances
suggests several recommendations for developing further research:

a) Knowledge on population exposure to pesticides should be improved

1) Collect information about use of active substances by farmers
2) Conduct field studies to measure actual levels of exposure
3) Monitor exposure during the full occupational life span
4) Measure exposure levels in air (outdoor and indoor), water, food, soil
5) Collect information on acute poisonings
6) Improve analytical methods for biomonitoring and external measurements
7) Allow researchers to have access to extensive formulation data (solvents, co-formulants, etc.).

b) Research potential links between exposure and health outcomes

1) Characterise substances or groups of substances causing health outcomes
2) Focus on susceptible individuals or groups of individuals (gene polymorphism of enzymes, etc.)
3) Focus on exposure windows and susceptibility (pregnancy, development)
4) Bridge the gap between epidemiology and toxicology (mode of action)
5) Improve knowledge on mixture toxicity
6) Foster new approaches of research (in vitro and in silico models, omics, etc.).

A.3. Similarities and differences between the EFSA External Scientific
Report and the INSERM report

The two reports discussed herein have used different methodologies. Yet, their results and
conclusions in many cases agree. The INSERM report is limited to predefined outcomes and it
attempted to investigate the biological plausibility of epidemiological studies by reviewing toxicological
data as well, meanwhile the EFSA report is a comprehensive systematic review of all available
epidemiological studies that were published during an approximately 5 year window.

The differences between the reports are shown in Table A.7 and are related to the time period of
search (i.e. both reports did not assess the same body of published data), different criteria for
eligibility of studies and different approaches to summarising the evidence across and within outcomes.

Active substance Ban in the EU
IARC
classification

Strength of
presumption(a)

Biological
plausibility(b)

Atrazine 2005 3 NHL (�)
Fetal growth (+)

Yes (+)
?

Cyanizine 2002/2007 NHL(c) (�) ?

Permethrin 2002 3 Prostate cancer (+) Yes (+)
Fenvalerate 1998 Not classified Impaired sperm

parameters (+)
?

Methyl bromide 2010 3 Testicular cancer (+) ?
Dibromoethane Banned 2A Impaired sperm

parameters (+)
?

Dibromochloropropane
(DBCP)

Banned 2B Impaired sperm
parameters/impaired
fertility (+++) (causal
association)

Yes (+++) (mode
of action
elucidated)

Paraquat 2007 Parkinson’s disease (+) Yes (++)

Rotenone 2011 Parkinson’s disease (+) Yes (++)

Alachlor 2008 Leukaemia (+) Yes (++)

(a): Scoring system: strong presumption (++), moderate presumption (+), weak presumption (�).
(b): Scoring system: (++): hypothesis supported by 3 mechanisms of toxicity, (+): hypothesis supported by at least one

mechanism of toxicity.
(c): Population with t(14,18) translocation, only.
(d): Technical mixture (a-, b-, and c-HCH).
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Overall, the INSERM report identified a greater number of associations with adverse health effects
than the EFSA report. However, a well-documented association with pesticide exposure was claimed by
both reports for the same health outcomes (childhood leukaemia, Parkinson’s disease).

A.4. The Ontario College of Family Physicians Literature review
(OCFPLR)

In 2004, the Ontario College of Family Physicians (Ontario, Canada) reviewed the literature
published between 1992 and 2003 on major health effects associated with pesticide exposure. The
authors concluded that positive associations exist between solid tumours and pesticide exposures as
shown in Table A.8. They noted that in large well-designed cohort studies these associations were
consistently statistically significant, and the relationships were most consistent for high exposure levels.
They also noted that dose–response relationships were often observed, and they considered the
quality of studies to be generally good.

Table A.7: Comparison between methods used in the EFSA External Scientific Report and the
INSERM Report

EFSA External report INSERM report
Articles reviewed 602/43,000 NR

Language Yes NR
Search strategy (key words, MeSH) Yes NR

Search database Yes (4) NR
Years of publication 2006–2012 (Sep) ? to 2012 (Jun)

Type of epi studies assessed Cross-sectional Cross-sectional
Case–control Case–control

Cohort Cohort
Inclusion criteria Yes NR

Exclusion criteria Yes NR
Methodological quality assessment Yes (12 criteria) NR

Exposure groups(a) Yes Yes
Exposure assessment Yes Yes

Quantitative synthesis (meta-analysis) Yes No
Qualitative synthesis(c) Yes Yes

Supporting Toxicological data NI Yes
Associations with individual pesticides Yes Yes

Health outcomes studied
Haematological cancer Yes Yes

Solid tumours Yes Yes
Childhood cancer Yes Yes

Neurodegenerative disorders Yes Yes
Neurodevelopmental outcomes Yes Yes

Neuropsychiatric disturbances(b) No Yes
Reproductive and developmental Yes Yes

Endocrine Yes NI
Metabolism Yes Yes

Immunological Yes NI

Respiratory Yes NI

NR: not reported; NI: not investigated.
(a): Exposure type (environmental, occupational, etc.) and period (general population, children, etc.).
(b): E.g. depressive disorders.
(c): Add explanation.
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The report concluded that there was compelling evidence of a link between pesticide exposure and
the development of non-Hodgkin’s lymphoma (NHL), and also clear evidence of a positive association
between pesticide exposure and leukaemia. The authors also claimed to have found consistent findings
of a number of nervous system effects, arising from a range of exposure time courses.

Table A.8: Health Effects considered in the Ontario College of Family Physicians review, 2004

Endpoint
Associations identified by the Ontario College, pesticide (if
differentiated), study type, (no. of studies/total no. of studies)

A) Cancer

1. Lung �ve cohort (1/1)
+ve case–control (1/1)
+ve carbamate, phenoxy acid, case–control (1/1)

2. Breast +ve case–control (2/4)
+ve ecological (1/1)
+ve triazine, ecological (1/1)
�ve atrazine, ecological (1/1)

3. Colorectal
4. Pancreas +ve cohort (1/1)

+ve case–control (2/2)

5. Non-Hodgkin’s lymphoma +ve cohort (9/11)
+ve case–control (12/14)
+ve ecological (2/2)

6. Leukaemia +ve cohort (5/6)
+ve case–control (8/8)
�ve ecological (1/1)
+ve lab study (1/1)

7. Brain +ve cohort (5), similar case–control (5)
8. Prostate +ve cohort (5/5) case–control (2/2) ecological (1/1)

9. Stomach
10. Ovary

11. Kidney +ve pentachlorophenol cohort (1/1)
+ve cohort (1/1)
+ve case–control (4/4)

12. Testicular

B) Non-Cancer
1) Reproductive effects +ve glyphosate

Congenital malformations +ve pyridyl derivatives
Fecundity/time to pregnancy Suggest impaired

Fertility
Altered growth Possible +ve association, but further study required

Fetal death Suggested association
Mixed outcomes

2) Genotoxic/immunotoxic
Chromosome aberrations

+ve Synthetic pyrethroids (1)
+ve organophosphates (1)
+ve fumigant and insecticide applicators

NHL rearrangements +ve fumigant and herbicide applicators

3) Dermatologic
4) Neurotoxic Mental & emotional
impact

+ve

Functional nervous system impact + ve organophosphate/carbamate poisoning

Neurodegenerative impacts (PD) +ve cohort (4/4)
+ve case–control (2/2)
+ve ecological (1/1)

+ve: positive; �ve: negative.
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Such strong conclusions found favour with Non-Governmental organisations (NGOs) and raised
questions among some Regulatory Authorities. The Advisory Committee on Pesticides (ACP), at that
time an UK government independent advisory committee, was asked to provide an evaluation of the
outcome of the Ontario College review. The committee membership included one epidemiologist and
the committee consulted five other epidemiologists involved in providing independent advice to other
government committees. They all agreed that the review had major shortcomings (e.g. exact search
strategy and selection criteria not specified, selective reporting of results, inadequate understanding
and consideration of relevant toxicology, insufficient attention to routes and levels of exposure, not
justified conclusions, etc.). Overall, the conclusions of the Ontario College review were considered not
to be supported by the analysis presented. In 2012, the Ontario review authors published an update of
their evaluation; in their second report they used a very similar approach but offered more detail
concerning the inclusion criteria used. This example is a reminder of the risk of over interpretation of
epidemiological studies. In particular, a causal inference between exposure and the occurrence of
adverse health effects is often made, but this represents an association that should be further
assessed.
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Annex B – Human biomonitoring project outsourced by EFSA23

In 2015, EFSA outsourced a project to further investigate the role of HBM in occupational health
and safety strategies as a tool for refined exposure assessment in epidemiological studies and to
contribute to the evaluation of potential health risks from occupational exposure to pesticides. It was
in fact recognised that exposure assessment is a key part of all epidemiological studies and
misclassification of exposure and use of simple categorical methods are known to weaken the ability of
a study to determine whether an association between contact and ill-health outcome exists; at
present, this limits integration of epidemiological findings into regulatory risk assessment.

The consortium formed by Risk & Policy Analysts Limited (RPA), IEH Consulting Limited (IEH) and
the Health&Safety Laboratory (HSL) carried out a systematic literature review for the period 1990–2015
with the aim to provide an overview on the use of HBM as a tool for occupational exposure assessment
refinement, identifying advantages, disadvantages and needs for further development (first objective).
The search identified 2096 publications relating to the use of HBM to assess occupational exposure to
pesticides (or metabolites). The outcome of the search (Bevan et al., 2017) indicated that over the past
10–20 years there has been an expansion in the use of HBM, especially into the field of environmental
and consumer exposure analysis. However, further improvement of the use of HBM for pesticide
exposure assessment is needed, in particular with regards to: development of strategies to improve or
standardise analytical quality, improvement of the availability of reference material for metabolites,
integration of HBM data into mathematical modelling, exposure reconstruction, improvements in
analytical instrumentation and increased availability of human toxicology data.

The contractors performed a review of available HBM studies/surveillance programmes conducted in
EU/US occupational settings to identify pesticides (or metabolites) both persistent and not persistent,
for which biomarkers of exposure (and possibly effect) were available and validated (second
objective). A two-tiered screening process that included quality scoring for HBM, epidemiological and
toxicological aspects, was utilised to identify the most relevant studies, resulting in 178 studies for
critical review. In parallel with the screening of identified studies, a Master Spreadsheet was designed
to collate data from these papers, which contained information relating to: study type; study
participants; chemicals under investigation; biomarker quality check; analytical methodology; exposure
assessment; health outcome/toxicological endpoint; period of follow-up; narrative of results; risk of
bias and other comments.

HBM has been extensively used for monitoring worker exposure to a variety of pesticides.
Epidemiological studies of occupational pesticide use were seen to be limited by inadequate or
retrospective exposure information, typically obtained through self-reported questionnaires, which can
potentially lead to exposure misclassification. Some examples of the use of job exposure or crop
exposure matrices were reported. However, little validation of these matrix studies against actual
exposure data had been carried out. Very limited data was identified that examined seasonal exposures
and the impact of PPE, and many of the studies used HBM to only assess one or two specific
compounds. A wide variety of exposure models are currently employed for health risk assessments and
biomarkers have also often been used to evaluate exposure estimates predicted by a model.

From the 178 publications identified to be of relevance, 41 individual studies included herbicides, and
of these, 34 separate herbicides were identified, 15 of which currently have approved for use in the EU.
Similarly, of the 90 individual studies that included insecticides, 79 separate insecticides were identified,
of which 18 currently have approved for use in the EU. Twenty individual studies included fungicides,
with 34 separate fungicides being identified and of these 22 currently have approved for use in the EU.
The most studied herbicides (in order) were shown to be: 2,4-D > atrazine > metolachlor = MCPA >
alachlor = glyphosate. Similarly, the most studied insecticides (in order) were: chlorpyrifos > permethrin
> cypermethrin = deltamethrin > malathion, and the most studied fungicides were: captan > mancozeb >
folpet.

Current limitations comprised the limited number of kinetic data from humans, particularly with
respect to the ADME of individual pesticides in human subjects, which would allow more accurate HBM
sampling for all routes of exposure. A wider impact of this is on the development of PBPK models for
the risk assessment of pesticides, which rely on toxicokinetic data, and on validation of currently used
exposure assessment models. Further limitations currently impacting on the use of HBM in this field
are a lack of large prospective cohort studies to assess long term exposure to currently used
pesticides.

23 Bevan et al. (2017).
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The evidence identified has been used to help formulate recommendations on the implementation
of HBM as part of the occupational health surveillance for pesticides in Europe. Some key issues were
considered that would need to be overcome to enable implementation. These included the setting of
priorities for the development of new specific and sensitive biomarkers, the derivation and adoption of
health-based guidance values, development of QA schemes to validate inter-laboratory measurements,
good practice in field work and questionnaire design, extension of the use of biobanking and the use
of HBM for post-approval monitoring of pesticide safety.
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Annex C – Experience of international regulatory agencies in regards to
the integration of epidemiological studies for hazard identification

C.1. WHO-International Agency for Research on Cancer (IARC)

The IARC Monographs on the Evaluation of Carcinogenic Risks to Humans of the International
Agency for Research on Cancer (IARC) is a programme established four decades ago to assess
environmental exposures that can increase the risk of human cancer. These include individual
chemicals and chemical mixtures, occupational exposures, physical agents, biological agents and
lifestyle factors.

IARC assembles international interdisciplinary Working Groups of scientists to review and assess the
quality and strength of evidence from scientific publications and perform a hazard evaluation to assess
the likelihood that the agents of concern pose a cancer risk to humans. In particular, the tasks of IARC
Working Group Members include the evaluation of the results of epidemiological and other
experimental studies on cancer, to evaluate data on the mechanisms of carcinogenesis and to make an
overall evaluation of the carcinogenicity of the exposure to humans.

The Monographs are widely used and referenced by governments, organisations, and the public
around the world to set preventive and control public health measures.

The Preamble24 to the IARC Monographs explains the scope of the programme, the scientific
principles and procedures used in developing a Monograph, the types of evidence considered and the
scientific criteria that guide the evaluations. The scope of the monographs broadened to include not
only single chemicals but also groups of related chemicals, complex mixtures, occupational exposures,
physical and biological agents and lifestyle factors. Thus, the title of the monographs reads ‘Evaluation
of carcinogenic risks to humans’.

Relevant epidemiological studies, cancer bioassays in experimental animals, mechanistic data, as
well as exposure data are critically reviewed. Only reports that have been published or accepted for
publication in the openly available scientific literature are included. However, the inclusion of a study
does not imply acceptance of the adequacy of the study design or of the analysis and interpretation of
the results. Qualitative aspects of the available studies are carefully scrutinised.

Although the Monographs have emphasised hazard identification, the same epidemiological and
experimental studies used to evaluate a cancer hazard can also be used to estimate a dose–response
relationship. A Monograph may undertake to estimate dose–response relationships within the range of
the available epidemiological data, or it may compare the dose–response information from
experimental and epidemiological studies.

The structure of a Monograph includes the following sections:

1) Exposure data
2) Studies of cancer in humans
3) Studies of cancer in experimental animals
4) Mechanistic and other relevant data
5) Summary
6) Evaluation and rationale.

Human epidemiological data are addressed in point 2, where all pertinent epidemiological studies
are assessed. Studies of biomarkers are included when they are relevant to an evaluation of
carcinogenicity to humans.

The IARC evaluation of epidemiological studies includes an assessment of the following criteria:
types of studies considered (e.g. cohort studies, case–control studies, correlation (or ecological)
studies and intervention studies, case reports), quality of the study (e.g. bias, confounding, biological
variability and the influence of sample size on the precision of estimates of effect), meta analysis and
pooled analyses, temporal effects (e.g. temporal variables, such as age at first exposure, time since
first exposure, duration of exposure, cumulative exposure, peak exposure), use of biomarkers in
epidemiological studies (e.g. evidence of exposure, of early effects, of cellular, tissue or organism
responses), and criteria for causality.

With specific reference to causality, a judgement is made concerning the strength of evidence that
the agent in question is carcinogenic to humans. In making its judgement, the Working Group

24 http://monographs.iarc.fr/ENG/Preamble/CurrentPreamble.pdf
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considers several criteria for causality (Hill, 1965). A strong association (e.g. a large relative risk) is
more likely to indicate causality. However, it is recognised that weak associations may be important
when the disease or exposure is common. Associations that are replicated in several studies of
different design under different exposure conditions are more likely to represent a causal relationship
than isolated observations from single studies. In case of inconsistent results among different
investigations, possible reasons (e.g. differences in exposure) are sought, and high quality studies are
given more weight compared to less methodologically sound ones. Risk increasing with the exposure is
considered to be a strong indication of causality, although the absence of a clear dose–response effect
is not necessarily evidence against a causal relationship. The demonstration of a decline in risk after
cessation of or reduction in exposure also supports a causal interpretation of the findings. Temporality,
precision of estimates of effect, biological plausibility and coherence of the overall data are considered.
Biomarkers information may be used in an assessment of the biological plausibility of epidemiological
observations. Randomised trials showing different rates of cancer among exposed and unexposed
individuals provide particularly strong evidence for causality.

When epidemiological studies show little or no indication of an association between an exposure
and cancer, a judgement of lack of carcinogenicity can be made. In those cases, studies are
scrutinised to assess the standards of design and analysis described above, including the possibility of
bias, confounding or misclassification of exposure. In addition, methodologically sound studies should
be consistent with an estimate of effect of unity for any observed level of exposure, provide a pooled
estimate of relative risk near to unity, and have a narrow confidence interval. Moreover, no individual
study nor the pooled results of all the studies should show any increasing risk with increasing level of
exposure. Evidence of lack of carcinogenicity can apply only to the type(s) of cancer studied, to the
dose levels reported, and to the intervals between first exposure and disease onset observed in these
studies. Experience with human cancer indicates that the period from first exposure to the
development of clinical cancer is sometimes longer than 20 years, and latent periods substantially
shorter than 30 years cannot provide evidence for lack of carcinogenicity.

Finally, the body of evidence is considered as a whole, in order to reach an overall evaluation which
summarises the results of epidemiological studies, the target organs or tissues, dose–response
associations, evaluations of the strength of the evidence for human and animal data, and the strength
of the mechanistic evidence.

At the end of the overall evaluation, the agent is assigned to one of the following groups: Group 1,
the agent is carcinogenic to humans; Group 2A, the agent is probably carcinogenic to humans; Group
2B, the agent is possibly carcinogenic to humans; Group 3, the agent is not classifiable as to its
carcinogenicity to humans; Group 4, the agent is probably not carcinogenic to humans.

The categorisation of an agent is a matter of scientific judgement that reflects the strength of the
evidence derived from studies in humans and in experimental animals and from mechanistic and other
relevant data. These categories refer only to the strength of the evidence that an exposure is
carcinogenic and not to the extent of its carcinogenic activity (potency).

For example, Group 1: The agent is carcinogenic to humans. This category is used when there is
sufficient evidence of carcinogenicity in humans. Exceptionally, an agent may be placed in this
category when evidence of carcinogenicity in humans is less than sufficient but there is sufficient
evidence of carcinogenicity in experimental animals and strong evidence in exposed humans that the
agent acts through a relevant mechanism of carcinogenicity.

Although widely accepted internationally, there have been criticisms of the classification of
particular agents in the past, and more recent criticisms have been directed at the general approach
adopted by IARC for such evaluations possibly motivating publication of a rebuttal (Pearce et al.,
2015).

C.2. The experience of US-EPA in regards to the integration of
epidemiological studies in risk assessment

The US Environmental Protection Agency’s Office of Pesticide Programs (OPP) is the governmental
organisation in the US responsible for registering and regulating pesticide products.25 As part of this
activity and prior to any permitted use of a pesticide, OPP evaluates the effects of pesticides on human
health and the environment. EPA receives extensive hazard and exposure information to characterise

25 See https://www.epa.gov/pesticide-science-and-assessing-pesticide-risks for general information on pesticide science and
assessing pesticide risks.
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the risks of pesticide products through the Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA)
and the Federal Food, Drug, and Cosmetic Act (FFDCA). Information on the toxic effects of pesticides
is generally derived from studies with laboratory animals conducted by pesticide registrants and
submitted to EPA.

In the past, information from well-designed epidemiology studies on pesticides has not been
typically available to inform EPA’s evaluations of potential risks that might be associated with exposure
to pesticides. With an increasing number of epidemiology studies entering the literature which explore
the putative associations between pesticides exposure and health outcomes, EPA is putting additional
emphases on this source of information. This is especially true for the wealth of studies deriving from
the Agricultural Health Study26 (AHS), a large, well-conducted prospective cohort study following close
to 90,000 individuals over more than 20 years and from the Children’s Environmental Health and
Disease Prevention Research Centers.27 EPA intends to make increasing use of these epidemiology
studies in its human health risk assessment with the goal of using such epidemiological information in
the most scientifically robust and transparent way.

C.2.1. OPP Epidemiological Framework Document

As an early first step in this process, EPA-OPP developed a proposed epidemiological framework
document released as a draft in 2010, ‘Framework for Incorporating Human Epidemiologic and
Incident Data in Health Risk Assessment’ (US-EPA, 2010a). The 2010 draft framework was reviewed
favourably by the FIFRA Scientific Advisory Panel (SAP) in February, 2010 (US-EPA, 2010b). This
document was recently updated in 2016 to the ‘Office of Pesticide Programs’ Framework Document for
Incorporating Human Epidemiology and Incident Data in Risk Assessments for Pesticides’ (US-EPA,
2016). The revised and updated 2016 Framework document proposes that human information like that
found in epidemiology studies (in addition to human incident databases, and biomonitoring studies)
along with experimental toxicological information play a significant role in this new approach by
providing insight into the effects caused by actual chemical exposures. In addition, epidemiological/
molecular epidemiological data can guide additional analyses, identify potentially susceptible
populations and new health effects and potentially confirming existing toxicological observations. The
concepts in the 2016 Framework are based on peer-reviewed robust principles and tools and rely on
many existing guidance documents and frameworks (Table C.1) for reviewing and evaluating
epidemiology data. It is also consistent with updates to the World Health Organization/International
Programme on Chemical Safety mode of action (MoA)/human relevance framework which highlight the
importance of problem formulation and the need to integrate information at different levels of
biological organisation (Meek et al., 2014). Furthermore, it is consistent with recommendations by the
National Academy of Sciences’ National Research Council (NAS/NRC) in its 2009 report Science and
Decisions (NRC, 2009) in that the framework describes the importance of using problem formulation at
the beginning of a complex scientific analysis. The problem formulation stage is envisioned as starting
with a planning dialogue with risk managers to identify goals for the analysis and possible risk
management strategies. This initial dialogue provides the regulatory context for the scientific analysis
and helps define the scope of such an analysis. The problem formulation stage also involves
consideration of the available information regarding the pesticide use/usage, toxicological effects of
concern, exposure pathways, and duration along with key gaps in data or scientific information.

26 See https://aghealth.nih.gov/
27 See https://www.epa.gov/research-grants/niehsepa-childrens-environmental-health-and-disease-prevention-research-centers

Epidemiological studies and pesticides

www.efsa.europa.eu/efsajournal 85 EFSA Journal 2017;15(10):5007

390



Briefly, this EPA Framework document describes the scientific considerations that the Agency will
weigh in evaluating how such epidemiological studies and scientific information can be integrated into
risk assessments of pesticide chemicals and also in providing the foundation for evaluating multiple
lines of scientific evidence in the context of the understanding of the adverse outcome pathway (or
MoA). The framework relies on and espouses standard practices in epidemiology, toxicology and risk
assessment, but allows for the flexibility to incorporate information from new or additional sources.
One of the key components of the Agency’s framework is the use the MoA framework/adverse
outcome pathway concept as a tool for organising and integrating information from different sources
to inform the causal nature of links observed in both experimental and observational studies. MoA
(Boobis et al., 2008; Simon et al., 2014; Meek et al., 2014) and adverse outcome pathway (Ankley
et al., 2010) provide important concepts in the integrative analysis discussed in the Framework
document. Both a MoA and an adverse outcome pathway are based on the premise that an adverse
effect caused by exposure to a compound can be described by a series of causally linked biological key
events that result in an adverse human health outcome, and have as their goal a determination of
how exposure to environmental agents can perturb these pathways, thereby causing a cascade of
subsequent key events leading to adverse health effects.

A number of concepts in the Framework are taken from two reports from the National Academies,
Science and Decisions: Advancing Risk Assessment (NAS 2009) and Toxicity Testing on the 21st
Century (NAS 2007). These two NRC reports advocate substantial changes in how toxicity testing is
performed, how such data are interpreted, and ultimately how regulatory decisions are made. In
particular, the 2007 report on 21st century toxicity testing advocates a decided shift away from the
current focus of using apical toxicity endpoints to using toxicity pathways to better inform toxicity
testing, risk assessment, and decision-making.

The MoA framework begins with the identification of the series of key events that are along the
causal path and established on weight of evidence using criteria based on those described by Bradford
Hill taking into account factors such as dose–response, temporal concordance, biological plausibility,
coherence and consistency. Specifically, the modified Bradford Hill Criteria (Hill, 1965) are used to
evaluate the experimental support that establishes key events within a MoA or an adverse outcome
pathway, and explicitly considers such concepts as strength, consistency, dose response, temporal

Table C.1: Key guidance documents and frameworks used by OPP (from US-EPA, 2016)

1983 Risk Assessment in the Federal Government. Managing the Process

NAS 1994 Science and Judgement
2007 Toxicity testing in the 21st Century

2009 Science and Decisions: Advancing Risk Assessment
WHO/
IPCS

2001–2007 Mode of Action/Human Relevance Framework

2005 Chemical Specific Adjustment Factors (CSAF)
2014 New Development in the evolution and application of the WHO/IPCS framework

on mode of action/species concordance analysis

EPA 1991–2005 Risk Assessment Forum Guidance for Risk Assessment (e.g. guidelines for
carcinogen, reproductive, developmental, neurotoxicity, ecological, and exposure
assessment, guidance for benchmark dose modelling, review of reference dose
and reference concentration processes)
http://www.epa.gov/risk_assessment/guidance.htm

2000 Science Policy Handbook on Risk Characterisation
http://nepis.epa.gov/Exe/ZyPURL.cgi?Dockey=40000006.txt

2006 Approaches for the Application of Physiologically Based Pharmacokinetic (PBPK)
Models and Supporting Data for Risk Assessment

2014 Framework for Human Health Risk Assessment to Inform Decision-making

2014 Guidance for Applying Quantitative Data to Develop Data-Derived Extrapolation
Factors for Inter-species and Intra-species Extrapolation

2001 Aggregate Risk Assessment
https://www.epa.gov/sites/production/files/2015-07/documents/aggregate.pdf

OPP 2001 and 2002 Cumulative Risk Assessment
http://www.epa.gov/ncer/cra/

OECD 2013 Organisation for Economic Co-operation and Development Guidance Document
on Developing and Assessing Adverse Outcome Pathways
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concordance, and biological plausibility in a weight of evidence analysis. Using this analytic approach,
epidemiological findings can be evaluated in the context of other human information and experimental
studies to evaluate consistency, reproducibility, and biological plausibility of reported outcomes and to
identify areas of uncertainty and future research. Figure C.1 below (adapted from NRC, 2007)
suggests how different types of information relate to each other across multiple levels of biological
organisation (ranging from the molecular level up to population-based surveillance) and is based on
the rapidly evolving scientific understanding of how genes, proteins, and small molecules interact to
form molecular pathways that maintain cell function in humans.

C.2.2. Systematic reviews: Fit for purpose

The National Academies’ National Research Council (NRC) in its review of EPA’s IRIS program
defines systematic review as ‘a scientific investigation that focuses on a specific question and uses
explicit, prespecified scientific methods to identify, select, assess, and summarise the findings of similar
but separate studies’.28 In recent years, the NRC has encouraged the agency to move towards
systematic review processes to enhance the transparency of scientific literature reviews that support
chemical-specific risk assessments to inform regulatory decision-making.29

Consistent with NRC’s recommendations, EPA-OPP employs fit-for-purpose systematic reviews that
rely on transparent methods for collecting, evaluating and integrating the scientific data supporting its
decisions. As such, the complexity and scope of each systematic review will vary among risk
assessments. EPA-OPP starts with scoping/problem formulation followed by data collection, data
evaluation, data integration and summary findings with critical data gaps identified.

Systematic reviews often use statistical (e.g. meta-analysis) and other quantitative techniques to
combine results of the eligible studies, and can use a semi-quantitative scoring system to evaluate the
levels of evidence available or the degree of bias that might be present. For EPA’s Office of Pesticide
Programs, such a Tier III (systematic review) assessment conducted as part of its regulatory review
process would involve review of the pesticide chemical undergoing review and a specific associated
suspected health outcome (as suggested by the initial Tier II assessment).

A number of federal and other organisations in the US are evaluating or have issued guidance
documents for methods to conduct such systematic reviews and a number of frameworks have been

Greater toxicological Greater risk
relevance
understanding

Figure C.1: Source to Outcome Pathway: Chemical effects across levels of biological organisation
(adapted from NRC, 2007)

28 http://dels.nas.edu/Report/Review-Integrated-Risk/18764
29 NRC, 2011. ‘Review of the Environmental Protection Agency’s Draft IRIS Assessment of Formaldehyde’ available for download

at https://www.nap.edu/catalog/13142/review-of-the-environmental-protection-agencys-draft-iris-assessment-of-formaldehyde;
See also NRC, 2014. ‘Review of EPA’s Integrated Risk Information System (IRIS) Process’ available for download at https://
www.nap.edu/catalog/18764/review-of-epas-integrated-risk-information-system-iris-process
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developed. These include the EPA IRIS programs’ approach,30 the National Toxicology Programs’ Office
of Health Assessment and Translation (NTP/OHAT) approach31 the Cochran Collaboration’s approach,32

the Campbell Collaboration and the Navigation Guide,33 with this latter described in a series of articles in
the journal Environmental Health Perspectives. Each broadly shares four defined steps: data collection,
data evaluation, data integration, and summary/update. For example, The Cochrane Collaboration in its
Cochrane Handbook for Systematic Reviews of Interventions for evidence-based medicine lists a number
of the important key characteristics of a systematic review to be (from US-EPA, 2016):

• a clearly stated set of objectives with predefined eligibility criteria for studies;
• an explicit, reproducible methodology;
• a systematic search that attempts to identify all studies that would meet the eligibility criteria;
• an assessment of the validity of the findings from the identified studies;
• a systematic presentation and synthesis of the characteristics and findings of the included

studies.

As described and elaborated in the following sections of this Annex, OPP’s approach to review and
integration of epidemiological data into pesticide risk assessments takes a tiered approach which each
tier appropriately fit-for-purpose in the sense that is considers ‘the usefulness of the assessment for its
intended purpose, to ensure that the assessment produced is suitable and useful for informing the
needed decisions (US-EPA, 2012) and that required resources are matched or balanced against any
projected or anticipated information gain from further more in-depth research. A Tier 1 assessment is
either a scoping exercise or an update to a scoping exercise in which a research and evaluation is
limited to studies derived from the AHS. A Tier II assessment involves a broader search of the
epidemiological literature, comprehensive data collection, and a deeper, more involved data evaluation
and is more extensive but is generally limited in scope to epidemiology and stops short of
multidisciplinary integration across epidemiology, human poisoning events, animal toxicology and
adverse outcome pathways. A Tier III assessment is a complete systematic review with data
integration and more extensive data evaluation and extraction and may involve more sophisticated
epidemiological methods such as meta-analysis and meta-regression, causal inference/causal diagrams,
and quantitative bias and sensitivity analyses, among others.

C.2.3. Current and Anticipated Future EPA Epidemiology Review
Practices

C.2.3.1. Tier I (Scoping & Problem Formulation) and Tier II (more extensive
literature search)

Currently at EPA, epidemiology review of pesticides is conducted in a tiered process as the risk
assessment develops, as briefly described above. The purpose of this early Tier I/scoping epidemiology
report is to ensure that highly relevant epidemiology studies are considered in the problem
formulation/scoping phase of the process and, if appropriate, fully reviewed in the (later) risk
assessment phase of the process. In Tier I, EPA-OPP focuses on well-known high quality cohort studies
which focus on pesticide issues, particularly the Agricultural Health Study (AHS). The AHS is a federally
funded study that evaluates associations between pesticide exposures and cancer and other health
outcomes and represents a collaborative effort between the US National Cancer Institute (NCI), the
National Institute of Environmental Health Sciences (NIEHS), CDC’s National Institute of Occupational
Safety and Health (NIOSH) and the US EPA. The AHS participant cohort includes more than 89,000
licensed commercial and private pesticide applicators and their spouses from Iowa and North Carolina.
Enrolment occurred from 1993 to 1997, and data collection is ongoing. The AHS maintains on its
website a list of publications associated with and using the AHS cohort (see https://aghealth.nih.gov/
news/publications.html).

If the pesticide of interest has been investigated as part of the AHS (www.aghealth.org), a
preliminary (Tier I/scoping) review of these studies is performed early on in the evaluation as the

30 See https://www.epa.gov/iris/advancing-systematic-review-workshop-December-2015
31 See http://ntp.niehs.nih.gov/pubhealth/hat/noms/index-2.html and NTP’s ‘Handbook for Conducting a Literature-based

Assessment Using OHAT Approach for Systematic Review and Evidence Integration’ at https://ntp.niehs.nih.gov/ntp/ohat/pub
s/handbookjan2015_508.pdf

32 See http://handbook.cochrane.org/
33 See http://ehp.niehs.nih.gov/1307175/
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docket (or ‘dossier’) is opened as part of EPA’s ‘Scoping’ analysis. In this early Tier I/scoping phase,
basic epidemiological findings and conclusions from the Agricultural Health Study are described in a
Tier I/scoping document which is designed to simply summarise in brief form the pertinent conclusions
of various AHS study authors if there are AHS findings relevant to a the pesticide undergoing review;
this Tier I scoping review is not designed to offer detailed content, critical evaluation, or evidence
synthesis, and may only touch on summarised highlights of the relevant AHS -related journal articles.
If other high-quality non-AHS studies are available like those from the Children’s Environmental Health
and Disease Prevention Research Centres, these may be similarly summarised in this Tier I/scoping
epidemiological review as well. Again, no critique or synthesis of the literature is offered. In some
cases, the Tier I/scoping review may conclude that no additional epidemiological review of available
evidence is further required. Alternatively, it may recommend that further review is necessary as part
of a more involved Tier I/update or Tier II assessment.

A Tier I/update assessment is generally completed 1" to 3 years following the completion of the
Tier I/scoping assessment and is issued, like the Tier II discussed below, along with and as part of
the Draft Human Health Risk Assessment. Tier I/update assessments perform a thorough review of the
available literature in the AHS. A Tier I/update assessment reviews, summarises and evaluates in a
qualitative, narrative summary (including reported measures of association), the applicable studies that
are listed on the AHS website.34 Reviews are generally in the form of a narrative, focusing on the key
aspects of studies and their conclusions and include EPA OPP commentary along with summary EPA
OPP conclusions and recommendations for further study, if necessary.

C.2.3.2. Tier II (more extensive literature search)

A Tier II assessment is a more complete review of the available epidemiological evidence and is
generally done only if the earlier Tier I/scoping document suggests a potential for a specific concern (e.g.
a specific and credible exposure–disease hypothesis has been advanced and needs to be further
evaluated as part of a more detailed assessment). A Tier II epidemiology assessment, similar to the Tier
I/update, is generally completed 1" to 3 years following the completion of the Tier I assessment and is
issued along with and as part of OPP’s Draft Human Health Risk Assessment; the Tier II evaluation is
considered to be a qualitative narrative review that incorporates certain elements of a systematic review.
For example, a Tier II assessment will include a thorough and complete literature search that is broader
than that of the Tier I/update, including not only the AHS database, but also such databases as PubMed,
Web of Science, Google Scholar and Science Direct, and sometimes others using standardised,
transparent and reproducible query language for which specialised professional library and information
science support is obtained.35 Evidence synthesis by EPA – albeit generally in a qualitative and narrative
form – also occurs in a Tier II assessment, and overall conclusions regarding the body of epidemiological
literature are made. In addition, the Tier II assessment may indicate areas in which further
epidemiological data and studies with respect to specific hypothesised exposure–health outcome is of
interest for future work. The Tier II assessment document will not generally attempt to integrate the
epidemiological findings with other lines of evidence such as that from animal toxicology studies or
information from MoAs/AOPs which may be done (separately) to some degree as part of the risk
assessment. To the extent that the Tier II assessment identifies specific health outcomes putatively
associated with a given pesticide, further investigation and integration across disciplines can
subsequently be done as part of a more comprehensive Tier III assessment (see below).

C.2.3.3. Tier III (Full Systematic Review with Data Integration)

While a Tier II assessment examines a wide range of health outcomes appearing in the
epidemiological literature that are hypothesised to be associated with a given pesticide chemical, a Tier III
assessment might encompass a broader (multidisciplinary) and sometimes more quantitative/statistical
evaluation of at the epidemiological evidence for the association of interest, and it attempts to more

34 https://aghealth.nih.gov/news/publications.html
35 Additional searches conducted under the rubric of epidemiology and biomonitoring/exposure could be done using the NHANES

Exposure Reports (http://www.cdc.gov/exposurereport/); TOXNET (http://toxnet.nlm.nih.gov/); CDC NBP Biomonitoring
Summaries (http://www.cdc.gov/biomonitoring/biomonitoring_summaries.html); ICICADS (http://www.inchem.org/pages/cicad
s.html); ATSDR Toxicological Profiles (http://www.atsdr.cdc.gov/toxprofiles/index.asp); IARC Monographs (http://monographs.
iarc.fr/ENG/Monographs/PDFs/; EFSA’s Draft Assessment Report Database (http://dar.efsa.europa.eu/dar-web/provision); and
Biomonitoring Equivalents (https://blog.americanchemistry.com/2014/07/biomonitoring-equivalents-a-valuable-scientific-tool-
for-making-better-chemical-safety-decisions/
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formally integrate this with animal toxicology and MoA/AOP information. Such a Tier III assessment could
take the form of a systematic review of the epidemiological literature which would be performed together
with evaluation of toxicity and adverse outcome pathways. For pesticide chemicals from AHS, a Tier III
analysis would also ideally incorporate the results of evaluations from other high-quality epidemiological
investigations and incorporate ‘Weight of the Evidence’ to a greater degree to reflect a more diverse set of
information sources. Results from these investigations would be used to evaluate replication and
consistency with results from the AHS. Early AHS findings in a number of cases were based on only a small
number of participants that had developed specific outcomes or a relatively few number of years over
which the participants have been followed. As the AHS cohort ages, the release of second evaluations of
some chemicals from AHS will be based on additional years of follow-up and a greater number of cases
that are expected to provide a more robust basis for interpreting positive and negative associations
between exposure and outcome. In addition, the AHS is increasingly generating a substantial amount of
biochemical, genetic marker, and molecular data to help interpret results from the epidemiological
studies. Such results may further clarify AHS findings, provide evidence for a biological basis linking
exposures to outcomes, or suggest additional laboratory and observational research that might
strengthen evidence for mechanisms underlying causal pathways. In addition, Tier III analyses also may
take advantage of efforts to bring together information and results from international cohort studies in
the International Agricultural Cohort Consortium (AgriCOH) in which AHS is a member. AgriCOH is actively
working to identify opportunities and approaches for pooling data across studies, and the availability of
these other cohort data should aid in assessing reproducibility and replication of exposure–outcome
relationships as EPA considers, evaluates and weighs the epidemiological data.

C.2.4. OPP’s open literature searching strategies and evaluation of study
quality

An important aspect of the systematic review approach is the thorough, systematic, and
reproducible searching of the open epidemiological literature such that much of the literature that
meets the established eligibility criteria can be located.36 OPP uses specific databases as part of their
literature search and has specific guidance on their conduct (for example, OPP’s open literature search
guidance for human health risk assessments37). Evaluation of all relevant literature, application of a
standardised approach for grading the strength of evidence, and clear and consistent summative
language will typically be important components (NRC, 2011). In addition, a high quality exposure
assessment is particularly important for environmental and occupational epidemiology studies.

A second important component of the above systematic review approach is the assessment of the
validity of the findings from the identified studies. Generally speaking, the quality of epidemiological
research, sufficiency of documentation of the study (study design and results), and relevance to risk
assessment will be considered when evaluating epidemiology studies from the open literature for use
in agency risk assessments. When considering individual study quality, various aspects of the design,
conduct, analysis and interpretation of the epidemiology studies are important. These include (from
US-EPA, 2016):

1) clear articulation of the hypothesis, or a clear articulation of the research objectives if the
study is hypothesis-generating in nature;

2) adequate assessment of exposure for the relevant critical windows of the health effects, the
range of exposure of interest for the risk assessment target population, and the availability of a
dose/exposure–response trend from the study, among other qualities of exposure assessment;

3) reasonably valid and reliable outcome ascertainment (the correct identification of those with
and without the health effect in the study population);

4) appropriate inclusion and exclusion criteria that result in a sample population representative
of the target population, and absent systematic bias;

5) adequate measurement and analysis of potentially confounding variables, including
measurement or discussion of the role of multiple pesticide exposure, or mixtures exposure
in the risk estimates observed.

36 Some advocate looking at the grey or unpublished literature to lessen potential issues associated with publication bias.
37 See https://www.epa.gov/pesticide-science-and-assessing-pesticide-risks/guidance-identifying-selecting-and-evaluating-open

and specifically p. 10 of the document ‘Guidance for Considering and Using Open Literature Toxicity Studies to Support Human
Health Risk Assessment’ dated 28.8.2012 at https://www.epa.gov/sites/production/files/2015-07/documents/lit-studies.pdf for
Special Notes on Epidemiologic Data.
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6) overall characterisation of potential systematic biases in the study including errors in the
selection of participation and in the collection of information, including performance of
sensitivity analysis to determine the potential influence of systematic error on the risk
estimates presented;

7) adequate statistical power for the exposure–outcome assessment, or evaluation of the
impact of statistical power of the study if under-powered to observed effects, and
appropriate discussion and/or presentation of power estimates; and

8) use of appropriate statistical modelling techniques, given the study design and the nature of
the outcomes under study.
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Annex D – Effect size magnification/inflation

As described in the main text of this document, a potential source of bias may result if a study has
low power. This lesser known type of bias is known ‘effect size magnification’. While it is as widely
known that, generally small, low-powered studies can result in false negatives since the study power is
inadequate to reliably detect a meaningful effect size, it is less well known that these studies can result
in inflation of effect sizes if those estimated effects are required to pass a statistical threshold (e.g. the
common p < 0.05 threshold used for statistical significance) to be judged important, relevant, or
‘discovered’. This effect – variously known as effect size magnification, the ‘winners curse’, truth
inflation, or effect size inflation – is a phenomenon by which a ‘discovered’ association (i.e. one that
has passed a given threshold of statistical significance to be judged meaningful) from a study with
suboptimal power to make that discovery will produce an observed effect size that is artificially and
systematically inflated.

Such truth inflation manifests itself as (systematic) bias away from the null in studies that achieve
statistical significance in instances where studies are underpowered (Reinhart, 2015). This is because
low-powered (and thus generally smaller) studies are more likely to have widely varying results and
thus be more likely to be affected by random variation among individuals than larger ones. More
specifically, the degree of effect size magnification that may be observed in any study depends, in
part, on how widely varying the results of a study is expected to be and this depends on the power of
the study; low powered studies tend to produce greater degrees of effect size magnification in results
that are found to be statistically significant (or pass other threshold criteria) than higher powered
studies.

As an example of this ‘effect size magnification’ concept and why it may come about, it is useful to
imagine a trial run thousands of times with variable sample sizes. In this case, there will be a broad
distribution of observed effect sizes. While the observed medians of these estimated effect sizes are
expected to be close to the true effect size, the smaller trials will necessarily systematically produce a
wider variation in observed effect sizes than larger trials. However, in low powered studies, only a
small proportion of observed effects will pass any given (high) statistical threshold of significance and
these will be only the ones with the greatest of effect sizes. Thus, when these generally smaller, low
powered studies with greater random variation do indeed find a significance-triggered association as a
result of passing a given statistical threshold, they are more likely to overestimate the size of that
effect. What this means is that research findings of low-powered and statistically significant studies are
biased in favour of finding inflated effects. As summarised by Gelman and Carlin (2014): ‘when
researchers use small [underpowered]38 samples and noisy measurements to study small effects. . ., a
significant result is often surprisingly likely to be in the wrong direction and to greatly overestimate an
effect’. In general, it can be shown that low background (or control or natural) rates, low effect sizes
of interest, and smaller sample sizes in the study end to produce lower power in the study and this
leads to a greater tendency towards and magnitude of (any) inflated effect sizes.

It is important to note that the effect size inflation phenomenon is a general principle applicable to
discovery science in general and is not a specific affliction or malady of epidemiology (Ioannidis, 2005;
Lehrer, 2010; Button, 2013; Button et al., 2013; Gelman and Carlin, 2014; Reinhart, 2015). It is often
seen in studies in pharmacology, in gene studies, in psychological studies, and in much of the most-
often cited medical literature. When researchers have limited ability to increase the sample size such
as in most epidemiological studies, effect size magnification is not a function or fault of the research or
research design, but rather a function of how that the results of that research are interpreted by the
user community. Thus, unlike other possible biases such as selection or information bias in
epidemiology studies, the bias is not intrinsic to the study or its design, but rather characteristic of
how that study is interpreted.

In order to determine (and quantify) the potential degree of effect size magnification for any given
study that produces a statistically significant result, the reviewer must perform various power
calculations. More specifically, when the association between a chemical exposure and a disease is
found to be statistically significant, a power analysis can be done to determine the degree to which
the statistically significant effect size estimate (e.g. odds ratio, relative risk or rate ratio) may be
artificially inflated.

38 [italics added]
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In order to perform the requisite power calculation, the reviewer must know or obtain four values:

1) the number of subjects in non-exposed group;
2) the number of subjects in the exposed group;
3) the number of individuals with the disease of interest (or cases) in the non-exposed group;

and
4) a target value of interest to detect a difference of a given (predetermined) size in a

comparison of two groups (e.g. exposed vs. not exposed)

The first three listed values are provided in or must be obtained from the publication while the
target value of interest (typically an OR or RR in epidemiology studies) is selected by the risk
managers (and is ultimately a policy decision).39 This Annex examines this effect size inflation
phenomenon in a quantitative way using simulations. The annex uses two example published studies
and simulations of hundreds of trials to evaluate the degree to which effect size magnification may
play a role in producing biased effect sizes (such as odds ratios, rate ratios or relative risks) due to low
power.

The first example uses data from Agricultural Health Study prospective cohort publication
examining diazinon exposure and lung cancer and illustrates the effect size magnification issue for a
calculated RR. The second example uses ever-never data from a case–control study studying
malathion exposure and NHL and illustrates the effect size magnification concept from the point of
view of an estimated OR.

An Example Illustrating Effect Size Magnification and Relative Risk (Jones et al. (2015))

The power associated with a comparison between those that are not exposed to diazinon to those
that are exposed at the highest tertile (T) can be computed from the information provided in the AHS
study publication ‘Incidence of solid tumours among pesticide applicators exposed to the
organophosphate insecticide diazinon in the Agricultural Health Study - an updated analysis’ by Jones
et al. (2015) for lung cancer. The number of subjects at each exposure level was provided in the
article (non-exposed group: N = 17710, and T(ertile)1, T2 and T3 were categorised based on
exposure distribution; specifically: N of each tertile = (2,350 + 2,770)/3 = 1,710 from the publication’s
Table 1 where: (a) the value of 2,350 represents the number in the lowest exposed level and (b) the
value of 2,770 represents the number of the two highest exposed levels when the exposed subjects
were dichotomously categorised. Since we have (i) the number of subjects in the reference non-
exposed group = 17,710; (ii) the number of subjects in each of the exposed groups (tertiles) = 1710;
and (iii) the number of diseased individuals (lung cancer) in the reference non-exposed group = 199
(from Table 3 of the cited publication), we can calculate the power of the comparisons between T1 vs
non-exposed, T2 vs non-exposed and T3 vs non-exposed that were presented in the article, given the
assumption that any true Rate Ratio = 1.2, 1.5, or 2.0, etc.

Here, we are interested in evaluating the power associated with the estimated background rate
of 199/17710 (= 0.011237), and, as a form of sensitivity analysis, one half of this background rate
(or 0.005617), and twice this rate (0.022473) for detecting (admittedly arbitrary) relative rates of
(possible regulatory interest of) 1.2, 1.5, 2.0 and 3.0 among the subjects in each tertile of the
diazinon exposed individuals. This analysis was performed using Stata statistical software and is
shown below in both tabular and graphical format for true Rate Ratios of 1.2, 1.5, 2.0 and 3.0 for

39 This target value is an effect size of interest, often expressed as either a relative risk (for cohort studies) or an odds rate (for
case control studies). That is, the target value is generally an OR or RR of a given magnitude that the risk manager desires to
detect with a given degree of confidence. The higher the OR or RR, the greater the magnitude of the estimated association
between exposure and the health outcome. While there are not strict guidelines about what constitutes a ‘weak’ association
vs a ‘strong’ one – and it undoubtedly can be very context-dependent – values less than or equal to about 1 (or sometimes
≤ 1.2) are considered to be ‘null’ or ‘essentially null’ (this ignores the possibility of a protective effect which in some contexts –
for example, vaccination efficacy – may be appropriate to consider). Values less than 2 or 3 are often considered by some as
‘weak’. Values greater than 2 (or 3) and up to about 5 might be considered ‘moderate’, and values greater than 5 are
considered by some to be ‘large’. Monson (1990) describes as a guide to the strength of association a rate ratio of 1.0–1.2 as
‘None’, of from 1.2 to 1.5 as ‘Weak’, of from 1.5 to 3.0 as ‘Moderate’, and of 3.0–10.0 as ‘Strong’. Other authors use Cohen’s
criteria to describe ORs of 1.5 as ‘small’ and 5 as ‘large’, with 3.5 as ‘medium’ in epidemiology (Cohen and Chen, 2010).
Others describe 1.5 as ‘small’, 2.5 as ‘medium’ or ‘moderate’, 4 as ‘large’ or ‘strong’ and 10 as ‘very large’ or ‘very strong’
(Rosenthal, 1996) Taube (1995) discusses some of the limitations of environmental epidemiology in detecting weak
associations (also see invited commentary illustrating counter-arguments in Wynder (1997). It should be recognized that none
of the demarcation lines are ‘hard’ and there can be legitimate disagreements about where these are drawn and how these
are considered and interpreted. Regardless, these can be very much context-dependent and the above demarcations should
not be regarded as in any way official or definitive.
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1/2x-, 1x- (shown below in bold/shaded) and 2x- the (observed) background rate of 199 diseased
individuals/17,710 persons40:

Results of power analysis for a one-sided, two-sample proportions test (a = 0.05)(a)

Ncontrol Nexposed
Proportion
control(b)

Proportion
exposed

Relative
risk

Power

17,710 1,710 0.00562 0.00674 1.2 0.1634
17,710 1,710 0.00562 0.00843 1.5 0.4353

17,710 1,710 0.00562 0.01124 2.0 0.8182
17,710 1,710 0.00562 0.01685 3.0 0.9935

17,710 1,710 0.01124 0.01348 1.2 0.2259
17,710 1,710 0.01124 0.01685 1.5 0.6379

17,710 1,710 0.01124 0.02247 2.0 0.9652
17,710 1,710 0.01124 0.03371 3.0 1

17,710 1,710 0.02247 0.02697 1.2 0.3353
17,710 1,710 0.02247 0.03371 1.5 0.8632

17,710 1,710 0.02247 0.04495 2.0 0.9991

17,710 1,710 0.02247 0.06742 3.0 1

Stata code used to generate the above power calculation results: power two proportions (‘= 0.5 * 199/
17710‘= 199/17710‘= 2 * 199/17710), test(chi2) RR (1.2 1.5 2.0 3.0) n1(17710) n2
(1710) one-sided table(N1:‘‘N control‘‘ N2:‘‘N exposed‘‘ p1:‘‘proportion
control‘‘ p2:‘‘proportion exposed‘‘ RR:‘‘relative risk‘‘ power:‘‘power‘‘).
(a): One-sided test a = 0.05 Ho: p2 = p1 vs Ha: p2 > p1; Ncontrols = 17,710, Nexposed = 1,710; Number of Iterations = 1,000 (data sets).
(b): Representing 1/2x-, 1x- and 2x- the observed background rate of lung cancer of 199/17710 in Jones et al. (2015).

Highlighted/bolded region in table above represents power associated with this 1x observed background rate of lung cancer
in cited study.

These values can be graphed as shown below41:
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Parameters: α = .05, N = 19420, N1 = 17710, N2 = 1710
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H0: p2 = p1  vs  Ha: p2 > p1

Estimated power for a two-sample proportions test

Graph showing estimated power for a (one-sided) two-sample proportions test evaluating power as a function of control-group

proportion at true RRs of 1.2-, 1.5-, 2.0- and 3.0. Dashed red vertical lines represent control group proportions at 1/2x of that
observed, 1x of that observed and 2x of that observed and illustrate sensitivity of the power to these background rate assumptions.

40 The RRs of 1.2, 1.5, 2.0 and 3.0 were selected somewhat arbitrarily to illustrate the power associated with a series of relative
risks that might be of interest to the risk manager/decision-maker. The values of RR or OR = 2.0 and 3.0 are considered by
some to be a demarcation between weaker effect sizes and stronger effect sizes. The RR value of 1.2 is what some consider
‘near to or essentially null’, and the RR of 1.5 is an intermediate value between these. In determining whether the
epidemiological evidence suggests a relationship between an exposure and a health outcome, a risk manager might consider
the ‘essentially null’ RR of 1.2 from a robust study with acceptable statistical power (generally considered 80–90%) as
sufficient evidence for failing to find an association and, in effect, may provide supporting evidence for a conclusion of no
observable association between the exposure and the outcome.

41 Stata code for generating the above graph: power twoproportions (‘ = 0.5 * 199/17710‘(0.0001)
‘= 2 * 199/17710‘), test(chi2) rrisk(1.2 1.5 2.0 3.0) n1(17710) n2(1710)graph
(recast(line) xline(‘= 0.5 * 199/17710‘ ‘=199/17710‘ ‘= 2 * 199/17710‘, lpattern
(dash)) legend(rows(1)size(small)) ylabel(0.2(0.2)1.0)) one sided.
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As can be seen in the above table and graph, this study had a power of about 23% at 1x the
background rate (control-group proportion, equal to 199 diseased individuals/17,710 subjects = 0.011237)
to detect a RR of 1.2. To detect an RR of 1.5, there is about 64% power. If the true background rate were in
reality twice the observed background rate (2 9 0.011237 = 0.022473), we would have about 86% power
to be able to detect a RR of 1.5 and essentially 100% power to detect an RR of 2.0.42

Given the above, SAS was used to simulate the degree to which there may be effect size
magnification (aka effect size inflation) given true relative risks of 1.2, 1.5, 2.0 and 3.0. The table
below illustrates the power analysis for diazinon and lung cancer which shows the extent of the effect
size magnification from the simulation results. The analysis presented in the table below parallels that
done by Ioannidis (2008) and presented in his Table 2 for a set of hypothetical results passing the
threshold of formal statistical significance to illustrate the effect size magnification concept.

SAS simulation results illustrating effect size magnification given true odds ratios of 1.2, 1.5, 2.0
and 3.0(a)

True values

N analysed
data sets

Power(b)

Distribution of observed significant RRs

Proportion of
diseased
individuals
in control

RR N
10th

percentile
Median

(% inflation)
90th

percentile

0.005617
(1/2 9 background)

1.2 1,000 0.16 157 1.6 1.7 (42) 2.0
1.5 1,000 0.40 401 1.6 1.8 (20) 2.3

2 1,000 0.82 823 1.7 2.1 (5) 2.8
3 1,000 1 997 2.3 3.0 (0) 3.9

0.011237
(1 9 background)

1.2 1,000 0.22 224 1.4 1.6 (33) 1.8
1.5 1,000 0.63 627 1.4 1.6 (7) 2.0

2 1,000 0.98 977 1.6 2.0 (0) 2.5
3 1,000 1 1,000 2.5 3.0 (0) 3.6

0.022473
(2 9 background)

1.2 1,000 0.33 331 1.3 1.4 (17) 1.6
1.5 1,000 0.87 871 1.3 1.5 (0) 1.8

2 1,000 1 1,000 1.7 2.0 (0) 2.3

3 1,000 1 1,000 2.6 3.0 (0) 3.4

Poisson regression model was used to compare the rate of (relative risks) between the groups. The EXACT Test was used in the
analysis of some data sets when the generalised Hessian matrix is not positive definite (due to a zero cases in one of the groups).
(a): One-sided test, a = 0.05, N Controls = 17,710, N diazinon Exposed = 1,710, Number of iterations = 1,000 (data sets).
(b): The power resulting from this simulation may be close but not precisely match the power calculated from built-in procedures

in statistical software such as SAS (PROC POWER) or Stata (power two-proportion). This may be due to the number of data
sets simulated being of insufficient size. However, 1,000 iterations is sufficient to adequately estimate the power and to
illustrate the degree of effect size magnification given a statistically significant result (here, a ≤ 0.05).

Note that – given a statistically significant result at p < 0.05 – the percent effect size inflation at the
median of the statistically significant results varies from 0% to 42% depending on both the rate of
lung cancer among individuals not exposed to diazinon (i.e. proportion of diseased individuals in the
non-exposed group) and the true relative risk (ranging from 1.2 to 3.0). For example, if the true RR
of a tertile of exposed vs non-exposed were 1.2, where the non-exposed group has a rate of lung
cancer of 0.011237 (bolded row in the above table), half of the observed statistically significant RRs
would be above the median of 1.6 and half would be below 1.6; this represents a median inflation of
33% over the true RR of 1.2 used in the simulation.

For the background rate found in the Jones et al. (2015) study (0.011237), a true RR of 1.2 that
was found to be statistically significant would instead were the study to be repeated be observed to
vary from 1.4 (at the 10th percentile) to 1.8 (at the 90th percentile) with the aforementioned median
of 1.6. When the true RR is 2 or 3, the power is greater than 80% (as seen in the above table) and
the median of observed RR is close to the true RR and the range of observed RRs are narrow. As the
true RR increases to 3, the study’s power increases such that the effect size inflation disappears and
the median from the simulations indeed reflects the true RR.

42 Said another way, if the true (but unknown) background rate were actually twice the observed background rate, we could
reasonably conclude (with 86% confidence) if no statistically significant relationship was found that the true OR did not
exceed 1.5.
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An Example Illustrating Effect Size Magnification and Odds Ratios in an Ever/Never Analysis (Waddell,
et al. 2001)

Sometimes comparisons between exposed group vs non-exposed group are presented in an
‘ever/never’ comparison as opposed to a comparison based on some other categorisation or grouping
such as terciles or quartiles. This exposure category-based analysis might be done because there are an
insufficient number of cases to break the exposure categories into small (more homogenous) exposure
classifications or groupings or because the measurements of exposure are not available or are less
reliable (such as in case–control studies). In these situations, we similarly need (i) the total number of
subjects in non-exposed group; (ii) the number of subjects in exposed group; (iii) the number of
diseased individuals in the non-exposed group in order to calculate the power of the comparison
between exposed group vs non-exposed group at some; (iv) given or preselected odds ratios.

To illustrate how a power and effect size magnification analysis might be done for a case–control
study using ever-never exposure categorisations, a study investigating the association between
malathion and NHL (Waddell et al., 2001) was selected. Here, we have (i) the number of subjects in the
reference non-exposed group = 1,018 (from Table 1: non-farmers = 243 diseased individuals + 775
non-diseased individuals); (ii) the number of subjects in the exposed group = 238 (from Table 4:
malathion exposed individuals = 91 exposed cases + 147 non-exposed controls); (iii) the number of
diseased individuals in the reference non-exposed group = 243 (from Table 1: 243 diseased individuals
in the non-farmer or non-exposed group), we can similarly calculate the power of the comparisons
between the ever vs never exposed, given the assumption that any true OR = 1.2, 1.5, 2.0, etc.

As was described above for lung cancer and diazinon, we estimated a power of 30.5% to detect an
OR of 1.2 at the study-estimated NHL proportion of 0.2387 among non-farmers (non-exposed), as
illustrated in the table below:

Results of power analysis for a one-sided, two-sample proportions test (a = 0.05)(a)

Ncontrol Nexposed
Proportion
control(b)

Proportion
exposed

Odds
Ratio

Power

1,018 238 0.1194 0.1399 1.2 0.2279
1,018 238 0.1194 0.1689 1.5 0.647

1,018 238 0.1194 0.2133 2.0 0.9693
1,018 238 0.1194 0.2891 3.0 1

1,018 238 0.2387 0.2734 1.2 0.3047
1,018 238 0.2387 0.3199 1.5 0.8149

1,018 238 0.2387 0.3854 2.0 0.9971
1,018 238 0.2387 0.4847 3.0 1

1,018 238 0.4774 0.523 1.2 0.3522
1,018 238 0.4774 0.5781 1.5 0.8779

1,018 238 0.4774 0.6463 2.0 0.9992

1,018 238 0.4774 0.7327 3.0 1

Stata code used to generate the above results: power two-proportions (‘= 0.5 * 243/1018‘ ‘= 243/
1018‘ ‘= 2 * 243/1018‘), test(chi2) OR (1.2 1.5 2.0 3.0) n1(1,018) n2(238) one-side
table(N1:‘‘N control‘‘ N2:‘‘N exposed‘‘ p1:‘‘proportion control‘‘ p2‘‘proportion
exposed‘‘ OR:‘‘odds ratio‘‘ power:‘‘power‘‘).
(a): One-sided test a = 0.05 Ho: p2 = p1 vs Ha: p2 > p1; Ncontrols = 1,018, Nexposed = 238, Number of iterations = 1,000 (data sets).
(b): Representing 1/2x-, 1x- and 2x- the observed background rate of lung cancer of 243/1018 in Waddell et al. (2001). Highlighted,

bolded region in table above represents power associated with this 1x observed background rate of NHL in cited study.

Such power relations for malathion and NHL are graphed below43 – as was done in the above AHS
prospective cohort study for diazinon and lung cancer – with the middle vertical dotted line in the
graph showing power at the NHL proportion of 0.2387 among non-farmers/non-exposed and the left-
hand and right-hand vertical dashed lines representing a form of sensitivity analysis at one-half and
twice the NHL proportion among non-farmers/non-exposed, respectively.

43 Stata code for generating the graph: power two proportions (‘= 0.5 * 243/1018‘(0.01)
‘= 2 * 243/1018‘), test(chi2) OR (1.2 1.5 2.0 3.0) n1(1018) n2(238)graph(recast
(line) x-line(‘= 0.5 * 243/1018‘ ‘= 243/1018‘ ‘= 2 * 243/1018‘, lpattern(dash))
legend(rows(1)size(small)) y-label(0.2(0.2)1.0)) one sided.
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At the study-estimated NHL proportion of 0.2387 among non-farmers/non-exposed, the power
(one-sided) to detect ORs of 1.2, 1.5, 2.0 and 3.0 is shown to be 30.5%, 81.5%, 99.7% and > 99.9%,
respectively. Note that Waddell et al. (2001) reported an OR of 1.6 with a 95% CI of 1.2–2.2, based
on 91 NHL cases who used malathion and 243 cases that were among non-farmers who did not.

Given the above, SAS was used to simulate the degree to which effect size magnification may exist
given true odds ratios of 1.2, 1.5, 2.0 and 3.0. Below is a SAS-generated table for the power analysis
for malathion and NHL showing the magnitude of the effect size magnification from the SAS-based
simulation results.

SAS simulation results illustrating effect size magnification given true odds ratios of 1.2, 1.5, 2.0,
and 3.0(a)

True values

N analysed
data sets

Power(b)

Distribution of observed significant ORs

Proportion of
diseased individuals
in non-exposed
group

OR N
10th

percentile
Median

(% inflation)
90th

percentile

0.1194 (1/2 background) 1.2 1,000 0.22 220 1.4 1.5 (25) 1.8
1.5 1,000 0.66 661 1.5 1.7 (13) 2.0

2 1,000 0.97 972 1.6 2.0 (0) 2.5
3 1,000 1.0 1,000 2.4 3.0 (0) 3.7

0.2387 (19 background) 1.2 1,000 0.32 323 1.3 1.4 (17) 1.6
1.5 1,000 0.81 812 1.4 1.6 (7) 1.8

2 1,000 1.0 997 1.6 2.0 (0) 2.4
3 1,000 1.0 1,000 2.5 3.0 (0) 3.6

0.4774 (29 background) 1.2 1,000 0.34 337 1.3 1.4 (17) 1.6
1.5 1,000 0.87 872 1.3 1.5 (0) 1.8

2 1,000 1.0 1,000 1.6 2.0 (0) 2.5

3 1,000 1.0 1,000 2.4 3.0 (0) 3.7

The logistic regression model was used to compute the odds ratios for the two groups. The EXACT Test was used in the analysis
of some data sets when the maximum likelihood estimate did not exist (perhaps due to a zero cases in one of the groups).
(a): One-sided test, a = 0.05, N non-exposed = 1,018, N malathion exposed = 238, N iterations = 1,000 (data sets).
(b): The power resulting from this simulation may be close but not match exactly with the power calculated from built-in

procedures in statistical software such as SAS (PROC POWER) or Stata (power two-proportion). This may be due to number
of data sets simulated being of insufficient size. However, 1,000 iterations are sufficient to adequately estimate the power
and to illustrate the degree of effect size magnification given a statistically significant result (here, a ≤ 0.05).

.2

.4

.6

.8

1

P
ow

er
 (1

-β
)

.1 .2 .3 .4 .5
Control-group proportion (p1)

1.2 1.5 2 3
Odds ratio (θ)

Parameters: α = .05, N = 1256, N1 = 1018, N2 = 238

Pearson's χ2 test
H0: p2 = p1  vs  Ha: p2 > p1

Estimated power for a two-sample proportions test

Graph showing estimated power for a (one-sided) two-sample proportions test evaluating power as a function of control-group
proportion at true RRs of 1.2-, 1.5-, 2.0- and 3.0. Dashed red vertical lines represent control group proportions at 1/2x of that

observed, 1x of that observed and 2x of that observed and illustrates the sensitivity of the power to these background rate

assumptions.
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Note that – given a statistically significant result at p < 0.05 – the median effect size varies from
1.4 to 3, depending on the NHL proportion in the non-exposed group, and the true odds ratio (ranging
from 1.2 to 3.0). For example, if the true OR for a NHL proportion among non-farmers of 0.2387 was
1.2 (bolded row in the table), half of the observed statistically significant ORs would be above the
median of 1.4 and half would be below. Further, most (90%) of the statistically significant ORs would
be observed to be above 1.3, and a few (10%) would be observed even to be above 1.6.

In sum, then, the power of an epidemiological study is an important factor that should considered
by regulators and others evaluating such studies. A study that is sufficiently powered will not only be
more likely to detect a true effect of a given size if it is indeed present (the classic definition of power
which relates to the issue of a Type II error or a false negative) but will also be less likely to magnify
or exaggerate the effect if it is not there but (by chance) crosses a preselected threshold (such as the
0.05 level for statistical significance). If a study is suitably powered (say, 80% or more), the observed
effect size is more likely to be a reflect a true effect size and any observed chance variation in this
effect size will reflect a distribution symmetrically centred around the unknown true value. The take
home message from these simulations and the original work by Ioannidis and extensions by Gelman
and Carlin (2014) is that a study should be not only suitably powered to avoid a false negative (Type
II error) but also suitably powered to avoid a magnification of the effect size for those effect sizes that
are statistically significant (or pass some other threshold). Gelman and Carlin (2014) go further, stating
that such ‘retrospective design calculations may be more relevant for statistically significant findings
than for nonsignificant findings. The interpretation of a statistically significant result can change
drastically depending on the plausible size of the underlying effect’. Note that if a study is suitably
powered, there is NO systematic risk inflation, but the effect estimates for underpowered studies that
produce statistically significant effects are prone to what might be substantial risk inflation, the
interpretation of which depends on realistic estimates of the true (underlying) effect.

Ideally, then, published literature studies should conduct and document power analyses. Short of
that, published literature should provide adequate information for the reader to perform such power
calculations (or, as Gelman and Carlin (2014) term them: (retrospective) design calculations). In the
two examples provided above, the authors did provide sufficient information for the reader to calculate
power and the potential for effect size magnification. This is not always the case. Sometimes
information used for power calculations are only partially provided in the publications or provided
information was structured in a way that does not permit such calculations.44,45 For example, if
authors use number of cases instead of level of exposure to determine tertiles or quartiles (which
would be evidenced by a constant number of cases between groups) or if authors group multiple
cancer outcomes together and use that number to determine tertiles, then the power (or design)
calculations illustrated here are not possible since the required inputs are not able to be derived. Since
the counts and data which are tabulated and reported are not necessarily standardised among authors
and publications, one strong recommendation would be for publications to require reporting (even if in
supplementary or online data) the necessary information to estimate power such that such evaluations
can be done by both peer reviewers and interested readers.

44 For example, in the review of the association between malathion exposure vs aggressive prostate cancer presented in the
publication ‘Risk of Total and Aggressive Prostate Cancer and Pesticide Use in the Agricultural Health Study’ by Stella Koutros
et al. (2012), the Panel was not able to calculate the power of the comparison between the malathion-exposed groups vs
non-exposed group because critical information was not provided in the published article. From the publication and the
supplemental document of the publication, we were able to easily find the number of cases in the non-exposed group
(Table 2 in the main article), but the number of subjects in the non-exposed group or at each exposed level (i.e., quartile)
appeared not to be available. We attempted to derive the number of subjects in the non-exposed group and number of
subjects in each quartile from the information in Table 1 of the supplemental document of the article but were not able to do
so since the information in Table 1 was presented in a way that was not consistent with many other AHS publications in that
the exposed subjects were categorized into groups based on the quartiles of number of cases.

45 Sometimes, information used for power calculations may have only been partially provided in the publications. For example,
we calculated the powers associated with various thyroid cancer comparisons from the information provided in the AHS study
publication ‘Atrazine and Cancer Incidence Among Pesticide Applicators in the Agricultural Health Study (1994–2007)’, by Laura
Beane-Freeman et al. (2011). In this publication, the authors did not categorize the subjects into quartiles based on exposure
but instead categorized or grouped the subjects based on the total number of all cancer cases combined. In this way, the
number of cases of all types of cancer was the same between categorized groups and thus both the number of cases of any
specific cancer of interest (e.g. thyroid, here) was not the same between groups and the number of subjects was not the
same between groups. In this example, the publication provided (i) the reference Q1: N = 9,523, (ii) total subjects in Q2, Q3
and Q4: N = 26,834 (Table 1) and (iii) the number of thyroid cancer cases in the reference Q1 = 3 (Table 2). The exact
number of subjects in each of the compared groups (Q2, Q3 or Q4) was, however, not available.
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While the above analysis suggests that potential implications of the effect size inflation
phenomenon are important considerations in evaluating epidemiological studies, it is important to
remember a number of caveats regarding the phenomenon and how its consideration should enter
into any interpretation of epidemiological studies.

• First, while this phenomenon would tend to inflate effect sizes for underpowered studies for
which the effect of interest passes a statistical (or other) threshold, there are other biases that
may be present that bias estimates in the other direction, towards the null. This bias might be
referred to as effect size suppression. Perhaps, the most well-known of these is non-differential
misclassification bias discussed in the main body of the text. This can commonly (but not
always) produce predictable biases towards the null, thereby systematically under-predicting
the effect size. Recognising that this is not always true and there are potentially countervailing
or counteracting factors like effect size magnification (at least for small underpowered studies)
is an important step forward. Specifically, underpowered studies can result in biased estimates
in a direction away from the null to a degree that that can potentially offset (and possibly
more than offset) any biases towards the null that may result, for example, from non-
differential misclassification bias. Regardless, what is of critical importance is to recognise that
adequately powered studies are necessary to be able to have at least some minimal degree of
confidence in the estimate of the effect size for a statistically significant result.

• Secondly – and as stated in the main body of the text – effect size magnification is linked to a
focused effort on the part of the researcher (or regulators interpreting such a study) on
identifying effects that pass a given threshold of significance (e.g. p < 0.05) or achieve a
certain size (e.g. OR > 3) when that study is underpowered. This phenomenon, then, is of
most concern when a ‘pre-screening’ for statistical significance (or effect size). To the extent
that regulators, decision-makers and others avoid acting by focusing on only those associations
that ‘pass’ some predetermined statistical threshold and then use that effect size to evaluate
and judge the magnitude of the effect without acknowledging that it might be inflated if the
study is underpowered, the phenomenon is of lesser concern. Note that effect size
magnification is not a function or fault of the research or research design, but rather a
function of how that research is interpreted by the user community.
Unfortunately, there is sometimes a tendency for attention to focus on effect sizes that are
greater than a given size or that pass a certain statistical threshold and are as such
‘discovered’. As recommended by Ioannidis with respect to how these ‘discoveries’ should be
considered (Ioannidis, 2008):

‘At the time of the first postulated discovery, we usually cannot tell whether an association exists at
all, let alone judge its effect size. As a starting principle, one should be cautious about effect sizes.
Uncertainty is not conveyed simply by CIs (no matter if these are 95%, 99% or 99.9%).

For a new proposed association, credibility and accuracy of the proposed effect varies depending on
the case. One may ask the following questions: does the research community in the field adopt
widely statistical significance or similar selection thresholds for claiming research findings? Did the
discovery arise from a small study? Is there room for large flexibility in the analyses? Are we
unprotected from selective reporting (e.g. was the protocol not fully available upfront?). Are there
people or organisations interested in finding and promoting specific “positive” results? Finally, are
the counteracting forces that would deflate effects minimal?’

• Thirdly, it should be remembered that the effect size inflation phenomenon is a general principle
applicable to discovery science in general and is not a specific affliction or malady of epidemiology
(Ioannidis, 2005; Lehrer, 2010; Button, 2013; Button et al., 2013; Reinhart, 2015). As indicated
earlier, it is often seen in studies in pharmacology, in gene studies, in psychological studies, and in
much of the most-often cited medical literature. Such truth inflation occurs in instances where
studies are small and underpowered because such studies have widely varying results. It can be
particularly problematic in instances where many researchers are performing similar studies and
compete to publish ‘new’ or ‘exciting’ results (Reinhart, 2015).

Summary and Conclusions

Effect size magnification or ‘truth inflation’ is a phenomenon that can result in exaggerated
estimates of odds ratios, relative risks or rate ratios in those instances in which these effect measures
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are derived from underpowered studies in which statistical or other thresholds need to be met in order
for effects to be ‘discovered’. The phenomenon is not specific to epidemiology or epidemiological
studies, but rather to any science in which studies tend to be small and predetermined thresholds such
as those relating to effect sizes or statistical significance are used to determine whether an effect
exists. As such, it is important that users of epidemiological studies recognise this issue and its
potential interpretational consequences. Specifically, any discovered associations from an
underpowered study that are highlighted or focused upon on the basis of passing a statistical or other
similar threshold are systematically biased away from the null. While we cannot know if any specific
observed effect size from a specific study is biased away from the null as a result of being a
‘discovered’ association that passes a statistical threshold (just as we can’t say that a specific study
showing non-differential misclassification will necessarily be biased towards the null), we do know that
that chance favours such a bias to some degree as illustrated by the explications presented and
simulations performed here. Said another way: by choosing to focus on, report, or act upon effect
sizes on the basis of those effect sizes passing a statistical or other threshold, a bias is introduced
since it is inevitably more likely to select those associations that are helped by chance rather than hurt
by it (Yarkoni, 2009). Again, this is an issue related to how studies are interpreted by users, not one
that is intrinsic to the study design nor one that is related to good scientific principles or practices.

One (partial) solution to the above issue is for the reader to cautiously interpret effect sizes in
epidemiological studies that pass a prestated threshold or are statistically significant if they arise from
an underpowered study, recognising that the observed effect sizes can be systematically biased away
from the null. Such an approach would require that either the authors report the power of the study or
that the authors provide sufficient information for the reader to do so. Effects sizes from studies with
powers substantially less than 80% should be interpreted with an appropriate degree of scepticism,
recognising that these may be inflated – perhaps substantially so (particularly if the power is less than
50%). The potential degree of this inflation will depend on a number of issues including background
rate of the health outcome of interest, the sample size of the study and the effect size of interest.
More specifically, when (a) the smaller the background rate of the health outcome of interest is low,
(b) the sample size of the study is small and (c) the effect size of interest is weak, then the power of
the study (to detect that effect size) will be low and the tendency towards inflated effect sizes in
statistically significant results will be high. Low power studies investigating small or weak effects in
populations that have a low background rate of the health outcome of interest will tend towards the
greatest degree of effect size inflation. As a result, the PPR Panel recommends that epidemiological
publications either incorporate such calculations or include key information such that those calculations
can be performed by the reader. Specifically:

When the association between a given pesticide exposure and a disease is found to be statistically
significant, particularly in (presumed) low powered studies, data user should perform various power
calculations (or a power analysis) to determine the degree to which the statistically significant effect
size estimate (OR or RR) may be artificially inflated or magnified. This requires three values to be
clearly reported by epidemiological studies: (i) the number of subjects in the non-exposed group
(including diseased and non-diseased individuals); (ii) the number of subjects in the exposed group
(including diseased and non-diseased individuals); and (iii) the number of diseased subjects in the
non-exposed group. Risk managers can then select the target value of interest (typically an OR or
RR) to detect a difference of a given (predetermined) effect size between the exposed and
non-exposed subjects, and evaluate the degree to which effect size magnification could potentially
explain the effect size that was estimated in the study of interest.

Since it appears that (i) many epidemiological studies are frequently underpowered; (ii) it is not
common for authors to provide either power calculations or (sometimes) the information in
publications required to do them, and (iii) the phenomenon of effect size magnification generally
appears to be little recognised in the epidemiological field, the above PPR Panel recommendation will
require effort on the part of researchers/grantees, publishers, and study sponsors to implement. While
the above suggests that the current state of practice in this area may leave one pessimistic, an opinion
piece on this topic by researcher Kate Button (Button, 2013) describing her work in Nature Reviews
Neuroscience (Button et al., 2013) offered guarded reasons for optimism:

‘Awareness of these issues is growing and acknowledging the problem is the first step to improving
current practices and identifying solutions. Although issues of publication bias are difficult to solve
overnight, researchers can improve the reliability of their research by adopting well-established (but
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often ignored) scientific principles: Also, researchers can improve the usefulness/reliability of their
research by adopting well-established (but often ignored) scientific principles:

1) Consider statistical power in the design of our studies, and in the interpretation of our
results;

2) Increase the honesty with which we disclose our methods and results.
3) Make our study protocols, and analysis plans, and even our data, publically available; and
4) Work collaboratively to pool resources and increase our sample sizes and power to replicate

findings.’

Although the above set of recommendations and thoughts were set in the context of sample size
and neurotoxicology, they have broad applicability to any discovery science, including epidemiology. In
sum, while there is much room for improvement in the conduct and reporting of epidemiological
studies for them to be useful to regulatory bodies in making public health-based choices, the issues
are beginning to be better defined and recognised and – going forward – there is reason for optimism.

References
Beane Freeman, LE, Rusiecki, JA, Hoppin, JA, Lubin, JH, Koutros, S, Andreotti, G, Hoar Zahm, S, Hines, CJ, Coble,

JB, Barone Adesi, F, Sloan, J. Sandler, DP, Blair, A, and Alavanja, MCR. Atrazine and cancer incidence among
pesticide applicators int eh agricultural health study (1994–2007). Environ Health Perspect, 119, 1253–1259.

Button K, 2013. Unreliable neuroscience? Why power matters. The Guardian newspaper (UK). 10 April 2013
Available online: https://www.theguardian.com/science/sifting-the-evidence/2013/apr/10/unreliable-neuroscie
nce-power-matters [Accessed 6 September 2017]

Button K, Ioannidis JPA, Mokrysz C, Nosek BA, Flink J, Robinson ESJ and Munafo MR, 2013. Power failure: why
small sample size undermines the reliability of neuroscience. Nature Reviews Neuroscience, 14, 365–376.

Cohen P and Chen S, 2010. How big is a big odds ratio: interpreting the magnitudes of odds ratios in
epidemiological studies. Communications in Statistics: Simulation and Computation, 39, 860–864.

Gelman A and Carlin J, 2014. Beyond power calculations: assessing type S (sign) and type M (magnitude) errors.
Perspectives on Psychological Science, 9, 641–651.

Ioannidis JP, 2005. Why most published research findings are false. PLoS Med, 2, e124.
Ioannidis JP, 2008. Why most discovered true associations are inflated. Epidemiology, 19, 640–648.
Jones RR, Barone-Adesi F, Koutros S, Lerro CC, Blair A, Lubin J, Heltshe SL, Hoppin JA, Alavanja MC and Beane

Freeman LE. Incidence of solid tumours among pesticide applicators exposed to the organophosphate
insecticide diazinon in the Agricultural Health Study: an updated analysis. Occupational and Environmental
Medicine, 72, 496–503.

Koutros, S, Beane Freeman, LE, Lubin, JH, Heltshe, SL, Andreotti, G, Hughes-Barry, K, DelllaValle, CT, Hoppin, JA,
Sandler, DP, Lynch, CF, Blair, A and Alavanja, MCR, 2013. Risk of total and aggressive prostate cancer and
pesticide use in the agricultural health study. American Journal of Epidemiology, 177, 59–74.

Lehrer J, 2010. The truth wears off: is there something wrong with the scientific method. New Yorker. 13
December, 2010. Available online: http://www.newyorker.com/magazine/2010/12/13/the-truth-wears-off
[Accessed September 2017]

Reinhart A, 2015. Statistics Done Wrong: the woefully complete guide. No Starch Press (San Francisco, CA).
Rosenthal JA, 1996. Qualitative descriptors of strength of association and effect size. Journal of Social Service

Research, 21, 37–59.
Taubes G, 1995. Epidemiology faces its limits. Science, 269, 164–169.
Waddell BL, Zahm SH, Baris D, Weisenburger DD, Holmes F, Burmeister LF, Cantor KP and Blair A, 2001.

Agricultural use of organophosphate pesticides and the risk of non-Hodgkin’s lymphoma among male farmers
(United States). Cancer Causes Control, 12, 509–517.

Wynder EL, 1997. Epidemiology Faces its Limits – Reply. Invited Commentary: Response to Science Article,
“Epidemiology Faces Its Limits”. American Journal of Epidemiology, 143, 747–749.

Yarkoni T, 2009. Ioannidis on effect size inflation, with guest appearance by Bozo the Clown. 21 November 2009.
Available online: http://www.talyarkoni.org/blog/2009/11/21/ioannidis-on-effect-size-inflation-with-guest-appea
rance-by-bozo-the-clown/ [Accessed on 6 September 2017]

Epidemiological studies and pesticides

www.efsa.europa.eu/efsajournal 101 EFSA Journal 2017;15(10):5007

406



 
 

1 

 

2017 9 20  

doi: 10.2903/j.efsa.2017.5007 

PPR
 

EFSA PPR  
Colin Ockleford, Paulien Adriaanse, Philippe Berny, Theodorus Brock, Sabine Duquesne, Sandro Grilli, 

Susanne Hougaard, Michael Klein, Thomas Kuhl, Ryszard Laskowski, 
Kyriaki Machera, Olavi Pelkonen, Silvia Pieper, Rob Smith, Michael Stemmer, Ingvar Sundh, Ivana 

Teodorovic, Aaldrik Tiktak, Chris J. Topping, Gerrit Wolterink, Matteo Bottai, Thorhallur Halldorsson, 
Paul Hamey, Marie-Odile Rambourg, Ioanna Tzoulaki, 

Daniele Court Marques, Federica Crivellente, Hubert Deluyker and Antonio F. Hernandez-Jerez 
 

 
2013 EFSA 2006 2012  

EU No 1107/2009
EFSA PPR

PPR

PPR

 
© 2017 European Food Safety Authority. EFSA John Wiley and 
Sons Ltd  
 

 
 

European Food Safety Authority  
EFSA-Q-2014-00481 

pesticides.ppr@efsa.europa.eu 

407



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

2 

EFSA Andrea 
Terron Andrea Altieri Arianna Chiusolo EFSA (1) 
David Miller US-EPA US-EPA (2) Kent 
Thomas (US-EPA), (3) the INSERM Report Marie Christine Lecomte (INSERM), Sylvaine Cordier 
(INSERM) and Alexis Elbaz (INSERM) , (4)  Toby Athersuch 
(Imperial College) , (5) Peter Floyd 
(Risk & Policy Analysts Ltd) , Ruth Bevan (IEH Consulting Ltd) ,Kate Jones (UK Health & Safety Laboratory)

EFSA AMU  
 

EFSA PPR EFSA Ockleford C, 
Adriaanse P, Berny P, Brock T, Duquesne S, Grilli S, Hougaard S, Klein M, Kuhl T, Laskowski R, Machera K, 
Pelkonen O, Pieper S. Smith R, Stemmer M, Sundh I, Teodorovic I, Tiktak A, Topping CJ, Wolterink G, Bottai M, 
Halldorsson T, Hamey P, Rambourg M-O, Tzoulaki I, Court Marques D, Crivellente F, Deluyker H and 
Hernandez-Jerez AF, 2017

PPR EFSA Journal 2017;15(10):5007, 101 pp. https:// 
doi.org/10.2903/j.efsa.2017.5007  

 
ISSN 1831-4732 
 
© 2017 European Food Safety Authority. EFSA Journal John Wiley and 
Sons Ltd  
 

NoDerivs

 
1 2 3 4 5

6 7  
 
 
 
 
 
 
EFSA EU European Food Safety Authority

 
  

408



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

3 

 
EFSA PPR

Ntzani 2013
2006 2012

23

II

 
PPR

EC 1107/2009

DAR
EC No 

1107/2009

EC 1141/2010  

PPR
 

1

 

Terms of Reference ToR 1

EU 480

EFSA Ntzani 2013

                                                      
1 

 

409



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

4 

Ntzani 2013
 

PPR ToR 2 ToR 
3 a

b
c

d

STROBE STrengthening the Reporting of 
OBservational studies in Epidemiology

 

GIS

DNA

 
ToR 4

EU No 1107/2009

ToR

 

410



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

5 

3 a
b c

EFSA
EU No 1107/2009

 
in vivo in vitro

in silico ToR 4
WOE, 

Weight-of-Evidence
1

4
in vitro in silico  

in vitro in silico

WOE

 

Bradford Hill WOE
 

  

411



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

6 

 

 .......................................................................................................................................................... 1 
 .......................................................................................................................................................... 3 

1.  ................................................................................................................................................. 8 
1.1.  ............................................................. 8 
1.2.  ............................................................................................. 9 
1.3.  ............................................................................................................................. 10 
1.4.  ....................................................................................................................................... 11 
2. ......................................................................................... 11 
2.1.  .................................................................................................................................. 11 
2.2.  ................................................................................................................. 13 
2.3. ............................................................................................................................................. 13 
2.4.  ....................................................................................................................................... 14 
2.5.  .......................................................................................................................... 15 
2.5.1.  .................................................................................................................................... 15 
2.5.2.  ............................................................................................. 15 
2.6.  ................................................................................................................................ 18 
3.  ....................................................................... 20 
3.1. EFSA  ....................................................................... 20 
3.2.  ....................................................................................................................... 21 
3.3.  ......................................................................................................................... 21 
3.4.  ................................................................................................................ 22 
3.5.  .......................................................... 23 
3.6.  ................................................................................................................... 23 
4.  .................................................................. 24 
4.1.  ........................................................................................................... 24 
4.2.  .................................................................................................................................. 27 
4.3.  ................................................................................................................................ 28 
4.4.  .......................................................................................................................... 28 
4.5.  ....................................................................................................................................... 32 
5.  ............................................................................................ 33 
5.1.  ..................................................................................... 33 
5.2.  ....................................................................... 33 
5.3.  .......................................................................... 36 
6.  ....................................... 36 
6.1.  .......................................................................................................................... 36 
6.2.  ................................................................................................... 37 
6.3.  .............................................................................................. 39 
6.3.1.  ................................................................................................................ 40 
6.3.2.  ................................................................ 41 
6.3.3.  ............................................................................ 43 
6.3.4.  .................................... 44 
7.   ........................................... 45 
7.1.   ............................... 46 
7.2.  ......................................................... 48 
7.3.  ............................................................................................... 50 
7.4.  ..................................................................................... 51 
7.5. AOPs  ................................................................................................................... 52 
7.6.  .................................. 53 
7.7.  .................................................................................................. 53 
8.  ......................................................................................................................... 54 
8.1.  .................................................................................................... 54 
8.2.  ............................................................................................................................... 57 
8.3.  .................................................................................................... 57 
8.4.  ................................................................................................. 58 
9.  ............................................................................................................................................... 58 

412



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

7 

 ................................................................................................................................................. 60 
 ........................................................................................................................................... 65 

A EFSA  ........................ 68 
B EFSA  ................................................................ 81 
C  ................................... 83 
D  ................................................................................................................. 92 

  

413



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

8 

1.  
1.1.  

 
EU PPP 1107/2009 2

283/2013 3 284/2013 4

 
EU No 283/2013

Part A Part B
5

in vitro
5.1 in vitro

5.4
5.7 5.8

 

EU No 283/2013 5.9

 
EU No 1107/2009

EC No 1107/2009
......

10
......  

EC No 1107/2009
EFSA 2011 a EFSA

EFSA 2010 a
EFSA

 

EFSA EFSA 2011 a EFSA
AIR-3

                                                      
2 79/117/EEC 91/414/EEC 2009 10 21

EC No 1107/2009 OJ L 309, 24.11.2009, p. 1-50. 
3 2013 3 1 EU No 283/2013  

EC No 1107/2009 OJ L 93, 3.4.2013, p. 1-84. 
4 2013 3 1 EU No 284/2013  

EC No 1107/2009 OJ L 93, 3.4.2013, p. 85-152. 

414



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

9 

AIR-3 Reg. EU No 844/2012 SANCO/2012/11251 rev.4  
EU

 
2,4-D

 
EFSA 2011 a

DAR RAR
EFSA EFSA 2015 a

EU
 

 
 
1.2.  

2013 EFSA
Ntzani 2013 2006

2012
23

II
 

6,000

 
5 6

EU No 283/2013
EFSA

 
PPR Ntzani 2013

                                                      
5 INSERM 2013  
6 COT 2011

COT 2006 bystanders
 

415



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

10 

PPR
 

PPR  
1

 
2 1

 
3

1

 
4 AOP

WOE  
PRAS EFSA 7

 
 

1.3.  
EFSA ToR 2006 2012

PPR
Ntzani 2013 EU No 283/2013

EU DAR RAR
 

PPR

PPR
ToR

 
1107/2009

DAR

EC EC No 1107/2009

91/414/EEC I

EC 1141/2010  
PPR  

                                                      
7 EC No 178/2002 28  

416



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

11 

1
 

2
 

3
 

4
 

2-4
Rothman 2008  

EU

 
 

1.4.  
1-4 1.3

A
A

A
Scienti c Opinion

 
B
HBM

2015 EFSA Bevan 2017  
 

2.  

Rothman 2009  
 

2.1.  

8

 
  

                                                      
8 

 

417



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

12 

 

 

 

Rothman Greenland 1998 Pearce 2012  
 

 
 

 
 

418



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

13 

 
 

 
 

2.2.  

 

80%
80%

20%

risk in ation

D  

OECD

 
 

2.3.  

 

90

419



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

14 

 

 

 

 
 

2.4.  

ICD 10

 

 

 

 

 

 
surrogate endpoint

420



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

15 

AOP
 

surrogate outcomes
la Cour

2010  

 
 

2.5.  

 
 

2.5.1.  

 
 

2.5.2.  

 

 

RR

OR

 

Greenland 2016  

 
  
 

 
 

 

421



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

16 

 
 

Skelly 2011

Skelly 2011
EFSA Scienti c Committee EFSA Scienti c Committee 2017

a
EFSA Scienti c Committee 2017 b  

 

Skelly 2011
5%  

 

5%

Bonferroni Sidak Benjamini-Hochberg

EFSA
EFSA 2011 b  

 

p<0.05

422



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

17 

 

OR RR

D  

McNamee 2003
 

 
 

 
2  

  
2

 

2
2  

1

OR RR
Mantel-Haenszel

423



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

18 

 

 

RR OR
US-EPA 2010 b  

A B

 

 
 

2.6.  

 

Rothman 2002

Höfler 2005  

424



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

19 

 

 

4 6 8  
HWE

 
HWE

 

1

OR RR  

 

 
differential) non-differential

i
ii

 

OR RR

425



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

20 

null
Jurek 2005  

US-EPA 2010 b

 

Lash 2009 Gustafson McCandless 2010
 

 
3.  
3.1. EFSA  

EFSA Ntzani 2013 A

Ntzani 2013  
 

 
 

 
  
  
  

 

Agricultural Health Study AHS

Tsilidis 2013  
EFSA

426



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

21 

EU
DDT

10% Ntzani 2013
5

EFSA
 

 
3.2.  

EU
 

 
Ntzani 795 38% 32%

 

EFSA 2004
2

Hernández 2016  
 

3.3.  

Gómez-Martín
2015

 

5-10% 20% Gibson 2017

427



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

22 

 

 
 

3.4.  

 

3- 6-
a

b
HBM

 

 
 

 
 

 
 

 

 

428



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

23 

PPE

 
 

3.5.  

 

Nachman
2011

 

AHS
MGUS Landgren 2009 1%
Zingone Kuehl 2011 MGUS

 

la Cour 2010
 

 
 

3.6.  

2.5
 

a
b

 
a  

429



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

24 

 

Bengtson 2016 Dionisio 2016 Spiegelman 2016  
b  

 

Imbens Rubin 2015  
 

4.  

 

 
a b

 
 

4.1  

US-EPA 2012 Hernández 2016  
a

 
b  
c  
d  
 

430



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

25 

 

Simera 2010  
Newcastle-Ottawa NOS Research Triangle Institute

RTI
29

BEES-C
LaKind 2015

2
Amler 2006 Youngstrom 2011  

2008 6 EQUATOR Enhancing the QUAlity and 
Transparency Of health Research EQUATOR Network

90
Strengthening the Reporting of OBservational studies in Epidemiology 

STROBE STROBE
22

von Elm 2007 STROBE
1

STROBE STROBE STROBE Extension to 
Genetic Association studies STREGA STROBE-ME
STROBE PPR

EQUATOR STROBE
 

 
1 STROBE  

431



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

26 

  

432



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

27 

 

 

STROBE

Kavvoura 2007  

Pearce 2011 Rushton 2011
IEA 2007

responsible epidemiologic Research Practice DSE 2017  

 
 

4.2.  

 

10

1

 
 

433



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

28 

4.3.  
EU 5

 

 

 

 

 
 

4.4.  

 

PPP EC No 1107/2009 EU No 
283/2013

 
4.2.  

a MRL 6.7.1

 
b 7.4.2  
c bystanders

 

434



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

29 

d  

 
LOQ LOQ 10 LOQ

ILV
 

 

 

 

 
 

a

1  
b HBM

435



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

30 

 

Oulhote Bouchard 2013

 

Agricultural Health Study Thomas 2010 Coble 2011 Hines
2011 HBM

 

 
Biobanks

 

PBTK
PBTK

PBTK
PBTK

PBTK
 
ADME

in vitro
HBM

EFSA Bevan 2017
 

 
a

9

                                                      
9 1107/2009 67  1. 

5
3

 

436



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

31 

LOQ
Larsson 2017  

b GIS
GIS

Cornelis 2009

González-
Alzaga 2015  

 

 
a metabolomics adductomics

DNA

exposome

 
b

 

Nieuwenhuijsen 2015  

EWAS

437



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

32 

Rappaport 2012

 

 

 
 

4.5.  

Stang 2012 Reich 2013
ICD-10

 

 

 
 

 
 1 Grimes
Schulz 2005 la Cour 2010

la Cour 2010  
EU

438



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

33 

 

DeBord 2015

 
 

5.  
2-4

2-4

 
 

5.1.  

vigilance
10  
EU pharmacovigilance

EMA

EMA
 

 
5.2.  

EU

 
 EC 1107/2009 56

                                                      
10 

 

439



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

34 

 
 EC 128/2009 7

3.3. 2012 12
14

 
3  

 EC 1185/2009

5  
 EC 178/2002 50

RASFF

 
 EC 1272/2008 CLP 45 4 EU

MS

2020 1 1  
EU

11 PPP
EU

IHR EU

Orford 2014  
EU PCC

PCC

 
 

2

                                                      
11 phytovigilance

phytopharmacovigilance
 

440



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

35 

2012
III ASHTIII

PCC
5

PCC
EU

Orford 2015  
PCC 12

EU
EU-OSHA 13

NIOSH
14  

 
 

EU

 
 

PPP  
EC 283/2013 5.9

 
  

                                                      
12  Phyt'attitude Sociale Agricole, Mutualite, Sociale Agricole : 

http://www.msa  
13 https://osha.europa.eu/en/about-eu-osha 
14 SENSOR https://www.cdc.gov/niosh/topics/pesticides/overview.html 

441



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

36 

5.3.  

EU

 

 
EU

 
 EU  
 EU  
 PPP

 
  
 EU  

 
6.  

6.1
6.2 6.3

1  
 

6.1.  

4 EFSA 2012 a

2

 
a 1.  

442



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

37 

 
b 2.  

EFSA CONTAM

EFSA 2009 a,b 2010 b 2012 b

2

 
EU

RR
OR

 
c 3.  

 
4. 

London 2010  
UF

10 UF 10

10 EC No 1107/2009 4 6

UF
 

 
6.2.  

WOE
15

                                                      
15 RTI

https://www.ncbi.nlm.nih.gov/books/NBK154464/  

443



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

38 

 
 

 
 

 
 

 
 

 
 

 
 

 
 STROBE  

 

 
2

 

2 a b  

444



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

39 

 

 
3

16 a
b

c

 
 

6.3.  

 
Bradford Hill

3

                                                      
16 EFSA  

445



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

40 

Bradford Hill

 
 

3 Bradford Hill WOE  

ö
 

Y X Y X
Hö er 2005

E D E
Maldonado Greenland 2002

Rothman Greenland 2008

 
 

6.3.1.  

van 
den Brandt 2002

446



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

41 

EFSA 2010 a

 

17

 

Greenland O'Rourke 2008

 

a b
c

Wilson Tanner-Smith
2014  

Karabatsos 2015  
 

6.3.2.  

Higgins 2008

                                                      
17 CUP  http://www.wcrf.org/int/research-we-fund/ continuous-update-

project-cup 

447



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

42 

 
1 3 A B C 2 3

 

 
1 3 A B C 2

x

95  

1 1  
 A 2 2

1 a
2 b

2  
 B 2

1 a
a b

 
 C 2 2 1

2 1
a 1

b 1
 

1  

Bottai 2014 Santacatterina Bottai 2015

1
2

A 2
A

2 A

448



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

43 

2 B
A B A

B C

C 2 A B
 

1 3

2
 

 
2  

 
6.3.3.  

2

 

 
3

EFSA
EFSA 2010 a

WOE 6.2

449



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

44 

 

OR RR

OR RR
Nachman 2011

 

I2 50%

 
 

 
 

 
6.3.4.  

 

OR

450



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

45 

Greenland Longnecker 1992 Orsini 2012  

OR

Hernánde 2016  
Point of Departure BMD

BMD

Budtz-Jørgenson 2004 EFSA BMD
Reference Point NOAEL no 

observed-adverse-effect level
EFSA Scienti c Committee 2017 b

 

BMD

BMD

BMD Budtz-Jørgensen 2001  
BMD

BMD
BMD BMD

Lachenmeier 2011

 
 

7.  
7.1
EFSA Scienti c Committee Guidance on WOE EFSA Scienti c Committee 2017 b

3
6

1
6 7.2 WOE

 
  

451



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

46 

 
7.1.   

EC 283/2013 284/2013 OECD
in vivo in vitro

EC 1107/2009
EFSA

in vivo in vitro

Kaltenhäuser 2017  
GLP OECD

in vivo
Vandenberg 2016 GLP GLP

WOE
Kaltenhäuser 2017  

in vitro
in silico SAR

WOE
 

Hoffmann 2017 Scienti c Opinion EFSA AOP
Choi 2016 EFSA Scienti c 

Committee 2017 c  

in vivo  

Esch 2015

Point of Departure NOAEL

452



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

47 

LOAEL BMDL UF
 

Nachman 2011

Good Plant Protection Practice
1107/2009 4

US-EPA 2010  
a b

c
Raffaele 2011

 

4A

4B
Nachman 2011

 
 

453



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

48 

 
4  

 

 
2

ECETOC 2009

 
 

7.2.  

 

6.2 6.3

454



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

49 

 

5 Bradford Hill 3
WOE

ECETOC 2009 Lavelle 2012  
 

 
 WOE

OECD

in vitro in silico

6.3  
 

 

 

 
 

455



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

50 

 
5  

 
in vivo

 
 

7.3.  
WHO/IPCS WOE

WHO/IPCS 2009 WOE
in vivo in vitro in silico

SCENIHR 2012
 

EFSA WOE
EFSA EFSA 2015 b

 
WOE DAR RAR

WOE
EFSA 2015 c RMS

NOAEL WOE
 

US-EPA

456



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

51 

WOE
PBPK-PD

WOE EC No 
1107/2009 EFSA EFSA EFSA
2014 a 2011 US-EPA 2011  

Bradford Hill
WOE 3

US-EPA 2010 Adami 2011 Buonsante 2014  
 

7.4.  

 

7.6 AOP

7.5  

MOA
MOA

ECETOC 2009  
Sulfoxa or MOA 2014 11

ECHA/EFSA MOA/HRF
MOA

MOA
WOE MOA MOA

 
MOA

 

EFSA 2013 a,b  

457



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

52 

 
7.5. AOPs  

AOP
OECD 2013 AOP

Molecular initiating event MIE in vivo
MOA

AOP
1 MIE 1 AOP

1 MIE 1
EFSA PPR 2017

in vivo OECD

OECD 2013  
MIE MIE

AOP 1 MIE 1
Vinken 2013
WOE OECD 2013  

in vitro in vivo in silico
AOP in vitro in vivo

Vinken 2013 AOP
 

AOP AOP OECD WOE AOP

AOP
EFSA PPR 2017  

AOP

AOP
AOP

AOP AOP
AOP AOP

MOA
IATA EFSA PPR

2017  
AOP MOA

AOP MOA
AOP AOP/MOA

 
AOP apical effects

458



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

53 

EFSA PPR 2017
 

 
7.6.  

 

Nachman 2011
MOA  

Transcriptomic, metabolomic
epigenomic proteomic

Marx-Stoelting 2015  
MOA AOP
a mRNA

Gene Ontology

b
c

d

 

Vlaanderen 2010

 

NRC 2007  
 

7.7.  

459



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

54 

GPS

Salerno 2017

2017
18  

 

Burton 2010  
deep phenotyping

50

EU http://www.bbmri-eric.eu/BBMRI-
ERIC EU  
 

8.  
8.1.  

EU No 1107/2009

 
a  

1
 

                                                      
18 21

DC 2017 1  

460



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

55 

2
 

3
 

4
 

5
1  

6  
 

b  
1

 
2

 
3

 
4 PPE

 
5

 
6 GIS

 
7

 
8

HBM
 

9

 
10

461



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

56 

MOA

 
c  

1
 

2

 
3

 
4

 
5

read across methods  
d  

1
 

2
 

3  
 

4

 
5 propensity score matching mediation analyses

 
6

OR RR

19   

                                                      
19 D

3 i
ii iii  

462



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

57 

e  
1 STROBE EFSA EFSA 2014 b

 
2

 
3

 
4

 
5  

PPR
20  

 
 

8.2.  
1 EU 2009/128 7

PPP  
2 EU

 
3 EU EU EFSA

 
4 EU  
5

 
 

8.3.  
1

 
2

 
3

 
4

21

 

                                                      
20 2017  
21 

 
Ioannidis and Trikalinos 2007  

463



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

58 

5

 
6  
7

Point of Departure BMDL NOAEL
 

8
AGRICOH  

 
8.4.  

1  
2

 
3  
4 Bradford Hill

WOE
7.2 5  

5 WOE AOP
WOE
 

6 AOP  
7 in vitro

RARs  
 

9.  
1107/2009

1141/2010  
4

ToRs ToR  
PPR Ntzani 2013

PPR
 

PPR  
1

3 20-24 5.2 
33-35  

2 1

4

464



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

59 

24-33 8.1 8.2 8.3 54-58 54 58  
3

1

4.2-4.5 27-33 5.3 36 8.1 c) 1-4 56  
4 WOE AOP

6.2
6.3 37-45 7 45-54 8.4 58  

WOE

EFSA EU DAR RAR
 

ECHA  
EU DAR RAR

RAR
 

 
 

  
  
  

 
  
  
  
  

 
 

 
 

 
  
 WOE, AOP, Expert judgement, Expert Knowledge Elicitation EEKE Uncertainty Analysis

 
 

465



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

60 

 
 

EU

 
 

 
 

 
 

 
 

 
 

 

 
 

 
 
Adami HO, Berry SC, Breckenridge CB, Smith LL, Swenberg JA, Trichopoulos D, Weiss NS and Pastoor 

TP, 2011. Toxicology and epidemiology: improving the science with a framework for combining 
toxicological and epidemiological evidence to establish causal inference. Toxicology Sciences, 122, 223–
234. 

Amler RW, Barone Jr S, Belger A, Berlin Jr CM, Cox C, Frank H, Goodman M, Harry J, Hooper SR, Ladda 
R, LaKind JS, Lipkin PH, Lipsitt LP, Lorber MN, Myers G, Mason AM, Needham LL, Sonawane B, Wachs 
TD and Yager JW, 2006. Hershey Medical Center Technical Workshop Report: optimizing the design and 
interpretation of epidemiologic studies for assessing neurodevelopmental effects from in utero chemical 
exposure. Neurotoxicology, 27, 861–874. 

Bengtson AM, Westreich D, Musonda P, Pettifor A, Chibwesha C, Chi BH, Vwalika B, Pence BW, Stringer 
JS and Miller WC, 2016. Multiple overimputation to address missing data and measurement error: 
application to HIV treatment during pregnancy and pregnancy outcomes. Epidemiology, 27, 642–650. 

Bevan R, Brown T, Matthies F, Sams C, Jones K, Hanlon J and La Vedrine M, 2017. Human Biomonitoring 
data collection from occupational exposure to pesticides. EFSA supporting publication 2017: EN-1185, 
207 pp. 

Bottai M, 2014. Lessons in biostatistics: inferences and conjectures about average and conditional 
treatment effects in randomized trials and observational studies. Journal of Internal Medicine, 276, 229–
237. 

Budtz-Jørgensen E, Keiding N and Grandjean P, 2001. Benchmark dose calculation from epidemiological 
data. Biometrics, 57, 698–706. 

Budtz-Jørgensen E, Keiding N and Grandjean P, 2004. Effects of exposure imprecision on estimation of the 
benchmark dose. Risk Analysis, 24, 1689–1696. 

Buonsante VA, Muilerman H, Santos T, Robinson C and Tweedale AC, 2014. Risk assessment’s insensitive 
toxicity testing may cause it to fail. Environmental Research, 135, 139–147. 

Burton PR, Fortier I and Knoppers BM, 2010. The global emergence of epidemiological biobanks: 
opportunities and challenges. In: Khoury M, Bedrosian S, Gwinn M, Higgins J, Ioannidis J and Little J 
(eds.). Human Genome Epidemiology. Building the evidence for using genetic information to improve 

466



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

61 

health and prevent disease. 2nd Edition, Oxford University Press, Oxford. pp. 77–99. 
Choi J, Polcher A and Joas A, 2016. Systematic literature review on Parkinson’s disease and Childhood 

Leukaemia and mode of actions for pesticides. EFSA supporting publication 2016:EN-955, 256 pp. 
Available online: http:// www.onlinelibrary.wiley.com/doi/10.2903/sp.efsa.2016.EN-955/pdf 

Coble J, Thomas KW, Hines CJ, Hoppin JA, Dosemeci M, Curwin B, Lubin JH, Beane Freeman LE, Blair 
A, Sandler DP and Alavanja MC, 2011. An updated algorithm for estimation of pesticide exposure 
intensity in the agricultural health study. International Journal of Environmental Research and Public 
Health, 8, 4608–4622. 

Coggon D, 1995. Questionnaire based exposure assessment methods. Science of the Total Environment, 
168, 175–178. 

Cornelis C, Schoeters G, Kellen E, Buntinx F and Zeegers M, 2009. Development of a GIS-based indicator 
for environmental pesticide exposure and its application to a Belgian case-control study on bladder 
cancer. International Journal of Hygiene and Environmental Health, 212, 172–185. 

la Cour JL, Brok J and Gøtzsche PC, 2010. Inconsistent reporting of surrogate outcomes in randomised 
clinical trials: cohort study. BMJ, 341, c3653. 

DeBord DG, Burgoon L, Edwards SW, Haber LT, Kanitz MH, Kuempel E, Thomas RS and Yucesoy B, 2015. 
Systems biology and biomarkers of early effects for occupational exposure limit setting. The Journal of 
Occupational and Environmental Hygiene, 12(Suppl 1), S41–S54. 

Dionisio KL, Chang HH and Baxter LK, 2016. A simulation study to quantify the impacts of exposure 
measurement error on air pollution health risk estimates in copollutant time-series models. 
Environmental Health, 15, 114. 

DSE (Dutch Society for Epidemiology), 2017. Responsible Epidemiologic Research Practice (RERP). A 
guideline developed by the RERP working group of the Dutch Society for Epidemiology, 2017 (available 
at https:// www.epidemiologie.nl/home.html, https://epidemiologie.nl/fileadmin/Media/docs/ Onderzoek/ 
Responsible_Epide miologic_Research_Practice.2017.pdf) 

ECETOC (European Centre for Ecotoxicology and Toxicology of Chemicals), 2009. Framework for the 
Integration of Human and Animal Data in Chemical Risk Assessment. Technical Report No. 104. 
Brussels. Available online: http://www.ecetoc.org/uploads/Publications/documents/TR%20104.pdf 

ECHA/EFSA, 2014. Workshop on Mode of action and Human relevance framework in the context of 
classi cation and labelling (CLH) and regulatory assessment of biocides and pesticides. November 2014. 
Available online: https://echa.europa.eu/documents/10162/22816050/moaws_ workshop_proceedings_ en.pdf/ 
a656803e-4d97-438f-87ff-fc984cfe4836 

EFSA (European Food Safety Authority), 2004. Opinion of the Scienti c Panel on Dietetic Products, 
Nutrition and Allergies on a request from the Commission related to the presence of trans fatty acids in 
foods and the effect on human health of the consumption of trans fatty acids. EFSA Journal 2004;81, 1–
49 pp. https://doi. org/10.2903/j.efsa.2004.81 

EFSA (European Food Safety Authority), 2009a. Scienti c Opinion of the Panel on Contaminants in the 
Food Chain on a request from the European Commission on cadmium in food. EFSA Journal 2009;980, 
1–139 pp. https:// doi.org/10.2903/j.efsa.2009.980 

EFSA (European Food Safety Authority Panel on Contaminants in the Food Chain CONTAM), 2009b. 
Scienti c Opinion on arsenic in food. EFSA Journal 2009;7(10):1351, 199 pp. 
https://doi.org/10.2903/j.efsa.2009.1351 

EFSA (European Food Safety Authority), 2010a. Application of systematic review methodology to food and 
feed safety assessments to support decision making. EFSA Journal 2010;8(6):1637, 90 pp. 
https://doi.org/10.2903/ j.efsa.2010.1637 

EFSA (European Food Safety Authority) Panel on Contaminants in the Food Chain (CONTAM), 2010b. 
Scienti c Opinion on Lead in Food. EFSA Journal 2010;8(4):1570, 151 pp. 
https://doi.org/10.2903/j.efsa.2010.1570 

EFSA (European Food Safety Authority), 2011a. Submission of scienti c-peer reviewed open literature for 
the approval of pesticide active substances under Regulation (EC) No 1107/2009. EFSA Journal 
2011;9(2):2092, 49 pp. https://doi.org/10.2903/j.efsa.2011.2092 

EFSA (European Food Safety Authority), 2011b. Statistical signi cance and biological relevance. EFSA 
Journal 2011;9(9):2372, 17 pp. https://doi.org/10.2903/j.efsa.2011.2372 

EFSA (European Food Safety Authority), 2012a. Scienti c Opinion on risk assessment terminology. EFSA 
Journal 2012;10(5):2664, 43 pp. https://www.efsa.europa.eu/en/efsajournal/pub/2664 

EFSA (European Food Safety Authority Panel on Contaminants in the Food Chain CONTAM), 2012b. 
Scienti c Opinion on the risk for public health related to the presence of mercury and methylmercury in 
food. EFSA Journal 2012;10(12):2985, 241 pp. https://doi.org/10.2903/j.efsa.2012.2985 

EFSA (European Food Safety Authority), 2013a. Scienti c Opinion on the identi cation of pesticides to be 
included in cumulative assessment groups on the basis of their toxicological pro le. EFSA Journal 
2013;11(7):3293, 131 pp. https://doi.org/10.2903/j.efsa.2013.3293 

EFSA (European Food Safety Authority), 2013b. Scienti c Opinion on the relevance of dissimilar mode of 
action and its appropriate application for cumulative risk assessment of pesticides residues in food. 
EFSA Journal 2013;11(12):3472, 40 pp. https://doi.org/10.2903/j.efsa.2013.3472 

EFSA (European Food Safety Authority), 2014a. Conclusion on the peer review of the pesticide human 
health risk assessment of the active substance chlorpyrifos. EFSA Journal 2014;12(4):3640, 34 pp. 
https://doi.org/ 10.2903/j.efsa.2014.3640 

EFSA (European Food Safety Authority), 2014b. Guidance on statistical reporting. EFSA Journal 
2014;12(12): 3908, 18 pp. https://doi.org/10.2903/j.efsa.2014.3908 

EFSA (European Food Safety Authority), 2015a. Stakeholder Workshop on the use of epidemiological data 

467



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

62 

in pesticide risk assessment. EFSA supporting publication 2015:EN-798, 8 pp. Available online: 
https://www.efsa. europa.eu/en/supporting/pub/798e 

EFSA (European Food Safety Authority), 2015b. Increasing robustness, transparency and openness of 
scienti c assessments – Report of the Workshop held on 29–30 June 2015 in Brussels. EFSA supporting 
publication 2015: EN-913. 29 pp. Available online: http://www.efsa.europa.eu/sites/default/ 
files/corporate 
_publications/ les/913e.pdf 

EFSA (European Food Safety Authority), 2015c. Conclusion on the peer review of the pesticide risk 
assessment of the active substance glyphosate. EFSA Journal 2015;13(11):4302, 107 pp. 
https://doi.org/10.2903/j.efsa.2015.4302 

EFSA PPR Panel (European Food Safety Authority Panel on Plant Protection Products and their Residues), 
2017. Scienti c Opinion on the investigation into experimental toxicological properties of plant 
protection products having a potential link to Parkinson’s disease and childhood leukaemia. EFSA 
Journal 2017;15(3):4691, 325 pp. https://doi.org/10.2903/j.efsa.2017.4691 

EFSA Scienti c Committee (European Food Safety Authority Scienti c Committee), 2017a. Guidance on 
the assessment of the biological relevance of data in scienti c assessments. EFSA Journal 
2017;15(8):4970, 73 pp. https://doi.org/10.2903/j.efsa.2017.4970 

EFSA Scienti c Committee (European Food Safety Authority Scienti c Committee), 2017b. Guidance on 
the use of the weight of evidence approach in scienti c assessments. EFSA Journal 2017;15(8):4971, 69 
pp. https://doi. org/10.2903/j.efsa.2017.4971. 

EFSA Scienti c Committee (European Food Safety Authority Scienti c Committee), 2017c. Update: 
guidance on the use of the benchmark dose approach in risk assessment. EFSA Journal 2017;15(1): 4658, 
41 pp. https://doi. org/10.2903/j.efsa.2017.4658 

von Elm E, Altman DG, Egger M, Pocock SJ and Gøtzsche PC, Vandenbroucke JP and STROBE Initiative, 
2007. Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) statement: 
guidelines for reporting observational studies. BMJ, 335, 806–808. 

Esch EW, Bahinski A and Huh D, 2015. Organs-on-chips at the frontiers of drug discovery. Nature Reviews. 
Drug Discovery, 14, 248–260. 

Fedak KM, Bernal A, Capshaw ZA and Gross S, 2015. Applying the Bradford Hill criteria in the 21st 
century: how data integration has changed causal inference in molecular epidemiology. Emerging 
Themes in Epidemiology, 30, 14. 

Gibson SB, Downie JM, Tsetsou S, Feusier JE, Figueroa KP, Bromberg MB, Jorde LB and Pulst SM, 2017. 
The evolving genetic risk for sporadic ALS. Neurology, 89, 226–233. 

Gómez-Martín A, Hernández AF, Martínez-González LJ, González-Alzaga B, Rodríguez-Barranco M, 
Lopez-Flores I, Aguilar-Garduno C and Lacasana M, 2015. Polymorphisms of pesticide-metabolizing 
genes in children living in intensive farming communities. Chemosphere, 139, 534–540. 

González-Alzaga B, Hernández AF, Rodríguez-Barranco M, Gómez I, Aguilar-Garduño C, López-Flores I, 
Parrón T and Lacasaña M, 2015. Pre- and postnatal exposures to pesticides and neurodevelopmental 
effects in children living in agricultural communities from South-Eastern Spain. Environment 
International, 85, 229–237. 

Greenland S and Longnecker MP, 1992. Methods for trend estimation from summarized dose-response 
data, with applications to meta-analysis. American Journal of Epidemiology, 135, 1301–1309. 

Greenland S and O’Rourke K, 2008. Meta-analysis. In: Rothman K, Greenland S and Lash T (eds). Modern 
Epidemiology. 3. Lippincott Williams & and Wilkins, Philadelphia. pp. 652–682. 

Greenland S, Senn SJ, Rothman KJ, Carlin JB, Poole C, Goodman SN and Altman DG, 2016. Statistical 
tests, P values, con dence intervals, and power: a guide to misinterpretations. European Journal of 
Epidemiology, 31, 337–350. 

Grimes DA and Schulz KF, 2005. Surrogate end points in clinical research: hazardous to your health. 
Obstetrics and Gynecology, 105, 1114–1118. 

Gustafson P and McCandless LC, 2010. Probabilistic approaches to better quantifying the results of 
epidemiologic studies. International Journal of Environmental Research and Public Health, 7, 1520–
1539. 

Hernández AF, González-Alzaga B, López-Flores I and Lacasaña M, 2016. Systematic reviews on 
neurodevelopmental and neurodegenerative disorders linked to pesticide exposure: methodological 
features and impact on risk assessment. Environment International, 92–93, 657–679. 

Higgins JP, 2008. Commentary: heterogeneity in meta-analysis should be expected and appropriately 
quanti ed. International Journal of Epidemiology, 37, 1158–1160. 

Hill AB, 1965. The environment and disease: association or causation? Proceedings of the Royal Society of 
Medicine, 58, 295–300. 

Hines CJ, Deddens JA, Coble J, Kamel F and Alavanja MC, 2011. Determinants of captan air and dermal 
exposures among orchard pesticide applicators in the Agricultural Health Study. Annals of Occupational 
Hygiene, 55, 620–633. 

Hoffmann S, de Vries RBM, Stephens ML, Beck NB, Dirven HAAM, Fowle JR 3rd, Goodman JE, Hartung 
T, Kimber I, Lalu MM, Thayer K, Whaley P, Wikoff D and Tsaioun K, 2017. A primer on systematic reviews 
in toxicology. Archives of Toxicology, 91, 2551–2575. 

Hö er M, 2005. The Bradford Hill considerations on causality: a counterfactual perspective. Emerging 
Themes in Epidemiology, 2, 11. 

IEA (International Epidemiological Association), 2007. Good Epidemiological Practice (GEP) 2007. 
Available online: http://ieaweb.org/good-epidemiological-practice-gep/ 

Imbens G and Rubin D, 2015. Causal Inference for Statistics, Social, and Biomedical Sciences: An 

468



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

63 

Introduction. Cambridge University Press, New York, NY. 
INSERM, 2013. Pesticides. Effets sur la santé. Collection expertise collective, Inserm, Paris, 2013. 
Ioannidis JP and Trikalinos TA, 2007. An exploratory test for an excess of signi cant ndings. Clinical 

Trials, 4, 245–253. 
Jurek AM, Greenland S, Maldonado G and Church TR, 2005. Proper interpretation of non-differential 

misclassi cation effects: expectations vs observations. International Journal of Epidemiology, 34, 680–
687. 

Kaltenhäuser J, Kneuer C, Marx-Stoelting P, Niemann L, Schubert J, Stein B and Solecki R, 2017. Relevance 
and reliability of experimental data in human health risk assessment of pesticides. Regulatory Toxicology 
and Pharmacology, 88, 227–237. 

Karabatsos G, Talbott E and Walker SG, 2015. A Bayesian nonparametric meta-analysis model. Research 
Synthesis Methods, 6, 28–44. 

Kavvoura FK, Liberopoulos G and Ioannidis JP, 2007. Selection in reported epidemiological risks: an 
empirical assessment. PLoS Medicine, 4, e79. 

Lachenmeier DW, Kanteres F and Rehm J, 2011. Epidemiology-based risk assessment using the 
benchmark dose/margin of exposure approach: the example of ethanol and liver cirrhosis. International 
Journal of Epidemiology, 40, 210–218. 

LaKind JS, Sobus JR, Goodman M, Barr DB, Furst P, Albertini RJ, Arbuckle TE, Schoeters G, Tan YM, 
Teequarden J, Tornero-Velez R and Weisel CP, 2014. A proposal for assessing study quality: biomonitoring, 
environmental epidemiology, and short-lived chemicals (BEES-C) instrument. Environmental 
International, 73, 195–207. 

LaKind JS, Goodman M, Barr DB, Weisel CP and Schoeters G, 2015. Lessons learned from the application 
of BEES-C: systematic assessment of study quality of epidemiologic research on BPA, neurodevelopment, 
and respiratory health. Environment International, 80, 41–71. 

Landgren O, Kyle RA, Hoppin JA, Beane Freeman LE, Cerhan JR, Katzmann JA, Rajkumar SV and 
Alavanja MC, 2009. Pesticide exposure and risk of monoclonal gammopathy of undetermined 
signi cance in the Agricultural Health Study. Blood, 113, 6386–6391. 

Larsson MO, Nielsen VS, Brandt CØ, Bjerre N, Laporte F and Cedergreen N, 2017. Quantifying dietary 
exposure to pesticide residues using spraying journal data. Food and Chemical Toxicology, 105, 407–428. 

Lash TL, Fox MP and Fink AK, 2009. Applying Quantitative Bias Analysis to Epidemiologic Data. Springer, 
New York. 

Lavelle KS, Robert Schnatter A, Travis KZ, Swaen GM, Pallapies D, Money C, Priem P and Vrijhof H, 2012. 
Framework for integrating human and animal data in chemical risk assessment. Regulatory Toxicology 
and Pharmacology, 2012; 62, 302–312. 

London L, Coggon D, Moretto A, Westerholm P, Wilks MF and Colosio C, 2010. The ethics of human 
volunteer studies involving experimental exposure to pesticides: unanswered dilemmas. Environmental 
Health, 18, 50. 

Maldonado G and Greenland S, 2002. Estimating causal effects. International Journal of Epidemiology, 31, 
422–429.  

Marx-Stoelting P, Braeuning A, Buhrke T, Lampen A, Niemann L, Oelgeschlaeger M, Rieke S, Schmidt 
F, Heise T, Pfeil R and Solecki R, 2015. Application of omics data in regulatory toxicology: report of an 
international BfR expert workshop. Archives of Toxicology, 89, 2177–2184. 

McNamee R, 2003. Confounding and confounders. Occupational and Environmental Medicine, 60, 227–
234. 

Monson R, 1990. Occupational Epidemiology, 2nd Edition. CRC Press, Boca Ration, FL. 
Muñoz-Quezada MT, Lucero BA, Barr DB, Steenland K, Levy K, Ryan PB, Iglesias V, Alvarado S, Concha 

C, Rojas E and Vega C, 2013. Neurodevelopmental effects in children associated with exposure to 
organophosphate pesticides: a systematic review. Neurotoxicology, 39, 158–168. 

Nachman KE, Fox MA, Sheehan MC, Burke TA, Rodricks JV and Woodruff TJ, 2011. Leveraging 
epidemiology to improve risk assessment. Open Epidemiology Journal, 4, 3–29. 

Nieuwenhuijsen MJ, 2015. Exposure assessment in environmental epidemiology. In: Vrijheid M (ed.). The 
Exposome-Concept and Implementation in Birth Cohorts Chapter 14. Oxford University Press. 

NRC (National Research Council), 2007. Toxicity Testing in the 21st Century: A Vision and a Strategy. 
Washington, DC: The National Academies Press. 

NRC (National Research Council), 2009. Science and Decisions: Advancing Risk Assessment. The National 
Academies Press, Washington, DC. 

Ntzani EE, Chondrogiorgi M, Ntritsos G, Evangelou E and Tzoulaki I, 2013. Literature review on 
epidemiological studies linking exposure to pesticides and health effects. EFSA supporting publication 
2013: EN-497, 159 pp. 

OECD (Organisation for Economic Co-operation and Development), 2013. Guidance Document on 
Developing and Assessing Adverse Outcome Pathways. Series on Testing and Assessment, No. 184. Paris. 
Avilable online: http:// search.oecd.org/officialdocuments/displaydocumentpdf/?cote=env/jm/mono%282013% 
296&doclanguage=en 

Orford R, Crabbe H, Hague C, Schaper A and Duarte-Davidson R, 2014. EU alerting and reporting systems 
for potential chemical public health threats and hazards. Environment International, 72, 15–25. 

Orford R, Hague C, Duarte-Davidson R, Settimi L, Davanzo F, Desel H, Pelclova D, Dragelyte G, Mathieu-
Nolf M, Jackson G and Adams R, 2015. Detecting, alerting and monitoring emerging chemical health 
threats: ASHTIII. European Journal of Public Health, 25(supp 3), 218. 

Orsini N, Li R, Wolk A, Khudyakov P and Spiegelman D, 2012. Meta-analysis for linear and nonlinear dose-
response relations: examples, an evaluation of approximations, and software. American Journal of 

469



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

64 

Epidemiology, 175, 66–73. 
Oulhote Y and Bouchard MF, 2013. Urinary metabolites of organophosphate and pyrethroid pesticides and 

behavioral problems in Canadian children. Environmental Health Perspectives, 121, 1378–1384. 
Pearce N, 2011. Registration of protocols for observational research is unnecessary and would do more 

harm than good. Occupational and Environmental Medicine, 68, 86–88. 
Pearce N, 2012. Classi cation of epidemiological study designs. International Journal of Epidemiology, 41, 

393–397. Pearce N, Blair A, Vineis P, Ahrens W, Andersen A, Anto JM, Armstrong BK, Baccarelli AA, 
Beland FA, Berrington A, Bertazzi PA, Birnbaum LS, Brownson RC, Bucher JR, Cantor KP, Cardis E, 
Cherrie JW, Christiani DC, Cocco P, Coggon D, Comba P, Demers PA, Dement JM, Douwes J, Eisen EA, 
Engel LS, Fenske RA, Fleming LE, Fletcher T, Fontham E, Forastiere F, Frentzel-Beyme R, Fritschi L, 
Gerin M, Goldberg M, Grandjean P, Grimsrud TK, Gustavsson P, Haines A, Hartge P, Hansen J, 
Hauptmann M, Heederik D, Hemminki K, Hemon D, Hertz-Picciotto I, Hoppin JA, Huff J, Jarvholm B, 
Kang D, Karagas MR, Kjaerheim K, Kjuus H, Kogevinas M, Kriebel D, Kristensen P, Kromhout H, Laden 
F, Lebailly P, LeMasters G, Lubin JH, Lynch CF, Lynge E, ‘t Mannetje A, McMichael AJ, McLaughlin JR, 
Marrett L, Martuzzi M, Merchant JA, Merler E, Merletti F, Miller A, Mirer FE, Monson R, Nordby KC, 
Olshan AF, Parent ME, Perera FP, Perry MJ, Pesatori AC, Pirastu R, Porta M, Pukkala E, Rice C, 
Richardson DB, Ritter L, Ritz B, Ronckers CM, Rushton L, Rusiecki JA, Rusyn I, Samet JM, Sandler DP, 
de Sanjose S, Schernhammer E, Costantini AS, Seixas N, Shy C, Siemiatycki J, 2015. Silverman DT, 
Simonato L, Smith AH, Smith MT, Spinelli JJ, Spitz MR, Stallones L, Stayner LT, Steenland K, Stenzel 
M, Stewart BW, Stewart PA, Symanski E, Terracini B, Tolbert PE, Vainio H, Vena J, Vermeulen R, Victora 
CG, Ward EM, Weinberg CR, Weisenburger D, Wesseling C, Weiderpass E, Zahm SH. IARC monographs: 
40 years of evaluating carcinogenic hazards to humans. Environmental Health Perspectives, 123, 507–
514. 

Raffaele KC, Vulimiri SV and Bateson TF, 2011. Bene ts and barriers to using epidemiology data in 
environmental risk. The Journal of Epidemiology, 4, 99–105. 

Raphael K, 1987. Recall bias: a proposal for assessment and control. International Journal of Epidemiology, 
16, 167–170. 

Rappaport SM, 2012. Biomarkers intersect with the exposome. Biomarkers, 17, 483–489. 
Reich CG, Ryan PB and Schuemie MJ, 2013. Alternative outcome de nitions and their effect on the 

performance of methods for observational outcome studies. Drug Safety, 36(Suppl 1), S181–S193. 
Rothman KJ, 2002. Epidemiology – An Introduction. Oxford University Press, Oxford. 
Rothman KJ and Greenland S, 1998. Modern Epidemiology. 2. Philadelphia: Lippincott Williams & Wilkins, 

27 pp. 
Rothman KJ, Greenland S and Lash TL, 2008. Modern Epidemiology, 3rd Edition. Lippincott Williams & 

Wilkins, Philadelphia, PA, USA. 
Rushton L, 2011. Should protocols for observational research be registered? Occupational and 

Environmental Medicine, 68, 84–86. 
Salerno J, Knoppers BM, Lee LM, Hlaing WW and Goodman KW, 2017. Ethics, big data and computing in 

epidemiology and public health. Annals of Epidemiology, 27, 297–301. https://doi.org/10.1016/ j. 
annepidem. 2017.05.002 

Santacatterina M and Bottai M, 2015. Inferences and conjectures in clinical trials: a systematic review of 
generalizability of study ndings. Journal of Internal Medicine, 279, 123–126. https://doi.org/10.1111/ 
joim.12389 

SCENIHR, 2012. Memorandum on the use of the scienti c literature for human health risk assessment 
purposes –weighing of evidence and expression of uncertainty. 

Simera I, Moher D, Hoey J, Schulz KF and Altman DG, 2010. A catalogue of reporting guidelines for health 
research. European Journal of Clinical Investigation, 40, 35–53. 

Skelly AC, 2011. Probability, proof, and clinical signi cance. Evidence-Based Spine-Care Journal, 2, 9–11. 
Spiegelman D, 2016. Evaluating Public Health Interventions: 4. the nurses’ health study and methods for 

eliminating bias attributable to measurement error and misclassi cation. American Journal of Public 
Health, 106, 1563–1566. 

Stang PE, Ryan PB, Dusetzina SB, Hartzema AG, Reich C, Overhage JM and Racoosin JA, 2012. Health 
outcomes of interest in observational data: issues in identifying de nitions in the literature. Health 
Outcomes Research in Medicine, 3, e37–e44. 

Thomas DC, 2009. Statistical Methods in Environmental Epidemiology. Oxford University Press, Oxford, 
UK. 

Thomas KW, Dosemeci M, Coble JB, Hoppin JA, Sheldon LS, Chapa G, Croghan CW, Jones PA, Knott CE, 
Lynch CF, Sandler DP, Blair AE and Alavanja MC, 2010. Assessment of a pesticide exposure intensity 
algorithm in the agricultural health study. Journal of Exposure Science & Environmental Epidemiology, 
20, 559–569. 

Tsilidis KK, Panagiotou OA, Sena ES, Aretouli E, Evangelou E, Howells DW, Al-Shahi Salman R, Macleod 
MR and Ioannidis JP, 2013. Evaluation of excess signi cance bias in animal studies of neurological 
diseases. PLoS Biology, 11, e1001609. 

Turner MC, Wigle DT and Krewski D, 2010. Residential pesticides and childhood leukemia: a systematic 
review and meta-analysis. 

US EPA (United States Environmental Protection Agency), 2011. Chlorpyrifos: preliminary human health 
risk assessment for registration review, 30 June 2011, 159 pp. 

US-EPA (U.S. Environmental Protection Agency), 2010a. Framework for incorporating human 
epidemiologic & incident data in health risk assessment (draft). Of ce of Pesticide Programs. 
Washington, DC, 2010. 

470



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

65 

US-EPA (U.S. Environmental Protection Agency), 2010b. Meeting Minutes of the FIFRA Scienti c 
Advisory Panel Meeting on the Draft Framework and Case Studies on Atrazine, Human Incidents, and 
the Agricultural Health Study: Incorporation of Epidemiology and Human Incident Data into Human 
Health Risk Assessment. Arlington, Virginia, USA, April 22, 2010b. Available online: 
https://archive.epa.gov/scipoly/sap/meetings/web/ pdf/020210minutes.pdf 

US-EPA (U.S. Environmental Protection Agency), 2012. Guidance for considering and using open literature 
toxicity studies to support human health risk assessment. Of ce of Pesticide Programs. Washington, DC, 
2012. Available online: http://www.epa.gov/pesticides/science/lit-studies.pdf 

US-EPA (Environmental Protection Agency), 2016. Of ce of Pesticide Programs’ Framework for 
Incorporating Human Epidemiologic & Incident Data in Risk Assessments for Pesticides December 28, 
2016. Avilable online: https://www3.epa.gov/pesticides/EPA-HQ-OPP-2008-0316-DRAFT-0075.pdf 

Vandenberg LN, Ågerstrand M, Beronius A, Beausoleil C, Bergman Å, Bero LA, Bornehag CG, Boyer CS, 
Cooper GS, Cotgreave I, Gee D, Grandjean P, Guyton KZ, Hass U, Heindel JJ, Jobling S, Kidd KA, 
Kortenkamp A, Macleod MR, Martin OV, Norinder U, Scheringer M, Thayer KA, Toppari J, Whaley P, 
Woodruff TJ and Rude, n C, 2016. A proposed framework for the systematic review and integrated 
assessment (SYRINA) of endocrine disrupting chemicals. Environmental Health, 15, 74. 

van den Brandt P, Voorrips L, Hertz-Picciotto I, Shuker D, Boeing H, Speijers G, Guittard C, Kleiner J, 
Knowles M, Wolk A and Goldbohm A, 2002. The contribution of epidemiology. Food and Chemical 
Toxicology, 40, 387–424. 

Vinken M, 2013. The adverse outcome pathway concept: a pragmatic tool in toxicology. Toxicology, 312, 
158–165. 

Vlaanderen J, Moore LE, Smith MT, Lan Q, Zhang L, Skibola CF, Rothman N and Vermeulen R, 2010. 
Application of OMICS technologies in occupational and environmental health research: current status 
and projections. Occupational and Environmental Medicine, 67, 136–43. 

WHO/IPCS (World Health Organization/International Programme on Chemical Safety), 2009. EHC 240: 
principles and methods for the risk assessment of chemicals in food. 

Wilson SJ and Tanner-Smith EE, 2014. Meta-analysis in prevention science. In: Sloboda Z and Petras H 
(eds.). De ning prevention science. Advances in Prevention Science (vol. 1): De ning Prevention Science 
Springer, New York. pp. 431–452. 

Youngstrom E, Kenworthy L, Lipkin PH, Goodman M, Squibb K, Mattison DR, Anthony LG, Makris SL, 
Bale AS, Raffaele KC and LaKind JS, 2011. A proposal to facilitate weight-of-evidence assessments: 
harmonization of Neurodevelopmental Environmental Epidemiology Studies (HONEES). 
Neurotoxicology and Teratology, 33, 354–359. 

Zingone A and Kuehl WM, 2011. Pathogenesis of monoclonal gammopathy of undetermined signi cance 
and progression to multiple myeloma. Seminars in Hematology, 48, 4–12. 

 
 

 
ADI 

 
ADME  

 
AOP Adverse Outcome Pathway

 
ARfD  Acute Reference Dose

24
 

 
 

BMD 
BMR 95% BMDL

 
HBM  Human biomonitoring

 
 

471



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

66 

 
IARC International Agency for Research on Cancer

WHO  
LOAEL LOAEL Lowestobserved-adverse-effect level

 
NOAEL  
OR  OR

 
PBTK-TD Physiologically based toxicokinetic/toxicodynamic modelling (PBTK-TD) Physiologically 

based toxicokinetic/toxicodynamic modelling
/

 
PPP  pesticide plant protection product

pesticide
biocide  

RR  Relative risk
 

RMS  Rapporteur
 

  
  

surrogate endpoint  
AHS  
ASHTIII III 
BEES-C   
DAR  
DDE  
DDT  
EMA  
EPA  
EQUATOR  
EU-OSHA  
EWAS Exposome-wide association studies  
GIS  

  

472



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

67 

GLP  
GPS  
HWE  
IATA  
ICD  
IHR  
INSERM  
LOQ  
MGUS  
MIE  
MOA  
NIHL  
NIOSH  
NOS  
OECD  
OPP  
PCC  
PPE  
RAR  
RASFF  
RTI  
SAR  
STREGA STROBE  
STROBE  
UF   
WHO   
WOE   

  

473



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

68 

A EFSA  
EFSA Ntzani 2013

 
 

A.1. EFSA  
A.1.1.  

2006 1 1 2012 9 30
 

 
Research Triangle Institute RTI Research Triangle Park, NC, USA

A.1  
 
A.1 Research Triangle Institute RTI Research Triangle Park, NC, USA

 

 

5
10

 
 

 
A.1.2.  

EU
 

 

474



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

69 

  
  
  
 

 
 

 
  
  
 HCH a b

PCB  
  

 

12 12 3
 

 
A.1.3.  

602 602 6,479
38% 32% 30%

46%
46% 49%

A.1
N=164 N=84  

475



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

70 

 
A.1 EFSA

Ntzani 2013  
 

>6,000

5

5

 
a ESR

Raphael
1987

Coggon 1995  

 

476



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

71 

JEM

 
EU

 
b

 
c

 

23
 

 
a

 
b  
c  

 
d  

EFSA
 

EFSA Ntzani 2013
602 6,000

1

 
 

A.1.4. EFSA  
Ntzani 2013

II

477



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

72 

 
2006

2
A.2

2006

2006

 
 

A.2  

  

478



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

73 

A.2. INSERIM  
2013 9 INSERM

22 2012 6
 

INSERM 4 1
2 2012

3
4  

INSERM

 
DDT

 
INSERM 7 2,4-D MCPA

2
2

 
 

A.2.1.  

 
 
A.2.2.  

INSERM
8

3

 

 
INSERM

 
++ 1

2 2  
+ 2

                                                      
22 INSERM. sante Collection expertise collective, Inserm, Paris, 2013. 
 

479



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

74 

 
± 1

 
 
A.2.3.  

 

 
++ 3  
+ 1  

 
A.2.4.  

INSERM A.3-A.6  
 

A.3  

±

±

±

±

±

±

±

480



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

75 

A.4
 

±

±

 
A.5  

±

±

±
±

±

±

481



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

76 

A.6  

±
±

±

±

±

±

±

±

482



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

77 

±

 
A.2.5.  

 
a  

1  
2  
3  
4  
5  
6  
7  

b  
1  
2  
3  
4  
5  
6 in vitro in silico  
 

A.3. EFSA INSERM  
2

INSERM
EFSA 5

 
A.7

 
INSERM EFSA

 
  

483



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

78 

A.7 EFSA INSERM  

 
A.4. The Ontario College of Family Physicians OCFPLR  

2004 The Ontario College of Family Physicians 1992 2003
A.8

 

484



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

79 

A.8 2004  

 
NHL

 
NGO

485



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

80 

ACP
1

5

2012
2

 
  

486



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

81 

B EFSA 23 
2015 EFSA

HBM

 
Risk & Policy Analysts Limited RPA IEH Consulting Limited IEH Health & Safety Laboratory 

HSL 1990 2015
HBM

HBM 2096 Bevan 2017 10 20
HBM

HBM
HBM

 
EU HBM

HBM 2
178

 
HBM

PPE
1 2 HBM

 
178 41 34

15 EU 90 79
18 EU 20

34 22 EU
2,4-D> > =MCPA> =

> > = >
> >  

ADME
HBM

PBPK
HBM

 
HBM

                                                      
23 Bevan  

487



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

82 

QA
HBM

 
  

488



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

83 

 C  
C.1. WHO- IARC  

IARC IARC
40

 
IARC

IARC
 

 
IARC 24

 

 

 
 

1  
2  
3  
4  
5  
6  

2
 

IARC

 

 
Hill 1965

                                                      
24 http://monographs.iarc.fr/ENG/Preamble/CurrentPreamble.pdf 

489



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

84 

 

20 30
 

 
1

2A 2B
3 4

 

 
1

IARC
Pearce 2015  

 
C.2. US-EPA  

OPP 25

OPP  
EPA FIFRA FFDCA

EPA  
EPA

                                                      
25 https://www.epa.gov/pesticide-science-and-assessing-pesticide-risks 

 

490



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

85 

EPA
20 9

Agricultural Health Study26 AHS
EPA27

 
 

C.2.1. OPP  
EPA-OPP 2010

Framework for incorporated human Epidemiologic and Incident Data 
in Health Risk Assessment US-EPA 2010 a 2010

2010 2 FIFRA SAP US-EPA 2010 b
2016 Of ce of Pesticide Programs' Framework Document for Incorporating Human 

Epidemiology and Incident Data in Risk Assessments for Pesticides US-EPA 2016
2016

2016
C.1

MOA Meek 2014
2009 Science and Decisions NRC 2009

NAS
NRC

 

                                                      
26 https://aghealth.nih.gov/  
27 https://www.epa.gov/research-grants/niehsepa-childrens-environmental-health-and-disease-prevention-research-centers 

 

491



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

86 

C.1 OPP US-EPA 2016  

 
EPA

MOA
EPA

MOA
MOA Boobis 2008 Simon 2014 Meek

2014 Ankley 2010
MOA

 
National Academies, Science and Decisions 2

Advancing Risk Assessment NAS 2009 21 Toxicity 
Testing on the 21st Century: NAS 2007 2 NRC

21
2007

 
MOA

Bradford Hill

492



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

87 

Bradford Hill Hill 1965
MOA

C.1 NRC 2007

 

 
 

Greater toxicological Greater risk 
relevance understandig  

C.1 NRC 2007  
 

C.2.2.  
NRC EPA IRIS

28 NRC

EPA 6  
NRC EPA-OPP

EPA-OPP
 

EPA
Tier III

Tier II  

                                                      
28 http://dels.nas.edu/Report/Review-Integrated-Risk/18764 

493



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

88 

EPA IRIS 29

National Toxicology Programs'Of ce of Health Assessment and Translation NTP/OHAT 30

Cochran Collaboration 31 Campbell Collaboration Navigation Guide32

Environmental Health Perspectives
4 The Cochrane 

Collaboration The Cochrane Handbook for Systematic Reviews of Interventions for evidence-based 
medicine US-EPA 2016  

  
  
  
  
  

OPP
US-EPA 2012

Tier I AHS
Tier II

Tier III

 
 

C.2.3. EPA  
C.2.3.1. Tier I scoping Tier II  

EPA
Tier I/scoping /scoping

Tier I EPA-OPP
Agricultural Health Study AHS AHS

NCI NIEHS CDC
NIOSH AHS

89,000
1993 1997 AHS AHS

https://aghealth.nih.gov/news/publications.html  
AHS www.aghealth.org EPA scoping

Tier I/scoping

                                                      
29 https://www.epa.gov/iris/advancing-systematic-review-workshop-December-2015  
30 http://ntp.niehs.nih.gov/pubhealth/hat/noms/index-2.html NTP OHAT

https://ntp.niehs.nih.gov/ntp/ohat/pub s/handbookjan2015_508.pdf
 

31 http://handbook.cochrane.org/  
32 http://ehp.niehs.nih.gov/1307175/  

494



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

89 

AHS AHS
AHS Tier I/scoping

Tier I scoping
AHS

Children's Environmental Health and Disease Prevention Research Centres
AHS Tier I/scoping

Tier 
I/scoping

Tier I/update Tier II
 

Tier I/update Tier I/ scoping 1 3 Tier II
Draft Human Health Risk Assessment

Tier I/update AHS Tier I/update
AHS

33

EPA OPP EPA OPP  
 

C.2.3.2. Tier II  
Tier II Tier I/scoping

-
Tier II Tier I/update

Tier I 1 3 OPP Draft Human Health Risk 
Assessment Tier II

Tier II AHS PubMed
Web of Science Google Scholar Science Direct

Tier I
34 EPA

Tier II Tier II
-

Tier II
MOAs/AOPs

Tier II Tier III
 

 
C.2.3.3. Tier 3  

Tier II
Tier III

                                                      
33 https://aghealth.nih.gov/news/publications.html 
34 / NHANES Exposure Reports (http://www.cdc.gov/exposurereport/); 

TOXNET (http://toxnet.nlm.nih.gov/); CDC NBP Biomonitoring Summaries 
(http://www.cdc.gov/biomonitoring/biomonitoring_summaries.html); ICICADS (http://www.inchem.org/pages/cicad s.html); 
ATSDR Toxicological Pro les (http://www. atsdr.cdc.gov/toxprofiles/index.asp) IARC  (http://monographs. 
iarc.fr/ENG/Monographs/PDFs/; EFSA's Draft Assessment Report Database (http://dar.efsa.europa.eu/dar-web/provision); and 
Biomonitoring Equivalents (https://blog.americanchemistry.com/2014/07/biomonitoring-equivalents-a-valuable-scientific-tool- for-
making-better-chemical-safety-decisions/) 

495



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

90 

MOA/AOP Tier III
 

AHS Tier III

AHS AHS
AHS

AHS 2

AHS
AHS

Tier III
AHS AgriCOH

AgriCOH
EPA

 
 

C.2.4. OPP  

35 OPP

OPP 36

NRC 2011
 

US-EPA 2016  
1

 
2

 
3  
4  
5

 
  

                                                      
35  
36  
https://www.epa.gov/pesticide-science-and-assessing-pesticide-risks/guidance-identifying-selecting-and-evaluating-open 2012

8 28 Guidance for Considering and Using Open Literature Toxicity Studies to Support Human Health Risk 
Assessment 10  

496



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

91 

6
 

7 -
 

8  
 

 
Ankley GT, Bennett RS, Erickson RJ, Hoff DJ, Hornung MW, Johnson RD, Mount DR, Nichols JW, Russom 

CL, Schmieder PK, Serrrano JA, Tietge JE and Villeneuve DL, 2010. Adverse outcome pathways: a 
conceptual framework to support ecotoxicology research and risk assessment. Environmental Toxicology 
and Chemistry, 29, 730–741. 

Boobis AR, Cohen SM, Dellarco V, McGregor D, Meek ME, Vickers C, Willcocks D and Farland W, 2006. 
IPCS framework for analyzing the relevance of a cancer mode of action for humans. Critical Reviews in 
Toxicology, 36, 781–792. 

Boobis AR, Doe JE, Heinrich-Hirsch B, Meek ME, Munn S, Ruchirawat M, Schlatter J, Seed J and Vickers 
C, 2008. IPCS framework for analyzing the relevance of a noncancer mode f action for humans. Critical 
Reviews in Toxicology, 38, 87–96. 

Hill AB, 1965. The environment and disease: association or causation? Proceedings of the Royal Society of 
Medicine, 58, 295–300. 

Meek, ME, Boobis A, Cote I, Dellarco V, Fotakis G, Munn S, Seed J and Vickers C, 2014. New developments 
in the evolution and application of the WHO/IPCS framework on mode of action/species concordance 
analysis. Journal of Applied Toxicology, 34, 595–606. 

Meek, ME, Palermo CM, Bachman AN, North CM and Lewis RJ, 2014. Mode of action human relevance 
(species concordance) framework: evolution of the Bradford Hill considerations and comparative analysis 
of weight of evidence. Journal of Applied Toxicology, 34, 1–18. 

NAS (National Academy of Sciences), 2007. Toxicity Testing on the 21st Century: A Vision and a Strategy. 
Board on Environmental Studies and Toxicology. Available online: https://www.nap.edu/catalog/11970/ 
toxicity-testing- in-the-21st-century-a-vision-and-a 

NAS (National Academy of Sciences), 2009. Science and decisions: advancing Risk Assessment. Board on 
Environmental Studies and Toxicology. Available online: http://dels.nas.edu/Report/Science-Decisions-
Advanc ing-Risk-Assessment/12209 

NAS (National Academy of Sciences), 2011. Review of the Environmental Protection Agency’s Draft IRIS 
Assessment of Formaldehyde. Board on Environmental Studies and Toxicology. Available online: https:// 
www.nap.edu/download/13142 

Simon TW, Simons SS, Preston RJ, Boobis AR, Cohen SM, Doerrer NG, Crisp PF, McMullin TS, McQueen 
CA and Rowlands JC, 2014. The use of mode of action information in risk assessment: Quantitative key 
events/dose response framework for modelling the dose-response for key events. Critical Reviews in 
Toxicology, 44 (Suppl 3), 17–43. 

US-EPA (Environmental Protection Agency), 2010a. Draft Framework for Incorporating Human 
Epidemiologic and Incident Data in Health Risk Assessment. Presented to FIFRA Scienti c Advisory 
Panel on February 2-4 2010a. January 7. Available online: https://www.regulations.gov/document?D= 
EPA-HQ-OPP-2009-0851-0004 

US-EPA (Environmental Protection Agency), 2010b. Transmittal of Meeting Minutes of the FIFRA 
Scienti c Advisory Panel Meeting on the Draft Framework and Case Studies on Atrazine, Human 
Incidents, and the Agricultural Health Study: Incorporation of Epidemiology and Human Incident Data 
into Human Health Risk Assessment. MEMORANDUM dated 22 April, 2010b. SAP Minutes No. 2010-
03. Available online: https://www.re gulations.gov/document?D=EPA-HQ-OPP-2009-0851-0059 

US-EPA  (Environmental  Protection  Agency), 2012. Of ce of the Science  Advisor. Risk Assessment 
Forum. Draft Framework for Human Health Risk Assessment to Inform Decision Making. July 12, 2012. 

US-EPA Environmental Protection Agency), 2016. Of ce of Pesticide Programs’ Framework for 
Incorporating Human Epidemiologic and Incident ata  in Risk Assessments for Pesticides. December 
28, 2016. Available online: https://www3.epa.gov/pesticides/EPA-HQ-OPP-2008-0316-DRAFT-0075.pdf 

  

497



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

92 

D  

p<0.05

 

Reinhart 2015

 

Gelman Carlin 2014
[ ]37

 

Ioannidis 2005 Lehrer 2010 Button 2013 Button 2013 Gelman
Carlin 2014 Reinhart 2015

 

  

                                                      
37 [ ] 

498



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

93 

4  
1  
2  
3  
4 2 vs.

 
3

OR RR 38

2

 
Agricultural Health Study

RR 2 NHL
ever-never OR  

 
Jones 2015  

Jones 2015 AHS Incidence of solid tumours among pesticide 
applicators exposed to the organophosphate insecticide diazinon in the Agricultural Health Study - an 
updated analysis

N=17710 T ertile 1 T2 T3
N= 2,350 + 2,770 /3=1,710 1 a 2,350 b 2,770

2 i
=17,710 ii = iii =199

3 =1.2 1.5 2.0 T1 T2
T3  

199/17710 =0.011237
1/2 0.005617 1.2 1.5 2.0 3.0

2 0.022473
Stata 1.2 1.5 2.0 3.0 199

/17,710 1/2x- 1x-  
  

                                                      
38 

OR RR OR RR

1 1.2
2 3

2 3 5 5 Monson 1990
1.0 1.2 1.2 1.5 1.5 3.0 3.0 10.0

Cohen 1.5 5 3.5 Cohen and Chen 2010 1.5 2.5
4 10 Rosenthal 1996 Taube 1995

Wynder 1997

 

499



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

94 

2x- 39  
 

40  

 

                                                      
39 1.2 1.5 2.0 3.0 RR

RR OR=2.0 3.0 RR
1.2 RR 1.5

80-90%
RR1.2

 
40 Stata 2 ' = 0.5 * 199/17710'(0.0001) '= 2 * 199/17710'), test(chi2) rrisk(1.2 1.5 2.0 3.0) 

n1(17710) 0) n1(17710) n2(1710) (recast(line) xline('= 0.5 * 199/17710'' '= 199/17710'' '= 2 * 199/17710', lpattern(dash)) 
legend(rows(1)size(small)) ylabel(0.2(0.2)1.0))  

500



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

95 

1.2- 1.5- 2.0- 3.0 RR 2
1.2-1.5-2.0 2.0-3.0 RR

 
199 /17,710 =0.011237

1 23% RR1.2 64% 1.5 RR
2 2 9 0.011237=0.022473 RR1.5

86% RR2.0 100% 41  
1.2 1.5 2.0 3.0

SAS
Ioannidis 2008

2
 

 

 
p<0.05

1.2 3.0 0% 42%
RR 1.2 0.011237

RR 1.6 1.6
1.2 RR 33%  

Jones 2015 0.011237

                                                      
41 2

86% OR 1.5  

501



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

96 

RR 1.2 1.6 1.4 10% 1.8 90%
RR 2 3 80%

RR RR RR RR
3 RR  

Waddell 2001  

i ii iii
iv  

NHL Waddell 2001 i
=1,018 1 =243 +775 ii 238

4 =91 +147 iii
=243 1 243 =1.2 1.5 2.0

 

NHL 0.2387 1.2 OR 30.5%  
 

 
NHL AHS

42 NHL 0.2387

                                                      
42 Stata 2  ('= 0.5 * 243/1018'(0.01) '= 2 * 243/1018'), test(chi2) OR (1.2 1.5 2.0 3.0) n1(1018) 0) 

n1(1018) n2(238)graph( ( ) x-line('= 0.5 * 243/1018'' '= 243/1018'' '= 2 * 243/1018', lpattern(dash)) 
legend(rows(1)size(small)) y-label(0.2(0.2)1.0))  

502



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

97 

NHL 1/2 2  

 
1.2- 1.5- 2.0- 3.0 RR 2

1/2 1
2

 
NHL 0.2387 OR 1.2 1.5 2.0 3.0

30.5% 81.5% 99.7% 99.9% Waddell 2001 NHL
91 243 OR 1.6 95%CI 1.2-2.2  

1.2 1.5 2.0 3.0
SAS NHL SAS

SAS  

1

503



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

98 

p<0.05 NHL
1.2 3.0 1.4 3 NHL 0.2387

OR 1.2 OR 1.4
OR 90% 1.3 10% 1.6

 

II
0.05

80%

Ioannidis Gelman Carlin 2014
II

Gelman Carlin 2014

 

Gelman Carlin 2014
2

43 44

 

                                                      
43 Stella Koutros 2012 Risk of Total and Aggressive Prostate Cancer and Pesticide Use in the Agricultural 

Health Study

2
1 1

AHS  
44 Laura Beane-Freeman 2011

AHS Atrazine and Cancer Incidence Among Pesticide Applicators in the Agricultural Health Study 1994-2007

i Q1 N=9,523 ii Q2 Q3
Q4 N=26,834 1 iii Q1 =3 2 Q2 Q3

Q4  

504



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

99 

 

 

p<0.05
OR>3

 

Ioannidis  
Ioannidis 2008  

CI
95% 99% 99.9%  

 

Ioannidis 2005 Lehrer 2010 Button 2013 Button 2013
Reinhart 2015

Reinhart 2015  
 

 
 

505



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

100 

Yarkoni 2009

 
1

80%
50%

a
b c

PPR
 

OR RR

3 i ii
iii

OR RR
 

i ii
iii

PPR

Kate Button Button 2013 Nature Reviews Neuroscience
Button 2013  

 
1  

506



www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

101 

2  
3  
4  
 

 
 

 
Beane Freeman, LE, Rusiecki, JA, Hoppin, JA, Lubin, JH, Koutros, S, Andreotti, G, Hoar Zahm, S, Hines, 

CJ, Coble, JB, Barone Adesi, F, Sloan, J. Sandler, DP, Blair, A, and Alavanja, MCR. Atrazine and cancer 
incidence among pesticide applicators int eh agricultural health study (1994–2007). Environ Health 
Perspect, 119, 1253–1259. 

Button K, 2013. Unreliable neuroscience? Why power matters. The Guardian newspaper (UK). 10 April 
2013 Available online: https://www.theguardian.com/science/sifting-the-evidence/2013/apr/10/unreliable 
-neuroscie nce-power-matters [Accessed 6 September 2017] 

Button K, Ioannidis JPA, Mokrysz C, Nosek BA, Flink J, Robinson ESJ and Munafo MR, 2013. Power 
failure: why small sample size undermines the reliability of neuroscience. Nature Reviews Neuroscience, 
14, 365–376. 

Cohen P and Chen S, 2010. How big is a big odds ratio: interpreting the magnitudes of odds ratios in 
epidemiological studies. Communications in Statistics: Simulation and Computation, 39, 860–864. 

Gelman A and Carlin J, 2014. Beyond power calculations: assessing type S (sign) and type M (magnitude) 
errors. Perspectives on Psychological Science, 9, 641–651. 

Ioannidis JP, 2005. Why most published research ndings are false. PLoS Med, 2, e124. 
Ioannidis JP, 2008. Why most discovered true associations are in ated. Epidemiology, 19, 640–648. 
Jones RR, Barone-Adesi F, Koutros S, Lerro CC, Blair A, Lubin J, Heltshe SL, Hoppin JA, Alavanja MC 

and Beane Freeman LE. Incidence of solid tumours among pesticide applicators exposed to the 
organophosphate insecticide diazinon in the Agricultural Health Study: an updated analysis. 
Occupational and Environmental Medicine, 72, 496–503. 

Koutros, S, Beane Freeman, LE, Lubin, JH, Heltshe, SL, Andreotti, G, Hughes-Barry, K, DelllaValle, CT, 
Hoppin, JA, Sandler, DP, Lynch, CF, Blair, A and Alavanja, MCR, 2013. Risk of total and aggressive 
prostate cancer and pesticide use in the agricultural health study. American Journal of Epidemiology, 
177, 59–74. 

Lehrer J, 2010. The truth wears off: is there something wrong with the scienti c method. New Yorker. 13 
December, 2010. Available online: http://www.newyorker.com/magazine/2010/12/13/the-truth-wears-off 
[Accessed September 2017] 

Reinhart A, 2015. Statistics Done Wrong: the WOEfully complete guide. No Starch Press (San Francisco, 
CA). 

Rosenthal JA, 1996. Qualitative descriptors of strength of association and effect size. Journal of Social 
Service Research, 21, 37–59. 

Taubes G, 1995. Epidemiology faces its limits. Science, 269, 164–169. 
Waddell BL, Zahm SH, Baris D, Weisenburger DD, Holmes F, Burmeister LF, Cantor KP and Blair A, 2001. 

Agricultural use of organophosphate pesticides and the risk of non-Hodgkin’s lymphoma among male 
farmers (United States). Cancer Causes Control, 12, 509–517. 

Wynder EL, 1997. Epidemiology Faces its Limits – Reply. Invited Commentary: Response to Science Article, 
“Epidemiology Faces Its Limits”. American Journal of Epidemiology, 143, 747–749. 

Yarkoni T, 2009. Ioannidis on effect size in ation, with guest appearance by Bozo the Clown. 21 November 
2009. Available online: http://www.talyarkoni.org/blog/2009/11/21/ioannidis-on-effect-size-inflation-
with-guest-appea rance-by-bozo-the-clown/ [Accessed on 6 September 2017] 

507



SCIENTIFIC OPINION

ADOPTED: 20 September 2017

doi: 10.2903/j.efsa.2017.5007

Scientific Opinion of the PPR Panel on the follow-up of the
findings of the External Scientific Report ‘Literature review
of epidemiological studies linking exposure to pesticides

and health effects’

EFSA Panel on Plant Protection Products and their Residues (PPR),
Colin Ockleford, Paulien Adriaanse, Philippe Berny, Theodorus Brock, Sabine Duquesne,

Sandro Grilli, Susanne Hougaard, Michael Klein, Thomas Kuhl, Ryszard Laskowski,
Kyriaki Machera, Olavi Pelkonen, Silvia Pieper, Rob Smith, Michael Stemmer, Ingvar Sundh,

Ivana Teodorovic, Aaldrik Tiktak, Chris J. Topping, Gerrit Wolterink, Matteo Bottai,
Thorhallur Halldorsson, Paul Hamey, Marie-Odile Rambourg, Ioanna Tzoulaki,

Daniele Court Marques, Federica Crivellente, Hubert Deluyker and Antonio F. Hernandez-Jerez

Abstract

In 2013, EFSA published a comprehensive systematic review of epidemiological studies published from
2006 to 2012 investigating the association between pesticide exposure and many health outcomes.
Despite the considerable amount of epidemiological information available, the quality of much of this
evidence was rather low and many limitations likely affect the results so firm conclusions cannot
be drawn. Studies that do not meet the ‘recognised standards’ mentioned in the Regulation (EU)
No 1107/2009 are thus not suited for risk assessment. In this Scientific Opinion, the EFSA Panel on Plant
Protection Products and their residues (PPR Panel) was requested to assess the methodological
limitations of pesticide epidemiology studies and found that poor exposure characterisation primarily
defined the major limitation. Frequent use of case–control studies as opposed to prospective studies was
considered another limitation. Inadequate definition or deficiencies in health outcomes need to be
avoided and reporting of findings could be improved in some cases. The PPR Panel proposed
recommendations on how to improve the quality and reliability of pesticide epidemiology studies to
overcome these limitations and to facilitate an appropriate use for risk assessment. The
Panel recommended the conduct of systematic reviews and meta-analysis, where appropriate, of
pesticide observational studies as useful methodology to understand the potential hazards of pesticides,
exposure scenarios and methods for assessing exposure, exposure–response characterisation and risk
characterisation. Finally, the PPR Panel proposed a methodological approach to integrate and weight
multiple lines of evidence, including epidemiological data, for pesticide risk assessment. Biological
plausibility can contribute to establishing causation.
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Summary

The European Food Safety Authority (EFSA) asked the Panel on Plant Protection Products and their
Residues (PPR Panel) to develop a Scientific Opinion on the follow-up of the findings of the External
Scientific Report ‘Literature review of epidemiological studies linking exposure to pesticides and health
effects’ (Ntzani et al., 2013). This report was based on a systematic review and meta-analysis of
epidemiological studies published between 2006 and 2012 and summarised the associations found
between pesticide exposure and 23 major categories of human health outcomes. Most relevant
significant associations were found for liver cancer, breast cancer, stomach cancer, amyotrophic lateral
sclerosis, asthma, type II diabetes, childhood leukaemia and Parkinson’s disease. While the inherent
weaknesses of the epidemiological studies assessed do not allow firm conclusions to be drawn on
causal relationships, the systematic review raised a concern about the suitability of regulatory studies
to inform on specific and complex human health outcomes.

The PPR Panel developed a Scientific Opinion to address the methodological limitations affecting
the quality of epidemiological studies on pesticides. This Scientific Opinion is intended only to assist the
peer review process during the renewal of pesticides under Regulation (EC) 1107/2009 where the
evaluation of epidemiological studies, along with clinical cases and poisoning incidents following any
kind of human exposure, if available, is a data requirement. Epidemiological data concerning exposures
to pesticides in Europe will not be available before first approval of an active substance and so will not
be expected to contribute to a draft assessment report (DAR). However, there is the possibility that
earlier prior approval has been granted for use of an active substance in another jurisdiction and
epidemiological data from that area may be considered relevant. Regulation (EC) No 1107/2009
requires a search of the scientific peer-reviewed open literature, which includes existing
epidemiological studies. This type of data is more suited for the renewal process of active substances,
also in compliance with Regulation (EC) 1141/2010 which indicates that ‘The dossiers submitted for
renewal should include new data relevant to the active substance and new risk assessments’.

In this Opinion, the PPR Panel proposed a methodological approach specific for pesticide active
substances to make appropriate use of epidemiological data for risk assessment purposes, and
proposed recommendations on how to improve the quality and reliability of epidemiological studies on
pesticides. In addition, the PPR Panel discussed and proposed a methodology for the integration of
epidemiological evidence with data from experimental toxicology as both lines of evidence can
complement each other for an improved pesticide risk assessment process.

First, the opinion introduces the basic elements of observational epidemiological studies1 and
contrasts them with interventional studies which are considered to provide the most reliable evidence
in epidemiological research as the conditions for causal inference are usually met. The major
observational study designs are described together with the importance of a detailed description of
pesticide exposure, the use of validated health outcomes and appropriate statistical analysis to model
exposure–health relationships. The external and internal study validity is also addressed to account for
the role of chance in the results and to ascertain whether factors other than exposure can distort the
associations found. Several types of human data can contribute to the risk assessment process of
pesticides, particularly to support hazard identification. Besides formal epidemiological studies, other
sources of human data such as case series, disease registries, poison control centre information,
occupational health surveillance data and post-marketing surveillance programmes, can provide useful
information for hazard identification, particularly in the context of acute, specific health effects.

However, many of the existing epidemiological studies on pesticides exposure and health effects
suffer from a range of methodological limitations or deficiencies (Terms of Reference (ToR) 1). The
Panel notes that the complexity of studying associations between exposure to pesticides and health
outcomes in observational settings among humans is more challenging than in many other disciplines
of epidemiology. This complexity lies in some specific characteristics in the field of pesticide
epidemiology such as the large number of active substances in the market (around 480 approved for
use in the European Union (EU)), the difficulties to measure exposure, and the frequent lack of
quantitative (and qualitative) data on exposure to individual pesticides. The systematic appraisal of
epidemiological evidence carried out in an EFSA external scientific report (Ntzani et al., 2013) identified
a number of methodological limitations. Poor exposure characterisation primarily defines the major
limitation of most existing studies because of the lack of direct and detailed exposure assessment to
specific pesticides (e.g. use of generic pesticide definitions). Frequent use of case–control studies as

1 This Opinion deals only with observational studies (also called epidemiological studies) and vigilance data. In contrast,
interventional studies (also called experimental studies, such as randomised clinical trials) are outside the scope of this Opinion.
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opposed to prospective studies is also a limitation. Inadequate definition or deficiencies in health
outcomes, deficiencies in statistical analysis and poor quality reporting of research findings were
identified as other limitations of some pesticide epidemiological studies. These limitations are to some
extent responsible for heterogeneity or inconsistency of data that challenge drawing robust conclusions
on causality. Given the small effect sizes for most of the outcomes addressed by Ntzani et al. (2013),
the contribution of bias in the study design can play a role.

The PPR Panel also provides a number of refinements (ToR 2) and recommendations (ToR 3) to
improve future pesticide epidemiological studies that will benefit the risk assessment. The quality and
relevance of epidemiological research can be enhanced by (a) an adequate assessment of exposure,
preferentially by using personal exposure monitoring or biomarker concentrations of specific pesticides
(or combination of pesticides) at an individual level, reported in a way that minimises misclassification
of exposure and allows for dose–response assessment; (b) a sufficiently valid and reliable outcome
assessment (well defined clinical entities or validated surrogates); (c) adequately accounting for
potentially confounding variables (including other known exposures affecting the outcomes); (d)
conducting and reporting subgroup analysis (e.g. stratification by gender, age, etc.). A number of
reporting guidelines and checklists developed specifically for studies on environmental epidemiology
are of interest for epidemiological studies assessing pesticide exposures. This is the case for extensions
of the modified STROBE (STrengthening the Reporting of OBservational studies in Epidemiology)
criteria, among others, which includes recommendations on what should be included in an accurate
and complete report of an observational study.

Exposure assessment can be improved at the individual level (direct and detailed exposure
assessment to specific pesticides in order to provide a reliable dosimeter for the pesticide of concern
that can be supplemented with other direct measures such as biomonitoring). Besides, exposure can
be assessed at population level by using registered data that can then be linked to electronic health
records. This will provide studies with unprecedented sample size and information on exposure and
subsequent disease. Geographical information systems (GIS) and small area studies might also serve
as an additional way to provide estimates of residential exposures. These more generic exposure
assessments have the potential to identify general risk factors and may be important both informing
overall regulatory policies, and for identification of matters for further epidemiological research. The
development of -omic technologies also presents intriguing possibilities for improving exposure
assessment through measurement of a wide range of molecules, from xenobiotics and metabolites in
biological matrices (metabolomics) to complexes with DNA and proteins (adductomics). Omics have
the potential to measure profiles or signatures of the biological response to the cumulative exposure to
complex chemical mixtures and allows a better understanding of biological pathways. Health outcomes
can be refined by using validated biomarkers of effect, that is, a quantifiable biochemical, physiological
or any other change that, is related to level of exposure, is associated with a health impairment and
also helps to understand a mechanistic pathway of the development of a disease.

The incorporation of epidemiological studies into regulatory risk assessment (ToR 4) represents a
major challenge for scientists, risk assessors and risk managers. The findings of the different
epidemiological studies can be used to assess associations between potential health hazards and
adverse health effects, thus contributing to the risk assessment process. Nevertheless, and despite the
large amount of available data on associations between pesticide exposure and human health
outcomes, the impact of such studies in regulatory risk assessment is still limited. Human data can be
used for many stages of risk assessment; however, a single (not replicated) epidemiological study, in
the absence of other studies on the same pesticide active substance, should not be used for hazard
characterisation unless it is of high quality and meets the ‘recognised standards’ mentioned in the
Regulation (EU) No 1107/2009. As these ‘recognised standards’ are not detailed in the Regulation, a
number of recommendations should be considered for optimal design and reporting of epidemiological
studies to support regulatory assessment of pesticides. Although further specific guidance will be
helpful, this is beyond the ToR of this Opinion. Evidence synthesis techniques, such as systematic
reviews and meta-analysis (where appropriate) offer a useful approach. While these tools allow
generation of summary data, increased statistical power and precision of risk estimates by combining
the results of all individual studies meeting the selection criteria, they cannot overcome methodological
flaws or bias of individual studies. Systematic reviews and meta-analysis of observational studies have
the capacity of large impact on risk assessment as these tools provide information that strengthens the
understanding of the potential hazards of pesticides, exposure scenarios and methods for assessing
exposure, exposure–response characterisation and risk characterisation. Although systematic reviews
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are also considered a potential tool for answering toxicological questions, their methodology would
need to be adapted to the different lines of evidence.

Study evaluation should be performed within a best evidence synthesis framework as it provides an
indication on the nature of the potential biases each specific study may have and an assessment of
overall confidence in the epidemiological database. This Opinion reports the study quality parameters
to be evaluated in single epidemiological studies and the associated weight (low, medium and high) for
each parameter. Three basic categories are proposed as a first tier to organise human data with
respect to risk of bias and quality: (a) low risk of bias and high/medium reliability; (b) medium risk of
bias and medium reliability; (c) high risk of bias and low reliability because of serious methodological
limitations or flaws that reduce the validity of results or make them largely uninterpretable for a
potential causal association. These categories are intended to parallel the reliability and relevance
rating of each stream of evidence according to the EFSA peer review of active substances: acceptable,
supplementary and unacceptable. Risk assessment should not be based on results of epidemiological
studies that do not meet well-defined data quality standards in order to meet the ‘recognised
standards’ mentioned in the Regulation (EU) No 1107/2009.

Epidemiological studies provide complementary data that can be integrated together with data from
in vivo laboratory animal studies, mechanistic in vitro models and ultimately in silico technology for
pesticide risk assessment (ToR 4). The combination of all these lines of evidence can contribute to a
Weight-of-Evidence (WoE) analysis in the characterisation of human health risks with the aim of
improving decision-making. Although the different sets of data can be complementary and
confirmatory, and thus serve to strengthen the confidence of one line of evidence on another, they
may individually be insufficient and pose challenges for characterising properly human health risks.
Hence, all four lines of evidence (epidemiology, animal, in vitro, in silico) make a powerful combination,
particularly for chronic health effects of pesticides, which may take decades to be clinically manifested
in an exposed human population.

The first consideration is how well the health outcome under consideration is covered by existing
toxicological and epidemiological studies on pesticides. When both types of studies are available for a
given outcome/endpoint, both should be assessed for strengths and weaknesses before being used for
risk assessment. Once the reliability of available human evidence (observational epidemiology and
vigilance data), experimental evidence (animal and in vitro data) and non-testing data (in silico
studies) has been evaluated, the next step involves weighting these sources of data. This opinion
proposed an integrated approach where all lines of evidence are considered in an overall WoE
framework to better support the risk assessment. This framework relies on a number of principles
highlighting when one line should take precedence over another. The concordance or discordance
between human and experimental data should be assessed in order to determine which data set
should be given precedence. Although the totality of evidence should be assessed, the more reliable
data should be given more weight, regardless of whether the data comes from human or experimental
studies. The more challenging situation is when study results are not concordant. In such cases, the
reasons for the difference should be considered and efforts should be made to develop a better
understanding of the biological basis for the contradiction.

Human data on pesticides can help verify the validity of estimations made based on extrapolation
from the full toxicological database regarding target organs, dose–response relationships and the
reversibility of toxic effects, and to provide reassurance on the extrapolation process without direct
effects on the definition of reference values. Thus, pesticide epidemiological data can form part of the
overall WoE of available data using modified Bradford Hill criteria as an organisational tool to increase
the likelihood of an underlying causal relationship.
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1. Introduction

1.1. Regulatory data requirements regarding human health in pesticide
risk assessment

Regulatory authorities in developed countries conduct a formal human risk assessment for each
registered pesticide based on mandated toxicological studies, done according to specific study
protocols, and estimates of likely human exposure.

In the European Union (EU), the procedure for the placing of plant protection products (PPP) on the
market is laid down by Commission Regulation No 1107/20092. Commission Regulations No 283/20133

and 284/20134 set the data requirements for the evaluation and re-evaluation of active substances and
their formulations.

The data requirements regarding mammalian toxicity of the active substance are described in part
A of Commission Regulation (EU) No 283/2013 for chemical active substances and in part B for
microorganisms including viruses. With regard to the requirements for pesticide active substances,
reference to the use of human data may be found in different chapters of Section 5 related to
different end-points. For instance, data on toxicokinetics and metabolism that include in vitro
metabolism studies on human material (microsomes or intact cell systems) belong to Chapter 5.1 that
deals with studies of absorption, distribution, metabolism and excretion in mammals; in vitro
genotoxicity studies performed on human material are described in Chapter 5.4 on genotoxicity testing
and specific studies such as acetylcholinesterase inhibition in human volunteers are found in Chapter
5.7 on neurotoxicity studies. Chapter 5.8 refers to supplementary studies on the active substance, and
some specific studies, such as pharmacological or immunological investigations.

Although the process of pesticide evaluation is mainly based on experimental studies, human data
could add relevant information to that process. The requirements relating to human data are mainly
found in Chapter 5.9 ‘Medical data’ of Regulation (EU) No 283/2013. It includes medical reports
following accidental, occupational exposure or incidents of intentional self-poisoning as well as
monitoring studies such as on surveillance of manufacturing plant personnel and others. The
information may be generated and reported through official reports from national poison control
centres as well as epidemiological studies published in the open literature. The Regulation requires that
‘relevant’ information on the effects of human exposure, where available, shall be used to confirm the
validity of extrapolations regarding exposure and conclusions with respect to target organs, dose–
response relationships, and the reversibility of adverse effects.

Regulation (EU) No 1107/2009 equally states that, ‘where available, and supported with data on
levels and duration of exposure, and conducted in accordance with recognised standards, epidemiological
studies are of particular value and must be submitted’. However, it is clear that there is no obligation for
the petitioners to conduct epidemiological studies specific for the active substance undergoing the
approval or renewal process. Rather, according to Regulation (EC) No 1107/2009, applicants submitting
dossiers for approval of active substances shall provide ‘scientific peer-reviewed public available literature
[. . .]. This should be on the active substance and its relevant metabolites dealing with side-effects on
health [. . .] and published within the last ten years before the date of submission of the dossier’.

In particular, epidemiological studies on pesticides should be retrieved from the literature according
to the EFSA Guidance entitled ‘Submission of scientific-peer reviewed open literature for the approval
of pesticide active substances under Regulation (EC) No 1107/2009’ (EFSA, 2011a), which follows the
principles of the Guidance ‘Application of systematic review methodology to food and feed safety
assessments to support decision-making’ (EFSA, 2010a). As indicated in the EFSA Guidance, ‘the
process of identifying and selecting scientific peer-reviewed open literature for active substances, their
metabolites, or plant protection products’ is based on a literature review which is systematic in the
approach.

The submission of epidemiological studies and more generally of human data by the applicants in
Europe has especially previously sometimes been incomplete and/or has not been performed in

2 Regulation (EC) No 1107/2009 of the European Parliament and of the Council of 21 October 2009 concerning the placing of plant
protection products on the market and repealing Council Directives 79/117/EEC and 91/414/EEC. OJ L 309, 24.11.2009, p. 1–50.

3 Commission Regulation (EU) No 283/2013, of 1 March 2013, setting out the data requirements for active substances, in
accordance with Regulation (EC) No 1107/2009 of the European Parliament of the Council concerning the placing of plant
protection products on the market. OJ L 93, 3.4.2013, p. 1–84.

4 Commission Regulation (EU) No 284/2013 of 1 March 2013 setting out the data requirements for plant protection products, in
accordance with Regulation (EC) No 1107/2009 of the European Parliament and of the Council concerning the placing of plant
protection products on the market. OJ L 93, 3.4.2013, p. 85–152.
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compliance with current EFSA Guidance (EFSA, 2011a). This is probably owing to the fact that a
mandatory requirement to perform an (epidemiological) literature search according to specific EFSA
Guidance is relatively recent, e.g. introduced for AIR-3 substances (Regulation AIR-3: Reg. (EU)
No 844/2012; Guidance Document SANCO/2012/11251 – rev.4).

The integration of epidemiological data with toxicological findings in the peer review process of
pesticides in the EU should be encouraged but is still lacking. A recent and controversial example is the
one related to the evaluation of glyphosate in which significant efforts were made to include
epidemiological studies in the risk assessment, but the conclusion was that these studies provided very
limited evidence of an association between glyphosate and health outcomes.

In the case of the peer review of 2,4-D, most of epidemiological data were not used in the risk
assessment because it was critical to know the impurity profile of the active substance and this
information was not available in the publications (as happens frequently in epidemiological studies). In
conclusion, within the European regulatory system there is no example of a pesticide active substance
approval being influenced by epidemiological data.

Now that a literature search including epidemiological studies is mandatory and guidance is in place
(EFSA, 2011a), a more consistent approach can facilitate risk assessment. However, no framework has
been established on how to assess such epidemiological information in the regulatory process. In
particular, none of the classical criteria used for the evaluation of these studies is included in the
current regulatory framework (e.g. study design, use of odd ratios and relative risks, potential
confounders, multiple comparisons, assessment of causality). It follows that specific criteria or
guidance for the appropriate use of epidemiological findings in the process of writing and peer
reviewing Draft Assessment Reports (DARs) or Renewal Assessment Reports (RAR) is warranted. The
EFSA Stakeholder Workshop (EFSA, 2015a) anticipated that the availability of more robust and
methodologically sound studies presenting accurate information on exposure would bolster the
regulation of pesticides in the EU.

Another potential challenge is synchronisation between the process of renewal of active substances
and the output of epidemiological studies. Indeed, the planning, conduct, and analysis of
epidemiological studies often require a substantial amount of time, especially where interpretation of
data is complex.

1.2. Background and Terms of Reference as provided by the requestor

In 2013, the European Food Safety Authority (EFSA) published an External scientific report
‘Literature review on epidemiological studies linking exposure to pesticides and health effects’ carried
out by the University of Ioannina Medical School (Ntzani et al., 2013). The report is based on a
systematic review of epidemiological studies published between 2006 and 2012 and summarises the
association between pesticide exposure and any health outcome examined (23 major categories of
human health outcomes). In particular, a statistically significant association was observed through fixed
and random effect meta-analyses between pesticide exposure and the following health outcomes: liver
cancer, breast cancer, stomach cancer, amyotrophic lateral sclerosis, asthma, type II diabetes,
childhood leukaemia and Parkinson’s disease.

Despite the large number of research articles and analyses (> 6,000) available, the authors of the
report could not draw any firm conclusions for the majority of the health outcomes. This observation is
in line with previous studies assessing the association between the use of pesticides and the occurrence
of human health adverse effects which all acknowledge that such epidemiological studies suffer from a
number of limitations and large heterogeneity of data. The authors especially noted that broad
pesticides definitions in the epidemiological studies limited the value of the results of meta-analyses.
Also, the scope of the report did not allow the in-depth associations between pesticide exposure and
specific health outcomes. Nonetheless, the report highlights a number of health outcomes where
further research is needed to draw firmer conclusions regarding their possible association with pesticide
exposures.

Nevertheless, the outcomes of the External scientific report are in line with other similar studies
published in Europe,5,6 and raise a number of questions and concerns, with regard to pesticide
exposure and the associations with human health outcomes. Furthermore, the results of the report

5 France: INSERM report 2013: Pesticides – effets sur la sant�e.
6 UK: COT report 2011: Statement on a systematic review of the epidemiological literature on para-occupational exposure to
pesticides and health outcomes other than cancer, and COT report 2006: Joint Statement on Royal Commission on
Environmental Pollution report on crop spraying and the health of residents and bystanders.
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open the way for discussion on how to integrate results from epidemiological studies into pesticide risk
assessments. This is particularly important for the peer-review team at EFSA dealing with the
evaluation of approval of plant protection products for which the peer-review needs to evaluate
epidemiological findings according to EU Regulation No 283/2013. The regulation states that applicants
must submit ‘relevant’ epidemiological studies, where available.

For the Scientific Opinion, the PPR Panel will discuss the associations between pesticide exposure
and human health effects observed in the External scientific report (Ntzani et al., 2013) and how these
findings could be interpreted in a regulatory pesticide risk assessment context. Hence, the PPR
Panel will systematically assess the epidemiological studies collected in the report by addressing major
data gaps and limitations of the studies and provide related recommendations.

The PPR Panel will specifically:

1) collect and review all sources of gaps and limitations, based on (but not necessarily limited
to) those identified in the External scientific report in regard to the quality and relevance of
the available epidemiological studies.

2) based on the gaps and limitations identified in point 1, propose potential refinements for
future epidemiological studies to increase the quality, relevance and reliability of the findings
and how they may impact pesticide risk assessment. This may include study design,
exposure assessment, data quality and access, diagnostic classification of health outcomes,
and statistical analysis.

3) identify areas in which information and/or criteria are insufficient or lacking and propose
recommendations for how to conduct pesticide epidemiological studies in order to improve
and optimise the application in risk assessment. These recommendations should include
harmonisation of exposure assessment (including use of biomonitoring data), vulnerable
population subgroups and/or health outcomes of interest (at biochemical, functional,
morphological and clinical level) based on the gaps and limitations identified in point 1.

4) discuss how to make appropriate use of epidemiological findings in risk assessment of
pesticides during the peer review process of draft assessment reports, e.g. weight-of-
evidence (WoE) as well as integrating the epidemiological information with data from
experimental toxicology, adverse outcome pathways (AOP), mechanism of actions, etc.

The PRAS Unit will consult the Scientific Committee on the consensual approach to EFSA’s
overarching scientific areas,7 including the integration of epidemiological studies in risk assessment.

1.3. Interpretation of the Terms of Reference

In the Terms of Reference (ToR), EFSA requested the PPR Panel to write a scientific Opinion on the
follow up of the results from the External Scientific Report on a systematic review of epidemiological
studies published between 2006 and 2012 linking exposure to pesticides and human health effects
(Ntzani et al., 2013). According to EU Regulation No 283/2013, the integration of epidemiological data
into pesticide risk assessment is important for the peer review process of DAR and RAR of active
substances for EU approval and their intended use as plant protection products.

In its interpretation of the terms of reference, the PPR Panel will then develop a Scientific Opinion to
address the methodological limitations identified in epidemiological studies on pesticides and to make
recommendations to the sponsors of such studies on how to improve them in order to facilitate their use
for regulatory pesticide risk assessment, particularly for substances in the post-approval period. The PPR
Panel notes that experimental toxicology studies also present limitations related to their methodology
and quality of reporting; however, the assessment of these limitations is beyond the ToR of this Opinion.

This Scientific Opinion is intended to assist the peer review process during the renewal of pesticides
under Regulation 1107/2009 where the evaluation of epidemiological studies, along with clinical cases
and poisoning incidents following any kind of human exposure, if available, represent a data
requirement. Epidemiological data concerning exposures to pesticides in Europe will not be available
before first approval of an active substance (with the exception of incidents produced during the
manufacturing process, which are expected to be very unlikely) and so will not be expected to
contribute to a DAR. However, there is the possibility that earlier prior approval has been granted for
use of an active substance in another jurisdiction and epidemiological data from that area may be
considered relevant. Regulation (EC) No 1107/2009 requires a search of the scientific peer-reviewed

7 According to article 28 of Regulation (EC) No 178/2002.
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open literature, where it is expected to retrieve existing epidemiological studies. It is therefore
recognised that epidemiological studies are more suitable for the renewal process of active substances,
also in compliance with the provision of the EC regulation 1141/2010 indicating that ‘The dossiers
submitted for renewal should include new data relevant to the active substance and new risk
assessments to reflect any changes in data requirements and any changes in scientific or technical
knowledge since the active substance was first included in Annex I to Directive 91/414/EEC’.

The PPR Panel will specifically address the following topics:

1) Review inherent weaknesses affecting the quality of epidemiological studies (including gaps
and limitations of the available pesticide epidemiological studies) and their relevance in the
context of regulatory pesticide risk assessment. How can these weaknesses be addressed?

2) What are potential contributions of epidemiological studies that complement classical
toxicological studies conducted in laboratory animal species in the area of pesticide risk
assessment?

3) Discuss and propose a methodological approach specific for pesticide active substances on
how to make appropriate use of epidemiological studies, focusing on how to improve the
gaps and limitations identified.

4) Propose refinements to practice and recommendations for better use of the available
epidemiological evidence for risk assessment purposes. Discuss and propose a methodology
for the integration of epidemiological information with data from experimental toxicology.

This Scientific Opinion, particularly Section 2–4, is not intended to address the bases of
epidemiology as a science. Those readers willing to deepen into specific aspects of this science are
encouraged to read general textbook of epidemiology (e.g. Rothman et al., 2008).

It should be taken into account that this Opinion is focussed only on pesticide epidemiology studies
in the EU regulatory context and not from a general scientific perspective. Therefore, the actual
limitations and weaknesses of experimental toxicology studies will not be addressed herein.

1.4. Additional information

In order to fully address topics 1–4 above (Section 1.3), attention has been paid to a number of
relevant reviews of epidemiological studies and the experience of other National and International bodies
with knowledge of epidemiology in general and in applying epidemiology to pesticide risk assessment
specifically. Detailed attention has been given to these studies in Annex A and drawn from the experience
of the authors that have contributed constructively to understanding in this area. Also Annex A records
published information that has been criticised for its lack of rigour showing how unhelpful some
published studies may be. The lessons learned from such good (and less-good) practice have been
incorporated into the main text by cross-referring to Annex A. In this way, this Scientific Opinion has the
aim of clearly distilling and effectively communicating the arguments in the main text without
overwhelming the reader with all the supporting data which is nevertheless accessible.

In addition, Annex B contains a summary of the main findings of a project that EFSA outsourced in
2015 to further investigate the role of human biological monitoring (HBM) in occupational health and
safety strategies as a tool for refined exposure assessment in epidemiological studies and to contribute
to the evaluation of potential health risks from occupational exposure to pesticides (Bevan et al., 2017).

2. General framework of epidemiological studies on pesticides

This section introduces the basic elements of epidemiological studies on pesticides and contrasts
them with other types of studies. For more details general textbook on epidemiology are
recommended (Rothman et al., 2008; Thomas, 2009).

2.1. Study design

Epidemiology studies the distribution and determinants of health outcomes in human or other
target species populations, to ascertain how, when and where diseases occur. This can be done
through observational studies and intervention studies (i.e. clinical trials),8 which compare study

8 In this opinion, ‘human data’ includes observational studies, also called epidemiological studies, where the researcher is
observing natural relationships between factors and health outcomes without acting upon study participants. Vigilance data
also fall under this concept. In contrast, intervention studies (also referred to as experimental studies) are outside the scope of
this Opinion, and their main feature is that the researcher intercedes as part of the study design.
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groups subject to differing exposure to a potential risk factor. Both types of studies are carried out in a
natural setting, which is a less controlled environment than laboratories.

Information on cases of disease occurring in a natural setting can also be systematically recorded in
the form of case reports or case series of exposed individuals only. Although case series/reports do not
compare study groups according to differing exposure, they may provide useful information,
particularly on acute effects following high exposures, which makes them potentially relevant for
hazard identification.

In randomised clinical trials, the exposure of interest is randomly allocated to subjects and,
whenever possible, these subjects are blinded to their treatment, thereby eliminating potential bias
due to their knowledge about their exposure to a particular treatment. This is why they are called
intervention studies. Observational epidemiological studies differ from clinical intervention studies in
that the exposure of interest is not randomly assigned to the subjects enrolled and participants are
often not blinded to their exposure. This is why they are called observational. As a result, randomised
clinical trials rank higher in terms of design as they provide unbiased estimates of average treatment
effects.

The lack of random assignment of exposure in observational studies represents a key challenge, as
other risk factors that are associated with the occurrence of disease may be unevenly distributed
between those exposed and non-exposed. This means that known confounders need to be measured
and accounted for. However, there is always the possibility that unknown or unmeasured confounders
are left unaccounted for, although unknown confounders cannot be addressed. Furthermore, the fact
that study participants are often unaware of their current or past exposure or may not recall these
accurately in observational studies (e.g. second-hand smoke, dietary intake or occupational hazards)
may result in biased estimates of exposure if it is based on self-report. As an example, it is not unlikely
that when cancer cases and controls are asked whether they have previously been exposed to a
pesticide the cancer cases may report their exposure differently from controls, even in cases where the
past exposures did not differ between the two groups.

Traditionally, designs of observational epidemiological studies are classified as either ecological,
cross-sectional, case–control or cohort studies. This approach is based on the quality of exposure
assessment and the ability to assess directionality from exposure to outcome. These differences largely
determine the quality of the study (Rothman and Greenland, 1998; Pearce, 2012).

• Ecological studies are observational studies where either exposure, outcome or both are
measured on a group but not at individual level and the correlation between the two is then
examined. Most often, exposure is measured on a group level while the use of health registries
often allows for extraction of health outcomes on an individual level (cancer, mortality). These
studies are often used when direct exposure assessment is difficult to achieve and in cases
where large contrast in exposures are needed (comparing levels between different countries or
occupations). Given the lack of exposure and/or outcome on an individual level, these studies
are useful for hypothesis generation but results generally need to be followed up using more
rigorous design in either humans or use of experimental animals.

• In cross-sectional studies, exposure and health status are assessed at the same time, and
prevalence rates (or incidence over a limited recent time) in groups varying in exposure are
compared. In such studies, the temporal relationship between exposure and disease cannot be
established since the current exposure may not be the relevant time window that leads to
development of the disease. The inclusion of prevalent cases is a major drawback of (most)
cross-sectional studies, particularly for chronic long-term diseases. Cross-sectional studies may
nevertheless be useful for risk assessment if exposure and effect occur more or less
simultaneously or if exposure does not change over time.

• Case–control studies examine the association between estimates of past exposures among
individuals that already have been diagnosed with the outcome of interest (e.g. cases) to a
control group of subjects from the same population without such outcome. In population-
based incident case–control studies, cases are obtained from a well-defined population, with
controls selected from members of the population who are disease free at the time a case is
incident. The advantages of case–control studies are that they require less sample sizes, time
and resources compared to prospective studies and often they are the only viable option when
studying rare outcomes such as some types of cancer. In case–control studies, past exposure
is most often not assessed based on ‘direct’ measurement but rather through less certain
measurements such as a recall captured through interviewer or self-administered
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questionnaires or proxies such as job descriptions titles or task histories. Although case–control
studies may allow for proper exposure assessment, these studies are prone to recall-bias when
estimating exposure. Other challenges include the selection of appropriate controls; as well as
the need for appropriate confounder control.

• In cohort studies, the population under investigation consists of individuals who are at risk of
developing a specific disease or health outcome at some point in the future. At baseline and at
later follow-ups (prospective cohort studies) relevant exposures, confounding factors and
health outcomes are assessed. After an appropriate follow-up period, the frequency of
occurrence of the disease is compared among those differently exposed to the previously
assessed risk factor of interest. Cohort studies are therefore by design prospective as the
assessment of exposure to the risk factor and covariates of interest are measured before the
health outcome has occurred. Thus, they can provide better evidence for causal associations
compared to the other designs mentioned above. In some cases, cohort studies may be based
on estimates of past exposure. Such retrospective exposure assessment is less precise than
direct measure and prone to recall bias. As a result, the quality of evidence from cohort
studies varies according to the actual method used to assess exposure and the level of detail
by which information on covariates were collected. Cohort studies are particularly useful for
the study of relatively common outcomes. If sufficiently powered in terms of size, they can
also be used to appropriately address relatively rare exposures and health outcomes.
Prospective cohort studies are also essential to study different critical exposure windows. An
example of this is longitudinal birth cohorts that follow children at regular intervals until adult
age. Cohort studies may require a long observation period when outcomes have a long latency
prior to onset of disease. Thus, such studies are both complex and expensive to conduct and
are prone to loss of follow-up.

2.2. Population and sample size

A key strength of epidemiological studies is that they study diseases in the very population about
which conclusions are to be drawn, rather than a proxy species. However, only rarely will it be possible
to study the whole population. Instead, a sample will be drawn from the reference population for the
purpose of the study. As a result, the observed effect size in the study population may differ from that
in the population if the former does not accurately reflect the latter. However, observations made in a
non-representative sample may still be valid within that sample but care should then be made when
extrapolating findings to the general population.

Having decided how to select individuals for the study, it is also necessary to decide how many
participants should minimally be enrolled. The sample size of a study should be large enough to warrant
sufficient statistical power. The standard power (also called sensitivity) is 80%, which means the ability of
a study to detect an effect of a given magnitude when that effect actually exists in the target population;
in other words, there is 80% probability of drawing the right conclusion from the results of the analyses
and a corresponding probability of 20% or drawing the wrong conclusion and missing a true effect.
Power analysis is often used to calculate the minimum sample size required to likely detect an effect of a
given size. Small samples are likely to constitute an unrepresentative sample. The statistical power is also
closely related to risk inflation, which needs to be given special attention when interpreting statistically
significant results from small or underpowered studies (see Annex D).

Epidemiological studies, like toxicological studies in laboratory animals, are often designed to
examine multiple endpoints unlike clinical trials that are designed and conducted to test one single
hypothesis, e.g. efficacy of a medical treatment. To put this in context, for laboratory animal toxicology
test protocols, OECD guidance for pesticides may prescribe a minimum number of animals to be
enrolled in each treatment group. This does not guarantee adequate power for any of the multitude of
other endpoints being tested in the same study. It is thus important to appropriately consider the
power of a study when conducting both epidemiology and laboratory studies.

2.3. Exposure

The quality of the exposure measurements influences the ability of a study to correctly ascertain
the causal relationship between the (dose of) exposure and a given adverse health outcome.

In toxicological studies in laboratory animals, the ‘treatment regime’ i.e. dose, frequency, duration
and route are well defined beforehand and its implementation can be verified. This often allows
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expression of exposure in terms of external dose administered daily via oral route for example in a 90-
day study, by multiplying the amount of feed ingested every day by a study animal with the intended
(and verified) concentration of the chemical present in the feed. Also, in the future, the internal
exposure has to be determined in the pivotal studies.

In the case of pesticides, estimating exposure in a human observational setting is difficult as the
dose, its frequency and duration over time and the route of exposure are not controlled and not even
well known.

Measuring the intensity, frequency and duration of exposure is often necessary for investigating
meaningful associations. Exposure may involve a high dose over a relatively short period of time, or a
low-level prolonged dose over a period from weeks to years. While the effects of acute, high-dose
pesticide exposure may appear within hours or days, the effects of chronic, low-dose exposures may
not appear until years later. Also, a disease may require a minimal level of exposure but increase in
probability with longer exposure.

There may be differences in absorption and metabolism via different routes (dermal, inhalation and
oral). While dermal or inhalation are often the routes exposure occurs in occupational settings,
ingestion (food, water) may be the major route of pesticide exposure for the general population.
Pharmacokinetic differences among individuals may result in differing systemic or tissue/organ doses
even where the absorbed external doses may appear similar.

2.4. Health outcomes

The term health outcome refers to a disease state, event, behaviour or condition associated with
health that is under investigation. Health outcomes are those clinical events (usually represented as
diagnosis codes, i.e. International Classification of Diseases (ICD) 10) or outcomes (i.e. death) that are
the focus of the research. Use of health outcomes requires a well-defined case definition, a system to
report and record the cases and a measure to express the frequency of these events.

A well-defined case definition is necessary to ensure that cases are consistently diagnosed,
regardless of where, when and by whom they were identified and thus avoid misclassification. A case
definition involves a standard set of criteria, which can be a combination of clinical symptoms/signs,
sometimes supplemented by confirmatory diagnostic tests with their known sensitivity and specificity.
The sensitivity of the whole testing procedure (i.e. the probability that a person with an adverse health
condition is truly diagnosed) must be known to estimate the true prevalence or incidence.

The clinical criteria may also involve other characteristics (e.g. age, occupation) that are associated
with increased disease risk. At the same time, appropriately measured and defined phenotypes or hard
clinical outcomes add validity to the results.

Disease registries contain clinical information of patients on diagnosis, treatment and outcome.
These registries periodically update patient information and can thus provide useful data for
epidemiological research. Mortality, cancer and other nation-wide health registries generally meet the
case-definition requirements and provide (almost) exhaustive data on the incident cases within a
population. These health outcomes are recorded and classified in national health statistics databases,
which depend on accepted diagnostic criteria that are evolving and differ from one authority to
another. This may confound attempts to pool data usefully for societal benefit. Registry data present
many opportunities for meaningful analysis, but the degree of data completeness and validity may
challenge making appropriate inferences. Also, changes in coding conventions over the lifetime of the
database may have an impact on retrospective database research.

Although the disease status is typically expressed as a dichotomous variable, it may also be
measured as an ordinal variable (e.g. severe, moderate, mild or no disease) or as a quantitative
variable for example by measuring molecular biomarkers of toxic response in target organs or
physiological measures such as blood pressure or serum concentration of lipids or specific proteins.

The completeness of the data capture and its consistency are key contributors to the reliability of
the study. Harmonisation of diagnostic criteria, data storage and utility would bring benefits to the
quality of epidemiological studies.

A surrogate endpoint is used as substitute for a well-defined disease endpoint, an outcome measure,
commonly a laboratory measurement (biomarker of response). These measures are considered to be on
the causal pathway for the clinical outcome. In contrast to overt clinical disease, such biological markers
of health may allow to detect subtle, subclinical toxicodynamic processes. For such outcomes, detailed
analytical protocols for quantification should be specified to enable comparison or replication across
laboratories. The use of AOPs can highlight differences in case definitions.
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Although surrogate outcomes may offer additional information, the suitability of the surrogate
outcome examined needs to be carefully assessed. In particular, the validity of surrogate outcomes
may represent a major limitation to their use (la Cour et al., 2010). Surrogate endpoints that have not
been validated should thus be avoided.

When the health status is captured in other ways, such as from self-completed questionnaires or
telephone interviews, from local records (medical or administrative databases) or through clinical
examination only, these should be validated to demonstrate that they reflect the underlying case
definition.

2.5. Statistical analysis and reporting

Reporting in detail materials, methods and results, and conducting appropriate statistical analyses
are key steps to ensure quality of epidemiological studies. Regarding statistical analysis, one can
distinguish between descriptive statistics and modelling of exposure–health outcome relationship.

2.5.1. Descriptive statistics

Descriptive statistics aim to summarise the important characteristics of the study groups, such as
exposure measures, health outcomes, possible confounding factors and other relevant factors. The
descriptive statistics often include frequency tables and measures of central tendency (e.g. means and
medians) and dispersion (e.g. variance and interquartile range) of the parameters or variables studied.

2.5.2. Modelling exposure–health outcome relationship

Modelling of the exposure–health relationship aims to assess the possible relationship between the
exposure and the health outcome under consideration. In particular, it can evaluate how this
relationship may depend on dose and mode of exposure and other possible intervening factors.

Statistical tests determine the probability that the observations found in scientific studies may have
occurred as a result of chance. This is done by summarising the results from individual observations
and evaluating whether these summary estimates differ significantly between, e.g. exposed and
non-exposed groups, after taking into consideration random errors in the data.

For dichotomous outcomes, the statistical analysis compares study groups by assessing whether
there is a difference in disease frequency between the exposed and control populations. This is usually
done using a relative measure. The relative risk (RR) in cohort studies estimates the relative
magnitude of an association between exposure and disease comparing those that are exposed (or
those that have a higher exposure level) with those that are not exposed (or those that have a lower
exposure level). It indicates the likelihood of developing the disease in the exposed group relative to
those who are not (or less) exposed. An odds ratio (OR), generally an outcome measure in case–
control and cross-sectional studies, represents the ratio of the odds of exposure between cases and
controls (or diseased and non-diseased individuals in a cross-sectional study) and is often the relative
measure used in statistical testing. Different levels or doses of exposure can be compared in order to
see if there is a dose–response relationship. For continuous outcome measures, mean or median
change in the outcome are often examined across different level of exposure; either through analyses
of variance or through other parametric statistics.

While the statistical analysis will show that observed differences are significantly different or not
significantly different, both merit careful reflection (Greenland et al., 2016).

Interpretation of the absence of statistically significant difference. Failure to reject the
null hypothesis does not necessarily mean that no association is present because the study may not
have sufficient power to detect it. The power depends on the following factors:

• sample size: with small sample sizes, statistical significance is more difficult to detect, even if
true;

• variability in individual response or characteristics, either by chance or by non-random factors:
the larger the variability, the more difficult to demonstrate statistical significance;

• effect size or the magnitude of the observed difference between groups: the smaller the size
of the effect, the more difficult to demonstrate statistical significance.

Interpretation of statistically significant difference. Statistical significance means that the
observed difference is not likely due to chance alone. However, such a result still merits careful
consideration.
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• Biological relevance. Rejection of the null hypothesis does not necessarily mean that the
association is biologically meaningful, nor does it mean that the relationship is causal (Skelly,
2011). The key issue is whether the magnitude of the observed difference (or ‘effect size’) is
large enough to be considered biologically relevant. Thus, an association that is statistically
significant may be or may be not biologically relevant and vice versa. While epidemiological
results that are statistically significant may be dismissed as ‘not biologically relevant’,
non-statistically significant results are seldom determined to be ‘biologically relevant’.
Increasingly, researchers and regulators are looking beyond statistical significance for evidence
of a ‘minimal biologically important difference’ for commonly used outcomes measures.
Factoring biological significance relevance into study design and power calculations, and
reporting results in terms of biological as well as statistical significance will become increasingly
important for risk assessment (Skelly, 2011). This is the subject of an EFSA Scientific
Committee guidance document outlining generic issues and criteria to be taken into account
when considering biological relevance (EFSA Scientific Committee, 2017a); also a framework is
being developed to consider biological relevance at three main stages related to the process of
dealing with evidence (EFSA Scientific Committee, 2017b).

• Random error. Evaluation of statistical precision involves consideration of random error within
the study. Random error is the part of the study that cannot be predicted because that part is
attributable to chance. Statistical tests determine the probability that the observations found in
scientific studies have occurred as a result of chance. In general, as the number of study
participants increases, precision (often expressed as standard error) of the estimate of central
tendency (e.g. the mean) is increased and the ability to detect a statistically significant
difference, if there is a real difference between study groups, i.e. the study’s power, is
enhanced. However, there is always a possibility, at least in theory, that the results observed
are due to chance only and that no true differences exist between the compared groups
(Skelly, 2011). Very often this value is set at 5% (significance level).

• Multiple testing. As mentioned previously when discussing sample size, modelling of the
exposure–health relationship is in principle hypothesis-driven, i.e. it is to be stated beforehand
in the study objectives what will be tested. However, in reality, epidemiological studies (and
toxicological studies in laboratory animals) often explore a number of different health
outcomes in relation to the same exposure. If many statistical tests are conducted, some 5%
of them will be statistically significant by chance. Such testing of multiple endpoints
(hypotheses) increases the risk of false positive results and this can be controlled for by use of
Bonferroni, Sidak or Benjamini–Hochberg corrections or other suitable methods. But this is
often omitted. Thus, when researchers carry out many statistical tests on the same set of
data, they can conclude that there are real differences where in fact there are none.
Therefore, it is important to consider large number of statistical results as preliminary
indications that require further validation. The EFSA opinion on statistical significance and
biological significance notes that the assumptions derived from a statistical analysis should be
related to the study design (EFSA, 2011b).

• Effect size magnification. An additional source of bias, albeit one that is lesser known, is that
which may result from small sample sizes and the consequent low statistical power. This lesser
known type of bias is ‘effect size magnification’ which can result from low powered studies.
While it is generally widely known that small, low-powered studies can result in false negatives
since the study power is inadequate to reliably detect a meaningful effect size, it is less well
known that these studies can result in inflation of effect sizes if those estimated effects pass a
statistical threshold (e.g. the common p < 0.05 threshold used to judge statistical
significance). This effect –also known as effect size magnification – is a phenomenon by which
a ‘discovered’ association (i.e. one that has passed a given threshold of statistical significance)
from a study with suboptimal power to make that discovery will produce an observed effect
size that is artificially – and systematically – inflated. This is because smaller, low-powered
studies are more likely to be affected by random variation among individuals than larger ones.
Mathematically, conditional on a result passing some predetermined threshold of statistical
significance, the estimated effect size is a biased estimate of the true effect size, with the
magnitude of this bias inversely related to power of the study.
As an example, if a trial were run thousands of times, there will be a broad distribution of
observed effect sizes, with smaller trials systematically producing a wider variation in observed
effect sizes than larger trials, but the median of these estimated effect sizes is close to the true
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effect size. However, in a small and low powered study, only a small proportion of observed
effects will pass any given (high) statistical threshold of significance and these will be only the
ones with the greatest of effect sizes. Thus, when these smaller, low powered studies with
greater random variation do indeed find a significance-triggered association as a result of
passing a given statistical threshold, they are more likely to overestimate the size of that
effect. What this means is that research findings of small and significant studies are biased in
favour of finding inflated effects. In general, the lower the background (or control or natural)
rate, the lower the effect size of interest, and the lower the power of the study, the greater
the tendency towards and magnitude of inflated effect sizes.
It is important to note, however, that this phenomenon is only present when a ‘pre-screening’
for statistical significance is done. The bottom line is that if it is desired to estimate a given
quantity such as an OR or RR, ‘pre-screening’ a series of effect sizes for statistical significance
will result in an effect size that is systematically biased away from the null (larger than the true
effect size). To the extent that regulators, decision-makers, and others are acting in this way –
looking for statistically significant results in what might be considered a sea of comparisons
and then using those that cross a given threshold of statistical significance to evaluate and
judge the magnitude of the effect – will likely result in an exaggerated sense of the magnitude
of the hypothesised association. Additional details and several effect size simulations are
provided in Annex D of this document.

Confounding occurs when the relationship between the exposure and disease is to some extent
attributable to the effect of another risk factor, i.e. the confounder. There are several traditionally
recognised requirements for a risk factor to actually act as a confounder as described by McNamee
(2003) and illustrated below. The factor must:

• be a cause of the disease, or a surrogate measure of the cause, in unexposed people; factors
satisfying this condition are called ‘risk factors’;

• be correlated, positively or negatively, with exposure in the study populations independently
from the presence of the disease. If the study population is classified into exposed and
unexposed groups, this means that the factor has a different distribution (prevalence) in the
two groups;

• not be an intermediate step in the causal pathway between the exposure and the disease

Confounding can result in an over- or underestimation of the relationship between exposure and
disease and occurs because the effects of the two risk factors have not been separated or
‘disentangled’. In fact, if strong enough, confounding can also reverse an apparent association. For
instance, because agriculture exposures cover many different exposure categories, farmers are likely to
be more highly exposed than the general population to a wide array of risk factors, including biological
agents (soil organisms, livestock, farm animals), pollen, dust, sunlight and ozone amongst others,
which may act as potential confounding factors.

A number of procedures are available for controlling confounding, both in the design phase of the
study or in the analytical phase. For large studies, control in the design phase is often preferable. In
the design phase, the epidemiological researcher can limit the study population to individuals that
share a characteristic which the researcher wishes to control. This is known as ‘restriction’ and in fact
removes the potential effect of confounding caused by the characteristic which is now eliminated. A
second method in the design phase through which the researcher can control confounding is by
‘matching’. Here, the researcher matches individuals based on the confounding variable which ensures
that this is evenly distributed between the two comparison groups.

Beyond the design phase, at the analysis stage, control for confounding can be done by means of
either stratification or statistical modelling. One means of control is by stratification in which the
association is measured separately, under each of the confounding variables (e.g. males and females,
ethnicity or age group). The separate estimates can be ‘brought together’ statistically – when
appropriate – to produce a common OR, RR or other effect size measure by weighting the estimates
measured in each stratum (e.g. using Mantel–Haenszel approaches). This can be done at the cost of
reducing the sample size for the analysis. Although relatively easy to perform, there can be difficulties
associated with the inability of this stratification to deal with multiple confounders simultaneously. For
these situations, control can be achieved through statistical modelling (e.g. multiple logistic
regression).
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Regardless of the approaches available for control of confounding in the design and analysis phases
of the study described above, it is important – prior to any epidemiological studies being initiated in
the field – that careful consideration be given to confounders because researchers cannot control for a
variable which they have not considered in the design or for which they have not collected data.

Epidemiological studies – published or not – are often criticised for ignoring potential confounders
that may possibly either falsely implicate or inappropriately negate a given risk factor. Despite these
critiques, rarely is an argument presented on the likely size of the impact of the bias from such
possible confounding. It should be emphasised that a confounder must be a relatively strong risk
factor for the disease to be strongly associated with the exposure of interest to create a substantial
distortion in the risk estimate. It is not sufficient to simply raise the possibility of confounding; one
should make a persuasive argument explaining why a risk factor is likely to be a confounder, what its
impact might be and how important that impact might be to the interpretation of findings. It is
important to consider the magnitude of the association as measured by the RR, OR, risk ratio,
regression coefficient, etc. since strong relative risks are unlikely to be due to unmeasured
confounding, while weak associations may be due to residual confounding by variables that the
investigator did not measure or control in the analysis (US-EPA, 2010b).

Effect modification. Effects of pesticides, and other chemicals, on human health can hardly be
expected to be identical across all individuals. For example, the effect that any given active substance
might have on adult healthy subjects may not be the same as that it may have on infants, elderly, or
pregnant women. Thus, some subsets of the population are more likely to develop a disease when
exposed to a chemical because of an increased sensitivity. For this, the term ‘vulnerable subpopulation’
has been used, which means children, pregnant women, the elderly, individuals with a history of
serious illness and other subpopulations identified as being subject to special health risks from
exposure to environmental chemicals (i.e. because of genetic polymorphisms of drug-metabolising
enzymes, transporters or biological targets). The average effect measures the effect of an exposure
averaged over all subpopulations. However, there may be heterogeneity in the strength of an
association between various subpopulations. For example, the magnitude of the association between
exposure to chemical A and health outcome B may be stronger in children than in healthy adults, and
absent in those wearing protective clothing at the time of exposure or in those of different genotype.
If heterogeneity is truly present, then any single summary measure of an overall association would be
deficient and possibly misleading. The presence of heterogeneity is assessed by testing for the
presence of statistically significant interaction between the factor and the effect in the various
subpopulations. But, in practice, this requires large sample size.

Investigating the effect in subpopulations defined by relevant factors may advance knowledge on
the effect on human health of the risk factor of interest.

2.6. Study validity

When either a statistically significant association or no such significant association between, for
example, pesticide exposures and a health outcome is observed, there is a need to also evaluate the
validity of a research study, assessing factors that might distort the true association and/or influence
its interpretation. These imperfections relate to systematic sources of error that result in a
(systematically) incorrect estimate of the association between exposure and disease. In addition, the
results from a single study takes on increased validity when it is replicated in independent
investigations conducted on other populations of individuals at risk of developing the disease.

Temporal sequence. Any claim of causation must involve the cause preceding in time the
presumed effect. Rothman (2002) considered temporality as the only criterion that is truly causal, such
that lack of temporality rules out causality. While the temporal sequence of an epidemiological
association implies the necessity for the exposure to precede the outcome (effect) in time,
measurement of the exposure is not required to precede measurement of the outcome. This
requirement is easier met in prospective study designs (i.e. cohort studies), than when exposure is
assessed retrospectively (case–control studies) or assessed at the same time than the outcome (cross-
sectional studies). However, also in prospective studies, the time sequence for cause and effect and
the temporal direction might be difficult to ascertain if a disease developed slowly and initial forms of
disease were difficult to measure (H€ofler, 2005).

The generalisability of the result from the population under study to a broader population should
also be considered for study validity. While the random error discussed previously is considered a
precision problem and is affected by sampling variability, bias is considered a validity issue. More
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specifically, bias issues generally involve methodological imperfections in study design or study analysis
that affect whether the correct population parameter is being estimated. The main types of bias
include selection bias, information bias (including recall bias and interviewer/observer bias) and
confounding. An additional potential source of bias is effect size magnification, which has already been
mentioned.

Selection bias concerns a systematic error relating to validity that occurs as a result of the
procedures and methods used to select subjects into the study, the way that subjects are lost from the
study or otherwise influence continuing study participation.

Typically, such a bias occurs in a case–control study when inclusion (or exclusion) of study subjects
on the basis of disease is somehow related to the prior exposure status being studied. One example
might be the tendency for initial publicity or media attention to a suspected association between an
exposure and a health outcome to result in preferential diagnosis of those that had been exposed
compared to those that had not. Selection bias can also occur in cohort studies if the exposed and
unexposed groups are not truly comparable as when, for example, those that are lost from the study
(loss to follow-up, withdrawn or non-response) are different in status to those who remain. Selection
bias can also occur in cross-sectional studies due to selective survival: only those that have survived
are included in the study. These types of bias can generally be dealt with by careful design and
conduct of a study (see also Sections 4, 6 and 8).

The ‘healthy worker effect’ (HWE) is a commonly recognised selection bias that illustrates a specific
bias that can occur in occupational epidemiology studies: workers tend to be healthier than individuals
from the general population overall since they need to be employable in a workforce and can thus
often have a more favourable outcome status than a population-based sample obtained from the
general population. Such a HWE bias can result in observed associations that are masked or lessened
compared to the true effect and thus can lead to the appearance of lower mortality or morbidity rates
for workers exposed to chemicals or other deleterious substances.

Information bias concerns a systematic error when there are systematic differences in the way
information regarding exposure or the health outcome are obtained from the different study groups
that result in incorrect or otherwise erroneous information being obtained or measured with respect to
one or more covariates being measured in the study. Information bias results in misclassification which
in turn leads to incorrect categorisation with respect to either exposure or disease status and thus the
potential for bias in any resulting epidemiological effect size measure such as an OR or RR.

Misclassification of exposure status can result from imprecise, inadequate or incorrect
measurements; from a subject’s incorrect self-report; or from incorrect coding of exposure data.

Misclassification of disease status can, for example, arise from laboratory error, from detection bias,
from incorrect or inconsistent coding of the disease status in the database, or from incorrect recall.
Recall bias is a type of information bias that concerns a systematic error when the reporting of disease
status is different, depending on the exposure status (or vice versa). Interviewer bias is another kind
of information bias that occurs where interviewers are aware of the exposure status of individuals and
may probe for answers on disease status differentially – whether intended or not – between exposure
groups. This can be a particularly pernicious form of misclassification – at least for case–control studies
– since a diseased subject may be more likely to recall an exposure that occurred at an earlier time
period than a non-diseased subject. This will lead to a bias away from null value (of no relation
between exposure and disease) in any effect measure.

Importantly, such misclassifications as described above can be ‘differential’ or ‘non-differential’ and
these relate to (i) the degree to which a person that is truly exposed (or diseased) is correctly
classified as being truly exposed or diseased and (ii) the degree to which an individual who is truly not
exposed (or diseased) is correctly classified in that way. The former is known as ‘sensitivity’ while the
latter is referred to as ‘specificity’ and both of these play a role in determining the existence and
possible direction of bias. Differential misclassification means that misclassification has occurred in a
way that depends on the values of other variables, while non-differential misclassification refers to
misclassifications that do not depend on the value of other variables.

What is important from an epidemiological perspective is that misclassification biases – either
differential or non-differential – depend on the sensitivity and specificity of the study’s methods used
to categorise such exposures and can have a predictable effect on the direction of bias under certain
(limited) conditions: this ability to characterise the direction of the bias based on knowledge of the
study methods and analyses can be useful to the regulatory decision-maker since it allows the decision
maker to determine whether the epidemiological effect sizes being considered (e.g. OR, RR) are likely
underestimates or overestimates of the true effect size. While it is commonly assumed by some that
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non-differential misclassification bias produces predictable biases towards the null (and thus
systematically under-predicts the effect size), this is not necessarily the case. Also, the sometimes
common assumption in epidemiology studies that misclassification is non-differential (which is
sometimes also paired with the assumption that non-differential misclassification bias is always
towards the null) is not always justified (e.g. see Jurek et al., 2005).

When unmeasured confounders are thought to affect the results, researchers should conduct
sensitivity analyses to estimate the range of impacts and the resulting range of adjusted effect
measures (US-EPA, 2010b). Quantitative sensitivity (or bias) analyses are, however, not typically
conducted in many epidemiological studies, with most researchers instead describing various potential
biases qualitatively in the form of a narrative in the discussion section of a paper.

It is often advisable that the epidemiological investigator performs sensitivity analysis to estimate
the impact of biases, such as exposure misclassification or selection bias, by known but unmeasured
risk factors or to demonstrate the potential effects that a missing or unaccounted for confounder may
have on the observed effect sizes (see Lash et al., 2009; Gustafson and McCandless, 2010). Sensitivity
analyses should be incorporated in the list of criteria for reviewing epidemiological data for risk
assessment purposes.

3. Key limitations of the available epidemiological studies on
pesticides

3.1. Limitations identified by the authors of the EFSA external scientific
report

The EFSA External scientific report (Ntzani et al., 2013; summarised in Annex A) identified a
plethora of epidemiological studies which investigate diverse health outcomes. In an effort to
systematically appraise the epidemiological evidence, a number of methodological limitations were
highlighted. In the presence of these limitations, robust conclusions could not be drawn, but outcomes
for which supportive evidence from epidemiology existed were highlighted for future investigation. The
main limitations identified included (Ntzani et al., 2013):

• Lack of prospective studies and frequent use of study designs that are prone to bias (case–
control and cross-sectional studies). In addition, many of the studies assessed appeared to be
insufficiently powered.

• Lack of detailed exposure assessment, at least compared to many other fields within
epidemiology. The information on specific pesticide exposure and co-exposures was often
lacking, and appropriate biomarkers were seldom used. Instead, many studies relied on broad
definition of exposure assessed through questionnaires (often not validated).

• Deficiencies in outcome assessment (broad outcome definitions and use of self-reported
outcomes or surrogate outcomes).

• Deficiencies in reporting and analysis (interpretation of effect estimates, confounder control
and multiple testing).

• Selective reporting, publication bias and other biases (e.g. conflict of interest).

The observed heterogeneity in the results within each studied outcome was often large. However,
heterogeneity is not always a result of biases and may be genuine and consideration of a priori defined
subgroup analysis and meta-regression should be part of evidence synthesis efforts. Occupational
studies, which are of particular importance to pesticide exposure, are also vulnerable to the healthy
worker effect, a bias resulting in lower morbidity and mortality rates within the workforce than in the
general population. The healthy worker effect tends to decline with increasing duration of employment
and length of follow-up.

Studies with sufficient statistical power, detailed definition of pesticide exposure, data for many health
outcomes and transparent reporting are rare, apart from the Agricultural Health Study (AHS) and other
similarly designed studies. It is important to note that several of these methodological limitations have
not been limited to pesticide exposure studies and, most importantly, are not specific in epidemiology
and have been observed in other specific fields including in animal studies (Tsilidis et al., 2013).

Given the wide range of pesticides with various definitions found in the EFSA External scientific
report, it is difficult to harmonise this information across studies. Although heterogeneity of findings
across studies can be as informative as homogeneity, information needs to be harmonised such that
replication can be assessed and summary effect sizes be calculated. This does not mean that if there is
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genuine heterogeneity the different studies cannot be pooled. Limited conclusions can be made from a
single study. Nonetheless, the report highlighted a number of associations between pesticides and
health effects that merit further consideration and investigation. Of interest is the fact that a
considerable proportion of the published literature focused on pesticides no longer approved for use in
the EU and in most developed countries e.g. studies focusing solely on DDT and its metabolites
constituted almost 10% of the eligible studies (Ntzani et al., 2013). These may still be appropriate
since they may persist as pesticide residues or because they continue to be used in developing
countries. Also, the report focused on epidemiological evidence in relation to any health outcome
across an approximately 5-year window. Although the report is valuable in describing the field of
epidemiological assessment of pesticide–health associations, it is not able to answer specific disease-
pesticide questions thoroughly. A more in-depth analysis of specific disease endpoints associated with
pesticides exposure is needed, where this information is available, and studies published earlier than
the time window covered by the EFSA External scientific report should be also included.

3.2. Limitations in study designs

For ethical reasons, randomised controlled trials are not allowed to test the safety of low dose
pesticide exposure in the EU. Therefore, information on potential adverse health consequences in
humans has to be extracted using observational studies.

For diseases with long-latency periods, measurement of exposure at one time point may not
accurately reflect the long-term exposure which is needed to develop such diseases. This is particularly
important for non-persistent pesticides, whose levels in biological samples are not constant but vary
quite often. Thus, those studies that claim an association between a single measurement in urine
samples and a long latency outcome should be carefully interpreted.

Among the 795 studies reviewed in the Ntzani report, 38% were case–control studies and 32%
cross-sectional studies. As a result, evidence on potential adverse health consequences of pesticide
exposure is largely based on studies that lack prospective design at least for outcomes that have long
latency periods. For the cross-sectional studies, directionality cannot be assessed and observed
associations may often reflect reverse causation (is the disease caused by the exposure, or does the
disease influence the exposure?). Although reverse causation is a potential problem of cross-sectional
studies in many fields of epidemiology, in pesticide epidemiology, it is less of an issue, because in most
situations it is unlikely that a disease will cause exposure to pesticides.

Although case–control studies are frequently used for rare outcomes, such as several cancers, their
main limitation is that they are prone to recall bias and they have to rely on retrospective assessment
of exposure. However, they can still provide useful information, especially for rare outcomes. It is
important to examine whether results from case–control and prospective studies converge. This was,
for example, the case amongst studies that were conducted to examine associations between intake of
trans-fatty acids and cardiovascular disease (EFSA, 2004), where both case–control and prospective
studies consistently reported positive associations. The effect estimates between the two study designs
were systematically different with prospective studies reporting more modest effect sizes but both
study designs reached similar conclusions. As for pesticides, similar values have been observed for the
magnitude of association between Parkinson’s disease and pesticide exposure irrespective of the study
design (reviewed in Hern�andez et al., 2016).

3.3. Relevance of study populations

Because the environmentally relevant doses of pesticides to which individuals are exposed are
lower than those required to induce observed toxicity in animal models, the associated toxic effects
need to be understood in the context of differences of susceptibility of subpopulations. Potentially
vulnerable groups are at an increased risk against exposure to low levels of pesticides than healthy
individuals, sometimes during sensitive windows of exposure. This is the case of genetic susceptibility,
which represents a critical factor for risk assessment that should be accounted for (G�omez-Mart�ın
et al., 2015). Genetic susceptibility largely depends on functional genetic polymorphisms affecting
toxicokinetics (e.g. genes encoding xenobiotic metabolising enzymes and membrane transporters)
and/or toxicodynamics (e.g. different receptor gene polymorphisms). This genetic variability should be
considered on the basis of a plausible scientific hypothesis.

While different disorders, particularly neurodegenerative diseases (Parkinson’s disease, Alzheimer’s
disease, amyotrophic lateral sclerosis) have been linked to exposures to environmental factors (e.g.
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pesticides), in many instances the genetic architecture of the disorder has not been taken into
account. The prevalence of specific gene mutations may reach 5–10% and sometimes over 20% of
cases in certain populations (Gibson et al., 2017), so that the links of these diseases to pesticide
exposure may be heavily influenced by genetic structure within populations under study. Given the
small effect sizes for many of these disorders, the underlying effects of specific genes not accounted
for in the study design may modify the disease risk estimates. Hence, associations with pesticide
exposure may need to be evaluated in the light of common genetic influences known to be associated
with a spectrum of neurodegenerative diseases. However, genetic variation by itself does not
predispose people for an increased pesticide exposure.

A subgroup of population of special interest is represented by children, because their metabolism,
physiology, diet and exposure patterns to environmental chemicals differ from those of adults and can
make them more susceptible to their harmful effects. The window(s) of biologic susceptibility remain
unknown for the most part, and would be expected to vary by mechanism. Gender-based susceptibility
also merits consideration in case of pesticide-related reproductive toxicity and endocrine disruption.
Those subgroups are currently considered during the risk assessment process but may deserve more
attention to provide additional protection.

3.4. Challenges in exposure assessment

The main limitations of epidemiological studies conducted on pesticides derive from uncertainty in
exposure assessment. Limitations include the fact that most currently approved pesticides tend to have
short elimination half-lives and that their use involves application of various formulations depending on
the crop and season. As a result, accurate assessment needs to capture intermittent long-term exposure
of these non-persistent chemicals as well as being able to quantify exposure to individual pesticides.

Numerous studies have assessed internal exposure by measuring urinary non-active metabolites
common for a large group of pesticides (for example, dialkyl phosphates for organophosphates,
3-phenoxybenzoic acid for pyrethroids or 6-chloronicotinic acid for neonicotinoids). These data should
not be utilised to infer any risk because: (a) a fraction of these metabolites might reflect direct
exposure through ingestion of preformed metabolites from food and other sources, rather than
ingestion of the parent compound and (b) the potency of the different parent pesticides can vary by
orders of magnitude. Thereby, HBM data based on those urine metabolites can be unhelpful unless
they are paired with other data indicating the actual pesticide exposure.

Ideally exposure should be quantified on an individual level using biomarkers of internal dose. As
most available biomarkers reflect short term (few hours or days) exposure and given the cost and
difficulty of collecting multiple samples over time, many studies quantify exposure in terms of external
dose. Quantitative estimation of external dose needs to account for both frequency and duration of
exposure and should preferably be done on an individual but not group level. Often external exposure
is quantified using proxy measures such as:

• subject- or relative-reported jobs, job titles, tasks or other lifestyle habits which are being
associated with the potential exposure to or actual use of pesticides in general;

• handling of a specific product or set of products and potential exposure to these as
documented through existing pesticide records or diaries or estimated from crops grown;

• environmental data: environmental pesticide monitoring, e.g. in water, distance from and/or
duration of residence in a particular geographical area considered to be a site of exposure.

In many cases, these proxy measures are recorded with use of questionnaires, which can be either
interviewer-administered or based on self-report. However, questionnaire data often rely on individual
recall and knowledge and are thus potentially subject to both recall bias and bias introduced by the
interviewer or study subjects. These sources of bias can to some extent be quantified if the
questionnaires are validated against biomarkers (that is, to what extent do individual questions predict
biomarker concentrations in a sub-sample of participants). If the exposure is assessed retrospectively
the accuracy of the recall is for obvious reasons more likely to be compromised and impossible to
validate. When exposure is based on records, similar difficulties may occur due to, e.g. incomplete or
inaccurate records.

In many previous studies, duration of exposure is often used as a surrogate of cumulative
exposure, assuming that exposure is uniform and continuous over time (e.g. the employment period)
but this assumption must be challenged for pesticides. Although for some chemicals the exposure
patterns may be fairly constant, exposures for the large number of pesticides available in the market
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will vary with season, by personal protective equipment (PPE) and by work practices, and in many
cases, uses are not highly repetitive. At an individual level, exposures can vary on a daily and even
hourly basis, and often involve several pesticides. This temporal variability can result in particularly
high variation in systemic exposures for pesticides with short biological half-lives and considerable
uncertainty in extrapolating single or few measurements to individual exposures over a longer term.
Hence, many repeated measurements over time may be required to improve exposure estimates.

3.5. Inappropriate or non-validated surrogates of health outcomes

Self-reported health outcomes are frequently used in epidemiological research because of the
difficulty of verifying responses in studies with large samples and limited funds, among other reasons.
Although a number of studies have examined agreement between self-reported outcomes and medical
records, the lack of verification of such metrics can lead to misclassification, particularly in large
population-based studies, which may detract from reliability of the associations found.

Reliance on clinically manifested outcomes can increase the likelihood that individuals who have
progressed along the toxicodynamic continuum from exposure to disease but have not yet reached an
overt clinical disease state will be misclassified as not having the disease (Nachman et al., 2011).
Thereby, delay in onset of clinical symptoms following exposure may cause underreporting where
clinical assessment alone is used at an inappropriate point in time.

In the case of carcinogenesis, there are some examples where subclinical outcomes have been
assessed as preneoplastic lesions with potential to progress to neoplastic conditions. This is the case of
monoclonal gammopathy of undetermined significance (MGUS), which has been associated with
pesticide exposure in the AHS (Landgren et al., 2009), as this condition has a 1% average annual risk
of progression to malignant multiple myeloma (Zingone and Kuehl, 2011). However, it is difficult to
predict if and when an MGUS will progress to multiple myeloma. Since there are studies indicating that
pesticide exposure may be associated with the risk of precancerous lesions in animal research, a
combined epidemiological analysis of both preneoplastic and neoplastic outcomes may increase the
power of such an analysis.

Surrogate outcomes may seem an attractive alternative to clinically relevant outcomes since there
may be various surrogates for the same disease and they may occur sooner and/or be easier to
assess, thereby shortening the time to diagnosis. A valid surrogate endpoint must, however, be
predictive of the causal relationship and accurately predict the outcome of interest. In addition, these
surrogates should be relevant to the mode of action of a pesticide such that they should be anchored
to established toxicological endpoints to support their predictivity. Although surrogate markers may
correlate with an outcome, they may not capture the effect of a factor on the outcome. This may be
because the surrogate may not be causally or strongly related to the clinical outcome, but only a
concomitant factor, and thus may not be predictive of the clinical outcome. The validity of surrogate
outcomes may thus represent a major limitation to their use (la Cour et al., 2010).

However, concerns arise as to whether critical regulatory decisions can be made based on
epidemiological studies that did not directly measure the adverse health outcome but valid surrogates
instead. The use of surrogates as replacement endpoints should be considered only when there is
substantial evidence to establish their reliability in predicting clinical meaningful effects.

3.6. Statistical analyses and interpretation of results

The statistical analyses and the interpretation of scientific findings that appear in the epidemiological
literature on the relationship between pesticides and health outcomes do not substantially deviate
from those reported in other fields of epidemiological research. Therefore, the advantages and
limitations of epidemiological studies presented in Section 2.5 also apply to the epidemiological studies
on pesticides.

The few distinctive features of the epidemiological studies on pesticides include the following: (a)
sparse use of appropriate statistical analyses in the presence of measurement errors when assessing
exposure to pesticides and (b) paucity of information on other important factors that may affect the
exposure–health outcome relationship. These features are expanded on in the following paragraphs.

a) Statistical analyses in the presence of measurement errors

The difficulties inherent in correctly measuring exposure are frequent in many areas of
epidemiological research, such as nutritional epidemiology and environmental epidemiology. It is not
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easy to gauge the short- and long-term exposure outside controlled laboratory experimental settings.
In large populations, individuals are exposed to a variety of different agents in a variety of different
forms for varying durations and with varying intensities.

Unlike nutritional or environmental epidemiology, however, pesticide epidemiology has so far made
little use of statistical analyses that would appropriately incorporate measurement errors, despite their
wide availability and sizable literature on the topic. A direct consequence of this is that the inferential
conclusions may not have been as accurate and as precise as they could have been if these statistical
methods were utilised (Bengtson et al., 2016; Dionisio et al., 2016; Spiegelman, 2016).

b) Information on other important factors of interest

Identifying and measuring the other relevant factors that might affect an outcome of interest is a
recurrent and crucial issue in all fields of science. For example, knowing that a drug effectively cures a
disease on average may not suffice if such drug is indeed harmful to children or pregnant women.
Whether or not age, pregnancy and other characteristics affect the efficacy of a drug is an essential
piece of information to doctors, patients, drug manufacturers and drug-approval agencies alike.

Pesticide epidemiology provides an opportunity for careful identification, accurate measuring and
thorough assessment of possible relevant factors and their role in the exposure–health outcome
relationship. Most often, relevant factors have been screened as potential confounders. When
confounding effects were detected, these needed to be adjusted for in the statistical analyses. This
has left room for further investigations that would shed light on this important issue by reconsidering
data that have already been collected and that may be collected in future studies. The statistical
methods in the pesticide literature have been mainly restricted to standard applications of basic
regression analyses, such as binary probability and hazard regression models. Potentially useful
analytical approaches, such as propensity score matching, mediation analyses, and causal inference,
would be helpful for pesticide epidemiology (Imbens and Rubin, 2015).

4. Proposals for refinement to future epidemiological studies for
pesticide risk assessment

This section is aimed at addressing methods for assessment of available pesticide epidemiological
studies and proposals for improvement of such studies to be useful for regulatory purposes.

When considering the potential regulatory use of epidemiological data, many of the existing
epidemiological studies on pesticides exposure and health effects suffer from a range of
methodological limitations or deficiencies which limit their value in the assessment of individual active
substances. Epidemiological studies on pesticides exposure and health effects would ideally generate
semi-quantitative data or be able to have greater relevance to quantitative risk assessment with
respect to the output from prediction models. This would allow epidemiological results to be expressed
in terms more comparable to the quantitative risk assessments, which are more typically used in
evaluating the risks of pesticides. The question arises how such epidemiological data could be
considered for risk assessment when judged in comparison to the predictive models. A precisely
measured quantitative dose–response relationship is presently rarely attainable as a result of current
pesticide epidemiological studies.

The quality, reliability and relevance of the epidemiological evidence in relation to pesticide
exposure and health effects can be enhanced by improving (a) the quality of each individual study and
(b) the assessment of the combined evidence accrued from all available studies.

4.1. Assessing and reporting the quality of epidemiological studies

The quality and relevance of epidemiological research should be considered when selecting
epidemiological studies from the literature for use in risk assessment. The quality of this research can
be enhanced by (US-EPA, 2012; Hern�andez et al., 2016):

a) an adequate assessment of exposure, preferentially biomarker concentrations at individual level
reported in a way which will allow for a dose–response assessment;

b) a reasonably valid and reliable outcome assessment (well-defined clinical entities or validated
surrogates);

c) an adequate accounting for potentially confounding variables (including exposure to multiple
chemicals);

d) the conduct and reporting of subgroup analysis (e.g. stratification by gender, age, ethnicity).
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It is widely accepted that biomedical research is subject to and suffers from diverse limitations. An
assessment of weaknesses in the design, conduct and analysis of epidemiology research studies on
pesticides is essential to identify potentially misleading results and identify reliable data.

Guidelines and checklists help individuals meet certain standards by providing sets of rules or
principles that guide towards the best behaviour in a particular area. Several tools and guidelines have
been developed to aid the assessment of epidemiological evidence; however, there is no specific tool
for assessing studies on pesticides. Although these studies have special considerations around exposure
assessment that require specific attention, standard epidemiological instruments for critical appraisal of
existing studies may apply. Existing reporting guidelines usually specify a minimum set of information
needed for a complete and clear account of what was done and what was found during a research
study focusing on aspects that might have introduced bias into the research (Simera et al., 2010).

A number of tools were specifically designed for quality appraisal of observational epidemiological
studies, such as the Newcastle–Ottawa scale (NOS) and the Research Triangle Institute (RTI) item
bank. The latter is a practical and validated tool which consists of a checklist of 29 questions for
evaluating the risk of bias and precision of epidemiological studies of chemical exposures. In addition,
the Biomonitoring, Environmental Epidemiology, and Short-Lived Chemicals (BEES-C) instrument was
developed to evaluate the quality of epidemiological research that use biomonitoring to assess short-
lived chemicals (LaKind et al., 2015), but it can also be used for persistent chemicals and
environmental measures as its main elements are cross-cutting and are more broadly applicable. Two
earlier efforts to develop evaluative schemes focused on epidemiology research on environmental
chemical exposures and neurodevelopment (Amler et al., 2006; Youngstrom et al., 2011).

Regarding quality of reporting, the Enhancing the QUAlity and Transparency Of health Research
(EQUATOR) Network, officially launched in June 2008, is an international initiative that promotes
transparent and accurate reporting of health research studies. It currently lists over 90 reporting
guidelines with some of them being specific for observational epidemiological studies (e.g. Strengthening
the Reporting of OBservational studies in Epidemiology (STROBE)). The STROBE statement includes
recommendations on what should be included in an accurate and complete report of an observational
study including cross-sectional, case–control and cohort studies using a checklist of 22 items that relate
to the title, abstract, introduction, methods, results and discussion sections of articles (von Elm et al.,
2007). The STROBE statement has been endorsed by a growing number of biomedical journals which
refer to it in their instructions for authors. Table 1 presents a summary of the main features that STROBE
proposes to be taking into account when assessing the quality of reporting epidemiological studies.
Extensions to STROBE are available including the STROBE Extension to Genetic Association studies
(STREGA) initiative and the STROBE-ME statement for assessment of molecular epidemiology studies.
Since the STROBE checklist mentions only in a general way exposure and health outcomes, the PPR
Panel recommends that an extension of the STROBE statement be developed, for inclusion in the
EQUATOR network library, specifically relevant to the area of pesticide exposure and health outcomes.
This would greatly assist researchers and regulatory bodies in the critical evaluation of study quality.

Table 1: Main features of the STROBE tool to assess quality of reporting of epidemiological studies

STROBE Statement Items

Factor Item Recommendation

Title and Abstract

1 a) Indicate the study’s design with a commonly used term in the title of the
abstract

b) Provide in the abstract an informative and balanced summary of what was
done and what was found

Introduction

Background/rationale 2 Explain the scientific background and rationale for the investigation being
reported

Objectives 3 State specific objectives, including prespecified hypotheses

Methods
Study design 4 Present key elements of study design early in the paper

Setting 5 Describe the setting, locations and relevant dates, including periods of
recruitment, exposure, follow-up and data collection
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STROBE Statement Items

Factor Item Recommendation

Participants 6 a) Cohort study – Give the eligibility criteria, and the sources and methods of
selection of participants. Describe methods of follow-up
Case–control study – Give the eligibility criteria, and the sources and
methods of case ascertainment and control selection. Give the rationale for
the choice of cases and controls
Cross-sectional study – Give eligibility criteria, and the sources and methods
of selection of participants

b) Cohort study – For matched studies, give matching criteria and the number
of exposed and unexposed
Case–control study – For matched studies, giving matching criteria and the
number of controls per case

Variables 7 Clearly define all outcomes, exposures, predictors, potential confounders and
effect modifiers. Give diagnostic criteria, if applicable

Data sources/
measurements

8* For each variable of interest, give sources of data and details of methods of
assessment (measurement). Describe comparability of assessment methods if
there is more than one group

Bias 9 Describe any efforts to address potential sources of bias
Study size 10 Explain how the study size was arrived at

Quantitative variables 11 Explain how quantitative variables were handled in the analyses. If applicable,
describe which groupings were chosen and why

Statistical methods 12 a) Describe all statistical methods, including those used to control for
confounding

b) Describe any methods used to examine subgroups and interactions
c) Explain how missing data were addressed
d) Cohort study – If applicable, explain how loss to follow-up was addressed

Case–control study – If applicable, explain how matching of cases and
controls was addressed
Cross-sectional study – If applicable, describe analytical methods taking
account of sampling strategy

e) Describe any sensitivity analyses

Results
Participants 13* a) Report numbers of individuals at each stage of study – e.g. numbers

potentially eligible, examined for eligibility, confirmed eligible, included in the
study, completing follow-up and analysed

b) Give reasons for non-participation at each stage
c) Consider use of a flow diagram

Descriptive data 14* a) Give characteristics of study participants (e.g. demographic, clinical, social)
and information on exposures and potential confounders

b) Indicate number of participants with missing data for each variable of
interest

c) Cohort study – Summarise follow-up time (e.g. average and total amount)

Outcome data 15* Cohort study – Report numbers of outcome events or summary measures over
time
Case–control study – Report numbers in each exposure category, or summary
measures of exposure
Cross-sectional study – Report numbers of outcome events or summary
measures

Main results 16 a) Give unadjusted estimates and, if applicable, confounder-adjusted estimates
and their precision (e.g. 95% confidence interval). Make clear which
confounders were adjusted for and why they were included

b) Report category boundaries when continuous variables were categorised
c) If relevant, consider translating estimates of relative risk into absolute risk

for a meaningful time period
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Selective reporting can occur because non-significant results or unappealing significant results may
not be published. Investigators should avoid the selective reporting of significant results and high-risk
estimates. In this regard, standardisation of reporting of epidemiological studies could help to reduce
or avoid selective reporting. The STROBE statement and similar efforts are useful tools for this
purpose. Although some epidemiological research will remain exploratory and post hoc in nature, this
should be clarified in the publications and selective reporting minimised, so that epidemiological
findings could be interpreted in the most appropriate perspective (Kavvoura et al., 2007).

Preregistration of studies and prepublication of protocols are the measures taken by some Journal
editors and Ethics Committees to reduce reporting bias and publication bias in clinical trials on
pharmaceuticals. Although a similar proposal has been suggested for observational epidemiological
studies in order to be conducted as transparently as possible to reduce reporting bias and publication
bias, there is no consensus among epidemiologists (Pearce, 2011; Rushton, 2011). In contrast, a
number of initiatives have been undertaken by professional societies to foster good epidemiological
practice. This is the case, for example, of the International Epidemiological Association (IEA, 2007) or
the Dutch Society for Epidemiology on responsible epidemiologic Research Practice (DSE, 2017).

Data quality assessment of formal epidemiological studies is based solely on the methodological
features of each individual study rather than on the results, regardless of whether they provide evidence
for or against an exposure/outcome association. However, for risk assessment, it is important to assess
not only the quality of study methods but also the quality of the information they provide. Indeed, good
studies may be dismissed during the formal quality assessment by the poor reporting of the information.

4.2. Study design

Well conducted prospective studies with appropriate exposure assessment provide the most reliable
information and are less prone to biases. When prospective studies are available, results from studies
of less robust design can give additional support. In the absence of prospective studies the results
from cross-sectional and case–control studies should be considered but interpreted with caution.
However, it is acknowledged that a well-designed case–control study may be superior to a less well
designed cohort study. Analytical approaches should be congruent with the study design, and
assumptions that the statistical methods required should be carefully evaluated.

Ideally observational studies for long-term diseases should be prospective and designed such that
the temporal separation between the exposure and the health outcome is appropriate with respect to
the time it takes to develop the disease. For outcomes such as cancer or cardiovascular diseases,
which often have a long latency period (> 10 years), exposure should be assessed more than once
prior to the outcome assessment. For other outcomes with a shorter latency period, such as immune
function disturbances, the appropriate temporal separation may be in the range of days or weeks and
a single exposure assessment may be adequate. In short, the ideal design of a study depends on the
latency period for the outcome under consideration. The expected latency period then determines both
the length of follow-up and the frequency for which the exposure has to be quantified.

STROBE Statement Items

Factor Item Recommendation

Other analyses 17 Report other analyses done – e.g. analyses of subgroups and interactions, and
sensitivity analyses

Discussion
Key results 18 Summarise key results with reference to study objectives

Limitations 19 Discuss limitations of the study, taking into account sources of potential bias or
imprecision. Discuss both direction and magnitude of any potential bias

Interpretation 20 Give a cautious overall interpretation of results considering objectives,
limitations, multiplicity of analyses, results from similar studies, and other
relevant evidence

Generalisability 21 Discuss the generalisability (external validity) of the study results
Other information

Funding 22 Give the source of funding and the role of the funders for the present study and,
if applicable, for the original study on which the present article is based

*: Give information separately for cases and controls in case–control studies and, if applicable, for exposed and unexposed
groups in cohort and cross-sectional studies.
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4.3. Study populations

The EU population, which exceeds 500 million people, can be assumed to be fairly heterogeneous
and so expected to include a number of more sensitive individuals that may be affected at lower doses
of pesticide exposure. To address this, in stratified sampling, the target population is divided into
subgroups following some key population characteristics (e.g. sex, age, geographic distribution,
ethnicity or genetic variation) and a random sample is taken within each subgroup. This allows
subpopulations to be represented in a balanced manner in the study population.

Vulnerable populations should then be examined in epidemiological studies either through subgroup
or sensitivity analysis. However, such analyses need to be defined a priori. In case of ad hoc subgroup
sensitivity analysis, the statistical thresholds should be adjusted accordingly and the replication of
results should follow. Evidence of vulnerable subpopulations would ideally involve prospective studies
that include assessment of biomarkers of exposure, subclinical endpoints and disease incidence over
time.

It may be impossible to find a threshold of a toxic-induced increase in disease in the population
because a large number of people are in a preclinical state and would be sensitive to the low end of
the dose–response curve. For that to be evident, the epidemiology data would need to characterise
the relationship between chemical exposure and risk of disease in a broad cross-section of the
population (or look at precursor lesions or key events) and allow a robust examination of a low-dose
slope.

On the basis of the degree of evidence relevant to a vulnerable subpopulation, consideration should
be given to whether dose–response assessment will focus on the population as a whole or will involve
separate assessments for the general population and susceptible subgroups. If it is the population as a
whole, the traditional approach is to address variability with uncertainty factors; it may also be possible
to analyse the effect of variability on risk by evaluating how the risk distribution of the disease shifts in
response to the toxicant. In essence, the risk distribution based on a subclinical biomarker is an
expression of toxicodynamic variability that can be captured in dose–response assessment.

The alternative approach is to address vulnerable subpopulations as separate from the general
population and assign them unique potencies via dose–response modelling specific to the groups that
might be based on actual dose–response data for the groups, on adjustments for specific toxicokinetic or
toxicodynamic factors, or on more generic adjustment or uncertainty factors. For a pesticide, if it is
known that a particular age group, disease (or disease-related end-point), genetic variant or co-exposure
creates unique vulnerability, efforts should be made to estimate the potency differences relative to the
general population and on that basis to consider developing separate potency values or basing a
single value on the most sensitive group or on the overall population with adjustments for vulnerable
groups.

4.4. Improvement of exposure assessment

The difficulties often associated with pesticide exposure assessment in epidemiological studies have
been highlighted above. The description of pesticide exposure (in particular quantitative information on
exposure to individual pesticides) is generally reported in insufficient detail for regulatory purposes and
this limitation is difficult to overcome, especially for diseases with a long latency period (e.g. many
cancers and neurodegenerative disorders).

It is noteworthy that the methods necessary to conduct exposure monitoring are to be submitted
by the applicant in the dossier. The regulation requirements do ask for validated methods that can be
used for determining exposure. The Commission Regulation (EU) No 283/2013, setting out the data
requirements for active substances, in accordance with Regulation (EC) No 1107/2009 of the European
Parliament and of the Council concerning the placing of PPP on the market, addresses information on
methods of analysis required to support both pre-approval studies and post-approval monitoring. In
this context, the post-approval requirements are the most relevant and the regulation literally states:

‘4.2. Methods for post-approval control and monitoring purposes – Methods, with a full description,
shall be submitted for:

a) the determination of all components included in the monitoring residue definition as submitted in
accordance with the provisions of point 6.7.1 in order to enable Member States to determine
compliance with established maximum residue levels (MRLs); they shall cover residues in or on
food and feed of plant and animal origin;
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b) the determination of all components included for monitoring purposes in the residue definitions
for soil and water as submitted in accordance with the provisions of point 7.4.2;

c) the analysis in air of the active substance and relevant breakdown products formed during or
after application, unless the applicant shows that exposure of operators, workers, residents or
bystanders is negligible;

d) the analysis in body fluids and tissues for active substances and relevant metabolites.

As far as practicable these methods shall employ the simplest approach, involve the minimum cost,
and require commonly available equipment. The specificity of the methods shall be determined and
reported. It shall enable all components included in the monitoring residue definition to be determined.
Validated confirmatory methods shall be submitted if appropriate. The linearity, recovery and precision
(repeatability) of methods shall be determined and reported.

Data shall be generated at the LOQ and either the likely residue levels or ten times the LOQ. The
LOQ shall be determined and reported for each component included in the monitoring residue
definition. For residues in or on food and feed of plant and animal origin and residues in drinking
water, the reproducibility of the method shall be determined by means of an independent laboratory
validation (ILV) and reported’.

From this, it can be concluded that the requirements exist, but are somewhat less stringent for
human biomonitoring than for monitoring of residues in food and feed.

Failure to use these existing methods restricts the potential for the use of epidemiological evidence
in the regulation of specific pesticides. It is therefore important that those contemplating future studies
carefully consider approaches to be used to avoid misclassification of exposure, and to conduct
appropriate detailed exposure assessments for specific pesticides, which allow for sound dose–
response analyses, and demonstrate the validity of the methods used.

A given exposure may have a different health impact depending on the period in the lifespan when
exposure takes place. Greater attention needs to be paid to exposures occurring during periods of
potential susceptibility for disease development by ensuring that the exposure assessment adequately
addresses such critical times. This may be particularly relevant for studies involving neurodevelopment,
obesity or allergic responses, which are complex multistage developmental processes that occur either
prenatally or in the early post-natal life. For this reason, measurement of the exposure at one single
time period may not properly characterise relevant exposures for all health effects of the
environmental factors, and thus, the possibility arises of needing to measure the exposure at several
critical periods of biological vulnerability to environmental factors. It is particularly challenging to
construct an assessment of historical exposures which may deviate from current exposures, in both
the range of chemicals and intensity of exposure and also co-exposure to other substances which are
not included in the scope of study.

There are advantages and disadvantages to all methods of measuring pesticide exposure, and
specific study designs and aims should be carefully considered to inform a specific optimal approach.

Exposure assessment can be improved at the individual level in observational research by using:

a) Personal exposure monitoring: This can be used to document exposures as readings
measure pesticide concentration at the point of contact. Personal exposure monitors have been costly
and burdensome for study participants. However, technological advances have recently driven personal
exposure monitoring for airborne exposures to inexpensive, easy to use devices and these are suitable
for population research. Personal exposure monitors that are specific to pesticide exposure could
involve sensors to measure airborne concentrations, ‘skin’ patches to measure dermal concentrations,
indoor home monitors that capture dust to measure other means of exposure. These mobile
technology advances can be employed to provide observational studies with detailed and robust
exposure assessments. Such equipment is now increasingly being adapted to serve large-scale
population research and to capture data from large cohort studies. These coupled with other
technological advances, such as real time data transfers via mobile phones and mobile phone
applications to capture lifestyle and other habits, could bring next generation observational studies far
more detailed and robust exposure assessments compared to current evidence. However, the
generation of huge volumes of data can pose organisational, statistical and technical challenges,
particularly with extended follow-up times. Ethics and personal data protection issue should be taken
into account, and local regulations may prevent extensive use of such technologies. However, use of
such personal monitors only provides information for one of the different potential routes of exposure.

b) Biomarkers of exposure (human biomonitoring (HBM)). An alternative and/or complementary
approach is to ascertain the internal dose, which is the result of exposure via different routes (dermal,
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inhalation and dietary exposure). These biomarkers have the potential to play an important role in
assessing aggregate exposure to pesticides and informing cumulative risk assessment. Biomonitoring
requires measurements in biological samples of concentrations of chemical under consideration (parent
or metabolites) or markers of pathophysiologic effects thereof (such as adducts). However, challenges
may include uncertainties relating to extrapolation of measured concentrations in biological samples to
relevant doses.

Although biomonitoring has the potential to provide robust estimates of absorbed doses of
xenobiotics, modern pesticides and their metabolites are eliminated from the body relatively quickly, with
excretion half-lives typically measured in a few days (Oulhote and Bouchard, 2013). Consequently, use
of biomarkers is both resource intensive and intrusive. The process is even more intrusive when it has to
be conducted repeatedly on large numbers of individuals to monitor exposures over long durations.

Nevertheless, because of the potential to provide accurate integrated estimates of absorbed doses,
biological monitoring of pesticides and their metabolites can be usefully employed to calibrate other
approaches of exposure assessment. A good example of such an approach is that used by the Agricultural
Health Study (Thomas et al., 2010; Coble et al., 2011; Hines et al., 2011). Also, HBM methods can be
used with other forms of exposure assessment for the construction of long exposure histories.

Biomonitoring improves the precision in characterisation of exposure and allows the investigation of
changes in exposure that occur at environmentally relevant exposure concentrations. Data collected in
large-scale biomonitoring studies can be useful in setting reference ranges to assist in exposure
classification in further epidemiological studies. Biomonitoring data also provide critical information for
conducting improved risk assessment and help to identify subpopulations at special risk for adverse
outcomes.

Biobanks, as repositories of biological samples, can be exploited to assess biomarkers of exposure
with the aim of investigating early exposure–late effect relationships. That is, whether exposures
occurring during early life are critical for disease development later in life (e.g. neurobehavioral
impairment, children tumours, immunotoxic disorders, etc.) and to retrospectively assess health risks
according to current health guidelines.

The results of measurements of metabolite levels in human matrices, e.g. urine, blood or hair do not
provide the complete story with respect to the actual received dose. Additional assessment, possibly
employing physiological-based toxicokinetic (PBTK) approaches, may be required to estimate the total
systemic or tissue/organ doses. A PBTK model is a physiologically based compartmental model used to
characterise toxicokinetic behaviour of a chemical, in particular for predicting the fate of chemicals in
humans. Data on blood flow rates, metabolic and other processes that the chemical undergoes within
each compartment are used to construct a mass-balance framework for the PBTK model. PBTK models
cannot be used only to translate external exposures into an internal (target) dose in the body, but also
to infer external exposures from biomonitoring data. Furthermore, PBTK models need to be validated.

Toxicokinetic processes (ADME) determine the ‘internal concentration’ of an active substance
reaching the target and help to relate this concentration/dose to the observed toxicity effect. Studies
have been prescribed by the current regulations, but it would be beneficial to survey all the evidence,
be it from in vitro, animal or human studies, about toxicokinetic behaviour of an active substance.
Further discussion on quality assurance issues and factors to consider in relation to HBM studies is
present in the report of the EFSA outsourced project (Bevan et al., 2017).

Exposure assessment can also be improved at the population level in observational research by using:

a) Larger epidemiological studies that make use of novel technologies and big data availability, such
as registry data or data derived from large databases (including administrative databases) on health
effects and pesticide usage, could provide more robust findings that might eventually be used for
informed decision-making and regulation. Much effort needs to concentrate around the use of
registered data which may contain records of pesticide use by different populations, such as farmers
or other professional users that are required to maintain.9 Such data could be further linked to

9 Regulation 1107/2009 Article 67 states: Record-keeping 1. Producers, suppliers, distributors, importers, and exporters of plant
protection products shall keep records of the plant protection products they produce, import, export, store or place on the
market for at least 5 years. Professional users of plant protection products shall, for at least 3 years, keep records of the plant
protection products they use, containing the name of the plant protection product, the time and the dose of application, the
area and the crop where the plant protection product was used. They shall make the relevant information contained in these
records available to the competent authority on request. Third parties such as the drinking water industry, retailers or
residents, may request access to this information by addressing the competent authority. The competent authorities shall
provide access to such information in accordance with applicable national or Community law.
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electronic health records (vide supra) and provide studies with unprecedented sample size and
information on exposure and subsequent disease and will eventually be able to answer robustly
previously unanswered questions. At the same time, information on active substances needs to be
better captured in these registries and large databases. Dietary pesticide residue exposure can be
estimated more accurately by using spraying journal data in combination with supervised residue trials.
This method has the advantage of including more comprehensive and robust source data, more
complete coverage of used pesticides and more reliable and precise estimates of residues below
standard limit of quantification (LOQ) (Larsson et al., 2017).

b) Novel sophisticated approaches to geographical information systems (GIS) and small area
studies might also serve as an additional way to provide estimates of residential exposures. Exposure
indices based on GIS (i.e. residential proximity to agricultural fields and crop surface with influence
around houses), when validated, may represent a useful complementary tool to biomonitoring and
have been used to assess exposure to pesticides with short biological half-lives (Cornelis et al., 2009).
As some such exposures maybe influenced by wind direction, amongst other factors, this should be
taken into account through a special analysis of outcomes to make best of use of the approach. Also,
these indices could be more representative, albeit non-specific, measures of cumulative exposure to
non-persistent pesticides for long periods of time than biomonitoring data (Gonz�alez-Alzaga et al.,
2015).

As already discussed, to be useful for the regulatory risk assessments of individual compounds
epidemiological exposure assessments should provide information on specific pesticides. However,
epidemiological studies which include more generic exposure assessments also have the potential to
identify general risk factors and suggest inferences of causal associations in relevant human
populations. Such observations may be important both informing overall regulatory policies, and for
identification of matters for further epidemiological research.

Recent advances in modern technologies make it possible to estimate pesticide exposures to an
unprecedented extent using novel analytical strategies:

a) The development of the so called -omic techniques, such as metabolomics and adductomics,
also presents intriguing possibilities for improving exposure assessment through measurement of a
wide range of molecules, from xenobiotics and metabolites recorded over time in biological matrices
(blood, saliva, urine, hair, nails, etc.), to covalent complexes with DNA and proteins (adductomics) and
understanding biological pathways. These methodologies could be used in conjunction with other
tools. There is also both interest and the recognition that further work is required before such
techniques can be applied in regulatory toxicology. The use of the exposome (the totality of exposures
received by an individual during life) might be better defined by using ‘omics’ technologies and
biomarkers appropriate for human biomonitoring. Nevertheless, important limitations have to be
acknowledged because of the lack of validation of these methodologies and their cost, which limits
their use at large scale.

b) Environmental exposures are traditionally assessed following ‘one-exposure-one-health-effect’
approach. In contrast, the exposome encompass the totality of human environmental exposures from
conception onward complementing the genetics knowledge to characterise better the environmental
components in disease aetiology. As such, the exposome includes not only any lifetime chemical
exposures but also other external and or internal environmental factors, such as infections, physical
activity, diet, stress and internal biological factors (metabolic factors, gut microflora, inflammation and
oxidative stress). A complete exposome would have to integrate many external and internal exposures
from different sources continuously over the life course. However, a truly complete exposome will likely
never be measured. Although all these domains of the exposome need to be captured by using
different approaches than the traditional ones, it is envisaged that no single tool will be enough to this
end.

The more holistic approach of exposure is not intended to replace the traditional ‘one-exposure-
one-health-effect’ approach of current epidemiological studies. However, it would improve our
understanding of the predictors, risk factors and protective factors of complex, multifactorial chronic
diseases. The exposome offers a framework that describes and integrates, holistically, the
environmental influences or exposures over a lifetime (Nieuwenhuijsen, 2015).

Collaborative research and integration of epidemiological or exploratory studies forming large
consortia are needed to validate these potential biomarkers and eventually lead to improved exposure
assessment. The incorporation of the exposome paradigm into traditional biomonitoring approaches
offers a means to improve exposure assessment. Exposome-wide association studies (EWAS) allow to
measurement of thousands of chemicals in blood from healthy and diseased people, test for disease
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associations and identify useful biomarkers of exposure that can be targeted in subsequent
investigations to locate exposure sources, establish mechanisms of action and confirm causality
(Rappaport, 2012). After identifying these key chemicals and verifying their disease associations in
independent samples of cases and controls, the chemicals can be used as biomarkers of exposures or
disease progression in targeted analyses of blood from large populations.

In relation to the exposome concept, the -omics technologies have the potential to measure
profiles or signatures of the biological response to the cumulative exposure to complex chemical
mixtures. An important advance would be to identify a unique biological matrix where the exposome
could be characterised without assessing each individual exposure separately in a given biological
sample. The untargeted nature of omics data will capture biological responses to exposure in a more
holistic way and will provide mechanistic information supporting exposure-related health effects.
Importantly, omics tools could shed light on how diverse exposures act on common pathways to cause
the same health outcomes.

While improved exposure assessment increases the power to detect associations, in any individual
study it is necessary to maximise the overall power of the study by optimising the balance between
the resource used for conducting an exposure assessment for each subject and the total number of
subjects.

4.5. Health outcomes

For pesticides, the health outcomes are broad as these chemicals have not shown a particular
effect in relation to just one single disease area. For each health outcome, multiple definitions may
exist in the literature with a varying degree of validation and unknown reproducibility across different
databases, which are limited by the lack of generalisability. A proper definition of a health outcome is
critical to the validity and reproducibility of observational epidemiological studies, and the consistency
and clarity of these definitions need to be considered across studies. While prospective observational
studies have explicit outcome definitions, inclusion and exclusion criteria and standardised data
collection, retrospective studies usually rely on identification of health outcomes based largely on
coded data, and classification and coding of diseases may change over time. Detailed description of
the actual codes used to define key health outcomes and the results of any validation efforts are
valuable to future research efforts (Stang et al., 2012; Reich et al., 2013). An example of coded
diseases is the ICD-10, which for instance can be used as a tool to standardise the broad spectrum of
malignant diseases.

In some surveillance studies, it is preferable to use broader definitions with a higher sensitivity to
identify all potential cases and then apply a narrower and more precise definition with a high positive
predictive value to reduce the number of false positives and resulting in more accurate cases. In
contrast, in formal epidemiological studies, a specific event definition is used and validated to
determine its precision; however, the ‘validation’ does not test alternative definitions, so it is not
possible to determine sensitivity or specificity.

Surrogate endpoints should be avoided unless they have been validated. Some criteria to assess
the validity of a surrogate outcome include:

• The surrogate has been shown to be in the causal pathway of the disease. This can be
supported by the following evidence: correlation of biomarker response to pathology and
improved performance relative to other biomarkers; biological understanding and relevance to
toxicity (mechanism of response); consistent response across mechanistically different
compounds and similar response across sex, strain and species; the presence of dose–
response and temporal relationship to the magnitude of response; specificity of response to
toxicity; that is, the biomarker should not reflect the response to toxicities in other tissues, or
to physiological effects without toxicity in the target organ.

• At least one well conducted trial using both the surrogate and true outcome (Grimes and
Schulz, 2005; la Cour et al., 2010). Several statistical methods are used to assess these criteria
and if they are fulfilled the validity of the surrogate is increased. However, many times some
uncertainty remains, making it difficult to apply surrogates in epidemiological studies (la Cour
et al., 2010).

The data on health outcomes over the whole EU is potentially very extensive. If it can be managed
effectively, it will open the prospect of greater statistical power for epidemiological studies assessing
deleterious effects using very large sample sizes. Necessary prerequisites for these studies which may
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detect new subtle effects, chronic effects or effects on subpopulations when stratified are beyond the
remit of risk assessment. They include trans-national approaches to health informatics where
harmonised diagnostics, data storage and informatics coupled with legally approved access to
anonymised personal data for societal benefit are established. Health records should include adequate
toxidrome classification. The latter may in turn require improvements in medical and paramedical
training to ensure the quality of the input data.

Another opportunity for biological monitoring to be employed is where the investigation involves
the so-called biomarkers of effect. That is a quantifiable biochemical, physiological, or other change
that, depending on the magnitude, is associated with an established or possible health impairment or
disease. Biomarkers of effect should reflect early biochemical modifications that precede functional or
structural damage. Thus, knowledge of the mechanism ultimately leading to toxicity is necessary to
develop specific and useful biomarkers, and vice versa, an effect biomarker may help to explain a
mechanistic pathway of the development of a disease. Such biomarkers should identify early and
reversible events in biological systems that may be predictive of later responses, so that they are
considered to be preclinical in nature. Advances in experimental -omics technologies will show promise
and provide sound information for risk assessment strategies, i.e. on mode of action, response
biomarkers, estimation of internal dose and dose–response relationships (DeBord et al., 2015). These
technologies must be validated to assess their relevance and reliability. Once validated, they can be
made available for regulatory purposes.

5. Contribution of vigilance data to pesticides risk assessment

In addition to the formal epidemiological studies discussed in Sections 2–4, other human health
data can be generated from ad hoc reports or as a planned process, i.e. through monitoring systems
that have been implemented at the national level by public health authorities or authorisation holders.
Consistent with Sections 2–4, this section first reviews how such a monitoring system should operate,
what the current situation is regarding the monitoring of pesticides and what recommendations for
improvement can be made.

5.1. General framework of case incident studies

A continuous process of collection, reporting and evaluation of adverse incidents has the potential
to improve the protection of health and safety of users and others by reducing the likelihood of the
occurrence of the same adverse incident in different places at later times, and also to alleviate
consequences of such incidents. This obviously also requires timely dissemination of the information
collected on such incidents. Such a process is referred to as vigilance.10

For example in the EU, the safety monitoring of medicines is known as pharmacovigilance; the
pharmacovigilance system operates between the regulatory authorities in Member States, the
European Commission and the European Medicines Agency (EMA). In some Member States, regional
centres are in place under the coordination of the national Competent Authorities. Manufacturers and
health care professionals report incidents to the Competent Authority at the national level, which
ensures that any information regarding adverse reactions is recorded and evaluated centrally and also
notifies other authorities for subsequent actions. The records are then centralised by the EMA which
supports the coordination of the European pharmacovigilance system and provides advice on the safe
and effective use of medicines.

5.2. Key limitations of current framework of case incident reporting

Several EU regulations require the notification and/or collection and/or reporting of adverse events
caused by pesticides in humans (occurring after acute or chronic exposure in the occupational setting,
accidental or deliberate poisoning, etc.). These include:

• Article 56 of EC Regulation 1107/2009 requires that ‘The holder of an authorisation for a plant
protection product shall immediately notify the Member States [. . .] In particular, potentially

10 The concept of survey refers to a single effort to measure and record something, and surveillance refers to repeated
standardized surveys to detect trends in populations in order to demonstrate the absence of disease or to identify its presence
or distribution to allow for timely dissemination of information. Monitoring implies the intermittent analysis of routine
measurements and observations to detect changes in the environment or health status of a population, but without eliciting a
response. Vigilance is distinct from surveillance and mere monitoring as it implies a process of paying close and continuous
attention, and in this context addresses specifically post marketing events related to the use of a chemical.
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harmful effects of that plant protection product, or of residues of an active substance, its
metabolites, a safener, synergist or co-formulant contained in it on human health [. . .] shall be
notified. To this end the authorisation holder shall record and report all suspected adverse
reactions in humans, in animals and the environment related to the use of the plant protection
product. The obligation to notify shall include relevant information on decisions or assessments
by international organisations or by public bodies which authorise plant protection products or
active substances in third countries’.

• Article 7 of EC Directive 128/2009 establishing a framework for Community action to achieve
the sustainable use of pesticides requires that: ‘2. Member States shall put in place systems for
gathering information on pesticide acute poisoning incidents, as well as chronic poisoning
developments where available, among groups that may be exposed regularly to pesticides such
as operators, agricultural workers or persons living close to pesticide application areas. 3. To
enhance the comparability of information, the Commission, in cooperation with the Member
States, shall develop by 14 December 2012 a strategic guidance document on monitoring and
surveying of impacts of pesticide use on human health and the environment’. However, at the
time of publishing this scientific opinion, this document has still not been released.

There are three additional regulations that apply, although indirectly, to pesticides and reporting:

• EC Regulation 1185/2009 concerning statistics on pesticides requires that Member States shall
collect data on pesticide sales and uses according to a harmonised format. The statistics on
the placing on the market shall be transmitted yearly to the Commission and the statistics on
agricultural use shall be transmitted every 5 year.

• Article 50 of Regulation (EC) 178/2002, laying down the general principles and requirements of
food law, set up an improved and broadened rapid alert system covering food and feed
(RASFF). The system is managed by the Commission and includes as members of the network
Member States, the Commission and the Authority. It reports on non-authorised occurrences of
pesticides residues and food poisoning cases.

• Article 45 (4) of EC Regulation 1272/2008 (CLP Regulation): importers and downstream users
placing hazardous chemical mixtures on the market of an EU Member State will have to submit a
notification to the Appointed Body/Poison Centre of that Member State. The notification needs to
contain certain information on the chemical mixture, such as the chemical composition and
toxicological information, as well as the product category to which the mixture belongs. The
inclusion of information on the product category in a notification allows Appointed Bodies/Poison
Centres to carry out comparable statistical analysis (e.g. to define risk management measures),
to fulfil reporting obligations and to exchange information among MS. The product category is
therefore not used for the actual emergency health response as such, but allows the
identification of exposure or poisoning trends and of possible measures to prevent future
poisoning cases. When formally adopted, the new Regulation will apply as of 1 January 2020.

While there are substantial legislative provisions, to this date a single unified EU
‘phytopharmacovigilance’11 system akin to the pharmacovigilance system does not exist for PPP.
Rather, a number of alerting systems have been developed within the EU to alert, notify, report and
share information on chemical hazards that may pose a risk to public health in Member States. These
systems cover different sectors including medicines, food stuffs, consumer products, industrial
accidents, notifications under International Health Regulations (IHR) and events detected by EU
Poisons Centres and Public Health Authorities. Each of these systems notify and distribute timely
warnings to competent authorities, public organisations, governments, regulatory authorities and
public health officials to enable them to take effective action to minimise and manage the risk to public
health (Orford et al., 2014).

In the EU, information on acute pesticide exposure/incident originates mainly from data collected
and reported by Poison Control Centres (PCC’s). PCC’s collect both cases of acute and chronic
exposure/poisoning they are aware of, in the general population and in occupational settings. Cases
are usually well-documented and information includes circumstances of exposure/incident, description
of the suspected causal agent, level and duration of exposure, the clinical course and treatment and
an assessment of the causal relationship. In severe cases, the toxin and/or the metabolites are usually

11 ‘phytovigilance’ would refer to a vigilance system for plants; as pesticides are intended to be ‘medicines’ for crops, the term
‘phytopharmacovigilance’ is considered to be the more appropriate one here. Furthermore, it is a broad term used in France
covering soil, water, air, environment, animal data, etc.
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measured in blood or urine. However, follow-up of cases reported to the centres merits further
attention to identify potential long-term protracted effects.

There are two key obstacles to using Poison Centres data: official reports from national Poisons
Centres are not always publicly available and when they are, there is a large heterogeneity in the
format of data collections and coding, and assessment of the causal relationship. Indeed, each
Member State has developed its own tools for collection activities resulting in difficulties for comparing
and exchanging exposure data. In 2012, the European Commission funded a collaborative research
and development project to support the European response to emerging chemical events: the Alerting
and Reporting System for Chemical Health Threats, Phase III (ASHTIII) project. Among the various
tools and methodologies that were considered, methods to exchange and compare exposure data from
European PCC’s were developed. As a feasibility study, work-package 5 included the development of a
harmonised and robust coding system to enable Member States to compare pesticide exposure data.
However, results of a consultation with the PCC community showed that further coordination of data
coding and collection activities is supported. It was concluded that more support and coordination is
required at the EU and Member States level so that exposures data can be compared between
Member States (Orford et al., 2015).

In addition to data collected by PCC’s, several Member States have set up programmes dedicated
to occupational health surveillance.12 The purpose of these programmes is to identify the kinds of jobs,
types of circumstances and pesticides that cause health problems in workers in order to learn more
about occupational pesticide illnesses and injuries and how to prevent them. They are based on
voluntary event notification by physicians (sometimes self-reporting by users) of any case of suspected
work-related pesticide injury or illness or poisoning. In addition to medical data, information gathered
includes data regarding type of crop, mode of application, temperature, wind speed, wearing of
personal protection equipment, etc. Once collected, these data are examined and a report is released
periodically; they provide a useful support to evaluate the safety of the products under re-registration.
These data also highlight emerging problems and allow definition of evidence-based preventive
measures for policy-makers. At EU level, the European Agency for Safety and Health at Work (EU-
OSHA)13 has very little in the way of monitoring of occupational pesticide-related illnesses data. In the
USA, a programme specifically dedicated to pesticides funded and administered by the National
Institute for Occupational Safety and Health (NIOSH) is in operation in a number of States.14

In summary, currently human data may be collected in the form of case reports or case series,
poison centres information, coroner’s court findings, occupational health surveillance programmes or
post-marketing surveillance programmes. However, not all this information is present in the medical
data submitted by applicants mainly because the different sources of information are diverse and
heterogeneous by nature, which makes some of them sometimes not accessible.

• Data collected through occupational health surveillance of the plant production workers or if
they do so, the medical data are quite limited being typically basic clinical blood measurements,
physical examinations, potentially with simple indications of how and where exposed took place,
and there usually is no long-term follow up. Furthermore, worker exposures in modern plants
(especially in the EU) are commonly very low, and often their potential exposure is to a variety
of pesticides (unless it is a facility dedicated to a specific chemical).

• Moreover, the reporting of data from occupational exposure to the active substances during
manufacture is often combined with results from observations arising from contact with the
formulated plant protection product as the latter information results from case reports on
poisoning incidents and epidemiological studies of those exposed as a result of PPP use.
Indeed, the presence of co-formulants in a plant protection product can modify the acute
toxicological profile. Thus, to facilitate proper assessment, when reporting findings collected in
humans it should be clearly specified whether it refers to the active substance per se or a PPP.

With regard to the requirements of specific data on diagnoses of poisoning by the active substance
or formulated plant protection products and proposed treatments, which are also part of chapter 5.9
of the EC Regulation 283/2013, information is often missing or limited to those cases where the toxic
mode of action is known to occur in humans and a specific antidote has been identified.

12 For example: Phyt’attitude in France is a vigilance programme developed by the Mutualit�e Sociale Agricole: http://www.msa.
fr/lfr/sst/phyt-attitude

13 https://osha.europa.eu/en/about-eu-osha
14 SENSOR programme: https://www.cdc.gov/niosh/topics/pesticides/overview.html
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5.3. Proposals for improvement of current framework of case incident
reporting

In order to avoid duplication and waste of effort, a logical next step would be to now develop, with
all concerned public and private sector actors, an EU ‘phytopharmacovigilance’ system for chemicals
similar to the ones that have been put in place for medicines. This network could be based on
committed and specifically trained occupational health physicians and general practitioners in rural
areas, and resources should be allocated by Member States to establish and to successfully maintain
the system. Indeed such a network would be useful in detecting acute effects; it would also act as a
sentinel surveillance network for specific health effects (such as asthma, sensitisation, etc.) or for the
detection of emerging work-related disease. In fact, while much experience has already been gained
on how to gradually build such a system, it is nevertheless envisioned that this will take a number of
years to be put in place. Several difficulties will arise because of the nature of the data collected (the
sources of information are potentially diverse), the quality and completeness of the collected
information for every case (especially the circumstances), the grading of severity and accountability of
the observed effects (the link between the observed effect and the product). Rules should be defined
so that they are identical from one ‘evaluator’ to another. The network should be stable over time (e.g.
continuity in national organisations involved, consistent methodology employed, etc.), to ensure that
the phytopharmacovigilance system fully complies with the objectives, i.e. monitoring changes over
time. The use of phytopharmacovigilance data is unlikely to be limited to risk assessment purposes
and may have an impact on risk management decisions (e.g. revisions in the terms and conditions of
product authorisations or ultimately product withdrawal); this should be clear to all stakeholders from
the outset.

Such a system may not merit being established solely for chemicals that are (predominantly) used
as pesticides. However, given the legislative provisions already in place for pesticides, its development
may need to be prioritised for pesticides.

In conclusion, the European Commission together with the Member States should initiate the
development of an EU-wide vigilance framework for pesticides. These should include:

• harmonisation of human incident data collection activities at the EU level;
• coordination of the compilation of EU-wide databases;
• improving the collaboration between Poison Centres and regulatory authorities at national level

in order to collect all the PPP poisonings produced in each Member State;
• guidance document on monitoring the impact of pesticide use on human health with

harmonisation of data assessment for causal relationships;
• regular EU-wide reports.

6. Proposed use of epidemiological studies and vigilance data in
support of the risk assessment of pesticides

This section briefly reviews the risk assessment process (Section 6.1) based on experimental
studies and discusses what information epidemiological studies could add to that process. Next, the
assessment of the reliability of epidemiological studies is addressed in Section 6.2. In Section 6.3, the
relevance of one or more studies found to be reliable is assessed.

6.1. The risk assessment process

Risk assessment is the process of evaluating risks to humans and the environment from chemicals
or other contaminants and agents that can adversely affect health. For regulatory purposes, the
process used to inform risk managers consists of four steps (EFSA, 2012a). On the one hand,
information is gathered on the nature of toxic effects (hazard identification) and the possible dose–
response relationships between the pesticide and the toxic effects (hazard characterisation). On the
other hand, information is sought about the potential exposure of humans (consumers, applicators,
workers, bystanders and residents) and of the environment (exposure assessment). These two
elements are weighed in the risk characterisation to estimate that populations be potentially exposed
to quantities exceeding the reference dose values, that is, to estimate the extra risk of impaired health
in the exposed populations. Classically, this is used to inform risk managers for regulatory purposes.

a) Step 1. Hazard identification.
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Epidemiological studies and vigilance data are relevant for hazard identification as they can point to
potential link between pesticide exposure and health. In this context, epidemiological data can provide
invaluable information in ‘scanning the horizon’ for effects not picked up in experimental models.
Importantly, these studies also provide information about potentially enhanced risks for vulnerable
population subgroups, sensitive parts of the lifespan, and gender selective effects.

b) Step 2. Hazard characterisation (dose–response assessment). As previously discussed a classic
dose–response framework is not normally considered when using epidemiological data as the exposure
dose is rarely assigned. The challenge presented when high quality epidemiological studies are
available is to see whether these can best be integrated into the scheme as numerical input. A dose–
response framework is rarely considered when using epidemiological data for risk assessment of
pesticides. However, previous scientific opinions of the EFSA CONTAM Panel have used epidemiology as
basis for setting reference values, particularly in the case of cadmium, lead, arsenic and mercury,
which are the most well-known and data rich (EFSA, 2009a,b, 2010b, 2012b). Even when they may
not form the basis of a dose–response assessment, vigilance and epidemiological data may provide
supportive evidence to validate or invalidate a dose–response study carried out in laboratory animals.
Characterisation of the relationships between varying doses of a chemical and incidences of adverse
effects in exposed populations requires characterisation of exposure or dose, assessment of response
and selection of a dose–response model to fit the observed data in order to find a no-effect level. This
raises two questions: can a dose–response be derived from epidemiological data to identify a no-effect
level. If not, can epidemiological information otherwise contribute to the hazard characterisation?

Understanding dose–response relationships could also be relevant where adverse health outcomes
are demonstrated to be associated with uses with higher exposures than EU good plant protection
practice would give rise to, but where no association is observed from uses with lower exposures. It is
clear that in this context the statistical summary of an epidemiological study defining RR or OR is
potentially useful quantitative information to feed into the hazard characterisation process, when the
study design meets the necessary standards.

c) Step 3. Exposure assessment. Data concerning the assessment of exposure are often hard to
estimate in complex situations where a variety of uncontrolled ‘real-world’ factors confound the analysis.
As discussed previously, contemporary biological monitoring is rarely carried out in the general human
population for practical reasons including high cost, test availability and logistics. However, it is anticipated
that in the near future biomonitoring studies and data on quantitative exposure to pesticides will increase.

Step 4. Risk characterisation. In this final step, data on exposure are compared with health-based
reference values to estimate the extra risk of impaired health in the exposed populations. Human data
can indeed help verify the validity of estimations made based on extrapolation from the full
toxicological database regarding target organs, dose–response relationships and the reversibility of
toxic effects, and to provide reassurance on the extrapolation process without direct effects on the
definition of reference values (London et al., 2010).

Epidemiological data might also be considered in the context of uncertainty factors (UFs). An UF of 10
is generally used on animal data to account for interspecies variability of effects and this is combined with
a further factor of 10 to account for variation in susceptibility of different parts of the human population.
However, there are cases where only human data are considered (when this is more critical than animals
data) and a single factor of 10 for intraspecies variability will apply. It is noted that at this moment
Regulation (EC) No 1107/2009 Article 4(6) stipulates that: ‘In relation to human health, no data collected
on humans shall be used to lower the safety margins resulting from tests on animals’. The implication of
this is that for risk assessment epidemiological data may only be used to increase the level of precaution
used in the risk assessment, and not to decrease UFs even where relevant human data are available.

6.2. Assessment of the reliability of individual epidemiological studies

Factors to be considered in determining how epidemiology should be considered for a WoE assessment
are described below and have been extensively outlined by available risk of bias tools for observational
epidemiological studies.15 The following examples represent factors to look for not an exhaustive list:

• Study design and conduct. Was the study design appropriate to account for the expected
distributions of the exposure and outcome, and population at risk? Was the study conducted
primarily in a hypothesis generating or a hypothesis-testing mode?

15 Assessing Risk of Bias and Confounding in Observational Studies of Interventions or Exposures: Further Development of the
RTI Item Bank (https://www.ncbi.nlm.nih.gov/books/NBK154464/) and Cochrane handbook.
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• Population. Did the study sample the individuals of interest from a well-defined population? Did
the study have adequate statistical power and precision to detect meaningful differences for
outcomes between exposed and unexposed groups?

• Exposure assessment. Were the methods used for assessing exposure valid, reliable and
adequate? Was a wide range of exposures examined? Was exposure assessed at quantitative
level or in a categorical or dichotomous (e.g. ever vs never) manner? Was exposure assessed
prospectively or retrospectively?

• Outcome assessment. Were the methods used for assessing outcomes valid, reliable and
adequate? Was a standardised procedure used for collecting data on health outcomes? Were
health outcomes ascertained independently from exposure status to avoid information bias?

• Confounder control: were potential confounding factors appropriately identified and
considered? How were they controlled for? Were the methods used to document these factors
valid, reliable and adequate?

• Statistical analysis. Did the study estimate quantitatively the independent effect of an exposure
on a health outcome of interest? Were confounding factors appropriately controlled in the
analyses of the data?

• Is the reporting of the study adequate and following the principles of transparency and the
guidelines of the STROBE statement (or similar tools)?

Study evaluation should provide an indication on the nature of the potential limitations each specific
study may have and an assessment of overall confidence in the epidemiological database.

Furthermore, the nature and the specificity of the outcome with regards to other known risk factors
can influence the evaluation of human data for risk assessment purposes, particularly in case of
complex health endpoints such as chronic effects with long induction and latency periods.

Table 2 shows the main parameters to be evaluated in single epidemiological studies and the
associated weight (low, medium and high) for each parameter. Specific scientific considerations should
be applied on a case-by-case basis, but it would be unrealistic to implement these criteria in a rigid
and unambiguous manner.

Table 2: Study quality considerations for weighting epidemiological observational studies(a),(b)

Parameter High Moderate Low
Study design
and conduct

Prospective studies.
Prespecified hypothesis
(compound and outcome
specific)

Case–control studies.
Prospective studies not
adequately covering exposure
or outcome assessment

Cross-sectional, ecological
studies
Case–control studies not
adequately covering exposure
or outcome assessment

Population Random sampling. Sample size
large enough to warrant
sufficient power
Population characteristics well
defined (including vulnerable
subgroups)

Questionable study power, not
justified in detail

Non-representative sample of
the target population
Population characteristics not
sufficiently defined

No detailed information on how
the study population was
selected
Population characteristics poorly
defined

Exposure
assessment

Accurate and precise
quantitative exposure
assessment (human
biomonitoring or external
exposure) using validated
methods
Validated questionnaire and/or
interview for chemical-specific
exposure answered by subjects

Non-valid surrogate or
biomarker in a specified matrix
and external exposure

Questionnaire and/or interview
for chemical-specific exposure
answered by subjects or proxy
individuals

Poor surrogate
Low-quality questionnaire
and/or interview; information
collected for groups of
chemicals

No chemical-specific exposure
information collected;
ever/never use of pesticides in
general evaluated

Outcome
Assessment

Valid and reliable outcome
assessment. Standardised and
validated in study population
Medical record or diagnosis
confirmed

Standardised outcome, not
validated in population, or
screening tool; or, medical
record non-confirmed

Non-standardised and
non-validated health outcome
Inappropriate or self-reported
outcomes.
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If the above assessment is part of the evidence synthesis exercise, where epidemiological research
is being assessed and quantitatively summarised, it permits more accurate estimation of absolute risk
related to pesticide exposure and further quantitative risk assessment.

In the particular case of pesticide epidemiology data, three basic categories are proposed as a first tier
to organise human data with respect to risk of bias and reliability16: (a) low risk of bias and high reliability
(all or most of the above quality factors have been addressed with minor methodological limitations); (b)
medium risk of bias and medium reliability (many of the above quality factors have been addressed with
moderate methodological limitations); (c) high risk of bias and low reliability, because of serious
methodological limitations or flaws that reduce the validity of results or make them largely
uninterpretable for a potential causal association. The latter studies are considered unacceptable for risk
assessment mainly because of poor exposure assessment, misclassification of exposure and/or health
outcome, or lack of statistical adjustment for relevant confounders. Risk assessment should not be based
on results of epidemiological studies that do not meet well-defined data quality standards. Furthermore,
results of exploratory research will need to be confirmed in future research before they can be used for
risk assessment.

6.3. Assessment of strength of evidence of epidemiological studies

This section briefly discusses some important issues specifically related to combining and
summarising results from different epidemiological studies on the association between pesticides and
human health.

The approach for weighting epidemiological studies is mainly based on the modified Bradford Hill
criteria, which are a group of conditions that provide evidence bearing on a potentially causal
relationship between an incidence and a possible consequence (strength, consistency, specificity,
temporality, biological gradient, plausibility, coherence, experiment and analogy) (Table 3). Clearly, the

Parameter High Moderate Low
Confounder
control

Adequate control for important
confounders relevant to
scientific question, and
standard confounders
Careful consideration is given
to clearly indicated confounders

Confounders are partially
controlled for
Moderately control of
confounders and standard
variables
Not all variables relevant for
scientific question are
considered

No control of potential
confounders and effect
modifiers in the design and
analysis phases of the study

Statistical
Analysis

Appropriate to study design,
supported by adequate sample
size, maximising use of data,
reported well (not selective)
Statistical methods to control
for confounding are used and
adjusted and unadjusted
estimates are presented.
Subgroups and interaction
analysis are conducted

Acceptable methods, analytic
choices that lose information,
not reported clearly
Post hoc analysis conducted
but clearly indicated

Only descriptive statistics or
questionable bivariate analysis
is made
Comparisons not performed or
described clearly
Deficiencies in analysis (e.g.
multiple testing)

Reporting Key elements of the Material
and Methods, and results are
reported with sufficient detail
Numbers of individuals at each
stage of study is reported
A plausible mechanism for the
association under investigation
is provided

Some elements of the Material
and Methods or results are
not reported with sufficient
detail
Interpretation of results
moderately addressed

Deficiencies in reporting
(interpretation of effect
estimates, confounder control)
Selective reporting
Paucity of information on
relevant factors that may affect
the exposure–health
relationship. Misplaced focus of
the inferential objectives
Not justified conclusions

(a): Overall study quality ranking based on comprehensive assessment across the parameters.
(b): Adapted from US-EPA (2016), based in turn on Mu~noz-Quezada et al. (2013) and LaKind et al. (2014).

16 These categories are in accordance with those currently used by EFSA for the peer review of pesticide active substances:
acceptable, supplementary and unacceptable.
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more of these criteria that are met the stronger the basis for invoking the association as evidence for a
meaningful association. However, Bradford Hill was unwilling to define what causality was and never
saw the criteria as sufficient or even absolutely necessary but simply of importance to consider in a
common-sense evaluation.

For predictive causality, care must be taken to avoid the logical fallacy post hoc ergo propter hoc
that states ‘Since event Y followed event X, event Y must have been caused by event X’. H€ofler (2005)
quotes a more accurate ‘counterfactual’ definition as follows ‘but for E, D will not occur or would not
have occurred, but given E it will/would have occurred’. Yet, more detailed descriptions using symbolic
logic are also available (Maldonado and Greenland, 2002). Rothman and Greenland (2008) stated that
‘the only sine qua non for a counterfactual effect is the condition that the cause must precede the
effect. If the event proposed as a result or “effect” precedes its cause, there may be an association
between the events but certainly no causal relationship’.

6.3.1. Synthesis of epidemiological evidence

Systematic reviews and meta-analysis of observational studies can provide information that
strengthens the understanding of the potential hazards of pesticides, exposure–response
characterisation, exposure scenarios and methods for assessing exposure, and ultimately risk
characterisation (van den Brandt, 2002). Systematic reviews entail a detailed and comprehensive plan

Table 3: Considerations for WoE analysis based on the modified Bradford Hill criteria for evidence
integration

Category Considerations
Strength of
Association

The assessment of the strength of association (not only the magnitude of association but
also statistical significance) requires examination of underlying methods, comparison to the
WoE in the literature and consideration of other contextual factors including the other
criteria discussed herein

Consistency of
Association

Associations should be consistent across multiple independent studies, particularly those
conducted with different designs and in different populations under different
circumstances. This criterion also applies to findings consistent across all lines of evidence
(epidemiology, animal testing, in vitro systems, etc.) in light of modern data integration

Specificity The original criteria of evidence linking a specific outcome to an exposure can provide a
strong argument for causation has evolved and may have new and interesting implications
within the context of data integration. Data integration may elucidate some mechanistic
specificity among the varied outcomes associated with complex exposures. The lack of
specificity can help to narrow down specific agents associated with disease

Temporality Evidence of a temporal sequence between exposure to an agent and appearance of the
effect within an appropriate time frame constitutes one of the best arguments in favour of
causality. Thus, study designs that ensure a temporal progression between the two
measures are more persuasive in causal inference

Biological Gradient
(Dose–response)

Increased effects associated with greater exposures, or duration of exposures, strongly
suggest a causal relationship. However, its absence does not preclude a causal association

Biological Plausibility Data explained and supported by biologically plausible mechanisms based on experimental
evidence strengthen the likelihood that an association is causal. However, lack of
mechanistic data should not be taken as evidence against causality

Coherence The interpretation of evidence should make sense and not to conflict with what is known
about the biology of the outcome in question under the exposure-to-disease paradigm. If
it does, the species closest to humans should be considered to have more relevance to
humans

Experimental
Evidence

Results from randomised experiments provide stronger evidence for a causal association
than results based on other study designs. Alternatively, an association from a non-
experimental study may be considered as causal if a randomised prevention derived from
the association confirms the finding

Sequence of Key
events

Provide a clear description of each of the key events (i.e. measurable parameters from a
combination of in vitro, in vivo or human data sources) that underlie the established
MoA/AOP for a particular health outcome. A fully elucidated MoA/AOP is a not requirement
for using epidemiology studies in human health risk assessment

Adapted from H€ofler (2005), Fedak et al. (2015) and US-EPA (2016).
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and search strategy defined a priori aimed at reducing bias by identifying, appraising and synthesising
all relevant studies on a particular topic. The major steps of a systematic review are as follows:
formulation of the research question; definition of inclusion and exclusion criteria; search strategy for
studies across different databases; selection of studies according to predefined strategy; data
extraction and creation of evidence tables; assessment of methodological quality of the selected
studies; including the risk of bias; synthesis of data (a meta-analysis can be performed if studies
allow); and interpretation of results and drawing of conclusions (EFSA, 2010a). Evidence synthesis is,
however, challenging in the field of pesticide epidemiology as standardisation and harmonisation is
difficult. Nonetheless, evidence synthesis should play a pivotal role in assessing the robustness and
relevance of epidemiological studies.

Statistical tools have been developed that can help assess this evidence. When multiple studies on
nearly identical sets of exposures and outcomes are available, these can provide important scientific
evidence. Where exposure and outcomes are quantified and harmonised across studies, data from
individual epidemiological studies with similar designs can be combined to gain enough power to
obtain more precise risk estimates and to facilitate assessment of heterogeneity. Appropriate
systematic reviews and quantitative synthesis of the evidence needs to be performed regularly (e.g.
see World Cancer Research Fund approach to continuous update of meta-analysis for cancer risk
factor17). Studies should be evaluated according to previously published criteria for observational
research and carefully examine possible selection bias, measurement error, sampling error,
heterogeneity, study design, and reporting and presentation of results.

Meta-analysis is the term generally used to indicate the collection of statistical methods for
combining and contrasting the results reported by different studies (Greenland and O’Rourke, 2008).
Meta-analysis techniques could be used to examine the presence of diverse biases in the field such as
small study effects and excess significance bias. Meta-analyses, however, do not overcome the
underlying biases that may be associated with each study design (i.e. confounding, recall bias or other
sources of bias are not eliminated). The extent to which a systematic review or meta-analysis can
draw conclusions about the effects of a pesticide depends strongly on whether the data and results
from the included studies are valid, that is, on the quality of the studies considered. In particular,
consistent findings among original studies resulting from a consistent bias will produce a biased
conclusion in the systematic review. Likewise, a meta-analysis of invalid studies may produce a
misleading result, yielding a narrow confidence interval around the wrong effect estimate.

In addition to summarising the basic study characteristics of the literature reviewed, a typical meta-
analysis should include the following components: (a) the average effect size and effect size
distribution for each outcome of interest and an examination of the heterogeneity in the effect size
distributions; (b) subgroup analysis in which the variability present in the effect size distribution is
systematically analysed to identify study characteristics that are associated with larger or smaller effect
sizes; (c) publication bias analysis and other sensitivity analyses to assess the validity of conclusions
drawn (Wilson and Tanner-Smith, 2014).

In a meta-analysis, it is important to specify a model that adequately describes the effect size
distribution of the underlying population of studies. Meta-analysis using meaningful effect size
distributions will help to integrate quantitative risk into risk assessment models. The conventional
normal fixed- and random-effects models assume a normal effect size population distribution,
conditionally on parameters and covariates. Such models may be adequate for estimating the overall
effect size, but surely not for prediction if the effect size distribution exhibits a non-normal shape
(Karabatsos et al., 2015).

6.3.2. Meta-analysis as a tool to explore heterogeneity across studies

When evaluating the findings of different studies, many aspects should be carefully evaluated.
Researchers conducting meta-analyses may tend to limit the scope of their investigation to the
determination of the size of association averaged over the considered studies. The motivation often is
that aggregating the results yields greater statistical power and precision for the effect of interest.
Because individual estimates of effect vary by chance, some variation is expected. However, estimates
must be summarised only when meaningful. An important aspect that is often overlooked is
heterogeneity of the strength of associations across subgroups of individuals. Heterogeneity between

17 World Cancer Research Fund International. Continuous Update Project (CUP) http://www.wcrf.org/int/research-we-fund/
continuous-update-project-cup
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studies needs to be assessed and quantified when present (Higgins, 2008). In meta-analysis,
heterogeneity among results from different studies may indeed be as informative as homogeneity.
Exploring the reasons underlying any observed inconsistencies of findings is generally conducive of
great understanding.

Figure 1 shows three forest plots from a fictitious example in which each of three pesticides (A, B
and C) is evaluated in meta-analysis of two studies. It is assumed that both studies for each pesticide
are of the highest quality and scientific rigor. No biases are suspected.

The following text contains short comments on the interpretation of the results in Figure 1, one
pesticide at a time.

• Exposure to pesticide A seems to double the risk of the disease. The results are consistent
between the two studies and the confidence intervals do not contain the null value, one. These
results, however, do not imply that (a) the risk ratio would be about 2 in any other study that
was conducted on the same exposure and disease; or that (b) the risk ratio is two in any
group of individuals (e.g. males or females, young or old).

• Exposure to pesticide B seems to halve the risk of the disease. The results are consistent
between the two studies and the confidence intervals do not contain the null value, one. These
results, however, do not imply that (a) the risk ratio would be about a half in any other study
that was conducted on the same exposure and disease; or that (b) the risk ratio is about a
half in any group of individuals (e.g. males or females, young or old).

• Exposure to pesticide C seems to double the risk of the disease in one study and to halve the
risk in the other. The results are inconsistent between the two studies and the confidence
intervals do not contain the null value, one. These results, however, do not imply that (a) the
risk ratio would be about one in any other study that was conducted on the same exposure
and disease; or that (b) the risk ratio is about one in any group of individuals (e.g. males or
females, young or old).

What evidence can the results shown in Figure 1 provide?
The risk ratio reported by any study can be generalised to other populations only if all the relevant

factors have been controlled for (Bottai, 2014; Santacatterina and Bottai, 2015). In this context, relevant
factors are variables that are stochastically dependent with the health outcome of interest. For example,
cardiovascular diseases are more prevalent among older subjects than among younger individuals. Age is
therefore a relevant factor for cardiovascular diseases. The evidence provided by the results shown in
Figure 1 are potentially valid only if this step was taken in each of the studies considered. If that was the
case for the studies, then, there is evidence that exposure to pesticide A doubles the risk in the specific
group of individuals considered by each of the two studies. If the risk ratios are summary measures over
the respective study populations, then none of the findings should be generalised. However, if the risk
ratios for pesticide A were not adjusted for any factor, and the underlying populations were very different

0 1 2 3

Pesticide A

0 1 2 3

Pesticide B

0 1 2 3

Pesticide C

Figure 1: Forest plots from a fictitious example in which each of three pesticides (A, B and C) is
evaluated in a meta-analysis of two studies. The x-axis in each plot represents the
estimated risk ratio of the disease of interest comparing exposed and unexposed
individuals. The squares denote the estimated risk ratio in each study and the grey
diamonds the summarised risk ratio. The horizontal lines indicate 95% confidence intervals
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across the two studies, then there would still be evidence that there may be no relevant factors and
pesticide A doubles the risk in any subgroup of individuals. Pesticide B appears to halve the risk, and the
estimated confidence intervals are narrower for pesticide B than for pesticide A. Generalisability of the
findings, however, holds for pesticide B under the conditions stated above for pesticide A. As for pesticide
C, the forest plot provides evidence that exposure to this pesticide raises the risk of the disease in the
group of individuals in one of the studies and decreases it in the group considered in the other study.
Again, if the risk ratios are summary measures over the respective study populations, then none of the
findings should be generalised. Investigating the reasons behind the inconsistency between the two
studies on pesticide C can provide as much scientific insight as investigating the reasons behind the
similarity between the studies on pesticide A or pesticide B.

In general, the overall summary measures provided by forest plots, such as the silver diamonds in
each of the three panels of Figure 1, are of little scientific interest. When evaluating the findings of
different studies, many aspects should be carefully evaluated. An important aspect that is often
overlooked is heterogeneity of the strength of associations across subgroups of individuals. When
information about subgroup analysis is provided in the publications that describe a study, this should
be carefully evaluated. Sensitivity analyses should complement the results provided by different
studies. These should aim to evaluate heterogeneity and the possible impact of uncontrolled for
relevant factors along with information and sampling error. A synoptic diagram is displayed in Figure 2.

6.3.3. Usefulness of meta-analysis for hazard identification

Human data can be used for many stages of risk assessment. Single epidemiological studies, if
further studies on the same pesticide are not available, should not be used as a sole source for hazard
identification, unless they are high quality studies (according to criteria shown in Table 2). Evidence
synthesis techniques which bring together many studies, such as systematic reviews and meta-analysis
(where appropriate) should be utilised instead. Although many meta-analyses have been carried out
for the quantitative synthesis of data related to chronic diseases, their application for risk assessment
modelling is still limited.

Importantly, evidence synthesis will provide a methodological assessment and a risk of bias
assessment of the current evidence highlighting areas of uncertainties and identifying associations with
robust and credible evidence.

Figure 3 shows a simple methodology proposed for the application of epidemiological studies into
risk assessment. The first consideration is the need of combining different epidemiological studies

• Information error, such as measurement error, effect size magnification

Bias

• Which were considered and which were not considered
• How were they distributed in each study
• What population is the resulting inference on

Relevant Factors

• Standard errors, not p-values, of the estimates of the parameters of interest 

Sampling Error

• Range of the parameters of interest that are consistent with observed data

Sensitivity Analyses

Figure 2: Items to consider when evaluating and comparing multiple studies
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addressing the same outcome. This can be made following criteria proposed by EFSA guidance for
systematic reviews (EFSA, 2010a). Then, the risk of bias is assessed based on the factors described in
Section 6.2 for a WoE assessment, namely: study design and conduct, population, exposure
assessment, outcome assessment, confounder control, statistical analysis and reporting of results.
Those studies categorised as of low reliability will be considered unacceptable for risk assessment. The
remaining studies will be weighted and used for hazard identification.

If quantitative data are available, a meta-analysis can be conducted to create summary data and to
improve the statistical power and precision of risk estimates (OR, RR) by combining the results of all
individual studies available or meeting the selection criteria. As meta-analyses determine the size of
association averaged over the considered studies, they provide a stronger basis for hazard
identification. Moreover, under certain circumstances, there is the possibility to move towards risk
characterisation metrics because these measured differences in health outcomes (OR, RR) can be
converted to dose–response relationships (Nachman et al., 2011). Although quite unusual in practice,
this would allow for the identification of critical effects in humans and/or setting reference values
without the need of using animal extrapolation.

Since heterogeneity is common in meta-analyses, there is a need to assess which studies could be
combined quantitatively. Heterogeneity can be genuine, representing diverse effects in different
subgroups, or might represent the presence of bias. If heterogeneity is high (I2 greater than 50%),
individual studies should not be combined to obtain a summary measure because of the high risk of
aggregating bias from different sources. Sources of heterogeneity should be explored through
sensitivity analysis and/or meta-regression. Furthermore, the presence of diverse biases in the meta-
analysis should be examined, such as small study effects, publication bias and excess significance bias.
It is important to find models that adequately describe the effect size distribution of the underlying
studied populations.

6.3.4. Pooling data from similar epidemiological studies for potential dose–response
modelling

As in other fields of research, findings from a single epidemiological study merit verification through
replication. When the number of replications is abundant, it may be worthwhile to assess the entire set
of replicate epidemiological studies through a meta-analysis and ascertain whether, for key outcomes,
findings are consistent across studies. Such an approach will provide more robust conclusions about
the existence of cause-effect relationships.

Figure 3: Methodology for utilisation of epidemiological studies for risk assessment
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Once a hazard has been identified, the next step in risk assessment is to conduct a dose–response
assessment to estimate the risk of the adverse effect at different levels of exposure and/or the
concentration level below which no appreciable adverse health effect can be assumed for a given
population. However, this step requires fully quantitative (or at least semi-quantitative) exposure data
at an individual level. Summary estimates resulting from quantitative synthesis would be more
informative for risk assessment if they present an OR for a given change in the continuous variable of
exposure (or per a given percentile change in exposure) as this allows for relative comparisons across
studies and could be of help to derive health-based reference values. Only within such a framework
can data from human studies with similar designs be merged to gain enough power to model proper
dose–response curves (Greenland and Longnecker, 1992; Orsini et al., 2012).

Conversely, meta-analytical approaches may be of limited value if a combined OR is calculated
based on meta-analyses interpreting exposure as a ‘yes’ or a ‘no’ (ever vs never) because exposures
are not necessarily to active ingredients in the same proportion in all studies included. Even though in
these cases, meta-analyses may consistently find an increased risk associated with pesticide exposure,
for risk assessment the exposure needs to characterise the effect of specific pesticide classes or even
better individual pesticides as their potency may differ within the same class (Hern�andez et al., 2016).

This approach would allow points of departure to be identified (e.g. benchmark doses (BMD)) and
would be relevant for the integration of epidemiological studies into quantitative risk assessment.
Although BMD modelling is currently used for analysing dose–response data from experimental studies,
it is possible to apply the same approach to data from observational epidemiological studies (Budtz-
Jørgenson et al., 2004). The EFSA Scientific Committee confirmed that the BMD approach is a
scientifically more advanced method compared to the no observed-adverse-effect level (NOAEL)
approach for deriving a Reference Point, since it makes extended use of the dose–response data from
experimental and epidemiological studies to better characterise and quantify potential risks. This
approach, in principle, can be applicable to human data (EFSA Scientific Committee, 2017b), although
the corresponding guidelines are yet to be developed.

Dose–response data from observational epidemiological studies may differ from typical animal toxicity
data in several respects and these differences are relevant to BMD calculations. Exposure data often do
not fall into a small number of well-defined dosage groups. Unlike most experimental studies,
observational studies may not include a fully unexposed control group, because all individuals may be
exposed to some extent to a chemical contaminant. In this case, the BMD approach still applies since
fitting a dose–response curve does not necessarily require observations at zero exposure. However, the
response at zero exposure would then need to be estimated by low-dose extrapolation. Hence, the BMD
derived from epidemiological data can be strongly model-dependent (Budtz-Jørgensen et al., 2001).

Epidemiology data need to be of sufficient quality to allow the application of the BMD approach,
especially in terms of assigning an effect to a specific pesticide and its exposure. Clear rules and
guidance, and definition of model parameters need to be considered for such a BMD approach, which
might differ from BMD approaches from controlled experimental environments. Although the BMD
modelling approach has been applied to epidemiological data on heavy metals and alcohol
(Lachenmeier et al., 2011), currently, few individual studies on pesticides are suitable for use in dose–
response modelling, much less in combination with other studies. However, future studies should be
conducted and similarly reported so that they could be pooled together for a more robust assessment.

7. Integrating the diverse streams of evidence: human (epidemiology
and vigilance data) and experimental information

This section first considers in Section 7.1 the different nature of the main streams of evidence, i.e.
originating either from experimental studies or from epidemiological studies. The approach used is that
recommended by the EFSA Scientific Committee Guidance on WoE (EFSA Scientific Committee, 2017b),
which distinguishes three successive phases to assess and integrate these different streams of
information: reliability, relevance and consistency. The first step, consists in the assessment of the
reliability of individual studies be they epidemiological (addressed in Section 6) or experimental
(beyond the scope of this Scientific Opinion). Then, the relevance (strength of evidence) of one or
more studies found to be reliable is assessed using principles of epidemiology (addressed in Section 6)
and toxicology. Next, Section 7.2 considers how to bring together different streams of relevant
information from epidemiological and experimental studies, which is considered in a WoE approach, to
assess consistency and biological plausibility for humans.
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7.1. Sources and nature of the different streams of evidence
Comparison of experimental and epidemiological approaches

In the regulatory risk assessment of pesticides, the information on the toxic effects is based on the
results of a full set of experiments as required by Regulation (EC) 283/2013 and 284/2013, and
conducted according to OECD guidelines. They are carried out in vivo or in vitro, so there will always
be some high-quality experimental data available for pesticides as required to be provided by
applicants under Regulation (EC) 1107/2009. A number of categories are established for rating the
reliability of each stream of evidence according to the EFSA peer review of active substances:
acceptable, supplementary and unacceptable. The data quality and reliability of in vivo or in vitro
toxicity studies should be assessed using evaluation methods that better provide more structured
support for determining a study’s adequacy for hazard and risk assessments. Criteria have been
proposed for conducting and reporting experimental studies to enable their use in health risk
assessment for pesticides (Kaltenh€auser et al., 2017).

Animal (in vivo) studies on pesticide active substances conducted according to standardised test
guidelines and good laboratory practices (GLP, e.g. OECD test guidelines) are usually attributed higher
reliability than other research studies. Notwithstanding, since there is no evidence that studies
conducted under such framework have a lower risk of bias (Vandenberg et al., 2016), evidence from
all relevant studies, both GLP and non-GLP, should also be considered and weighted. Thus, data from
peer-reviewed scientific literature should be taken into account for regulatory risk assessment of
pesticide active substances, provide they are of sufficient quality after being assessed for
methodological reliability. Their contribution to the overall WoE is influenced by factors including test
organism, study design and statistical methods, as well as test item identification, documentation and
reporting of results (Kaltenh€auser et al., 2017).

The internal validity of in vitro toxicity studies should be evaluated as well to provide a better
support for determining a study’s adequacy for hazard and risk assessments. In silico modelling can be
used to derive structure–activity relationships (SAR) and to complement current toxicity tests for the
identification and characterisation of the mode or mechanisms of action of the active substance in
humans. These alternative toxicity testing (and non-testing) approaches could be helpful in the
absence of animal data, e.g. to screen for potential neurodevelopmental or endocrine disruption
effects of pesticides, and to increase confidence in animal testing. Considering the demand for
minimising the number of animal studies for regulatory purposes, non-animal testing information can
provide relevant stand-alone evidence that can be used in the WoE assessment.

A number of toxicological issues are amenable for systematic review, from the impact of chemicals
on human health to risks associated with a specific exposure, the toxicity of chemical mixtures, the
relevance of biomarkers of toxic response or the assessment of new toxicological test methods
(Hoffmann et al., 2017). For instance, in a previous Scientific Opinion EFSA used a systematic review
for the determination of toxicological mechanisms in the frame of AOP approach (Choi et al., 2016;
EFSA Scientific Committee, 2017c).

Besides toxicity data on the active substance, such data may also be required on metabolites or
residues if human exposure occur through the diet or drinking water. Results from these studies are
then considered in relation to expected human exposures estimated through food consumption and
other sources of exposure. The strength of this approach is that in vivo studies account for potential
toxic metabolites, though not always animal metabolic pathways parallels the ones of humans.

Experimental studies in laboratory animals are controlled studies where confounding is eliminated
by design, which is not always the case with epidemiological studies. Animals used in regulatory
studies are, however, typically inbred, genetically homogeneous and due to the controlled environment
they lack the full range of quantitative and qualitative chemical susceptibility profiles. Nevertheless,
animal surrogates of human diseases are being challenged by their scientific validity and translatability
to humans, and the lack of correlation often found between animal data and human outcomes can be
attributed to the substantial interspecies differences in disease pathways and disease-induced changes
in gene expression profiles (Esch et al., 2015). Thereby, many experimental models do not capture
complex multifactorial diseases making animal-to-human extrapolation subject to considerable
uncertainty. Current risk assessment is therefore by its nature predictive and may be insufficient
because it is chemical-specific and humans are exposed to a large number of chemicals from
environmental, dietary and occupational sources or because of different toxicokinetic differences. In
recognition of the uncertain nature of animal-to-human extrapolation, the regulatory risk assessment
advice does not just consider the relevant point(s) of departure (NOAEL, LOAEL or BMDL) that have
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been identified as safe but lowers these values using uncertainty factors (UFs) to propose safe
reference dose values, either for acute or chronic toxicity.

Given the limitations of studies in laboratory animals, epidemiological studies in the ‘real world’ are
needed, even if they have limitations of their own. Epidemiological studies incorporate the true (or
estimated) range of population exposures, which usually are intermittent and at inconsistent doses
instead of occurring at a consistent rate and dose magnitude (Nachman et al., 2011). Since
epidemiological studies are based on real-world exposures, they provide insight into actual human
exposures that can then be linked to diseases, avoiding the uncertainty associated with extrapolation
across species. Hence, it can be said that they address the requirements of Regulation 1107/2009
Article 4, which stipulates that the risk assessment should be based on good plant protection practice
and realistic use conditions. Thus, epidemiological studies assist problem formulation and hazard/risk
characterisation whilst avoiding the need for high dose extrapolation (US-EPA, 2010).

Epidemiological studies therefore provide the opportunity to (a) identify links with specific human
health outcomes that are difficult to detect in animal models; (b) affirmation of the human relevance
of effects identified in animal models; (c) ability to evaluate health effects for which animal models are
unavailable or limited (Raffaele et al., 2011). Epidemiological evidence will be considered over
experimental animal evidence only when sufficiently robust pesticide epidemiological studies are
available. However, in epidemiological studies, there are always a variety of factors that may affect the
health outcome and confound the results. For example, when epidemiological data suggest that
exposures to pesticide formulations are harmful they usually cannot identify what component may be
responsible due to the complexity of accurately assessing human exposures to pesticides. While some
co-formulants are not intrinsically toxic, they can be toxicologically relevant if they change the
toxicokinetics of the active substance. In addition, confounding by unmeasured factor(s) associated
with the exposure can never be fully excluded; however, a hypothetical confounder (yet unrecognised)
may not be an actual confounder and has to be strongly associated with disease and exposure in order
to have a meaningful effect on the risk (or effect size) estimate, which is not always the case.

Many diseases are known to be associated with multiple risk factors; however, a hazard-by-hazard
approach is usually considered for evaluating the consequences of individual pesticide hazards on
vulnerable systems (Figure 4A). Specifically, single-risk analysis allows a determination of the individual
risk arising from one particular hazard and process occurring under specific conditions, while it does
not provide an integrated assessment of multiple risks triggered by different environmental stressors
(either natural or anthropogenic) (Figure 4B). Risk assessment would benefit by developing procedures
for evaluating evidence for co-occurrence of multiple adverse outcomes (Nachman et al., 2011), which
is more in line with what happens in human setting. For these reasons, if appropriately conducted,
epidemiological studies can be highly relevant for the risk assessment process.
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In parallel with epidemiological data, vigilance data can provide an additional stream of evidence,
especially for acute toxicity. Cases are usually well-documented and information can be used at
different steps of the risk assessment; these include: level and duration of exposure, clinical course
and assessment of the causal relationship. In severe cases, the toxin and/or the metabolites are
usually measured in blood or urine which allows for comparison with animal data and in some cases
for setting toxicological values.

In summary, experimental studies or epidemiological studies and vigilance data represent two
different approaches to collect and assess evidence i.e. one emanating from controlled exposures
(usually to a single substance) using experimental study design and a relatively homogeneous
surrogate population, the other reflecting the changes observed in a heterogeneous target population
from mixed (and varying) exposure conditions using non-experimental study design (ECETOC, 2009).
Epidemiology and toxicology each bring important and different contributions to the identification of
human hazards. This makes both streams of evidence complementary, and their combination
represents a powerful approach. Animal studies should always inform the interpretation of
epidemiological studies and vice versa; hence, they should not be studied and interpreted
independently.

7.2. Principles for weighting of human observational and laboratory
animal experimental data

Following the identification of reliable human (epidemiological or vigilance) studies and the
assessment of the relevance of the pooled human studies, the separate lines of evidence that were
found to be relevant need to be integrated with other lines of evidence that were equally found to be
relevant.

The first consideration is thus how well the health outcome under consideration is covered by
toxicological and epidemiological studies. When both animal and human studies are considered to be
available for a given outcome/endpoint, this means that individual studies will first have been assessed
for reliability and strength of evidence (Sections 6.2 and 6.3, respectively, for epidemiological studies)

Figure 4: Role of epidemiological studies when compared to classical toxicological studies
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prior to the weighting of the various sources of evidence. Although the different sets of data can be
complementary and confirmatory, individually they may be insufficient and pose challenges for
characterising properly human health risks. Where good observational data are lacking, experimental
data have to be used. Conversely, when no experimental data is available, or the existing experimental
data were found not to be relevant to humans, the risk assessment may have to rely on the available
and adequate observational studies.

A framework is proposed for a systematic integration of data from multiple lines of evidence (in
particular, human and experimental studies) for risk assessment (Figure 5). Such integration is based
on a WoE analysis accounting for relevance, consistency and biological plausibility using modified
Bradford Hill criteria (Table 3). For a comparative interpretation of human and animal data, this
framework should rely on the following principles (adapted from ECETOC, 2009; Lavelle et al., 2012):

• Although the totality of evidence should be assessed, only the studies that are found to be
reliable (those categorised as acceptable or supplementary evidence) are considered further. If
the data from the human or the experimental studies is considered to be of low reliability
(categorised as unacceptable), no risk assessment can be conducted.

• A WoE approach should be followed where several lines of evidence are found to be relevant.
For pesticide active substances, experimental studies following OECD test guidelines are
deemed high reliability unless there is evidence to the contrary. The strength of evidence from
animal studies can be upgraded if there is high confidence in alternative pesticide toxicity
testing or non-testing methods (e.g. in vitro and in silico studies, respectively). As for
epidemiological evidence, the conduct of meta-analysis provides a more precise estimate of the
magnitude of the effect than individual studies and also allows for examining variability across
studies (see Section 6.3).

• Next, the studies that are found to be more relevant for the stage being assessed are to be
given more weight, regardless of whether the data comes from human or animal studies.
Where human data are of highest relevance, and supported by a mechanistic scientific
foundation, they should take precedence for each stage of the risk assessment. When human
and experimental data are of equal or similar relevance, it is important to assess their
concordance (consistency across the lines of evidence) in order to determine whether and
which data set may be given precedence.

– In case of concordance between human and experimental data, the risk assessment should
use all the data as both yield similar results in either hazard identification (e.g. both
indicate the same hazard) or hazard characterisation (e.g. both suggest similar safe dose
levels). Thus, both can reinforce each other and similar mechanisms may be assumed in
both cases.

– In case of non-concordance, the framework needs to account for this uncertainty. For
hazard identification, the data suggesting the presence of a hazard should generally take
precedence. For dose–response, the data resulting in the lower acceptable level should
take precedence. In every situation of discordance, the reasons for this difference should
be considered. If the reason is related to the underlying biological mechanisms, or
toxicokinetic differences between humans and animal models, then confidence in the risk
assessment will increase. Conversely, if the reason cannot be understood or explained,
then the risk assessment may be less certain. In such cases, efforts should be made to
develop a better understanding of the biological basis for the contradiction.
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Epidemiological studies provide complementary data to analyse risk and should be contextualised in
conjunction with well-designed toxicological in vivo studies and mechanistic studies. The overall
strength of the evidence achieved from integrating multiple lines of evidence will be at least as high as
the highest evidence obtained for any single line. This integrated approach provides explicit guidance
on how to weight and integrate toxicological and epidemiological evidence. This is a complex task that
becomes even more difficult when epidemiological data deal with multifactorial, multihit, chronic
diseases for which toxicological models, or disease-specific animal models, are limited.

7.3. Weighting all the different sources of evidence

The WHO/IPCS defines the WoE approach as a process in which all of the evidence considered
relevant for risk assessment is evaluated and weighted (WHO/IPCS, 2009). The WoE approach, taking
the risk assessment of chemical substances as an example, requires the evaluation of distinct lines of
evidence (in vivo, in vitro, in silico, population studies, modelled and measured exposure data, etc.).
The challenge is to weight these types of evidence in a systematic, consistent and transparent way
(SCENIHR, 2012). The weighting may be formally quantitative or rely on categorisation according to
criterion referencing of risk.

An EFSA Working Group was established to provide transparent criteria for the use of the WoE
approach for the evaluation of scientific data by EFSA’s Panels and Scientific Committee (EFSA, 2015b).
The aim of this Working Group was to provide support to stakeholders on how individual studies
should be selected and weighted, how the findings integrated to reach the final conclusions and to
identify uncertainties regarding the conclusions.

The WoE approach is not consistently considered in the risk assessment of pesticides in the peer
review process of DAR or RAR. Expert judgement alone, without a structured WoE approach, has been
more commonly used. A few examples can be found, such as the peer review of glyphosate (EFSA,
2015c), where the rapporteur Member State (RMS) considered all the data either from industry or

Figure 5: Methodology for the integration of human and animal data for risk assessment
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from public literature, including epidemiological data, and took a specific WoE approach with
established ad hoc criteria and considering all data available for proposing an ‘overall’ NOAEL for each
endpoint of toxicity explored.

The US-EPA has recently applied specific criteria for the WoE approach to the peer review of the
pesticide chlorpyrifos by following the ‘Framework for incorporating human epidemiologic & incident
data in health risk assessment’. In this specific case, a WoE analysis has been conducted to integrate
quantitative and qualitative findings across many lines of evidence including experimental toxicology
studies, epidemiological studies and physiologically based pharmacokinetic and pharmacodynamic
(PBPK-PD) modelling. Chlorpyrifos was also used as an example for the EFSA Guidance on literature
search under Regulation (EC) No 1107/2009. In addition, an EFSA conclusion (EFSA, 2014a) took into
consideration the US-EPA review (2011) to revise its first conclusion produced in 2011.

In sum, a broader WoE approach can be applied to evaluate the available scientific data using
modified Bradford Hill criteria as an organisational tool to increase the likelihood of an underlying
causal relationship (Table 3). Although epidemiology increasingly contributes to establishing causation,
an important step to this end is the establishment of biological plausibility (US-EPA, 2010; Adami et al.,
2011; Buonsante et al., 2014).

7.4. Biological mechanisms underlying the outcomes

A biological mechanism describes the major steps leading to a health effect following interaction of
a pesticide with its biological targets. The mechanism of toxicity is described as the major steps
leading to an adverse health effect. An understanding of all steps leading to an effect is not necessary,
but identification of the key events following chemical interaction is required to describe a mechanism
(of toxicity in the case of an adverse health effect). While many epidemiological studies have shown
associations between pesticide exposures and chronic diseases, complementary experimental research
is needed to provide mechanistic support and biological plausibility to the human epidemiological
observations. Experimental exposures should be relevant to the human population provided that the
biologic mechanisms in laboratory animals occur in humans.

Establishing biological plausibility as part of the interpretation of epidemiological studies is relevant
and should take advantage of modern technologies and approaches (Section 7.6). In this context, the
AOP framework can be used as a tool for systematically organising and integrating complex information
from different sources to investigate the biological mechanisms underlying toxic outcomes and to inform
the causal nature of links observed in both experimental and observational studies (Section 7.5).

The use of data to inform specific underlying biological mechanisms or pathways of the potential toxic
action of pesticides is limited since only selected pesticide chemicals have been investigated for biological
function in relation to a specific health outcome. It may be possible to formulate a mode of action (MoA)
hypothesis, particularly where there is concordance between results of comparable animal studies or
when different chemicals show the same pattern of toxicity. It is essential to identify the toxicant and the
target organ as well as the dose–response curve of the considered effect and its temporal relationship. If
the different key events leading to toxicity and a MoA hypothesis can be identified, it is sometimes
possible to evaluate the plausibility of these events to humans (ECETOC, 2009).

Sulfoxaflor is an example where MoA has been extensively studied and has been also widely used
as an example during the ECHA/EFSA MOA/HRF workshop held in November 2014. Sulfoxaflor induced
hepatic carcinogenicity in both rats and mice. Studies to determine the MoA for these liver tumours
were performed in an integrated and prospective manner as part of the standard battery of toxicology
studies such that the MoA data were available prior to, or by the time of, the completion of the
carcinogenicity studies. The MoA data evaluated in a WoE approach indicated that the identified rodent
liver tumour MoA for sulfoxaflor would not occur in humans. For this reason, sulfoxaflor is considered
not to be a potential human liver carcinogen.

Furthermore, sometimes MoA data may indicate a lack of possible effects. If there are biological data
that indicate an adverse effect is not likely to occur in humans, this should inform the interpretation of
epidemiological studies. Nevertheless, while primary target site selectivity between pests and humans
plays an important role in pesticides safety, secondary targets in mammals must also be considered.

In the case of exposure to multiple pesticides, the decision to combine risks can be taken if the
pesticides share a common mechanism of toxicity (act on the same molecular target at the same target
tissue, act by the same biochemical mechanism of action, and share a common toxic intermediate)
which may cause the same critical effect or just based on the observation that they share the same
target organ (EFSA 2013a,b). However, cumulative risk assessment is beyond the scope of this Opinion.
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7.5. Adverse Outcome Pathways (AOPs)

The AOP methodology provides a framework to collect and evaluate relevant chemical, biological
and toxicological information in such a way that is useful for risk assessment (OECD, 2013). An AOP
may be defined as the sequence of key events following the interaction of a chemical with a biological
target (molecular initiating event (MIE)) to the in vivo adverse outcome relevant to human health. All
these key events are necessary elements of the MoA and should be empirically observable or
constitute biologically based markers for such an event. An AOP is therefore a linear pathway from one
MIE to one adverse outcome at a level of biological organisation relevant to risk assessment. The goal
of an AOP is to provide a flexible framework to describe the cascade of key events that lead from a
MIE to an adverse outcome in a causal linkage (EFSA PPR Panel, 2017). The ‘key events’ must be
experimentally measurable and the final adverse effect is usually associated with an in vivo OECD Test
Guideline. However, in some cases the adverse outcome may be at a level of biological organisation
below that of the apical endpoint described in a test guideline (OECD, 2013).

A particular MIE may lead to several final adverse effects and, conversely, several MIEs may
converge in the same final adverse effect. However, each AOP will have only one MIE and one final
adverse effect, but may involve an unlimited number of intermediate steps (Vinken, 2013). It should
be noted that key events at different levels of biological organisation provide a greater WoE than
multiple events at the same level of organisation (OECD, 2013).

The essential biochemical steps involved in a toxic response are identified and retrieved from an in-
depth survey of relevant scientific literature or from experimental studies. Any type of information can
be incorporated into an AOP, including structural data, ‘omics-based’ data and in vitro, in vivo or in
silico data. However, in vivo data are preferred over in vitro data and endpoints of interest are
preferred to surrogate endpoints (Vinken, 2013). The AOPs identified must not be incompatible with
normal biological processes, since they need to be biologically plausible.

Qualitative AOPs (intended as an AOP including the assembly and evaluation of the supporting WoE
following the OECD guidance for AOP development) should be the starting and standard approach in
the process of integration of epidemiology studies into risk assessment by supporting (or identifying
the lack of support for) the biological plausibility of the link between exposure to pesticides affecting
the pathway and the adverse outcome. Accordingly, qualitative AOPs may be developed solely for the
purpose of hazard identification, to support biological plausibility of epidemiological studies based on
mechanistic knowledge (EFSA PPR Panel, 2017).

The AOP framework is a flexible and transparent tool for the review, organisation and interpretation
of complex information gathered from different sources. This approach has the additional advantage of
qualitatively characterising the uncertainty associated with any inference of causality and identifying
whether additional mechanistic studies or epidemiological research would be more effective in reducing
uncertainty. The AOP framework is therefore a useful tool for risk assessment to explore whether an
adverse outcome is biologically plausible or not. For the purpose of analysing the biological plausibility,
AOPs can serve as an important tool, particularly when the regulatory animal toxicological studies are
negative but the evaluation of the apical endpoint (or relevant biomarkers) observed in epidemiological
studies is considered inadequate based on the AOP. By means of mechanistically describing apical
endpoints, the AOP contributes to the hazard identification and characterisation steps in risk
assessment. As the AOP framework is chemically agnostic, if complemented by the MoA and/or
Integrated Approach on Testing and Assessment (IATA) framework, it will support the chemical specific
risk assessment (EFSA PPR Panel, 2017).

AOP and MoA data can be used to assess the findings of epidemiological studies to weight their
conclusions. Whether those findings are inconsistent with deep understanding of biological
mechanisms, or simply empirical, they should be given less weight than other findings that are
consistent with AOP or MoA frameworks once established. However, there are relatively few examples
of well-documented AOPs and a full AOP/MoA framework is not a requirement for using
epidemiological studies in risk assessment.

AOPs are thus a critical element to facilitate moving towards a mechanistic-based risk assessment
instead of the current testing paradigm relying heavily on apical effects observed in animal studies.
Shifting the risk assessment paradigm towards mechanistic understanding would reduce limitations of
the animal data in predicting human health effects for a single pesticide, and also support the
current efforts being made on cumulative risk assessment of pesticide exposure (EFSA PPR Panel,
2017).
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7.6. Novel tools for identifying biological pathways and mechanisms
underlying toxicity

The elucidation of toxicity pathways brings the opportunity of identifying novel biomarkers of early
biological perturbations in the toxicodynamic progression towards overt disease, particularly from
advances in biomonitoring, in -omics technologies and systems biology (toxicology). The revolution of
omics in epidemiology holds the promise of novel biomarkers of early effect and offers an opportunity
to investigate mechanisms, biochemical pathways and causality of associations.

The growing recognition of the value of biomonitoring data in epidemiological investigations may
help to reduce misclassification by providing objective measures of exposure and outcome. As long as
biomarker data for exposure, outcome and susceptibility are increasingly generated, epidemiology will
have a greater impact in the understanding of toxicodynamic progression as a function of pesticide
exposure and eventually in risk assessment. A challenge for risk assessors will be to acknowledge
where subtle and early changes along the toxicodynamic pathway are indicative of increased potential
for downstream effects (Nachman et al., 2011). Omics data can be used for gaining insight to the MoA
by identifying pathways affected by pesticides and as such can assist hazard identification, the first
step in risk assessment.

Transcriptomic, metabolomic, epigenomic and proteomic profiles of biological samples provide a
detailed picture, sometimes at individual molecule resolution, of the evolving state of cells under the
influence of environmental chemicals, thus revealing early mechanistic links with potential health
effects. Nowadays, the challenges and benefits that advances in -omics techniques can bring to
regulatory toxicology are still being explored (Marx-Stoelting et al., 2015). Clear rules for assessing the
specificity of these biomarkers are necessary.

Those -omic applications most relevant and advanced in the context of toxicology are analysis of
MoA and the derivations of AOP, and biomarker identification, all of which potentially assist
epidemiology too. For example, (a) transcriptomics: comparing gene expression (mRNA) profiles can
be used for biomarker discovery, grouping expressed genes into functional groups (Gene Ontology
categories) or for Gene Set Analysis. Such techniques may provide varying information regarding
biological mechanisms. (b) Proteomics: studying the protein profile of samples, with sophisticated
analysis of protein quantity and post-translational modifications which may be associated with changes
in biological pathways following exposure and possible disease development, utilising informatics and
protein databases for identification and quantification. (c) Metabolomics uses nuclear magnetic
resonance spectroscopy or mass-spectrometry based techniques to produce data which are analysed
via software, and databases, to identify markers (molecular signatures and pathways) that correlate
with exposure or disease. (d) The use of the exposome (the totality of exposures received by an
individual during life) might be better defined by using -omics technologies and biomarkers appropriate
for human biomonitoring. Nevertheless, important limitations stemming from the lack of validation of
these methodologies and their cost limit their use at large scale.

The application of -omics technologies to environmental health research requires special
consideration to study design, validation, replications, temporal variance and meta-data analysis
(Vlaanderen et al., 2010). For larger studies, intra-individual variability in the molecular profiles
measured in biological samples should show less variability than the interindividual variation in profiles
of gene expression, protein levels or metabolites, which are highly variable over time. It is important
that these inter-individual variations should not be larger than variation related to exposure changes,
but it is not certain if this will be true.

The biologically meaningful omics signatures identified by performing omics-exposure and omics-
health association studies provide useful data for advanced risk assessment. This approach supports
moving away from apical toxicity endpoints towards earlier key events in the toxicity pathway resulting
from chemical-induced perturbation of molecular/cellular responses (NRC, 2007).

7.7. New data opportunities in epidemiology

The current technological landscape permits the digitisation and storage of unprecedented amount
of data from many sources, including smart phones, text messages, credit card purchases, online
activity, electronic medical records, global positioning system (GPS) and supermarket purchasing data.
While some of these data sources may provide valuable information for risk assessment, many of them
contain personal information that can outpace legal frameworks and arise questions about the ethics
of its use for scientific or regulatory purposes. A specific example is constituted by data containing
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personal information related to health, which are considered sensitive or especially protected, such as
electronic medical records, information from occupational or environmental questionnaires, geographic
location, health or social security number, etc. These various forms of health information are being
easily created, stored and accessed. Big data provide researchers with the ability to match or link
records across a number of data sources. Linking of big data sources of health and heritable
information offers great promise for understanding disease predictors (Salerno et al., 2017); however,
there are challenges in using current methods to process, analyse and interpret the data systematically
and efficiently or to find relevant signals in potential oceans of noise, as noted by the Board on
Environmental Studies and Toxicology of the National Academies of Sciences, Engineering, and
Medicine in its 2017 report.18

In addition, medico-administrative data, such as drug reimbursements drawn from National Health
Insurance or hospital discharge databases, can be cross-linked with data on agricultural activities
drawn from agricultural census or geographical mapping. It is acknowledged that in several instances
this information can be obtained at group level only, and an important challenge will be to obtain data
at individual level and/or on individual habits.

Biobanks also constitute new data sources from healthy or diseased populations. They consist of an
organised collection of human biological specimens and associated information stored for diverse
research purposes. These biosamples are available for application of novel technologies with potential
for generating data valuable for exposure assessment or exposure reconstruction. If studies’ design
and conduct are harmonised, data and samples can be shared between biobanks to promote powerful
pooled analyses and replications studies (Burton et al., 2010).

Large scale epidemiological studies with deep phenotyping provide also unprecedented opportunities
to link well phenotyped study participants with the aforementioned data. For example, UK Biobank, has
recruited over 500,000 individuals with questionnaire, medical history and physical measurements data
as well as stored blood and urine samples with available genome wide association data for all 500,000
participants, and linkage to Hospital Episode Statistics, national registry data and primary care records.
To gain information on air pollution and noise levels, the postcode of participants has been linked to air
pollution or noise estimates. In addition, piloting of personal exposure monitoring will take place in order
to collect individual level data on these exposures. These approaches could be extended to gain
information on pesticide exposure, either through geographical linkage, linkage with purchasing and
occupational registries, and personal exposure monitoring. Similar biobanks exist in many other EU
countries (http://www.bbmri-eric.eu/BBMRI-ERIC has collected most EU studies).

8. Overall recommendations

8.1. Recommendations for single epidemiological studies:

The following recommendations for improving epidemiological studies are aimed to conform to the
‘recognised standards’ mentioned in Regulation (EU) No 1107/2009 to make them of particular value
to risk assessment of pesticides (‘where available, and supported with data on levels and duration of
exposure, and conducted in accordance with recognised standards, epidemiological studies are of
particular value and must be submitted’). Accordingly, these recommendations can indeed not be
considered as a practical guidance for researchers on how to conduct such studies, but for those who
are planning to conduct a study for further use in pesticide risk assessment.

a) Study design (including confounding)

1) Since prospective epidemiological designs provide stronger evidence for causal
inference, these studies are encouraged over the other designs for pesticide risk
assessment.

2) Future epidemiological studies should be conducted using the appropriate sample size in
order to properly answer the question under investigation. A power analysis should thus
be performed at the study design stage.

3) Future studies should take into consideration heterogeneity, subpopulations, exposure
windows and susceptibility periods and conditions (pregnancy, development, diseases,
etc.).

18 National Academies of Sciences, Engineering, and Medicine; Division on Earth and Life Studies; Board on Environmental
Studies and Toxicology; Committee on Incorporating 21st Century Science into Risk-Based Evaluations. Washington (DC):
National Academies Press (US); 2017 Jan.
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4) A wide range of potential confounding variables (including co-exposure to other
chemicals, lifestyle, socioeconomic factors, etc.) should be measured or accounted for
during the design stage (e.g. matching) of the study.

5) Consideration of host factors that may influence toxicity and act as effect modifiers.
These will include genetic polymorphisms data (e.g. paraoxonase-1 genotype) or
nutritional factors (e.g. iodine status) among others.

6) Collaboration between researchers is encouraged to build-up consortia that enhance the
effectiveness of individual cohorts.

Collection and appropriately storage of relevant biological material should be undertaken for future
exposure assessment, including the use of novel technologies.

b) Exposure (measurement, data transformation for reporting and statistical analysis):

1) Collection of specific information on exposure should avoid as far as possible broad
definitions of exposure, non-specific pesticide descriptions and broad exposures
classifications such as ‘never’ vs. ‘ever’ categories. Nevertheless, these categories may
be valuable under certain circumstances, e.g. to anticipate a class effect.

2) Studies which only look at broad classes of pesticides (generic groups of unrelated
substances), or ‘insecticides’, ‘herbicides’, etc. or even just ‘pesticides’ in general are of
much less use (if any) for risk assessment. Studies that investigate specific named
pesticides and co-formulants are more useful for risk assessment.

3) Pesticides belonging to the same chemical class or eliciting the same mode of toxic
action or toxicological effects might be grouped in the same category. Further
refinement with information on frequency, duration and intensity of exposure might help
in estimating exposure patterns.

4) In occupational epidemiology studies, operator and worker behaviour and proper use of
PPE should be adequately reported as these exposure modifiers may significantly change
exposures and thereby potential associations.

5) Improving the accuracy of exposure measurement is increasingly important, particularly
for cohort studies. Long-term cohort studies which cover the etiologically relevant time
period should improve the accuracy of measures of exposures by use of repeated
biologic measures or repeated updates of self-reported exposures.

6) Indirect measures of environmental exposure for wider populations, including records on
pesticide use, registry data, GIS, geographical mapping, etc., as well as data derived
from large databases (including administrative databases) may be valuable for
exploratory studies. If these data are not available, records/registries should be initiated.
Likewise, estimation of dietary exposure to pesticide from food consumption databases
and levels of pesticide residues from monitoring programmes can be used as well. As
with direct exposure assessment, each method of indirect measurement should be
reviewed for risk of bias and misclassification and weighted appropriately.

7) Whenever possible, exposure assessment should use direct measurements of exposure
to named pesticides in order to establish different levels of exposure (e.g. personal
exposure metering/biological monitoring), possibly in conjunction with other methods of
exposure assessment which are more practicable or even necessary for large studies
and historical exposures. New studies should explore novel ways of personal exposure
monitoring. Results should be expressed using standardised units to normalise exposure
across populations

8) The characterisation of exposure assessment over time can benefit by undertaken a more
comprehensive exposure monitoring strategy coupled with information on exposure
determinants over a longer time period collected from questionnaires or job-exposure
matrices supported by biomonitoring data. Exposure assessment models can be
comprehensively supported by HBM studies, which would allow identification of the critical
exposure parameters. If such case, adjustments can then be made to the parameter
assumptions within the models, leading to more realistic evaluations of exposure.

9) The use of the exposome concept and metabolomics in particular hold great promise for
next-generation epidemiological studies both for better exposure measurement
(biomarkers of exposure), for identification of vulnerable subpopulations and for
biological interpretation of toxicity pathways (biomarkers of disease).
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10) Improved knowledge on exposure (and toxicity) to pesticide mixtures will be beneficial
for comprehensive risk assessment. Consideration of the joint action of combined
exposures to multiple pesticides acting on common targets, or eliciting similar adverse
effects, is relevant for cumulative risk assessment. This requires all the components of
the mixture to be known as well as an understanding of the MoA, dose–response
characteristics and potential interactions between components. Characterisation of the
exposure is a key element for combined exposure to multiple pesticides where the
pattern and magnitude of exposure changes over time.

c) Adverse Outcomes (measurement, data transformation for reporting and statistical analysis):

1) Self-reported health outcomes should be avoided or confirmed by independent, blinded
assessment of disease status by a medical expert assigned to the study.

2) Outcomes under study should be well defined and surrogate endpoints should be avoided
unless they have been validated. Care must be taken when definitions of diseases and
subclasses of diseases change over time (cancer, neurodegenerative disorders, etc.).

3) Use should be made of biological markers of early biological effect to improve the
understanding of the pathogenesis of diseases. These quantitative biological parameters
from mechanistic toxicology will enhance the usefulness of epidemiology because they
improve the study sensitivity, reduce misclassification and enhance human relevance as
compared to findings from studies in experimental animals. Since these refined
endpoints are early events in the toxicodynamic pathway and often measured on a
continuous scale, they might be preferable to more overt and traditional outcomes.

4) The use of biomarkers of effect may be helpful in assessing aggregate exposure to
pesticides and informing cumulative risk assessment.

5) Developing read across methods allowing health outcomes to be identified using
epidemiological studies and to link acute and chronic incidents records with experimental
findings.

d) Statistical (descriptive statistics, modelling of exposure–effect relationship):

1) Statistical analysis should be based on a priori defined analytical (statistical) protocols, to
avoid post hoc analyses for exploratory studies and report all the results, regardless of
whether they are statistically significant or not.

2) Data should be reported in such a way that permit, where appropriate, mathematical
modelling to estimate individual/population exposures and dose–response assessment
irrespective of whether direct or indirect measures are used.

3) Reports should include both unadjusted and adjusted proportions and rates of outcome
of interest across studies that are based on underlying populations with different
structure of relevant factors and exposures.

4) Possible relevant factors, and their role in the exposure–health outcome relationship,
should be carefully identified, accurately measured and thoroughly assessed. Most often,
relevant factors have been screened as potential confounders. When confounding effects
were detected, these needed to be adjusted for using appropriate statistical methods
that include sensitivity analysis.

5) Potentially useful analytical approaches, such as propensity score matching, mediation
analyses, and causal inference are encouraged to be applied in pesticide epidemiology.

6) When the association between a given pesticide exposure and a disease is found to
be statistically significant, particularly in (presumed) low powered studies, it would be
general good practice to perform a power analysis/design calculation to determine the
degree to which the statistically significant effect size estimate (e.g. OR or RR) may be
artificially inflated or magnified.19

19 Additional information on power and sample size recommendations and related issues including effect size magnification and
design calculations are provided in Annex D to this report. Specifically, a power calculation requires 3 values to be clearly
reported by epidemiological studies: (i) the number of subjects in the non-exposed group (including individuals with and
without the disease of interest); (ii) the number of subjects in the exposed group (also including individuals with and without
the disease of interest); (iii) the number of diseased subjects in the non-exposed group.
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e) Reporting of results:

1) These should follow practices of good reporting of epidemiological research outlined in the
STROBE statement and in the EFSA guideline on statistical reporting (EFSA, 2014b) and
include the further suggestions identified in this Opinion including effect size inflation
estimates.

2) Although some epidemiological research will remain exploratory and post hoc in nature,
this should be acknowledged and supported by appropriate statistical analysis.

3) Epidemiological studies are encouraged to provide access to raw data for further
investigations and to deposit their full results and scripts or software packages used for
analyses.

4) Report, or deposit using online sources, all results along with scripts and statistical tools
used to allow the reproducibility of results to be tested.

5) Report all sources of funding and adequately report financial and other potential
conflicts of interest.

As a general recommendation, the PPR Panel encourages development of guidance for
epidemiological research in order to increase its value, transparency and accountability for risk
assessment.20 An increased quality of epidemiological studies, together with responsible research
conduct and scientific integrity, will benefit the incorporation of these studies into risk assessment.

8.2. Surveillance

1) Increase the reporting of acute and chronic incidents by setting up post-marketing
surveillance programmes (occupational and general population) as required by article 7 of
EU directive 2009/128; this should be fulfilled by developing surveillance networks with
occupational health physicians and by boosting the collaboration between national
authorities dealing with PPP and poison control information centres.

2) Develop a valid method for assessing the weight/strength of the causal relationship
(‘imputability’) for acute and chronic incidents, and develop glossaries and a thesaurus to
support harmonised reporting between EU member states.

3) Harmonised data from member states should be gathered at the EU level and examined
periodically by the Commission/EFSA and a report should be released focussing on the most
relevant findings.

4) Develop an EU-wide vigilance framework for pesticides.
5) There is scope for training improvements regarding pesticide toxidromes in toxicology courses for

medical and paramedical staff responsible for diagnostic decisions, data entry and management.

8.3. Meta-analysis of multiple epidemiological studies

1) Evidence from epidemiological studies might be pooled by taking into account a thorough
evaluation of the methods and biases of individual studies, an assessment of the degree of
heterogeneity among studies, development of explanations underlying any heterogeneity
and a quantitative summary of the evidence (provided that it is consistent).

2) For every evidence synthesis effort, studies should be reviewed using relevant risk of bias
tools. Studies with different designs, or with different design features, may require (some)
different questions for risk of bias assessments.

3) Evidence syntheses should not be restricted to specific time frames; they should include the
totality of evidence. These efforts are more relevant if focused on specific health outcome or
disease categories.

4) In evidence synthesis efforts, beyond the quantitative synthesis of the effect sizes, there
should be consideration on the calculated predictive intervals, small study effects and
asymmetry bias, conflicts of interest, confounding, excess significance bias,21 and
heterogeneity estimates.

20 An example is the guideline developed by the Dutch Society for Epidemiology on responsible epidemiologic Research Practice
(2017).

21 Excess significance bias refers to the situation in which there are too many studies with statistically significant results in the
published literature on a particular outcome. This pattern suggests strong biases in the literature, with publication bias,
selective outcome reporting, selective analyses reporting, or fabricated data being possible explanations (Ioannidis and
Trikalinos, 2007).
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5) In the presence of heterogeneity, studies with highly selected populations, albeit
unrepresentative of their respective populations, may prove valuable and deserve
consideration as they may represent genuine and not statistical heterogeneity.

6) A more consistent reporting such as for age, race and gender across studies would enhance
the meta-analyses.

7) Where quantitative data of individual pesticides are available from epidemiological studies,
they can be combined or pooled for dose–response modelling, which could enable
development of quantitative risk estimates and points of departure (BMDL, NOAEL).

8) International consortium of cohort studies should be encouraged to support data pooling to
study disease–exposure associations that individual cohorts do not have sufficient statistical
power to study (e.g. AGRICOH).

8.4. Integration of epidemiological evidence with other sources of
information

1) All lines of evidence (epidemiology, animal, in vitro data) should be equally scrutinised for
biases.

2) Validated and harmonised methods should be developed to combine observational studies,
animal/basic science studies and other sources of evidence for risk assessment.

3) Experimental and human data should both contribute to hazard identification and to dose–
response assessment.

4) A systematic integration of data from multiple lines of evidence should be based on a WoE
analysis accounting for relevance, consistency and biological plausibility using modified
Bradford Hill criteria. The principles underlying this framework are described in Section 7.2
and summarised in Figure 5.

5) Epidemiological findings should be integrated with other sources of information (data from
experimental toxicology, mechanism of action/AOP) by using a WoE approach. An integrated
and harmonised approach should be developed by bringing together animal, mechanistic
and human data in an overall WoE framework in a systematic and consistent manner.

6) The AOP framework offers a structured platform for the integration of various kinds of
research results.

7) Animal, in vitro data and human data should be assessed as a whole for each endpoint. A
conclusion can be drawn as to whether the results from the experiments are confirmed by
human data for each endpoint and this could be included in the RARs.

9. Conclusions

This Scientific Opinion is intended to help the peer review process during the renewal of pesticides
authorisation (and, where possible, during the approval process) under Regulation 1107/2009 which
requires a search of the scientific peer-reviewed open literature, including existing epidemiological
studies. These are more suitable for the renewal process of active substances, also in compliance with
Regulation 1141/2010, which indicates that the dossiers submitted for renewal should include new
data relevant to the active substance.

The four key elements of the terms of reference are repeated below and the parts of the text
addressing the individual terms are identified in order. As they follow from the text passages grouped
with each of the ToRs the recommendations relevant to each of the ToRs are also indicated as follows.

‘The PPR Panel will discuss the associations between pesticide exposure and human health effects
observed in the External scientific report (Ntzani et al., 2013) and how these findings could be
interpreted in a regulatory pesticide risk assessment context. Hence, the PPR Panel will systematically
assess the epidemiological studies collected in the report by addressing major data gaps and
limitations of the studies and provide recommendations thereof’.

‘The PPR Panel will specifically’:

1) Collect and review all sources of gaps and limitations, based on (but not necessarily limited to)
those identified in the External Scientific report in regard to the quality and relevance of the
available epidemiological studies. Responses in Section 3 pp. 20–24, Section 5.2 pp. 33–35:
no Recommendations appropriate.

2) Based on the gaps and limitations identified in point 1, propose potential refinements for
future epidemiological studies to increase the quality, relevance and reliability of the findings
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and how they may impact pesticide risk assessment. This may include study design,
exposure assessment, data quality and access, diagnostic classification of health outcomes,
and statistical analysis. Responses in Section 4 pp 24–33: recommendations in Sections 8.1,
8.2 and 8.3 pp. 54–58.

3) Identify areas in which information and/or criteria are insufficient or lacking and propose
recommendations for how to conduct pesticide epidemiological studies in order to improve
and optimise the application in risk assessment. These recommendations should include
harmonisation of exposure assessment (including use of biomonitoring data), vulnerable
population sub-groups and/or health outcomes of interest (at biochemical, functional,
morphological and clinical level) based on the gaps and limitations identified in point 1.
Responses in Sections 4.2–4.5 pp. 27–33, Section 5.3 pp. 36: recommendations in
Section 8.1 c) 1–4, pp. 56.

4) Discuss how to make appropriate use of epidemiological findings in risk assessment of
pesticides during the peer review process of draft assessment reports, e.g. WoE as well as
integrating the epidemiological information with data from experimental toxicology, AOPs,
mechanism of actions, etc. Responses in Sections 6.2 and 6.3 pp. 37–45 and 7 pp. 45–54:
Responses in Section 8.4 pp. 58.

As explained above, appropriate epidemiological data and post-approval surveillance may usefully
contribute to the risk assessment framework by hazard identification, and – with methodological
improvements – hazard characterisation. It can be improved by contributions from WoE analysis,
Uncertainty analysis, and identification and estimation of biases. It is the responsibility of applicants to
collect the available relevant literature, to consider its relevance and quality using relevant EFSA
criteria including those for systematic review and to introduce discussion of the outcomes within the
DAR, RAR and post-approval frameworks that are prescribed under EU law.

The definition of appropriate quality will require analysis of sample size, statistical procedures,
estimates of effect size inflation, assessment of biases and their contribution to the conclusions drawn.

The nature of the studies will require consideration at all relevant points in the risk assessment
process so that for example epidemiological data on reproductive topics will be considered alongside
laboratory animal studies designed to reveal reproductive effects and in the context of
recommendation for labelling for reproductive toxicity (for ECHA).

Unless there is history of use in countries outside the EU, the relevant epidemiological studies will
be restricted in their effect on the DAR but the RAR and Surveillance framework is potentially able to
benefit from epidemiology progressively as time after first approval passes and from prior use of Active
Ingredients in other jurisdictions. It is recommended that RAR and surveillance protocols should reflect
this difference.

The specific recommendations listed above follow from detailed arguments based on an analysis of
present and foreseen strengths weaknesses opportunities and threats related to the use of
epidemiological data in risk assessment. Broadly these are as follows:

Strengths. Include:

• The fact that the evidence concerns human specific risks.
• That health outcomes are integrated measures of the effects of all exposure to toxins.
• The ability to elicit subjective experience from potentially affected people.

Weaknesses. Include:

• The exposures to pesticides are usually complex; contribution of a specific active ingredient is
not easily deciphered.

• The exposures occur in various settings where precisely controlled conditions are lacking.
• Most data reflect the responses of mixed populations.
• Many data show low level associations that are inconsistently repeatable and require

sophisticated analysis.

Opportunities. Despite the range of limitations described in this Opinion, which apply to many
available published epidemiological studies, there are opportunities to benefit risk assessment of
pesticides. These include:

• The access to very large numbers of potentially exposed individuals for studies that may reveal
subtle health effects and reveal the experience of sensitive sub-groups.
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• The prospect of improving exposure estimation using biomonitoring and new molecular
approaches to establish tissue burdens of potential toxins and their residues.

• The possibility of fully integrating human data into the conventional risk assessment based on
responses in laboratory animals.

• Utilising WoE, AOP, Expert judgement, Expert Knowledge Elicitation (EKE) and Uncertainty
Analysis to evaluate differences in the quality of potentially relevant data.

• The opportunity to engage professional epidemiologists and statisticians to refine interpretation
of epidemiological findings and to recommend improved designs to tackle difficult areas such
as chronic and combined exposure risks and dose–response data.

• A major information technology opportunity exists in pooling data from a variety of national
sources. Once the relevant legal, methodological and ethical issues are overcome much more
valuable data can be collected. When this data is made available, in a form that can be used in
a ‘big data’ setting for societal benefit there will be potential for significant improvements in
epidemiological studies. First, however, it will be necessary to preserve individual privacy and
essential commercial confidentiality. Once these obstacles are overcome the statistical power of
epidemiological studies can be improved and applied to identify and possibly characterise
hazards better. These aims can be realised effectively by agreed actions at a high EU level.
Interstate approval for providing data and interactive platforms will need to be backed by
harmonisation of population health information, food consumption data, active substance and
co-formulant spatial and temporal application data. Such rich data can be expected to assist in
increasing consistency, a criterion that strengthens evidence of causality and reliability. It
promises larger sample sizes for epidemiological studies that will be better able to identify
vulnerable groups that may require special protection from pesticide toxicity.

Threats. Include:

• Widespread perception of risk levels to the human population or to wildlife and the
environment that are unrealistic and that cause negative consequences in societies.

• Poor experimental design yielding false positive or false negative conclusions that undermine
data from other valid sources.

• Failure to respond to emerging risks as a result of ineffective surveillance or unwillingness to
make appropriate anonymised data available for societal benefit.

• Waste of data through failure to collect appropriate information regarding exposure
(specifically occupational exposure) by registries (cancer or congenital anomalies) or
surveillance programmes which hinders linking health outcomes to exposure.

• Waste of data through failure to harmonise diagnostic criteria, failure to record data in a
sufficiently detailed combinable form for integrated analysis, poor training of medical and
paramedical staff in relevant toxidromes that will allow optimum quality of data entered into
Health Statistics Databases.

References
Adami HO, Berry SC, Breckenridge CB, Smith LL, Swenberg JA, Trichopoulos D, Weiss NS and Pastoor TP, 2011.

Toxicology and epidemiology: improving the science with a framework for combining toxicological and
epidemiological evidence to establish causal inference. Toxicology Sciences, 122, 223–234.

Amler RW, Barone Jr S, Belger A, Berlin Jr CM, Cox C, Frank H, Goodman M, Harry J, Hooper SR, Ladda R, LaKind JS,
Lipkin PH, Lipsitt LP, Lorber MN, Myers G, Mason AM, Needham LL, Sonawane B, Wachs TD and Yager JW, 2006.
Hershey Medical Center Technical Workshop Report: optimizing the design and interpretation of epidemiologic
studies for assessing neurodevelopmental effects from in utero chemical exposure. Neurotoxicology, 27, 861–874.

Bengtson AM, Westreich D, Musonda P, Pettifor A, Chibwesha C, Chi BH, Vwalika B, Pence BW, Stringer JS and
Miller WC, 2016. Multiple overimputation to address missing data and measurement error: application to HIV
treatment during pregnancy and pregnancy outcomes. Epidemiology, 27, 642–650.

Bevan R, Brown T, Matthies F, Sams C, Jones K, Hanlon J and La Vedrine M, 2017. Human Biomonitoring data
collection from occupational exposure to pesticides. EFSA supporting publication 2017:EN-1185, 207 pp.

Bottai M, 2014. Lessons in biostatistics: inferences and conjectures about average and conditional treatment
effects in randomized trials and observational studies. Journal of Internal Medicine, 276, 229–237.

Budtz-Jørgensen E, Keiding N and Grandjean P, 2001. Benchmark dose calculation from epidemiological data.
Biometrics, 57, 698–706.

Budtz-Jørgensen E, Keiding N and Grandjean P, 2004. Effects of exposure imprecision on estimation of the
benchmark dose. Risk Analysis, 24, 1689–1696.

Epidemiological studies and pesticides

www.efsa.europa.eu/efsajournal 60 EFSA Journal 2017;15(10):5007

www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

60 

 
 

EU

 
 

 
 

 
 

 
 

 
 

 

 
 

 
 
Adami HO, Berry SC, Breckenridge CB, Smith LL, Swenberg JA, Trichopoulos D, Weiss NS and Pastoor 

TP, 2011. Toxicology and epidemiology: improving the science with a framework for combining 
toxicological and epidemiological evidence to establish causal inference. Toxicology Sciences, 122, 223–
234. 

Amler RW, Barone Jr S, Belger A, Berlin Jr CM, Cox C, Frank H, Goodman M, Harry J, Hooper SR, Ladda 
R, LaKind JS, Lipkin PH, Lipsitt LP, Lorber MN, Myers G, Mason AM, Needham LL, Sonawane B, Wachs 
TD and Yager JW, 2006. Hershey Medical Center Technical Workshop Report: optimizing the design and 
interpretation of epidemiologic studies for assessing neurodevelopmental effects from in utero chemical 
exposure. Neurotoxicology, 27, 861–874. 

Bengtson AM, Westreich D, Musonda P, Pettifor A, Chibwesha C, Chi BH, Vwalika B, Pence BW, Stringer 
JS and Miller WC, 2016. Multiple overimputation to address missing data and measurement error: 
application to HIV treatment during pregnancy and pregnancy outcomes. Epidemiology, 27, 642–650. 

Bevan R, Brown T, Matthies F, Sams C, Jones K, Hanlon J and La Vedrine M, 2017. Human Biomonitoring 
data collection from occupational exposure to pesticides. EFSA supporting publication 2017: EN-1185, 
207 pp. 

Bottai M, 2014. Lessons in biostatistics: inferences and conjectures about average and conditional 
treatment effects in randomized trials and observational studies. Journal of Internal Medicine, 276, 229–
237. 

Budtz-Jørgensen E, Keiding N and Grandjean P, 2001. Benchmark dose calculation from epidemiological 
data. Biometrics, 57, 698–706. 

Budtz-Jørgensen E, Keiding N and Grandjean P, 2004. Effects of exposure imprecision on estimation of the 
benchmark dose. Risk Analysis, 24, 1689–1696. 

Buonsante VA, Muilerman H, Santos T, Robinson C and Tweedale AC, 2014. Risk assessment’s insensitive 
toxicity testing may cause it to fail. Environmental Research, 135, 139–147. 

Burton PR, Fortier I and Knoppers BM, 2010. The global emergence of epidemiological biobanks: 
opportunities and challenges. In: Khoury M, Bedrosian S, Gwinn M, Higgins J, Ioannidis J and Little J 
(eds.). Human Genome Epidemiology. Building the evidence for using genetic information to improve 

567



Buonsante VA, Muilerman H, Santos T, Robinson C and Tweedale AC, 2014. Risk assessment’s insensitive toxicity
testing may cause it to fail. Environmental Research, 135, 139–147.

Burton PR, Fortier I and Knoppers BM, 2010. The global emergence of epidemiological biobanks: opportunities and
challenges. In: Khoury M, Bedrosian S, Gwinn M, Higgins J, Ioannidis J and Little J (eds.). Human Genome
Epidemiology. Building the evidence for using genetic information to improve health and prevent disease. 2nd
Edition, Oxford University Press, Oxford. pp. 77–99.

Choi J, Polcher A and Joas A, 2016. Systematic literature review on Parkinson’s disease and Childhood Leukaemia
and mode of actions for pesticides. EFSA supporting publication 2016:EN-955, 256 pp. Available online: http://
www.onlinelibrary.wiley.com/doi/10.2903/sp.efsa.2016.EN-955/pdf

Coble J, Thomas KW, Hines CJ, Hoppin JA, Dosemeci M, Curwin B, Lubin JH, Beane Freeman LE, Blair A, Sandler
DP and Alavanja MC, 2011. An updated algorithm for estimation of pesticide exposure intensity in the
agricultural health study. International Journal of Environmental Research and Public Health, 8, 4608–4622.

Coggon D, 1995. Questionnaire based exposure assessment methods. Science of the Total Environment, 168,
175–178.

Cornelis C, Schoeters G, Kellen E, Buntinx F and Zeegers M, 2009. Development of a GIS-based indicator for
environmental pesticide exposure and its application to a Belgian case-control study on bladder cancer.
International Journal of Hygiene and Environmental Health, 212, 172–185.

la Cour JL, Brok J and Gøtzsche PC, 2010. Inconsistent reporting of surrogate outcomes in randomised clinical
trials: cohort study. BMJ, 341, c3653.

DeBord DG, Burgoon L, Edwards SW, Haber LT, Kanitz MH, Kuempel E, Thomas RS and Yucesoy B, 2015. Systems
biology and biomarkers of early effects for occupational exposure limit setting. The Journal of Occupational and
Environmental Hygiene, 12(Suppl 1), S41–S54.

Dionisio KL, Chang HH and Baxter LK, 2016. A simulation study to quantify the impacts of exposure measurement
error on air pollution health risk estimates in copollutant time-series models. Environmental Health, 15, 114.

DSE (Dutch Society for Epidemiology), 2017. Responsible Epidemiologic Research Practice (RERP). A guideline
developed by the RERP working group of the Dutch Society for Epidemiology, 2017 (available at https://
www.epidemiologie.nl/home.html, https://epidemiologie.nl/fileadmin/Media/docs/Onderzoek/Responsible_Epide
miologic_Research_Practice.2017.pdf)

ECETOC (European Centre for Ecotoxicology and Toxicology of Chemicals), 2009. Framework for the Integration of
Human and Animal Data in Chemical Risk Assessment. Technical Report No. 104. Brussels. Available online:
http://www.ecetoc.org/uploads/Publications/documents/TR%20104.pdf

ECHA/EFSA, 2014. Workshop on Mode of action and Human relevance framework in the context of classification
and labelling (CLH) and regulatory assessment of biocides and pesticides. November 2014. Available online:
https://echa.europa.eu/documents/10162/22816050/moaws_workshop_proceedings_en.pdf/a656803e-4d97-
438f-87ff-fc984cfe4836

EFSA (European Food Safety Authority), 2004. Opinion of the Scientific Panel on Dietetic Products, Nutrition
and Allergies on a request from the Commission related to the presence of trans fatty acids in foods and the
effect on human health of the consumption of trans fatty acids. EFSA Journal 2004;81, 1–49 pp. https://doi.
org/10.2903/j.efsa.2004.81

EFSA (European Food Safety Authority), 2009a. Scientific Opinion of the Panel on Contaminants in the Food Chain
on a request from the European Commission on cadmium in food. EFSA Journal 2009;980, 1–139 pp. https://
doi.org/10.2903/j.efsa.2009.980

EFSA (European Food Safety Authority Panel on Contaminants in the Food Chain CONTAM), 2009b. Scientific
Opinion on arsenic in food. EFSA Journal 2009;7(10):1351, 199 pp. https://doi.org/10.2903/j.efsa.2009.1351

EFSA (European Food Safety Authority), 2010a. Application of systematic review methodology to food and feed
safety assessments to support decision making. EFSA Journal 2010;8(6):1637, 90 pp. https://doi.org/10.2903/
j.efsa.2010.1637

EFSA (European Food Safety Authority) Panel on Contaminants in the Food Chain (CONTAM), 2010b. Scientific
Opinion on Lead in Food. EFSA Journal 2010;8(4):1570, 151 pp. https://doi.org/10.2903/j.efsa.2010.1570

EFSA (European Food Safety Authority), 2011a. Submission of scientific-peer reviewed open literature for the
approval of pesticide active substances under Regulation (EC) No 1107/2009. EFSA Journal 2011;9(2):2092,
49 pp. https://doi.org/10.2903/j.efsa.2011.2092

EFSA (European Food Safety Authority), 2011b. Statistical significance and biological relevance. EFSA Journal
2011;9(9):2372, 17 pp. https://doi.org/10.2903/j.efsa.2011.2372

EFSA (European Food Safety Authority), 2012a. Scientific Opinion on risk assessment terminology. EFSA Journal
2012;10(5):2664, 43 pp. https://www.efsa.europa.eu/en/efsajournal/pub/2664

EFSA (European Food Safety Authority Panel on Contaminants in the Food Chain CONTAM), 2012b. Scientific
Opinion on the risk for public health related to the presence of mercury and methylmercury in food. EFSA
Journal 2012;10(12):2985, 241 pp. https://doi.org/10.2903/j.efsa.2012.2985

EFSA (European Food Safety Authority), 2013a. Scientific Opinion on the identification of pesticides to be included in
cumulative assessment groups on the basis of their toxicological profile. EFSA Journal 2013;11(7):3293, 131 pp.
https://doi.org/10.2903/j.efsa.2013.3293

Epidemiological studies and pesticides

www.efsa.europa.eu/efsajournal 61 EFSA Journal 2017;15(10):5007

www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

61 

health and prevent disease. 2nd Edition, Oxford University Press, Oxford. pp. 77–99. 
Choi J, Polcher A and Joas A, 2016. Systematic literature review on Parkinson’s disease and Childhood 

Leukaemia and mode of actions for pesticides. EFSA supporting publication 2016:EN-955, 256 pp. 
Available online: http:// www.onlinelibrary.wiley.com/doi/10.2903/sp.efsa.2016.EN-955/pdf 

Coble J, Thomas KW, Hines CJ, Hoppin JA, Dosemeci M, Curwin B, Lubin JH, Beane Freeman LE, Blair 
A, Sandler DP and Alavanja MC, 2011. An updated algorithm for estimation of pesticide exposure 
intensity in the agricultural health study. International Journal of Environmental Research and Public 
Health, 8, 4608–4622. 

Coggon D, 1995. Questionnaire based exposure assessment methods. Science of the Total Environment, 
168, 175–178. 

Cornelis C, Schoeters G, Kellen E, Buntinx F and Zeegers M, 2009. Development of a GIS-based indicator 
for environmental pesticide exposure and its application to a Belgian case-control study on bladder 
cancer. International Journal of Hygiene and Environmental Health, 212, 172–185. 

la Cour JL, Brok J and Gøtzsche PC, 2010. Inconsistent reporting of surrogate outcomes in randomised 
clinical trials: cohort study. BMJ, 341, c3653. 

DeBord DG, Burgoon L, Edwards SW, Haber LT, Kanitz MH, Kuempel E, Thomas RS and Yucesoy B, 2015. 
Systems biology and biomarkers of early effects for occupational exposure limit setting. The Journal of 
Occupational and Environmental Hygiene, 12(Suppl 1), S41–S54. 

Dionisio KL, Chang HH and Baxter LK, 2016. A simulation study to quantify the impacts of exposure 
measurement error on air pollution health risk estimates in copollutant time-series models. 
Environmental Health, 15, 114. 

DSE (Dutch Society for Epidemiology), 2017. Responsible Epidemiologic Research Practice (RERP). A 
guideline developed by the RERP working group of the Dutch Society for Epidemiology, 2017 (available 
at https:// www.epidemiologie.nl/home.html, https://epidemiologie.nl/fileadmin/Media/docs/ Onderzoek/ 
Responsible_Epide miologic_Research_Practice.2017.pdf) 

ECETOC (European Centre for Ecotoxicology and Toxicology of Chemicals), 2009. Framework for the 
Integration of Human and Animal Data in Chemical Risk Assessment. Technical Report No. 104. 
Brussels. Available online: http://www.ecetoc.org/uploads/Publications/documents/TR%20104.pdf 

ECHA/EFSA, 2014. Workshop on Mode of action and Human relevance framework in the context of 
classi cation and labelling (CLH) and regulatory assessment of biocides and pesticides. November 2014. 
Available online: https://echa.europa.eu/documents/10162/22816050/moaws_ workshop_proceedings_ en.pdf/ 
a656803e-4d97-438f-87ff-fc984cfe4836 

EFSA (European Food Safety Authority), 2004. Opinion of the Scienti c Panel on Dietetic Products, 
Nutrition and Allergies on a request from the Commission related to the presence of trans fatty acids in 
foods and the effect on human health of the consumption of trans fatty acids. EFSA Journal 2004;81, 1–
49 pp. https://doi. org/10.2903/j.efsa.2004.81 

EFSA (European Food Safety Authority), 2009a. Scienti c Opinion of the Panel on Contaminants in the 
Food Chain on a request from the European Commission on cadmium in food. EFSA Journal 2009;980, 
1–139 pp. https:// doi.org/10.2903/j.efsa.2009.980 

EFSA (European Food Safety Authority Panel on Contaminants in the Food Chain CONTAM), 2009b. 
Scienti c Opinion on arsenic in food. EFSA Journal 2009;7(10):1351, 199 pp. 
https://doi.org/10.2903/j.efsa.2009.1351 

EFSA (European Food Safety Authority), 2010a. Application of systematic review methodology to food and 
feed safety assessments to support decision making. EFSA Journal 2010;8(6):1637, 90 pp. 
https://doi.org/10.2903/ j.efsa.2010.1637 

EFSA (European Food Safety Authority) Panel on Contaminants in the Food Chain (CONTAM), 2010b. 
Scienti c Opinion on Lead in Food. EFSA Journal 2010;8(4):1570, 151 pp. 
https://doi.org/10.2903/j.efsa.2010.1570 

EFSA (European Food Safety Authority), 2011a. Submission of scienti c-peer reviewed open literature for 
the approval of pesticide active substances under Regulation (EC) No 1107/2009. EFSA Journal 
2011;9(2):2092, 49 pp. https://doi.org/10.2903/j.efsa.2011.2092 

EFSA (European Food Safety Authority), 2011b. Statistical signi cance and biological relevance. EFSA 
Journal 2011;9(9):2372, 17 pp. https://doi.org/10.2903/j.efsa.2011.2372 

EFSA (European Food Safety Authority), 2012a. Scienti c Opinion on risk assessment terminology. EFSA 
Journal 2012;10(5):2664, 43 pp. https://www.efsa.europa.eu/en/efsajournal/pub/2664 

EFSA (European Food Safety Authority Panel on Contaminants in the Food Chain CONTAM), 2012b. 
Scienti c Opinion on the risk for public health related to the presence of mercury and methylmercury in 
food. EFSA Journal 2012;10(12):2985, 241 pp. https://doi.org/10.2903/j.efsa.2012.2985 

EFSA (European Food Safety Authority), 2013a. Scienti c Opinion on the identi cation of pesticides to be 
included in cumulative assessment groups on the basis of their toxicological pro le. EFSA Journal 
2013;11(7):3293, 131 pp. https://doi.org/10.2903/j.efsa.2013.3293 

EFSA (European Food Safety Authority), 2013b. Scienti c Opinion on the relevance of dissimilar mode of 
action and its appropriate application for cumulative risk assessment of pesticides residues in food. 
EFSA Journal 2013;11(12):3472, 40 pp. https://doi.org/10.2903/j.efsa.2013.3472 

EFSA (European Food Safety Authority), 2014a. Conclusion on the peer review of the pesticide human 
health risk assessment of the active substance chlorpyrifos. EFSA Journal 2014;12(4):3640, 34 pp. 
https://doi.org/ 10.2903/j.efsa.2014.3640 

EFSA (European Food Safety Authority), 2014b. Guidance on statistical reporting. EFSA Journal 
2014;12(12): 3908, 18 pp. https://doi.org/10.2903/j.efsa.2014.3908 

EFSA (European Food Safety Authority), 2015a. Stakeholder Workshop on the use of epidemiological data 

568



EFSA (European Food Safety Authority), 2013b. Scientific Opinion on the relevance of dissimilar mode of action
and its appropriate application for cumulative risk assessment of pesticides residues in food. EFSA Journal
2013;11(12):3472, 40 pp. https://doi.org/10.2903/j.efsa.2013.3472

EFSA (European Food Safety Authority), 2014a. Conclusion on the peer review of the pesticide human health risk
assessment of the active substance chlorpyrifos. EFSA Journal 2014;12(4):3640, 34 pp. https://doi.org/
10.2903/j.efsa.2014.3640

EFSA (European Food Safety Authority), 2014b. Guidance on statistical reporting. EFSA Journal 2014;12(12):
3908, 18 pp. https://doi.org/10.2903/j.efsa.2014.3908

EFSA (European Food Safety Authority), 2015a. Stakeholder Workshop on the use of epidemiological data in
pesticide risk assessment. EFSA supporting publication 2015:EN-798, 8 pp. Available online: https://www.efsa.
europa.eu/en/supporting/pub/798e

EFSA (European Food Safety Authority), 2015b. Increasing robustness, transparency and openness of scientific
assessments – Report of the Workshop held on 29–30 June 2015 in Brussels. EFSA supporting publication
2015:EN-913. 29 pp. Available online: http://www.efsa.europa.eu/sites/default/files/corporate_publications/
files/913e.pdf

EFSA (European Food Safety Authority), 2015c. Conclusion on the peer review of the pesticide risk assessment of the
active substance glyphosate. EFSA Journal 2015;13(11):4302, 107 pp. https://doi.org/10.2903/j.efsa.2015.4302

EFSA PPR Panel (European Food Safety Authority Panel on Plant Protection Products and their Residues), 2017.
Scientific Opinion on the investigation into experimental toxicological properties of plant protection products
having a potential link to Parkinson’s disease and childhood leukaemia. EFSA Journal 2017;15(3):4691, 325 pp.
https://doi.org/10.2903/j.efsa.2017.4691

EFSA Scientific Committee (European Food Safety Authority Scientific Committee), 2017a. Guidance on the
assessment of the biological relevance of data in scientific assessments. EFSA Journal 2017;15(8):4970, 73 pp.
https://doi.org/10.2903/j.efsa.2017.4970

EFSA Scientific Committee (European Food Safety Authority Scientific Committee), 2017b. Guidance on the use of
the weight of evidence approach in scientific assessments. EFSA Journal 2017;15(8):4971, 69 pp. https://doi.
org/10.2903/j.efsa.2017.4971.

EFSA Scientific Committee (European Food Safety Authority Scientific Committee), 2017c. Update: guidance on the
use of the benchmark dose approach in risk assessment. EFSA Journal 2017;15(1): 4658, 41 pp. https://doi.
org/10.2903/j.efsa.2017.4658

von Elm E, Altman DG, Egger M, Pocock SJ and Gøtzsche PC, Vandenbroucke JP and STROBE Initiative, 2007.
Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) statement: guidelines for
reporting observational studies. BMJ, 335, 806–808.

Esch EW, Bahinski A and Huh D, 2015. Organs-on-chips at the frontiers of drug discovery. Nature Reviews. Drug
Discovery, 14, 248–260.

Fedak KM, Bernal A, Capshaw ZA and Gross S, 2015. Applying the Bradford Hill criteria in the 21st century: how
data integration has changed causal inference in molecular epidemiology. Emerging Themes in Epidemiology,
30, 14.

Gibson SB, Downie JM, Tsetsou S, Feusier JE, Figueroa KP, Bromberg MB, Jorde LB and Pulst SM, 2017. The
evolving genetic risk for sporadic ALS. Neurology, 89, 226–233.

G�omez-Mart�ın A, Hern�andez AF, Mart�ınez-Gonz�alez LJ, Gonz�alez-Alzaga B, Rodr�ıguez-Barranco M, L�opez-Flores I,
Aguilar-Garduno C and Lacasana M, 2015. Polymorphisms of pesticide-metabolizing genes in children living in
intensive farming communities. Chemosphere, 139, 534–540.

Gonz�alez-Alzaga B, Hern�andez AF, Rodr�ıguez-Barranco M, G�omez I, Aguilar-Gardu~no C, L�opez-Flores I, Parr�on T
and Lacasa~na M, 2015. Pre- and postnatal exposures to pesticides and neurodevelopmental effects in children
living in agricultural communities from South-Eastern Spain. Environment International, 85, 229–237.

Greenland S and Longnecker MP, 1992. Methods for trend estimation from summarized dose-response data, with
applications to meta-analysis. American Journal of Epidemiology, 135, 1301–1309.

Greenland S and O’Rourke K, 2008. Meta-analysis. In: Rothman K, Greenland S and Lash T (eds). Modern
Epidemiology. 3. Lippincott Williams & and Wilkins, Philadelphia. pp. 652–682.

Greenland S, Senn SJ, Rothman KJ, Carlin JB, Poole C, Goodman SN and Altman DG, 2016. Statistical tests, P
values, confidence intervals, and power: a guide to misinterpretations. European Journal of Epidemiology, 31,
337–350.

Grimes DA and Schulz KF, 2005. Surrogate end points in clinical research: hazardous to your health. Obstetrics
and Gynecology, 105, 1114–1118.

Gustafson P and McCandless LC, 2010. Probabilistic approaches to better quantifying the results of epidemiologic
studies. International Journal of Environmental Research and Public Health, 7, 1520–1539.

Hern�andez AF, Gonz�alez-Alzaga B, L�opez-Flores I and Lacasa~na M, 2016. Systematic reviews on
neurodevelopmental and neurodegenerative disorders linked to pesticide exposure: methodological features
and impact on risk assessment. Environment International, 92–93, 657–679.

Higgins JP, 2008. Commentary: heterogeneity in meta-analysis should be expected and appropriately quantified.
International Journal of Epidemiology, 37, 1158–1160.

Epidemiological studies and pesticides

www.efsa.europa.eu/efsajournal 62 EFSA Journal 2017;15(10):5007

www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

62 

in pesticide risk assessment. EFSA supporting publication 2015:EN-798, 8 pp. Available online: 
https://www.efsa. europa.eu/en/supporting/pub/798e 

EFSA (European Food Safety Authority), 2015b. Increasing robustness, transparency and openness of 
scienti c assessments – Report of the Workshop held on 29–30 June 2015 in Brussels. EFSA supporting 
publication 2015: EN-913. 29 pp. Available online: http://www.efsa.europa.eu/sites/default/ 
files/corporate 
_publications/ les/913e.pdf 

EFSA (European Food Safety Authority), 2015c. Conclusion on the peer review of the pesticide risk 
assessment of the active substance glyphosate. EFSA Journal 2015;13(11):4302, 107 pp. 
https://doi.org/10.2903/j.efsa.2015.4302 

EFSA PPR Panel (European Food Safety Authority Panel on Plant Protection Products and their Residues), 
2017. Scienti c Opinion on the investigation into experimental toxicological properties of plant 
protection products having a potential link to Parkinson’s disease and childhood leukaemia. EFSA 
Journal 2017;15(3):4691, 325 pp. https://doi.org/10.2903/j.efsa.2017.4691 

EFSA Scienti c Committee (European Food Safety Authority Scienti c Committee), 2017a. Guidance on 
the assessment of the biological relevance of data in scienti c assessments. EFSA Journal 
2017;15(8):4970, 73 pp. https://doi.org/10.2903/j.efsa.2017.4970 

EFSA Scienti c Committee (European Food Safety Authority Scienti c Committee), 2017b. Guidance on 
the use of the weight of evidence approach in scienti c assessments. EFSA Journal 2017;15(8):4971, 69 
pp. https://doi. org/10.2903/j.efsa.2017.4971. 

EFSA Scienti c Committee (European Food Safety Authority Scienti c Committee), 2017c. Update: 
guidance on the use of the benchmark dose approach in risk assessment. EFSA Journal 2017;15(1): 4658, 
41 pp. https://doi. org/10.2903/j.efsa.2017.4658 

von Elm E, Altman DG, Egger M, Pocock SJ and Gøtzsche PC, Vandenbroucke JP and STROBE Initiative, 
2007. Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) statement: 
guidelines for reporting observational studies. BMJ, 335, 806–808. 

Esch EW, Bahinski A and Huh D, 2015. Organs-on-chips at the frontiers of drug discovery. Nature Reviews. 
Drug Discovery, 14, 248–260. 

Fedak KM, Bernal A, Capshaw ZA and Gross S, 2015. Applying the Bradford Hill criteria in the 21st 
century: how data integration has changed causal inference in molecular epidemiology. Emerging 
Themes in Epidemiology, 30, 14. 

Gibson SB, Downie JM, Tsetsou S, Feusier JE, Figueroa KP, Bromberg MB, Jorde LB and Pulst SM, 2017. 
The evolving genetic risk for sporadic ALS. Neurology, 89, 226–233. 

Gómez-Martín A, Hernández AF, Martínez-González LJ, González-Alzaga B, Rodríguez-Barranco M, 
Lopez-Flores I, Aguilar-Garduno C and Lacasana M, 2015. Polymorphisms of pesticide-metabolizing 
genes in children living in intensive farming communities. Chemosphere, 139, 534–540. 

González-Alzaga B, Hernández AF, Rodríguez-Barranco M, Gómez I, Aguilar-Garduño C, López-Flores I, 
Parrón T and Lacasaña M, 2015. Pre- and postnatal exposures to pesticides and neurodevelopmental 
effects in children living in agricultural communities from South-Eastern Spain. Environment 
International, 85, 229–237. 

Greenland S and Longnecker MP, 1992. Methods for trend estimation from summarized dose-response 
data, with applications to meta-analysis. American Journal of Epidemiology, 135, 1301–1309. 

Greenland S and O’Rourke K, 2008. Meta-analysis. In: Rothman K, Greenland S and Lash T (eds). Modern 
Epidemiology. 3. Lippincott Williams & and Wilkins, Philadelphia. pp. 652–682. 

Greenland S, Senn SJ, Rothman KJ, Carlin JB, Poole C, Goodman SN and Altman DG, 2016. Statistical 
tests, P values, con dence intervals, and power: a guide to misinterpretations. European Journal of 
Epidemiology, 31, 337–350. 

Grimes DA and Schulz KF, 2005. Surrogate end points in clinical research: hazardous to your health. 
Obstetrics and Gynecology, 105, 1114–1118. 

Gustafson P and McCandless LC, 2010. Probabilistic approaches to better quantifying the results of 
epidemiologic studies. International Journal of Environmental Research and Public Health, 7, 1520–
1539. 

Hernández AF, González-Alzaga B, López-Flores I and Lacasaña M, 2016. Systematic reviews on 
neurodevelopmental and neurodegenerative disorders linked to pesticide exposure: methodological 
features and impact on risk assessment. Environment International, 92–93, 657–679. 

Higgins JP, 2008. Commentary: heterogeneity in meta-analysis should be expected and appropriately 
quanti ed. International Journal of Epidemiology, 37, 1158–1160. 

Hill AB, 1965. The environment and disease: association or causation? Proceedings of the Royal Society of 
Medicine, 58, 295–300. 

Hines CJ, Deddens JA, Coble J, Kamel F and Alavanja MC, 2011. Determinants of captan air and dermal 
exposures among orchard pesticide applicators in the Agricultural Health Study. Annals of Occupational 
Hygiene, 55, 620–633. 

Hoffmann S, de Vries RBM, Stephens ML, Beck NB, Dirven HAAM, Fowle JR 3rd, Goodman JE, Hartung 
T, Kimber I, Lalu MM, Thayer K, Whaley P, Wikoff D and Tsaioun K, 2017. A primer on systematic reviews 
in toxicology. Archives of Toxicology, 91, 2551–2575. 

Hö er M, 2005. The Bradford Hill considerations on causality: a counterfactual perspective. Emerging 
Themes in Epidemiology, 2, 11. 

IEA (International Epidemiological Association), 2007. Good Epidemiological Practice (GEP) 2007. 
Available online: http://ieaweb.org/good-epidemiological-practice-gep/ 

Imbens G and Rubin D, 2015. Causal Inference for Statistics, Social, and Biomedical Sciences: An 

569



Hill AB, 1965. The environment and disease: association or causation? Proceedings of the Royal Society of
Medicine, 58, 295–300.

Hines CJ, Deddens JA, Coble J, Kamel F and Alavanja MC, 2011. Determinants of captan air and dermal
exposures among orchard pesticide applicators in the Agricultural Health Study. Annals of Occupational
Hygiene, 55, 620–633.

Hoffmann S, de Vries RBM, Stephens ML, Beck NB, Dirven HAAM, Fowle JR 3rd, Goodman JE, Hartung T, Kimber I,
Lalu MM, Thayer K, Whaley P, Wikoff D and Tsaioun K, 2017. A primer on systematic reviews in toxicology.
Archives of Toxicology, 91, 2551–2575.

H€ofler M, 2005. The Bradford Hill considerations on causality: a counterfactual perspective. Emerging Themes in
Epidemiology, 2, 11.

IEA (International Epidemiological Association), 2007. Good Epidemiological Practice (GEP) 2007. Available online:
http://ieaweb.org/good-epidemiological-practice-gep/

Imbens G and Rubin D, 2015. Causal Inference for Statistics, Social, and Biomedical Sciences: An Introduction.
Cambridge University Press, New York, NY.

INSERM, 2013. Pesticides. Effets sur la sant�e. Collection expertise collective, Inserm, Paris, 2013.
Ioannidis JP and Trikalinos TA, 2007. An exploratory test for an excess of significant findings. Clinical Trials, 4,

245–253.
Jurek AM, Greenland S, Maldonado G and Church TR, 2005. Proper interpretation of non-differential

misclassification effects: expectations vs observations. International Journal of Epidemiology, 34, 680–687.
Kaltenh€auser J, Kneuer C, Marx-Stoelting P, Niemann L, Schubert J, Stein B and Solecki R, 2017. Relevance and

reliability of experimental data in human health risk assessment of pesticides. Regulatory Toxicology and
Pharmacology, 88, 227–237.

Karabatsos G, Talbott E and Walker SG, 2015. A Bayesian nonparametric meta-analysis model. Research Synthesis
Methods, 6, 28–44.

Kavvoura FK, Liberopoulos G and Ioannidis JP, 2007. Selection in reported epidemiological risks: an empirical
assessment. PLoS Medicine, 4, e79.

Lachenmeier DW, Kanteres F and Rehm J, 2011. Epidemiology-based risk assessment using the benchmark dose/
margin of exposure approach: the example of ethanol and liver cirrhosis. International Journal of Epidemiology,
40, 210–218.

LaKind JS, Sobus JR, Goodman M, Barr DB, Furst P, Albertini RJ, Arbuckle TE, Schoeters G, Tan YM, Teequarden J,
Tornero-Velez R and Weisel CP, 2014. A proposal for assessing study quality: biomonitoring, environmental
epidemiology, and short-lived chemicals (BEES-C) instrument. Environmental International, 73, 195–207.

LaKind JS, Goodman M, Barr DB, Weisel CP and Schoeters G, 2015. Lessons learned from the application of BEES-C:
systematic assessment of study quality of epidemiologic research on BPA, neurodevelopment, and respiratory
health. Environment International, 80, 41–71.

Landgren O, Kyle RA, Hoppin JA, Beane Freeman LE, Cerhan JR, Katzmann JA, Rajkumar SV and Alavanja MC,
2009. Pesticide exposure and risk of monoclonal gammopathy of undetermined significance in the Agricultural
Health Study. Blood, 113, 6386–6391.

Larsson MO, Nielsen VS, Brandt CØ, Bjerre N, Laporte F and Cedergreen N, 2017. Quantifying dietary exposure to
pesticide residues using spraying journal data. Food and Chemical Toxicology, 105, 407–428.

Lash TL, Fox MP and Fink AK, 2009. Applying Quantitative Bias Analysis to Epidemiologic Data. Springer, New York.
Lavelle KS, Robert Schnatter A, Travis KZ, Swaen GM, Pallapies D, Money C, Priem P and Vrijhof H, 2012.

Framework for integrating human and animal data in chemical risk assessment. Regulatory Toxicology and
Pharmacology, 62, 302–312.

London L, Coggon D, Moretto A, Westerholm P, Wilks MF and Colosio C, 2010. The ethics of human volunteer
studies involving experimental exposure to pesticides: unanswered dilemmas. Environmental Health, 18, 50.

Maldonado G and Greenland S, 2002. Estimating causal effects. International Journal of Epidemiology, 31, 422–429.
Marx-Stoelting P, Braeuning A, Buhrke T, Lampen A, Niemann L, Oelgeschlaeger M, Rieke S, Schmidt F, Heise T,

Pfeil R and Solecki R, 2015. Application of omics data in regulatory toxicology: report of an international BfR
expert workshop. Archives of Toxicology, 89, 2177–2184.

McNamee R, 2003. Confounding and confounders. Occupational and Environmental Medicine, 60, 227–234.
Monson R, 1990. Occupational Epidemiology, 2nd Edition. CRC Press, Boca Ration, FL.
Mu~noz-Quezada MT, Lucero BA, Barr DB, Steenland K, Levy K, Ryan PB, Iglesias V, Alvarado S, Concha C, Rojas E

and Vega C, 2013. Neurodevelopmental effects in children associated with exposure to organophosphate
pesticides: a systematic review. Neurotoxicology, 39, 158–168.

Nachman KE, Fox MA, Sheehan MC, Burke TA, Rodricks JV and Woodruff TJ, 2011. Leveraging epidemiology to
improve risk assessment. Open Epidemiology Journal, 4, 3–29.

Nieuwenhuijsen MJ, 2015. Exposure assessment in environmental epidemiology. In: Vrijheid M (ed.). The
Exposome-Concept and Implementation in Birth Cohorts Chapter 14. Oxford University Press.

NRC (National Research Council), 2007. Toxicity Testing in the 21st Century: A Vision and a Strategy. Washington,
DC: The National Academies Press.

NRC (National Research Council), 2009. Science and Decisions: Advancing Risk Assessment. The National
Academies Press, Washington, DC.

Epidemiological studies and pesticides

www.efsa.europa.eu/efsajournal 63 EFSA Journal 2017;15(10):5007

www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

63 

Introduction. Cambridge University Press, New York, NY. 
INSERM, 2013. Pesticides. Effets sur la santé. Collection expertise collective, Inserm, Paris, 2013. 
Ioannidis JP and Trikalinos TA, 2007. An exploratory test for an excess of signi cant ndings. Clinical 

Trials, 4, 245–253. 
Jurek AM, Greenland S, Maldonado G and Church TR, 2005. Proper interpretation of non-differential 

misclassi cation effects: expectations vs observations. International Journal of Epidemiology, 34, 680–
687. 

Kaltenhäuser J, Kneuer C, Marx-Stoelting P, Niemann L, Schubert J, Stein B and Solecki R, 2017. Relevance 
and reliability of experimental data in human health risk assessment of pesticides. Regulatory Toxicology 
and Pharmacology, 88, 227–237. 

Karabatsos G, Talbott E and Walker SG, 2015. A Bayesian nonparametric meta-analysis model. Research 
Synthesis Methods, 6, 28–44. 

Kavvoura FK, Liberopoulos G and Ioannidis JP, 2007. Selection in reported epidemiological risks: an 
empirical assessment. PLoS Medicine, 4, e79. 

Lachenmeier DW, Kanteres F and Rehm J, 2011. Epidemiology-based risk assessment using the 
benchmark dose/margin of exposure approach: the example of ethanol and liver cirrhosis. International 
Journal of Epidemiology, 40, 210–218. 

LaKind JS, Sobus JR, Goodman M, Barr DB, Furst P, Albertini RJ, Arbuckle TE, Schoeters G, Tan YM, 
Teequarden J, Tornero-Velez R and Weisel CP, 2014. A proposal for assessing study quality: biomonitoring, 
environmental epidemiology, and short-lived chemicals (BEES-C) instrument. Environmental 
International, 73, 195–207. 

LaKind JS, Goodman M, Barr DB, Weisel CP and Schoeters G, 2015. Lessons learned from the application 
of BEES-C: systematic assessment of study quality of epidemiologic research on BPA, neurodevelopment, 
and respiratory health. Environment International, 80, 41–71. 

Landgren O, Kyle RA, Hoppin JA, Beane Freeman LE, Cerhan JR, Katzmann JA, Rajkumar SV and 
Alavanja MC, 2009. Pesticide exposure and risk of monoclonal gammopathy of undetermined 
signi cance in the Agricultural Health Study. Blood, 113, 6386–6391. 

Larsson MO, Nielsen VS, Brandt CØ, Bjerre N, Laporte F and Cedergreen N, 2017. Quantifying dietary 
exposure to pesticide residues using spraying journal data. Food and Chemical Toxicology, 105, 407–428. 

Lash TL, Fox MP and Fink AK, 2009. Applying Quantitative Bias Analysis to Epidemiologic Data. Springer, 
New York. 

Lavelle KS, Robert Schnatter A, Travis KZ, Swaen GM, Pallapies D, Money C, Priem P and Vrijhof H, 2012. 
Framework for integrating human and animal data in chemical risk assessment. Regulatory Toxicology 
and Pharmacology, 2012; 62, 302–312. 

London L, Coggon D, Moretto A, Westerholm P, Wilks MF and Colosio C, 2010. The ethics of human 
volunteer studies involving experimental exposure to pesticides: unanswered dilemmas. Environmental 
Health, 18, 50. 

Maldonado G and Greenland S, 2002. Estimating causal effects. International Journal of Epidemiology, 31, 
422–429.  

Marx-Stoelting P, Braeuning A, Buhrke T, Lampen A, Niemann L, Oelgeschlaeger M, Rieke S, Schmidt 
F, Heise T, Pfeil R and Solecki R, 2015. Application of omics data in regulatory toxicology: report of an 
international BfR expert workshop. Archives of Toxicology, 89, 2177–2184. 

McNamee R, 2003. Confounding and confounders. Occupational and Environmental Medicine, 60, 227–
234. 

Monson R, 1990. Occupational Epidemiology, 2nd Edition. CRC Press, Boca Ration, FL. 
Muñoz-Quezada MT, Lucero BA, Barr DB, Steenland K, Levy K, Ryan PB, Iglesias V, Alvarado S, Concha 

C, Rojas E and Vega C, 2013. Neurodevelopmental effects in children associated with exposure to 
organophosphate pesticides: a systematic review. Neurotoxicology, 39, 158–168. 

Nachman KE, Fox MA, Sheehan MC, Burke TA, Rodricks JV and Woodruff TJ, 2011. Leveraging 
epidemiology to improve risk assessment. Open Epidemiology Journal, 4, 3–29. 

Nieuwenhuijsen MJ, 2015. Exposure assessment in environmental epidemiology. In: Vrijheid M (ed.). The 
Exposome-Concept and Implementation in Birth Cohorts Chapter 14. Oxford University Press. 

NRC (National Research Council), 2007. Toxicity Testing in the 21st Century: A Vision and a Strategy. 
Washington, DC: The National Academies Press. 

NRC (National Research Council), 2009. Science and Decisions: Advancing Risk Assessment. The National 
Academies Press, Washington, DC. 

Ntzani EE, Chondrogiorgi M, Ntritsos G, Evangelou E and Tzoulaki I, 2013. Literature review on 
epidemiological studies linking exposure to pesticides and health effects. EFSA supporting publication 
2013: EN-497, 159 pp. 

OECD (Organisation for Economic Co-operation and Development), 2013. Guidance Document on 
Developing and Assessing Adverse Outcome Pathways. Series on Testing and Assessment, No. 184. Paris. 
Avilable online: http:// search.oecd.org/officialdocuments/displaydocumentpdf/?cote=env/jm/mono%282013% 
296&doclanguage=en 

Orford R, Crabbe H, Hague C, Schaper A and Duarte-Davidson R, 2014. EU alerting and reporting systems 
for potential chemical public health threats and hazards. Environment International, 72, 15–25. 

Orford R, Hague C, Duarte-Davidson R, Settimi L, Davanzo F, Desel H, Pelclova D, Dragelyte G, Mathieu-
Nolf M, Jackson G and Adams R, 2015. Detecting, alerting and monitoring emerging chemical health 
threats: ASHTIII. European Journal of Public Health, 25(supp 3), 218. 

Orsini N, Li R, Wolk A, Khudyakov P and Spiegelman D, 2012. Meta-analysis for linear and nonlinear dose-
response relations: examples, an evaluation of approximations, and software. American Journal of 

570



Ntzani EE, Chondrogiorgi M, Ntritsos G, Evangelou E and Tzoulaki I, 2013. Literature review on epidemiological
studies linking exposure to pesticides and health effects. EFSA supporting publication 2013:EN-497, 159 pp.

OECD (Organisation for Economic Co-operation and Development), 2013. Guidance Document on Developing and
Assessing Adverse Outcome Pathways. Series on Testing and Assessment, No. 184. Paris. Avilable online: http://
search.oecd.org/officialdocuments/displaydocumentpdf/?cote=env/jm/mono%282013%296&doclanguage=en

Orford R, Crabbe H, Hague C, Schaper A and Duarte-Davidson R, 2014. EU alerting and reporting systems for
potential chemical public health threats and hazards. Environment International, 72, 15–25.

Orford R, Hague C, Duarte-Davidson R, Settimi L, Davanzo F, Desel H, Pelclova D, Dragelyte G, Mathieu-Nolf M,
Jackson G and Adams R, 2015. Detecting, alerting and monitoring emerging chemical health threats: ASHTIII.
European Journal of Public Health, 25(supp 3), 218.

Orsini N, Li R, Wolk A, Khudyakov P and Spiegelman D, 2012. Meta-analysis for linear and nonlinear dose-response
relations: examples, an evaluation of approximations, and software. American Journal of Epidemiology, 175,
66–73.

Oulhote Y and Bouchard MF, 2013. Urinary metabolites of organophosphate and pyrethroid pesticides and
behavioral problems in Canadian children. Environmental Health Perspectives, 121, 1378–1384.

Pearce N, 2011. Registration of protocols for observational research is unnecessary and would do more harm than
good. Occupational and Environmental Medicine, 68, 86–88.

Pearce N, 2012. Classification of epidemiological study designs. International Journal of Epidemiology, 41, 393–397.
Pearce N, Blair A, Vineis P, Ahrens W, Andersen A, Anto JM, Armstrong BK, Baccarelli AA, Beland FA, Berrington A,

Bertazzi PA, Birnbaum LS, Brownson RC, Bucher JR, Cantor KP, Cardis E, Cherrie JW, Christiani DC, Cocco P,
Coggon D, Comba P, Demers PA, Dement JM, Douwes J, Eisen EA, Engel LS, Fenske RA, Fleming LE, Fletcher
T, Fontham E, Forastiere F, Frentzel-Beyme R, Fritschi L, Gerin M, Goldberg M, Grandjean P, Grimsrud TK,
Gustavsson P, Haines A, Hartge P, Hansen J, Hauptmann M, Heederik D, Hemminki K, Hemon D, Hertz-Picciotto
I, Hoppin JA, Huff J, Jarvholm B, Kang D, Karagas MR, Kjaerheim K, Kjuus H, Kogevinas M, Kriebel D,
Kristensen P, Kromhout H, Laden F, Lebailly P, LeMasters G, Lubin JH, Lynch CF, Lynge E, ‘t Mannetje A,
McMichael AJ, McLaughlin JR, Marrett L, Martuzzi M, Merchant JA, Merler E, Merletti F, Miller A, Mirer FE,
Monson R, Nordby KC, Olshan AF, Parent ME, Perera FP, Perry MJ, Pesatori AC, Pirastu R, Porta M, Pukkala E,
Rice C, Richardson DB, Ritter L, Ritz B, Ronckers CM, Rushton L, Rusiecki JA, Rusyn I, Samet JM, Sandler DP,
de Sanjose S, Schernhammer E, Costantini AS, Seixas N, Shy C, Siemiatycki J, 2015. Silverman DT, Simonato L,
Smith AH, Smith MT, Spinelli JJ, Spitz MR, Stallones L, Stayner LT, Steenland K, Stenzel M, Stewart BW, Stewart
PA, Symanski E, Terracini B, Tolbert PE, Vainio H, Vena J, Vermeulen R, Victora CG, Ward EM, Weinberg CR,
Weisenburger D, Wesseling C, Weiderpass E, Zahm SH. IARC monographs: 40 years of evaluating carcinogenic
hazards to humans. Environmental Health Perspectives, 123, 507–514.

Raffaele KC, Vulimiri SV and Bateson TF, 2011. Benefits and barriers to using epidemiology data in environmental
risk. The Journal of Epidemiology, 4, 99–105.

Raphael K, 1987. Recall bias: a proposal for assessment and control. International Journal of Epidemiology, 16,
167–170.

Rappaport SM, 2012. Biomarkers intersect with the exposome. Biomarkers, 17, 483–489.
Reich CG, Ryan PB and Schuemie MJ, 2013. Alternative outcome definitions and their effect on the performance of

methods for observational outcome studies. Drug Safety, 36(Suppl 1), S181–S193.
Rothman KJ, 2002. Epidemiology – An Introduction. Oxford University Press, Oxford.
Rothman KJ and Greenland S, 1998. Modern Epidemiology. 2. Philadelphia: Lippincott Williams & Wilkins, 27 pp.
Rothman KJ, Greenland S and Lash TL, 2008. Modern Epidemiology, 3rd Edition. Lippincott Williams & Wilkins,

Philadelphia, PA, USA.
Rushton L, 2011. Should protocols for observational research be registered? Occupational and Environmental

Medicine, 68, 84–86.
Salerno J, Knoppers BM, Lee LM, Hlaing WW and Goodman KW, 2017. Ethics, big data and computing in

epidemiology and public health. Annals of Epidemiology, 27, 297–301. https://doi.org/10.1016/j.annepidem.
2017.05.002

Santacatterina M and Bottai M, 2015. Inferences and conjectures in clinical trials: a systematic review of
generalizability of study findings. Journal of Internal Medicine, 279, 123–126. https://doi.org/10.1111/joim.12389

SCENIHR, 2012. Memorandum on the use of the scientific literature for human health risk assessment purposes –
weighing of evidence and expression of uncertainty.

Simera I, Moher D, Hoey J, Schulz KF and Altman DG, 2010. A catalogue of reporting guidelines for health
research. European Journal of Clinical Investigation, 40, 35–53.

Skelly AC, 2011. Probability, proof, and clinical significance. Evidence-Based Spine-Care Journal, 2, 9–11.
Spiegelman D, 2016. Evaluating Public Health Interventions: 4. the nurses’ health study and methods for

eliminating bias attributable to measurement error and misclassification. American Journal of Public Health,
106, 1563–1566.

Stang PE, Ryan PB, Dusetzina SB, Hartzema AG, Reich C, Overhage JM and Racoosin JA, 2012. Health outcomes
of interest in observational data: issues in identifying definitions in the literature. Health Outcomes Research in
Medicine, 3, e37–e44.

Thomas DC, 2009. Statistical Methods in Environmental Epidemiology. Oxford University Press, Oxford, UK.

Epidemiological studies and pesticides

www.efsa.europa.eu/efsajournal 64 EFSA Journal 2017;15(10):5007

www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

64 

Epidemiology, 175, 66–73. 
Oulhote Y and Bouchard MF, 2013. Urinary metabolites of organophosphate and pyrethroid pesticides and 

behavioral problems in Canadian children. Environmental Health Perspectives, 121, 1378–1384. 
Pearce N, 2011. Registration of protocols for observational research is unnecessary and would do more 

harm than good. Occupational and Environmental Medicine, 68, 86–88. 
Pearce N, 2012. Classi cation of epidemiological study designs. International Journal of Epidemiology, 41, 

393–397. Pearce N, Blair A, Vineis P, Ahrens W, Andersen A, Anto JM, Armstrong BK, Baccarelli AA, 
Beland FA, Berrington A, Bertazzi PA, Birnbaum LS, Brownson RC, Bucher JR, Cantor KP, Cardis E, 
Cherrie JW, Christiani DC, Cocco P, Coggon D, Comba P, Demers PA, Dement JM, Douwes J, Eisen EA, 
Engel LS, Fenske RA, Fleming LE, Fletcher T, Fontham E, Forastiere F, Frentzel-Beyme R, Fritschi L, 
Gerin M, Goldberg M, Grandjean P, Grimsrud TK, Gustavsson P, Haines A, Hartge P, Hansen J, 
Hauptmann M, Heederik D, Hemminki K, Hemon D, Hertz-Picciotto I, Hoppin JA, Huff J, Jarvholm B, 
Kang D, Karagas MR, Kjaerheim K, Kjuus H, Kogevinas M, Kriebel D, Kristensen P, Kromhout H, Laden 
F, Lebailly P, LeMasters G, Lubin JH, Lynch CF, Lynge E, ‘t Mannetje A, McMichael AJ, McLaughlin JR, 
Marrett L, Martuzzi M, Merchant JA, Merler E, Merletti F, Miller A, Mirer FE, Monson R, Nordby KC, 
Olshan AF, Parent ME, Perera FP, Perry MJ, Pesatori AC, Pirastu R, Porta M, Pukkala E, Rice C, 
Richardson DB, Ritter L, Ritz B, Ronckers CM, Rushton L, Rusiecki JA, Rusyn I, Samet JM, Sandler DP, 
de Sanjose S, Schernhammer E, Costantini AS, Seixas N, Shy C, Siemiatycki J, 2015. Silverman DT, 
Simonato L, Smith AH, Smith MT, Spinelli JJ, Spitz MR, Stallones L, Stayner LT, Steenland K, Stenzel 
M, Stewart BW, Stewart PA, Symanski E, Terracini B, Tolbert PE, Vainio H, Vena J, Vermeulen R, Victora 
CG, Ward EM, Weinberg CR, Weisenburger D, Wesseling C, Weiderpass E, Zahm SH. IARC monographs: 
40 years of evaluating carcinogenic hazards to humans. Environmental Health Perspectives, 123, 507–
514. 

Raffaele KC, Vulimiri SV and Bateson TF, 2011. Bene ts and barriers to using epidemiology data in 
environmental risk. The Journal of Epidemiology, 4, 99–105. 

Raphael K, 1987. Recall bias: a proposal for assessment and control. International Journal of Epidemiology, 
16, 167–170. 

Rappaport SM, 2012. Biomarkers intersect with the exposome. Biomarkers, 17, 483–489. 
Reich CG, Ryan PB and Schuemie MJ, 2013. Alternative outcome de nitions and their effect on the 

performance of methods for observational outcome studies. Drug Safety, 36(Suppl 1), S181–S193. 
Rothman KJ, 2002. Epidemiology – An Introduction. Oxford University Press, Oxford. 
Rothman KJ and Greenland S, 1998. Modern Epidemiology. 2. Philadelphia: Lippincott Williams & Wilkins, 

27 pp. 
Rothman KJ, Greenland S and Lash TL, 2008. Modern Epidemiology, 3rd Edition. Lippincott Williams & 

Wilkins, Philadelphia, PA, USA. 
Rushton L, 2011. Should protocols for observational research be registered? Occupational and 

Environmental Medicine, 68, 84–86. 
Salerno J, Knoppers BM, Lee LM, Hlaing WW and Goodman KW, 2017. Ethics, big data and computing in 

epidemiology and public health. Annals of Epidemiology, 27, 297–301. https://doi.org/10.1016/ j. 
annepidem. 2017.05.002 

Santacatterina M and Bottai M, 2015. Inferences and conjectures in clinical trials: a systematic review of 
generalizability of study ndings. Journal of Internal Medicine, 279, 123–126. https://doi.org/10.1111/ 
joim.12389 

SCENIHR, 2012. Memorandum on the use of the scienti c literature for human health risk assessment 
purposes –weighing of evidence and expression of uncertainty. 

Simera I, Moher D, Hoey J, Schulz KF and Altman DG, 2010. A catalogue of reporting guidelines for health 
research. European Journal of Clinical Investigation, 40, 35–53. 

Skelly AC, 2011. Probability, proof, and clinical signi cance. Evidence-Based Spine-Care Journal, 2, 9–11. 
Spiegelman D, 2016. Evaluating Public Health Interventions: 4. the nurses’ health study and methods for 

eliminating bias attributable to measurement error and misclassi cation. American Journal of Public 
Health, 106, 1563–1566. 

Stang PE, Ryan PB, Dusetzina SB, Hartzema AG, Reich C, Overhage JM and Racoosin JA, 2012. Health 
outcomes of interest in observational data: issues in identifying de nitions in the literature. Health 
Outcomes Research in Medicine, 3, e37–e44. 

Thomas DC, 2009. Statistical Methods in Environmental Epidemiology. Oxford University Press, Oxford, 
UK. 

Thomas KW, Dosemeci M, Coble JB, Hoppin JA, Sheldon LS, Chapa G, Croghan CW, Jones PA, Knott CE, 
Lynch CF, Sandler DP, Blair AE and Alavanja MC, 2010. Assessment of a pesticide exposure intensity 
algorithm in the agricultural health study. Journal of Exposure Science & Environmental Epidemiology, 
20, 559–569. 

Tsilidis KK, Panagiotou OA, Sena ES, Aretouli E, Evangelou E, Howells DW, Al-Shahi Salman R, Macleod 
MR and Ioannidis JP, 2013. Evaluation of excess signi cance bias in animal studies of neurological 
diseases. PLoS Biology, 11, e1001609. 

Turner MC, Wigle DT and Krewski D, 2010. Residential pesticides and childhood leukemia: a systematic 
review and meta-analysis. 

US EPA (United States Environmental Protection Agency), 2011. Chlorpyrifos: preliminary human health 
risk assessment for registration review, 30 June 2011, 159 pp. 

US-EPA (U.S. Environmental Protection Agency), 2010a. Framework for incorporating human 
epidemiologic & incident data in health risk assessment (draft). Of ce of Pesticide Programs. 
Washington, DC, 2010. 

571



Thomas KW, Dosemeci M, Coble JB, Hoppin JA, Sheldon LS, Chapa G, Croghan CW, Jones PA, Knott CE, Lynch CF,
Sandler DP, Blair AE and Alavanja MC, 2010. Assessment of a pesticide exposure intensity algorithm in the
agricultural health study. Journal of Exposure Science & Environmental Epidemiology, 20, 559–569.

Tsilidis KK, Panagiotou OA, Sena ES, Aretouli E, Evangelou E, Howells DW, Al-Shahi Salman R, Macleod MR and
Ioannidis JP, 2013. Evaluation of excess significance bias in animal studies of neurological diseases. PLoS
Biology, 11, e1001609.

Turner MC, Wigle DT and Krewski D, 2010. Residential pesticides and childhood leukemia: a systematic review and
meta-analysis.

US EPA (United States Environmental Protection Agency), 2011. Chlorpyrifos: preliminary human health risk
assessment for registration review, 30 June 2011, 159 pp.

US-EPA (U.S. Environmental Protection Agency), 2010a. Framework for incorporating human epidemiologic &
incident data in health risk assessment (draft). Office of Pesticide Programs. Washington, DC, 2010.

US-EPA (U.S. Environmental Protection Agency), 2010b. Meeting Minutes of the FIFRA Scientific Advisory
Panel Meeting on the Draft Framework and Case Studies on Atrazine, Human Incidents, and the Agricultural
Health Study: Incorporation of Epidemiology and Human Incident Data into Human Health Risk Assessment.
Arlington, Virginia, USA, April 22, 2010b. Available online: https://archive.epa.gov/scipoly/sap/meetings/web/
pdf/020210minutes.pdf

US-EPA (U.S. Environmental Protection Agency), 2012. Guidance for considering and using open literature toxicity
studies to support human health risk assessment. Office of Pesticide Programs. Washington, DC, 2012.
Available online: http://www.epa.gov/pesticides/science/lit-studies.pdf

US-EPA (Environmental Protection Agency), 2016. Office of Pesticide Programs’ Framework for Incorporating
Human Epidemiologic & Incident Data in Risk Assessments for Pesticides December 28, 2016. Avilable online:
https://www3.epa.gov/pesticides/EPA-HQ-OPP-2008-0316-DRAFT-0075.pdf

Vandenberg LN, �Agerstrand M, Beronius A, Beausoleil C, Bergman �A, Bero LA, Bornehag CG, Boyer CS, Cooper GS,
Cotgreave I, Gee D, Grandjean P, Guyton KZ, Hass U, Heindel JJ, Jobling S, Kidd KA, Kortenkamp A, Macleod
MR, Martin OV, Norinder U, Scheringer M, Thayer KA, Toppari J, Whaley P, Woodruff TJ and Rud�en C, 2016. A
proposed framework for the systematic review and integrated assessment (SYRINA) of endocrine disrupting
chemicals. Environmental Health, 15, 74.

van den Brandt P, Voorrips L, Hertz-Picciotto I, Shuker D, Boeing H, Speijers G, Guittard C, Kleiner J, Knowles M,
Wolk A and Goldbohm A, 2002. The contribution of epidemiology. Food and Chemical Toxicology, 40, 387–424.

Vinken M, 2013. The adverse outcome pathway concept: a pragmatic tool in toxicology. Toxicology, 312, 158–165.
Vlaanderen J, Moore LE, Smith MT, Lan Q, Zhang L, Skibola CF, Rothman N and Vermeulen R, 2010. Application of

OMICS technologies in occupational and environmental health research: current status and projections.
Occupational and Environmental Medicine, 67, 136–43.

WHO/IPCS (World Health Organization/International Programme on Chemical Safety), 2009. EHC 240: principles
and methods for the risk assessment of chemicals in food.

Wilson SJ and Tanner-Smith EE, 2014. Meta-analysis in prevention science. In: Sloboda Z and Petras H (eds.).
Defining prevention science. Advances in Prevention Science (vol. 1): Defining Prevention Science Springer,
New York. pp. 431–452.

Youngstrom E, Kenworthy L, Lipkin PH, Goodman M, Squibb K, Mattison DR, Anthony LG, Makris SL, Bale AS, Raffaele
KC and LaKind JS, 2011. A proposal to facilitate weight-of-evidence assessments: harmonization of
Neurodevelopmental Environmental Epidemiology Studies (HONEES). Neurotoxicology and Teratology, 33, 354–359.

Zingone A and Kuehl WM, 2011. Pathogenesis of monoclonal gammopathy of undetermined significance and
progression to multiple myeloma. Seminars in Hematology, 48, 4–12.

Glossary and Abbreviations

ADI Acceptable daily intake. A measure of the amount of a pesticide in food or
drinking water that can be ingested (orally) on a daily basis over a lifetime
without an appreciable health risk.

ADME Abbreviation used in pharmacology (and toxicology) for absorption, distribution,
metabolism, and excretion of a chemical o pharmaceutical compound and
describes its disposition within an organism.

AOP Adverse Outcome Pathway. A structured representation of biological events
leading to adverse effects relevant to risk assessment.

ARfD Acute Reference Dose. An estimate of the amount a pesticide in food or drinking
water (normally expressed on a body weight basis) that can be ingested in a
period of 24 hours or less without appreciable health risks to the consumer on
the basis of all known facts at the time of the evaluation.

Biomarker Also known as ‘biological marker’. A characteristic that is objectively measured
and evaluated as an indication of normal biologic processes, pathogenic
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BMD Benchmark Dose. A threshold dose or concentration that produces a
predetermined change in response rate of an adverse effect (the benchmark
response or BMR) compared to background. The lower 95% confidence limit is
calculated (BMDL) to be further used as a point of departure to derive health-
based reference values.

HBM Human biomonitoring. The measurement of a chemical and/or its metabolites in
human biological fluids or tissues. Also referred as to the internal dose of a
chemical resulting from integrated exposures from all exposure routes.

Human data They include observational studies (also called epidemiological studies) where the
researcher is observing natural relationships between factors and health
outcomes without acting upon study participants. Vigilance data also fall under
this concept. In contrast, interventional studies (also called experimental studies
or randomised clinical trials), where the researcher intercedes as part of the study
design, are outside the scope of this opinion.

IARC International Agency for Research on Cancer. An agency of the World Health
Organization whose role is to conduct and coordinate research into the causes
and occurrence of cancer worldwide.

LOAEL Lowest-observed-adverse-effect level. The lowest concentration or amount of a
chemical stressor evaluated in a toxicity test that shows harmful effects (e.g. an
adverse alteration of morphology, biochemistry, function, or lifespan of a target
organism).

NOAEL No observed-adverse-effect level. Highest dose at which there was not an
observed toxic or adverse effect.

OR Odds ratio. A measure of association between an exposure and an outcome. The
OR represents the odds that an outcome will occur given a particular exposure,
compared to the odds of the outcome occurring in the absence of that exposure.

PBTK-TD Physiologically based toxicokinetic/toxicodynamic modelling is a mathematical
modelling approach aimed at integrating a priori knowledge of physiological
processes with other known/observed information to mimic the fates and effects
of compounds in the bodies of humans, preclinical species and/or other
organisms.

PPP Plant Protection Product. The term ‘pesticide’ is often used interchangeably with
‘plant protection product’, however, pesticide is a broader term that also covers
non plant/crop uses, for example biocides.

RR Relative risk. Ratio of the probability of an event (e.g. developing a disease)
occurring in an exposed group to the probability of the event occurring in a
comparison, non-exposed group.

RMS Rapporteur member state. The member state of the European Union initially in
charge of assessing and evaluating a dossier on a pesticide active substance
toxicological assessment.

Sensitivity The ability of a test to correctly classify an individual as 0diseased0. Probability of
being test positive when disease present.

Specificity The ability of a test to correctly classify an individual as disease-free. Probability
of being test negative when disease absent.

Surrogate endpoint A biomarker intended to substitute for a clinical endpoint

AHS Agricultural Health Study
ASHTIII Alerting and Reporting System for Chemical Health Threats, Phase III
BEES-C Biomonitoring, Environmental Epidemiology, and Short-Lived Chemicals
DAR draft assessment report
DDE dichlorodiphenyldichloroethylene
DDT dichlorodiphenyltrichloroethane
EMA European Medicines Agency
EPA US Environmental Protection Agency
EQUATOR Enhancing the QUAlity and Transparency Of health Research
EU-OSHA European Agency for Safety and Health at Work
EWAS Exposome-wide association studies
GIS Geographical information systems
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GLP good laboratory practice
GPS global positioning system
HWE healthy worker effect
IATA Integrated Approach on Testing and Assessment
ICD International Classification of Diseases
IHR International Health Regulations
INSERM French National Institute of Health and Medical Research
LOQ limit of quantification
MGUS monoclonal gammopathy of undetermined significance
MIE molecular initiating event
MoA mode of action
NHL non-Hodgkin’s lymphoma
NIOSH National Institute for Occupational Safety and Health
NOS Newcastle-Ottawa scale
OECD Organisation for Economic Co-operation and Development
OPP Office of Pesticide Programs
PCC Poison Control Centre
PPE personal protective equipment
RAR Renewal Assessment Report
RASFF rapid alert system covering food and feed
RTI Research Triangle Institute
SAR structure–activity relationship
STREGA STROBE Extension to Genetic Association studies
STROBE STrengthening the Reporting of OBservational studies in Epidemiology
ToR Term of Reference
UF uncertainty factor
WHO World Health Organization
WoE Weight-of-Evidence
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Annex A – Pesticide epidemiological studies reviewed in the EFSA External
Scientific Report and other reviews

The extensive evidence gathered by the EFSA External Scientific Report (Ntzani et al., 2013)
highlights that there is a considerable amount of information available on pesticide exposure and
health outcomes from epidemiological studies. Nonetheless, the quality of this evidence is usually low
and many biases are likely to affect the results to an extent that firm conclusions cannot be made. In
particular, exposure epidemiology has long suffered from poor measurement and definition and in
particular for pesticides this has always been exceptionally difficult to assess and define.

A.1. The EFSA External scientific report

A.1.1. Methodological quality assessment

The External Scientific Report consists of a comprehensive systematic review of all the
epidemiological studies published between 1 January 2006 and 30 September 2012, investigating the
association between pesticide exposure and the occurrence of any human health-related outcomes.

The methodological assessment of eligible studies (to evaluate risk of bias associated with each
study) was focused on: study design, study population, level of details in exposure definition and the
methods of exposure measurement and the specificity of the measurement. Efforts undertaken to
account for confounders through matching or multivariable models, blinded exposure assessment and
well-defined and valid outcome assessment were considered.

The elements of the methodological appraisal were considered from the Research Triangle Institute
(RTI; Research Triangle Park, NC, USA) item bank, a practical and validated tool for evaluating the risk
of bias and precision of observational studies. Those elements are described below (Table A.1).

Quantitative synthesis of the results was attempted when there were 5 or more eligible studies per
examined outcome and when there was no substantial heterogeneity among the published evidence.
Publication bias was assessed using funnel plots which allowed to visually inspect asymmetry when
more than 10 studies were included in the meta-analysis.

Toxicological data was not reviewed or discussed in the External Scientific Report.

A.1.2. Inclusion/exclusion criteria

All types of pesticides, including those banned in the EU, were considered to enhance the totality of
the epidemiological evidence available at the time of the review.

Table A.1: Elements from the Research Triangle Institute (RTI; Research Triangle Park, NC, USA)
item bank for methodological appraisal of epidemiological studies
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Exclusion criteria:

• Studies without control populations (case reports, case series) and ecological studies
• Pesticide poisoning or accidental high dose exposure
• Studies with no quantitative information on effect estimates
• Studies with different follow-up periods and examining the same outcome, only the one with

the longest follow-up was retained to avoid data duplication.
• Studies referred to the adverse effects of substances used as therapy for various medical

conditions (e.g. warfarin-based anticoagulants)
• Studies on solvents and other non-active ingredients (e.g. co-formulants) in pesticides
• Studies examining the association between exposure and biomarkers of exposure were not

considered eligible as they do not examine health outcomes
• Studies/analyses investigating exposure to pesticides: arsenic, hexachlorocyclohexane (HCH) a

or b, lead, dioxins and dioxin-like compounds including polychlorinated biphenyls (PCBs) were
not considered

• Narrative reviews were excluded but not systematic reviews or meta-analyses.

Publications reporting series of acute poisonings or clinical cases, biomonitoring studies unrelated to
health effects, or studies conducted on animals or human cell systems were not included; only
epidemiological studies addressing human health effects were selected. Publications that lacked
quantitative data for measuring associations were also excluded.

Cohort studies, case–control studies and cross-sectional studies were included. Each study
underwent an assessment of its eligibility based on a method including 12 criteria such as study
design, precise description of the inclusion/exclusion criteria, level of detail in describing exposure,
robustness in the measurement of exposure, adjustment for potential confounding factors, method of
assessment of the health outcome, sample size, etc. Among these 12 criteria, three were related to
the degree of precision in the description/measurement of exposure, which may explain why a large
number of epidemiological studies were not selected.

A.1.3. Results

Overall, 602 individual publications were included in the scientific review. These 602 publications
corresponded to 6,479 different analyses. The overwhelming majority of evidence comes from
retrospective or cross-sectional studies (38% and 32%, respectively) and only 30% of studies had a
prospective design. Exposure assessment varied widely between studies and overall 46% measured
biomarkers of pesticides exposure and another 46% used questionnaires to estimate exposure to
pesticides. Almost half of the studies (49%) were based in America. Most studies examined
associations between occupational exposure to pesticides and health effects. The entire spectrum of
diseases associated with pesticides has not been studies before. The report examined a wide variety of
outcomes (Figure A.1). The largest proportion of studies pertains to cancer outcomes (N = 164) and
outcomes related to child health (N = 84).
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Despite the large volume of available data and the large number (> 6,000) of analyses available,
firm conclusions were not made for the majority of the outcomes studied. This was due to several
limitations of the data collected as well as to inherent limitations of the review itself. As mentioned
above, the review studied the whole range of outcomes examined in relation to pesticides during an
approximately 5 years’ period. Thus, only recent evidence was reviewed and the results of the meta-
analyses performed should be cautiously interpreted as they do not include all the available evidence.
It is therefore capable of highlighting outcomes which merit further in-depth analysis in relation to
pesticides by looking at the entire literature (beyond 5 years) and by focusing on appraising the
credibility of evidence selected. The limitations of the studies itself are in line with other field of
environmental epidemiology and focus around the exposure assessment, the study design, the
statistical analysis and reporting. In particular:

a) Exposure assessment: The assessment of exposure is perhaps the most important
methodological limitation of the studies reviewed in the ESR. Studies used different methods for exposure
assessment and assignment. Most studies were based on self-reported exposure to pesticides, defined as
‘ever versus never’ use or as ‘regular versus non-regular’ use. Such methods suffer from high
misclassification rates and do not allow for dose–response analysis. This is especially the case for
retrospective studies where misclassification would be differential with higher exposures reported in
participants with disease (recall bias) (Raphael, 1987). While questionnaires might be capable of
differentiating subjects with very high and very low exposure levels, they are not capable of valid exposure
classification across an exposure gradient, thus not allowing the study of dose–response relationships.
Also, questionnaire for exposure assessment need to be validated for use in epidemiological studies.
Nonetheless, a vast proportion of studies use in house version of non-validated questionnaires which may
suffer from content (the questionnaire does not cover all sources of exposure to the hazard of interest) or
criterion validity (e.g. through inaccurate recall or misunderstanding of questions) (Coggon, 1995).

Although the range of categories of pesticide studied is wide, studies very often concentrate on a
broadly defined pesticide category, so that it is difficult to know what type of pesticide the population
is exposed to.

Figure A.1: Major outcome categories and corresponding percentage of studies examining those
outcomes among the publications reviewed by the EFSA external scientific report (Ntzani
et al., 2013)

Epidemiological studies and pesticides

www.efsa.europa.eu/efsajournal 70 EFSA Journal 2017;15(10):5007

www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

70 

 
A.1 EFSA

Ntzani 2013  
 

>6,000

5

5

 
a ESR

Raphael
1987

Coggon 1995  

 

577



Exposure to pesticides was defined as reported use of pesticides by the study participant or by
government registry data. These derive from self-administered questionnaires, interviewer administrated
questionnaires, job exposure matrices (JEM), by residential status (proximity to pesticide exposure), by
detecting biomarkers associated with pesticide exposure or by other means as defined by each study.

Studies often examine pesticides that have already been banned in western populations and the
EU. The use of biomarkers as means of exposure assessment is infrequent, but still available in almost
half of the studies.

b) Study design: As mentioned above, the majority of evidence comes form case–control studies
and cross-sectional studies. Cross-sectional, and in part also case–control studies, cannot fully assess
the temporal relationships and thus are less able to provide support regarding the causality of
associations.

c) Outcomes examined: The definition of clinical outcomes displayed large variability in eligible
epidemiological studies, which can further cause the variability in results. Perhaps most important in
this setting is the use of a great number of surrogate outcomes examined. Surrogate outcomes are
biomarkers or physical measures that are generally accepted as substitutes for, or predictors of,
specific clinical outcomes. However, often these surrogate outcomes are not validated and do not meet
the strict definitions of surrogate outcomes. Such outcomes can be defined as possible predictors of
clinical outcomes but do not fulfil the criteria for a surrogate outcome. It is essential to appraise the
evidence around non-validated surrogate outcomes by taking into account the implicit assumptions of
these outcomes.

A great variety of assessed outcomes covering a wide range of pathophysiologies was observed.
‘Hard’ clinical outcomes as well as many surrogate outcomes included in the database reflect the
different methodologies endorsed to approach the assessed clinical research questions. The different
outcomes were divided into 23 major disease categories, with the largest proportion of studies
addressing cancer and child health outcomes.

The adverse health effects assessed included:

a) major clinical outcomes, such as cancer, respiratory (allergy), reproductive (decreased fertility,
birth defects) and neurodegenerative (Parkinson’s disease);

b) clinical surrogate outcomes, e.g. neurodevelopmental impairment (assessed by neurocognitive
scales);

c) laboratory surrogate outcomes (e.g. liver enzyme changes).

For many adverse health effects attributed to pesticide exposure, there exist contradictory or
ambiguous studies. Whether this results from lack of consistency or real heterogeneity warrants
further clarification.

d) Statistical analysis:
Simultaneous exposure to multiple agents (heavy metals, solvents, suspended particulate matter

etc.) from different sources is common. It may introduce further bias in the results as all of them may
produce adverse health outcomes. Thus, it is essential to account for confounding from exposure to
multiple agents in order to delineate true associations but this has not been possible in the
overwhelming majority of evidence assessed in the EFSA external scientific report.

In addition, the evidence collected and appraised in the EFSA external scientific report (Ntzani et al.,
2013) is likely to suffer from selective reporting and multiple testing. The studies reported a very wide
range of analyses; 602 publications resulted in 6,000 analyses. The amount of multiple hypothesis testing is
enormous. These analyses need to be adjusted for multiple hypothesis testing else, otherwise the results
suffer from high false positive rate. Even when studies present only one analysis, selective reporting is
always a possibility as has been shown in other epidemiological fields as well. In addition, when interpreting
results one should also take into account that, especially for certain outcomes (e.g. cancers), the majority
of evidence comes from single study populations and the Agricultural Health Study in particular.

A.1.4. Conclusion of the EFSA External Scientific Report

Regardless of the limitations highlighted above, the External Scientific Report (Ntzani et al., 2013)
showed consistent evidence of a link between exposure to pesticides and Parkinson’s disease and
childhood leukaemia, which was also supported by previous meta-analyses. In addition, an increased
risk was also found for diverse health outcomes less well studied to date, such as liver cancer, breast
cancer and type II diabetes. Effects on other outcomes, such as endocrine disorders, asthma and
allergies, diabetes and obesity showed increased risks and should be explored further.
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Childhood leukaemia and Parkinson’s disease are the two outcomes for which a meta-analysis after
2006 was found consistently showing an increased risk associated with pesticide exposure.
Nonetheless, the exposure needs to be better studied to disentangle the effect of specific pesticide
classes or even individual pesticides. Significant summary estimates have also been reported for other
outcomes (summarised in Table A.2). However, as they represent studies from 2006 onwards results
should be regarded as suggestive of associations only and limitations especially regarding the
heterogeneity of exposure should always been taken into consideration. Data synthesis and statistical
tools should be applied to these data in relation to specific outcomes, after the update of the results to
include publications before 2006, in order to quantify the amount of bias that could exist and isolate
outcomes where the association with pesticides is well supported even when estimates of bias are
taken into account. Similarly, outcomes where further evidence is needed to draw firm conclusions
need to be highlighted.

Table A.2: Summary of meta-analyses performed in the report

Health outcome
N

studies
Meta-analysis

results
I2

Leukaemia 6 1.26 (0.93; 1.71) 59.4%

Hodgkin lymphoma 7 1.29 (0.81–2.06) 81.6%
Childhood leukaemia (exposure to pesticides during pregnancy) 6 1.67 (1.25–2.23) 81.2%

Childhood leukaemia (exposure to insecticides during pregnancy) 5 1.55 (1.14–2.11) 65%
Childhood leukaemia (exposure to insecticides during pregnancy –
update Turner, 2010)

9 1.69 (1.35–2.11) 49.8%

Childhood leukaemia (exposure to unspecified pesticides during
pregnancy)

5 2.00 (1.73–2.30) 39.6%

Childhood leukaemia (exposure to unspecified pesticides during
pregnancy – update Turner, 2010)

11 1.30 (1.06–1.26) 26.5%

Childhood leukaemia (exposure to pesticides during childhood) 7 1.27 (0.96–1.69) 61.1%
Childhood leukaemia (exposure to insecticides during childhood –
update Turner, 2010)

8 1.51 (1.28–1.78) 0%

Childhood leukaemia (exposure to unspecified pesticides during
childhood – update Turner, 2010)

11 1.36 (1.19–1.55) 0%

Breast cancer (DDE exposure) 5 1.13 (0.81–1.57) 0%

Breast cancer 11 1.24 (1.08–1.43) 0%
Testicular cancer (DDE exposure) 5 1.40 (0.82–2.39) 59.5%

Stomach cancer 6 1.79 (1.30–2.47) 0%
Liver cancer 5 2.50 (1.57–3.98) 25.4%

Cryptorchidism 8 1.19 (0.96–1.49) 23.9%
Cryptorchidism (DDT exposure) 4 1.47 (0.98–2.20) 51%

Hypospadias (general pesticide exposure) 6 1.01 (0.74–1.39) 71.5%
Hypospadias (exposure to specific pesticides) 9 1.00 (0.84–1.18) 65.9%

Abortion 6 1.52 (1.09–2.13) 63.1%
Parkinson’s disease 26 1.49 (1.28–1.73) 54.6%

Parkinson’s disease (DDT exposure) 5 1.01 (0.78–1.30) 0%
Parkinson’s disease (paraquat exposure) 9 1.32 (1.09–1.60) 34.1%

Amyotrophic lateral sclerosis 6 1.58 (1.31–1.90) 10%
Asthma (DDT exposure) 5 1.29 (1.14–1.45) 0%

Asthma (paraquat exposure) 6 1.40 (0.95–2.06) 53.3%
Asthma (chlorpyrifos exposure) 5 1.03 (0.82–1.28) 0%

Type 1 diabetes (DDE exposure) 8 1.89 (1.25–2.86) 49%
Type 1 diabetes (DDT exposure) 6 1.76 (1.20–2.59) 76.3%

Type 2 diabetes (DDE exposure) 4 1.29 (1.13–1.48) 0%

N = number of studies considered for the meta-analysis; in the column of meta-analysis results, the numbers represent the
statistical estimate for the size of effect (odds ratio (OR), or relative risk (RR)) with the corresponding 95% confidence interval
(CI). I2 represents the percentage of total variation across studies that is due to heterogeneity.
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A.2. The INSERM report

In September 2013, the French National Institute of Health and Medical Research (INSERM)
released a literature review carried out with a group of experts on the human health effects of
exposure to pesticides.22 Epidemiological or experimental data published in the scientific literature up
to June 2012 were analysed. The report was accompanied by a summary outlining the literature
analysis and highlighting the main findings and policy lines, as well as the recommendations.

The INSERM report is composed of four parts: (1) exposure assessment, with a detailed description
of direct and indirect methods to assess exposure in epidemiological studies; (2) epidemiology, with an
inventory and analysis of epidemiological studies available in the literature up to 2012, and a scoring
system to assess the strength of presumed association; (3) toxicology, with a review of toxicological
data (metabolism, mode of action and molecular pathway) of some substances and assessment of
biological plausibility; (4) recommendations.

The vast majority of substances identified by the INSERM report as having a presumed moderate or
strong association with the occurrence of health effects are chemicals that are now prohibited. This is
mainly driven by the fact that the majority of the diseases examined are diseases of the elderly;
therefore, the studies performed to date are based on persons who were old at the time of the study
and exposed many years ago. By definition, it is not yet possible to investigate the potential long term
effects of many of the more recent products.

These substances belong to the group of organochlorine insecticides, such as DDT or toxaphene, or
insecticides with cholinesterase-inhibiting properties, such as terbufos or propoxur.

Of the seven approved active substances identified by the INSERM expert appraisal report (the
herbicides 2,4-D, MCPA, mecoprop, glyphosate, the insecticide chlorpyrifos, and the foliar fungicides
mancozeb and maneb), all had a presumed moderate or weak association with haematopoietic
cancers. Two of them (the foliar fungicides mancozeb and maneb) had a presumed weak association
with Parkinson’s disease and two (chlorpyrifos and glyphosate) had a presumed association with
developmental impairment identified as weak or moderate in the expert appraisal.

A.2.1. Description of methods to assess exposure in epidemiological
studies

Different methods (direct and indirect) have been developed to assess exposure, such as biological
or environmental monitoring data, ad hoc questionnaires, job- or crop-exposure matrices, analysis of
professional calendars, sales data, land use data, etc. According to the authors, these various tools can
be combined with each other but, to date none has been validated as a reference method for
estimating exposure in the context of occupational pesticide exposure assessment.

A.2.2. Epidemiology

The group of experts from INSERM carried out an inventory and analysis of epidemiological studies
available in the literature, examining the possible association between pesticide exposure and health
outcomes: eight cancer sites (non-Hodgkin lymphoma, leukaemia, lymphoma, multiple myeloma,
prostate, testis, brain, melanoma), three neurodegenerative diseases (Parkinson’s disease, Alzheimer’s
disease, amyotrophic lateral sclerosis), cognitive or depressive disorders, effects on reproductive
function (fertility, pregnancy and child development) and childhood cancers. These are health
outcomes that have been identified in previous studies as potentially related to pesticide exposure.

Epidemiological studies addressing primarily farmers, pesticide applicators and workers of the
pesticide manufacturing industries, as well as the general population when it was relevant, were
selected.

The INSERM group of experts established a hierarchy in the relevance of the studies, placing the
meta-analysis at the top, then the systematic review, then the cohort study, and finally, the case–
control study. Based on this hierarchy, a scoring system was defined to assess the strength of
presumption of the association between exposure and the occurrence of health outcomes from the
analysis of the study results; for each disease or pathological condition investigated, this score may
vary depending on the quality, type and number of available studies, as, for example:

(++): strong presumption: based on the results of a meta-analysis, or several cohort studies or at
least one cohort study and two case–control studies, or more than two case–control studies;

22 INSERM. Pesticides. Effets sur la sant�e. Collection expertise collective, Inserm, Paris, 2013.
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(+): moderate presumption: based on the results of a cohort study or a nested case–control study
or two case–control studies;

(�): weak presumption: based on the results of one case–control study. This synthesis takes the
work beyond the status of a simple mapping exercise.

A.2.3. Toxicological data

Toxicological data that were considered in the literature review were mainly those regarding
metabolism, mode of action and molecular pathways. None of the studies provided as part of the
procedures for placing products on the market were considered except if they were published in the
open literature.

When substances were clearly identified in the epidemiological studies, a scoring system was
defined to assess the biological plausibility from the study results: coherence with pathophysiological
data and occurrence of health outcome.

(++): hypothesis supported by 3 mechanisms of toxicity;
(+): hypothesis supported by at least one mechanism of toxicity.

A.2.4. Findings

The major results of the INSERM report are summarised in Tables A.3–A.6.

Table A.3: Statistically significant associations between occupational exposure to pesticides and
health outcomes in adults (health outcomes that were analysed in the review)

Health outcome Type of population with significant risk excess
Strength of

presumption(a)

NHL Farmers, operators, manufacturing plant personnel ++

Prostate cancer Farmers, operators, manufacturing plant personnel ++

Multiple myeloma Farmers, operators ++

Parkinson’s disease Occupational and non-occupational exposure ++

Leukaemia Farmers, operators, manufacturing plant personnel +

Alzheimer’s disease Farmers +

Cognitive disorders(b) Farmers +

Fertility and fecundability disorders Occupational exposure +

Hodgkin lymphoma Agricultural workers �
Testicular cancer Agricultural workers �
Brain cancer (glioma, meningioma) Agricultural workers �
Melanoma Agricultural workers �
Amyotrophic lateral sclerosis Farmers �
Anxiety, depression(b) Farmers, farmers with a history of acute poisoning,

operators
�

(a): Scoring system: strong presumption (++), moderate presumption (+), weak presumption (�).
(b): Almost all pesticides were organophosphates.
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Table A.4: Associations between occupational or home use exposure to pesticides and cancers or
developmental impairment in children (health outcomes that were analysed in the
review) (only statistically significant associations are shown)

Health outcome
Type of exposure and population with significant risk
excess

Strength of
presumption(a)

Leukaemia Occupational exposure during pregnancy, prenatal exposure
(residential)

++

Brain cancer Occupational exposure during pregnancy ++

Congenital malformation Occupational exposure during pregnancy;
Residential exposure during pregnancy (agricultural area, home
use)

++
+

Fetal death Occupational exposure during pregnancy +

Neurodevelopment Residential exposure during pregnancy (agricultural area, home
use, food)(b);
Occupational exposure during pregnancy

++
�

(a): Scoring system: strong presumption (++), moderate presumption (+), weak presumption (�).
(b): Organophosphates.

Table A.5: Findings related to approved active substances: epidemiological assessment and
biological plausibility

Active substance Classification Strength of presumption(a) Biological plausibility(b)

Organophosphates
Insecticide

Chlorpyrifos Acute Tox cat 3 Leukaemia (+)
Neurodevelopment (+)
NHL (�)

Yes (++)
Yes (++)
Yes (++)

Dithiocarbamates
Fungicide

Mancozeb/Maneb Repro cat 2 Leukaemia (+)
Melanoma (+)
Parkinson’s disease
(in combination with paraquat) (�)

?
?
Yes (+)

Phenoxy herbicides
Herbicide

2,4-D
MCPA
Mecoprop

Acute Tox cat 4
Acute Tox cat 4
Acute Tox cat 4

NHL (+)
NHL (�)
NHL (�)

?
?
?

Aminophosphonate glycine
Herbicide

Glyphosate NHL (+)
Fetal death (�)

?
?

(a): Scoring system: strong presumption (++), moderate presumption (+), weak presumption (�).
(b): Scoring system: (++): hypothesis supported by 3 different known mechanisms of toxicity, (+): hypothesis supported by at

least one mechanism of toxicity.
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Table A.6: Findings related to non-approved active substances: epidemiological assessment and
biological plausibility

Active substance Ban in the EU
IARC
classification

Strength of
presumption(a)

Biological
plausibility(b)

Dieldrin 1978 3 or 2 (US-EPA) NHL(c) (�)
Prostate cancer (�)
Parkinson’s disease (�)

Yes (+)
Yes (+)
?

DDT/DDE 1978 2B NHL (++)
Testicular cancer (+)
Child growth (++)
Neurodevelopment (�)
Impaired sperm
parameters (+)

Yes (+)
?
?
?
?

Chlordane 1978 2B NHL (�)
Leukaemia (+)
Prostate cancer (�)
Testicular cancer (+)

Yes (+)
Yes (+)
Yes (+)
?

Lindane (c-HCH) 2002/2004/2006/2007 2B(d) NHL (++)
Leukaemia (+)

Yes (++)
Yes (++)

b-HCH 2002/2004/2006/2007 2B(d) Prostate cancer (�) ?

Toxaphene 2004 2B NHL(c) (�)
Leukaemia (+)
Melanoma (+)

Yes (++)
Yes (++)
Yes (+)

Chlordecone 2004 2B Cancer prostate (++)
Impaired sperm
parameters (+)
Neurodevelopment (+)

Yes (+)
?
?

Heptachlor 1978 2B Leukaemia (+) Yes (+)
Endosulfan 2005 Not classified ? Yes (+)

Hexachlorobenzene
(HCB)

1978 2B Child growth (+) ?

Terbufos 2003/2007 NHL (+)
Leukaemia (+)

?
?

Diazinon 2008 NHL (+)
Leukaemia (+)

?
?

Malathion 2008 3 NHL (++)
Leukaemia (+)
Neurodevelopment (+)
Impaired sperm
parameters (+)

Yes (+)
Yes (+)
?
?

Fonofos 2003 NHL (�)
Leukaemia (+)
Prostate cancer (+)

?
?
?

Parathion 2002 3 Melanoma (+) ?

Coumaphos Never notified and
authorised in the EU

Prostate cancer (+) ?

Carbaryl 2008 3 NHL (�)
Melanoma (+)
Impaired sperm
parameters (+)

?
?
?

Propoxur 2002 Neurodevelopment (+)
Fetal growth (+)

?
?

Carbofuran 2008 NHL (�)
Prostate cancer (+)

?
?

Butylate 2003 NHL (+)
Prostate cancer (+)

?
?

EPTC 2003 Leukaemia (+) ?
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A.2.5. Recommendations

The analysis of the available epidemiological and mechanistic data on some active substances
suggests several recommendations for developing further research:

a) Knowledge on population exposure to pesticides should be improved

1) Collect information about use of active substances by farmers
2) Conduct field studies to measure actual levels of exposure
3) Monitor exposure during the full occupational life span
4) Measure exposure levels in air (outdoor and indoor), water, food, soil
5) Collect information on acute poisonings
6) Improve analytical methods for biomonitoring and external measurements
7) Allow researchers to have access to extensive formulation data (solvents, co-formulants, etc.).

b) Research potential links between exposure and health outcomes

1) Characterise substances or groups of substances causing health outcomes
2) Focus on susceptible individuals or groups of individuals (gene polymorphism of enzymes, etc.)
3) Focus on exposure windows and susceptibility (pregnancy, development)
4) Bridge the gap between epidemiology and toxicology (mode of action)
5) Improve knowledge on mixture toxicity
6) Foster new approaches of research (in vitro and in silico models, omics, etc.).

A.3. Similarities and differences between the EFSA External Scientific
Report and the INSERM report

The two reports discussed herein have used different methodologies. Yet, their results and
conclusions in many cases agree. The INSERM report is limited to predefined outcomes and it
attempted to investigate the biological plausibility of epidemiological studies by reviewing toxicological
data as well, meanwhile the EFSA report is a comprehensive systematic review of all available
epidemiological studies that were published during an approximately 5 year window.

The differences between the reports are shown in Table A.7 and are related to the time period of
search (i.e. both reports did not assess the same body of published data), different criteria for
eligibility of studies and different approaches to summarising the evidence across and within outcomes.

Active substance Ban in the EU
IARC
classification

Strength of
presumption(a)

Biological
plausibility(b)

Atrazine 2005 3 NHL (�)
Fetal growth (+)

Yes (+)
?

Cyanizine 2002/2007 NHL(c) (�) ?

Permethrin 2002 3 Prostate cancer (+) Yes (+)
Fenvalerate 1998 Not classified Impaired sperm

parameters (+)
?

Methyl bromide 2010 3 Testicular cancer (+) ?
Dibromoethane Banned 2A Impaired sperm

parameters (+)
?

Dibromochloropropane
(DBCP)

Banned 2B Impaired sperm
parameters/impaired
fertility (+++) (causal
association)

Yes (+++) (mode
of action
elucidated)

Paraquat 2007 Parkinson’s disease (+) Yes (++)

Rotenone 2011 Parkinson’s disease (+) Yes (++)

Alachlor 2008 Leukaemia (+) Yes (++)

(a): Scoring system: strong presumption (++), moderate presumption (+), weak presumption (�).
(b): Scoring system: (++): hypothesis supported by 3 mechanisms of toxicity, (+): hypothesis supported by at least one

mechanism of toxicity.
(c): Population with t(14,18) translocation, only.
(d): Technical mixture (a-, b-, and c-HCH).

Epidemiological studies and pesticides

www.efsa.europa.eu/efsajournal 77 EFSA Journal 2017;15(10):5007

www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

77 

±

 
A.2.5.  

 
a  

1  
2  
3  
4  
5  
6  
7  

b  
1  
2  
3  
4  
5  
6 in vitro in silico  
 

A.3. EFSA INSERM  
2

INSERM
EFSA 5

 
A.7

 
INSERM EFSA

 
  

584



Overall, the INSERM report identified a greater number of associations with adverse health effects
than the EFSA report. However, a well-documented association with pesticide exposure was claimed by
both reports for the same health outcomes (childhood leukaemia, Parkinson’s disease).

A.4. The Ontario College of Family Physicians Literature review
(OCFPLR)

In 2004, the Ontario College of Family Physicians (Ontario, Canada) reviewed the literature
published between 1992 and 2003 on major health effects associated with pesticide exposure. The
authors concluded that positive associations exist between solid tumours and pesticide exposures as
shown in Table A.8. They noted that in large well-designed cohort studies these associations were
consistently statistically significant, and the relationships were most consistent for high exposure levels.
They also noted that dose–response relationships were often observed, and they considered the
quality of studies to be generally good.

Table A.7: Comparison between methods used in the EFSA External Scientific Report and the
INSERM Report

EFSA External report INSERM report
Articles reviewed 602/43,000 NR

Language Yes NR
Search strategy (key words, MeSH) Yes NR

Search database Yes (4) NR
Years of publication 2006–2012 (Sep) ? to 2012 (Jun)

Type of epi studies assessed Cross-sectional Cross-sectional
Case–control Case–control

Cohort Cohort
Inclusion criteria Yes NR

Exclusion criteria Yes NR
Methodological quality assessment Yes (12 criteria) NR

Exposure groups(a) Yes Yes
Exposure assessment Yes Yes

Quantitative synthesis (meta-analysis) Yes No
Qualitative synthesis(c) Yes Yes

Supporting Toxicological data NI Yes
Associations with individual pesticides Yes Yes

Health outcomes studied
Haematological cancer Yes Yes

Solid tumours Yes Yes
Childhood cancer Yes Yes

Neurodegenerative disorders Yes Yes
Neurodevelopmental outcomes Yes Yes

Neuropsychiatric disturbances(b) No Yes
Reproductive and developmental Yes Yes

Endocrine Yes NI
Metabolism Yes Yes

Immunological Yes NI

Respiratory Yes NI

NR: not reported; NI: not investigated.
(a): Exposure type (environmental, occupational, etc.) and period (general population, children, etc.).
(b): E.g. depressive disorders.
(c): Add explanation.
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The report concluded that there was compelling evidence of a link between pesticide exposure and
the development of non-Hodgkin’s lymphoma (NHL), and also clear evidence of a positive association
between pesticide exposure and leukaemia. The authors also claimed to have found consistent findings
of a number of nervous system effects, arising from a range of exposure time courses.

Table A.8: Health Effects considered in the Ontario College of Family Physicians review, 2004

Endpoint
Associations identified by the Ontario College, pesticide (if
differentiated), study type, (no. of studies/total no. of studies)

A) Cancer

1. Lung �ve cohort (1/1)
+ve case–control (1/1)
+ve carbamate, phenoxy acid, case–control (1/1)

2. Breast +ve case–control (2/4)
+ve ecological (1/1)
+ve triazine, ecological (1/1)
�ve atrazine, ecological (1/1)

3. Colorectal
4. Pancreas +ve cohort (1/1)

+ve case–control (2/2)

5. Non-Hodgkin’s lymphoma +ve cohort (9/11)
+ve case–control (12/14)
+ve ecological (2/2)

6. Leukaemia +ve cohort (5/6)
+ve case–control (8/8)
�ve ecological (1/1)
+ve lab study (1/1)

7. Brain +ve cohort (5), similar case–control (5)
8. Prostate +ve cohort (5/5) case–control (2/2) ecological (1/1)

9. Stomach
10. Ovary

11. Kidney +ve pentachlorophenol cohort (1/1)
+ve cohort (1/1)
+ve case–control (4/4)

12. Testicular

B) Non-Cancer
1) Reproductive effects +ve glyphosate

Congenital malformations +ve pyridyl derivatives
Fecundity/time to pregnancy Suggest impaired

Fertility
Altered growth Possible +ve association, but further study required

Fetal death Suggested association
Mixed outcomes

2) Genotoxic/immunotoxic
Chromosome aberrations

+ve Synthetic pyrethroids (1)
+ve organophosphates (1)
+ve fumigant and insecticide applicators

NHL rearrangements +ve fumigant and herbicide applicators

3) Dermatologic
4) Neurotoxic Mental & emotional
impact

+ve

Functional nervous system impact + ve organophosphate/carbamate poisoning

Neurodegenerative impacts (PD) +ve cohort (4/4)
+ve case–control (2/2)
+ve ecological (1/1)

+ve: positive; �ve: negative.
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Such strong conclusions found favour with Non-Governmental organisations (NGOs) and raised
questions among some Regulatory Authorities. The Advisory Committee on Pesticides (ACP), at that
time an UK government independent advisory committee, was asked to provide an evaluation of the
outcome of the Ontario College review. The committee membership included one epidemiologist and
the committee consulted five other epidemiologists involved in providing independent advice to other
government committees. They all agreed that the review had major shortcomings (e.g. exact search
strategy and selection criteria not specified, selective reporting of results, inadequate understanding
and consideration of relevant toxicology, insufficient attention to routes and levels of exposure, not
justified conclusions, etc.). Overall, the conclusions of the Ontario College review were considered not
to be supported by the analysis presented. In 2012, the Ontario review authors published an update of
their evaluation; in their second report they used a very similar approach but offered more detail
concerning the inclusion criteria used. This example is a reminder of the risk of over interpretation of
epidemiological studies. In particular, a causal inference between exposure and the occurrence of
adverse health effects is often made, but this represents an association that should be further
assessed.
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Annex B – Human biomonitoring project outsourced by EFSA23

In 2015, EFSA outsourced a project to further investigate the role of HBM in occupational health
and safety strategies as a tool for refined exposure assessment in epidemiological studies and to
contribute to the evaluation of potential health risks from occupational exposure to pesticides. It was
in fact recognised that exposure assessment is a key part of all epidemiological studies and
misclassification of exposure and use of simple categorical methods are known to weaken the ability of
a study to determine whether an association between contact and ill-health outcome exists; at
present, this limits integration of epidemiological findings into regulatory risk assessment.

The consortium formed by Risk & Policy Analysts Limited (RPA), IEH Consulting Limited (IEH) and
the Health&Safety Laboratory (HSL) carried out a systematic literature review for the period 1990–2015
with the aim to provide an overview on the use of HBM as a tool for occupational exposure assessment
refinement, identifying advantages, disadvantages and needs for further development (first objective).
The search identified 2096 publications relating to the use of HBM to assess occupational exposure to
pesticides (or metabolites). The outcome of the search (Bevan et al., 2017) indicated that over the past
10–20 years there has been an expansion in the use of HBM, especially into the field of environmental
and consumer exposure analysis. However, further improvement of the use of HBM for pesticide
exposure assessment is needed, in particular with regards to: development of strategies to improve or
standardise analytical quality, improvement of the availability of reference material for metabolites,
integration of HBM data into mathematical modelling, exposure reconstruction, improvements in
analytical instrumentation and increased availability of human toxicology data.

The contractors performed a review of available HBM studies/surveillance programmes conducted in
EU/US occupational settings to identify pesticides (or metabolites) both persistent and not persistent,
for which biomarkers of exposure (and possibly effect) were available and validated (second
objective). A two-tiered screening process that included quality scoring for HBM, epidemiological and
toxicological aspects, was utilised to identify the most relevant studies, resulting in 178 studies for
critical review. In parallel with the screening of identified studies, a Master Spreadsheet was designed
to collate data from these papers, which contained information relating to: study type; study
participants; chemicals under investigation; biomarker quality check; analytical methodology; exposure
assessment; health outcome/toxicological endpoint; period of follow-up; narrative of results; risk of
bias and other comments.

HBM has been extensively used for monitoring worker exposure to a variety of pesticides.
Epidemiological studies of occupational pesticide use were seen to be limited by inadequate or
retrospective exposure information, typically obtained through self-reported questionnaires, which can
potentially lead to exposure misclassification. Some examples of the use of job exposure or crop
exposure matrices were reported. However, little validation of these matrix studies against actual
exposure data had been carried out. Very limited data was identified that examined seasonal exposures
and the impact of PPE, and many of the studies used HBM to only assess one or two specific
compounds. A wide variety of exposure models are currently employed for health risk assessments and
biomarkers have also often been used to evaluate exposure estimates predicted by a model.

From the 178 publications identified to be of relevance, 41 individual studies included herbicides, and
of these, 34 separate herbicides were identified, 15 of which currently have approved for use in the EU.
Similarly, of the 90 individual studies that included insecticides, 79 separate insecticides were identified,
of which 18 currently have approved for use in the EU. Twenty individual studies included fungicides,
with 34 separate fungicides being identified and of these 22 currently have approved for use in the EU.
The most studied herbicides (in order) were shown to be: 2,4-D > atrazine > metolachlor = MCPA >
alachlor = glyphosate. Similarly, the most studied insecticides (in order) were: chlorpyrifos > permethrin
> cypermethrin = deltamethrin > malathion, and the most studied fungicides were: captan > mancozeb >
folpet.

Current limitations comprised the limited number of kinetic data from humans, particularly with
respect to the ADME of individual pesticides in human subjects, which would allow more accurate HBM
sampling for all routes of exposure. A wider impact of this is on the development of PBPK models for
the risk assessment of pesticides, which rely on toxicokinetic data, and on validation of currently used
exposure assessment models. Further limitations currently impacting on the use of HBM in this field
are a lack of large prospective cohort studies to assess long term exposure to currently used
pesticides.

23 Bevan et al. (2017).
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The evidence identified has been used to help formulate recommendations on the implementation
of HBM as part of the occupational health surveillance for pesticides in Europe. Some key issues were
considered that would need to be overcome to enable implementation. These included the setting of
priorities for the development of new specific and sensitive biomarkers, the derivation and adoption of
health-based guidance values, development of QA schemes to validate inter-laboratory measurements,
good practice in field work and questionnaire design, extension of the use of biobanking and the use
of HBM for post-approval monitoring of pesticide safety.

Epidemiological studies and pesticides

www.efsa.europa.eu/efsajournal 82 EFSA Journal 2017;15(10):5007

www.efsa.europa.eu/efsajourna

Epidemiological studies and pesticides

EFSA Journal 2017;15(10):5007

 
 

82 

QA
HBM

 
  

589



Annex C – Experience of international regulatory agencies in regards to
the integration of epidemiological studies for hazard identification

C.1. WHO-International Agency for Research on Cancer (IARC)

The IARC Monographs on the Evaluation of Carcinogenic Risks to Humans of the International
Agency for Research on Cancer (IARC) is a programme established four decades ago to assess
environmental exposures that can increase the risk of human cancer. These include individual
chemicals and chemical mixtures, occupational exposures, physical agents, biological agents and
lifestyle factors.

IARC assembles international interdisciplinary Working Groups of scientists to review and assess the
quality and strength of evidence from scientific publications and perform a hazard evaluation to assess
the likelihood that the agents of concern pose a cancer risk to humans. In particular, the tasks of IARC
Working Group Members include the evaluation of the results of epidemiological and other
experimental studies on cancer, to evaluate data on the mechanisms of carcinogenesis and to make an
overall evaluation of the carcinogenicity of the exposure to humans.

The Monographs are widely used and referenced by governments, organisations, and the public
around the world to set preventive and control public health measures.

The Preamble24 to the IARC Monographs explains the scope of the programme, the scientific
principles and procedures used in developing a Monograph, the types of evidence considered and the
scientific criteria that guide the evaluations. The scope of the monographs broadened to include not
only single chemicals but also groups of related chemicals, complex mixtures, occupational exposures,
physical and biological agents and lifestyle factors. Thus, the title of the monographs reads ‘Evaluation
of carcinogenic risks to humans’.

Relevant epidemiological studies, cancer bioassays in experimental animals, mechanistic data, as
well as exposure data are critically reviewed. Only reports that have been published or accepted for
publication in the openly available scientific literature are included. However, the inclusion of a study
does not imply acceptance of the adequacy of the study design or of the analysis and interpretation of
the results. Qualitative aspects of the available studies are carefully scrutinised.

Although the Monographs have emphasised hazard identification, the same epidemiological and
experimental studies used to evaluate a cancer hazard can also be used to estimate a dose–response
relationship. A Monograph may undertake to estimate dose–response relationships within the range of
the available epidemiological data, or it may compare the dose–response information from
experimental and epidemiological studies.

The structure of a Monograph includes the following sections:

1) Exposure data
2) Studies of cancer in humans
3) Studies of cancer in experimental animals
4) Mechanistic and other relevant data
5) Summary
6) Evaluation and rationale.

Human epidemiological data are addressed in point 2, where all pertinent epidemiological studies
are assessed. Studies of biomarkers are included when they are relevant to an evaluation of
carcinogenicity to humans.

The IARC evaluation of epidemiological studies includes an assessment of the following criteria:
types of studies considered (e.g. cohort studies, case–control studies, correlation (or ecological)
studies and intervention studies, case reports), quality of the study (e.g. bias, confounding, biological
variability and the influence of sample size on the precision of estimates of effect), meta analysis and
pooled analyses, temporal effects (e.g. temporal variables, such as age at first exposure, time since
first exposure, duration of exposure, cumulative exposure, peak exposure), use of biomarkers in
epidemiological studies (e.g. evidence of exposure, of early effects, of cellular, tissue or organism
responses), and criteria for causality.

With specific reference to causality, a judgement is made concerning the strength of evidence that
the agent in question is carcinogenic to humans. In making its judgement, the Working Group

24 http://monographs.iarc.fr/ENG/Preamble/CurrentPreamble.pdf
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considers several criteria for causality (Hill, 1965). A strong association (e.g. a large relative risk) is
more likely to indicate causality. However, it is recognised that weak associations may be important
when the disease or exposure is common. Associations that are replicated in several studies of
different design under different exposure conditions are more likely to represent a causal relationship
than isolated observations from single studies. In case of inconsistent results among different
investigations, possible reasons (e.g. differences in exposure) are sought, and high quality studies are
given more weight compared to less methodologically sound ones. Risk increasing with the exposure is
considered to be a strong indication of causality, although the absence of a clear dose–response effect
is not necessarily evidence against a causal relationship. The demonstration of a decline in risk after
cessation of or reduction in exposure also supports a causal interpretation of the findings. Temporality,
precision of estimates of effect, biological plausibility and coherence of the overall data are considered.
Biomarkers information may be used in an assessment of the biological plausibility of epidemiological
observations. Randomised trials showing different rates of cancer among exposed and unexposed
individuals provide particularly strong evidence for causality.

When epidemiological studies show little or no indication of an association between an exposure
and cancer, a judgement of lack of carcinogenicity can be made. In those cases, studies are
scrutinised to assess the standards of design and analysis described above, including the possibility of
bias, confounding or misclassification of exposure. In addition, methodologically sound studies should
be consistent with an estimate of effect of unity for any observed level of exposure, provide a pooled
estimate of relative risk near to unity, and have a narrow confidence interval. Moreover, no individual
study nor the pooled results of all the studies should show any increasing risk with increasing level of
exposure. Evidence of lack of carcinogenicity can apply only to the type(s) of cancer studied, to the
dose levels reported, and to the intervals between first exposure and disease onset observed in these
studies. Experience with human cancer indicates that the period from first exposure to the
development of clinical cancer is sometimes longer than 20 years, and latent periods substantially
shorter than 30 years cannot provide evidence for lack of carcinogenicity.

Finally, the body of evidence is considered as a whole, in order to reach an overall evaluation which
summarises the results of epidemiological studies, the target organs or tissues, dose–response
associations, evaluations of the strength of the evidence for human and animal data, and the strength
of the mechanistic evidence.

At the end of the overall evaluation, the agent is assigned to one of the following groups: Group 1,
the agent is carcinogenic to humans; Group 2A, the agent is probably carcinogenic to humans; Group
2B, the agent is possibly carcinogenic to humans; Group 3, the agent is not classifiable as to its
carcinogenicity to humans; Group 4, the agent is probably not carcinogenic to humans.

The categorisation of an agent is a matter of scientific judgement that reflects the strength of the
evidence derived from studies in humans and in experimental animals and from mechanistic and other
relevant data. These categories refer only to the strength of the evidence that an exposure is
carcinogenic and not to the extent of its carcinogenic activity (potency).

For example, Group 1: The agent is carcinogenic to humans. This category is used when there is
sufficient evidence of carcinogenicity in humans. Exceptionally, an agent may be placed in this
category when evidence of carcinogenicity in humans is less than sufficient but there is sufficient
evidence of carcinogenicity in experimental animals and strong evidence in exposed humans that the
agent acts through a relevant mechanism of carcinogenicity.

Although widely accepted internationally, there have been criticisms of the classification of
particular agents in the past, and more recent criticisms have been directed at the general approach
adopted by IARC for such evaluations possibly motivating publication of a rebuttal (Pearce et al.,
2015).

C.2. The experience of US-EPA in regards to the integration of
epidemiological studies in risk assessment

The US Environmental Protection Agency’s Office of Pesticide Programs (OPP) is the governmental
organisation in the US responsible for registering and regulating pesticide products.25 As part of this
activity and prior to any permitted use of a pesticide, OPP evaluates the effects of pesticides on human
health and the environment. EPA receives extensive hazard and exposure information to characterise

25 See https://www.epa.gov/pesticide-science-and-assessing-pesticide-risks for general information on pesticide science and
assessing pesticide risks.
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the risks of pesticide products through the Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA)
and the Federal Food, Drug, and Cosmetic Act (FFDCA). Information on the toxic effects of pesticides
is generally derived from studies with laboratory animals conducted by pesticide registrants and
submitted to EPA.

In the past, information from well-designed epidemiology studies on pesticides has not been
typically available to inform EPA’s evaluations of potential risks that might be associated with exposure
to pesticides. With an increasing number of epidemiology studies entering the literature which explore
the putative associations between pesticides exposure and health outcomes, EPA is putting additional
emphases on this source of information. This is especially true for the wealth of studies deriving from
the Agricultural Health Study26 (AHS), a large, well-conducted prospective cohort study following close
to 90,000 individuals over more than 20 years and from the Children’s Environmental Health and
Disease Prevention Research Centers.27 EPA intends to make increasing use of these epidemiology
studies in its human health risk assessment with the goal of using such epidemiological information in
the most scientifically robust and transparent way.

C.2.1. OPP Epidemiological Framework Document

As an early first step in this process, EPA-OPP developed a proposed epidemiological framework
document released as a draft in 2010, ‘Framework for Incorporating Human Epidemiologic and
Incident Data in Health Risk Assessment’ (US-EPA, 2010a). The 2010 draft framework was reviewed
favourably by the FIFRA Scientific Advisory Panel (SAP) in February, 2010 (US-EPA, 2010b). This
document was recently updated in 2016 to the ‘Office of Pesticide Programs’ Framework Document for
Incorporating Human Epidemiology and Incident Data in Risk Assessments for Pesticides’ (US-EPA,
2016). The revised and updated 2016 Framework document proposes that human information like that
found in epidemiology studies (in addition to human incident databases, and biomonitoring studies)
along with experimental toxicological information play a significant role in this new approach by
providing insight into the effects caused by actual chemical exposures. In addition, epidemiological/
molecular epidemiological data can guide additional analyses, identify potentially susceptible
populations and new health effects and potentially confirming existing toxicological observations. The
concepts in the 2016 Framework are based on peer-reviewed robust principles and tools and rely on
many existing guidance documents and frameworks (Table C.1) for reviewing and evaluating
epidemiology data. It is also consistent with updates to the World Health Organization/International
Programme on Chemical Safety mode of action (MoA)/human relevance framework which highlight the
importance of problem formulation and the need to integrate information at different levels of
biological organisation (Meek et al., 2014). Furthermore, it is consistent with recommendations by the
National Academy of Sciences’ National Research Council (NAS/NRC) in its 2009 report Science and
Decisions (NRC, 2009) in that the framework describes the importance of using problem formulation at
the beginning of a complex scientific analysis. The problem formulation stage is envisioned as starting
with a planning dialogue with risk managers to identify goals for the analysis and possible risk
management strategies. This initial dialogue provides the regulatory context for the scientific analysis
and helps define the scope of such an analysis. The problem formulation stage also involves
consideration of the available information regarding the pesticide use/usage, toxicological effects of
concern, exposure pathways, and duration along with key gaps in data or scientific information.

26 See https://aghealth.nih.gov/
27 See https://www.epa.gov/research-grants/niehsepa-childrens-environmental-health-and-disease-prevention-research-centers
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Briefly, this EPA Framework document describes the scientific considerations that the Agency will
weigh in evaluating how such epidemiological studies and scientific information can be integrated into
risk assessments of pesticide chemicals and also in providing the foundation for evaluating multiple
lines of scientific evidence in the context of the understanding of the adverse outcome pathway (or
MoA). The framework relies on and espouses standard practices in epidemiology, toxicology and risk
assessment, but allows for the flexibility to incorporate information from new or additional sources.
One of the key components of the Agency’s framework is the use the MoA framework/adverse
outcome pathway concept as a tool for organising and integrating information from different sources
to inform the causal nature of links observed in both experimental and observational studies. MoA
(Boobis et al., 2008; Simon et al., 2014; Meek et al., 2014) and adverse outcome pathway (Ankley
et al., 2010) provide important concepts in the integrative analysis discussed in the Framework
document. Both a MoA and an adverse outcome pathway are based on the premise that an adverse
effect caused by exposure to a compound can be described by a series of causally linked biological key
events that result in an adverse human health outcome, and have as their goal a determination of
how exposure to environmental agents can perturb these pathways, thereby causing a cascade of
subsequent key events leading to adverse health effects.

A number of concepts in the Framework are taken from two reports from the National Academies,
Science and Decisions: Advancing Risk Assessment (NAS 2009) and Toxicity Testing on the 21st
Century (NAS 2007). These two NRC reports advocate substantial changes in how toxicity testing is
performed, how such data are interpreted, and ultimately how regulatory decisions are made. In
particular, the 2007 report on 21st century toxicity testing advocates a decided shift away from the
current focus of using apical toxicity endpoints to using toxicity pathways to better inform toxicity
testing, risk assessment, and decision-making.

The MoA framework begins with the identification of the series of key events that are along the
causal path and established on weight of evidence using criteria based on those described by Bradford
Hill taking into account factors such as dose–response, temporal concordance, biological plausibility,
coherence and consistency. Specifically, the modified Bradford Hill Criteria (Hill, 1965) are used to
evaluate the experimental support that establishes key events within a MoA or an adverse outcome
pathway, and explicitly considers such concepts as strength, consistency, dose response, temporal

Table C.1: Key guidance documents and frameworks used by OPP (from US-EPA, 2016)

1983 Risk Assessment in the Federal Government. Managing the Process

NAS 1994 Science and Judgement
2007 Toxicity testing in the 21st Century

2009 Science and Decisions: Advancing Risk Assessment
WHO/
IPCS

2001–2007 Mode of Action/Human Relevance Framework

2005 Chemical Specific Adjustment Factors (CSAF)
2014 New Development in the evolution and application of the WHO/IPCS framework

on mode of action/species concordance analysis

EPA 1991–2005 Risk Assessment Forum Guidance for Risk Assessment (e.g. guidelines for
carcinogen, reproductive, developmental, neurotoxicity, ecological, and exposure
assessment, guidance for benchmark dose modelling, review of reference dose
and reference concentration processes)
http://www.epa.gov/risk_assessment/guidance.htm

2000 Science Policy Handbook on Risk Characterisation
http://nepis.epa.gov/Exe/ZyPURL.cgi?Dockey=40000006.txt

2006 Approaches for the Application of Physiologically Based Pharmacokinetic (PBPK)
Models and Supporting Data for Risk Assessment

2014 Framework for Human Health Risk Assessment to Inform Decision-making

2014 Guidance for Applying Quantitative Data to Develop Data-Derived Extrapolation
Factors for Inter-species and Intra-species Extrapolation

2001 Aggregate Risk Assessment
https://www.epa.gov/sites/production/files/2015-07/documents/aggregate.pdf

OPP 2001 and 2002 Cumulative Risk Assessment
http://www.epa.gov/ncer/cra/

OECD 2013 Organisation for Economic Co-operation and Development Guidance Document
on Developing and Assessing Adverse Outcome Pathways
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concordance, and biological plausibility in a weight of evidence analysis. Using this analytic approach,
epidemiological findings can be evaluated in the context of other human information and experimental
studies to evaluate consistency, reproducibility, and biological plausibility of reported outcomes and to
identify areas of uncertainty and future research. Figure C.1 below (adapted from NRC, 2007)
suggests how different types of information relate to each other across multiple levels of biological
organisation (ranging from the molecular level up to population-based surveillance) and is based on
the rapidly evolving scientific understanding of how genes, proteins, and small molecules interact to
form molecular pathways that maintain cell function in humans.

C.2.2. Systematic reviews: Fit for purpose

The National Academies’ National Research Council (NRC) in its review of EPA’s IRIS program
defines systematic review as ‘a scientific investigation that focuses on a specific question and uses
explicit, prespecified scientific methods to identify, select, assess, and summarise the findings of similar
but separate studies’.28 In recent years, the NRC has encouraged the agency to move towards
systematic review processes to enhance the transparency of scientific literature reviews that support
chemical-specific risk assessments to inform regulatory decision-making.29

Consistent with NRC’s recommendations, EPA-OPP employs fit-for-purpose systematic reviews that
rely on transparent methods for collecting, evaluating and integrating the scientific data supporting its
decisions. As such, the complexity and scope of each systematic review will vary among risk
assessments. EPA-OPP starts with scoping/problem formulation followed by data collection, data
evaluation, data integration and summary findings with critical data gaps identified.

Systematic reviews often use statistical (e.g. meta-analysis) and other quantitative techniques to
combine results of the eligible studies, and can use a semi-quantitative scoring system to evaluate the
levels of evidence available or the degree of bias that might be present. For EPA’s Office of Pesticide
Programs, such a Tier III (systematic review) assessment conducted as part of its regulatory review
process would involve review of the pesticide chemical undergoing review and a specific associated
suspected health outcome (as suggested by the initial Tier II assessment).

A number of federal and other organisations in the US are evaluating or have issued guidance
documents for methods to conduct such systematic reviews and a number of frameworks have been

Greater toxicological Greater risk
relevance
understanding

Figure C.1: Source to Outcome Pathway: Chemical effects across levels of biological organisation
(adapted from NRC, 2007)

28 http://dels.nas.edu/Report/Review-Integrated-Risk/18764
29 NRC, 2011. ‘Review of the Environmental Protection Agency’s Draft IRIS Assessment of Formaldehyde’ available for download

at https://www.nap.edu/catalog/13142/review-of-the-environmental-protection-agencys-draft-iris-assessment-of-formaldehyde;
See also NRC, 2014. ‘Review of EPA’s Integrated Risk Information System (IRIS) Process’ available for download at https://
www.nap.edu/catalog/18764/review-of-epas-integrated-risk-information-system-iris-process
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developed. These include the EPA IRIS programs’ approach,30 the National Toxicology Programs’ Office
of Health Assessment and Translation (NTP/OHAT) approach31 the Cochran Collaboration’s approach,32

the Campbell Collaboration and the Navigation Guide,33 with this latter described in a series of articles in
the journal Environmental Health Perspectives. Each broadly shares four defined steps: data collection,
data evaluation, data integration, and summary/update. For example, The Cochrane Collaboration in its
Cochrane Handbook for Systematic Reviews of Interventions for evidence-based medicine lists a number
of the important key characteristics of a systematic review to be (from US-EPA, 2016):

• a clearly stated set of objectives with predefined eligibility criteria for studies;
• an explicit, reproducible methodology;
• a systematic search that attempts to identify all studies that would meet the eligibility criteria;
• an assessment of the validity of the findings from the identified studies;
• a systematic presentation and synthesis of the characteristics and findings of the included

studies.

As described and elaborated in the following sections of this Annex, OPP’s approach to review and
integration of epidemiological data into pesticide risk assessments takes a tiered approach which each
tier appropriately fit-for-purpose in the sense that is considers ‘the usefulness of the assessment for its
intended purpose, to ensure that the assessment produced is suitable and useful for informing the
needed decisions (US-EPA, 2012) and that required resources are matched or balanced against any
projected or anticipated information gain from further more in-depth research. A Tier 1 assessment is
either a scoping exercise or an update to a scoping exercise in which a research and evaluation is
limited to studies derived from the AHS. A Tier II assessment involves a broader search of the
epidemiological literature, comprehensive data collection, and a deeper, more involved data evaluation
and is more extensive but is generally limited in scope to epidemiology and stops short of
multidisciplinary integration across epidemiology, human poisoning events, animal toxicology and
adverse outcome pathways. A Tier III assessment is a complete systematic review with data
integration and more extensive data evaluation and extraction and may involve more sophisticated
epidemiological methods such as meta-analysis and meta-regression, causal inference/causal diagrams,
and quantitative bias and sensitivity analyses, among others.

C.2.3. Current and Anticipated Future EPA Epidemiology Review
Practices

C.2.3.1. Tier I (Scoping & Problem Formulation) and Tier II (more extensive
literature search)

Currently at EPA, epidemiology review of pesticides is conducted in a tiered process as the risk
assessment develops, as briefly described above. The purpose of this early Tier I/scoping epidemiology
report is to ensure that highly relevant epidemiology studies are considered in the problem
formulation/scoping phase of the process and, if appropriate, fully reviewed in the (later) risk
assessment phase of the process. In Tier I, EPA-OPP focuses on well-known high quality cohort studies
which focus on pesticide issues, particularly the Agricultural Health Study (AHS). The AHS is a federally
funded study that evaluates associations between pesticide exposures and cancer and other health
outcomes and represents a collaborative effort between the US National Cancer Institute (NCI), the
National Institute of Environmental Health Sciences (NIEHS), CDC’s National Institute of Occupational
Safety and Health (NIOSH) and the US EPA. The AHS participant cohort includes more than 89,000
licensed commercial and private pesticide applicators and their spouses from Iowa and North Carolina.
Enrolment occurred from 1993 to 1997, and data collection is ongoing. The AHS maintains on its
website a list of publications associated with and using the AHS cohort (see https://aghealth.nih.gov/
news/publications.html).

If the pesticide of interest has been investigated as part of the AHS (www.aghealth.org), a
preliminary (Tier I/scoping) review of these studies is performed early on in the evaluation as the

30 See https://www.epa.gov/iris/advancing-systematic-review-workshop-December-2015
31 See http://ntp.niehs.nih.gov/pubhealth/hat/noms/index-2.html and NTP’s ‘Handbook for Conducting a Literature-based

Assessment Using OHAT Approach for Systematic Review and Evidence Integration’ at https://ntp.niehs.nih.gov/ntp/ohat/pub
s/handbookjan2015_508.pdf

32 See http://handbook.cochrane.org/
33 See http://ehp.niehs.nih.gov/1307175/
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docket (or ‘dossier’) is opened as part of EPA’s ‘Scoping’ analysis. In this early Tier I/scoping phase,
basic epidemiological findings and conclusions from the Agricultural Health Study are described in a
Tier I/scoping document which is designed to simply summarise in brief form the pertinent conclusions
of various AHS study authors if there are AHS findings relevant to a the pesticide undergoing review;
this Tier I scoping review is not designed to offer detailed content, critical evaluation, or evidence
synthesis, and may only touch on summarised highlights of the relevant AHS -related journal articles.
If other high-quality non-AHS studies are available like those from the Children’s Environmental Health
and Disease Prevention Research Centres, these may be similarly summarised in this Tier I/scoping
epidemiological review as well. Again, no critique or synthesis of the literature is offered. In some
cases, the Tier I/scoping review may conclude that no additional epidemiological review of available
evidence is further required. Alternatively, it may recommend that further review is necessary as part
of a more involved Tier I/update or Tier II assessment.

A Tier I/update assessment is generally completed 1" to 3 years following the completion of the
Tier I/scoping assessment and is issued, like the Tier II discussed below, along with and as part of
the Draft Human Health Risk Assessment. Tier I/update assessments perform a thorough review of the
available literature in the AHS. A Tier I/update assessment reviews, summarises and evaluates in a
qualitative, narrative summary (including reported measures of association), the applicable studies that
are listed on the AHS website.34 Reviews are generally in the form of a narrative, focusing on the key
aspects of studies and their conclusions and include EPA OPP commentary along with summary EPA
OPP conclusions and recommendations for further study, if necessary.

C.2.3.2. Tier II (more extensive literature search)

A Tier II assessment is a more complete review of the available epidemiological evidence and is
generally done only if the earlier Tier I/scoping document suggests a potential for a specific concern (e.g.
a specific and credible exposure–disease hypothesis has been advanced and needs to be further
evaluated as part of a more detailed assessment). A Tier II epidemiology assessment, similar to the Tier
I/update, is generally completed 1" to 3 years following the completion of the Tier I assessment and is
issued along with and as part of OPP’s Draft Human Health Risk Assessment; the Tier II evaluation is
considered to be a qualitative narrative review that incorporates certain elements of a systematic review.
For example, a Tier II assessment will include a thorough and complete literature search that is broader
than that of the Tier I/update, including not only the AHS database, but also such databases as PubMed,
Web of Science, Google Scholar and Science Direct, and sometimes others using standardised,
transparent and reproducible query language for which specialised professional library and information
science support is obtained.35 Evidence synthesis by EPA – albeit generally in a qualitative and narrative
form – also occurs in a Tier II assessment, and overall conclusions regarding the body of epidemiological
literature are made. In addition, the Tier II assessment may indicate areas in which further
epidemiological data and studies with respect to specific hypothesised exposure–health outcome is of
interest for future work. The Tier II assessment document will not generally attempt to integrate the
epidemiological findings with other lines of evidence such as that from animal toxicology studies or
information from MoAs/AOPs which may be done (separately) to some degree as part of the risk
assessment. To the extent that the Tier II assessment identifies specific health outcomes putatively
associated with a given pesticide, further investigation and integration across disciplines can
subsequently be done as part of a more comprehensive Tier III assessment (see below).

C.2.3.3. Tier III (Full Systematic Review with Data Integration)

While a Tier II assessment examines a wide range of health outcomes appearing in the
epidemiological literature that are hypothesised to be associated with a given pesticide chemical, a Tier III
assessment might encompass a broader (multidisciplinary) and sometimes more quantitative/statistical
evaluation of at the epidemiological evidence for the association of interest, and it attempts to more

34 https://aghealth.nih.gov/news/publications.html
35 Additional searches conducted under the rubric of epidemiology and biomonitoring/exposure could be done using the NHANES

Exposure Reports (http://www.cdc.gov/exposurereport/); TOXNET (http://toxnet.nlm.nih.gov/); CDC NBP Biomonitoring
Summaries (http://www.cdc.gov/biomonitoring/biomonitoring_summaries.html); ICICADS (http://www.inchem.org/pages/cicad
s.html); ATSDR Toxicological Profiles (http://www.atsdr.cdc.gov/toxprofiles/index.asp); IARC Monographs (http://monographs.
iarc.fr/ENG/Monographs/PDFs/; EFSA’s Draft Assessment Report Database (http://dar.efsa.europa.eu/dar-web/provision); and
Biomonitoring Equivalents (https://blog.americanchemistry.com/2014/07/biomonitoring-equivalents-a-valuable-scientific-tool-
for-making-better-chemical-safety-decisions/
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formally integrate this with animal toxicology and MoA/AOP information. Such a Tier III assessment could
take the form of a systematic review of the epidemiological literature which would be performed together
with evaluation of toxicity and adverse outcome pathways. For pesticide chemicals from AHS, a Tier III
analysis would also ideally incorporate the results of evaluations from other high-quality epidemiological
investigations and incorporate ‘Weight of the Evidence’ to a greater degree to reflect a more diverse set of
information sources. Results from these investigations would be used to evaluate replication and
consistency with results from the AHS. Early AHS findings in a number of cases were based on only a small
number of participants that had developed specific outcomes or a relatively few number of years over
which the participants have been followed. As the AHS cohort ages, the release of second evaluations of
some chemicals from AHS will be based on additional years of follow-up and a greater number of cases
that are expected to provide a more robust basis for interpreting positive and negative associations
between exposure and outcome. In addition, the AHS is increasingly generating a substantial amount of
biochemical, genetic marker, and molecular data to help interpret results from the epidemiological
studies. Such results may further clarify AHS findings, provide evidence for a biological basis linking
exposures to outcomes, or suggest additional laboratory and observational research that might
strengthen evidence for mechanisms underlying causal pathways. In addition, Tier III analyses also may
take advantage of efforts to bring together information and results from international cohort studies in
the International Agricultural Cohort Consortium (AgriCOH) in which AHS is a member. AgriCOH is actively
working to identify opportunities and approaches for pooling data across studies, and the availability of
these other cohort data should aid in assessing reproducibility and replication of exposure–outcome
relationships as EPA considers, evaluates and weighs the epidemiological data.

C.2.4. OPP’s open literature searching strategies and evaluation of study
quality

An important aspect of the systematic review approach is the thorough, systematic, and
reproducible searching of the open epidemiological literature such that much of the literature that
meets the established eligibility criteria can be located.36 OPP uses specific databases as part of their
literature search and has specific guidance on their conduct (for example, OPP’s open literature search
guidance for human health risk assessments37). Evaluation of all relevant literature, application of a
standardised approach for grading the strength of evidence, and clear and consistent summative
language will typically be important components (NRC, 2011). In addition, a high quality exposure
assessment is particularly important for environmental and occupational epidemiology studies.

A second important component of the above systematic review approach is the assessment of the
validity of the findings from the identified studies. Generally speaking, the quality of epidemiological
research, sufficiency of documentation of the study (study design and results), and relevance to risk
assessment will be considered when evaluating epidemiology studies from the open literature for use
in agency risk assessments. When considering individual study quality, various aspects of the design,
conduct, analysis and interpretation of the epidemiology studies are important. These include (from
US-EPA, 2016):

1) clear articulation of the hypothesis, or a clear articulation of the research objectives if the
study is hypothesis-generating in nature;

2) adequate assessment of exposure for the relevant critical windows of the health effects, the
range of exposure of interest for the risk assessment target population, and the availability of a
dose/exposure–response trend from the study, among other qualities of exposure assessment;

3) reasonably valid and reliable outcome ascertainment (the correct identification of those with
and without the health effect in the study population);

4) appropriate inclusion and exclusion criteria that result in a sample population representative
of the target population, and absent systematic bias;

5) adequate measurement and analysis of potentially confounding variables, including
measurement or discussion of the role of multiple pesticide exposure, or mixtures exposure
in the risk estimates observed.

36 Some advocate looking at the grey or unpublished literature to lessen potential issues associated with publication bias.
37 See https://www.epa.gov/pesticide-science-and-assessing-pesticide-risks/guidance-identifying-selecting-and-evaluating-open

and specifically p. 10 of the document ‘Guidance for Considering and Using Open Literature Toxicity Studies to Support Human
Health Risk Assessment’ dated 28.8.2012 at https://www.epa.gov/sites/production/files/2015-07/documents/lit-studies.pdf for
Special Notes on Epidemiologic Data.
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6) overall characterisation of potential systematic biases in the study including errors in the
selection of participation and in the collection of information, including performance of
sensitivity analysis to determine the potential influence of systematic error on the risk
estimates presented;

7) adequate statistical power for the exposure–outcome assessment, or evaluation of the
impact of statistical power of the study if under-powered to observed effects, and
appropriate discussion and/or presentation of power estimates; and

8) use of appropriate statistical modelling techniques, given the study design and the nature of
the outcomes under study.
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Annex D – Effect size magnification/inflation

As described in the main text of this document, a potential source of bias may result if a study has
low power. This lesser known type of bias is known ‘effect size magnification’. While it is as widely
known that, generally small, low-powered studies can result in false negatives since the study power is
inadequate to reliably detect a meaningful effect size, it is less well known that these studies can result
in inflation of effect sizes if those estimated effects are required to pass a statistical threshold (e.g. the
common p < 0.05 threshold used for statistical significance) to be judged important, relevant, or
‘discovered’. This effect – variously known as effect size magnification, the ‘winners curse’, truth
inflation, or effect size inflation – is a phenomenon by which a ‘discovered’ association (i.e. one that
has passed a given threshold of statistical significance to be judged meaningful) from a study with
suboptimal power to make that discovery will produce an observed effect size that is artificially and
systematically inflated.

Such truth inflation manifests itself as (systematic) bias away from the null in studies that achieve
statistical significance in instances where studies are underpowered (Reinhart, 2015). This is because
low-powered (and thus generally smaller) studies are more likely to have widely varying results and
thus be more likely to be affected by random variation among individuals than larger ones. More
specifically, the degree of effect size magnification that may be observed in any study depends, in
part, on how widely varying the results of a study is expected to be and this depends on the power of
the study; low powered studies tend to produce greater degrees of effect size magnification in results
that are found to be statistically significant (or pass other threshold criteria) than higher powered
studies.

As an example of this ‘effect size magnification’ concept and why it may come about, it is useful to
imagine a trial run thousands of times with variable sample sizes. In this case, there will be a broad
distribution of observed effect sizes. While the observed medians of these estimated effect sizes are
expected to be close to the true effect size, the smaller trials will necessarily systematically produce a
wider variation in observed effect sizes than larger trials. However, in low powered studies, only a
small proportion of observed effects will pass any given (high) statistical threshold of significance and
these will be only the ones with the greatest of effect sizes. Thus, when these generally smaller, low
powered studies with greater random variation do indeed find a significance-triggered association as a
result of passing a given statistical threshold, they are more likely to overestimate the size of that
effect. What this means is that research findings of low-powered and statistically significant studies are
biased in favour of finding inflated effects. As summarised by Gelman and Carlin (2014): ‘when
researchers use small [underpowered]38 samples and noisy measurements to study small effects. . ., a
significant result is often surprisingly likely to be in the wrong direction and to greatly overestimate an
effect’. In general, it can be shown that low background (or control or natural) rates, low effect sizes
of interest, and smaller sample sizes in the study end to produce lower power in the study and this
leads to a greater tendency towards and magnitude of (any) inflated effect sizes.

It is important to note that the effect size inflation phenomenon is a general principle applicable to
discovery science in general and is not a specific affliction or malady of epidemiology (Ioannidis, 2005;
Lehrer, 2010; Button, 2013; Button et al., 2013; Gelman and Carlin, 2014; Reinhart, 2015). It is often
seen in studies in pharmacology, in gene studies, in psychological studies, and in much of the most-
often cited medical literature. When researchers have limited ability to increase the sample size such
as in most epidemiological studies, effect size magnification is not a function or fault of the research or
research design, but rather a function of how that the results of that research are interpreted by the
user community. Thus, unlike other possible biases such as selection or information bias in
epidemiology studies, the bias is not intrinsic to the study or its design, but rather characteristic of
how that study is interpreted.

In order to determine (and quantify) the potential degree of effect size magnification for any given
study that produces a statistically significant result, the reviewer must perform various power
calculations. More specifically, when the association between a chemical exposure and a disease is
found to be statistically significant, a power analysis can be done to determine the degree to which
the statistically significant effect size estimate (e.g. odds ratio, relative risk or rate ratio) may be
artificially inflated.

38 [italics added]
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In order to perform the requisite power calculation, the reviewer must know or obtain four values:

1) the number of subjects in non-exposed group;
2) the number of subjects in the exposed group;
3) the number of individuals with the disease of interest (or cases) in the non-exposed group;

and
4) a target value of interest to detect a difference of a given (predetermined) size in a

comparison of two groups (e.g. exposed vs. not exposed)

The first three listed values are provided in or must be obtained from the publication while the
target value of interest (typically an OR or RR in epidemiology studies) is selected by the risk
managers (and is ultimately a policy decision).39 This Annex examines this effect size inflation
phenomenon in a quantitative way using simulations. The annex uses two example published studies
and simulations of hundreds of trials to evaluate the degree to which effect size magnification may
play a role in producing biased effect sizes (such as odds ratios, rate ratios or relative risks) due to low
power.

The first example uses data from Agricultural Health Study prospective cohort publication
examining diazinon exposure and lung cancer and illustrates the effect size magnification issue for a
calculated RR. The second example uses ever-never data from a case–control study studying
malathion exposure and NHL and illustrates the effect size magnification concept from the point of
view of an estimated OR.

An Example Illustrating Effect Size Magnification and Relative Risk (Jones et al. (2015))

The power associated with a comparison between those that are not exposed to diazinon to those
that are exposed at the highest tertile (T) can be computed from the information provided in the AHS
study publication ‘Incidence of solid tumours among pesticide applicators exposed to the
organophosphate insecticide diazinon in the Agricultural Health Study - an updated analysis’ by Jones
et al. (2015) for lung cancer. The number of subjects at each exposure level was provided in the
article (non-exposed group: N = 17710, and T(ertile)1, T2 and T3 were categorised based on
exposure distribution; specifically: N of each tertile = (2,350 + 2,770)/3 = 1,710 from the publication’s
Table 1 where: (a) the value of 2,350 represents the number in the lowest exposed level and (b) the
value of 2,770 represents the number of the two highest exposed levels when the exposed subjects
were dichotomously categorised. Since we have (i) the number of subjects in the reference non-
exposed group = 17,710; (ii) the number of subjects in each of the exposed groups (tertiles) = 1710;
and (iii) the number of diseased individuals (lung cancer) in the reference non-exposed group = 199
(from Table 3 of the cited publication), we can calculate the power of the comparisons between T1 vs
non-exposed, T2 vs non-exposed and T3 vs non-exposed that were presented in the article, given the
assumption that any true Rate Ratio = 1.2, 1.5, or 2.0, etc.

Here, we are interested in evaluating the power associated with the estimated background rate
of 199/17710 (= 0.011237), and, as a form of sensitivity analysis, one half of this background rate
(or 0.005617), and twice this rate (0.022473) for detecting (admittedly arbitrary) relative rates of
(possible regulatory interest of) 1.2, 1.5, 2.0 and 3.0 among the subjects in each tertile of the
diazinon exposed individuals. This analysis was performed using Stata statistical software and is
shown below in both tabular and graphical format for true Rate Ratios of 1.2, 1.5, 2.0 and 3.0 for

39 This target value is an effect size of interest, often expressed as either a relative risk (for cohort studies) or an odds rate (for
case control studies). That is, the target value is generally an OR or RR of a given magnitude that the risk manager desires to
detect with a given degree of confidence. The higher the OR or RR, the greater the magnitude of the estimated association
between exposure and the health outcome. While there are not strict guidelines about what constitutes a ‘weak’ association
vs a ‘strong’ one – and it undoubtedly can be very context-dependent – values less than or equal to about 1 (or sometimes
≤ 1.2) are considered to be ‘null’ or ‘essentially null’ (this ignores the possibility of a protective effect which in some contexts –
for example, vaccination efficacy – may be appropriate to consider). Values less than 2 or 3 are often considered by some as
‘weak’. Values greater than 2 (or 3) and up to about 5 might be considered ‘moderate’, and values greater than 5 are
considered by some to be ‘large’. Monson (1990) describes as a guide to the strength of association a rate ratio of 1.0–1.2 as
‘None’, of from 1.2 to 1.5 as ‘Weak’, of from 1.5 to 3.0 as ‘Moderate’, and of 3.0–10.0 as ‘Strong’. Other authors use Cohen’s
criteria to describe ORs of 1.5 as ‘small’ and 5 as ‘large’, with 3.5 as ‘medium’ in epidemiology (Cohen and Chen, 2010).
Others describe 1.5 as ‘small’, 2.5 as ‘medium’ or ‘moderate’, 4 as ‘large’ or ‘strong’ and 10 as ‘very large’ or ‘very strong’
(Rosenthal, 1996) Taube (1995) discusses some of the limitations of environmental epidemiology in detecting weak
associations (also see invited commentary illustrating counter-arguments in Wynder (1997). It should be recognized that none
of the demarcation lines are ‘hard’ and there can be legitimate disagreements about where these are drawn and how these
are considered and interpreted. Regardless, these can be very much context-dependent and the above demarcations should
not be regarded as in any way official or definitive.
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1/2x-, 1x- (shown below in bold/shaded) and 2x- the (observed) background rate of 199 diseased
individuals/17,710 persons40:

Results of power analysis for a one-sided, two-sample proportions test (a = 0.05)(a)

Ncontrol Nexposed
Proportion
control(b)

Proportion
exposed

Relative
risk

Power

17,710 1,710 0.00562 0.00674 1.2 0.1634
17,710 1,710 0.00562 0.00843 1.5 0.4353

17,710 1,710 0.00562 0.01124 2.0 0.8182
17,710 1,710 0.00562 0.01685 3.0 0.9935

17,710 1,710 0.01124 0.01348 1.2 0.2259
17,710 1,710 0.01124 0.01685 1.5 0.6379

17,710 1,710 0.01124 0.02247 2.0 0.9652
17,710 1,710 0.01124 0.03371 3.0 1

17,710 1,710 0.02247 0.02697 1.2 0.3353
17,710 1,710 0.02247 0.03371 1.5 0.8632

17,710 1,710 0.02247 0.04495 2.0 0.9991

17,710 1,710 0.02247 0.06742 3.0 1

Stata code used to generate the above power calculation results: power two proportions (‘= 0.5 * 199/
17710‘= 199/17710‘= 2 * 199/17710), test(chi2) RR (1.2 1.5 2.0 3.0) n1(17710) n2
(1710) one-sided table(N1:‘‘N control‘‘ N2:‘‘N exposed‘‘ p1:‘‘proportion
control‘‘ p2:‘‘proportion exposed‘‘ RR:‘‘relative risk‘‘ power:‘‘power‘‘).
(a): One-sided test a = 0.05 Ho: p2 = p1 vs Ha: p2 > p1; Ncontrols = 17,710, Nexposed = 1,710; Number of Iterations = 1,000 (data sets).
(b): Representing 1/2x-, 1x- and 2x- the observed background rate of lung cancer of 199/17710 in Jones et al. (2015).

Highlighted/bolded region in table above represents power associated with this 1x observed background rate of lung cancer
in cited study.

These values can be graphed as shown below41:
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H0: p2 = p1  vs  Ha: p2 > p1

Estimated power for a two-sample proportions test

Graph showing estimated power for a (one-sided) two-sample proportions test evaluating power as a function of control-group

proportion at true RRs of 1.2-, 1.5-, 2.0- and 3.0. Dashed red vertical lines represent control group proportions at 1/2x of that
observed, 1x of that observed and 2x of that observed and illustrate sensitivity of the power to these background rate assumptions.

40 The RRs of 1.2, 1.5, 2.0 and 3.0 were selected somewhat arbitrarily to illustrate the power associated with a series of relative
risks that might be of interest to the risk manager/decision-maker. The values of RR or OR = 2.0 and 3.0 are considered by
some to be a demarcation between weaker effect sizes and stronger effect sizes. The RR value of 1.2 is what some consider
‘near to or essentially null’, and the RR of 1.5 is an intermediate value between these. In determining whether the
epidemiological evidence suggests a relationship between an exposure and a health outcome, a risk manager might consider
the ‘essentially null’ RR of 1.2 from a robust study with acceptable statistical power (generally considered 80–90%) as
sufficient evidence for failing to find an association and, in effect, may provide supporting evidence for a conclusion of no
observable association between the exposure and the outcome.

41 Stata code for generating the above graph: power twoproportions (‘ = 0.5 * 199/17710‘(0.0001)
‘= 2 * 199/17710‘), test(chi2) rrisk(1.2 1.5 2.0 3.0) n1(17710) n2(1710)graph
(recast(line) xline(‘= 0.5 * 199/17710‘ ‘=199/17710‘ ‘= 2 * 199/17710‘, lpattern
(dash)) legend(rows(1)size(small)) ylabel(0.2(0.2)1.0)) one sided.
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As can be seen in the above table and graph, this study had a power of about 23% at 1x the
background rate (control-group proportion, equal to 199 diseased individuals/17,710 subjects = 0.011237)
to detect a RR of 1.2. To detect an RR of 1.5, there is about 64% power. If the true background rate were in
reality twice the observed background rate (2 9 0.011237 = 0.022473), we would have about 86% power
to be able to detect a RR of 1.5 and essentially 100% power to detect an RR of 2.0.42

Given the above, SAS was used to simulate the degree to which there may be effect size
magnification (aka effect size inflation) given true relative risks of 1.2, 1.5, 2.0 and 3.0. The table
below illustrates the power analysis for diazinon and lung cancer which shows the extent of the effect
size magnification from the simulation results. The analysis presented in the table below parallels that
done by Ioannidis (2008) and presented in his Table 2 for a set of hypothetical results passing the
threshold of formal statistical significance to illustrate the effect size magnification concept.

SAS simulation results illustrating effect size magnification given true odds ratios of 1.2, 1.5, 2.0
and 3.0(a)

True values

N analysed
data sets

Power(b)

Distribution of observed significant RRs

Proportion of
diseased
individuals
in control

RR N
10th

percentile
Median

(% inflation)
90th

percentile

0.005617
(1/2 9 background)

1.2 1,000 0.16 157 1.6 1.7 (42) 2.0
1.5 1,000 0.40 401 1.6 1.8 (20) 2.3

2 1,000 0.82 823 1.7 2.1 (5) 2.8
3 1,000 1 997 2.3 3.0 (0) 3.9

0.011237
(1 9 background)

1.2 1,000 0.22 224 1.4 1.6 (33) 1.8
1.5 1,000 0.63 627 1.4 1.6 (7) 2.0

2 1,000 0.98 977 1.6 2.0 (0) 2.5
3 1,000 1 1,000 2.5 3.0 (0) 3.6

0.022473
(2 9 background)

1.2 1,000 0.33 331 1.3 1.4 (17) 1.6
1.5 1,000 0.87 871 1.3 1.5 (0) 1.8

2 1,000 1 1,000 1.7 2.0 (0) 2.3

3 1,000 1 1,000 2.6 3.0 (0) 3.4

Poisson regression model was used to compare the rate of (relative risks) between the groups. The EXACT Test was used in the
analysis of some data sets when the generalised Hessian matrix is not positive definite (due to a zero cases in one of the groups).
(a): One-sided test, a = 0.05, N Controls = 17,710, N diazinon Exposed = 1,710, Number of iterations = 1,000 (data sets).
(b): The power resulting from this simulation may be close but not precisely match the power calculated from built-in procedures

in statistical software such as SAS (PROC POWER) or Stata (power two-proportion). This may be due to the number of data
sets simulated being of insufficient size. However, 1,000 iterations is sufficient to adequately estimate the power and to
illustrate the degree of effect size magnification given a statistically significant result (here, a ≤ 0.05).

Note that – given a statistically significant result at p < 0.05 – the percent effect size inflation at the
median of the statistically significant results varies from 0% to 42% depending on both the rate of
lung cancer among individuals not exposed to diazinon (i.e. proportion of diseased individuals in the
non-exposed group) and the true relative risk (ranging from 1.2 to 3.0). For example, if the true RR
of a tertile of exposed vs non-exposed were 1.2, where the non-exposed group has a rate of lung
cancer of 0.011237 (bolded row in the above table), half of the observed statistically significant RRs
would be above the median of 1.6 and half would be below 1.6; this represents a median inflation of
33% over the true RR of 1.2 used in the simulation.

For the background rate found in the Jones et al. (2015) study (0.011237), a true RR of 1.2 that
was found to be statistically significant would instead were the study to be repeated be observed to
vary from 1.4 (at the 10th percentile) to 1.8 (at the 90th percentile) with the aforementioned median
of 1.6. When the true RR is 2 or 3, the power is greater than 80% (as seen in the above table) and
the median of observed RR is close to the true RR and the range of observed RRs are narrow. As the
true RR increases to 3, the study’s power increases such that the effect size inflation disappears and
the median from the simulations indeed reflects the true RR.

42 Said another way, if the true (but unknown) background rate were actually twice the observed background rate, we could
reasonably conclude (with 86% confidence) if no statistically significant relationship was found that the true OR did not
exceed 1.5.
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An Example Illustrating Effect Size Magnification and Odds Ratios in an Ever/Never Analysis (Waddell,
et al. 2001)

Sometimes comparisons between exposed group vs non-exposed group are presented in an
‘ever/never’ comparison as opposed to a comparison based on some other categorisation or grouping
such as terciles or quartiles. This exposure category-based analysis might be done because there are an
insufficient number of cases to break the exposure categories into small (more homogenous) exposure
classifications or groupings or because the measurements of exposure are not available or are less
reliable (such as in case–control studies). In these situations, we similarly need (i) the total number of
subjects in non-exposed group; (ii) the number of subjects in exposed group; (iii) the number of
diseased individuals in the non-exposed group in order to calculate the power of the comparison
between exposed group vs non-exposed group at some; (iv) given or preselected odds ratios.

To illustrate how a power and effect size magnification analysis might be done for a case–control
study using ever-never exposure categorisations, a study investigating the association between
malathion and NHL (Waddell et al., 2001) was selected. Here, we have (i) the number of subjects in the
reference non-exposed group = 1,018 (from Table 1: non-farmers = 243 diseased individuals + 775
non-diseased individuals); (ii) the number of subjects in the exposed group = 238 (from Table 4:
malathion exposed individuals = 91 exposed cases + 147 non-exposed controls); (iii) the number of
diseased individuals in the reference non-exposed group = 243 (from Table 1: 243 diseased individuals
in the non-farmer or non-exposed group), we can similarly calculate the power of the comparisons
between the ever vs never exposed, given the assumption that any true OR = 1.2, 1.5, 2.0, etc.

As was described above for lung cancer and diazinon, we estimated a power of 30.5% to detect an
OR of 1.2 at the study-estimated NHL proportion of 0.2387 among non-farmers (non-exposed), as
illustrated in the table below:

Results of power analysis for a one-sided, two-sample proportions test (a = 0.05)(a)

Ncontrol Nexposed
Proportion
control(b)

Proportion
exposed

Odds
Ratio

Power

1,018 238 0.1194 0.1399 1.2 0.2279
1,018 238 0.1194 0.1689 1.5 0.647

1,018 238 0.1194 0.2133 2.0 0.9693
1,018 238 0.1194 0.2891 3.0 1

1,018 238 0.2387 0.2734 1.2 0.3047
1,018 238 0.2387 0.3199 1.5 0.8149

1,018 238 0.2387 0.3854 2.0 0.9971
1,018 238 0.2387 0.4847 3.0 1

1,018 238 0.4774 0.523 1.2 0.3522
1,018 238 0.4774 0.5781 1.5 0.8779

1,018 238 0.4774 0.6463 2.0 0.9992

1,018 238 0.4774 0.7327 3.0 1

Stata code used to generate the above results: power two-proportions (‘= 0.5 * 243/1018‘ ‘= 243/
1018‘ ‘= 2 * 243/1018‘), test(chi2) OR (1.2 1.5 2.0 3.0) n1(1,018) n2(238) one-side
table(N1:‘‘N control‘‘ N2:‘‘N exposed‘‘ p1:‘‘proportion control‘‘ p2‘‘proportion
exposed‘‘ OR:‘‘odds ratio‘‘ power:‘‘power‘‘).
(a): One-sided test a = 0.05 Ho: p2 = p1 vs Ha: p2 > p1; Ncontrols = 1,018, Nexposed = 238, Number of iterations = 1,000 (data sets).
(b): Representing 1/2x-, 1x- and 2x- the observed background rate of lung cancer of 243/1018 in Waddell et al. (2001). Highlighted,

bolded region in table above represents power associated with this 1x observed background rate of NHL in cited study.

Such power relations for malathion and NHL are graphed below43 – as was done in the above AHS
prospective cohort study for diazinon and lung cancer – with the middle vertical dotted line in the
graph showing power at the NHL proportion of 0.2387 among non-farmers/non-exposed and the left-
hand and right-hand vertical dashed lines representing a form of sensitivity analysis at one-half and
twice the NHL proportion among non-farmers/non-exposed, respectively.

43 Stata code for generating the graph: power two proportions (‘= 0.5 * 243/1018‘(0.01)
‘= 2 * 243/1018‘), test(chi2) OR (1.2 1.5 2.0 3.0) n1(1018) n2(238)graph(recast
(line) x-line(‘= 0.5 * 243/1018‘ ‘= 243/1018‘ ‘= 2 * 243/1018‘, lpattern(dash))
legend(rows(1)size(small)) y-label(0.2(0.2)1.0)) one sided.
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At the study-estimated NHL proportion of 0.2387 among non-farmers/non-exposed, the power
(one-sided) to detect ORs of 1.2, 1.5, 2.0 and 3.0 is shown to be 30.5%, 81.5%, 99.7% and > 99.9%,
respectively. Note that Waddell et al. (2001) reported an OR of 1.6 with a 95% CI of 1.2–2.2, based
on 91 NHL cases who used malathion and 243 cases that were among non-farmers who did not.

Given the above, SAS was used to simulate the degree to which effect size magnification may exist
given true odds ratios of 1.2, 1.5, 2.0 and 3.0. Below is a SAS-generated table for the power analysis
for malathion and NHL showing the magnitude of the effect size magnification from the SAS-based
simulation results.

SAS simulation results illustrating effect size magnification given true odds ratios of 1.2, 1.5, 2.0,
and 3.0(a)

True values

N analysed
data sets

Power(b)

Distribution of observed significant ORs

Proportion of
diseased individuals
in non-exposed
group

OR N
10th

percentile
Median

(% inflation)
90th

percentile

0.1194 (1/2 background) 1.2 1,000 0.22 220 1.4 1.5 (25) 1.8
1.5 1,000 0.66 661 1.5 1.7 (13) 2.0

2 1,000 0.97 972 1.6 2.0 (0) 2.5
3 1,000 1.0 1,000 2.4 3.0 (0) 3.7

0.2387 (19 background) 1.2 1,000 0.32 323 1.3 1.4 (17) 1.6
1.5 1,000 0.81 812 1.4 1.6 (7) 1.8

2 1,000 1.0 997 1.6 2.0 (0) 2.4
3 1,000 1.0 1,000 2.5 3.0 (0) 3.6

0.4774 (29 background) 1.2 1,000 0.34 337 1.3 1.4 (17) 1.6
1.5 1,000 0.87 872 1.3 1.5 (0) 1.8

2 1,000 1.0 1,000 1.6 2.0 (0) 2.5

3 1,000 1.0 1,000 2.4 3.0 (0) 3.7

The logistic regression model was used to compute the odds ratios for the two groups. The EXACT Test was used in the analysis
of some data sets when the maximum likelihood estimate did not exist (perhaps due to a zero cases in one of the groups).
(a): One-sided test, a = 0.05, N non-exposed = 1,018, N malathion exposed = 238, N iterations = 1,000 (data sets).
(b): The power resulting from this simulation may be close but not match exactly with the power calculated from built-in

procedures in statistical software such as SAS (PROC POWER) or Stata (power two-proportion). This may be due to number
of data sets simulated being of insufficient size. However, 1,000 iterations are sufficient to adequately estimate the power
and to illustrate the degree of effect size magnification given a statistically significant result (here, a ≤ 0.05).
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Note that – given a statistically significant result at p < 0.05 – the median effect size varies from
1.4 to 3, depending on the NHL proportion in the non-exposed group, and the true odds ratio (ranging
from 1.2 to 3.0). For example, if the true OR for a NHL proportion among non-farmers of 0.2387 was
1.2 (bolded row in the table), half of the observed statistically significant ORs would be above the
median of 1.4 and half would be below. Further, most (90%) of the statistically significant ORs would
be observed to be above 1.3, and a few (10%) would be observed even to be above 1.6.

In sum, then, the power of an epidemiological study is an important factor that should considered
by regulators and others evaluating such studies. A study that is sufficiently powered will not only be
more likely to detect a true effect of a given size if it is indeed present (the classic definition of power
which relates to the issue of a Type II error or a false negative) but will also be less likely to magnify
or exaggerate the effect if it is not there but (by chance) crosses a preselected threshold (such as the
0.05 level for statistical significance). If a study is suitably powered (say, 80% or more), the observed
effect size is more likely to be a reflect a true effect size and any observed chance variation in this
effect size will reflect a distribution symmetrically centred around the unknown true value. The take
home message from these simulations and the original work by Ioannidis and extensions by Gelman
and Carlin (2014) is that a study should be not only suitably powered to avoid a false negative (Type
II error) but also suitably powered to avoid a magnification of the effect size for those effect sizes that
are statistically significant (or pass some other threshold). Gelman and Carlin (2014) go further, stating
that such ‘retrospective design calculations may be more relevant for statistically significant findings
than for nonsignificant findings. The interpretation of a statistically significant result can change
drastically depending on the plausible size of the underlying effect’. Note that if a study is suitably
powered, there is NO systematic risk inflation, but the effect estimates for underpowered studies that
produce statistically significant effects are prone to what might be substantial risk inflation, the
interpretation of which depends on realistic estimates of the true (underlying) effect.

Ideally, then, published literature studies should conduct and document power analyses. Short of
that, published literature should provide adequate information for the reader to perform such power
calculations (or, as Gelman and Carlin (2014) term them: (retrospective) design calculations). In the
two examples provided above, the authors did provide sufficient information for the reader to calculate
power and the potential for effect size magnification. This is not always the case. Sometimes
information used for power calculations are only partially provided in the publications or provided
information was structured in a way that does not permit such calculations.44,45 For example, if
authors use number of cases instead of level of exposure to determine tertiles or quartiles (which
would be evidenced by a constant number of cases between groups) or if authors group multiple
cancer outcomes together and use that number to determine tertiles, then the power (or design)
calculations illustrated here are not possible since the required inputs are not able to be derived. Since
the counts and data which are tabulated and reported are not necessarily standardised among authors
and publications, one strong recommendation would be for publications to require reporting (even if in
supplementary or online data) the necessary information to estimate power such that such evaluations
can be done by both peer reviewers and interested readers.

44 For example, in the review of the association between malathion exposure vs aggressive prostate cancer presented in the
publication ‘Risk of Total and Aggressive Prostate Cancer and Pesticide Use in the Agricultural Health Study’ by Stella Koutros
et al. (2012), the Panel was not able to calculate the power of the comparison between the malathion-exposed groups vs
non-exposed group because critical information was not provided in the published article. From the publication and the
supplemental document of the publication, we were able to easily find the number of cases in the non-exposed group
(Table 2 in the main article), but the number of subjects in the non-exposed group or at each exposed level (i.e., quartile)
appeared not to be available. We attempted to derive the number of subjects in the non-exposed group and number of
subjects in each quartile from the information in Table 1 of the supplemental document of the article but were not able to do
so since the information in Table 1 was presented in a way that was not consistent with many other AHS publications in that
the exposed subjects were categorized into groups based on the quartiles of number of cases.

45 Sometimes, information used for power calculations may have only been partially provided in the publications. For example,
we calculated the powers associated with various thyroid cancer comparisons from the information provided in the AHS study
publication ‘Atrazine and Cancer Incidence Among Pesticide Applicators in the Agricultural Health Study (1994–2007)’, by Laura
Beane-Freeman et al. (2011). In this publication, the authors did not categorize the subjects into quartiles based on exposure
but instead categorized or grouped the subjects based on the total number of all cancer cases combined. In this way, the
number of cases of all types of cancer was the same between categorized groups and thus both the number of cases of any
specific cancer of interest (e.g. thyroid, here) was not the same between groups and the number of subjects was not the
same between groups. In this example, the publication provided (i) the reference Q1: N = 9,523, (ii) total subjects in Q2, Q3
and Q4: N = 26,834 (Table 1) and (iii) the number of thyroid cancer cases in the reference Q1 = 3 (Table 2). The exact
number of subjects in each of the compared groups (Q2, Q3 or Q4) was, however, not available.
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While the above analysis suggests that potential implications of the effect size inflation
phenomenon are important considerations in evaluating epidemiological studies, it is important to
remember a number of caveats regarding the phenomenon and how its consideration should enter
into any interpretation of epidemiological studies.

• First, while this phenomenon would tend to inflate effect sizes for underpowered studies for
which the effect of interest passes a statistical (or other) threshold, there are other biases that
may be present that bias estimates in the other direction, towards the null. This bias might be
referred to as effect size suppression. Perhaps, the most well-known of these is non-differential
misclassification bias discussed in the main body of the text. This can commonly (but not
always) produce predictable biases towards the null, thereby systematically under-predicting
the effect size. Recognising that this is not always true and there are potentially countervailing
or counteracting factors like effect size magnification (at least for small underpowered studies)
is an important step forward. Specifically, underpowered studies can result in biased estimates
in a direction away from the null to a degree that that can potentially offset (and possibly
more than offset) any biases towards the null that may result, for example, from non-
differential misclassification bias. Regardless, what is of critical importance is to recognise that
adequately powered studies are necessary to be able to have at least some minimal degree of
confidence in the estimate of the effect size for a statistically significant result.

• Secondly – and as stated in the main body of the text – effect size magnification is linked to a
focused effort on the part of the researcher (or regulators interpreting such a study) on
identifying effects that pass a given threshold of significance (e.g. p < 0.05) or achieve a
certain size (e.g. OR > 3) when that study is underpowered. This phenomenon, then, is of
most concern when a ‘pre-screening’ for statistical significance (or effect size). To the extent
that regulators, decision-makers and others avoid acting by focusing on only those associations
that ‘pass’ some predetermined statistical threshold and then use that effect size to evaluate
and judge the magnitude of the effect without acknowledging that it might be inflated if the
study is underpowered, the phenomenon is of lesser concern. Note that effect size
magnification is not a function or fault of the research or research design, but rather a
function of how that research is interpreted by the user community.
Unfortunately, there is sometimes a tendency for attention to focus on effect sizes that are
greater than a given size or that pass a certain statistical threshold and are as such
‘discovered’. As recommended by Ioannidis with respect to how these ‘discoveries’ should be
considered (Ioannidis, 2008):

‘At the time of the first postulated discovery, we usually cannot tell whether an association exists at
all, let alone judge its effect size. As a starting principle, one should be cautious about effect sizes.
Uncertainty is not conveyed simply by CIs (no matter if these are 95%, 99% or 99.9%).

For a new proposed association, credibility and accuracy of the proposed effect varies depending on
the case. One may ask the following questions: does the research community in the field adopt
widely statistical significance or similar selection thresholds for claiming research findings? Did the
discovery arise from a small study? Is there room for large flexibility in the analyses? Are we
unprotected from selective reporting (e.g. was the protocol not fully available upfront?). Are there
people or organisations interested in finding and promoting specific “positive” results? Finally, are
the counteracting forces that would deflate effects minimal?’

• Thirdly, it should be remembered that the effect size inflation phenomenon is a general principle
applicable to discovery science in general and is not a specific affliction or malady of epidemiology
(Ioannidis, 2005; Lehrer, 2010; Button, 2013; Button et al., 2013; Reinhart, 2015). As indicated
earlier, it is often seen in studies in pharmacology, in gene studies, in psychological studies, and in
much of the most-often cited medical literature. Such truth inflation occurs in instances where
studies are small and underpowered because such studies have widely varying results. It can be
particularly problematic in instances where many researchers are performing similar studies and
compete to publish ‘new’ or ‘exciting’ results (Reinhart, 2015).

Summary and Conclusions

Effect size magnification or ‘truth inflation’ is a phenomenon that can result in exaggerated
estimates of odds ratios, relative risks or rate ratios in those instances in which these effect measures
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are derived from underpowered studies in which statistical or other thresholds need to be met in order
for effects to be ‘discovered’. The phenomenon is not specific to epidemiology or epidemiological
studies, but rather to any science in which studies tend to be small and predetermined thresholds such
as those relating to effect sizes or statistical significance are used to determine whether an effect
exists. As such, it is important that users of epidemiological studies recognise this issue and its
potential interpretational consequences. Specifically, any discovered associations from an
underpowered study that are highlighted or focused upon on the basis of passing a statistical or other
similar threshold are systematically biased away from the null. While we cannot know if any specific
observed effect size from a specific study is biased away from the null as a result of being a
‘discovered’ association that passes a statistical threshold (just as we can’t say that a specific study
showing non-differential misclassification will necessarily be biased towards the null), we do know that
that chance favours such a bias to some degree as illustrated by the explications presented and
simulations performed here. Said another way: by choosing to focus on, report, or act upon effect
sizes on the basis of those effect sizes passing a statistical or other threshold, a bias is introduced
since it is inevitably more likely to select those associations that are helped by chance rather than hurt
by it (Yarkoni, 2009). Again, this is an issue related to how studies are interpreted by users, not one
that is intrinsic to the study design nor one that is related to good scientific principles or practices.

One (partial) solution to the above issue is for the reader to cautiously interpret effect sizes in
epidemiological studies that pass a prestated threshold or are statistically significant if they arise from
an underpowered study, recognising that the observed effect sizes can be systematically biased away
from the null. Such an approach would require that either the authors report the power of the study or
that the authors provide sufficient information for the reader to do so. Effects sizes from studies with
powers substantially less than 80% should be interpreted with an appropriate degree of scepticism,
recognising that these may be inflated – perhaps substantially so (particularly if the power is less than
50%). The potential degree of this inflation will depend on a number of issues including background
rate of the health outcome of interest, the sample size of the study and the effect size of interest.
More specifically, when (a) the smaller the background rate of the health outcome of interest is low,
(b) the sample size of the study is small and (c) the effect size of interest is weak, then the power of
the study (to detect that effect size) will be low and the tendency towards inflated effect sizes in
statistically significant results will be high. Low power studies investigating small or weak effects in
populations that have a low background rate of the health outcome of interest will tend towards the
greatest degree of effect size inflation. As a result, the PPR Panel recommends that epidemiological
publications either incorporate such calculations or include key information such that those calculations
can be performed by the reader. Specifically:

When the association between a given pesticide exposure and a disease is found to be statistically
significant, particularly in (presumed) low powered studies, data user should perform various power
calculations (or a power analysis) to determine the degree to which the statistically significant effect
size estimate (OR or RR) may be artificially inflated or magnified. This requires three values to be
clearly reported by epidemiological studies: (i) the number of subjects in the non-exposed group
(including diseased and non-diseased individuals); (ii) the number of subjects in the exposed group
(including diseased and non-diseased individuals); and (iii) the number of diseased subjects in the
non-exposed group. Risk managers can then select the target value of interest (typically an OR or
RR) to detect a difference of a given (predetermined) effect size between the exposed and
non-exposed subjects, and evaluate the degree to which effect size magnification could potentially
explain the effect size that was estimated in the study of interest.

Since it appears that (i) many epidemiological studies are frequently underpowered; (ii) it is not
common for authors to provide either power calculations or (sometimes) the information in
publications required to do them, and (iii) the phenomenon of effect size magnification generally
appears to be little recognised in the epidemiological field, the above PPR Panel recommendation will
require effort on the part of researchers/grantees, publishers, and study sponsors to implement. While
the above suggests that the current state of practice in this area may leave one pessimistic, an opinion
piece on this topic by researcher Kate Button (Button, 2013) describing her work in Nature Reviews
Neuroscience (Button et al., 2013) offered guarded reasons for optimism:

‘Awareness of these issues is growing and acknowledging the problem is the first step to improving
current practices and identifying solutions. Although issues of publication bias are difficult to solve
overnight, researchers can improve the reliability of their research by adopting well-established (but
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often ignored) scientific principles: Also, researchers can improve the usefulness/reliability of their
research by adopting well-established (but often ignored) scientific principles:

1) Consider statistical power in the design of our studies, and in the interpretation of our
results;

2) Increase the honesty with which we disclose our methods and results.
3) Make our study protocols, and analysis plans, and even our data, publically available; and
4) Work collaboratively to pool resources and increase our sample sizes and power to replicate

findings.’

Although the above set of recommendations and thoughts were set in the context of sample size
and neurotoxicology, they have broad applicability to any discovery science, including epidemiology. In
sum, while there is much room for improvement in the conduct and reporting of epidemiological
studies for them to be useful to regulatory bodies in making public health-based choices, the issues
are beginning to be better defined and recognised and – going forward – there is reason for optimism.
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ABSTRACT

We performed a systematic and extensive literature review of epidemiological studies examining the 
association between pesticide exposure and any health outcome published after 2006. We searched 
43,259 citations and identified 603 published articles examining a very wide variety of outcomes and 
presenting over 6,000 analyses between pesticide exposure and health outcomes. We divided the 
different outcomes into 23 major disease categories. The largest proportion of studies pertains to 
cancer outcomes (N=164) and outcomes related to child health (N=84). The majority of studies were 
case-control studies and cross-sectional studies (N=222) and examined occupational exposure to 
pesticides (N=329). A wide and diverse range of pesticides was studied with studies using various 
definitions of pesticides; it is very hard to harmonise between studies this information. Despite the 
large volume of available data and the large number (>6,000) of analyses available, firm conclusions 
cannot be made for the majority of the outcomes studied. This observation is disappointing especially 
when one accounts for the large volume of research in the area. However, this observation is in line 
with previous studies on environmental epidemiology and in particular on pesticides which all 
acknowledge that such epidemiological studies suffer from many limitations and that the heterogeneity 
of data is such that does not allow firm conclusions to de made. We also performed updated meta-
analysis for major outcomes and for those where a relevant meta-analysis published after 2006 was 
identified. This has only been possible for childhood leukaemia and for Parkinson’s disease. For both 
these outcomes we found significant associations between pesticide exposure and disease in line with 
previous evidence.   
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BACKGROUND AND TERMS OF REFERENCE 

Over the last years an abundance of epidemiological studies investigating possible associations of 
pesticide exposure with adverse health effects on humans have become available. In these studies 
exposure to pesticides e.g. via inhalation, ingestion, dermal contact or across the placenta has been 
established as being, or suggested to be, causative for instance for cancer in various organs and tissues, 
disturbed neurodevelopment of children, allergies, decreased fertility (male and female), birth defects 
and Parkinson’s disease. 

However, for many adverse health effects that are attributed to pesticide exposure contradictive or 
ambiguous studies also exist. Studies vary generally greatly in design (e.g. case control versus cohort 
studies), sample size and in many cases exposures are rather estimated or assumed than actually 
determined. 

A comprehensive up-to-date literature collection and review covering relevant publications from 1st

January 2006 to 31st March 2012 should be carried out in which also the quality of these studies is 
evaluated. 

The objectives of the contract resulting from the present procurement procedure are as follows: 

Objective 1: To collect and compile scientific publications in which possible links between pesticide 
exposure and adverse human health effects have been investigated. 

Objective 2: To review and evaluate each collected study in regard to its qualitative aspects (e.g. the 
corner points of the investigations). 

Objective 3: Provision of a database and a report of epidemiological studies. 

This contract was awarded by EFSA to: The Department of Hygiene and Epidemiology, University of 
Ioannina Medical School, Ioannina, Grecce. 

Contractor: The Department of Hygiene and Epidemiology, University of Ioannina Medical School, 
Ioannina, Grecce. 

Contract title: Literature review on epidemiological studies linking exposure to pesticides and health 
effects. 

Contract number: CFT/EFSA/PRAS/2012/04 – CT 01. 
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INTRODUCTION AND OBJECTIVES

This project aims to systematically collect, review and appraise epidemiological studies carried out to 
investigate possible links of pesticide exposure to health-related outcomes in order to improve 
understanding of already established or suggested associations with adverse effects in humans. The 
review focuses on all exposure types either through occupation or in general population with a 
particular focus on investigating sources of heterogeneity. In particular, we have collected scientific 
publications in which possible links between pesticide exposure and adverse human health effects 
have been investigated. The available evidence is under review and evaluation with regard to its 
qualitative aspects. Finally, a database of studies, which examine adverse health effect of pesticides, 
was compiled.

The final report is structured around health outcome categories and is linked to a data extraction 
database. In the methods we provide a detailed documentation of the search criteria and search 
strategy used for the literature review and the study selection process. This section also describes the 
analytical framework with the detailed documentation on the selected exposure and indicators of 
exposure and the surrogate and clinical outcomes examined. We present the results of the literature 
search with the full list of eligible studies and the contents of the data extraction database. We also 
present the results of the outcomes and pesticides examined and conclusions based on the literature 
review findings.  

BACKGROUND AND AIMS

Pesticides have been widely used against pests that can damage crops such as insects, fungi, rodents, 
noxious, weeds, in order to prevent or reduce losses and improve product quality, for many years. 
Their use is very popular; in 2006 and 2007, the world used approximately 5.2 billion pounds of 
pesticides. However, despite their extensive use, and the associated benefits from pesticide use, there 
have been concerns on adverse effects in human health as these chemicals are designed to have 
adverse biological effects on target organisms. Indeed, there is evidence between pesticide use and 
adverse health outcomes such as cancers, neurodegenerative disease and birth defects; however, 
results so far have been inconsistent and firm conclusions cannot be drawn for several pesticides. 

The aim of this review is to systematically collect, review and appraise epidemiological studies carried 
out to investigate possible links of pesticide exposure to health-related outcomes. This review includes 
all exposure types either through occupation or in the general population with a particular focus on 
investigating sources of heterogeneity. In particular, we have collected and compiled scientific 
publications in which possible links between pesticide exposure and adverse human health effects 
have been investigated. The available evidence has been reviewed and evaluated with regard to its 
qualitative aspects and data from each eligible study has been extracted. Finally, a database of studies, 
which examine adverse health effects of pesticides, has been compiled with the aim to facilitate the 
continuous update of results.  

The aforementioned aims constitute a stimulating task due to the methodological challenges of 
environmental epidemiology and pesticide exposure in particular and the vast volume of the peer-
reviewed literature.  
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MATERIALS AND METHODS

1. Search strategy 

A comprehensive literature search was conducted of peer-reviewed original research pertaining to 
pesticide exposure and any health outcome. The search strategy was designed so as to identify 
observational epidemiologic studies published between 1st of January 2006 to 30th of September 2012 
and examining the relationship between pesticide exposures during critical exposure time windows 
(preconception, pregnancy, childhood, adulthood) and any health-related outcome as discussed 
previously. The search strategy was developed to search primarily the MEDLINE (1950–to date), and 
EMBASE (Excerpta Medica Database; 1980 to-date) databases as well as TOXNET (Toxicology Data 
Network; U.S. National Library of Medicine 2012), OpenSigle (2012), and ProQuest Digital 
Dissertations and Theses (2012) as supplemental searches. 

2. Search algorithm for original studies in MEDLINE and EMBASE 

This systematic review aimed to identify studies examining any clinical outcome or valid biomarker 
acting as surrogate for a clinical outcome that has been associated with exposure to pesticides. In order 
to achieve maximum sensitivity, we did not include any outcome-related search terms in the search 
algorithm that we developed. For the formation of the search algorithm, we concentrated on pesticides 
related terms, identified through the MEDLINEMESH terms and EMBASE classification trees on 
pesticides. In MEDLINE, the MESH terms of pesticides and pesticides (pharmacological action) were 
examined. Similarly, we examined the pesticide term in the EMBASE Emtree index. We have looked 
for pesticide categories (i.e. insecticides, herbicides, fungicide etc.) and for specific pesticide names as 
described in the literature or as pharmacological terms (e.g. DDT or Dichlorodiphenyltrichloroethane)
in order to be comprehensive. We have also examined the search terms used in published systematic 
reviews on pesticide exposure during the past 10 years and looked for any additional terms.   

Our first constructed algorithm was long including all aforementioned terms. We piloted different 
searches and shortened the search to improve the sensitivity of the algorithm with modest impact on 
the precision. All searches were limited to Humans and to publication date after 1st of January 2006.  

The long list of pesticide names provided from the MESH database for pesticides pharmacological 
names only provided 2,270 citations on top of the pesticides related words search (pesticid* OR 
pesticides"[MeSH Terms] OR "pesticides"[All Fields] OR "pesticide"[All Fields] OR 
"pesticides"[Pharmacological Action]) in MEDLINE. Examination of 200 from those 2,270 citations 
showed that these did not include epidemiological studies and referred to chemical studies on the 
substances and chemical formation of pesticides. We therefore adopted the search algorithm including 
the generic terms. The algorithm was constructed in EMBASE as the database provides a function to 
study MEDLINE and EMBASE simultaneously (see textbox below). The following algorithm was 
developed: 
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Table 1: Search algorithm for EMBASE and MEDLINE 

The algorithm resulted in 43,259 citations in EMBASE and MEDLINE combined. Of those, 14,539 
were unique to EMBASE. The algorithm includes all pesticides related terms and subcategories used 
either as emtree entries with the explode option and also as text words. The explode option ensures 
that when a term has any more specific, or narrower, index terms within the Emtree thesaurus, they are 
also automatically retrieved as part of the search. Terms such as organochlorine, glyphosate, paraquat 
and maneb were excluded as they are part of the pesticide tree of the explode option and are searched. 
Inclusion of these terms would lead to the same set of results.  Figure 1 below shows examples of the 
indexing trees in EMBASE for some of our search terms.  

3. Supplemental searches 

The database of TOXNET, which lists databases on toxicology, hazardous chemicals, environmental 
health, and toxic releases, was also searched to identify any information missed from previous search 
in MEDLINE and EMBASE. We used only the Databases, which look for references in the 
biomedical literature (i.e. the Toxicology Literature Online (TOXLINE) and the Developmental 
Toxicology Literature (DART)). The remaining TOXNET databases provided summaries of 
Chemical, Toxicological, and Environmental Data per chemical substance and were not relevant to 
this search. For TOXLINE and DART, we used the generic terms “Pesticide OR Pesticides” as longer 
search algorithms with the inclusion of pesticides subcategories had only minor impact on the number 
of references identified. The searches were limited to publication dates after 2006, excluding
references identified through MEDLINE. The function to identify chemical synonyms to the search 
term was enabled. Overall, 893 references were retrieved from TOXLINE and 34 from DART.  

pesticid* OR 'pesticide'/exp OR 'chemical pest control'/exp OR fungicid* OR 
'fungicide'/exp OR herbicid* OR 'herbicide'/exp OR insecticid* OR 'insecticide'/exp OR 
molluscacid* OR'molluscacide'/exp OR molluscicid* OR 'molluscicide'/exp OR 
rodenticid* OR 'rodenticide'/exp OR carbamat* OR 'carbamate'/exp OR pyrethroid* 
OR 'pyrethroid'/exp OR 'chlorinated hydrocarbon'/exp OR 'agricultural chemical'/exp 
AND [humans]/lim AND [2006-2013]/py

Figure 1: Examples of Emtree classification trees
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We also looked into the System for Information on Grey Literature in Europe (OpenSigle), which 
includes 700.000 bibliographical references of grey literature (paper) produced in Europe. There were 
no bibliographical references on pesticides (search term pesticid*) published after 2006.  

We have also constructed a search algorithm to search the ProQuest Digital Dissertations and Theses 
database. We excluded from our search articles published in scholarly j  as those will have been 
identified through MEDLINE and EMBASE. We used the search term “pesticide* AND health” and 
limited our search to specific subjects (environmental science OR public health OR environmental 
health OR epidemiology OR pesticides OR nutrition OR occupational health) and to publication dates 
between 2006 and 2012. This search strategy resulted in 1,713 results. Results were numerous when 
no subject limits were used (12,135) or when the term “health” was excluded from the initial 
algorithm (18,195).  

Finally, the reference lists of all identified eligible studies and systematic reviews are scanned during 
data extraction for additional references.  

4. Search for literature systematic reviews and meta-analysis 

We also performed targeted searches for systematic reviews and meta-analysis in relation to specific 
outcomes. We restricted the search for reviews on those outcomes where more than 4 studies had been 
identified and we performed targeted searches in MEDLINE using the name of the outcome along 
with the keywords “systematic review OR meta-analysis” limited to the title or the abstract of the 
paper.  

5. Structure of this report 

This report is structured around health outcome categories and provides the results for each outcome 
group separately. A section on general conclusions is presented at the end. At the end of each section 
on outcomes and tables and figures are presented to allow ease of reading. Also, the ID numbers of 
each eligible article are referenced throughout the text. These correspond to the ID for each health 
outcome group in the data extraction database which has been provided as a separate file to this 
report. The ID is defined with an abbreviation for the specific health outcome and a study number. 
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Table 2: Summary of recourses searched, search terms and references identified

Database Search terms    Limits 

N 
referen
ces 

MEDLINE 

pesticid* OR 'pesticide'/exp OR 'chemical 
pest control'/exp OR fungicid* OR 
'fungicide'/exp OR herbicid* OR 
'herbicide'/exp OR insecticid* OR 
'insecticide'/exp OR molluscacid* OR' 
molluscacide'/exp OR molluscicid* OR 
'molluscicide'/exp OR rodenticid* OR 
'rodenticide'/exp OR carbamat* OR 
'carbamate'/exp OR pyrethroid* OR 
'pyrethroid'/exp OR 'chlorinated 
hydrocarbon'/exp OR 'agricultural 
chemical'/exp  

Humans, Publication date: 2006-
2012 28,729 

EMBASE 

pesticid* OR 'pesticide'/exp OR 'chemical 
pest control'/exp OR fungicid* OR 
'fungicide'/exp OR herbicid* OR 
'herbicide'/exp OR insecticid* OR 
'insecticide'/exp OR molluscacid* OR' 
molluscacide'/exp OR molluscicid* OR 
'molluscicide'/exp OR rodenticid* OR 
'rodenticide'/exp OR carbamat* OR 
'carbamate'/exp OR pyrethroid* OR 
'pyrethroid'/exp OR 'chlorinated 
hydrocarbon'/exp OR 'agricultural 
chemical'/exp 

Humans, Publication date: 2006-
2012, no references identified 
through MEDLINE 14,530 

TOXLINE Pesticide OR Pesticides 

Publication date: 2006-2012, no 
references identified through 
MEDLINE 893 

DART Pesticide OR Pesticides 

Publication date: 2006-2012, no 
references identified through 
MEDLINE 34 

OpenSigle Pesticide* Publication date: 2006-2012 0 

ProQuest Pesticide* AND health 

Publication date: 2006-2012, 
Subjects (environmental science, 
public health, environmental 
health, epidemiology, pesticides, 
nutrition, occupational health), 
no articles published in scholarly 
journals 1,713 

Total: 
45,899 
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6. Selection of studies 

All titles identified through the literature search of various databases were screened to identify studies, 
which evaluated the association between pesticides and health outcomes including any surrogate 
outcome. All abstracts of the selected titles are then screened in duplicate to identify epidemiological 
studies linking pesticide exposure to any health outcome including surrogate outcome. Both primary 
studies and systematic reviews or meta-analyses are selected. Articles that potentially meet eligibility 
criteria at the abstract screening stage have been retrieved and the full text articles have been reviewed 
in duplicate for eligibility. The reason for rejection of all full text articles has been recorded. 

6.1. Eligibility criteria for full text articles 

We included observational studies assessing the association between pesticide exposure and health-
related outcomes. We included cohort, cross-sectional and case- control studies. We included studies 
performed in humans published from 1st of January 2006 to 30th of September 2012. Animal studies 
and studies performed in human cells have been excluded. We had no language, population or 
geographical restrictions. To enhance totality of the evidence, all types of pesticides have been 
considered. Exposure to pesticides was defined as reported use of pesticides by the study participant or 
by government registry data (self administrated questionnaires, interviewer administrated 
questionnaires, job exposure matrix (JEM)), by residential status (proximity to pesticide exposure), by 
detecting biomarkers associated with pesticide exposure or by any other means as defined by each 
study. Eligible health-related outcomes were “major” clinical outcomes, such as neoplasias or 
Parkinson’s disease, clinical surrogate outcomes such as neurocognitive scales, or laboratory surrogate 
outcomes with an established association with clinical outcomes, such as liver enzymes. 

Narrative reviews, case-series and case-reports (studies without control populations) are excluded. We 
also excluded studies assessing the health-related effect of pesticide poisoning or accidental high-dose 
pesticide exposure. We have excluded studies with no availability of sufficient quantitative 
information reported in the article (e.g. effect estimates) so that effect sizes or measures of 
associations can be calculated. Whenever reports pertained to the same study at different follow-up 
periods and examining the same outcome, we retained the one with the longer follow-up to avoid data 
duplication. We also excluded studies that referred to fertilizers (exploded from the algorithm term 
“agricultural chemical”) as well as studies referred to the adverse effects of substances used as therapy 
for various medical conditions such as warfarin for anticoagulation or agents used in the treatment of 
scabies. Solvents and other non-active ingredients in pesticides/herbicides were not considered 
eligible. We excluded studies that investigate the various effects of Agent Orange on chemical warfare 
veterans as they represent cases of very high dose exposures. Finally, studies which examined the 
association between exposure and biomarkers of exposure were also not considered eligible as they do 
not examine health outcomes. Finally, following consultation with EFSA, we excluded 
studies/analyses investigating exposure to pesticides: arsenic, α, β, hexachlorocyclohexane (HCH), 
lead, dioxins and dioxin-like compounds including polychlorinated biphenyls (PCBs) as these 
chemicals were not considered relevant for the current project. 
Regarding systematic reviews and meta-analyses, we considered all systematic reviews and meta-
analyses that systematically assessed the effect of pesticide exposure to health-related outcomes, 
regardless of the pesticide, exposure window and outcome assessed. We included all publications 
where a systematic approach was endorsed (systematic literature search, assessment of methodological 
characteristics of the included studies and, if a meta-analysis was performed, the use of standard 
analytical tools including the use of a weighted summary estimate and a formal appraisal of 
heterogeneity). Narrative reviews are excluded.  
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6.2. Quality control measures 

The pilot literature searches have all been performed in duplicate. In addition, the first 500 results of 
all title searches were performed in duplicate and results were compared between investigators, which 
displayed high levels of agreement. The kappa statistic for agreement was 0.78. Two independent 
research group members performed in duplicate the abstract screening, the full text screening and the 
data extraction. All discrepancies are resolved by consensus or by a third arbitrator.  

6.3. Data extraction database 

We have constructed and tested the data extraction database with data extraction items and quality 
assessment items that were implemented through the whole process. The data extraction database has 
been structured in 7 domains: Reference, Time period, Study characteristics, Exposure assessment, 
Outcomes, Statistical analysis and Quality assessment (separate database file). The first 6 domains 
pertain to information directly extracted from the full-texts of eligible studies and would be primarily 
used to select studies for quantitative synthesis and aid quantitative synthesis. Studies contribute one 
row in the database for each outcome examined and for each exposure examined. When studies 
present various definitions of exposure we select for data extraction the most comprehensive definition 
of exposure and subsequently the one with the largest sample size. However when studies include any 
type of quantitative information for different biomarkers used for the identification of the same 
chemical substance e.g. p,p’-DDT and p,p’-DDE for dichlorodiphenyltrichloroethane (DDT), they are 
all reported in separate rows. When studies present data in subgroups (e.g. males and females) we
extract only their main analysis (whole group) unless the data is only presented in subgroups in which 
case multiple rows are presented. Analyses regarding different pesticide classes and different health 
outcomes are extracted individually. Appendix II explains all the items used in the data extraction 
database.  

The data extraction form was validated through a robust and systematic procedure. Specifically, 
various versions of the form were validated after blinded loops of extracting information for studies 
randomly selected from the database. We opted for the maximum agreement while preserving the 
comprehensiveness of the database. Two investigators extract each item independently and 
discrepancies are resolved with discussion.  

6.4. Quality appraisal 

The last part of the data extraction database, concerns the methodological appraisal of each eligible 
paper. The areas that we have focused are the study design, the study population, the level of details in 
exposure definition and the methods of exposure measurement and the specificity of the measurement. 
These are crucial questions to be asked in exposure assessment epidemiology. We have also focused 
on the efforts undertaken to account for confounders through matching or multivariable models, 
blinded exposure assessment and well-defined and valid outcome assessment. We have also looked at 
whether the source of funding was acknowledged. The elements of the methodological appraisal were 
considered from the RTI item bank. The RTI item bank is a practical and validated item bank for 
evaluating the risk of bias and precision of observational studies of interventions or exposures 
included in systematic evidence reviews. The questions were adapted to reflect exposure assessment. 
Across the quality appraisal questions we consistently coloured the responses to qualitative assessment 
in green, orange and red with green representing low risk of bias and red high risk of bias. Table 3
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below explains which answers were considered low and high risk respectively. However, the quality 
appraisal questions should be interpreted with caution, as they are only suggestive of the risk of bias 
associated with each study. There may be studies which score high in this quality assessment and still 
have a high risk of bias and vice versa. A final column was constructed to grade the overall quality of 
the studies in low, intermediate and high. This classification was based on the answers to the 
methodological assessment questions as explained in Table 3. 

Table 3: Methodological assessment of eligible studies 

6.5. Quantitative synthesis 

Quantitative synthesis of the results was only attempted when there were more than 4 studies per 
examined outcome and when there was no substantial heterogeneity among the published evidence. 
The presence and extent of heterogeneity was assessed by the I2 (ranging from 0% to 100%) (Ioannidis 
2007). We have summarized the RR/OR estimates using fixed and random-effects models (Lau 1997). 
Fixed-effects models assume that there is a common underlying effect and the variability observed is 
attributed to chance alone; random effects models acknowledge that true between-study heterogeneity 
exists and take into account the presence of heterogeneity into their calculations. In the absence of 
heterogeneity, fixed-and random-effects models yield the same results. Publication bias was assessed 
using funnel plots and visual inspection of the results.  

For each outcome with more than 5 eligible studies quantitative synthesis was attempted. We did not 
include data from the same cohort study; either presented in the same or in different publications in the 
same meta-analysis when the groups compared were not mutually exclusive. For each outcome with 
more than 4 studies, we also looked for previously published meta-analyses to compare results and to 
interpret our findings in the context of previous studies. Meta-analyses were found through a) 
systematic reviews and meta-analyses identified through our literature review and b) targeted searches 
in PUBMED to identify published meta-analyses for each outcome of interest. We attempted to update 
any previously published meta-analyses with our results when the meta-analysis a) included studies 
published by 2006 and b) when outcome and exposure definitions were comparable with the 
definitions used in this report. Finally, we also plotted funnel plots to visually inspect asymmetry 
when more than 10 studies were include in the meta-analysis. 
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RESULTS

7. Overall results 

This section focuses on the literature review results including flowcharts with number of studies 
screened and deemed eligible as well as number of excluded studies and corresponding reasons. It also 
provides an overview of the studies identified and their main characteristics. 

7.1. Selection process for individual studies 

Of the 43,259 retrieved citations, 40,477 were excluded at the title screening level. Of the 2,782 
remaining titles, a further 1,654 were excluded after the abstract screening. We thus deemed eligible, 
1,128 citations to be scrutinized at the full-text level of which 1,101 were original research articles and 
27 were systematic reviews or meta-analyses. Of the 1,101 original articles, 184 were excluded 
(Figure 2). For few (101) publications were the full text (or abstract for conference presentations) has 
not been found online, we sought the full text through letters to authors and investigations from our 
library. This has not been possible for 58 studies for which we extracted information from the abstract 
only.  

Main reasons for exclusion at the full-text level pertained to: no quantitative information/ data (these 
were mainly abstract presentations or comments/ editorials which did not present any quantitative 
information for the association between pesticides and health outcomes, n=108); duplicate records 
(n=28), no implied use of pesticides (n=18), studies on poisoning or accidental very high doses 
(n=11), reviews with no primary data (n=11), no data on health outcomes (n=8). Supplemental 
searches did not succeed to provide additional references as they resulted in a large number of policy 
documents, grant applications documents and studies already retrieved. Supplemental searches 
through reference lists of identified studies and especially the reference lists of identified systematic 
reviews will continue during data extraction and any new identified studies will be added to the 
current list of eligible studies. During full text screening and data abstraction a further 301 studies 
were excluded. The main reason for exclusion was no eligible pesticide, such as Polychlorinated 
Biphenyls (PCBs) (Figure 2). Overall, 602 individual publications were eligible for inclusion in the 
present review. These 602 publications correspond to 6,479 different analyses, which are also present 
in the data extraction database.   
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Figure 2: Flowchart of eligible studies 
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7.2. Evidence map tables and outcomes examined

We observed a great variety of assessed outcomes covering a wide range of pathophysiologies. “Hard” 
clinical outcomes as well as many surrogate outcomes are present in the database reflecting the 
different methodologies endorsed to approach the assessed clinical research questions. We divided the 
different outcomes into 23 major disease categories (Table 4 and Figure 3). The largest proportion of 
studies pertains to cancer outcomes (N=164) and outcomes related to child health (N=84). Table 4
corresponds to the Evidence map Table and shows the outcome mapping of the project describing all 
outcomes that have been associated with pesticide exposure between 2006 and 2012 and their 
frequency.  

Figure 3: Major outcome categories and corresponding percentage of studies examining those 
outcomes among the eligible publications 
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Table 4: Evidence map table including all major outcome categories examined by eligible 
studies.  

Major outcome N studies 
Cancer outcomes 164 
Child health 84 
Reproductive diseases 64 
Neurological diseases 61 
Endocrine diseases 35 
Mental and psychomotor development 32 
Respiratory diseases 25 
Neuropsychiatric diseases 15 
Diabetes (type I and II) 22 
Cardiovascular diseases 31 
Hematological diseases 15 
Mortality 11 
Immune/Autoimmune diseases 10 
Allergic diseases 8 
Gastrointestinal diseases 7 
Symptoms and general health 5 
Gynecological diseases 4 
Skin diseases 4 
Bone diseases 3 
Kidney diseases 3 
Benign tumors 1 
Dental diseases 1 
Men health 1 
Metabolic diseases 1 
 

7.3. Characteristics of eligible studies

The eligible studies were published from 2006 to 2012. The observed distribution of the publication 
year of the eligible studies indicates an approximately equal distribution of studies throughout the past 
5 years (Figure 4). Of note, we expected a considerable presence of the results of the various reports of 
the Agricultural Health Study (AHS), the largest to-date observational study performed in the field. 
Indeed, the AHS publications (n=42) represent a recognizable proportion of the included studies (7%). 
Another 22 studies come form the cross-sectional National Health and Nutrition Examination Survey 
(NHANES) cohorts.  

The majority of studies were case-control studies (N=222) and cross-sectional studies (Figure 5) and 
examined occupational exposure to pesticides (N=329).  Almost half of the studies (N=285) were 
based in America (Figure 6). The most frequent method of pesticide assessment was measurement of 
biomarker or use of self reported questionnaire (Figure 7). Approximately half (N=261) studies were 
classified as ‘high’ in the methodological assessment.  
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A wide and diverse range of pesticides was studied with studies using various definitions of pesticides; 
it is very hard to harmonise between studies this information. We also anticipated a considerable 
proportion of the published literature to be focusing on pesticides no longer approved for use in the 
European Union and in most of the developed countries. We acknowledge that this research lies on the 
rational of pesticide long-term residuals, as well as of the continuing use of these pesticides in 
developing countries. For example, studies focusing solely on DDT and its metabolites constitute 
almost 10% of the eligible studies.  
 

Figure 4: Percentage of eligible papers per publication year between 2006 and 2012 
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Figure 5: Epidemiological study designs of eligible publications 

Figure 6: Location (continent) where eligible epidemiological studies were conducted

Figure 7: Method of exposure assessment in eligible epidemiological studies 
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7.4. Systematic literature review of systematic reviews and meta-analysis 

Throughout our search strategy we also identified systematic reviews and meta-analyses. Overall, 21 
different eligible reviews were identified published after 2006. The outcomes examined are shown in 
Table 5 below. Most reviews examined cancer related outcomes and some claimed positive 
associations between pesticides and examined outcome. The reviews are discussed in relevant 
outcome categories along with the individual studies.  
 

Table 5: List of systematic reviews and meta-analyses identified in the literature review 

Outcome N studies  Authors claim association 
Author, Journal, Publication 
year  

Amyotrophic lateral sclerosis 3 No 

Sutedja NA et al, 2009  
Kamel F et al, 2012 
Malek et al, 2012  

Cancers 11  
Breast cancer 1 No Khanjani N et al, 2007 

Childhood cancer 2 Yes 
Infante-Rivard C et al, 2007 
Vinson F et al, 2011 

Childhood Leukaemia 6 Yes 

Wingle DT et al, 2009 
Turner et al, 2010 
Van Maele-Fabry G et al, 
2010 
Van Maele-Fabry G et al, 
2011 
Bailey HD et al, 2011 
Turner MC et al, 2011 

Multiple cancers 1 Yes Cooper et al, 2008 
Prostate cancer 1 Yes Budnik LT et al, 2012 

Multiple health outcomes 1 Yes Koureas M et al, 2012 

Neurobehavioral 2 No 
Ismail AA et al, 2012 
Li AA et al, 2012 

Parkinson disease 2 Yes 

Van der Mark M et al, 2012 
Van Maele Fabry G et al, 
2012 

Reproductive 1 No Shirangi A, 2011 

Time to pregnancy 1 Yes 
Snijder CA et al, 2012 
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8. Cancer Outcomes 

Overall, 164 publications examined the effect of pesticide exposure on cancer outcomes, contributing 
more than 2000 separate analyses. As seen with other outcomes, the diversity of exposure definition is 
remarkable and poses special challenges to data synthesis. Only 36 out of the 164 were prospective 
cohort studies and other 13 were nested case-controls; the overwhelming majority of evidence comes 
from retrospective case-control analyses, which are prone to recall bias in exposure measurement. 
Also, out of the 49 prospective analyses, 30 (61%) were from the same prospective study, the 
Agricultural Health Study (AHS) and evidence beyond this prospective cohort is limited. This is an 
important observation as it emphasizes the fact that 60% of the evidence for prospective associations 
comes from a single population. The sample size of the analyses was often small; it ranged between 24 
and 82,596 participants (median 301). In addition, 33 studies had information on biomarkers of 
exposure and only 7 assessed occupational exposures through job exposure matrix (JEM). Common 
limitations in studies included small sample sizes, self-reported exposure, potential for high false 
positive rates due to multiple testing (studies test multiple hypothesis without adjusting for multiple 
testing and therefore results are likely to be false positives), and retrospective design. A wide variety 
or pesticides were assessed, with many studies examining organochlorine insecticides.  

The different cancer categories examined are presented in Table 6 along with the number of studies 
contributing to each outcome category and a recommendation for quantitative synthesis. Due to 
heterogeneity of data and small number of studies identified, statistical synthesis of the data (meta-
analysis) was only performed for some cancer subgroups.  

8.1. Hematological neoplasms 

8.1.1. Leukemias 

Overall, 26 studies (and 2 abstracts) examined associations between pesticide exposure and various 
forms of leukaemia. Fourteen out of these 26 studies were reports from the AHS with some 
overlapping results and examination of different pesticide groups. Only 2 studies, both on DDE (ID 
CAN_063, ID CAN_064) examined residential exposure and all the remaining studies examined 
occupation exposure to pesticides. Twelve out of 99 different analyses were statistically significant 
with effect sizes across all studies ranging between 6.1 and 0.2. Statistically significant results come 
from 7 different studies; with the exception of the AHS all were of modest to low quality. Table 7 
shows summarised results across studies that reported information on the same pesticide class. The 
vast majority of results are non-significant and of small effect sizes. Figure 8 shows random effect 
meta-analyses keeping analyses with largest sample size form each study. The meta-analysis resulted 
in a non-significant pooled effect (OR 1.26, 95% CI 0.93, 1.71) and had modest heterogeneity. 
Previous meta-analyses on occupational exposure to pesticides and leukaemia were published in 2008 
and 2007 (Merhi 2007, Van Maele-Fabry 2008). The overall summary effect estimates from previous 
meta-analyses suggested that there is a significantly positive, albeit weak, association between 
occupational exposure to pesticides and all hematopoietic cancers. But both reports acknowledged a 
wide range of limitations including the lack of sufficient data about exposure information and other 
risk factors for hematopoietic cancer and unclear definition of exposure and of leukemia type. 
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8.1.2. Hodgkin lymphoma 

Seven studies examined the associations between pesticide exposure and Hodgkin lymphoma. All 
studies assessed exposure through questionnaires, one studies had large sample size and all studies 
were retrospective. A wide range of pesticides classes was examined which did not allow any 
meaningful synthesis of the results. Twelve out of 75 separate analyses were statistically significant 
with effect sizes ranging from 8.4 to 0.4 across all analyses. We attempted random effects meta-
analysis keeping only the Agricultural Health Study (AHS) analysis with the largest sample size. The 
result was not statistically significant and had high heterogeneity which can be attributed to the range 
of different pesticide classes examined by each study (Figure 9). 

8.1.3. Other lymphomas 

A very wide variety of definitions of lymphomas other than Hodgkin lymphoma were used in 44 
studies of which 21 were reports from the Agricultural Health Study (AHS) and 2 from the BC 
(British Columbia) sawmill workers cohort study. Studies examined broad definitions of lymphomas 
and lymphoproliferative syndromes (ID CAN_047, ID CAN_049, ID CAN_074) and other examined 
more specific definitions of follicular lymphoma, diffuse large cell lymphoma and peripheral T-cell 
lymphoma. Twenty-one studies provided effect sizes between pesticide exposure and broad definitions 
of Non- Hodgkin lymphomas. Five of those studies were prospective (ID CAN_063, ID CAN_064, ID
CAN_067, ID CAN_118, ID CAN_121) and seven examined associations with biomarkers of 
exposure (ID CAN_056, ID CAN_057, ID CAN_064, ID CAN_065, ID CAN_067, ID CAN_060, ID 
CAN_052). However, the later analyses were all on organochlorine pesticides with only few 
significant results (6 analyses among a total of 35 analyses) without any firm evidence for 
associations. In the AHS, large and significant effect size was observed between butylate use and Non- 
Hodgkin lymphomas (RR 2.94, 95% 1.49–5.96, p=0.002; high vs. no exposure). However, again the 
AHS in the same publication has examined ten different outcomes and results need adjustment for 
multiple testing.  

8.1.4. Multiple myeloma  

Also, 11 studies examined associations between pesticides and multiple myeloma, myelodysplastic 
syndromes and monoclonal gammopathy of undetermined significance. These studies were generally 
heterogeneous and no quantitative synthesis was suggested. Overall, some analyses were statistically 
significant, but those were mainly from the French case control study (ID CAN_049) which presented 
overall 147 separate analyses and results are prone to bias. The AHS also reported significant 
associations between permethrin, dieldrin, Carbon-tetrachloride/carbon disulfide mix and 
Chlorthalonil but again these were amongst 52 other analyses and require cautious interpretation. One 
study, reported very high significant effect size of 7.3 for myelodysplastic syndrome (ID CAN_070)
but the quality of the study was poor and adjustment of covariates very limited and results were not 
replicated by other studies on the same phenotype.  

8.2. Prostate cancer 

Overall, 39 studies (in 260 analyses) examined the effects of pesticide exposure on prostate cancer. 
One study was a conference abstract which provided little data on methodology to allow meaningful 
appraisal of its results (ID CAN_107).  Also, 25 of those 39 studies were studies from the AHS 
population with some overlapping results. For example, two studies (ID CAN_022, ID CAN_106)
examined interactions between pesticide exposure and genetic variants in relation to prostate cancer. 
These AHS studies presented the same main effects for pesticide exposure; effects were largely null 
and, if anything, significant inverse effects were found e.g. for carbaryl, chlordane, metalachlor and 
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others. The remaining AHS studies, examined associations between specific pesticides, again showing 
no statistically significant associations between any of the examined pesticides and prostate cancer 
with the exception of a weak significant effect between butylate exposure and prostate cancer. The 
remaining evidence stems from, rather small and of modest quality, retrospective studies. Most studies 
(ID CAN_103, ID CAN_101, ID CAN_100, ID CAN_094, ID CAN_143, ID CAN_142) examined 
the effects of organochlorines with largely small and non-significant results. Two studies (IDs 
CAN_099, ID CAN_095) showed high significant increased risk associated with pesticide exposure 
and prostate cancer but both studies were of low quality, had very broad definitions of exposure and 
results need cautious interpretation and do not match with those reported from well conducted large 
prospective studies (e.g. AHS). Notably, one population-based case-control study (ID CAN_104) in a 
highly exposure area found strong association of ambient exposure to methyl bromide with prostate 
cancer risk, but the study did not observe evidence for exposure-response. In summary, most evidence 
for prostate cancer risk in relation to pesticide exposure concerns the effect of organoclorines with 
studies showing weak non-significant effects. A meta-analysis (Maele-Fabry 2003) on occupational 
exposure to pesticides and prostate cancer was also identified published. The pooled effect estimate, 
based on 22 epidemiological studies, was 1.13 (95% CI 1.04 to 1.22) with substantial heterogeneity 
across studies. In addition, the studies reviewed contained insufficient qualitative and quantitative 
information on exposure in order to distinguish the influence of pesticides from other occupational, 
environmental, and lifestyle factors (Maele-Fabry 2003). Overall, there is no evidence supporting an 
association between pesticide exposure and prostate cancer.  

8.3. Lung cancer 

Thirty studies contributing 45 analyses examined associations between pesticide exposure and lung 
cancer; previously published meta-analysis was not identified. Again, 23 out of 30 published studies 
and 30 of the 45 analyses were analyses of the AHS. Amongst the 50 different analyses of the AHS, 
only one statistically significant result was observed. Three studies examined broad pesticides 
definition as their exposure (ID CAN_080, ID CAN_082, ID CAN_083), one studied mosquito coil 
burns (ID CAN_081), while the remaining studies examined a range of different pesticides with an 
emphasis on organochlorine insecticides. The diversity of pesticide categories and the repeated use of 
the same cohort population (AHS) in more than half of the studies does not allow for quantitative 
synthesis. Notably, the association between mosquito coil burn and lung cancer was statistically 
significant with large effect size (3.78 (1.55, 6.90); yes vs. no use) but the study is relative small, 
retrospective with limited examination of confounders and of overall modest quality. Two case-control 
studies (ID CAN_082, ID CAN_082) reported over a two-fold increased risk of lung cancer for 
occupational exposure to pesticides but individual pesticides were not examined. Another case-control 
study (ID CAN_080) failed to replicate these observations between pesticide exposure and lung cancer 
mortality. Overall, the evidence on pesticide exposure and lung cancer is limited and inconclusive.  

8.4. Childhood cancer 

8.4.1. Childhood hematological neoplasms 

Overall, 17 studies (and one abstract) which examined childhood hematological neoplasms in relation 
to pesticide exposure were identified. All 17 studies examined childhood leukemia and 4 of them also 
included other hematological neoplasms.  

Previous meta-analysis on childhood leukemia concentrated on studies which assessed residential 
exposure to pesticides only. All studies that were included in the meta-analyses and were published 
after 2006 have been identified by our search which confirms that we identified all available evidence. 
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Identified studies were generally small with the exception of two studies on national registries, the 
Northern Region Young Persons’ Malignant Disease Registry (ID CAN_120) and the national 
registry-based case–control study ESCALE (Etude sur les cancers de l’enfant) (ID CAN_073). Results 
from these studies should be cautiously interpreted, despite their large sample size, due to the large 
number of hypothesis examined (high false positive rate); each study reported 42 and 64 separate
analysis respectively. All were case control studies and vast majority examined residential exposures 
with few studies on occupation exposure identified. Although most studies assessed use of, or 
exposure to, pesticides or pesticide subgroups (insecticides, herbicides, fungicides), some studies also 
attempted to collect information on specific pesticides (ID CAN_031, ID CAN_032) and one study 
(ID CAN_032) assessed biomarker levels. There were few data regarding frequency or duration of 
pesticide use, with most studies reporting only “ever/never” use of/exposure to the pesticide of 
interest. Although confounding is difficult to assess because there are few established risk factors for 
childhood hematological neoplasms, most studies examined or adjusted for at least a range of 
sociodemographic and maternal characteristics. Almost all studies assessed pesticide exposure 
separately for preconception, pregnancy, and childhood time windows. One study of very low quality 
and incomplete statistical analyses results examined all exposure time windows and other 2 (ID 
CAN_073, ID CAN_044) examined preconception and pregnancy jointly.  

Three studies were excluded from further quantitative analyses: study ID CAN_040 was excluded due 
to lack of CIs; study ID CAN_030 due to duplicate data from Northern California Childhood 
Leukemia Study (duplicate with ID CAN_031), and study ID CAN_037 due to a unique study 
population (Down syndrome cases only). We divided the quantitative synthesis of results by the time 
period (window of exposure).  

8.4.1.1. Exposure during pregnancy 

Seven studies had information for pesticide exposures during pregnancy. Eleven out of 86 analyses 
were statistically significant corresponding to 5 studies which all examined acute leukaemia as 
outcome of interest. Largest effect estimates were reported from the national registry-based case–
control study ESCALE (Etude sur les cancers de l’enfant). Insecticide use during pregnancy was 
significantly associated with childhood acute leukemia (OR = 2.1; 95% CI, 1.7–2.5) and paternal 
household use of pesticides was also related to acute leukemia (OR = 1.5; 95% CI, 1.2–1.8) in this 
study. We performed a series of quantitative synthesis of results. We first selected analyses with the 
largest sample size within each published report and synthesized results (Figure 10). This analysis was 
associated with large heterogeneity (I2>80%) as each study had different exposure assessment (type of 
pesticide and parental route of exposure) and variability in outcome assessment. The remaining meta-
analysis in Figure 10 show synthesis or results based on pesticide class examined in an effort to 
harmonize results with the previously published meta-analysis (Turner 2010) on ‘Residential 
Pesticides and Childhood Leukemia’. We performed quantitative synthesis of all studies on 
insecticides and pesticides identified in this systematic review and subsequently we updated the 
previously published meta-analysis keeping only studies assessing residential exposure. Overall, the 
results show modest heterogeneity across studies, which can be attributed to variability in pesticide 
exposure definition, outcome definition, definition of exposure time windows etc. However, the meta-
analysis show a consistent increased risk of childhood leukemia associated with exposure to 
unspecified pesticides and insecticide (Summary OR=1.69; 96% CI=1.35, 2.11). Our updated meta-
analysis resulted in more conservative results compared to the meta-analysis published in 2010 but 
still supported an association between exposure to pesticides during pregnancy and childhood 
leukaemia. Still the evidence merits careful interpretation as there were concerns around publication 
bias in the original meta-analysis, the studies are typically small and the exposure is measured through 
non-validated self-reported questionnaires that are prone to misclassification. Funnel plot shows 
relative symmetry around studies of small size. Further evidence from large studies, using valid 
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biomarkers of past exposure are needed to confirm whether there is public health merit in reducing 
prenatal exposure to residential pesticides. 

8.4.1.2. Preconception 

Four studies examined preconception as the time window of exposure (ID CAN_032, ID CAN_043, 
ID CAN_073, ID CAN_120) but none reported statistically significant results.  

8.4.1.3. Childhood 

Seven studies with information on exposure during childhood were identified (ID CAN_031, ID
CAN_032, ID CAN_035, ID CAN_036, ID CAN_041, ID CAN_043, ID CAN_133). One study 
examined Endosulfan, which is no longer in use; the study was of very low quality and was not 
considered further. Meta-analysis of these studies is shown in Figure 14 below. Two analyses are 
presented A) one on identified studies from 2006 onwards based on the analysis of the largest sample 
size in each report (any pesticide) and B) an update on the 2010 meta-analysis on pesticide exposure 
during childhood and childhood leukemia. The meta-analysis on any pesticides had modest 
heterogeneity whereas the updated meta-analysis, which was restricted to residential exposure and 
insecticides/ unspecified pesticides only, displayed no heterogeneity in its results. The results of the 
updated meta-analysis are more conservative than the original meta-analysis but still very close to the 
pooled estimates reported in 2010 (Figure 14). Funnel plots indicated considerable symmetry around 
results. Overall, there is some evidence for association between childhood exposure to pesticide and 
childhood leukemia but this is weaker than exposure during pregnancy and requires more evidence 
from well-conducted large birth cohorts to draw firm conclusions.  

8.4.2. Lymphomas 

Evidence beyond leukaemia for childhood hematological neoplasms comes only from 3 studies, which 
reported many analyses (IDs CAN_073, ID CAN_120, ID CAN_133) among which analyses for Non-
Hodgkin and Hodgkin lymphomas. All analyses were not statistically significant and had weak effect 
estimates.  

8.4.3. Other childhood cancers 

Seven studies on other childhood cancers were identified. Four studies examined brain cancer (ID 
CAN_006, ID CAN_011, ID CAN_089, ID CAN_133), one childhood germ cell tumor (ID 
CAN_114) and two examined a range of childhood cancers (ID CAN_120, ID CAN_133). Significant 
associations were only observed for brain cancers but again these pertain to only a small subset of 
many analyses and cannot be informative at this stage.  

8.5. Colorectal cancer 

Overall, 26 identified studies examined associations between pesticide exposure and colorectal cancer 
in 207 analyses. Separate analyses for colon cancer and rectum cancer were available in 24 and 11 
studies respectively. A very large body of evidence comes from the AHS study, which examined all 
these 3 outcomes for associations with 194 out of the 207 identified analyses on colorectal cancer 
examining 50 different pesticides with no adjustments for multiple testing. Out of these 194 analyses, 
only 7 were statistically significantly positively associated with the outcome (Carbaryl, Aldicarb, 
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Toxaphene, Pendimethalin, S-Ethyl dipropylthiocarbamate (EPTC), imazethapyr and Fonofos) but 
need to be interpreted with caution due to high false positive probability. Despite the fact that 27 
published studies were identified, overall the evidence comes from only 7 different populations. This 
fact along with the range of different pesticides analysed by each of these studies in relation to colon 
cancer does not allow meaningful quantitative synthesis of the results. Table 8 shows the extent of 
publication of duplicate data from one cohort in multiple papers and shows good consistency of 
results. Previous meta-analyses on colorectal cancer and pesticide exposure have not been identified. 
Overall, the evidence for pesticides and colorectal cancer is very limited and current state of the 
literature does not support associations between pesticides and colorectal cancer.  

8.6. Skin cancer 

Seventeen studies examined associations between melanoma and pesticide exposure. The majority of 
studies assessed organochlorine pesticides. Again, 14 out of 17 studies on melanoma were results from 
the AHS examining in each paper different pesticides categories and different definitions of exposure 
with some supplication of results present. Of the 26 different analyses of the AHS, 8 were statistically 
significant and all stemming from the same publication (ID CAN_085) on dose response relationships 
for 50 agricultural pesticides with cutaneous melanoma. The study reported significant associations 
between cutaneous melanoma and maneb/mancozeb (≥ 63 exposure days: OR = 2.4; 95% CI, 1.2–4.9; 
trend p = 0.006), parathion (≥ 56 exposure days: OR = 2.4; 95% CI, 1.3–4.4; trend p = 0.003), and 
carbaryl (≥ 56 exposure days: OR = 1.7; 95% CI, 1.1–2.5; trend p = 0.013) (155). Other studies did not 
report results on these pesticides to allow examination of replication of results. One case-control study 
showed increased statistically significant risk between indoor pesticide exposure and melanoma 
whereas in the same study outdoors pesticide exposure was not associated with melanoma (106). The 
remaining studies on organochlorines showed heterogeneous results with few statistically significant 
results (Hexachlorobenzene (HCB), mirex), which do not provide evidence for an association between 
these pesticides and melanoma. 

8.7. Breast cancer 
Overall, 14 studies (and 3 abstracts) after 2006 examined the relationship between pesticide exposure 
and breast cancer. The vast majority of studies and analyses concentrate on organochlorine pesticide, 
which they are assessed through biomarker analyses. Two previous meta-analyses on breast cancer 
and DDT exposure have been published (Khanjani 2007, López-Cervantes 2004). Overall, previous 
meta-analyses did not show a significant association between any cyclodiene chemical and breast 
cancer except for heptachlor, but that was based on only two studies. Meta-analysis on identified 
studies in this systematic review on Dichlorodiphenyldichloroethylene (DDE) and breast cancer (5 
studies) also shows no evidence for association. We have also performed a meta-analysis across all 
identified studies on breast cancer, selecting each time the analysis within each study with the largest 
sample size. Studies ID CAN_019 and ID CAN_023 were excluded from synthesis, as effect sizes and 
confidence interval to allow synthesis were not provided and study ID CAN_022 was excluded as it 
reported very tight confidence intervals which did not were assumed to be reported incorrectly. The 
synthesis here involves the pooled effect of many different pesticides definitions and biomarkers 
(DDE, lindane, and broad pesticide definition) and is difficult to be interpreted. The pooled effect 
shows a statistically significant increased risk of breast cancer (1.07 (0.87 to 1.31)) but this result need 
cautious interpretation. The meta-analysis combines very different categories of pesticides and is 
largely dominated by one study (ID CAN_022), which assessed pesticide exposure by self-reported 
residential pesticide use and is therefore of modest quality compared to the rest of the studies which 
assessed pesticides via biomarkers. 
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8.8. Bladder cancer 

Sixteen studies examining bladder cancer in relation to pesticide exposure were identified; however, 
13 were studies from the same population the AHS as previously observed for other cancer outcomes.  
Among the 25 different analyses presented, only one provided statistically significant results for 
occupational exposure to imazethapyr in the AHS. However, due to multiple testing the results need 
cautious interpretation and based on the evidence reviewed in this report there is no suggestion for an 
association between pesticide exposure and bladder cancer.  

8.9. Kidney cancer 

Ten studies examined kidney cancer in relation to pesticide exposure; however, data from two 
populations only, the AHS and the BC (British Columbia) sawmill workers cohort study. Results form 
the BC sawmill workers cohort study (ID CAN_129 and ID CAN_125) were both on occupational 
exposure to pentachlorophenol and tetrachlorophenol but examining different approaches to statistical 
analyses. Results from the AHS were on different pesticide classes. Overall, no statistically significant 
results were observed and the limited number of contributing populations (n=2) does not allow further 
quantitative synthesis.   

8.10. Pancreatic cancer 

Seven studies examined pancreatic cancer in relation to pesticide exposure; 4 were reports from the 
AHS. The overwhelming majority of analyses considered organochlorine pesticides. In a small case-
control study of modest quality significantly increased concentrations of hexachlorobenzene (HCB), 
sum of chlordanes and polybrominated diphenylethers (PBDEs) were found in the pancreatic cancer 
cases compared to healthy controls (ID CAN_090). In the AHS, among 46 different analyses, 
significant associations were reported for Pendimethalin and S-Ethyl dipropylthiocarbamate (EPTC). 
Applicators in the top half of lifetime pendimethalin use had a 3.0-fold (95% CI 1.3–7.2, p-trend 5 
0.01) risk compared with never users, and those in the top half of lifetime EPTC use had a 2.56-fold 
(95% CI 5 1.1–5.4, p-trend=0.01) risk compared with never users. Organochlorines were not 
associated with an excess risk of pancreatic cancer in the AHS. These findings suggest that herbicides 
may be associated with pancreatic cancer but require replication by future studies as they all come 
from a single population without adjustments for multiple testing.  

8.11. Testicular cancer 

Overall, 8 studies examined testicular cancer. Two studies also reported outcomes for seminoma 
cancer. All but one study assessed biomarker levels and concentrated on organochlorine pesticides 
with a range of different biomarkers assessed and studies showing a weak effect for an association 
with testicular cancer. However, information on more than 4 studies was available for p-p’DDE only 
and quantitative synthesis showed a non-significant effect and modest heterogeneity (Figure 20). 
Quantitative synthesis across any pesticide was not performed due to heterogeneity of biomarkers 
assessed in each study.  Overall, there is no evidence to support an association between pesticide 
exposure and testicular cancer based on evidence reviewed herein.  

8.12. Stomach cancer 
Six studies examined association between pesticide exposure and stomach cancer. All studies 
examined occupational exposure to pesticides, a range of pesticide classes was studies; 2 studies had a 
prospective design but all had modest to small sample sizes. In agreement with previous meta-analysis 
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on farmers (Saphir 1998), studies reported weak and mainly non-significant results. A nested case-
control study (ID CAN_028) of gastric cancer embedded in the United Farm Workers of America 
(UFW) cohort reported significant associations: working in areas with high use of the phenoxyacetic 
acid herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) was associated with gastric cancer (OR 1.85; 
95% CI 1.05–3.25); use of the organochlorine insecticide chlordane was also associated with the 
disease (OR 2.96; 95% CI 1.48–5.94). Gastric cancer was associated with use of the acaricide 
propargite (OR 2.86; 95% CI 1.56–5.23). Nonetheless, the study is limited by a relatively small 
number of cases and controls, multiple testing and exposure misclassification, as assessment was
ecological in nature. In the AHS, based on 15 exposed cases, stomach cancer risk increased 
monotonically with increasing methyl bromide use (RR = 3.13; 95 % CI, 1.25–7.80 for high use 
compared with no use; p for trend = 0.02). However, again the associations suffer from multiple 
testing as all other cancer subtypes have been associated with methyl bromide use in this study (ID 
CAN_147). Meta-analysis selecting the analysis with largest sample size is shown in Figure 21 but 
results require careful consideration. Despite a statistical significant pooled large effect size, this is 
dominated by two studies (ID CAN_125, ID CAN_147), which examine pentachlorophenol and 
methyl bromide; two compounds that are not approved in the European Union. 

8.13. Liver cancer 
Five studies (including 11 separate analyses) and one conference abstract examined associations 
between pesticide exposure and liver cancer. The majority of analyses examined exposure to 
organochlorine pesticides and all studies examined occupational exposure to pesticides. Both studies 
on DDT (IDs CAN_076 and ID CAN_079) reported statistically significant associations with liver 
cancer; the remaining analyses were non-statistically significant. These two studies largely dominate 
the meta-analysis on liver cancer, which shows a statistically significant pooled result largely driven 
by the DDT studies.   

8.14. Cancer subgroups with few studies  

As illustrated in Table 6, for a large number of individual cancers only very few studies are available 
to allow synthesis of evidence for each cancer subgroup. Our systematic review did not identify any 
previously published meta-analyses on these cancer subtypes to allow for comparisons with previously 
published evidence (prior to 2006). Generally the results on these cancer subtypes were of small effect 
and not statistically significant with few exceptions concerning occupational exposure only. Given the 
large number of analyses within each study, these results need cautious interpretation and, based on 
these data, there is no evidence to suggest association between pesticide exposure and these cancer 
subtypes.  

There were also a large number of studies examining all cancers (composite cancer outcome) in 
relation to pesticide. Cancers represent a very heterogeneous group of disorders and simultaneous 
examination of all cancer subtypes may introduce bias in the associations. Overall, 30 analyses 
examining “all cancers” were identified and 28 of them were analyses of the same cohort, the AHS,
not allowing further synthesis of the results. Only 4 results out of 31 were statistically significant were 
associated with poor quality of studies and therefore do not merit interpretation at this stage. 
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Table 6: Summary of eligible studies identified per cancer subgroup 

Cancers N studies 
Meta-analysis 
recommended 

Previous meta-
analysis identified 

Haematological neoplasms 88 Yes Yes 
Prostate cancer 39 No Yes 
Lung cancer 30 Yes No 
All cancers 30 No No 
Childhood cancer 45 Yes Yes 
Colorectal cancer 26 No No 
Skin cancer  17 Yes No 
Bladder cancer 16 Yes No 
Breast cancer 14 Yes Yes 
Kidney cancer 10 No No 
Pancreatic cancer  7 No No 
Testicular cancer 8 No No 
Lip, oral cavity and pharynx cancer 5 No No 
Stomach cancer 6 No No 
Liver cancer 5 No No 
Brain cancer 6 No No 
Bone cancer 5 No No 
Oesophageal cancer 5 No No 
Larynx cancer 3 No No 
Biliary tract cancer 2 No No 
Soft-tissue  2 No No 
Female reproductive system cancer 2 No No 
Other 9 No No 
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Table 7: Summary results across eligible studies that reported information on the same 
pesticide class and risk of leukaemia (DDE: Dichlorodiphenyldichloroethylene)

Study ID
Publication 
Date

Pesticide 
Class Pesticide Type Outcome N OR

95% 
LCI

95% 
UCI

Level of 
Adjustment

DDE
CAN_064 2010 p,p'-DDE Biomarker Chronic Lymphocytic Leukemia 210 0.78 0.28 2.21 +++
CAN_063 2010 p,p'-DDE Questionnaire Chronic Lymphocytic Leukemia 148 0.62 0.29 1.3 ++
CAN_056 2008 p,p'-DDE Biomarker Chronic Lymphocytic Leukemia 71 1 0.4 2.5 +
Insecticides
CAN_072 2006 Insecticides Questionnaire All leukemias 1304 1 0.7 1.4 +
CAN_049 2009 Insecticides Questionnaire Chronic Lymphocytic Leukemia 37 0.8 0.3 2.1 +
CAN_024 2010 Insecticides Questionnaire Acute Myeloid Leukemia 158 1.52 0.16 2.04 +++
Herbicides
CAN_072 2006 Herbicides Questionnaire All leukemias 1260 1.4 0.8 2.3 ++
CAN_049 2009 Herbicides Questionnaire Chronic Lymphocytic Leukemia 39 0.5 0.2 1.3 +
CAN_024 2010 Herbicides Questionnaire Acute Myeloid Leukemia 45 1.83 0.99 3.38 +++
CAN_058 2008 Herbicides Questionnaire Chronic Lymphocytic Leukemia 523 1.15 0.76 1.74 ++

Table 8: Examples of identified studies from the Agricultural Health Study (AHS) that 
evaluated the same biomarkers of pesticide exposure in relation to colorectal cancer (DDVP: 
2,2-dichlorovinyl dimethyl phosphate) 

Study ID Pesticide Outcome Comparison
Sample 
size

Effect 
Estimate (OR)

Lower 
95% CI

Upper 
95% CI

Adjust
ments

CAN_122
Dichlorvos/
DDVP Colon cancer

Highest 
tertile of 
exposure vs 
no 202 1.48 0.78 2.8 +

CAN_024
Dichlorvos/
DDVP Colon cancer Ever vs. never 56813 1.5 0.9 2.4 ++

CAN_024 Fonofos Colon cancer Ever vs. never 56813 1.5 1 2.2 ++

CAN_119 Fonofos Colon cancer

Highest 
tertile of 
exposure vs 
no 126 1.66 0.92 3.03 ++

CAN_024 Malathion
Colorectal 
cancer Ever vs. never 56813 0.8 0.6 1.1 ++

CAN_121 Malathion
Colorectal 
cancer

Highest 
tertile of 
exposure vs 
no 58 0.84 0.48 1.48 ++

CAN_118 Toxaphene
Rectum 
cancer Yes vs. no 75 2 1.1 3.5 +++

CAN_024 Toxaphene
Rectum 
cancer Ever vs. never 56813 2.1 1.2 3.6 ++
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Table 9: Studies on biomarkers of pesticide exposure and testicular cancer with more 
than >2 studies per biomarker (DDE: Dichlorodiphenyldichloroethylene; HCB: 
Hexachlorobenzene) 

Study ID Pesticide
Effect estimate 
type Comparison level Total N Effect estimate 95% LCI 95% UCI Adjustments

CAN_111 Dieldrin OR high tertile vs low 418 0.79 0.44 1.41 ++
CAN_115 Dieldrin OR high tertile vs low 60 2.1 0.5 9.5 +

CAN_113 HCB OR yes/no 57 4.4 1.7 12 +
CAN_115 HCB OR high tertile vs low 70 2.9 0.5 15.2 +

CAN_111 Heptachlor epoxide OR high tertile vs low 407 0.67 0.35 1.29 ++
CAN_115 Heptachlor epoxide OR high tertile vs low 68 2.4 0.6 9.1 +

CAN_111 Mirex OR high tertile vs low 557 0.87 0.5 1.53 ++
CAN_112 Mirex RR high tertile vs low 1333 0.24 0.9 1.74 +++
CAN_115 Mirex OR high tertile vs low 66 1.2 0.4 3 +

CAN_111 o,p-DDT OR high tertile vs low 514 1.3 0.67 2.53 ++
CAN_115 o,p’-DDT OR high tertile vs low 71 1.4 0.4 4.5 +
CAN_116 o,p'-DDT Mean difference unit increase 60 0.46 n/a n/a n/a

CAN_111 p,p'-DDT OR high tertile vs low 533 1.17 0.68 2 ++
CAN_112 p,p'-DDT RR high tertile vs low 1493 1.13 0.71 1.82 +++
CAN_115 p,p'-DDT OR high tertile vs low 63 2.1 0.6 7.2 +
CAN_116 p,p'-DDT Mean difference unit increase 60 -1.2 n/a n/a n/a

CAN_111 p,p'-DDE OR high tertile vs low 554 0.61 0.32 1.14 ++
CAN_112 p,p'-DDE RR high tertile vs low 884 1.71 1.23 2.38 +++
CAN_113 p,p'-DDE OR yes/no 44 1.3 0.5 3 +
CAN_115 p,p’-DDE OR high tertile vs low 65 2.2 0.7 6.5 +
CAN_116 p,p'-DDE Mean difference unit increase 60 -15.29 n/a n/a n/a
CAN_117 p,p'-DDE OR high tertile vs low 98 3.21 0.77 13.3 +

CAN_111 Oxychlordane OR high tertile vs low 538 0.93 0.5 1.73 ++
CAN_112 Oxychlordane RR high tertile vs low 841 1.27 0.92 1.76 +++
CAN_115 Oxychlordane OR high tertile vs low 68 3.2 0.6 16.8 +

CAN_111 Total chlordanes OR high tertile vs low 562 0.93 0.51 1.68 ++
CAN_112 Total chlordanes RR high tertile vs low 842 1.51 1.09 2.1 +++
CAN_113 Sum of chlordanes OR yes/no 49 1.9 0.7 5 +
CAN_115 Total chlordanes OR high tertile vs low 70 2.3 0.6 7.2 +

CAN_111 Trans -nonachlor OR high tertile vs low 564 0.89 0.49 1.61 ++
CAN_112 Trans -nonachlor RR high tertile vs low 875 1.46 1.07 2 +++
CAN_115 Trans -nonachlor OR high tertile vs low 62 2.6 0.7 8.9 +
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NOTE: Weights are from random effects analysis

Overall  (I-squared = 59.4%, p = 0.031)
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Figure 8: Random effects meta-analysis of the association between exposure to pesticides and 
Leukemia  

CAN_039 Pesticides
CAN_042 Insecticides
CAN_049 Pesticides
CAN_058 Chlorophenol
CAN_072 Fungicides
CAN_062 Insecticides
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NOTE: Weights are from random effects analysis

Overall  (I-squared = 81.6%, p = 0.000)
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Figure 9: Random effects meta-analysis of the association between exposure to pesticides and 
Hodgkin Lymphoma 

 

CAN_045 Phenoxyherbicides
CAN_046 Dichlorprop
CAN_049 Domestic insecticide
CAN_050 Pesticide
CAN_053 DEET
CAN_072 Fungicides
CAN_074 Pesticides for crops
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NOTE: Weights are from random effects analysis
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Figure 10: Random effects meta-analysis of the association between childhood leukemia and 
exposure to pesticides during pregnancy (Any exposure to pesticide during pregnancy and childhood 
leukemia) 

CAN_035 Home insecticides
CAN_038 Pesticides
CAN_043 Pesticides
CAN_044 Insect repellents
CAN_073 Pesticides
CAN_032 Benzimidiazoles
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NOTE: Weights are from random effects analysis

Overall  (I-squared = 65.0%, p = 0.022)
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Figure 11: Random effects meta-analysis of the association between childhood leukemia and 
exposure to pesticides during pregnancy (Exposure to insecticides during pregnancy and childhood 
leukemia)  
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NOTE: Weights are from random effects analysis
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Figure 12: Random effects meta-analysis of the association between childhood leukemia and 
exposure to pesticides during pregnancy (Residential exposure to insecticide during pregnancy and 
childhood leukemia) (update to meta-analysis 2010 using published effect sizes; Turner 2010) and 
associated funnel plot 
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Figure 13: Random effects meta-analysis of the association between childhood leukemia and 
exposure to pesticides during pregnancy (Exposure to unspecified pesticides during pregnancy and 
childhood leukemia) 
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Figure 14: Random effects meta-analysis of the association between childhood leukemia and 
exposure to pesticides during pregnancy (Residential exposure to unspecified pesticides during 
pregnancy and childhood leukemia (update to meta-analysis 2010, Turner 2010) and associated funnel 
plot) 
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NOTE: Weights are from random effects analysis
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Figure 15: Random effects meta-analysis of the association between childhood leukemia and 
exposure to pesticides during childhood (Any exposure to pesticide during childhood and childhood 
leukemia) 
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CAN_035 Home insecticides
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CAN_043 Pesticides for insects and spiders
CAN_133 Pesticides
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Figure 16: Random effects meta-analysis of the association between childhood leukemia and 
exposure to pesticides during childhood (Residential exposure to insecticide during childhood and 
childhood leukemia (update to meta-analysis 2010 using published effect sizes, Turner 2010) and 
associated funnel plot) 
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Figure 17: Random effects meta-analysis of the association between childhood leukemia and 
exposure to pesticides during childhood (Residential exposure to unspecified pesticides during 
childhood and childhood leukemia (update to meta-analysis 2010 using published effect sizes, Turner 
2010) and associated funnel plot) 
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Figure 18: Random effects meta-analysis for studies with information on 
Dichlorodiphenyldichloroethylene (DDE) and breast cancer on studies that examined DDE exposure 
to pesticide with breast cancer 
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Figure 19: Random effects meta-analysis for studies with information on 
Dichlorodiphenyldichloroethylene (DDE) and breast cancer selecting analyses with the largest sample 
size within each study (pesticides assessed in each study are shown in on the right key).  
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NOTE: Weights are from random effects analysis
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Figure 20: Random effects meta-analysis for studies with information on 
Dichlorodiphenyldichloroethylene (DDE) and testicular cancer 
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Figure 21: Random effects meta-analysis for studies that examined any exposure to pesticide 
with stomach cancer selecting analyses with the largest sample size within each study  
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Figure 22: Random effects meta-analysis for studies that examined any exposure to pesticide 
with liver cancer selecting analyses with the largest sample size within each study (pesticides assessed 
in each study are shown on the right key) 
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9. Child health 

Overall, 84 individual studies examined the effect of pesticide exposure on child health outcomes 
(median sample size: 267; IQR 119-811), contributing 821 separate analyses in the data extraction 
database. More than 120 health-related outcomes were assessed with a large proportion focusing on 
congenital malformations and developmental parameters including but not restricting to somatometrics 
(Table 10). As seen with other outcomes, the diversity of the exposure definition is remarkable and 
poses special challenges to data synthesis. Only 38 out of the 84 were prospective cohort studies and 
other 5 were nested case-controls; the majority of evidence comes from retrospective case-control 
analyses, which are prone to recall bias in exposure measurement. The sample size in the reported 
analyses was often small; it ranged between 23 and 183,313 participants (median 267) and the largest 
studies in the domain are smaller than the largest studies assessed in the cancer field. Here, we 
observed no large clusters of publications coming from large, well-known studies in the field, such as 
the Agricultural Health Study (AHS), while 26 studies assessed occupational exposures. In addition, 
the presence of studies with information on biomarkers of exposure was more prominent here (n=49, 
58%) while 3 studies assessed occupational exposure through JEM. The different outcome categories 
examined are presented in Table 10 along with the number of studies contributing to each outcome 
category and a decision on quantitative synthesis (Table 11). Due to heterogeneity of data and small 
number of studies identified, statistical synthesis of the data (meta-analysis) was only performed for 
urological malformations only.  

9.1. Prematurity 

Fifteen studies assessed the association between pesticide exposure during pregnancy and prematurity 
with a median sample size of 193 (IQR 87-469), contributing 54 separate extracted comparisons in the 
database. More than half of the studies were retrospective and in more than three-fourths of the 
studies, the exposure was assessed through a biomarker.  A large variety of individual pesticides were 
assessed with DDT metabolites being assessed more frequently (8 studies).  Nevertheless no single 
pesticide and related biomarker was assessed in more than 4 studies using the same comparison unit, 
thus a quantitative synthesis was not performed.  The largest prospective study (ID CH 091) assessed a 
Dutch population of greenhouse workers and reported a decreased risk of preterm birth among male 
greenhouse workers (OR= 0.47; 95%CI= 0.35–0.65) while the observed increased risk in women was 
not statistically significant (OR= 1.14, 95%CI= 0.57–2.31) .The remaining studies reported 
statistically non-significant results with effect estimates pointing towards a positive association. 
Moreover, no meta-analysis of published studies was identified. Based on these data, there is no recent 
evidence to suggest a robust, clinically significant association between pesticide exposure and 
prematurity in general. 

9.2. Restricted fetal growth 

Twelve studies assessed the association between pesticide exposure during pregnancy and restricted 
fetal growth and/or small for gestational age neonates with a median sample size of 422 (IQR 178-
1,630), contributing 44 separate extracted comparisons in the database. Sixty percent of the studies 
were prospective, three assessed occupational exposure and in more than two-thirds of the studies, the 
exposure was assessed through a biomarker.  A large variety of individual pesticides were assessed 
with DDT metabolites being assessed more frequently (4 studies).  Nevertheless no single pesticide 
and related biomarker was assessed in more than 4 studies using the same comparison unit, thus a 
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quantitative synthesis was not performed.  The largest study (ID RPD 26) assessed in a retrospective 
cohort whether atrazine in drinking water is associated with increased prevalence of small-for-
gestational age and preterm birth. The authors reported that atrazine in drinking water during the third 
trimester and the entire pregnancy was associated with a significant increase in the prevalence of SGA 
(Small for Gestational Age); atrazine in drinking water > 0.1 μg/L during the third trimester resulted in 
a 17–19% increase in the prevalence of SGA compared with the control group (< 0.1 μg/L). All the 
remaining studies reported statistically non-significant results without a consistent pattern regarding 
the effect direction of the effect magnitude. Moreover, no meta-analysis of published studies was 
identified. Based on these data, there is no recent evidence to suggest a robust, clinically significant 
association between pesticide exposure and prematurity in general. 

9.3. Somatometrics (Body size metrics)  

Numerous studies examined the association between pesticide exposure and growth.  

9.3.1. Birth length / Height 

Length at birth and height was assessed in 13 and 8 studies, respectively, contributing 78 separate 
comparisons in the database. In the vast majority of the studies, the exposure was assessed through a 
biomarker.  A large variety of individual pesticides were assessed with DDT metabolites being 
assessed more frequently; nevertheless no single pesticide and related biomarker was assessed in more 
than 4 studies, thus a quantitative synthesis was not performed.   

The largest prospective study (ID CH 073) assessing a North American population born before 1980, 
reported that only the highest prenatal concentrations of p,p’-DDE (>60 mg/l), as compared with the 
lowest (<15 mg/l), were statistically significantly associated with decreased height at age 7 years 
[adjusted coefficient (SE) -2.21 cm (0.67)]. The remaining studies reported conflicting results without 
a consistent pattern either towards the effect direction or the effect magnitude. Moreover, no meta-
analysis was identified. Given the large number of analyses these results need cautious interpretation 
and, based on these data, there is no recent evidence to suggest a robust, clinically significant 
association between pesticide exposure and birth length or height in general.

9.3.2. Body weight 

Twenty-six studies assessed the association between pesticide exposure during pregnancy and birth 
weight, contributing 134 separate extracted comparisons in the database. Another 5 studies assessed 
the association between pesticide and ponderal index. In a large number of comparisons, the exposure 
was assessed through a biomarker.  A large variety of individual pesticides were assessed with DDT 
metabolites being assessed more frequently (11 studies). Nevertheless no single pesticide and related 
biomarker was assessed in more than 4 studies using the same comparison unit, thus a quantitative 
synthesis was not performed.  The largest prospective study (ID CH 014) was a Agricultural Health 
Study (AHS) publication and reported that first-trimester pesticide-related tasks were not associated 
with birth weight and that, after multiple analyses, ever use of the pesticide carbaryl was associated 
with decreased birth weight (−82 g, 95% CI = −132, −31). The remaining studies reported conflicting 
results without a consistent pattern either towards the effect direction or the effect magnitude. 
Moreover, no meta-analysis of published studies was identified. We identified though a meta-analysis 
of individual participants data from European cohorts which reported that a 1-μg/L increase in p,p´-
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DDE was associated with a 7-g decrease in birth weight (95% CI= -18, 4 g) (Govarts E 2012). Given 
the large number of analyses these results need cautious interpretation and, based on these data, there 
is no recent evidence to suggest a robust, clinically significant association between pesticide exposure 
and birth weight in general. 

Twenty-six studies assessed the association between pesticide exposure and body weight at various 
time-points after birth, contributing 68 separate extracted comparisons in the database. In almost 85% 
of the assessed comparisons, the exposure was assessed through a biomarker. A large variety of 
individual pesticides were assessed with DDT metabolites being assessed more frequently (10 
studies). Nevertheless no single pesticide and related biomarker was assessed in more than 4 studies 
using the same outcome definition, the same time-point for the outcome assessment, the same 
pesticide, and the same comparison unit, thus a quantitative synthesis was not performed.  The largest 
study (ID CH 074) assessing DDT exposure in a Mexican population of boys born in 2002 and 2003, 
reported that, overall, associations between prenatal DDE level and Body Mass Index (BMI) at any 
given age were not observed and that the predicted values showed that children with the highest 
exposure (DDE: 49.00 mg/g) compared to those least exposed (DDE: <3.01 mg/g) grew similarly and 
they had a BMI similar to the referent group. The remaining studies reported conflicting results 
without a consistent pattern either towards the effect direction or the effect magnitude. Moreover, no 
meta-analysis was identified. Given the large number of analyses these results need cautious 
interpretation and, based on these data, there is no recent evidence to suggest a robust, clinically 
significant association between pesticide exposure and body weight in general. 

9.3.3. Head circumference 

Fourteen and three studies assessed the association between pesticide exposure during pregnancy and 
head circumference at birth and after birth, respectively, contributing 85 separate extracted 
comparisons in the database. In more than two-thirds of the comparisons, the exposure was assessed 
through a biomarker.  A large variety of individual pesticides were assessed for birth head 
circumference, with DDT metabolites being assessed more frequently (7 studies). Nevertheless no 
single pesticide and related biomarker was assessed in more than 4 studies using the same comparison 
unit, thus a quantitative synthesis was not performed.  The largest prospective study (ID CH 026) was 
a Generation R study publication which explored associations between maternal occupational 
exposure to various chemicals and fetal growth in 4,680 pregnant women participating in this 
population-based prospective cohort study in the Netherlands (2002–2006). For fetal head 
circumference, only maternal occupational exposure to alkylphenolic compounds showed a 
statistically significant lower growth rate (-0.01752 SD per gestational week) compared with non-
exposed mothers, adjusted for potential confounders.  The remaining studies reported conflicting 
results without a consistent pattern either towards the effect direction or the effect magnitude. 
Moreover, no meta-analysis of published studies was identified. Given the large number of analyses 
the reported study results need cautious interpretation and, based on these data, there is no recent 
evidence to suggest a robust, clinically significant association between pesticide exposure and head 
circumference in general. 

9.3.4. Congenital malformations 

Five studies examined the association between pesticide exposure and congenital malformations in 
general. The largest study (ID CH 002) assessed a Canadian farm population, reported 146 potential 
associations, did not yield statistically significant results in the primary analysis and proposed that pre-
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conception exposure to cyanazine (OR = 4.99, 95% CI: 1.63–15.27) and dicamba (OR = 2.42, 95% CI: 
1.06–5.53) were associated with increased risk of birth defects in male offspring. Nevertheless, given 
the number of the available comparisons and the self-reported nature of the exposure and outcomes in 
this study, the present findings should be considered with caution. The remaining four retrospective 
studies reported conflicting results (ID CH 043, occupational exposure (father), OR: 3.42, 95% CI: 
1.97–5.92; ID CH 035, at least one parent exposed, OR = 1.3, 95%CI = 0.4 - 3.9; ID CH 008, HR for 
maternal urine metolachor, 95% 0.4-1.4). Given the large number of analyses these results need 
cautious interpretation and, based on these data, there is no recent evidence to suggest association 
between pesticide exposure and congenital malformations in general. 

9.3.5. Neural tube defects 

Identified studies examined associations between pesticide exposure and neural tube defects (N=4 
studies), including anencephaly and spina bifida and providing a very large number of reported 
analyses between different pesticides and neural tube defects, anencephaly and spina bifida with no 
adjustments for multiple testing (average 27 analyses per paper). Out of the 134 extracted analyses, 43 
were statistically significantly positively associated with the outcome (of which 14 borderline 
significant) but need to be interpreted with caution due to high false positive probability. The range of 
different pesticides analysed by each of the 5 studies as well as the varying definitions of pesticide 
exposure do not allow for a meaningful quantitative synthesis of the results even using the “any 
pesticide” exposure definition since there is also considerable heterogeneity between studies regarding 
the exposure period as well as the parent analysed; three studies assessed maternal exposure, one study 
assessed paternal exposure and one study both. Previous meta-analyses on neural tube defects and 
pesticide exposure have not been identified. Overall, the evidence for pesticides and neural tube 
defects is limited and the current state of the most recent literature does not support a robust 
association.  Of note, the largest study in the field (ID CH 044) investigated whether maternal 
residential proximity to applications of specific pesticides or physicochemical groups of pesticides 
during early gestation increases the risk of these malformations, included 731 cases and 940 controls 
and after reporting 107 different analyses for individual pesticides, pesticide physicochemical 
categories and any exposure, no exposure and multiple exposure definitions yielded 15 statistically 
significant results without correction for multiple testing and without a particular pattern with regards 
to a pesticide category or an additive effect.  

9.3.6. Urogenital malformations 

Overall, 19 studies examined urogenital malformations, namely cryptorchidism (n=9) and hypospadias 
(n=9).  

Cryptorchidism was assessed in nine mostly retrospective studies, of a median sample size of 199 
(IQR 136-710). Four studies assessed DDT levels; hexachorobenzene (HCB) and chrordane were 
assessed in one study each, while general pesticide exposure was assessed in 2 studies. When we 
attempted to investigate the association between exposure to any pesticide and cryptorchidism across 
all assessed studies, the observed effect was not statistically significant (OR 1.19, 95% CI 0.96 – 1.49, 
I2 24%) (Figure 23). Moreover, when we assessed the potential association between DDT exposure 
and cryptorchism, we again observed a statistically non-significant association (OR 1.47, 95% CI 
0.98- 2.2, I2 51%) (Figure 24). Given the large number of analyses, these results need cautious 
interpretation and, based on these data, there is no recent evidence to suggest a robust, clinically 
significant association between any pesticide exposure and cryptorchidism.  
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Hypospadias was assessed in 9 mostly retrospective studies, of a median sample size of 784 (IQR 200 
- 861). Two studies assessed DDT levels, while general pesticide exposure was assessed in 6 studies. 
When we attempted to investigate the association between maternal exposure to any pesticide (during 
preconception and pregnancy) and hypospadias across all assessed studies, the observed effect was not 
statistically significant (OR 1.02, 95% CI 0.74 – 1.39, I2 72%) (Figure 25). When we included in the 
analysis the three studies that assessed a specific pesticide (DDT, n=2; chrordane, n=1), we again 
observed a statistically non-significant association (OR 1.00, 95% CI 0.84- 1.16, I2 66%) (Figure 26). 
Our systematic review retrieved one meta-analysis including original research published in English 
and indexed in PubMed from January 1966 through March 2008 (Rocheleau CM, 2009). Nine studies 
published before 2007 met all study inclusion criteria and the authors reported that elevated but 
marginally significant risks of hypospadias were associated with maternal occupational exposure 
(PRR of 1.36, CI=1.04-1.77), and paternal occupational exposure (PRR of 1.19, CI=1.00-1.41).  Due 
to the different time-periods for the literature assessment and the resulting minimal overlap between 
our review and the published meta-analysis, we were able to synthesize the two efforts and again we 
retrieved a statistically non-significant result (OR 1.14, 95% CI 0.84 – 1.55, I2 73%). Thus, there is no 
recent evidence to suggest a robust, clinically significant association between any pesticide exposure 
and cryptorchidism.  

9.4. Child health outcomes with few studies  

For all the assessed outcomes not included in Table 10, too few studies are available to allow synthesis 
of evidence for each outcome alone; these outcomes comprise a vast variety of captured information 
ranging from well-defined clinical entities yet with too few studies, such as gastroschisis, cardiac birth 
defects, diaphragmatic hernia, and esophageal atresia, as well as a large numbers of metrics pertaining 
to broad clinical entities but with a prominent lack of harmonization and standardization in the 
outcome definition. For example, outcomes related to neurodevelopment were assessed extensively; 
nevertheless the metrics used, ranging from IQ measurement to perceptual reasoning, deemed any 
further attempt towards a quantitative synthesis impossible. Our systematic review did not identify any 
previously published meta-analyses on these outcomes to allow for comparisons with previously 
published evidence (prior to 2006). Generally the results on these outcomes were of small effect and 
not statistically significant with few exceptions. Given the large number of analyses these results need 
cautious interpretation and, based on these data, there is no evidence to suggest association between 
pesticide exposure and these outcomes.  
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Table 10: Assessed outcomes in the field of child health as defined by eligible studies 

Health outcome   

    

Abnormal urogenital distance Body mass index (BMI) Z-score Increased serum prolactin levels 

Abnormal body mass index (BMI) Body fat percentages (log 
transformed) 

Increased serum total testosterone level 

Abnormal bone age Chordee IQ 

Abnormal breast size Coarctation of the aorta LH dysregulation 

Abnormal change of body mass index Congenital diaphragmatic hernia (CDH) Low annual height velocity 

Abnormal change of height Congenital heart defects Major congenital anomalies 

Abnormal chest circumference Congenital malformations Male genital malformations 

Abnormal gestational age Cretinism Maternal age 

Abnormal head circumference-for-age Crown-Heel Length Maternal weight gain 

Abnormal height Cryptorchidism Miscarriage or stillbirth 

Abnormal hip circumference Decreased inhibin B levels Musculoskeletal defects 

Abnormal length Decreased serum FSH levels Neural tube defects 

Abnormal ovarian measurements Decreased serum inhibin B levels Obesity 

Abnormal penis length (stretched) Decreased serum SHBG levels Oestradiol dysregulation 

Abnormal penis width Decreased testicular volume Perceptual Reasoning 

Abnormal serum DHT levels Decreased testosterone levels Performance IQ 

Abnormal sitting height Decresed serum LH levels Ventricular septal defect 

Abnormal standing height Duration of lactation Placental weight 

Abnormal Tanner stage Esophageal atresia Placental weight 

Abnormal upper arm circumference Fetal death Ponderal Index 

Abnormal upper arm fold circumference Fetal head circumference Ponderal index 

Abnormal uterine measurements Fetal length Precocious puberty 

Abnormal waist circumference Fetal weight Preeclampsia 

Abnormal weight FGR Premature breast development 

Abnormal weight-for-length Freedom from distractability Premature oestradiol secretion 

Affected breast development FSH dysregulation 
Premature puberty onset (pubic hair) 

Anal position index Gastroschisis Prematurity 

Androstendione dysregulation Gestational age Processing speed 

Anencephaly Gynecomastia Rapid infant weight gain 

Anti-mullerian hormone dysregulation Head Circumference SGA 

APGAR 1-minute score Hypospadias SHC 

APGAR 5-minute score Idiopathic precocious puberty Spina bifida 

Atrioventricular septal defect Increased FSH levels Sum of four skin folds 

Birth head circumference Increased levels of SHBG Testosterone dysregulation 
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Birth height Increased ratio LH/testosterone Tetralogy of Fallot 

Birth Weight Increased serum AMH levels Transposition of the great arteries 

Birth weight, adjusted for gestational 
age 

Increased serum androstenedione 
levels 

Verbal comprehension 

BMI Increased serum DHEAS levels Verbal IQ 

BMI at delivery Increased serum free testosterone 
level 

Working memory 

BMI before pregnancy   
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Table 11: Summary of studies identified per outcome subgroup with more than 4 
studies (NA: not available) Outcome N studies Meta-analysis done 

Previous meta-analysis result 

Congenital 
malformations 

   
General 5 No NA 

Neural tube   
defects 

4 No NA 
Urogenital   

malformations 
19 Yes Hypospadias: maternal occupational exposure (RR 1.36; 95% CI 1.04–1.77), and paternal occupational exposure (RR 1.19; 95% CI 1.00–1.41) 

Development 40 No NA 
Growth    

Height/Birth 
length 

21 No NA 
Weight 26 No Birth weight (individual participants’ data meta-analysis of 12 European cohorts): A 1-μg/L increase in p,p´-DDE was associated with a 7-g decrease in birth weight (95% CI: -18, 4 g). 

Head 
circumference 

17 No NA 
Sexual maturation 9 No NA 
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NOTE: Weights are from random effects analysis

Overall  (I-squared = 23.9%, p = 0.239)

CH 065

CH 050

CH 057

CH 055

CH 033

CH 061

ID

CH 062

CH 060

Study

1.19 (0.96, 1.48)

0.95 (0.55, 1.64)

1.06 (0.57, 1.97)

0.49 (0.17, 1.41)

1.34 (0.30, 5.99)

1.14 (1.09, 1.19)

1.16 (0.35, 3.84)

OR (95% CI)

2.10 (1.14, 3.87)

2.17 (0.96, 4.91)

1.19 (0.96, 1.48)

0.95 (0.55, 1.64)

1.06 (0.57, 1.97)

0.49 (0.17, 1.41)

1.34 (0.30, 5.99)

1.14 (1.09, 1.19)

1.16 (0.35, 3.84)

OR (95% CI)

2.10 (1.14, 3.87)

2.17 (0.96, 4.91)

1.5 1 1.5 2

 

Figure 23: Random effects meta-analysis for studies with information on pesticide 
exposure and risk of cryptorchidism 
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NOTE: Weights are from random effects analysis

Overall  (I-squared = 51.0%, p = 0.106)

CH 062

Study

ID

CH 061

CH 033

CH 060

1.47 (0.98, 2.20)

2.10 (1.14, 3.87)

OR (95% CI)

1.16 (0.35, 3.84)

1.14 (1.09, 1.19)

2.17 (0.95, 4.96)

1.47 (0.98, 2.20)

2.10 (1.14, 3.87)

OR (95% CI)

1.16 (0.35, 3.84)

1.14 (1.09, 1.19)

2.17 (0.95, 4.96)

1.5 1 1.5 2

Figure 24: Random effects meta-analysis for studies with information on DDT exposure 
and risk of cryptorchidism 
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NOTE: Weights are from random effects analysis

Overall  (I-squared = 71.5%, p = 0.004)

CHI 051

CHI 053

CHI 057

CHI 058

CHI 054

ID

CHI 049

Study

1.02 (0.74, 1.39)

1.05 (0.77, 1.43)

3.22 (1.64, 6.33)

0.42 (0.05, 3.53)

0.82 (0.70, 0.96)

0.78 (0.61, 1.00)

OR (95% CI)

0.90 (0.20, 4.05)

1.02 (0.74, 1.39)

1.05 (0.77, 1.43)

3.22 (1.64, 6.33)

0.42 (0.05, 3.53)

0.82 (0.70, 0.96)

0.78 (0.61, 1.00)

OR (95% CI)

0.90 (0.20, 4.05)

1.5 1 1.5 2

Figure 25: Random effects meta-analysis for studies with information on general 
pesticide exposure and risk of hypospadias 
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NOTE: Weights are from random effects analysis

Overall  (I-squared = 65.9%, p = 0.003)
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0.42 (0.05, 3.53)

1.00 (0.99, 1.01)

0.82 (0.70, 0.96)

1.81 (0.47, 6.97)

1.24 (0.69, 2.23)

0.90 (0.20, 4.05)

1.05 (0.77, 1.43)

OR (95% CI)

3.22 (1.64, 6.33)

1.00 (0.84, 1.19)

0.78 (0.61, 1.00)

0.42 (0.05, 3.53)

1.00 (0.99, 1.01)

0.82 (0.70, 0.96)

1.81 (0.47, 6.97)

1.24 (0.69, 2.23)

0.90 (0.20, 4.05)

1.05 (0.77, 1.43)

OR (95% CI)

3.22 (1.64, 6.33)

1.5 1 1.5 2  
Figure 26: Random effects meta-analysis for studies with information on general 
pesticide exposure and risk of hypospadias, including studies on specific pesticides

666



Ntzani EE, Chondrogiorgi M, Ntritsos G, Evangelou E, Tzoulaki I Pesticide epidemiology

EFSA supporting publication 2013:EN-497
The present document has been produced and adopted by the bodies identified above as author(s). This task has been carried out exclusively 
by the author(s) in the context of a contract between the European Food Safety Authority and the author(s), awarded following a tender 
procedure. The present document is published complying with the transparency principle to which the Authority is subject. It may not be 
considered as an output adopted by the Authority. The European Food Safety Authority reserves its rights, view and position as regards the 
issues addressed and the conclusions reached in the present document, without prejudice to the rights of the authors. 

59

10. Reproductive diseases 

Overall, 63 publications examined the effect of pesticide exposure on child health outcomes (median 
sample size: 299; IQR 111-544), contributing 578 separate analyses in the data extraction database.
More than one third of the analyses (n=217, 38%) assess the sperm/semen quality, whereas other 
cluster of studies/analyses examine among others reproductive related hormones, infertily and 
spontaneous abortion As seen with other outcomes, the diversity of the exposure definition is 
remarkable and poses special challenges to data synthesis. Only 4 out of the 64 were prospective 
cohort studies whereas the vast majority of the studies were cross sectional (n=45, 70%). The sample 
size in the reported analyses was rather small; it ranged between 41 and 29,649 participants (median 
161) and the largest studies in the domain are smaller than the largest studies assessed in the cancer 
field. Here, we observed a cluster of publications coming from INUENDO (INUit-ENDOcrine) 
research group (n=8), a project that has been established in three European countries together with a 
population of Inuits from Greenland and aims to enlighten the impact of Persistent Organic Pollutants 
(POPs) on human reproductive function. Almost 2/3 of the studies were conducted in Europe and 
America (n=22 and 20 respectively). Twenty-two studies assessed occupational exposures and, in 
addition, more than half of the studies had information on biomarkers of exposure (n=38, 59%), 3 
studies assessed occupational exposure through Job Exposure Matrix (JEM), whereas 2 studies used 
both questionnaires and biomarkers. The different outcome categories examined are presented in 
Table 12 along with the number of studies contributing to each outcome category and a decision on 
quantitative synthesis. Due to heterogeneity of data, statistical synthesis of the data (meta-analysis) 
was only performed for abortion. 

10.1. Impaired sperm parameters 

Twenty-five studies (median 189: IQR 87-336) assessed the association of pesticides on sperm/semen 
quality using a variety of outcomes. The total analyses conducted for these outcomes are 217 and the 
sample size of the conducted analyses is small ranging from 41 to 763. The largest study is a  
European cross-sectional study from INDUENDO research group (ID RPD 009) and assess the impact 
of p,p’-DDE to sperm concentration, sperm motility and sperm morphology and showed that the 
sperm motility was negatively associated with p,p’-DDE across the  four populations under study. 
Another large study from the same group (ID RPD 012) did not provide evidence that Persistent 
Organic Pollutants (POPs) may interfere with male reproductive function. Even though a large number 
analyses have been conducted no single pesticide and related biomarker was assessed in more than 4 
studies using the same comparison unit and analysis, thus a quantitative synthesis was not performed.  

10.2. Fecundability disorders 

Eight studies including 30 different analyses assess the effect of pesticides on low fecundability. The
sample sizes are rather small ranging from 41 to 2,365 participants. Different effect sizes and analyses 
are used for the assessment of potential associations therefore the synthesis of the results through 
meta-analysis is not feasible. The largest study (ID RPD 038) that examined pesticide exposure of 
female greenhouse farm workers reported a reduced fecundability (OR=0.68, 95% CI=0.49-0.94). 
However the second largest study in the field (ID RPD 034) on female greenhouse farm workers did 
not shown a significant association (OR=1.11, 95%CI=0.96-1.29). Fourteen additional analyses did 
not report significant findings; therefore the evidence is contradictory in the field.   
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10.3. Spontaneous abortion 

Ten studies of spontaneous abortion focused on occupational exposure. We were able to synthesize 
data from six studies that provided an effect estimate and a metric of its variation. The summary OR 
was 1.52 (95%: 1.09-2.13) using random effects models and large heterogeneity was observed 
(I2=63%) (Figure 27). However, the largest cross-sectional study on this outcome conducted by the 
INUENDO research group (ID RPD 003) did not shown any statistical effect (OR=1) between p,p’-
DDE and abortion. One more study compared full-time vs. part time farming and did not report a 
significant association (p-value=0.99). Three other studies did not provide adequate information for 
their inclusion in the meta-analysis. 

10.4. Reproductive hormones 

Nineteen studies (median sample size 257: IQR 97-322) contributing with 250 analyses for various
reproductive hormones were identified in this systematic review.  The studies were comparable to the 
other large group of impaired sperm parameters sample size-wise; their range was from 62 to 887.  
The largest study is a European cross-sectional study that assess the effect of hexachlorobenzene on 
the levels of testosterone and estradiol. Hormonal status of 14- to 15- year-old male adolescents was 
studies in relation to internal exposure to pollutants. The study shows that the exposure is associated 
with substantial differences in hormone concentrations. Different patterns were observed in study 
conducted by the INUENDO research group where the overall analysis between DDE and 
reproductive related hormones did not reveal any significant results. However in center-specific 
analysis, gonadotropin levels and sex-hormone-binding globulin seem to be affected by exposure on 
p,p’-DDE supporting substantial variations between different populations.  The large variety of 
outcomes and pesticides assessed did not allow for any quantitative synthesis of the data. 

10.5. Reproductive outcomes with few studies  

For all the assessed outcomes not included in Table 12, assessment of menstrual cycles cannot allow 
synthesis of the available evidence. Our systematic review did not identify any previously published 
meta-analyses on these outcomes to allow for comparisons with previously published evidence (prior 
to 2006). Results on different menstrual outcomes showed that it is unlikely that exposure to DDE is a 
main cause of menstrual disturbances.  
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Table 12: Summary of studies identified per outcome subgroup with more than 4 studies (NA: 
not available) 

Outcome N studies Meta-analysis 
done 

Previous meta-analysis result 

Impaired sperm 
parameters 

25 No NA 
Fecundability 
disorders 

8 No NA 
Abortion 10 Yes NA 
Reproductive 
hormones 

19 No NA 

NOTE: Weights are from random effects analysis

Overall  (I-squared = 63.1%, p = 0.019)

RPD 006

RPD 038

ID

RPD 032

Study

RPD 003

RPD 001

RPD 005

1.52 (1.09, 2.13)

2.50 (1.16, 5.40)

2.62 (1.24, 5.55)

OR (95% CI)

1.15 (0.79, 1.68)

1.00 (0.78, 1.27)

1.60 (0.70, 3.68)

1.88 (1.18, 3.00)

1.52 (1.09, 2.13)

2.50 (1.16, 5.40)

2.62 (1.24, 5.55)

OR (95% CI)

1.15 (0.79, 1.68)

1.00 (0.78, 1.27)

1.60 (0.70, 3.68)

1.88 (1.18, 3.00)

1.5 1 2 4

Figure 27: Random effects meta-analysis for studies with information on pesticide exposure and 
risk of abortion 
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11. Neurological diseases 

Overall, 60 publications examined the effect of pesticide exposure on neurological outcomes (median 
sample size: 390; IQR 246-781), contributing 573 separate analyses in the data extraction database.
More than thirty health-related outcomes were assessed with the largest proportion focusing on 
Parkinson’s disease with 32 studies (Table 13). As seen with other outcomes, the diversity of the 
exposure definition is remarkable and poses special challenges to data synthesis. Only 8 out of the 60 
were prospective cohort studies and other 2 were nested case-controls; the majority of evidence comes 
from retrospective case-control analyses, which are prone to recall bias in exposure measurement. The 
sample size in the reported analyses was often small; it ranged between 46 and 143,325 participants 
(median 390) and the largest studies in the domain are smaller than the largest studies assessed in the 
cancer field. Here, we also observed large clusters of publications coming from large, well-known 
studies in the field, such as the Agricultural Health Study (AHS), while 43 studies assessed 
occupational exposures. In addition, the presence of studies with information on biomarkers of 
exposure was far less prominent here (n=7, 12%). The different outcome categories examined are 
presented in Table 13; due to the small number of studies identified per assessed outcome, statistical 
synthesis of the data (meta-analysis) was only performed for Parkinson’s disease and amyotrophic 
lateral sclerosis.  

11.1. Parkinson’s disease 
Thirty-two studies assessed the association between pesticide exposure and Parkinson’s disease with a 
median sample size of 399 (IQR 286-711), contributing 266 separate extracted comparisons in the 
database. Eighty percent of the retrieved studies assessed occupational exposures, only 10% were 
prospective and the exposure was assessed through a biomarker in a small number of studies (10%).  
A large variety of individual pesticides were assessed with the following pesticides being assessed 
more frequently: general pesticide (28 studies), as well as DDT (5 studies), paraquat (9 studies).  

We initially assessed the association between general pesticide use and Parkinson’s disease.  The 
observed effect indicated a statistically significant association with the presence of considerable 
heterogeneity (random-effects OR 1.58, 95% CI 1.35 – 2.85, I2 61%) (Figure 28). With the exception 
of four studies where specific pesticides were assessed (e.g. paraquat), all the other studies assessed 
mainly occupational general pesticide use in mainly a retrospective fashion via a questionnaire. The 
results of the meta-analysis are in accordance with the largest studies on that research question.  

We then proceeded to assess the association between DDT exposure and Parkinson’s disease.  The 
observed effect indicated a non-statistically significant association without the presence of 
heterogeneity (random-effects OR=1.01, 95% CI=0.78–1.30, I2=0%) (Figure 29). Finally, we assessed 
the association between paraquat exposure and Parkinson’s disease. The observed effect indicated a 
statistically significant association with the presence of moderate heterogeneity (random-effects 
OR=1.32, 95% CI=1.10–1.60, I2=34%) (Figure 30). The results of the meta-analysis are in accordance 
with the largest studies on these research questions.  

Our literature search yielded 7 systematic reviews and/or meta-analyses on the association between 
pesticide exposure and Parkinson’s disease published from 2000 to 2013 (Pezzoli 2013, Van-Maele 
Fabry 2012, van der Mark 2012, Dick 2006, Priyadarshi 2001, Priyadarshi 2000, Allen 2013). Despite 
the considerable time interval between the oldest and most recent research synthesis effort and the 
different methodologies endorsed (prospective studies only assessed, methodological assessment of 
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the included studies, etc.), the results are consistent across the meta-analyses and are also consistent 
with the present effort spanning from 2006 (Table 14).

11.2. Amyotrophic lateral sclerosis (ALS) 

Seven studies assessed the association between pesticide exposure and amyotrophic lateral sclerosis 
with a median sample size of 356 (IQR 201-1156), contributing 11 separate extracted comparisons in 
the database. All the retrieved studies assessed occupational exposures, while 4 also assessed 
residential exposure. Only one study was prospective and the exposure was assessed through a 
questionnaire in most of the studies (n=6).   

We assessed the association between general pesticide use and ALS. The observed effect indicated a 
statistically significant association with the presence of small heterogeneity (fixed-effects OR=1.58, 
95% CI=1.31 – 1.90, I2 10%) (Figure 31) and the results of the meta-analysis are in accordance with 
the largest studies on that research question.  

Our literature search yielded 2 systematic reviews and/or meta-analyses on the association between 
pesticide exposure and ALS published in 2012 (Kamel 2012, Malek 2012). Regarding these efforts, 
the results are consistent with our findings and the authors’ report of evidence on an association of 
exposure to pesticides and risk of ALS in male cases compared to controls (OR=1.88, 95% CI: 1.36-
2.61), although the chemical or class of pesticide was not specified by the majority of studies.  

11.3. Neurological outcomes with few studies  

With the exception of Parkinson’s disease and amyotrophic lateral sclerosis, for all the remaining 
neurological outcomes, too few studies are available after 2006 to allow synthesis of evidence for each 
outcome alone; these outcomes comprise a vast variety of captured information ranging from well-
defined clinical entities yet with too few studies, such as hearing loss or diabetic neuropathy, as well 
as a large number of metrics pertaining to neurological endophenotypes but with a prominent lack of 
harmonization and standardization in the outcome definition. Our systematic review did not identify 
any previously published meta-analyses on these outcomes to allow for comparisons with previously 
published evidence (prior to 2006). Generally the results on these outcomes were of small effect and 
not statistically significant with few exceptions. Given the large number of analyses these results need 
cautious interpretation and, based on these data, there is no evidence to suggest association between 
pesticide exposure and these outcomes.  
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Table 13: Assessed outcomes in the field of neurology 

Health outcome   
Abnormal alternating hand movements Alzheimer's disease Narcolepsy with cataplexy 

Abnormal ankle reflex Amyotrophic lateral sclerosis Neurological symptoms 

Abnormal distal motor amplitude Cryptogenic polyneuropathy Parkinson's disease 

Abnormal distal motor latency Decline in hand-grip strength Parkinsonism 

abnormal facial expression Delayed memory impairment Peripheral neuropathy 

abnormal nerve conduction velocity Dementia Progressive supranuclear palsy 

Abnormal postural tremor Essential tremor Restless legs syndrome 

Abnormal posture Gait disorder Romberg sign 

Abnormal short F-wave latency Hearing loss Sporadic Motor Neuron Disease 

Abnormal toe proprioception Multiple System Atrophy Subclinical neuropathy 

Abnormal toe vibration perception Narcolepsy (with and without 
cataplexy) 

Tandem gait abnormality 
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Table 14: Characteristics of the studies assessing pesticide exposure and Parkinson’s disease risk (n/a: not available) 

ID Year Location Study design Exposure type Exposure assessment Comparison unit Adjustment Sample 
size 

DDT         

NRD 
027 

2007 America Cohort Occupational Direct exposure questionnaire ever/never yes 8899 

NRD 
025 

2011 America Case-control Occupational Direct exposure questionnaire ever/never yes 808 

NRD 
032 

2010 America Case-control Occupational Direct exposure questionnaire ever vs. never yes 578 

NRD 33 2010 Europe Nested case-
control 

Environmental Biomarker per IQR increase yes 292 

NRD 
019 

2008 America Case-control Mixed Direct exposure questionnaire ever/never no 184 

Paraquat        

NRD 
019 

2008 America Case-control Mixed Direct exposure questionnaire ever/never no 184 

NRD 
027 

2007 America Cohort Occupational Direct exposure questionnaire ever/never yes 7393 

NRD 
023 

2009 America Case-control Environmental Residential history yes/no yes 709 

NRD 
030 

2009 America Case-control Occupational Direct exposure questionnaire ever/never yes 1030 

NRD 
037 

2011 America Nested case-
control 

Occupational Direct exposure questionnaire ever/never yes 468 

NRD 
020 

2009 America Case-control Environmental Residential history yes/no yes 709 

NRD 
022 

2010 America Case-control Occupational Direct exposure questionnaire ever vs. never yes 578 
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ID Year Location Study design Exposure type Exposure assessment Comparison unit Adjustment Sample 
size 

NRD 
038 

2010 America Case-control Occupational Occupational history yes/no yes 58 

NRD 
020 

2009 America Case-control Environmental Residential history yes/no yes 709 

Pesticides        

NRD 
033 

2010 Europe Nested case-
control 

Environmental Biomarker (HCB) per IQR increase yes 292 

NRD 
058 

2010 Europe Case-control Mixed Direct exposure questionnaire (insecticides) yes/no no 330 

NRD 
034 

2010 Asia Case-control Occupational Direct exposure questionnaire ever/never n/a 608 

NRD 
018 

2008 Europe Case-control Occupational Direct exposure questionnaire ever/never yes 233 

NRD 
017 

2008 America Case-control Mixed Direct exposure questionnaire ever/never yes 1666 

NRD 
014 

2006 America Cohort Occupational Direct exposure questionnaire ever/never yes 143325 

NRD 
029 

2009 Europe Case-control Mixed Direct exposure questionnaire and JEM ever/never no 388 

NRD 
036 

2011 Europe Cohort Occupational JEM JEM class   

NRD 
015 

2007 Asia Case-control Occupational Direct exposure questionnaire yes/no yes 308 

NRD 
020 

2009 America Case-control Occupational Occupational history yes/no yes 709 

NRD 
028 

2008 America Case-control Mixed Direct exposure questionnaire ever/never yes 615 

NRD 
023 

2009 America Case-control Environmental Residential history yes/no yes 709 
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ID Year Location Study design Exposure type Exposure assessment Comparison unit Adjustment Sample 
size 

NRD 
016 

2007 Europe Case-control Mixed Occupational history and direct exposure 
questionnaire 

high  vs. no 
exposure 

yes 2756 

NRD 
024 

2010 Europe Case-control Occupational Occupational history yes/no no 387 

NRD 
025 

2011 America Case-control Occupational Direct exposure questionnaire ever/never yes 808 

NRD 
058 

2006 America Case-control Mixed Direct exposure questionnaire ever/never no 278 

NRD 
027 

2007 America Cohort Occupational Direct exposure questionnaire ever/never yes 65183 

NRD 
035 

2010 Asia Case-control Occupational Occupational history yes/no no 525 

NRD 
026 

2006 America Case-control Occupational Direct exposure questionnaire yes/no yes 430 

NRD 
030 

2009 America Case-control Occupational Direct exposure questionnaire ever/never yes 1030 

NRD 
022 

2009 Europe Case-control Occupational Direct exposure questionnaire ever/never yes 781 

NRD 
019 

2008 America Case-control Occupational Direct exposure questionnaire yes/no no 184 

NRD 
032 

2010 America Case-control Occupational Direct exposure questionnaire ever vs. never yes 352 

NRD 
032 

2010 America Case-control Occupational Direct exposure questionnaire ever vs. never yes 578 

NRD 
003 

2010 Europe Case-control n/a n/a yes/no yes 264 

675



Ntzani EE, Chondrogiorgi M, Ntritsos G, Evangelou E, Tzoulaki I Pesticide epidemiology

EFSA supporting publication 2013:EN-497
The present document has been produced and adopted by the bodies identified above as author(s). This task has been carried out
exclusively by the author(s) in the context of a contract between the European Food Safety Authority and the author(s), awarded 
following a tender procedure. The present document is published complying with the transparency principle to which the 
Authority is subject. It may not be considered as an output adopted by the Authority. The European Food Safety Authority 
reserves its rights, view and position as regards the issues addressed and the conclusions reached in the present document, 
without prejudice to the rights of the authors. 

68

NOTE: Weights are from random effects analysis

Overall  (I-squared = 54.6%, p = 0.000)

NRD 017

ID

NRD 016

NRD 019

NRD 014

NRD 029

NRD 033
NRD 032

NRD 026

NRD 018

NRD 032
NRD 030

NRD 027

NRD 023

NRD 036
NRD 038

NRD 058

NRD 035

NRD 028

NRD 056

NRD 020

NRD 034

NRD 025

NRD 015

NRD 024

NRD 022

NRD 003

Study

1.49 (1.28, 1.73)

1.10 (0.88, 1.37)

OR (95% CI)

1.39 (1.02, 1.89)

4.40 (0.50, 38.72)

1.70 (1.20, 2.41)

2.65 (1.34, 5.24)

1.12 (0.91, 1.38)
0.60 (0.30, 1.20)

1.30 (0.81, 2.09)

6.00 (0.62, 58.06)

3.90 (0.39, 39.00)
1.90 (1.12, 3.22)

1.30 (0.50, 3.38)

1.66 (1.04, 2.65)

0.90 (0.50, 1.62)
1.07 (0.59, 1.94)

3.22 (1.32, 7.85)

17.12 (4.97, 58.97)

1.61 (1.13, 2.29)

1.50 (0.80, 2.81)

1.52 (1.08, 2.14)

0.91 (0.48, 1.73)

1.76 (1.15, 2.69)

1.68 (1.03, 2.74)

1.06 (0.60, 1.87)

1.80 (1.10, 2.95)

2.62 (1.17, 5.86)

1.49 (1.28, 1.73)

1.10 (0.88, 1.37)

OR (95% CI)

1.39 (1.02, 1.89)

4.40 (0.50, 38.72)

1.70 (1.20, 2.41)

2.65 (1.34, 5.24)

1.12 (0.91, 1.38)
0.60 (0.30, 1.20)

1.30 (0.81, 2.09)
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3.90 (0.39, 39.00)
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17.12 (4.97, 58.97)

1.61 (1.13, 2.29)

1.50 (0.80, 2.81)

1.52 (1.08, 2.14)

0.91 (0.48, 1.73)

1.76 (1.15, 2.69)

1.68 (1.03, 2.74)

1.06 (0.60, 1.87)

1.80 (1.10, 2.95)

2.62 (1.17, 5.86)

1.5 11.52
 

Figure 28: Random effects meta-analysis for studies with information on any pesticide 
exposure and risk of Parkinson’s disease (study with ID NRD 033, specifically assessed 
hexachlorobenzene) 
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Overall  (I-squared = 0.0%, p = 0.848)

NRD 025

Study

NRD 027

ID

NRD 032

NRD 019

NRD 033

1.01 (0.78, 1.30)

1.32 (0.55, 3.17)

1.00 (0.60, 1.67)

OR (95% CI)

0.80 (0.40, 1.60)

1.20 (0.70, 2.06)

0.91 (0.57, 1.45)

1.01 (0.78, 1.30)

1.32 (0.55, 3.17)

1.00 (0.60, 1.67)

OR (95% CI)

0.80 (0.40, 1.60)

1.20 (0.70, 2.06)

0.91 (0.57, 1.45)

1.5 1 1.5 2

Figure 29: Fixed-effects meta-analysis for studies with information on exposure and risk 
of Parkinson’s disease
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Overall  (I-squared = 34.0%, p = 0.146)
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ID

NRD 023

NRD 019
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1.32 (1.10, 1.60)

2.80 (0.81, 9.68)

0.90 (0.14, 5.79)

1.75 (1.13, 2.71)

1.00 (0.50, 2.00)

2.50 (1.40, 4.46)

1.07 (0.59, 1.94)

OR (95% CI)
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1.01 (0.71, 1.44)
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1.19 (0.77, 1.84)
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1.5 1 1.5 2

Figure 30: Fixed-effects meta-analysis for studies with information on paraquat 
exposure and risk of Parkinson’s disease
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Overall  (I-squared = 10.0%, p = 0.352)
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1.5 1 1.5 2

 

Figure 31: Fixed-effects meta-analysis for studies with information on general pesticide 
exposure and risk of amyotrophic lateral sclerosis
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12. Endocrine diseases 

Overall, 35 publications examined the effect of pesticide exposure on thyroid hormone dysregulation 
(median sample size: 226; IQR 130-453), contributing 343 separate analyses in the data extraction 
database. The main outcomes assessed were thyroxin (T4), triiodothyronine (T3) and thyroid 
stimulating hormone (TSH) levels. Only 3 prospective cohort studies were conducted in the field; the 
majority of evidence comes from retrospective case-control or cross-sectional analyses, which are 
prone to recall bias in exposure measurement. The sample size in the reported analyses was often 
small; it ranged between 27 and 16,529 participants (median 341). Here, we observed no large clusters 
of publications coming from large, well-known studies in the field, while the vast majority of the 
studies assessed environmental exposures (n=28, 80%). However, the presence of studies with 
information on biomarkers of exposure was more prominent here (n=29, 83%). Even though 
hypothyroidism, hyperthyroidism and other thyroid diseases contribute with more than 1/3 of the total 
analyses (n=123) the available evidence derives from Agricultural Health Study (AHS) which 
apparently is the largest in the field and examines the association between pesticide use and thyroid 
diseases in females. The study found an association between hypothyroidism and ever use of 
organochlorine insecticides (OR=1.2, 95% CI= 1.0-16) and fungicides (OR=1.4, 95% CI= 1.1-1.8). 
However, the results should be interpreted with caution due to borderline significance levels and 
absence of type-I error corrections due to multiple comparisons. Other studies in the field assessing 
several thyroid hormone levels are quite smaller and provide contradictory results. As seen with other 
outcomes, the diversity of the exposure definition is remarkable and poses special challenges to data 
synthesis. Due to heterogeneity of data and different analyses, effect sizes and metrics provided, 
statistical synthesis of the data (meta-analysis) was not performed.  
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13. Mental and psychomotor development outcomes 

Overall, 32 publications examined the effect of pesticide exposure on mental and psychomotor 
development outcomes in pediatric populations (median sample size: 238, IQR 109-305), contributing 
462 separate analyses in the data extraction database. Only one study was performed in a population 
of non-European (Asian) ancestry, while seventeen health-related outcomes were assessed with a large 
proportion focusing on attention-deficit hyperactivity disorder (ADHD, 6 studies, 102 analyses). As 
seen with other outcomes, the diversity of the exposure definition is considerable and poses special 
challenges to data synthesis. A large majority of the studies (23 publications, 72%) referred to 
prospective cohort studies, while the sample size in the reported analyses was often small; it ranged 
between 25 and 7,440 participants with the largest study assessing retrospectively maternal residence 
near agricultural pesticide applications and autism spectrum disorders among children in the California 
Central Valley. Here, we also observed clusters of publications coming from large, well-known studies 
in the field, such as the CHAMACOS (The Center for Health Assessment of Mothers and Children of 
Salinas) (5 publications), while 84% of the studies assessed environmental exposures. In addition, the 
presence of studies with information on biomarkers of exposure was prominent here (n=28, 88%). The 
different outcome categories examined are presented in Table 15 along with the number of studies 
contributing to each outcome category and a decision on quantitative synthesis. Due to heterogeneity 
of data and small number of studies identified, no statistical synthesis of the data (meta-analysis) was 
performed for any outcome.  

13.1. Mental and psychomotor development outcomes with few studies  

With the exception of mental and psychomotor development and Attention-deficit hyperactivity 
disorder (ADHD), for all the remaining assessed outcomes included in Table 15, too few studies are 
available to allow synthesis of evidence for each outcome alone; these outcomes comprise a variety of 
captured information ranging from well-defined clinical entities yet with too few studies, such as 
autism, or pervasive developmental disorder, as well as a vast number of outcomes representing 
neurodevelopmental endo-phenotypes such as communication, fine and gross motor development or 
expressive language development. Our systematic review did not identify any previously published 
meta-analyses on these outcomes to allow for comparisons with previously published evidence (prior 
to 2006). Generally the results on these outcomes were of small effect and not statistically significant 
with few exceptions. Given the large number of analyses and the small number of studies and sample 
sizes, these results need cautious interpretation and, based on these data, there is no evidence to 
suggest a robust association between pesticide exposure and these outcomes.  

13.2. Attention-deficit hyperactivity disorder (ADHD) 

Six studies assessed the association between pesticide exposure and ADHD with a sample size ranging 
from 278 to 2,539 participants, contributing 102 separate extracted comparisons in the database. Three 
studies were cohorts, all assessed environmental exposure and in all the exposure was assessed 
through a biomarker. General organophosphate exposure was assessed in three studies, DDT exposure 
in two studies, while trans-nonachlor, hexachlorobenzene, and 2,4,6-Trichlorophenol (TCP)  were 
assessed in one study each. Thus, no single pesticide and related biomarker was assessed in more than 
4 studies using comparable outcome definitions or the same comparison unit, thus a quantitative 
synthesis was not performed. The largest study in the field is a National Health and Nutrition 
Examination Survey (NHANES) report (ID 17) used data from the 1999-2004 NHANES to evaluate 
the association between urinary trichlorophenols (TCPs) and parent-reported ADHD among 2546 
children aged 6-15 years. The authors report that children with low levels (<3.58 mg/g) and high levels 
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(>3.58 mg/g) of urinary 2,4,6-Trichlorophenol (TCP) had a higher risk of parent-reported ADHD 
compared to children with levels below the limit of detection (OR 1.54, 95% CI 0.97 to 2.43 and OR 
1.77, 95% CI 1.18 to 2.66, respectively; p for trend=0.006) after adjusting for covariates.  

Our systematic review did not identify any previously published meta-analyses on ADHD to allow for 
comparisons with previously published evidence (prior to 2006). Generally the results on ADHD were 
of small effect and not statistically significant with few exceptions. Thus, given the large number of 
analyses these results need cautious interpretation and, based on these data, there is no evidence to 
suggest association between pesticide exposure and ADHD.  
 

13.3. Neurodevelopment 

Thirty-one studies assessed the association between pesticide exposure and aspects of 
neurodevelopment with a sample size ranging from 25 to 1,041 contributing 325 separate extracted 
comparisons in the database.  Only one study assessed neurodevelopmental aspects in Asian children; 
all the rest pertained to populations of European ancestry. Seventy-four percent of the studies were 
cohort studies and, in 27 studies the exposure was assessed through a biomarker.  A large variety of 
individual pesticides were assessed with the general category of organophosphate pesticides being 
assessed more frequently (Table 16). No single pesticide and related biomarker was assessed in more 
than 4 studies using comparable outcome definitions or the same comparison unit, thus a quantitative 
synthesis was not performed.  Actually, the assessment of neurodevelopment, as seen for cognitive 
function, is another typical example of a general outcome category where the multiplicity and 
complexity of the 35 tools and sub-tools used (Table 17) renders the attempt to systematically and 
quantitatively synthesize the results of the published literature fruitless.  

The largest study in the field is a Collaborative Perinatal Project report (ID MPD 029) assessing in-
utero exposure to dichlorodiphenyltrichloroethane and cognitive development among infants and 
school-aged children. The authors report that although levels of DDT and DDE were relatively high in 
this population (median DDT concentration, 8.9 g/L; DDE, 24.5 g/L), neither were related to Mental 
or Psychomotor Development scores on the Bayley Scales nor to Full-Scale Intelligence Quotient at 7 
years of age. 

Our systematic review did not identify any previously published meta-analyses on these outcomes to 
allow for comparisons with previously published evidence (prior to 2006). Generally the results on 
neurodevelopmental outcomes were of small effect and not statistically significant with few 
exceptions. Thus, given the large number of analyses these results need cautious interpretation and, 
based on these data, there is no evidence to suggest association between pesticide exposure and these 
outcomes.  

Table 15: Summary of studies and mental and psychomotor development outcomes 

Outcome group      N analyses 

Attention Deficit Hyperactivity Disorder (ADHD)  
102 

Autism 2 
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Intelligence Quotient (IQ) 13 
Learning disability 4 
Cognitive disorders 20 
Mental and psychomotor development 318 
Pervasive developmental disorder 3 

Table 16: Pesticides assessed in neurodevelopmental aspects 

Pesticide assessed N analyses 

DDT 81 
Chlordecone 5 
Chlorpyrifos 8 
Hexachlorobenzene (HCB) 5 
Insecticides 6 
Malathion 8 
Mirex 13 
Organochlorine pesticides 2 
Organophosphate and carbamate pesticide 7 
Organophosphate pesticides 115 
Pesticides 80 
Piperonyl  butoxide 1 
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Table 17: Outcome definitions and tools used in the 31 studies assessing neurodevelopment 

Outcome definition / Tool used 

Accuracy, impulse control 
Ages and Stages Questionnaire 

Behavioral Assessment and Research System (BARS) 
Bayley Psychomotor Development Index Scales for Infants 

Bayley Mental Development Index Scales for Infants 

Beery-Buktenica VMI developmental test 
Benton Visual Retention Test (BVRT) 
Box test 
Brazelton neonatal behavioral assessment 
Brunet-Lezine scale of psychomotor development 
Children's Memory Scale 

combining the Picture 

Completion, Codin 

Continuous Performance Test (CPT) 
Digit Span 

Fagan test of infant intelligence (FTII) 
Finger Tapping Task 

Gesell Developmental Schedules 

Graham–Rosenblith test 
Griffiths Mental Developmental Scale 

Hit reaction time 

Large-pellet test 
McCarthy Scales of Children’s Abilities 

Mullen Scales of Early Learning: AGS Ed 

Performance on Continuous Performance Test (CPT) 
Raven Test 
Santa Ana Form Board 

Score in Lincoln-Oseretsky Motor 

Small-pellet test 
Stanford-Binet Copying Test 

Teller visual Acuity Card (TAC) test 
Trail Making 

University of California Berkeley Preferential Looking Test 

Wechsler Intelligence Scale for children 

Wisconsin Card Sorting Test 
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14. Respiratory diseases 

Overall, 29 publications examined the effect of pesticide exposure on respiratory outcomes (median 
sample size: 249, IQR 126-1728), contributing 399 separate analyses in the data extraction database.
Sixty-seven percent came from Europe and America, while ten health-related outcomes were assessed 
with a large proportion focusing on asthma (N=9). As seen with other outcomes, the diversity of the 
exposure definition is considerable and poses special challenges to data synthesis. Only 6 out of the 29 
publications referred to prospective cohort studies and 12 were cross-sectional studies. The sample 
size in the reported analyses was often small; it ranged between 35 and 47,756 participants with the 
largest study being the Singapore Chinese Health Study. Here, we also observed large clusters of 
publications coming from large, well-known studies in the field, such as the AHS (6 publications), 
while 17 studies (68%) assessed occupational exposures. In addition, the presence of studies with 
information on biomarkers of exposure was less prominent here (N=8, 34%) while 1 study assessed 
occupational exposure through JEM. The different outcome categories examined are presented in 
Table 18 along with the number of studies contributing to each outcome category and a decision on 
quantitative synthesis. Due to heterogeneity of data and small number of studies identified, statistical 
synthesis of the data (meta-analysis) was only performed for asthma.  

14.1. Respiratory outcomes with few studies  

With the exception of asthma, for all the remaining assessed outcomes included in Table 18, too few 
studies are available to allow synthesis of evidence for each outcome alone; these outcomes comprise 
a variety of captured information ranging from well-defined clinical entities yet with too few studies, 
such as idiopathic pulmonary fibrosis, or sarcoidosis, as well as a numbers of biomarkers such as 
forced expiratory volume (FEV). Our systematic review did not identify any previously published 
meta-analyses on these outcomes to allow for comparisons with previously published evidence (prior 
to 2006). Generally the results on these outcomes were of small effect and not statistically significant 
with few exceptions. Given the large number of analyses and the fact that most of the results come 
from the Agricultural Health Study (AHS), these results need cautious interpretation and, based on 
these data, there is no evidence to suggest a robust association between pesticide exposure and these 
outcomes. 

14.2. Asthma 

Nine studies assessed the association between pesticide exposure and asthma with a median sample 
size of 402 (IQR 127-724), contributing 196 separate extracted comparisons in the database. More 
than half of the studies were cross-sectional and in more than two-thirds of the studies, the exposure 
was assessed through a questionnaire. A large variety of individual pesticides were assessed with 
DDT, paraquat and chlorpyrifos being assessed more frequently. With the exception of DDT, 
chlorpyrifos and paraquat (Table 19), no other single pesticide and related biomarker was assessed in 
more than 4 studies using the same comparison unit, thus a quantitative synthesis was not performed.   

When we attempted to investigate the association between exposure to DDT and asthma across the 5 
available studies, the observed effect was statistically significant without indications of heterogeneity 
(OR 1.29, 95% CI 1.14 – 1.45, I2 0%) (Figure 32). We then attempted to investigate the association 
between exposure to paraquat and asthma across the 6 available studies and the observed effect was 
not statistically significant with indications of heterogeneity (OR=1.40, 95%CI=0.95–2.06, I2=53%) 
(Figure 33). We finally attempted to investigate the association between exposure to chlorpyrifos and 
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asthma across the 5 available studies and the observed effect was not statistically significant without 
indications of heterogeneity (OR= 1.03, 95% CI= 0.82–1.28, I2=0%) (Figure 34). We caution that the 
meta-analyses results are largely driven by the AHS; in the meta-analyses 4 entries belong to the AHS 
as the results were separately reported for men and women and for allergic and non-allergic asthma. 
We also acknowledge that the results of the meta-analyses are restricted to data published after 2006. 
We thus conclude that for DDT, but not for chlorpyrifos and paraquat, there is recent evidence to 
suggest a statistically significant, moderate association between exposure to this pesticides and 
asthma.  

Table 18: Summary of studies and outcomes in the field of respiratory medicine (N/A: not 
available) 

Outcome Group N 
studies 

Meta-analysis 
performed 

Previous published  
meta-analysis 

    
Cough 2 No N/A 
Breathlessness 1 No N/A 
Cough/Phlegm 2 No N/A 
Volume that has been 
exhaled at the end of 
the first second of 
forced expiration 
(FEV1) 

1 No N/A 

FEV1 / Forced vital 
capacity (FVC) 

2 No N/A 

Asthma 9 Yes N/A 
Chronic bronchitis 5 No N/A 
Hypersensitivity 
pneumonitis 

2 No N/A 

Lower respiratory tract 
infection 

2 No N/A 

Sarcoidosis 1 No N/A 
Wheeze 2 No N/A 
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Table 19: Characteristics of the associations eligible for meta-analysis 

ID Year Location Study design Exposure type Exposure assessment Comparison Adjustment Sample size 

DDT         

RESP_002 2006 Europe Cohort Environmental Biomarker Yes/no +++ 402 

RESP_004 2008 America Cross-sectional Occupational Questionnaire Yes/no +++ 936 

RESP_004 2008 America Cross-sectional Occupational Questionnaire Yes/no +++ 946 

RESP_006 2009 America Cross-sectional Occupational Questionnaire Yes/no +++ 4391 

RESP_006 2009 America Cross-sectional Occupational Questionnaire Yes/no +++ 4468 

Paraquat        

RESP_019 2009 America Cross-sectional Occupational Questionnaire Yes/no +++ 134 

RESP_022 2012 Asia Cross-sectional Occupational Questionnaire Yes/no +++ 125 
RESP_004 2008 America Cross-sectional Occupational Questionnaire Yes/no +++ 292 

RESP_004 2008 America Cross-sectional Occupational Questionnaire Yes/no +++ 294 

RESP_006 2009 America Cross-sectional Occupational Questionnaire Yes/no +++ 3096 

RESP_006 2009 America Cross-sectional Occupational Questionnaire Yes/no +++ 3108 

Chlorpyrifos        

RESP_019 2009 America Cross-sectional Occupational Questionnaire Yes/no +++ 134 

RESP_004 2008 America Cross-sectional Occupational Questionnaire Yes/no +++ 1017 

RESP_004 2008 America Cross-sectional Occupational Questionnaire Yes/no +++ 1019 

RESP_006 2009 America Cross-sectional Occupational Questionnaire Yes/no +++ 2174 

RESP_006 2009 America Cross-sectional Occupational Questionnaire Yes/no +++ 2199 
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Overall  (I-squared = 0.0%, p = 0.475)

RESP_004

RESP_002

RESP_006

RESP_006

RESP_004

ID

Study

1.29 (1.14, 1.45)

1.38 (0.91, 2.09)

1.18 (1.01, 1.38)

1.42 (0.93, 2.17)

1.41 (1.09, 1.82)

1.79 (1.06, 3.02)

OR (95% CI)

1.29 (1.14, 1.45)

1.38 (0.91, 2.09)

1.18 (1.01, 1.38)

1.42 (0.93, 2.17)

1.41 (1.09, 1.82)

1.79 (1.06, 3.02)

OR (95% CI)

1.5 1 1.5 2

 

Figure 32: Fixed-effects meta-analysis for studies with information on DDT exposure 
and risk of any type of asthma (Studies 6 and 10 refer to Agricultural Health Study 
publications)  
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NOTE: Weights are from random effects analysis

Overall  (I-squared = 53.3%, p = 0.058)

RESP_004

Study

ID

RESP_006

RESP_019

RESP_006

RESP_022

RESP_004

1.40 (0.95, 2.06)

1.60 (0.79, 3.24)

OR (95% CI)

0.82 (0.58, 1.16)

0.90 (0.20, 4.05)

1.67 (1.05, 2.66)

2.18 (0.99, 4.80)

1.90 (0.83, 4.35)

1.40 (0.95, 2.06)

1.60 (0.79, 3.24)

OR (95% CI)

0.82 (0.58, 1.16)

0.90 (0.20, 4.05)

1.67 (1.05, 2.66)

2.18 (0.99, 4.80)

1.90 (0.83, 4.35)

1.5 1 1.5 2

 

Figure 33: Random-effects meta-analysis for studies with information on paraquat 
exposure and risk of any type of asthma (Studies 6 and 10 refer to Agricultural Health Study 
publications)   
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Overall  (I-squared = 0.0%, p = 0.806)

RESP_004

ID

RESP_004

RESP_006

RESP_006

RESP_019

Study

1.03 (0.82, 1.28)

0.96 (0.58, 1.59)

OR (95% CI)

1.36 (0.79, 2.34)

1.06 (0.63, 1.78)

0.96 (0.69, 1.34)

0.60 (0.10, 3.60)

1.03 (0.82, 1.28)

0.96 (0.58, 1.59)

OR (95% CI)

1.36 (0.79, 2.34)

1.06 (0.63, 1.78)

0.96 (0.69, 1.34)

0.60 (0.10, 3.60)

1.5 1 1.5 2

Figure 34: Fixed-effects meta-analysis for studies with information on chlorpyrifos 
exposure and risk of any type of asthma (Studies 6 and 10 refer to Agricultural Health Study 
publications)
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15. Neuropsychiatric diseases 

Overall, 15 publications examined the effect of pesticide exposure on neuropsychiatric outcomes in 
adult populations (median sample size: 596, IQR 158-12,263), contributing 358 separate analyses in 
the data extraction database. Three-quarters came from Europe and America, while 17 health-related 
outcomes were assessed with a large proportion focusing on cognitive function (9 studies, 246 
analyses). As seen with other outcomes, the diversity of the exposure definition is considerable and 
poses special challenges to data synthesis. Only 2 out of the 15 publications referred to prospective 
cohort studies and 60% of the publications were cross-sectional studies. The sample size in the 
reported analyses was often small; it ranged between 66 and 112,683 participants with the largest 
study being a retrospective American study. Here, we also observed clusters of publications coming 
from large, well-known studies in the field, such as the Agricultural Health Study (AHS) (4 
publications), while all but one study assessed occupational exposures. In addition, the presence of 
studies with information on biomarkers of exposure was far less prominent here (n=2, 13%). The 
different outcome categories examined are presented in Table 20, along with the number of studies 
contributing to each outcome category and a decision on quantitative synthesis. Due to heterogeneity 
of data and small number of studies identified, no statistical synthesis of the data (meta-analysis) was 
performed for any outcome.  

15.1. Cognitive function 

Nine studies assessed the association between pesticide exposure and cognitive function with a median 
sample size of 80 (IQR 141-205), contributing 246 separate extracted comparisons in the database. All 
but one of the studies were cross-sectional and, in seven studies the exposure was assessed through a 
questionnaire.  A large variety of individual pesticides were assessed with the general category of 
organophosphate pesticides being assessed more frequently.  No single pesticide and related 
biomarker was assessed in more than 4 studies using comparable outcome definitions or the same 
comparison unit, thus a quantitative synthesis was not performed.  Actually, the assessment of 
cognitive function is a typical example of a general outcome category where the multiplicity and 
complexity of the 62 tools and sub-tools used in the 15 available studies (Table 21) renders the attempt 
to systematically and quantitatively synthesize the results of the published literature fruitless.  

The largest study in the field is an AHS report (ID NPD 014) assessing potential associations between 
long-term pesticide use and neurobehavioral function, with relevant tests administered to licensed 
pesticide applicators. The authors report that “test performance was associated with lifetime days of 
use of some pesticides”. Ethoprop was significantly associated with reduced performance on a test of 
motor speed and visual scanning. Malathion was significantly associated with poor performance on a 
test of visual scanning and processing. Conversely, we observed significantly better test performance 
for five organophosphate pesticides. Specifically, chlorpyrifos, coumaphos, parathion, phorate, and 
tetrachlorvinphos were associated with better verbal learning and memory; coumaphos was associated 
with better performance on a test of motor speed and visual scanning; and parathion was associated 
with better performance on a test of sustained attention. Overall, we found no consistent evidence of 
an association between organophosphate pesticide use and adverse test performance among this older 
sample of pesticide applicators. Potential reasons for these mostly null results include a true absence of 
effect as well as possible selective participation by healthier applicators. 
 

Our systematic review did not identify any previously published meta-analyses on these outcomes to 
allow for comparisons with previously published evidence (prior to 2006). Generally the results on 
neuropsychiatric outcomes were of small effect and not statistically significant with few exceptions. 
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Thus, given the large number of analyses these results need cautious interpretation and, based on these 
data, there is no evidence to suggest association between pesticide exposure and these outcomes.  

15.2. Neuropsychiatric outcomes with few studies  

With the exception of cognitive function, for all the remaining assessed outcomes included in Table 
20, too few studies are available to allow synthesis of evidence for each outcome alone; these 
outcomes comprise a variety of captured information ranging from well-defined clinical entities yet 
with too few studies, such as depression, or obsessive-compulsive disorder, as well as a numbers of 
outcomes representing neuropsychiatric endo-phenotypes such as hostility or orientation disorders. 
Our systematic review did not identify any previously published meta-analyses on these outcomes to 
allow for comparisons with previously published evidence (prior to 2006). Generally the results on 
these outcomes were of small effect and not statistically significant with few exceptions. Given the 
large number of analyses and the fact that a number of the results come from the AHS, these results 
need cautious interpretation and, based on these data, there is no evidence to suggest a robust 
association between pesticide exposure and these outcomes.  

Table 20: Summary of studies and neuropsychiatric outcomes 

Outcome group N studies 

  
Anxiety 3 
Attention and calculation disorders 1 
Cognitive function 9 
Depression 4 
Electroencephalographic (EEG) state 1 
Hostility 1 
Interpersonal sensitivity diosrder 1 
Learning disability 1 
Nausea 1 
Neuropsychiatric  symptoms 3 
Obsessive-compulsive disorder 1 
Orientation disorders 1 
Paranoid ideation 1 
Psychotisism 1 
Rapid Eye Movement (REM) Sleep Behavior 
Disorders (RBD) 

1 

Somatization 1 
Suicide commitment 3 
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Table 21: Outcome definitions and tools used in the 15 studies assessing cognitive function 
(BARS: Behavioral Assessment and Research System, AVLT:Auditory Verbal Learning Test, BVFT: 
Benton Visual Form Discrimination Test CALCALP: California Computerised Assessment Package 
Manual, WAIS: Wechsler Adult Intelligence Scale, WMS: Wechsler Memory Scale) 

Outcome definition / Tool used   
% Correct rejects (BARS)  Selective attention latency  (BARS)  
% Hits (BARS)  Selective attention trials (BARS)  
Recall (AVLT) Sequences A test performance (seconds) 
Recognition (AVLT) Sequences B test performance (seconds) 
Total recall (AVLT)  Serial digit learning task (BARS)  
Benton Visual Form Discrimination Test (BVFT) Serial Digit Learning Test  
Block design test Simple Reaction Time Test  (ms) 
CALCAP choice test Spatial span test  
Continuous Performance Test Score (m/s) Stroop test  
Counting errors Summary index (BARS)  
Digit span backward task (BARS)  Symbol Digit Substitution Test (s)  
Digit span forward task (BARS)  Symbol-digit latency task (BARS)  
Digit-Symbol test score (seconds) Symptom Checklist 90 revised (SCL-90-R) 
False alarm latency (BARS)  Trails B test  
Fine motor control test  Verbal fluency test  
Finger tapping (preferred hand) (BARS)  WAIS-III  picture arrangement test  
Finger tapping , dominant hand (BARS) WAIS-III arithmetic test  
Finger tapping, (nonpreferred hand) (BARS)  WAIS-III comprehension test  
Finger tapping, alternating hand (BARS)  WAIS-III digit span test 
Graded naming test  WAIS-III digit symbol test 
Grooved pegboard, dominant hand score WAIS-III full scale IQ  
Hit latency (BARS)  WAIS-III graded-naming test 
Match-Sample (BARS)  WAIS-III similarities test  
N100 latency (ms)  WAIS-III vocabulary test  
N200 latency (ms) WMS-III auditory delayed memory test  
P200 latency (ms)  WMS-III auditory immediate memory  test  
P300 amplitude (μv), Cz WMS-III auditory recognition test 
P300 latency (ms) WMS-III letter-number test  
Progressive ratio  (BARS)  WMS-III visual delayed memory test  
Reaction time latency a (BARS)  WMS-III visual immediate test 
Reaction time latency a (BARS)  Selective attention interstimulus interval  

(BARS) 
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16. Diabetes 

Overall, 23 publications examined the effect of pesticide exposure on diabetes related outcomes 
(median sample size: 430; IQR 192-1721), contributing 125 separate analyses in the data extraction 
database. Four health-related outcomes were assessed with a large proportion focusing on type 1 
diabetes (n=93, 74%) whereas 18 analyses focused on type 2 diabetes. The rest of the outcomes 
assessed was prediabetes (n=10), gestational diabetes (n=2) and other glucose and insulin related 
outcomes (n=2). Only one prospective cohort study was performed; the large majority was cross-
sectional designs (n=15), whereas 3 studies were case-controls and 4 studies used a nested case-
controls. The large majority of the studies was conducted in America (n=15, 65%) whereas 7 studies 
where Europeans and only one Asian. Here, we did not observe large clusters of publications coming 
from large, well-known studies in the field, such as the AHS.  Only three study assessed occupational 
exposures the rest examined environmental exposures (n=19) or both (n=1). In addition, the presence 
of studies with information on biomarkers of exposure was limited to 9 studies, whereas 10 studies 
included information both on questionnaire and biomarkers.  The different outcome categories 
examined are presented in Table 22 along with the number of studies contributing to each outcome 
category. For the pesticides accessed meta-analysis was feasible for DDE and DDT exposure and type 
1 diabetes and DDE exposure and type 2 diabetes.  

16.1. Type 1 diabetes 

Thirtheen studies assessed the effect of pesticides on type 1 diabetes (median sample size: 309, IQR: 
159-398) and a meta-analysis of ORs was feasible for DDE and DDT exposure. For DDE, 9 studies 
contributed a median sample size of 202, IQR=142-334. We were not able to include a prospective 
study that reported a (significant) Incidence Rate Ratio (IRR) of 7.1 and compared the highest vs. the 
lowest tertile of exposure with DDE.  The computed summary OR was 1.90 (95% CI: 1.25-2.86) for 
the DDE exposure using random effects models. Moderate heterogeneity was observed (I2=49%). For 
DDT, 6 studies had available data for synthesis (median sample size: 577, IQR: 272-2163) providing a 
summary effect of 1.76 (95% CI: 1.20-2.59) with very large heterogeneity observed ((I2=76%). Main 
source of heterogeneity is the different exposure levels used for the calculations of the effect estimates. 
Even though there is evidence from the random effects meta-analysis that an increased risk for type 1
diabetes exists, however the findings should be interpreted with caution due to the heterogeneity that 
was observed.  

16.2. Type 2 diabetes 

Four studies were eligible for the assessment of the DDE exposure and risk for type 2 diabetes 
(median sample size: 471, IQR=292-642). The summary OR derived from those studies was 1.30 
(95% CI: 1.13-1.48). No heterogeneity was observed, however the summary results is driven by a 
case-control study that reported an effect size OR=1.30 (95% CI=1.11-1.52). Even though, there is 
evidence suggesting that DDE exposure is a risk factor for developing type 2 diabetes, this is based on 
small studies. 

694



Ntzani EE, Chondrogiorgi M, Ntritsos G, Evangelou E, Tzoulaki I Pesticide epidemiology

EFSA supporting publication 2013:EN-497
The present document has been produced and adopted by the bodies identified above as author(s). This task has been carried out
exclusively by the author(s) in the context of a contract between the European Food Safety Authority and the author(s), awarded 
following a tender procedure. The present document is published complying with the transparency principle to which the 
Authority is subject. It may not be considered as an output adopted by the Authority. The European Food Safety Authority 
reserves its rights, view and position as regards the issues addressed and the conclusions reached in the present document, 
without prejudice to the rights of the authors. 

87

Table 22: Summary of studies identified per outcome subgroup with more than 4 
studies (NA: not available) 

Outcome N studies Meta-analysis done Previous meta-
analysis result 

Type 1 diabetes 13 Yes NA 
Type 2 diabetes 6 Yes NA 
Gestational diabetes 2 No NA 
Insulin/ Glucose 
tolerance 

2 No NA 
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NOTE: Weights are from random effects analysis

Overall  (I-squared = 49.1%, p = 0.056)
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Figure 35: Summary odds ratio (OR) for the association between DDE exposure and 
type 1 diabetes 
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NOTE: Weights are from random effects analysis

Overall  (I-squared = 76.3%, p = 0.001)
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Figure 36: Summary odds ratio (OR) for the association between DDT exposure and 
type 1 diabetes 
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NOTE: Weights are from random effects analysis

Overall  (I-squared = 0.0%, p = 0.458)
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Figure 37: Summary odds ratio (OR) for the association between DDE exposure and 
type 2 diabetes 
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17. Cardiovascular diseases 

This section includes hard cardiovascular outcomes (myocardial infraction, stroke etc.), cardiovascular 
risk factors (lipids, blood pressure) and other cardiometabolic outcomes (metabolic syndrome and 
obesity). No previous meta-analysis has been identified for any of these traits. The evidence collected 
in this systematic review provides weak suggestions of associations in particular regarding 
cardiometabolic risk factors and organochlorines; however, other classes of pesticides were not 
studied and even results on organochlorines were limited and require prospective replication.  

17.1. Hard cardiovascular outcomes 

Five studies examined hard cardiovascular outcomes including myocardial infarction (ID CVD 005, 
ID CVD 006), peripheral arterial disease (PAD) (ID CVD 007), stroke (ID CVD 008), and composite 
cardiovascular disease (ID CVD 009).  The Agricultural Health Study (AHS) contributed two 
prospective analyses (ID CVD 005, ID CVD 006) and National Health and Nutrition Examination 
Survey (NHANES) other two cross-sectional analyses (ID CVD 007, ID CVD 009).  Studies on 
myocardial infarction (ID CVD 005, ID CVD 006) showed no evidence of an association between 
having used pesticides, individually or by class, and myocardial infarction mortality among men in the 
AHS. Similarly, among women of AHS, no overall association with pesticide use and myocardial 
infarction was seen. Six of 27 individual pesticides evaluated were significantly associated with 
nonfatal myocardial infarction among women (ID CVD 006), including chlorpyrifos, coumaphos, 
carbofuran, metalaxyl, pendimethalin, and trifluralin, which all had relatively high odds ratios (>1.7) 
but also high probability of false positive due to multiple testing. 

Another prospective study (8) examined 21 persistent organic pollutants (POPs) in relation to stroke. 
After adjusting for known stroke risk factors, most polychlorinated biphenyls (PCBs) with 4, 5, or 6 
chlorine atoms, p,p′-DDE, trans-nonachlor, and octachlorodibenzo-p-dioxin significantly predicted the 
risk of stroke. Nonetheless, results need replication from future studies. Peripheral arterial disease 
(PAD) and composite cardiovascular disease were studied in the cross-sectional NHANES cohort in 
relation to POPs. Compared with subjects without PAD, those with PAD had significantly higher 
concentrations of organochlorine pesticides but associations were not seen among non-obese 
participants. For composite cardiovascular disease, significant associations were observed for 
chlordane only. These findings need to be carefully interpreted because of the cross-sectional design 
and use of self-reported cardiovascular disease.  

Overall, evidence for associations between pesticide exposure and cardiovascular outcomes is weak 
and mainly concentrated on organochlorine pesticides.  

17.2. Cardiovascular risk factors 

 

17.2.1. Blood pressure 

Five studies examined associations between pesticides and blood pressure (ID CVD 002, ID CVD 
003, ID CVD 004, ID CVD 010, ID CVD 011). All but one study (ID CVD 011) had cross-sectional 
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designs. All effect sizes were very small and not suggestive of an association between pesticide 
exposure and blood pressure.   

17.2.2. Metabolic syndrome components 

Nine studies examined components of metabolic syndrome in relation to pesticide exposure including 
lipids levels, glucose and insulin levels. All but one study examined exposure to organochlorine 
pesticides and significant associations for some classes and lipid levels or glucose levels were 
observed. Highest quality evidence comes from the prospective Coronary Artery Risk Development in 
Young Adults (CARDIA) Study (ID CVD 016). In CARDIA, p,p’-DDE most consistently predicted 
higher triglycerides, and homeostasis model assessment value for insulin resistance (HOMA–IR) and 
lower High Density Lipoprotein (HDL)-cholesterol at year 20 after adjusting for various confounders. 
Oxychlordane, trans-nonachlor, and hexachlorobenzene also significantly predicted higher 
triglycerides. Finally, a case-control study in China, examined differences in glucose regulation in 
participants highly exposed to pyrethroids (occupational exposure). An indication of increased risk for 
abnormal glucose regulation was noted for exposure to pyrethroids (OR = 1.48, 95%CI = 1.24–1.77) 
(ID CVD 021). However, these results need external replication in other populations as the study is 
retrospective and residual confounding cannot be excluded.  

17.2.3. Subclinical atherosclerosis 

The population-based Prospective Investigation of the Vasculature in Uppsala Seniors examined in a 
cross-sectional study, whether POP levels were related to subclinical atherosclerosis. Circulating 
levels of PCBs were associated with atherosclerotic plaques and echogenicity of the intima-media 
complex independent of cardiovascular risk factors, but associations need to be confirmed in 
prospective studies. 

17.3. Metabolic syndrome and obesity 

Three studies (ID CVD 010, ID CVD 011) examined associations between organochlorine exposure 
and prevalence of metabolic syndrome. In National Health and Nutrition Examination Survey 
(NHANES) (ID CVD 010) significant association between organochlorine exposure and prevalence of 
Metabolic Syndrome was reported with ORs of 1.0, 1.5, 2.3 and 5.3 across organochlorine pesticide 
quartiles (p for trend <0.01). In the other case-control study (ID CVD 011) significant associations 
were noted for heptachlor only.  

Overall, 12 cross-sectional studies examined associations between pesticide exposure and measures of 
body fatness or obesity. Also, 10 out of 12 studies examined associations between organochlorines and 
obesity or body fatness; evidence around other pesticide classes was scarce. Three studies (ID CVD 
012, ID CVD 013, ID CVD 014) only presented correlation analysis with measures of body fatness. 
The remaining studies have shown some significant associations between waist circumference, Body 
Mass Index (BMI) and organochlorines (DDT and chlordane) but the evidence is limited to cross-
sectional analysis and results are only suggestive of an association.  
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18. Mortality 

Overall, 11 publications examined the effect of pesticide exposure on mortality (median sample size: 
1,986), contributing 318 separate analyses in the data extraction database. This section consists of a 
heterogeneous group of publications, which assessed associations between pesticides and all cause 
mortality of major mortality outcomes. Despite the fact that these studies were large, they were of 
modest quality and they are not very informative as they test a wide range of diseases simultaneously 
without corrections for multiple testing. The results do not show any apparent trend of pesticide 
exposure with overall mortality. 
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19. Immune/ Autoimmune diseases 

Overall, 10 publications examined the effect of pesticide exposure on immune disorders (median 
sample size: 196, IQR 81-476), contributing 67 separate analyses in the data extraction database.
Sixty studies were conducted in America, 3 in Europe and one study was Asian. Various health related 
outcomes including arthritis, osteoarthritis, rheumatoid arthritis and an extensive list of various 
antibodies, cytokines etc. as summarized in Table 23. Seven out of the 10 publications referred to 
prospective cohort studies whereas 2 studies were cross-sectional and only one was case-control. The 
sample size in the reported analyses was rather small; it ranged between 19 and 532 participants with 
the largest study being the Carolina Lupus Study. Half of the studies assess occupational exposures 
and information on biomarkers of exposure was available in 2 studies whereas 4 studies used both 
biomarkers and questionnaires. As seen with other outcomes, the diversity of the exposure definition 
and the outcomes assessed are extensive and poses special challenges to data synthesis. No single 
outcome was assessed in more than two studies therefore synthesis of the data was not feasible for the 
field of immune disorders.  

Table 23: Health outcomes assessed in the field of immune disorders 

Health outcome  
Antinuclear antibodies Interleukin-4 (IL-4) 

Arthritis Interleukin-13 (IL-13) 

Complement components C3, C4 Immunologic effects 

Eosinophils Leucocyte counts 

Erythrocyte counts Lymphocyte levels 

Glycoproteins Neutrophils 

Hematocrit/Hemoglobin Natural Killers (NK) cells 

Interferon-γ (IFN-γ) Osteoarthritis 

 Immunoglobulin 1 (IgG1)  Rheumatoid arthritis 

Immunoglobulin 4 (IgG4) Systematic Lupus 

Immunoglobulin M (IgM)  
 

702



Ntzani EE, Chondrogiorgi M, Ntritsos G, Evangelou E, Tzoulaki I Pesticide epidemiology

EFSA supporting publication 2013:EN-497
The present document has been produced and adopted by the bodies identified above as author(s). This task has been carried out exclusively 
by the author(s) in the context of a contract between the European Food Safety Authority and the author(s), awarded following a tender 
procedure. The present document is published complying with the transparency principle to which the Authority is subject. It may not be 
considered as an output adopted by the Authority. The European Food Safety Authority reserves its rights, view and position as regards the 
issues addressed and the conclusions reached in the present document, without prejudice to the rights of the authors. 

95

20. Allergic diseases 

Nine studies from eight different populations reported associations between pesticide exposure and 
allergic disorders. Seven studies examined occupational exposure whereas two studies examined 
environmental exposure. Eight studies were cross-sectional investigations and therefore conclusions 
are prone to reverse causality and other biases. In terms of outcomes examined, five studies examined 
self-reported allergic rhinitis, one examined self-reported asthma and the remaining 3 examined self-
reported skin irritation, contact dermatitis, food allergy, hay fever and fragrance allergies. Statistically 
significant results were reported by four studies on allergic rhinitis (ID ALL_003, ID ALL_004, ID 
ALL_005, ID ALL_006). These studies reported significant association between various pesticide
classes and allergic rhinitis. In particular, the Agricultural Health Study (AHS) reported significant 
association between allergic rhinitis and exposure to the herbicides 2,4-Dichlorophenoxyacetic acid 
(2,4-D) glyphosate and petroleum oil, the insecticide diazinon and the fungicide benomyl. However, 
the study has many limitations and results need cautious interpretation and require replication by 
future prospective studies. The study is limited by its ability to distinguish allergic from non-allergic 
symptoms of rhinitis and to establish temporality between exposure and symptoms due to its cross-
sectional design. One study with low overall quality reported high effect sizes (OR, 12.50; 95% CI, 
2.00-78.05) for allergic rhinitis in greenhouse flower and ornamental plant growers with pesticide 
application by hand pump vs. without (ID ALL_006). Again, the study has low overall quality, 
concerns a heavily exposed population with definition of exposure related to the method of application 
rather than a chemical class. Overall, the evidence around allergic disorders and pesticide exposure is 
weak. 
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21. Haematological diseases 

21.1. Aplastic anaemia 

Three studies examined associations between pesticide exposure and aplastic anaemia; a rare 
hematologic condition. All studies were case-control designs and had small sample sizes (range 9-
310). Two studies reported significant associations with large effect sizes but it is difficult to draw 
firm conclusions due to the small number of studies available and the limitations of these studies 
(Table 24). The other case control study (ID APL_002) did not report effect sizes but only the p value 
of association, which was non-significant. Further evidence is required to throw light into these 
suggestive results. 

Table 24: Summary of results between pesticide exposure and aplastic anemia in 2 case-control 
studies that reported effect sizes 

Study ID Pesticide assessed Comparison OR Lower 95% CI Higher 95% CI N cases N controls
APL_001 Organophosphates yes/no 2.1 1.1 4.2 21 32
APL_001 DDT yes/no 6.7 1.5 30 5 4
APL_001 Carbamates yes/no 7.4 1.7 31 8 3
APL_001 Paraquat yes/no 2.3 1 5.1 12 24
APL_001 Other occupational pesticides yes/no 1 0.4 2.2 11 32
APL_001 Any household pesticides yes/no 1.3 0.9 1.9 64 238
APL_001 Organophosphates yes/no 2.1 1 4.4 17 26
APL_001 Paraquat yes/no 1.9 0.7 4.9 7 20
APL_001 Other occupational pesticides yes/no 1.1 0.4 2.7 9 24
APL_003 Agricultural use of pesticides yes/no 2.2 1.1 4.7 12 23
APL_003 Home use of pesticides yes/no 1.3 0.9 1.9 70 240
APL_003 Organophosphorates highest tertile of exposure/no exposure 3 0.9 10.1 5 7
APL_003 Pyrenthroids highest tertile of exposure/no exposure 1.8 1 3.1 23 57
APL_003 Herbicides yes/no 2.4 0.9 6 8 15

21.2. Haematological and biochemical alterations 

Fourteen studies examined various haematological and biochemical alterations in relation to pesticide 
exposure. Main alterations studied were basic haematology and vitamin levels. The sample size ranged 
between 51 and 1,275. The quality of these studies was modest to low. Most studies reported
unadjusted correlation statistics or means between haematological parameters and pesticide exposure 
and no effect sizes beyond the p values were reported. All studies provided cross-sectional evidence. 
Despite the fact than many of the reported analyses were statistically significant, results should not be 
interpreted at this stage due the limited evidence and modest quality associated with these data.  
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22. Other outcomes 

Overall, 30 publications examined the effect of pesticide exposure on other outcomes. Based on our 
criteria for data synthesis no meta-analysis was performed for those outcomes.  

22.1. Bone diseases 

Three studies examined the effect of pesticide exposure on osteoporosis including 13 different 
analyses. We identified two European cross-sectional studies and one Asian cohort (median sample 
size: 176, IQR: 153-908). All studies assess environmental exposure with information on biomarkers 
of exposure and all studies examined exposure to organochlorines only. Osteoporosis was assessed via 
ultrasound measurements and bone mineral density. The largest study of 908 women showed that p,p’-
DDE was positively associated with bone mineral density, the association remained after adjustment 
for confounders, but the effect was weak. 

22.2. Skin diseases  

Six studies examined the effect of pesticide exposure on skin lesion (median sample size: 356, IQR 
262-2203) including 11 analyses. Four studies used cross-sectional design. Environmental exposure 
was assessed in 3 studies. The definition of outcome was often skin rash or eczema. The resulst were 
largely not statistical significant. One prospective study (ID SKD 004) on 5,042 men from the Health 
Effects of Arsenic Longitudinal Study in Araihazar reported highly significant effect sizes for skin 
lesions and pesticide use but study also evaluated arsenic exposure and it is difficult to differentiate 
between the effect of each exposure. 

22.3. Dental diseases 

One study cross-sectional study from America including 496 participants assessed two outcomes. The 
study assessed environmental exposure with information of biomarkers (ID PER 001). In this study, 
organochlorine (OC) pesticides were strongly associated with periodontal disease.

22.4. Metabolic diseases 

One European cross-sectional study assessed the effect of pesticides on metabolic diseases and 
specifically on levels of various prorfyrins including 8 analyses but no significant results were 
reported. Environmental exposure was studied using biomarkers for the assessment of exposure. 

22.5. Men health 

One case-control study reported association between pesticide exposure and erectile dysfunction. The 
study focused on organochlorine pesticides and compared 101 cases with erectile dysfunction to 234 
comparable control subjects. The results were no statistically significant and do not provide evidence 
of an association. 

705



Ntzani EE, Chondrogiorgi M, Ntritsos G, Evangelou E, Tzoulaki I Pesticide epidemiology

EFSA supporting publication 2013:EN-497
The present document has been produced and adopted by the bodies identified above as author(s). This task has been carried out exclusively 
by the author(s) in the context of a contract between the European Food Safety Authority and the author(s), awarded following a tender 
procedure. The present document is published complying with the transparency principle to which the Authority is subject. It may not be 
considered as an output adopted by the Authority. The European Food Safety Authority reserves its rights, view and position as regards the 
issues addressed and the conclusions reached in the present document, without prejudice to the rights of the authors. 

98

22.6. Gynaecological diseases 

In this group we included gynaecological outcomes not included in the previous outcome categories. 
Four studies are included in this group, three examined endometriosis and one the timing of 
menopause. The three studies on endometriosis (ID GYN 001, ID GYN 002, ID GYN 003) were all 
cross-sectional and all examined organochlorines. One out of 12 separate analyses on endometriosis 
and organochlorines was statistically significant; the highest tertile of aromatic fungicide was 
associated with a fivefold risk of endometriosis (OR = 5.3; 95% CI, 1.2–23.6) compared to the lowest 
tertile. This effect size is large and requires independent replication in other prospective studies. 

Data from the Agricultural Health Study (AHS) was used to study associations between exposure to 
pesticides and age at menopause in a prospective investigation of pre-menopausal women. After 
control for age, smoking status, and past use of oral contraceptives, the median time to menopause 
increased by approximately 3 months for women who used pesticides (HR 0.87, 95% CI: 0.78, 0.97) 
and by approximately 5 months for women who used hormonally active pesticides (HR 0.77, 95% CI:
0.65, 0.92). Pesticide use may be associated with a later age at menopause based on these results; 
however results are prone to false positive bias and independent replication is needed.  

22.7. Symptoms and general health 

Five studies examined general health symptoms such as nausea, fatigue, dizziness, and shortness of 
breath. The definition of these outcomes is very hard and associated with large measurement errors. 
Studies were of modest to low quality and all concerned occupational exposures. Some statistically 
significant results were observed but are far form conclusive at this stage due to heterogeneity of data 
reported and the limitations associated with these studies.  

22.8. Kidney diseases 

Three studies examined kidney diseases including chronic kidney disease and gallstone disease. One 
study reported statistically significant results between DDE and DDT residues and gallstone disease. 
 

22.9. Benign tumours 

One a population-based case-control study on acoustic neuroma found no link between pesticide 
exposure and acoustic neuroma.  

22.10. Gastrointestinal diseases 

Seven studies examining associations between pesticide exposure and liver enzymes were identified. 
All studies were cross-sectional or case-control. One study, the National Health and Nutrition 
Examination Survey (NHANES), examined organochlorines, another one examined exposure to 2,4-
dichlorophenoxyacetic acid (2,4-D) and paraquat and the remaining studies examined broadly defined 
pesticide categories. The studies were of modest and low quality and presented only the means of 
enzymes in exposed and unexposed participants often without adjustments. Almost all studies reported 
statistically significant results with higher level of liver enzymes (e.g. Gamma-glutamyltransferase 
(GGT), Alanine aminotransferase (ALT), Aspartate aminotransferase (AST)) in participants exposed 
to pesticides. However, due to the low quality of the data and the limited number of studies firm 
conclusions cannot be drawn and data is only suggestive of associations at this stage.  

706



Ntzani EE, Chondrogiorgi M, Ntritsos G, Evangelou E, Tzoulaki I Pesticide epidemiology

EFSA supporting publication 2013:EN-497
The present document has been produced and adopted by the bodies identified above as author(s). This task has been carried out exclusively 
by the author(s) in the context of a contract between the European Food Safety Authority and the author(s), awarded following a tender 
procedure. The present document is published complying with the transparency principle to which the Authority is subject. It may not be 
considered as an output adopted by the Authority. The European Food Safety Authority reserves its rights, view and position as regards the 
issues addressed and the conclusions reached in the present document, without prejudice to the rights of the authors. 

99

CONCLUSIONS

After an exhaustive and comprehensive search of almost 46,000 scientific publications we identified 
602 publications, which examine epidemiologic associations between pesticide exposure and diverse 
health outcomes. The entire spectrum of health outcomes related to pesticide exposure has not been 
studied before. Our results show a very wide spectrum including 24 major disease categories. Few 
environmental exposures have been associated with such a wide range of outcomes. The most 
prevalent outcomes are cancers and mother and child health outcomes. But other disease categories 
have received considerable attention such as neurological conditions and reproductive diseases. 
Despite the large volume of available data and the large number (>6,000) of analyses available, firm 
conclusions cannot be made for the majority of the outcomes studied. This observation is 
disappointing especially when one accounts for the large volume of research in the area. However, this 
observation is in line with previous studies on environmental epidemiology and in particular on 
pesticides which all acknowledge that such epidemiological studies suffer from many limitations and 
that the heterogeneity of data is such that does not allows firm conclusions to de made.   

The range of categories of pesticide studied is wide but studies very often concentrate on a broadly 
defined pesticide category, and it is hard to understand which pesticide the population is exposed to. 
Studies often examine pesticides that have already been banned in western populations and the 
European Union. The use of biomarkers as means of exposure assessment is infrequent but still 
available in almost half of the studies. In addition, cohort studies represent a minority of this literature 
with case control and cross-sectional studies representing an approximately equal proportion of 
eligible articles. Case-control and cross-sectional evidence does not allow the study of temporal 
relations and thus are unable to provide support regarding the causality of associations. The 
assessment of exposure is perhaps the most important methodological limitation of the studies. Studies 
used different methods for exposure assessment and assignment. Most studies were based on self-
reported exposure to pesticides, defined as ever versus never use or as regular versus non-regular use. 
Such methods suffer from high misclassification rates and especially in the case of retrospective 
studies where misclassification would be differential with higher exposures reported in participants 
with disease (recall bias). Above all, such questionnaires might be capable of differentiating subjects 
with very high and very low exposure levels but are not capable of valid exposure classification across 
an exposure gradient thus not allowing the study of dose-response relationships. Also, the accuracy of 
exposure might be high for broad categories of pesticides and commonly used pesticides, but not for 
specific pesticides. It is important that questionnaires used for exposure assessment are validated. 
However, studies largely used “home made” versions of questionnaires, sometimes not giving the 
information on the actual questions used to assess exposure. In addition, exposure simultaneously in 
multiple agents is common which may introduce further bias in the results. For example, occupational 
exposure to pesticides is likely to coexist with exposure to benzene, heavy metals, solvents, suspended 
particulate matter etc. all of which have adverse health outcomes. It is essential to account for 
confounding from exposure to multiple agents in order to delineate true associations but this has not 
been possible in the overwhelming majority of evidence assessed herein. 
In addition, the evidence collected and appraised herein is likely to suffer from selective reporting and 
multiple testing. The studies reported a very wide range of analyses; 602 publications resulted in 6000 
analyses. The amount of multiple hypothesis testing is enormous. These analyses need to be adjusted 
for multiple hypothesis testing else the results suffer from high false positive rate.  Even when studies 
present only one analysis, selective reporting is always a possibility as has been shown in other 
epidemiological fields as well. In addition, when interpreting results one should also take into account 
that, especially for certain outcomes (e.g. cancers), the majority of evidence comes from single study 
populations and the AHS in particular.   
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Beyond definition of exposure, the definition of clinical outcomes displayed large variability in 
eligible epidemiological studies, which can further cause the variability in results. Perhaps most 
important in this setting is the use of surrogate outcomes examined. Here we observed a great number 
of surrogate outcomes. Surrogate outcomes are biomarkers or physical measures that are generally 
accepted as substitutes for or predictors of specific clinical outcomes. However, many times these 
surrogate outcomes are unvalidated and do not meet the strict definitions of surrogate outcomes. Such 
outcomes can be defined as possible predictors of clinical outcomes but do not fulfil the criteria for a 
surrogate outcome. It is essential that the evidence around unvalidated surrogate outcomes are 
appraised taking into account the implicit assumptions of unvalidated surrogate outcomes.  

Acknowledging these limitations we attempted to summarise the evidence retrieved in this report. An 
added important limitation here is the fact that this review is limited to publications after 2006. This 
allows us only to review recent evidence and any meta-analysis needs very cautious interpretation, as 
it does not include all available evidence. Results might be biased if data published after 2006 are 
different from earlier evidence. To this end, we also provided updated meta-analysis for major 
outcomes and for those that a relevant meta-analysis published after 2006 was identified. This has only 
been possible for childhood leukaemia and for Parkinson’s disease. For both these outcomes we found 
significant associations between pesticide exposure and disease in line with previous evidence. 
Significant summary estimates have also been reported for other outcomes as summarised in Table 25 
below. However, as they represent studies form 2006 onwards results should be regarded as suggestive 
of associations only and limitations especially regarding the heterogeneity of exposure should always 
been take into consideration.  
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Table 25: Summary of meta-analyses performed in this report 

Health outcome N 
studies 

Meta-analysis 
result 

 

Leukemia 6 1.26 (0.93,1.71) 59.4% 
Hodgkin’s Lymphoma 7 1.29 (0.81, 2.06) 81.6% 
Childhood Leukemia (exposure to pesticides 
during pregnancy) 

6 1.67 (1.25, 2.23) 81.2% 
Childhood Leukemia (exposure to insecticides 
during pregnancy) 

5 1.55 (1.14, 2.11) 65% 
Childhood Leukemia (exposure to insecticides 
during pregnancy-update Turner 2010) 

9 1.69 (1.35, 2.11) 49.8% 
Childhood Leukemia (exposure to unspecified 
pesticides during pregnancy) 

5 2.00 (1.73, 2.30) 39.6% 
Childhood Leukemia (exposure to unspecified 
pesticides during pregnancy-update Turner 
2010) 

11 1.30 (1.09, 1.56) 26.5% 
Childhood Leukemia (exposure to pesticides 
during childhood) 

7 1.27 (0.96, 1.69) 61.1% 
Childhood Leukemia (exposure to insecticides 
during childhood-update Turner 2010) 

8 1.51 (1.28, 1.78) 0% 
Childhood Leukemia (exposure to unspecified 
pesticides during childhood-update Turner 
2010) 

11 1.36 (1.19, 1.55) 0% 
Breast Cancer (DDE exposure) 5 1.13 (0.81, 1.57) 0% 
Breast Cancer  11 1.24 (1.08, 1.43) 0% 
Testicular Cancer (DDE exposure) 5 1.40 (0.82, 2.39) 59.5% 
Stomach Cancer  6 1.79 (1.30, 2.47) 0% 
Liver Cancer  5 2.50 (1.57, 3.98) 25.4% 
Cryptorchidism 8 1.19 (0.96, 1.49) 23.9% 
Cryptorchidism (DDT exposure) 4 1.47 (0.98, 2.20) 51% 
Hypospadias (general pesticide exposure) 6 1.01 (0.74, 1.39) 71.5% 
Hypospadias (exposure to specific pesticides) 9 1 (0.84, 1.18) 65.9% 
Abortion 6 1.52 (1.09, 2.13) 63.1% 
Parkinson’s disease 26 1.49 (1.28, 1.73) 54.6% 
Parkinson’s disease (DDT exposure) 5 1.01 (0.78, 1.30) 0% 
Parkinson’s disease (paraquat exposure) 9 1.32 (1.09, 1.60) 34.1% 
Amyotrophic Lateral Sclerosis 6 1.58 (1.31, 1.90) 10% 
Asthma (DDT exposure) 5 1.29 (1.14, 1.45) 0% 
Asthma (paraquat exposure) 6 1.40 (0.95, 2.06) 53.3% 
Asthma (chlorpyrifos exposure) 5 1.03 (0.82, 1.28) 0% 
Type 1 Diabetes (DDE exposure)  8 1.89 (1.25, 2.86) 49% 
Type 1 Diabetes (DDT exposure) 6 1.76 (1.20, 2.59) 76.3% 
Type 2 Diabetes (DDE exposure) 4 1.29 (1.13, 1.48) 0% 
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RECOMMENDATIONS

As discussed above, the extensive evidence gathered for this report highlights that there is immense 
amount of information available on pesticide exposure and health outcomes from epidemiological 
studies. Nonetheless, the quality of this evidence is usually low and many biases are likely to affect the 
results to an extent that firm conclusions cannot be made. Childhood cancers and Parkinson’s disease 
are the two outcomes for which a corresponding meta-analysis after 2006 was found and for which 
data are consistent to show an increased risk associated with pesticide exposure. Nonetheless, the 
exposure needs to be studies further in order to disentangle the effect of specific pesticide classes or 
even individual pesticides. Effects on other outcomes, such as endocrine disorders, asthma and 
allergies, diabetes and obesity, are showing increased risk and should be explored further. This report 
concentrated on examining separately health outcomes. An alternative approach would be to look for 
pesticide classes, subclasses or even individual pesticides across a range of outcomes. These 
approaches could highlight whether a pesticide class has a particular detrimental effect across a variety 
of disease endpoints. Finally, exposure epidemiology has long suffered from exposure measurement 
and definition and in particular for pesticides this has always been exceptionally difficult to assess and 
define. Technological advances now enable us to measure in a large scale and agnostic way 
biomarkers of exposure using high throughput technologies of omics. For example, metabolomic 
analysis offers a way to capture a whole range of environmental exposures with minimal measurement 
error and ability to specify the exposure. These approaches are now being developed and are likely to 
offer much clearer view on the associations between environmental exposures, including dietary 
exposures, and health outcomes.  
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APPENDICES 

APPENDIX I. EXTENDED SEARCH ALGORITHM IN MEDLINE 
Pesticid* OR Pesticide OR pest control OR “pest control” OR (Chemosteril* OR Chemosterilant OR 
Fungicid* OR fungicide OR Fungicide, Industrial OR Herbicid* OR Herbicide OR Defoliant* OR 
Defoliant, Chemical OR Insect Repellent*OR Insect Repellent OR  Insecticid* OR Insecticide OR 
Molluscacid* OR Molluscacide OR Pesticide Synergist* OR Pesticide Synergist OR Rodenticid* OR 
Rodenticide OR organochlor* OR organochloride OR organochlorine OR chlorocarbon OR 
chlorinated hydrocarbon OR chlorinated solvent OR organophosphat* OR organophosphate OR 
carbamat* OR carbamate OR pyrethroid* OR pyrethroid) OR (1,2-dibromo-3-chloropropane OR 1,3-
dichloro-1-propene OR 1-(4-ethynylphenyl)-4-propyl-2,6,7-trioxabicyclo(2.2.2)octane OR 1-Methyl-
4-phenylpyridiniumOR 2,4,5-Trichlorophenoxyacetic Acid OR 2,4-Dichlorophenoxyacetic AcidOR 2-
dichlorobenzeneOR 2-Methyl-4-chlorophenoxyacetic Acid OR 2-methyl-4-chlorophenoxyacetic acid 
dicamba herbicide solution OR 2-phenylphenol OR 3,5,6-trichloro-2-pyridinolOR 4''-epiacetylamino-
4''-deoxyavermectin B1 OR 4-dichlorobenzeneOR abamectin OR acephate OR acetochlor OR
acifluorfen ORAgent OrangeOR alachlor OR Aldicarb OR Aldrin OR Allethrin OR allosamidin OR
alpha-Chlorohydrin OR alpha-naphthyl thiourea OR alpha-naphthylphthalamic acid OR aluminum 
phosphide OR aminocarb OR amitrazOR AnabasineOR arsenic acidOR Atrazine OR avermectinOR 
azadirachtin OR AzinphosmethylOR Bacillus thuringiensis protoxinOR bendiocarbOR BenomylOR 
bentazoneOR benthiocarbOR benzyl benzoate OR bialaphos OR binB protein Bacillus sphaericus OR
bioallethrinOR bioresmethrin OR bis(tri-n-butyltin)oxideOR boric acid OR bromacil OR
bromadiolone OR bromfenacoumOR bullatacinOR butachlorOR butyl phosphorotrithioate OR 
Cacodylic Acid OR captafol OR CaptanOR Carbaryl OR Carbofuran OR CarboxinOR Chloranil OR 
ChlordanOR ChlordeconeOR Chlorfenvinphos OR chlorocresol OR chlorophacinoneOR 
ChlorphenamidineOR Chlorpropham OR Chlorpyrifos OR chlorsulfuronOR chlortoluronOR 
cismethrinOR closantel OR CoumaphosOR crotamiton OR cyanazine OR cyclonite OR cyfluthrinOR 
cyhalothrinOR cyhexatinOR cypermethrinOR cyromazineOR cythioateOR daminozideOR 
decamethrinOR DEETOR dexon (fungicide)OR diallyl trisulfideOR Diazinon OR Dicamba OR 
dichlobanilOR Dichlorodiphenyl DichloroethyleneOR DichlorodiphenyldichloroethaneOR
dichlorodiphenyltrichloroethane OR DDT OR Dichlorvos OR Dicofol OR dieldrin OR difenacoumOR 
DimethoateOR dimethyl 4,4'-o-phenylene bis (3-thioallophanate) with carbamic acid ethylene bis 
(dithio)-mangenese zinc complexOR dimethyl 4-phthalateOR dimethyl phthalateOR Dinitrophenols 
OR dinosebOR diphenylOR DiquatOR DisulfotonOR DiuronOR doramectin OR EndosulfanOR 
EndrinOR ethionOR Ethylmercuric Chloride OR Ethylmercury Compounds OR famophos OR 
fenarimol OR FenitrothionOR fenoxycarb OR fenpropimorphOR Fenthion OR fenvalerate OR fipronil 
OR fluazifop OR fluazifop-butyl OR  fluoroacetic acid OR fluphenacur OR fluridoneOR fluvalinate 
OR folpet OR FonofosOR glyphosateOR hedolit OR Hempa OR HeptachlorOR Heptachlor Epoxide 
OR heptenophosOR HexachlorobenzeneOR hexachlorobutadiene OR hexazinoneOR 
hydramethylnonOR imazalilOR imidaclopridOR insecticidal crystal protein Bacillus ThuringiensisOR 
iprodioneOR isofenphosOR isoproturonOR IvermectinOR jasplakinolideOR LeptophosOR linaloolOR 
LindaneOR Linuron ORmalachite greenOR malaoxonOR MalathionOR Maleic HydrazideOR 
mancozebOR ManebOR mecarzoleOR mecopropOR metalaxylOR metaldehydeOR 
methamidophosOR methidathionOR MethiocarbOR MethomylOR MethoxychlorOR methyl 
demetonOR methyl isothiocyanateOR Methyl ParathionOR methylbromfenvinphosOR 
methyldithiocarbamateOR methyllycaconitineOR metolachlorOR metribuzinOR MevinphosOR 
milbemycinOR molinateOR MonocrotophosOR monomethylarsonic acidOR N,N-
diethylphenylacetamide OR N-(3,5-dichlorophenyl)succinimideOR N-bromoacetamideOR n-
hexanalOR Naled OR neem oilOR neosaxitoxinOR Niclosamide OR nitrofenOR nonachlor OR 
norbormideOR norflurazoneOR nornicotine OR octamethyl pyrophosphoramideOR oryzalinOR 
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ParaoxonOR ParaquatOR ParathionOR pendimethalin OR pentachlorobenzeneOR 
PentachlorophenolOR PermethrinOR phenothrinOR phenthoateOR phentin acetate OR 
Phenylmercuric Acetate OR phenylmercuric nitrate, basicOR Phenylmercury CompoundsOR 
Phenylphosphonothioic Acid 2-Ethyl 2-(4-Nitrophenyl) EsterOR Phorate OR phosaloneOR 
PhosmetOR PhosphamidonOR phosphineOR phosphinothricinOR phoxim OR Picloram OR Piperonyl 
ButoxideOR pirimicarbOR pirimiphos methylOR precocene IIOR prochlorazOR procymidoneOR 
profenofosOR PrometryneOR propachlorOR PropanilOR PropoxurOR PyrethrinsOR pyriminil OR 
quinalphos OR quintozene OR RotenoneOR S,S'-(2-(dimethylamino)-1,3-propanediyl)thiosulfuric 
acid ester OR SimazineOR sodium chlorateOR spinosadOR sulfamic acidOR sulfometuron methyl 
OR tebufenozideOR TemefosOR terbutryneOR terbutylazineOR terthienyl OR 
tetrachloroisophthalonitrileOR TetrachlorvinphosOR tetramethrinOR thallium sulfate OR 
ThiophanateOR ThiramOR ToxapheneOR triadimefon OR Triallate OR TrichlorfonOR triclopyrOR 
triflumuron OR Trifluralin OR vinclozolin OR Warfarin OR zinc phosphide OR Zineb OR Ziram) 

(LIMITS: HUMAN, 1/1/2006 - 1/10/2012) 
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APPENDIX II. EXPLANATIONS TO THE DATA EXTRACTION DATABASE

Study ID This is the unique ID of the study given sequentially for each 
study major outcome 

PUBMED_ID This is the PUBMED ID of the study (if not available ID in 
EMBASE was provided and when this was not available the 
title of the study was provided)  

First author First author’s last name 
Journal Journal in which the study was published 
Year Year of publication 
Country Country where the study was conducted 
Location (continent) Continent where the study was conducted 
Recruitment period Period during which the study participants were recruited 
Exposure Period (preconception, 
infancy, childhood, adulthood, 
pregnancy) 

Growth period in which the pesticide exposure occurred 
(preconception, pregnancy, infancy, childhood, adolescence, 
adulthood) 

Follow-up period Follow-up calendar period for prospective/ retrospective 
studies 

Follow-up duration (maximum) Maximum follow-up period in years for prospective/ 
retrospective studies 

Follow-up duration (years) 
(median/mean) 

Mean or median follow-up period in years for prospective/ 
retrospective studies 

Study type (cohort, nested case-
control, case-control, cross-
sectional) 

The epidemiological study design: cohort, nested case-control, 
case-control, cross-sectional 

Cohort name The name of the epidemiological study 
Age (years) (range/mean/median..) The age of the population studied (preference is to provide 

the mean or meadian age, when not available the range is 
given). Data is presented in years unless otherwise stated. 

Gender (% male) Percentage of males in study population 
Active substance assessed Pesticide assessed in the study as defined/named in the study 
Active substance category Chemical or functional pesticide category in which the 

pesticide is classified 
Authorisation status Pesticide active substances authorized within EU 

(06/09/2013). Yes/No/NA (NA=not applicable) 
Biomarker name The name of the biomarker of exposure to pesticide (if 

measured) 
Control definition Definition of the control group in case-control studies 
Pesticide co-exposure (measured) Did the study provided information on other co-exposed 

pesticides? (yes, no) 
Population characteristics Description of the population examined (gender, location, 

disease status) 
Type of exposure (occupational, 
environmental, both) 

What is the source of exposure to pesticides: occupational (if 
the exposure is related to a specific occupational activity); 
environmental (if the exposure is not related to any 
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occupational activity (e.g. domestic use of pesticides, use of 
pesticides in gardening, exposure related to gardening etc.); 
both (when both occupation and environmental exposure is 
present).  

Type of exposure assessment (direct 
exposure questionnaire/ 
biomarker/residential 
history/occupational history/ JEM/ 
expert evaluation/ environmental 
 odeling) 

Means of measuring pesticide exposure: direct exposure 
questionnaire (interview or self-administered); measurement 
of biomarker in biological fluids; residential history; 
occupational history; Job Exposure Matrix (JEM)  

Exposure definition  Definition of exposure as described in the study  
Questionnaire type Questionnaire type (interview or self administrated) (for 

studies which assessed exposure through questionnaires, else 
state n/a) 

Measurement of biomarker (whole 
blood, plasma, urine, breast milk, 
placenta, nails, hair, saliva, adipose 
tissue) 

Body fluid or tissue in which the biomarker was measured 
(whole blood, plasma, urine, breast milk, placenta, nails, hair, 
saliva, adipose tissue etc.) 

Assay type Type of biochemical assay used for biomarker measurement  
Exposure duration Duration of exposure to pesticides in years (when available) 
Pediatric exposure type (mother, 
father, child, combinations) 

For studies on child outcomes, describe means of exposure 
through self-exposure or parental exposure (mother, father, 
child, combinations) 

Pediatric exposure time 
(preconception, pregnancy, 
combination) 

For studies on child outcomes, was parental exposure during 
preconception, pregnancy or combinations? 

Health outcome Health outcome as described in the study  
Outcome definition Health outcome definition used in the study  
Disease category Disease category  
Effect estimate type (RR, OR, HR, 
beta, MD, SMD) 

Type of effect estimate for the assessment of pesticide and 
health outcome relationship (RR, OR, HR, beta, MD, SMD) 

Effect (binary, continuous) Effect estimated on a binary or continuous manner (binary, 
continuous) 

Comparison unit (yes/no, unit 
increase, …) 

The definition of comparison for the calculation of the effect 
size (yes/no, unit increase etc.) 

Effect estimate Value of effect estimate 
SE/SD effect stimate Standard error/Standard deviation of effect estimate 
Lower 95% CI Lower 95% confidence interval of the effect estimate  
Higher 95% CI Higher 95% confidence interval of the effect estimate 
Adjustment for Confounders/ variables for which the effect estimate was 

adjusted for 
Controls matched for  Variables for which controls were matched to cases (case 

control studies only) 
Sample size Total number of participants 
N cases Number of cases 
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N controls Number of controls 
Statistical method Statistical method used to calculate the effect size 
Study design (prospective, 
retrospective, mixed, cross-
sectional) 

Prospective or retrospective type of study design 
(prospective, retrospective, mixed, cross-sectional) 

Inclusion/exclusion criteria clearly 
stated (yes, partially, no) 

Was the description of study participants (population) 
inclusion and exclusion criteria detailed? (yes/partially/no)  

Authors mention power calculations 
(yes, no) 

Do the authors mention power calculations in the manuscript 
preceding or proceeding their statistical analysis (yes/no) 

Level of detail in describing 
exposure (high, medium, low) 

Level of detail in which the definition of exposure to 
pesticides is provided (high/medium/low) 

Robust measurement of exposure. 
(biomarker (yes);  small area 
ecological measures, job titles, 
questionnaire (partial); was based 
on large area ecological measures 
(no)  

Was the measurement of exposure robust: biomarker (yes); 
small area ecological measures, job titles, questionnaire 
(partial); was based on large area ecological measures (no) 

Were measures of exposure 
specific? Yes; based on broader, 
chemically-related groups (partial); 
based on broad groupings of diverse 
chemical and toxicological 
properties (no) 

Were measures of exposure specific? (yes); based on broader, 
chemically-related groups (partial); based on broad groupings 
of diverse chemical and toxicological properties (no) 

Attempt to balance the allocation 
between the groups (e.g., through 
stratification, matching) 

Was an attempt to balance the allocation between the groups 
in case-control studies either through stratification or 
matching (yes/no)? 

Adjustment performed  for 
potential confounders (yes, some, 
no) 

Was the effect size adjusted for potential confounders (yes, 
some, no)? 

Assessors blinded to exposure 
status (for cohort studies) 

Were the assessors blinded to exposure status in cohort 
studies (yes/no/;n/a:not available or not applicable when 
studies are not cohorts)? 

Outcomes assessed using valid and 
reliable measures, implemented 
consistently across all study 
participants?  

Were the outcomes assessed using valid and reliable 
measures implemented consistently across all study 
participants (yes/no) 

Sample size (top [991], middle, 
bottom quartiles[104]) 

The size of the sample 

Was source of funding 
acknowledged 

Do the authors acknowledge any possible source of funding 
(yes/no) 

Rough quality assessment Rough quality assessment taking into account the data in all 
other columns of the quality assessment of data extraction 
form 

COMMENTS Any comments related to the study that help interpretation of 
the data extracted 
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GLOSSARY AND ABBREVIATIONS

AHS: Agricultural Health Study  

Beta estimate: coefficient of linear regression 

Bias: A systemic inaccuracy in data due to the characteristics of the process employed in the creation, 
collection, manipulation and presentation of the data or due to faulty sample design of the estimating 
technique 

Biomarker: A measurable substance or characteristic in the human body that can be used to monitor 
the presence of a chemical in the body, biological responses, or adverse health effects. Biomarkers of 
exposure are used to assess the amount of a chemical that is present within the body.

Blinded outcome assessment: Individuals who assess the exposure are blinded to the health outcome 
status of the participants.  

CARDIA: The “Coronary Artery Risk Development In Young Adults” study, a multi-center, 
population-based study. 

Case-control study: A type of observational study in which two existing groups differing in outcome 
are identified and compared on the basis of some supposed causal attribute. Case-control studies are 
retrospective, as the exposure status is assessed retrospectively.  

Case reports: Detailed reports of the symptoms, signs, diagnosis, treatment, and follow-up of 
individual patients.

Case series: descriptive study that tracks patients with a known exposure given similar treatment or 
examines their medical records for exposure and outcome. These studies lack control groups.  

Center-specific analysis: Analysis per centre in studies, which have participants, recruited from more 
than one centre.  

CHAMACOS: The Center for the Health Assessment of Mothers and Children of Salinas 
(CHAMACOS). A prospective birth cohort aimed at studying the association of pesticides and other 
environmental agents on the health of pregnant women and their children living in the Salinas Valley, 
California.

CI: Confidence Interval 

Cohort study: A longitudinal/prospective study, which analyses risk factors and follows a group of 
people who do not have the disease until participants develop the disease(s) of interest 

Confounders: Extraneous variables in a statistical model that correlate (positively or negatively) with 
both the dependent variable (exposure) and the independent variable (outcome) 

Cross-sectional study: A study that involves observation of all of participants at one specific point in 
time, exposure and outcome are measured in the same time point.  

Ecological study: Studies in which the unit of observation is the population or community. Disease 
rates and exposures are measured in each of a series of populations and their relation is examined.
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Effect (binary/continuous): Outcome is binary (dichotomous, e.g. cancer (yes/no)) or continuous (e.g. 
systolic blood pressure (120mmHg)).  

Effect estimate/ size: A measure of the strength of association 

ESCALE: The “Etude sur les cancers de l'enfant” study, a national registry-based case-control study 

Funnel plots: graph designed to check the existence of publication bias in systematic reviews and 
meta-analyses

Heterogeneity: meta-analysis is used to estimate a combined effect from a group of similar studies. 
However, the individual estimates of treatment effect will vary by chance; some variation is expected. 
The question is whether there is more variation than would be expected by chance alone. When this 
excessive variation occurs, it is called heterogeneity 

HR: Hazard Ratio 

I2 : measure of the consistency between trials in a meta-analysis, it is a measurement of heterogeneity 
and takes values form 0 (no heterogeneity) to 1 (extreme heterogeneity) 

INUENDO: “INUENDO—Biopersistent organochlorines in diet and human fertility” Epidemiological 
studies of time to pregnancy and semen quality in Inuit and European populations”, a European project 
on fertility that was supported by the European Commission to the 5th Framework Programme Quality 
of Life and Management of Living Resources, Key Action 4 on Environment and Health (Contract no. 
QLK4-CT-2001-00202) (http://www.inuendo.dk).

IRR: Incidence rate ratio 

IQR: Interquartile Range 

JEM :Job Exposure Matrix 

MD: Mean Difference 

Meta-analysis: The process or technique of synthesizing research results by using various statistical 
methods to retrieve, select, and combine results from previous separate but related studies. 

Multiple testing: Testing many hypotheses, which are not a priori defined or based on a priori 
hypothesis.  

Misclassification: Bias in an estimate arising from measurement error

Multivariable models: Statistical models with more than one dependent variable. These models 
typically adjust for a number of confounders the analysis of interest.  

Nested case-control study: In a nested case-control study, cases of a disease that occur in a defined 
cohort are identified and, for each, a specified number of matched controls is selected from among 
those in the cohort who have not developed the disease by the time of disease occurrence in the case  

NHANES: National Health and Nutrition Examination Survey
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Observational study: an observational study draws inferences about the possible effect of a treatment 
on subjects, where the assignment of subjects into a treated group versus a control group is outside the 
control of the investigator 

OR: Odds ratio 

Pooled effect estimate: Summary effect estimate of the meta-analysis, the result of meta-analysis 

POPs: Persistent Organic Pollutants 

Prospective study: An epidemiologic study in which the groups of individuals (cohorts) are selected on 
the bases of factors that are to be examined for possible effects on some outcome 

Publication bias: Bias arisen from the tendency for researchers, editors, and pharmaceutical companies 
to handle the reporting of experimental results that are positive (i.e. showing a significant finding) 
differently from results that are negative (i.e. supporting the null hypothesis) or inconclusive.          

Recall bias: Systematic errors due to differences in accuracy or completeness of recall to memory of 
past events or experiences. 

Residual confounding: Residual confounding occurs when a confounder has not been adequately 
adjusted for in the analysis (usually because the confounder is not known)

Retrospective study: an epidemiologic study in which participating individuals are classified as either 
having some outcome (cases) or lacking it (controls); the outcome may be a specific disease, and the 
persons' histories are examined for specific factors that might be associated with that outcome 

Reverse causality: Reverse causality refers to the direction of cause-and-effect, it is not known 
whether the exposure has led to the outcome or the outcome has led to the exposure. 

RR: Relative Risk 

Narrative review: An article written to consider the critical points of current knowledge including 
substantive findings, as well as theoretical and methodological contributions to a particular topic 

SD: Standard Deviation 

SE: Standard Error 

Surrogate outcome: A laboratory measurement or physical sign that is used in trials as a substitute for 
a clinically meaningful endpoint that is a direct measure of how a patient feels, functions, or survives 
and is expected to predict the effect of the exposure 
Systematic reviews: Reviews of the evidence on a clearly formulated question that use systematic and 
explicit methods to identify, select and critically appraise relevant primary research, and to extract and 
analyse data from the studies that are included in the review 

Type-I error: The incorrect rejection of a true null hypothesis    

UFW: United Farm Workers 
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EXTERNAL SCIENTIFIC REPORT 

Literature review on epidemiological studies linking exposure to pesticides 
and health effects1  

Evangelia E Ntzani, Chondrogiorgi M, Ntritsos G, Evangelou E, Tzoulaki I 

Department of Hygiene and Epidemiology, University of Ioannina Medical School, Ioannina, Grecce 

 

ABSTRACT 
We performed a systematic and extensive literature review of epidemiological studies examining the 
association between pesticide exposure and any health outcome published after 2006. We searched 
43,259 citations and identified 603 published articles examining a very wide variety of outcomes and 
presenting over 6,000 analyses between pesticide exposure and health outcomes. We divided the 
different outcomes into 23 major disease categories. The largest proportion of studies pertains to 
cancer outcomes (N=164) and outcomes related to child health (N=84). The majority of studies were 
case-control studies and cross-sectional studies (N=222) and examined occupational exposure to 
pesticides (N=329). A wide and diverse range of pesticides was studied with studies using various 
definitions of pesticides; it is very hard to harmonise between studies this information. Despite the 
large volume of available data and the large number (>6,000) of analyses available, firm conclusions 
cannot be made for the majority of the outcomes studied. This observation is disappointing especially 
when one accounts for the large volume of research in the area. However, this observation is in line 
with previous studies on environmental epidemiology and in particular on pesticides which all 
acknowledge that such epidemiological studies suffer from many limitations and that the heterogeneity 
of data is such that does not allow firm conclusions to de made. We also performed updated meta-
analysis for major outcomes and for those where a relevant meta-analysis published after 2006 was 
identified. This has only been possible for childhood leukaemia and for Parkinson’s disease. For both 
these outcomes we found significant associations between pesticide exposure and disease in line with 
previous evidence.   

© European Food Safety Authority, 2013 

KEY WORDS 

Pesticides; epidemiological studies; pesticide exposure; health outcomes; mortality; case control 
studies; cohort studies 
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BACKGROUND AND TERMS OF REFERENCE  
Over the last years an abundance of epidemiological studies investigating possible associations of 
pesticide exposure with adverse health effects on humans have become available. In these studies 
exposure to pesticides e.g. via inhalation, ingestion, dermal contact or across the placenta has been 
established as being, or suggested to be, causative for instance for cancer in various organs and tissues, 
disturbed neurodevelopment of children, allergies, decreased fertility (male and female), birth defects 
and Parkinson’s disease. 
 
However, for many adverse health effects that are attributed to pesticide exposure contradictive or 
ambiguous studies also exist. Studies vary generally greatly in design (e.g. case control versus cohort 
studies), sample size and in many cases exposures are rather estimated or assumed than actually 
determined. 
 
A comprehensive up-to-date literature collection and review covering relevant publications from 1st 
January 2006 to 31st March 2012 should be carried out in which also the quality of these studies is 
evaluated. 
 
 
The objectives of the contract resulting from the present procurement procedure are as follows: 
 
Objective 1: To collect and compile scientific publications in which possible links between pesticide 
exposure and adverse human health effects have been investigated. 
 
Objective 2: To review and evaluate each collected study in regard to its qualitative aspects (e.g. the 
corner points of the investigations). 
 
Objective 3: Provision of a database and a report of epidemiological studies. 
 

 

 

This contract was awarded by EFSA to: The Department of Hygiene and Epidemiology, University of 
Ioannina Medical School, Ioannina, Grecce. 

Contractor: The Department of Hygiene and Epidemiology, University of Ioannina Medical School, 
Ioannina, Grecce. 

Contract title: Literature review on epidemiological studies linking exposure to pesticides and health 
effects. 

Contract number: CFT/EFSA/PRAS/2012/04 – CT 01. 
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INTRODUCTION AND OBJECTIVES 
This project aims to systematically collect, review and appraise epidemiological studies carried out to 
investigate possible links of pesticide exposure to health-related outcomes in order to improve 
understanding of already established or suggested associations with adverse effects in humans. The 
review focuses on all exposure types either through occupation or in general population with a 
particular focus on investigating sources of heterogeneity. In particular, we have collected scientific 
publications in which possible links between pesticide exposure and adverse human health effects 
have been investigated. The available evidence is under review and evaluation with regard to its 
qualitative aspects. Finally, a database of studies, which examine adverse health effect of pesticides, 
was compiled.  
 
The final report is structured around health outcome categories and is linked to a data extraction 
database. In the methods we provide a detailed documentation of the search criteria and search 
strategy used for the literature review and the study selection process. This section also describes the 
analytical framework with the detailed documentation on the selected exposure and indicators of 
exposure and the surrogate and clinical outcomes examined. We present the results of the literature 
search with the full list of eligible studies and the contents of the data extraction database. We also 
present the results of the outcomes and pesticides examined and conclusions based on the literature 
review findings.  
 

BACKGROUND AND AIMS 
Pesticides have been widely used against pests that can damage crops such as insects, fungi, rodents, 
noxious, weeds, in order to prevent or reduce losses and improve product quality, for many years. 
Their use is very popular; in 2006 and 2007, the world used approximately 5.2 billion pounds of 
pesticides. However, despite their extensive use, and the associated benefits from pesticide use, there 
have been concerns on adverse effects in human health as these chemicals are designed to have 
adverse biological effects on target organisms. Indeed, there is evidence between pesticide use and 
adverse health outcomes such as cancers, neurodegenerative disease and birth defects; however, 
results so far have been inconsistent and firm conclusions cannot be drawn for several pesticides. 
 
The aim of this review is to systematically collect, review and appraise epidemiological studies carried 
out to investigate possible links of pesticide exposure to health-related outcomes. This review includes 
all exposure types either through occupation or in the general population with a particular focus on 
investigating sources of heterogeneity. In particular, we have collected and compiled scientific 
publications in which possible links between pesticide exposure and adverse human health effects 
have been investigated. The available evidence has been reviewed and evaluated with regard to its 
qualitative aspects and data from each eligible study has been extracted. Finally, a database of studies, 
which examine adverse health effects of pesticides, has been compiled with the aim to facilitate the 
continuous update of results.  
 
The aforementioned aims constitute a stimulating task due to the methodological challenges of 
environmental epidemiology and pesticide exposure in particular and the vast volume of the peer-
reviewed literature.  
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MATERIALS AND METHODS 

1. Search strategy 

A comprehensive literature search was conducted of peer-reviewed original research pertaining to 
pesticide exposure and any health outcome. The search strategy was designed so as to identify 
observational epidemiologic studies published between 1st of January 2006 to 30th of September 2012 
and examining the relationship between pesticide exposures during critical exposure time windows 
(preconception, pregnancy, childhood, adulthood) and any health-related outcome as discussed 
previously. The search strategy was developed to search primarily the MEDLINE (1950–to date), and 
EMBASE (Excerpta Medica Database; 1980 to-date) databases as well as TOXNET (Toxicology Data 
Network; U.S. National Library of Medicine 2012), OpenSigle (2012), and ProQuest Digital 
Dissertations and Theses (2012) as supplemental searches. 
 

2. Search algorithm for original studies in MEDLINE and EMBASE 

This systematic review aimed to identify studies examining any clinical outcome or valid biomarker 
acting as surrogate for a clinical outcome that has been associated with exposure to pesticides. In order 
to achieve maximum sensitivity, we did not include any outcome-related search terms in the search 
algorithm that we developed. For the formation of the search algorithm, we concentrated on pesticides 
related terms, identified through the MEDLINEMESH terms and EMBASE classification trees on 
pesticides. In MEDLINE, the MESH terms of pesticides and pesticides (pharmacological action) were 
examined. Similarly, we examined the pesticide term in the EMBASE Emtree index. We have looked 
for pesticide categories (i.e. insecticides, herbicides, fungicide etc.) and for specific pesticide names as 
described in the literature or as pharmacological terms (e.g. DDT or Dichlorodiphenyltrichloroethane) 
in order to be comprehensive. We have also examined the search terms used in published systematic 
reviews on pesticide exposure during the past 10 years and looked for any additional terms.   
 
Our first constructed algorithm was long including all aforementioned terms. We piloted different 
searches and shortened the search to improve the sensitivity of the algorithm with modest impact on 
the precision. All searches were limited to Humans and to publication date after 1st of January 2006.  
 
The long list of pesticide names provided from the MESH database for pesticides pharmacological 
names only provided 2,270 citations on top of the pesticides related words search (pesticid* OR 
pesticides"[MeSH Terms] OR "pesticides"[All Fields] OR "pesticide"[All Fields] OR 
"pesticides"[Pharmacological Action]) in MEDLINE. Examination of 200 from those 2,270 citations 
showed that these did not include epidemiological studies and referred to chemical studies on the 
substances and chemical formation of pesticides. We therefore adopted the search algorithm including 
the generic terms. The algorithm was constructed in EMBASE as the database provides a function to 
study MEDLINE and EMBASE simultaneously (see textbox below). The following algorithm was 
developed: 
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Table 1: Search algorithm for EMBASE and MEDLINE 

 
The algorithm resulted in 43,259 citations in EMBASE and MEDLINE combined. Of those, 14,539 
were unique to EMBASE. The algorithm includes all pesticides related terms and subcategories used 
either as emtree entries with the explode option and also as text words. The explode option ensures 
that when a term has any more specific, or narrower, index terms within the Emtree thesaurus, they are 
also automatically retrieved as part of the search. Terms such as organochlorine, glyphosate, paraquat 
and maneb were excluded as they are part of the pesticide tree of the explode option and are searched. 
Inclusion of these terms would lead to the same set of results.  Figure 1 below shows examples of the 
indexing trees in EMBASE for some of our search terms.  

 

       
 
 
 

 

3. Supplemental searches 

The database of TOXNET, which lists databases on toxicology, hazardous chemicals, environmental 
health, and toxic releases, was also searched to identify any information missed from previous search 
in MEDLINE and EMBASE. We used only the Databases, which look for references in the 
biomedical literature (i.e. the Toxicology Literature Online (TOXLINE) and the Developmental 
Toxicology Literature (DART)). The remaining TOXNET databases provided summaries of 
Chemical, Toxicological, and Environmental Data per chemical substance and were not relevant to 
this search. For TOXLINE and DART, we used the generic terms “Pesticide OR Pesticides” as longer 
search algorithms with the inclusion of pesticides subcategories had only minor impact on the number 
of references identified. The searches were limited to publication dates after 2006, excluding 
references identified through MEDLINE. The function to identify chemical synonyms to the search 
term was enabled. Overall, 893 references were retrieved from TOXLINE and 34 from DART.  
 

pesticid* OR 'pesticide'/exp OR 'chemical pest control'/exp OR fungicid* OR 
'fungicide'/exp OR herbicid* OR 'herbicide'/exp OR insecticid* OR 'insecticide'/exp OR 
molluscacid* OR'molluscacide'/exp OR molluscicid* OR 'molluscicide'/exp OR 
rodenticid* OR 'rodenticide'/exp OR carbamat* OR 'carbamate'/exp OR pyrethroid* 
OR 'pyrethroid'/exp OR 'chlorinated hydrocarbon'/exp OR 'agricultural chemical'/exp 
AND [humans]/lim AND [2006-2013]/py 

Figure 1: Examples of Emtree classification trees 
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We also looked into the System for Information on Grey Literature in Europe (OpenSigle), which 
includes 700.000 bibliographical references of grey literature (paper) produced in Europe. There were 
no bibliographical references on pesticides (search term pesticid*) published after 2006.  
 
We have also constructed a search algorithm to search the ProQuest Digital Dissertations and Theses 
database. We excluded from our search articles published in scholarly j  as those will have been 
identified through MEDLINE and EMBASE. We used the search term “pesticide* AND health” and 
limited our search to specific subjects (environmental science OR public health OR environmental 
health OR epidemiology OR pesticides OR nutrition OR occupational health) and to publication dates 
between 2006 and 2012. This search strategy resulted in 1,713 results. Results were numerous when 
no subject limits were used (12,135) or when the term “health” was excluded from the initial 
algorithm (18,195).  
 
Finally, the reference lists of all identified eligible studies and systematic reviews are scanned during 
data extraction for additional references.  
 

4. Search for literature systematic reviews and meta-analysis 

We also performed targeted searches for systematic reviews and meta-analysis in relation to specific 
outcomes. We restricted the search for reviews on those outcomes where more than 4 studies had been 
identified and we performed targeted searches in MEDLINE using the name of the outcome along 
with the keywords “systematic review OR meta-analysis” limited to the title or the abstract of the 
paper.  
 

5. Structure of this report 

This report is structured around health outcome categories and provides the results for each outcome 
group separately. A section on general conclusions is presented at the end. At the end of each section 
on outcomes and tables and figures are presented to allow ease of reading. Also, the ID numbers of 
each eligible article are referenced throughout the text. These correspond to the ID for each health 
outcome group in the data extraction database which has been provided as a separate file to this 
report. The ID is defined with an abbreviation for the specific health outcome and a study number. 
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Table 2: Summary of recourses searched, search terms and references identified 

Database Search terms    Limits 

N 
referen
ces 

MEDLINE 

pesticid* OR 'pesticide'/exp OR 'chemical 
pest control'/exp OR fungicid* OR 
'fungicide'/exp OR herbicid* OR 
'herbicide'/exp OR insecticid* OR 
'insecticide'/exp OR molluscacid* OR' 
molluscacide'/exp OR molluscicid* OR 
'molluscicide'/exp OR rodenticid* OR 
'rodenticide'/exp OR carbamat* OR 
'carbamate'/exp OR pyrethroid* OR 
'pyrethroid'/exp OR 'chlorinated 
hydrocarbon'/exp OR 'agricultural 
chemical'/exp  

Humans, Publication date: 2006-
2012 28,729 

EMBASE 

pesticid* OR 'pesticide'/exp OR 'chemical 
pest control'/exp OR fungicid* OR 
'fungicide'/exp OR herbicid* OR 
'herbicide'/exp OR insecticid* OR 
'insecticide'/exp OR molluscacid* OR' 
molluscacide'/exp OR molluscicid* OR 
'molluscicide'/exp OR rodenticid* OR 
'rodenticide'/exp OR carbamat* OR 
'carbamate'/exp OR pyrethroid* OR 
'pyrethroid'/exp OR 'chlorinated 
hydrocarbon'/exp OR 'agricultural 
chemical'/exp 

Humans, Publication date: 2006-
2012, no references identified 
through MEDLINE 14,530 

TOXLINE Pesticide OR Pesticides 

Publication date: 2006-2012, no 
references identified through 
MEDLINE 893 

DART Pesticide OR Pesticides 

Publication date: 2006-2012, no 
references identified through 
MEDLINE 34 

OpenSigle Pesticide* Publication date: 2006-2012 0 

ProQuest Pesticide* AND health 

Publication date: 2006-2012, 
Subjects (environmental science, 
public health, environmental 
health, epidemiology, pesticides, 
nutrition, occupational health), 
no articles published in scholarly 
journals 1,713 

Total: 
45,899 
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6. Selection of studies 

All titles identified through the literature search of various databases were screened to identify studies, 
which evaluated the association between pesticides and health outcomes including any surrogate 
outcome. All abstracts of the selected titles are then screened in duplicate to identify epidemiological 
studies linking pesticide exposure to any health outcome including surrogate outcome. Both primary 
studies and systematic reviews or meta-analyses are selected. Articles that potentially meet eligibility 
criteria at the abstract screening stage have been retrieved and the full text articles have been reviewed 
in duplicate for eligibility. The reason for rejection of all full text articles has been recorded. 
 

6.1. Eligibility criteria for full text articles 

We included observational studies assessing the association between pesticide exposure and health-
related outcomes. We included cohort, cross-sectional and case- control studies. We included studies 
performed in humans published from 1st of January 2006 to 30th of September 2012. Animal studies 
and studies performed in human cells have been excluded. We had no language, population or 
geographical restrictions. To enhance totality of the evidence, all types of pesticides have been 
considered. Exposure to pesticides was defined as reported use of pesticides by the study participant or 
by government registry data (self administrated questionnaires, interviewer administrated 
questionnaires, job exposure matrix (JEM)), by residential status (proximity to pesticide exposure), by 
detecting biomarkers associated with pesticide exposure or by any other means as defined by each 
study. Eligible health-related outcomes were “major” clinical outcomes, such as neoplasias or 
Parkinson’s disease, clinical surrogate outcomes such as neurocognitive scales, or laboratory surrogate 
outcomes with an established association with clinical outcomes, such as liver enzymes. 
 
Narrative reviews, case-series and case-reports (studies without control populations) are excluded. We 
also excluded studies assessing the health-related effect of pesticide poisoning or accidental high-dose 
pesticide exposure. We have excluded studies with no availability of sufficient quantitative 
information reported in the article (e.g. effect estimates) so that effect sizes or measures of 
associations can be calculated. Whenever reports pertained to the same study at different follow-up 
periods and examining the same outcome, we retained the one with the longer follow-up to avoid data 
duplication. We also excluded studies that referred to fertilizers (exploded from the algorithm term 
“agricultural chemical”) as well as studies referred to the adverse effects of substances used as therapy 
for various medical conditions such as warfarin for anticoagulation or agents used in the treatment of 
scabies. Solvents and other non-active ingredients in pesticides/herbicides were not considered 
eligible. We excluded studies that investigate the various effects of Agent Orange on chemical warfare 
veterans as they represent cases of very high dose exposures. Finally, studies which examined the 
association between exposure and biomarkers of exposure were also not considered eligible as they do 
not examine health outcomes. Finally, following consultation with EFSA, we excluded 
studies/analyses investigating exposure to pesticides: arsenic, , , hexachlorocyclohexane (HCH), 
lead, dioxins and dioxin-like compounds including polychlorinated biphenyls (PCBs) as these 
chemicals were not considered relevant for the current project. 
Regarding systematic reviews and meta-analyses, we considered all systematic reviews and meta-
analyses that systematically assessed the effect of pesticide exposure to health-related outcomes, 
regardless of the pesticide, exposure window and outcome assessed. We included all publications 
where a systematic approach was endorsed (systematic literature search, assessment of methodological 
characteristics of the included studies and, if a meta-analysis was performed, the use of standard 
analytical tools including the use of a weighted summary estimate and a formal appraisal of 
heterogeneity). Narrative reviews are excluded.  
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6.2. Quality control measures 

The pilot literature searches have all been performed in duplicate. In addition, the first 500 results of 
all title searches were performed in duplicate and results were compared between investigators, which 
displayed high levels of agreement. The kappa statistic for agreement was 0.78. Two independent 
research group members performed in duplicate the abstract screening, the full text screening and the 
data extraction. All discrepancies are resolved by consensus or by a third arbitrator.  
 

6.3. Data extraction database 

We have constructed and tested the data extraction database with data extraction items and quality 
assessment items that were implemented through the whole process. The data extraction database has 
been structured in 7 domains: Reference, Time period, Study characteristics, Exposure assessment, 
Outcomes, Statistical analysis and Quality assessment (separate database file). The first 6 domains 
pertain to information directly extracted from the full-texts of eligible studies and would be primarily 
used to select studies for quantitative synthesis and aid quantitative synthesis. Studies contribute one 
row in the database for each outcome examined and for each exposure examined. When studies 
present various definitions of exposure we select for data extraction the most comprehensive definition 
of exposure and subsequently the one with the largest sample size. However when studies include any 
type of quantitative information for different biomarkers used for the identification of the same 
chemical substance e.g. p,p’-DDT and p,p’-DDE for dichlorodiphenyltrichloroethane (DDT), they are 
all reported in separate rows. When studies present data in subgroups (e.g. males and females) we 
extract only their main analysis (whole group) unless the data is only presented in subgroups in which 
case multiple rows are presented. Analyses regarding different pesticide classes and different health 
outcomes are extracted individually. Appendix II explains all the items used in the data extraction 
database.  
 
The data extraction form was validated through a robust and systematic procedure. Specifically, 
various versions of the form were validated after blinded loops of extracting information for studies 
randomly selected from the database. We opted for the maximum agreement while preserving the 
comprehensiveness of the database. Two investigators extract each item independently and 
discrepancies are resolved with discussion.  
 

6.4. Quality appraisal 

The last part of the data extraction database, concerns the methodological appraisal of each eligible 
paper. The areas that we have focused are the study design, the study population, the level of details in 
exposure definition and the methods of exposure measurement and the specificity of the measurement. 
These are crucial questions to be asked in exposure assessment epidemiology. We have also focused 
on the efforts undertaken to account for confounders through matching or multivariable models, 
blinded exposure assessment and well-defined and valid outcome assessment. We have also looked at 
whether the source of funding was acknowledged. The elements of the methodological appraisal were 
considered from the RTI item bank. The RTI item bank is a practical and validated item bank for 
evaluating the risk of bias and precision of observational studies of interventions or exposures 
included in systematic evidence reviews. The questions were adapted to reflect exposure assessment. 
Across the quality appraisal questions we consistently coloured the responses to qualitative assessment 
in green, orange and red with green representing low risk of bias and red high risk of bias. Table 3 
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below explains which answers were considered low and high risk respectively. However, the quality 
appraisal questions should be interpreted with caution, as they are only suggestive of the risk of bias 
associated with each study. There may be studies which score high in this quality assessment and still 
have a high risk of bias and vice versa. A final column was constructed to grade the overall quality of 
the studies in low, intermediate and high. This classification was based on the answers to the 
methodological assessment questions as explained in Table 3. 
 
Table 3: Methodological assessment of eligible studies 

 

6.5. Quantitative synthesis 

Quantitative synthesis of the results was only attempted when there were more than 4 studies per 
examined outcome and when there was no substantial heterogeneity among the published evidence. 
The presence and extent of heterogeneity was assessed by the I2 (ranging from 0% to 100%) (Ioannidis 
2007). We have summarized the RR/OR estimates using fixed and random-effects models (Lau 1997). 
Fixed-effects models assume that there is a common underlying effect and the variability observed is 
attributed to chance alone; random effects models acknowledge that true between-study heterogeneity 
exists and take into account the presence of heterogeneity into their calculations. In the absence of 
heterogeneity, fixed-and random-effects models yield the same results. Publication bias was assessed 
using funnel plots and visual inspection of the results.  
 
For each outcome with more than 5 eligible studies quantitative synthesis was attempted. We did not 
include data from the same cohort study; either presented in the same or in different publications in the 
same meta-analysis when the groups compared were not mutually exclusive. For each outcome with 
more than 4 studies, we also looked for previously published meta-analyses to compare results and to 
interpret our findings in the context of previous studies. Meta-analyses were found through a) 
systematic reviews and meta-analyses identified through our literature review and b) targeted searches 
in PUBMED to identify published meta-analyses for each outcome of interest. We attempted to update 
any previously published meta-analyses with our results when the meta-analysis a) included studies 
published by 2006 and b) when outcome and exposure definitions were comparable with the 
definitions used in this report. Finally, we also plotted funnel plots to visually inspect asymmetry 
when more than 10 studies were include in the meta-analysis. 
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RESULTS 

7. Overall results 

This section focuses on the literature review results including flowcharts with number of studies 
screened and deemed eligible as well as number of excluded studies and corresponding reasons. It also 
provides an overview of the studies identified and their main characteristics. 
 

7.1. Selection process for individual studies 

Of the 43,259 retrieved citations, 40,477 were excluded at the title screening level. Of the 2,782 
remaining titles, a further 1,654 were excluded after the abstract screening. We thus deemed eligible, 
1,128 citations to be scrutinized at the full-text level of which 1,101 were original research articles and 
27 were systematic reviews or meta-analyses. Of the 1,101 original articles, 184 were excluded 
(Figure 2). For few (101) publications were the full text (or abstract for conference presentations) has 
not been found online, we sought the full text through letters to authors and investigations from our 
library. This has not been possible for 58 studies for which we extracted information from the abstract 
only.  
 
Main reasons for exclusion at the full-text level pertained to: no quantitative information/ data (these 
were mainly abstract presentations or comments/ editorials which did not present any quantitative 
information for the association between pesticides and health outcomes, n=108); duplicate records 
(n=28), no implied use of pesticides (n=18), studies on poisoning or accidental very high doses 
(n=11), reviews with no primary data (n=11), no data on health outcomes (n=8). Supplemental 
searches did not succeed to provide additional references as they resulted in a large number of policy 
documents, grant applications documents and studies already retrieved. Supplemental searches 
through reference lists of identified studies and especially the reference lists of identified systematic 
reviews will continue during data extraction and any new identified studies will be added to the 
current list of eligible studies. During full text screening and data abstraction a further 301 studies 
were excluded. The main reason for exclusion was no eligible pesticide, such as Polychlorinated 
Biphenyls (PCBs) (Figure 2). Overall, 602 individual publications were eligible for inclusion in the 
present review. These 602 publications correspond to 6,479 different analyses, which are also present 
in the data extraction database.   

© European Food Safety Authority, 2013 
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Figure 2: Flowchart of eligible studies 
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7.2. Evidence map tables and outcomes examined 
We observed a great variety of assessed outcomes covering a wide range of pathophysiologies. “Hard” 
clinical outcomes as well as many surrogate outcomes are present in the database reflecting the 
different methodologies endorsed to approach the assessed clinical research questions. We divided the 
different outcomes into 23 major disease categories (Table 4 and Figure 3). The largest proportion of 
studies pertains to cancer outcomes (N=164) and outcomes related to child health (N=84). Table 4 
corresponds to the Evidence map Table and shows the outcome mapping of the project describing all 
outcomes that have been associated with pesticide exposure between 2006 and 2012 and their 
frequency.  
 

 

Figure 3: Major outcome categories and corresponding percentage of studies examining those 
outcomes among the eligible publications 
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Table 4: Evidence map table including all major outcome categories examined by eligible 
studies.  

Major outcome N studies 
Cancer outcomes 164 
Child health 84 
Reproductive diseases 64 
Neurological diseases 61 
Endocrine diseases 35 
Mental and psychomotor development 32 
Respiratory diseases 25 
Neuropsychiatric diseases 15 
Diabetes (type I and II) 22 
Cardiovascular diseases 31 
Hematological diseases 15 
Mortality 11 
Immune/Autoimmune diseases 10 
Allergic diseases 8 
Gastrointestinal diseases 7 
Symptoms and general health 5 
Gynecological diseases 4 
Skin diseases 4 
Bone diseases 3 
Kidney diseases 3 
Benign tumors 1 
Dental diseases 1 
Men health 1 
Metabolic diseases 1 
  

7.3. Characteristics of eligible studies 
The eligible studies were published from 2006 to 2012. The observed distribution of the publication 
year of the eligible studies indicates an approximately equal distribution of studies throughout the past 
5 years (Figure 4). Of note, we expected a considerable presence of the results of the various reports of 
the Agricultural Health Study (AHS), the largest to-date observational study performed in the field. 
Indeed, the AHS publications (n=42) represent a recognizable proportion of the included studies (7%). 
Another 22 studies come form the cross-sectional National Health and Nutrition Examination Survey 
(NHANES) cohorts.  

The majority of studies were case-control studies (N=222) and cross-sectional studies (Figure 5) and 
examined occupational exposure to pesticides (N=329).  Almost half of the studies (N=285) were 
based in America (Figure 6). The most frequent method of pesticide assessment was measurement of 
biomarker or use of self reported questionnaire (Figure 7). Approximately half (N=261) studies were 
classified as ‘high’ in the methodological assessment.  
 

 
Ntzani EE, Chondrogiorgi M, Ntritsos G, Evangelou E, Tzoulaki I Pesticide epidemiology 

17 

943



Ntzani EE, Chondrogiorgi M, Ntritsos G, Evangelou E, Tzoulaki I Pesticide epidemiology 
 

EFSA supporting publication 2013:EN-497  
The present document has been produced and adopted by the bodies identified above as author(s). This task has been carried out exclusively 
by the author(s) in the context of a contract between the European Food Safety Authority and the author(s), awarded following a tender 
procedure. The present document is published complying with the transparency principle to which the Authority is subject. It may not be 
considered as an output adopted by the Authority. The European Food Safety Authority reserves its rights, view and position as regards the 
issues addressed and the conclusions reached in the present document, without prejudice to the rights of the authors. 
 

18 

A wide and diverse range of pesticides was studied with studies using various definitions of pesticides; 
it is very hard to harmonise between studies this information. We also anticipated a considerable 
proportion of the published literature to be focusing on pesticides no longer approved for use in the 
European Union and in most of the developed countries. We acknowledge that this research lies on the 
rational of pesticide long-term residuals, as well as of the continuing use of these pesticides in 
developing countries. For example, studies focusing solely on DDT and its metabolites constitute 
almost 10% of the eligible studies.  
 
 

 
Figure 4: Percentage of eligible papers per publication year between 2006 and 2012 
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Figure 5: Epidemiological study designs of eligible publications 

 

 
Figure 6: Location (continent) where eligible epidemiological studies were conducted 

 

Figure 7: Method of exposure assessment in eligible epidemiological studies 
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7.4. Systematic literature review of systematic reviews and meta-analysis 

Throughout our search strategy we also identified systematic reviews and meta-analyses. Overall, 21 
different eligible reviews were identified published after 2006. The outcomes examined are shown in 
Table 5 below. Most reviews examined cancer related outcomes and some claimed positive 
associations between pesticides and examined outcome. The reviews are discussed in relevant 
outcome categories along with the individual studies.  
 

Table 5: List of systematic reviews and meta-analyses identified in the literature review 

Outcome N studies  Authors claim association 
Author, Journal, Publication 
year  

Amyotrophic lateral sclerosis 3 No 

Sutedja NA et al, 2009  
Kamel F et al, 2012 
Malek et al, 2012  

Cancers 11  
Breast cancer 1 No Khanjani N et al, 2007 

Childhood cancer 2 Yes 
Infante-Rivard C et al, 2007 
Vinson F et al, 2011 

Childhood Leukaemia 6 Yes 

Wingle DT et al, 2009 
Turner et al, 2010 
Van Maele-Fabry G et al, 
2010 
Van Maele-Fabry G et al, 
2011 
Bailey HD et al, 2011 
Turner MC et al, 2011 

Multiple cancers 1 Yes Cooper et al, 2008 
Prostate cancer 1 Yes Budnik LT et al, 2012 

Multiple health outcomes 1 Yes Koureas M et al, 2012 

Neurobehavioral 2 No 
Ismail AA et al, 2012 
Li AA et al, 2012 

Parkinson disease 2 Yes 

Van der Mark M et al, 2012 
Van Maele Fabry G et al, 
2012 

Reproductive 1 No Shirangi A, 2011 

Time to pregnancy 1 Yes 
Snijder CA et al, 2012 
 

 

 
Ntzani EE, Chondrogiorgi M, Ntritsos G, Evangelou E, Tzoulaki I Pesticide epidemiology 

20 

946



Ntzani EE, Chondrogiorgi M, Ntritsos G, Evangelou E, Tzoulaki I Pesticide epidemiology 
 

EFSA supporting publication 2013:EN-497  
The present document has been produced and adopted by the bodies identified above as author(s). This task has been carried out exclusively 
by the author(s) in the context of a contract between the European Food Safety Authority and the author(s), awarded following a tender 
procedure. The present document is published complying with the transparency principle to which the Authority is subject. It may not be 
considered as an output adopted by the Authority. The European Food Safety Authority reserves its rights, view and position as regards the 
issues addressed and the conclusions reached in the present document, without prejudice to the rights of the authors. 
 

21 

 

8. Cancer Outcomes 

Overall, 164 publications examined the effect of pesticide exposure on cancer outcomes, contributing 
more than 2000 separate analyses. As seen with other outcomes, the diversity of exposure definition is 
remarkable and poses special challenges to data synthesis. Only 36 out of the 164 were prospective 
cohort studies and other 13 were nested case-controls; the overwhelming majority of evidence comes 
from retrospective case-control analyses, which are prone to recall bias in exposure measurement. 
Also, out of the 49 prospective analyses, 30 (61%) were from the same prospective study, the 
Agricultural Health Study (AHS) and evidence beyond this prospective cohort is limited. This is an 
important observation as it emphasizes the fact that 60% of the evidence for prospective associations 
comes from a single population. The sample size of the analyses was often small; it ranged between 24 
and 82,596 participants (median 301). In addition, 33 studies had information on biomarkers of 
exposure and only 7 assessed occupational exposures through job exposure matrix (JEM). Common 
limitations in studies included small sample sizes, self-reported exposure, potential for high false 
positive rates due to multiple testing (studies test multiple hypothesis without adjusting for multiple 
testing and therefore results are likely to be false positives), and retrospective design. A wide variety 
or pesticides were assessed, with many studies examining organochlorine insecticides.  
 
The different cancer categories examined are presented in Table 6 along with the number of studies 
contributing to each outcome category and a recommendation for quantitative synthesis. Due to 
heterogeneity of data and small number of studies identified, statistical synthesis of the data (meta-
analysis) was only performed for some cancer subgroups.  
 

8.1. Hematological neoplasms 

8.1.1. Leukemias 

Overall, 26 studies (and 2 abstracts) examined associations between pesticide exposure and various 
forms of leukaemia. Fourteen out of these 26 studies were reports from the AHS with some 
overlapping results and examination of different pesticide groups. Only 2 studies, both on DDE (ID 
CAN_063, ID CAN_064) examined residential exposure and all the remaining studies examined 
occupation exposure to pesticides. Twelve out of 99 different analyses were statistically significant 
with effect sizes across all studies ranging between 6.1 and 0.2. Statistically significant results come 
from 7 different studies; with the exception of the AHS all were of modest to low quality. Table 7 
shows summarised results across studies that reported information on the same pesticide class. The 
vast majority of results are non-significant and of small effect sizes. Figure 8 shows random effect 
meta-analyses keeping analyses with largest sample size form each study. The meta-analysis resulted 
in a non-significant pooled effect (OR 1.26, 95% CI 0.93, 1.71) and had modest heterogeneity. 
Previous meta-analyses on occupational exposure to pesticides and leukaemia were published in 2008 
and 2007 (Merhi 2007, Van Maele-Fabry 2008). The overall summary effect estimates from previous 
meta-analyses suggested that there is a significantly positive, albeit weak, association between 
occupational exposure to pesticides and all hematopoietic cancers. But both reports acknowledged a 
wide range of limitations including the lack of sufficient data about exposure information and other 
risk factors for hematopoietic cancer and unclear definition of exposure and of leukemia type. 
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8.1.2. Hodgkin lymphoma 

Seven studies examined the associations between pesticide exposure and Hodgkin lymphoma. All 
studies assessed exposure through questionnaires, one studies had large sample size and all studies 
were retrospective. A wide range of pesticides classes was examined which did not allow any 
meaningful synthesis of the results. Twelve out of 75 separate analyses were statistically significant 
with effect sizes ranging from 8.4 to 0.4 across all analyses. We attempted random effects meta-
analysis keeping only the Agricultural Health Study (AHS) analysis with the largest sample size. The 
result was not statistically significant and had high heterogeneity which can be attributed to the range 
of different pesticide classes examined by each study (Figure 9). 

8.1.3. Other lymphomas 

A very wide variety of definitions of lymphomas other than Hodgkin lymphoma were used in 44 
studies of which 21 were reports from the Agricultural Health Study (AHS) and 2 from the BC 
(British Columbia) sawmill workers cohort study. Studies examined broad definitions of lymphomas 
and lymphoproliferative syndromes (ID CAN_047, ID CAN_049, ID CAN_074) and other examined 
more specific definitions of follicular lymphoma, diffuse large cell lymphoma and peripheral T-cell 
lymphoma. Twenty-one studies provided effect sizes between pesticide exposure and broad definitions 
of Non- Hodgkin lymphomas. Five of those studies were prospective (ID CAN_063, ID CAN_064, ID 
CAN_067, ID CAN_118, ID CAN_121) and seven examined associations with biomarkers of 
exposure (ID CAN_056, ID CAN_057, ID CAN_064, ID CAN_065, ID CAN_067, ID CAN_060, ID 
CAN_052). However, the later analyses were all on organochlorine pesticides with only few 
significant results (6 analyses among a total of 35 analyses) without any firm evidence for 
associations. In the AHS, large and significant effect size was observed between butylate use and Non- 
Hodgkin lymphomas (RR 2.94, 95% 1.49–5.96, p=0.002; high vs. no exposure). However, again the 
AHS in the same publication has examined ten different outcomes and results need adjustment for 
multiple testing.  
 

8.1.4. Multiple myeloma  

Also, 11 studies examined associations between pesticides and multiple myeloma, myelodysplastic 
syndromes and monoclonal gammopathy of undetermined significance. These studies were generally 
heterogeneous and no quantitative synthesis was suggested. Overall, some analyses were statistically 
significant, but those were mainly from the French case control study (ID CAN_049) which presented 
overall 147 separate analyses and results are prone to bias. The AHS also reported significant 
associations between permethrin, dieldrin, Carbon-tetrachloride/carbon disulfide mix and 
Chlorthalonil but again these were amongst 52 other analyses and require cautious interpretation. One 
study, reported very high significant effect size of 7.3 for myelodysplastic syndrome (ID CAN_070) 
but the quality of the study was poor and adjustment of covariates very limited and results were not 
replicated by other studies on the same phenotype.  
 

8.2. Prostate cancer 

Overall, 39 studies (in 260 analyses) examined the effects of pesticide exposure on prostate cancer. 
One study was a conference abstract which provided little data on methodology to allow meaningful 
appraisal of its results (ID CAN_107).  Also, 25 of those 39 studies were studies from the AHS 
population with some overlapping results. For example, two studies (ID CAN_022, ID CAN_106) 
examined interactions between pesticide exposure and genetic variants in relation to prostate cancer. 
These AHS studies presented the same main effects for pesticide exposure; effects were largely null 
and, if anything, significant inverse effects were found e.g. for carbaryl, chlordane, metalachlor and 
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others. The remaining AHS studies, examined associations between specific pesticides, again showing 
no statistically significant associations between any of the examined pesticides and prostate cancer 
with the exception of a weak significant effect between butylate exposure and prostate cancer. The 
remaining evidence stems from, rather small and of modest quality, retrospective studies. Most studies 
(ID CAN_103, ID CAN_101, ID CAN_100, ID CAN_094, ID CAN_143, ID CAN_142) examined 
the effects of organochlorines with largely small and non-significant results. Two studies (IDs 
CAN_099, ID CAN_095) showed high significant increased risk associated with pesticide exposure 
and prostate cancer but both studies were of low quality, had very broad definitions of exposure and 
results need cautious interpretation and do not match with those reported from well conducted large 
prospective studies (e.g. AHS). Notably, one population-based case-control study (ID CAN_104) in a 
highly exposure area found strong association of ambient exposure to methyl bromide with prostate 
cancer risk, but the study did not observe evidence for exposure-response. In summary, most evidence 
for prostate cancer risk in relation to pesticide exposure concerns the effect of organoclorines with 
studies showing weak non-significant effects. A meta-analysis (Maele-Fabry 2003) on occupational 
exposure to pesticides and prostate cancer was also identified published. The pooled effect estimate, 
based on 22 epidemiological studies, was 1.13 (95% CI 1.04 to 1.22) with substantial heterogeneity 
across studies. In addition, the studies reviewed contained insufficient qualitative and quantitative 
information on exposure in order to distinguish the influence of pesticides from other occupational, 
environmental, and lifestyle factors (Maele-Fabry 2003). Overall, there is no evidence supporting an 
association between pesticide exposure and prostate cancer.  
 

8.3. Lung cancer 

Thirty studies contributing 45 analyses examined associations between pesticide exposure and lung 
cancer; previously published meta-analysis was not identified. Again, 23 out of 30 published studies 
and 30 of the 45 analyses were analyses of the AHS. Amongst the 50 different analyses of the AHS, 
only one statistically significant result was observed. Three studies examined broad pesticides 
definition as their exposure (ID CAN_080, ID CAN_082, ID CAN_083), one studied mosquito coil 
burns (ID CAN_081), while the remaining studies examined a range of different pesticides with an 
emphasis on organochlorine insecticides. The diversity of pesticide categories and the repeated use of 
the same cohort population (AHS) in more than half of the studies does not allow for quantitative 
synthesis. Notably, the association between mosquito coil burn and lung cancer was statistically 
significant with large effect size (3.78 (1.55, 6.90); yes vs. no use) but the study is relative small, 
retrospective with limited examination of confounders and of overall modest quality. Two case-control 
studies (ID CAN_082, ID CAN_082) reported over a two-fold increased risk of lung cancer for 
occupational exposure to pesticides but individual pesticides were not examined. Another case-control 
study (ID CAN_080) failed to replicate these observations between pesticide exposure and lung cancer 
mortality. Overall, the evidence on pesticide exposure and lung cancer is limited and inconclusive.  
 

8.4. Childhood cancer 

8.4.1. Childhood hematological neoplasms 

Overall, 17 studies (and one abstract) which examined childhood hematological neoplasms in relation 
to pesticide exposure were identified. All 17 studies examined childhood leukemia and 4 of them also 
included other hematological neoplasms.  
 
Previous meta-analysis on childhood leukemia concentrated on studies which assessed residential 
exposure to pesticides only. All studies that were included in the meta-analyses and were published 
after 2006 have been identified by our search which confirms that we identified all available evidence. 
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Identified studies were generally small with the exception of two studies on national registries, the 
Northern Region Young Persons’ Malignant Disease Registry (ID CAN_120) and the national 
registry-based case–control study ESCALE (Etude sur les cancers de l’enfant) (ID CAN_073). Results 
from these studies should be cautiously interpreted, despite their large sample size, due to the large 
number of hypothesis examined (high false positive rate); each study reported 42 and 64 separate 
analysis respectively. All were case control studies and vast majority examined residential exposures 
with few studies on occupation exposure identified. Although most studies assessed use of, or 
exposure to, pesticides or pesticide subgroups (insecticides, herbicides, fungicides), some studies also 
attempted to collect information on specific pesticides (ID CAN_031, ID CAN_032) and one study 
(ID CAN_032) assessed biomarker levels. There were few data regarding frequency or duration of 
pesticide use, with most studies reporting only “ever/never” use of/exposure to the pesticide of 
interest. Although confounding is difficult to assess because there are few established risk factors for 
childhood hematological neoplasms, most studies examined or adjusted for at least a range of 
sociodemographic and maternal characteristics. Almost all studies assessed pesticide exposure 
separately for preconception, pregnancy, and childhood time windows. One study of very low quality 
and incomplete statistical analyses results examined all exposure time windows and other 2 (ID 
CAN_073, ID CAN_044) examined preconception and pregnancy jointly.  
 
Three studies were excluded from further quantitative analyses: study ID CAN_040 was excluded due 
to lack of CIs; study ID CAN_030 due to duplicate data from Northern California Childhood 
Leukemia Study (duplicate with ID CAN_031), and study ID CAN_037 due to a unique study 
population (Down syndrome cases only). We divided the quantitative synthesis of results by the time 
period (window of exposure).  
 

8.4.1.1. Exposure during pregnancy 

Seven studies had information for pesticide exposures during pregnancy. Eleven out of 86 analyses 
were statistically significant corresponding to 5 studies which all examined acute leukaemia as 
outcome of interest. Largest effect estimates were reported from the national registry-based case–
control study ESCALE (Etude sur les cancers de l’enfant). Insecticide use during pregnancy was 
significantly associated with childhood acute leukemia (OR = 2.1; 95% CI, 1.7–2.5) and paternal 
household use of pesticides was also related to acute leukemia (OR = 1.5; 95% CI, 1.2–1.8) in this 
study. We performed a series of quantitative synthesis of results. We first selected analyses with the 
largest sample size within each published report and synthesized results (Figure 10). This analysis was 
associated with large heterogeneity (I2>80%) as each study had different exposure assessment (type of 
pesticide and parental route of exposure) and variability in outcome assessment. The remaining meta-
analysis in Figure 10 show synthesis or results based on pesticide class examined in an effort to 
harmonize results with the previously published meta-analysis (Turner 2010) on ‘Residential 
Pesticides and Childhood Leukemia’. We performed quantitative synthesis of all studies on 
insecticides and pesticides identified in this systematic review and subsequently we updated the 
previously published meta-analysis keeping only studies assessing residential exposure. Overall, the 
results show modest heterogeneity across studies, which can be attributed to variability in pesticide 
exposure definition, outcome definition, definition of exposure time windows etc. However, the meta-
analysis show a consistent increased risk of childhood leukemia associated with exposure to 
unspecified pesticides and insecticide (Summary OR=1.69; 96% CI=1.35, 2.11). Our updated meta-
analysis resulted in more conservative results compared to the meta-analysis published in 2010 but 
still supported an association between exposure to pesticides during pregnancy and childhood 
leukaemia. Still the evidence merits careful interpretation as there were concerns around publication 
bias in the original meta-analysis, the studies are typically small and the exposure is measured through 
non-validated self-reported questionnaires that are prone to misclassification. Funnel plot shows 
relative symmetry around studies of small size. Further evidence from large studies, using valid 
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biomarkers of past exposure are needed to confirm whether there is public health merit in reducing 
prenatal exposure to residential pesticides. 
 

8.4.1.2. Preconception 

Four studies examined preconception as the time window of exposure (ID CAN_032, ID CAN_043, 
ID CAN_073, ID CAN_120) but none reported statistically significant results.  
 

8.4.1.3. Childhood 

Seven studies with information on exposure during childhood were identified (ID CAN_031, ID 
CAN_032, ID CAN_035, ID CAN_036, ID CAN_041, ID CAN_043, ID CAN_133). One study 
examined Endosulfan, which is no longer in use; the study was of very low quality and was not 
considered further. Meta-analysis of these studies is shown in Figure 14 below. Two analyses are 
presented A) one on identified studies from 2006 onwards based on the analysis of the largest sample 
size in each report (any pesticide) and B) an update on the 2010 meta-analysis on pesticide exposure 
during childhood and childhood leukemia. The meta-analysis on any pesticides had modest 
heterogeneity whereas the updated meta-analysis, which was restricted to residential exposure and 
insecticides/ unspecified pesticides only, displayed no heterogeneity in its results. The results of the 
updated meta-analysis are more conservative than the original meta-analysis but still very close to the 
pooled estimates reported in 2010 (Figure 14). Funnel plots indicated considerable symmetry around 
results. Overall, there is some evidence for association between childhood exposure to pesticide and 
childhood leukemia but this is weaker than exposure during pregnancy and requires more evidence 
from well-conducted large birth cohorts to draw firm conclusions.  

 

8.4.2. Lymphomas 

Evidence beyond leukaemia for childhood hematological neoplasms comes only from 3 studies, which 
reported many analyses (IDs CAN_073, ID CAN_120, ID CAN_133) among which analyses for Non-
Hodgkin and Hodgkin lymphomas. All analyses were not statistically significant and had weak effect 
estimates.  
 

8.4.3. Other childhood cancers 

Seven studies on other childhood cancers were identified. Four studies examined brain cancer (ID 
CAN_006, ID CAN_011, ID CAN_089, ID CAN_133), one childhood germ cell tumor (ID 
CAN_114) and two examined a range of childhood cancers (ID CAN_120, ID CAN_133). Significant 
associations were only observed for brain cancers but again these pertain to only a small subset of 
many analyses and cannot be informative at this stage.  
 

8.5. Colorectal cancer 

Overall, 26 identified studies examined associations between pesticide exposure and colorectal cancer 
in 207 analyses. Separate analyses for colon cancer and rectum cancer were available in 24 and 11 
studies respectively. A very large body of evidence comes from the AHS study, which examined all 
these 3 outcomes for associations with 194 out of the 207 identified analyses on colorectal cancer 
examining 50 different pesticides with no adjustments for multiple testing. Out of these 194 analyses, 
only 7 were statistically significantly positively associated with the outcome (Carbaryl, Aldicarb, 
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Toxaphene, Pendimethalin, S-Ethyl dipropylthiocarbamate (EPTC), imazethapyr and Fonofos) but 
need to be interpreted with caution due to high false positive probability. Despite the fact that 27 
published studies were identified, overall the evidence comes from only 7 different populations. This 
fact along with the range of different pesticides analysed by each of these studies in relation to colon 
cancer does not allow meaningful quantitative synthesis of the results. Table 8 shows the extent of 
publication of duplicate data from one cohort in multiple papers and shows good consistency of 
results. Previous meta-analyses on colorectal cancer and pesticide exposure have not been identified. 
Overall, the evidence for pesticides and colorectal cancer is very limited and current state of the 
literature does not support associations between pesticides and colorectal cancer.  
 

8.6. Skin cancer 

Seventeen studies examined associations between melanoma and pesticide exposure. The majority of 
studies assessed organochlorine pesticides. Again, 14 out of 17 studies on melanoma were results from 
the AHS examining in each paper different pesticides categories and different definitions of exposure 
with some supplication of results present. Of the 26 different analyses of the AHS, 8 were statistically 
significant and all stemming from the same publication (ID CAN_085) on dose response relationships 
for 50 agricultural pesticides with cutaneous melanoma. The study reported significant associations 
between cutaneous melanoma and maneb/mancozeb (  63 exposure days: OR = 2.4; 95% CI, 1.2–4.9; 
trend p = 0.006), parathion (  56 exposure days: OR = 2.4; 95% CI, 1.3–4.4; trend p = 0.003), and 
carbaryl (  56 exposure days: OR = 1.7; 95% CI, 1.1–2.5; trend p = 0.013) (155). Other studies did not 
report results on these pesticides to allow examination of replication of results. One case-control study 
showed increased statistically significant risk between indoor pesticide exposure and melanoma 
whereas in the same study outdoors pesticide exposure was not associated with melanoma (106). The 
remaining studies on organochlorines showed heterogeneous results with few statistically significant 
results (Hexachlorobenzene (HCB), mirex), which do not provide evidence for an association between 
these pesticides and melanoma. 
 

8.7. Breast cancer 
Overall, 14 studies (and 3 abstracts) after 2006 examined the relationship between pesticide exposure 
and breast cancer. The vast majority of studies and analyses concentrate on organochlorine pesticide, 
which they are assessed through biomarker analyses. Two previous meta-analyses on breast cancer 
and DDT exposure have been published (Khanjani 2007, López-Cervantes 2004). Overall, previous 
meta-analyses did not show a significant association between any cyclodiene chemical and breast 
cancer except for heptachlor, but that was based on only two studies. Meta-analysis on identified 
studies in this systematic review on Dichlorodiphenyldichloroethylene (DDE) and breast cancer (5 
studies) also shows no evidence for association. We have also performed a meta-analysis across all 
identified studies on breast cancer, selecting each time the analysis within each study with the largest 
sample size. Studies ID CAN_019 and ID CAN_023 were excluded from synthesis, as effect sizes and 
confidence interval to allow synthesis were not provided and study ID CAN_022 was excluded as it 
reported very tight confidence intervals which did not were assumed to be reported incorrectly. The 
synthesis here involves the pooled effect of many different pesticides definitions and biomarkers 
(DDE, lindane, and broad pesticide definition) and is difficult to be interpreted. The pooled effect 
shows a statistically significant increased risk of breast cancer (1.07 (0.87 to 1.31)) but this result need 
cautious interpretation. The meta-analysis combines very different categories of pesticides and is 
largely dominated by one study (ID CAN_022), which assessed pesticide exposure by self-reported 
residential pesticide use and is therefore of modest quality compared to the rest of the studies which 
assessed pesticides via biomarkers. 
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8.8. Bladder cancer 

Sixteen studies examining bladder cancer in relation to pesticide exposure were identified; however, 
13 were studies from the same population the AHS as previously observed for other cancer outcomes.  
Among the 25 different analyses presented, only one provided statistically significant results for 
occupational exposure to imazethapyr in the AHS. However, due to multiple testing the results need 
cautious interpretation and based on the evidence reviewed in this report there is no suggestion for an 
association between pesticide exposure and bladder cancer.  
 

8.9. Kidney cancer 

Ten studies examined kidney cancer in relation to pesticide exposure; however, data from two 
populations only, the AHS and the BC (British Columbia) sawmill workers cohort study. Results form 
the BC sawmill workers cohort study (ID CAN_129 and ID CAN_125) were both on occupational 
exposure to pentachlorophenol and tetrachlorophenol but examining different approaches to statistical 
analyses. Results from the AHS were on different pesticide classes. Overall, no statistically significant 
results were observed and the limited number of contributing populations (n=2) does not allow further 
quantitative synthesis.   
 

8.10. Pancreatic cancer 

Seven studies examined pancreatic cancer in relation to pesticide exposure; 4 were reports from the 
AHS. The overwhelming majority of analyses considered organochlorine pesticides. In a small case-
control study of modest quality significantly increased concentrations of hexachlorobenzene (HCB), 
sum of chlordanes and polybrominated diphenylethers (PBDEs) were found in the pancreatic cancer 
cases compared to healthy controls (ID CAN_090). In the AHS, among 46 different analyses, 
significant associations were reported for Pendimethalin and S-Ethyl dipropylthiocarbamate (EPTC). 
Applicators in the top half of lifetime pendimethalin use had a 3.0-fold (95% CI 1.3–7.2, p-trend 5 
0.01) risk compared with never users, and those in the top half of lifetime EPTC use had a 2.56-fold 
(95% CI 5 1.1–5.4, p-trend=0.01) risk compared with never users. Organochlorines were not 
associated with an excess risk of pancreatic cancer in the AHS. These findings suggest that herbicides 
may be associated with pancreatic cancer but require replication by future studies as they all come 
from a single population without adjustments for multiple testing.  
 

8.11. Testicular cancer 

Overall, 8 studies examined testicular cancer. Two studies also reported outcomes for seminoma 
cancer. All but one study assessed biomarker levels and concentrated on organochlorine pesticides 
with a range of different biomarkers assessed and studies showing a weak effect for an association 
with testicular cancer. However, information on more than 4 studies was available for p-p’DDE only 
and quantitative synthesis showed a non-significant effect and modest heterogeneity (Figure 20). 
Quantitative synthesis across any pesticide was not performed due to heterogeneity of biomarkers 
assessed in each study.  Overall, there is no evidence to support an association between pesticide 
exposure and testicular cancer based on evidence reviewed herein.  
 

8.12. Stomach cancer 
Six studies examined association between pesticide exposure and stomach cancer. All studies 
examined occupational exposure to pesticides, a range of pesticide classes was studies; 2 studies had a 
prospective design but all had modest to small sample sizes. In agreement with previous meta-analysis 
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on farmers (Saphir 1998), studies reported weak and mainly non-significant results. A nested case-
control study (ID CAN_028) of gastric cancer embedded in the United Farm Workers of America 
(UFW) cohort reported significant associations: working in areas with high use of the phenoxyacetic 
acid herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) was associated with gastric cancer (OR 1.85; 
95% CI 1.05–3.25); use of the organochlorine insecticide chlordane was also associated with the 
disease (OR 2.96; 95% CI 1.48–5.94). Gastric cancer was associated with use of the acaricide 
propargite (OR 2.86; 95% CI 1.56–5.23). Nonetheless, the study is limited by a relatively small 
number of cases and controls, multiple testing and exposure misclassification, as assessment was 
ecological in nature. In the AHS, based on 15 exposed cases, stomach cancer risk increased 
monotonically with increasing methyl bromide use (RR = 3.13; 95 % CI, 1.25–7.80 for high use 
compared with no use; p for trend = 0.02). However, again the associations suffer from multiple 
testing as all other cancer subtypes have been associated with methyl bromide use in this study (ID 
CAN_147). Meta-analysis selecting the analysis with largest sample size is shown in Figure 21 but 
results require careful consideration. Despite a statistical significant pooled large effect size, this is 
dominated by two studies (ID CAN_125, ID CAN_147), which examine pentachlorophenol and 
methyl bromide; two compounds that are not approved in the European Union. 

 

8.13. Liver cancer 
Five studies (including 11 separate analyses) and one conference abstract examined associations 
between pesticide exposure and liver cancer. The majority of analyses examined exposure to 
organochlorine pesticides and all studies examined occupational exposure to pesticides. Both studies 
on DDT (IDs CAN_076 and ID CAN_079) reported statistically significant associations with liver 
cancer; the remaining analyses were non-statistically significant. These two studies largely dominate 
the meta-analysis on liver cancer, which shows a statistically significant pooled result largely driven 
by the DDT studies.   
 

8.14. Cancer subgroups with few studies  

As illustrated in Table 6, for a large number of individual cancers only very few studies are available 
to allow synthesis of evidence for each cancer subgroup. Our systematic review did not identify any 
previously published meta-analyses on these cancer subtypes to allow for comparisons with previously 
published evidence (prior to 2006). Generally the results on these cancer subtypes were of small effect 
and not statistically significant with few exceptions concerning occupational exposure only. Given the 
large number of analyses within each study, these results need cautious interpretation and, based on 
these data, there is no evidence to suggest association between pesticide exposure and these cancer 
subtypes.  
 
There were also a large number of studies examining all cancers (composite cancer outcome) in 
relation to pesticide. Cancers represent a very heterogeneous group of disorders and simultaneous 
examination of all cancer subtypes may introduce bias in the associations. Overall, 30 analyses 
examining “all cancers” were identified and 28 of them were analyses of the same cohort, the AHS, 
not allowing further synthesis of the results. Only 4 results out of 31 were statistically significant were 
associated with poor quality of studies and therefore do not merit interpretation at this stage. 
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Table 6: Summary of eligible studies identified per cancer subgroup 

Cancers N studies 
Meta-analysis 
recommended 

Previous meta-
analysis identified 

Haematological neoplasms 88 Yes Yes 
Prostate cancer 39 No Yes 
Lung cancer 30 Yes No 
All cancers 30 No No 
Childhood cancer 45 Yes Yes 
Colorectal cancer 26 No No 
Skin cancer  17 Yes No 
Bladder cancer 16 Yes No 
Breast cancer 14 Yes Yes 
Kidney cancer 10 No No 
Pancreatic cancer  7 No No 
Testicular cancer 8 No No 
Lip, oral cavity and pharynx cancer 5 No No 
Stomach cancer 6 No No 
Liver cancer 5 No No 
Brain cancer 6 No No 
Bone cancer 5 No No 
Oesophageal cancer 5 No No 
Larynx cancer 3 No No 
Biliary tract cancer 2 No No 
Soft-tissue  2 No No 
Female reproductive system cancer 2 No No 
Other 9 No No 
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Table 7: Summary results across eligible studies that reported information on the same 
pesticide class and risk of leukaemia (DDE: Dichlorodiphenyldichloroethylene) 

Study ID
Publication 
Date

Pesticide 
Class Pesticide Type Outcome N OR

95% 
LCI

95% 
UCI

Level of 
Adjustment

DDE
CAN_064 2010 p,p'-DDE Biomarker Chronic Lymphocytic Leukemia 210 0.78 0.28 2.21 +++
CAN_063 2010 p,p'-DDE Questionnaire Chronic Lymphocytic Leukemia 148 0.62 0.29 1.3 ++
CAN_056 2008 p,p'-DDE Biomarker Chronic Lymphocytic Leukemia 71 1 0.4 2.5 +
Insecticides
CAN_072 2006 Insecticides Questionnaire All leukemias 1304 1 0.7 1.4 +
CAN_049 2009 Insecticides Questionnaire Chronic Lymphocytic Leukemia 37 0.8 0.3 2.1 +
CAN_024 2010 Insecticides Questionnaire Acute Myeloid Leukemia 158 1.52 0.16 2.04 +++
Herbicides
CAN_072 2006 Herbicides Questionnaire All leukemias 1260 1.4 0.8 2.3 ++
CAN_049 2009 Herbicides Questionnaire Chronic Lymphocytic Leukemia 39 0.5 0.2 1.3 +
CAN_024 2010 Herbicides Questionnaire Acute Myeloid Leukemia 45 1.83 0.99 3.38 +++
CAN_058 2008 Herbicides Questionnaire Chronic Lymphocytic Leukemia 523 1.15 0.76 1.74 ++  
 

 

Table 8: Examples of identified studies from the Agricultural Health Study (AHS) that 
evaluated the same biomarkers of pesticide exposure in relation to colorectal cancer (DDVP: 
2,2-dichlorovinyl dimethyl phosphate) 

Study ID Pesticide Outcome Comparison
Sample 
size

Effect 
Estimate (OR)

Lower 
95% CI

Upper 
95% CI

Adjust
ments

CAN_122
Dichlorvos/
DDVP Colon cancer

Highest 
tertile of 
exposure vs 
no 202 1.48 0.78 2.8 +

CAN_024
Dichlorvos/
DDVP Colon cancer Ever vs. never 56813 1.5 0.9 2.4 ++

CAN_024 Fonofos Colon cancer Ever vs. never 56813 1.5 1 2.2 ++

CAN_119 Fonofos Colon cancer

Highest 
tertile of 
exposure vs 
no 126 1.66 0.92 3.03 ++

CAN_024 Malathion
Colorectal 
cancer Ever vs. never 56813 0.8 0.6 1.1 ++

CAN_121 Malathion
Colorectal 
cancer

Highest 
tertile of 
exposure vs 
no 58 0.84 0.48 1.48 ++

CAN_118 Toxaphene
Rectum 
cancer Yes vs. no 75 2 1.1 3.5 +++

CAN_024 Toxaphene
Rectum 
cancer Ever vs. never 56813 2.1 1.2 3.6 ++  
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Table 9: Studies on biomarkers of pesticide exposure and testicular cancer with more 
than >2 studies per biomarker (DDE: Dichlorodiphenyldichloroethylene; HCB: 
Hexachlorobenzene) 

Study ID Pesticide
Effect estimate 
type Comparison level Total N Effect estimate 95% LCI 95% UCI Adjustments

CAN_111 Dieldrin OR high tertile vs low 418 0.79 0.44 1.41 ++
CAN_115 Dieldrin OR high tertile vs low 60 2.1 0.5 9.5 +

CAN_113 HCB OR yes/no 57 4.4 1.7 12 +
CAN_115 HCB OR high tertile vs low 70 2.9 0.5 15.2 +

CAN_111 Heptachlor epoxide OR high tertile vs low 407 0.67 0.35 1.29 ++
CAN_115 Heptachlor epoxide OR high tertile vs low 68 2.4 0.6 9.1 +

CAN_111 Mirex OR high tertile vs low 557 0.87 0.5 1.53 ++
CAN_112 Mirex RR high tertile vs low 1333 0.24 0.9 1.74 +++
CAN_115 Mirex OR high tertile vs low 66 1.2 0.4 3 +

CAN_111 o,p-DDT OR high tertile vs low 514 1.3 0.67 2.53 ++
CAN_115 o,p’-DDT OR high tertile vs low 71 1.4 0.4 4.5 +
CAN_116 o,p'-DDT Mean difference unit increase 60 0.46 n/a n/a n/a

CAN_111 p,p'-DDT OR high tertile vs low 533 1.17 0.68 2 ++
CAN_112 p,p'-DDT RR high tertile vs low 1493 1.13 0.71 1.82 +++
CAN_115 p,p'-DDT OR high tertile vs low 63 2.1 0.6 7.2 +
CAN_116 p,p'-DDT Mean difference unit increase 60 -1.2 n/a n/a n/a

CAN_111 p,p'-DDE OR high tertile vs low 554 0.61 0.32 1.14 ++
CAN_112 p,p'-DDE RR high tertile vs low 884 1.71 1.23 2.38 +++
CAN_113 p,p'-DDE OR yes/no 44 1.3 0.5 3 +
CAN_115 p,p’-DDE OR high tertile vs low 65 2.2 0.7 6.5 +
CAN_116 p,p'-DDE Mean difference unit increase 60 -15.29 n/a n/a n/a
CAN_117 p,p'-DDE OR high tertile vs low 98 3.21 0.77 13.3 +

CAN_111 Oxychlordane OR high tertile vs low 538 0.93 0.5 1.73 ++
CAN_112 Oxychlordane RR high tertile vs low 841 1.27 0.92 1.76 +++
CAN_115 Oxychlordane OR high tertile vs low 68 3.2 0.6 16.8 +

CAN_111 Total chlordanes OR high tertile vs low 562 0.93 0.51 1.68 ++
CAN_112 Total chlordanes RR high tertile vs low 842 1.51 1.09 2.1 +++
CAN_113 Sum of chlordanes OR yes/no 49 1.9 0.7 5 +
CAN_115 Total chlordanes OR high tertile vs low 70 2.3 0.6 7.2 +

CAN_111 Trans -nonachlor OR high tertile vs low 564 0.89 0.49 1.61 ++
CAN_112 Trans -nonachlor RR high tertile vs low 875 1.46 1.07 2 +++
CAN_115 Trans -nonachlor OR high tertile vs low 62 2.6 0.7 8.9 +
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NOTE: Weights are from random effects analysis

Overall  (I-squared = 59.4%, p = 0.031)
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Figure 8: Random effects meta-analysis of the association between exposure to pesticides and 
Leukemia  
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CAN_042 Insecticides 
CAN_049 Pesticides 
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NOTE: Weights are from random effects analysis

Overall  (I-squared = 81.6%, p = 0.000)
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Figure 9: Random effects meta-analysis of the association between exposure to pesticides and 
Hodgkin Lymphoma 
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NOTE: Weights are from random effects analysis

Overall  (I-squared = 81.2%, p = 0.000)
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Figure 10: Random effects meta-analysis of the association between childhood leukemia and 
exposure to pesticides during pregnancy (Any exposure to pesticide during pregnancy and childhood 
leukemia) 
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NOTE: Weights are from random effects analysis

Overall  (I-squared = 65.0%, p = 0.022)
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Figure 11: Random effects meta-analysis of the association between childhood leukemia and 
exposure to pesticides during pregnancy (Exposure to insecticides during pregnancy and childhood 
leukemia)  
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NOTE: Weights are from random effects analysis

Overall  (I-squared = 49.8%, p = 0.043)
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Figure 12: Random effects meta-analysis of the association between childhood leukemia and 
exposure to pesticides during pregnancy (Residential exposure to insecticide during pregnancy and 
childhood leukemia) (update to meta-analysis 2010 using published effect sizes; Turner 2010) and 
associated funnel plot 

 

 
Ntzani EE, Chondrogiorgi M, Ntritsos G, Evangelou E, Tzoulaki I Pesticide epidemiology 

36 

962



Ntzani EE, Chondrogiorgi M, Ntritsos G, Evangelou E, Tzoulaki I Pesticide epidemiology 
 

EFSA supporting publication 2013:EN-497  
The present document has been produced and adopted by the bodies identified above as author(s). This task has been carried out exclusively 
by the author(s) in the context of a contract between the European Food Safety Authority and the author(s), awarded following a tender 
procedure. The present document is published complying with the transparency principle to which the Authority is subject. It may not be 
considered as an output adopted by the Authority. The European Food Safety Authority reserves its rights, view and position as regards the 
issues addressed and the conclusions reached in the present document, without prejudice to the rights of the authors. 
 

37 

Overall  (I-squared = 39.6%, p = 0.157)

CAN_037

CAN_032

CAN_038

Study

CAN_043

CAN_035

ID

2.00 (1.73, 2.30)

2.18 (1.08, 4.40)

1.50 (0.90, 2.50)

2.18 (1.85, 2.57)

1.30 (0.86, 1.97)

2.50 (0.83, 7.50)

OR (95% CI)

2.00 (1.73, 2.30)

2.18 (1.08, 4.40)

1.50 (0.90, 2.50)

2.18 (1.85, 2.57)

1.30 (0.86, 1.97)

2.50 (0.83, 7.50)

OR (95% CI)

  1.5 1 1.5 2

 

Figure 13: Random effects meta-analysis of the association between childhood leukemia and 
exposure to pesticides during pregnancy (Exposure to unspecified pesticides during pregnancy and 
childhood leukemia) 
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Overall  (I-squared = 26.5%, p = 0.192)
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Figure 14: Random effects meta-analysis of the association between childhood leukemia and 
exposure to pesticides during pregnancy (Residential exposure to unspecified pesticides during 
pregnancy and childhood leukemia (update to meta-analysis 2010, Turner 2010) and associated funnel 
plot) 
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NOTE: Weights are from random effects analysis

Overall  (I-squared = 61.1%, p = 0.017)
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Figure 15: Random effects meta-analysis of the association between childhood leukemia and 
exposure to pesticides during childhood (Any exposure to pesticide during childhood and childhood 
leukemia) 
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Overall  (I-squared = 0.0%, p = 0.476)
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Figure 16: Random effects meta-analysis of the association between childhood leukemia and 
exposure to pesticides during childhood (Residential exposure to insecticide during childhood and 
childhood leukemia (update to meta-analysis 2010 using published effect sizes, Turner 2010) and 
associated funnel plot) 
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Figure 17: Random effects meta-analysis of the association between childhood leukemia and 
exposure to pesticides during childhood (Residential exposure to unspecified pesticides during 
childhood and childhood leukemia (update to meta-analysis 2010 using published effect sizes, Turner 
2010) and associated funnel plot) 
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Overall  (I-squared = 0.0%, p = 0.918)
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Figure 18: Random effects meta-analysis for studies with information on 
Dichlorodiphenyldichloroethylene (DDE) and breast cancer on studies that examined DDE exposure 
to pesticide with breast cancer 
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Overall  (I-squared = 0.0%, p = 0.936)
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Figure 19: Random effects meta-analysis for studies with information on 
Dichlorodiphenyldichloroethylene (DDE) and breast cancer selecting analyses with the largest sample 
size within each study (pesticides assessed in each study are shown in on the right key).  
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NOTE: Weights are from random effects analysis

Overall  (I-squared = 59.2%, p = 0.044)
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Figure 20: Random effects meta-analysis for studies with information on 
Dichlorodiphenyldichloroethylene (DDE) and testicular cancer 
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Overall  (I-squared = 0.0%, p = 0.487)
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Figure 21: Random effects meta-analysis for studies that examined any exposure to pesticide 
with stomach cancer selecting analyses with the largest sample size within each study  
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Overall  (I-squared = 25.4%, p = 0.252)
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Figure 22: Random effects meta-analysis for studies that examined any exposure to pesticide 
with liver cancer selecting analyses with the largest sample size within each study (pesticides assessed 
in each study are shown on the right key) 
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9. Child health 

Overall, 84 individual studies examined the effect of pesticide exposure on child health outcomes 
(median sample size: 267; IQR 119-811), contributing 821 separate analyses in the data extraction 
database. More than 120 health-related outcomes were assessed with a large proportion focusing on 
congenital malformations and developmental parameters including but not restricting to somatometrics 
(Table 10). As seen with other outcomes, the diversity of the exposure definition is remarkable and 
poses special challenges to data synthesis. Only 38 out of the 84 were prospective cohort studies and 
other 5 were nested case-controls; the majority of evidence comes from retrospective case-control 
analyses, which are prone to recall bias in exposure measurement. The sample size in the reported 
analyses was often small; it ranged between 23 and 183,313 participants (median 267) and the largest 
studies in the domain are smaller than the largest studies assessed in the cancer field. Here, we 
observed no large clusters of publications coming from large, well-known studies in the field, such as 
the Agricultural Health Study (AHS), while 26 studies assessed occupational exposures. In addition, 
the presence of studies with information on biomarkers of exposure was more prominent here (n=49, 
58%) while 3 studies assessed occupational exposure through JEM. The different outcome categories 
examined are presented in Table 10 along with the number of studies contributing to each outcome 
category and a decision on quantitative synthesis (Table 11). Due to heterogeneity of data and small 
number of studies identified, statistical synthesis of the data (meta-analysis) was only performed for 
urological malformations only.  
 

9.1. Prematurity 

Fifteen studies assessed the association between pesticide exposure during pregnancy and prematurity 
with a median sample size of 193 (IQR 87-469), contributing 54 separate extracted comparisons in the 
database. More than half of the studies were retrospective and in more than three-fourths of the 
studies, the exposure was assessed through a biomarker.  A large variety of individual pesticides were 
assessed with DDT metabolites being assessed more frequently (8 studies).  Nevertheless no single 
pesticide and related biomarker was assessed in more than 4 studies using the same comparison unit, 
thus a quantitative synthesis was not performed.  The largest prospective study (ID CH 091) assessed a 
Dutch population of greenhouse workers and reported a decreased risk of preterm birth among male 
greenhouse workers (OR= 0.47; 95%CI= 0.35–0.65) while the observed increased risk in women was 
not statistically significant (OR= 1.14, 95%CI= 0.57–2.31) .The remaining studies reported 
statistically non-significant results with effect estimates pointing towards a positive association. 
Moreover, no meta-analysis of published studies was identified. Based on these data, there is no recent 
evidence to suggest a robust, clinically significant association between pesticide exposure and 
prematurity in general. 

 

9.2. Restricted fetal growth 

Twelve studies assessed the association between pesticide exposure during pregnancy and restricted 
fetal growth and/or small for gestational age neonates with a median sample size of 422 (IQR 178-
1,630), contributing 44 separate extracted comparisons in the database. Sixty percent of the studies 
were prospective, three assessed occupational exposure and in more than two-thirds of the studies, the 
exposure was assessed through a biomarker.  A large variety of individual pesticides were assessed 
with DDT metabolites being assessed more frequently (4 studies).  Nevertheless no single pesticide 
and related biomarker was assessed in more than 4 studies using the same comparison unit, thus a 
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quantitative synthesis was not performed.  The largest study (ID RPD 26) assessed in a retrospective 
cohort whether atrazine in drinking water is associated with increased prevalence of small-for-
gestational age and preterm birth. The authors reported that atrazine in drinking water during the third 
trimester and the entire pregnancy was associated with a significant increase in the prevalence of SGA 
(Small for Gestational Age); atrazine in drinking water > 0.1 g/L during the third trimester resulted in 
a 17–19% increase in the prevalence of SGA compared with the control group (< 0.1 g/L). All the 
remaining studies reported statistically non-significant results without a consistent pattern regarding 
the effect direction of the effect magnitude. Moreover, no meta-analysis of published studies was 
identified. Based on these data, there is no recent evidence to suggest a robust, clinically significant 
association between pesticide exposure and prematurity in general. 

 

9.3. Somatometrics (Body size metrics)  

Numerous studies examined the association between pesticide exposure and growth.  
 

9.3.1. Birth length / Height 

Length at birth and height was assessed in 13 and 8 studies, respectively, contributing 78 separate 
comparisons in the database. In the vast majority of the studies, the exposure was assessed through a 
biomarker.  A large variety of individual pesticides were assessed with DDT metabolites being 
assessed more frequently; nevertheless no single pesticide and related biomarker was assessed in more 
than 4 studies, thus a quantitative synthesis was not performed.   
 
The largest prospective study (ID CH 073) assessing a North American population born before 1980, 
reported that only the highest prenatal concentrations of p,p’-DDE (>60 mg/l), as compared with the 
lowest (<15 mg/l), were statistically significantly associated with decreased height at age 7 years 
[adjusted coefficient (SE) -2.21 cm (0.67)]. The remaining studies reported conflicting results without 
a consistent pattern either towards the effect direction or the effect magnitude. Moreover, no meta-
analysis was identified. Given the large number of analyses these results need cautious interpretation 
and, based on these data, there is no recent evidence to suggest a robust, clinically significant 
association between pesticide exposure and birth length or height in general. 
  

9.3.2. Body weight 

Twenty-six studies assessed the association between pesticide exposure during pregnancy and birth 
weight, contributing 134 separate extracted comparisons in the database. Another 5 studies assessed 
the association between pesticide and ponderal index. In a large number of comparisons, the exposure 
was assessed through a biomarker.  A large variety of individual pesticides were assessed with DDT 
metabolites being assessed more frequently (11 studies). Nevertheless no single pesticide and related 
biomarker was assessed in more than 4 studies using the same comparison unit, thus a quantitative 
synthesis was not performed.  The largest prospective study (ID CH 014) was a Agricultural Health 
Study (AHS) publication and reported that first-trimester pesticide-related tasks were not associated 
with birth weight and that, after multiple analyses, ever use of the pesticide carbaryl was associated 
with decreased birth weight ( 82 g, 95% CI = 132, 31). The remaining studies reported conflicting 
results without a consistent pattern either towards the effect direction or the effect magnitude. 
Moreover, no meta-analysis of published studies was identified. We identified though a meta-analysis 
of individual participants data from European cohorts which reported that a 1- g/L increase in p,p´-
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DDE was associated with a 7-g decrease in birth weight (95% CI= -18, 4 g) (Govarts E 2012). Given 
the large number of analyses these results need cautious interpretation and, based on these data, there 
is no recent evidence to suggest a robust, clinically significant association between pesticide exposure 
and birth weight in general. 

Twenty-six studies assessed the association between pesticide exposure and body weight at various 
time-points after birth, contributing 68 separate extracted comparisons in the database. In almost 85% 
of the assessed comparisons, the exposure was assessed through a biomarker. A large variety of 
individual pesticides were assessed with DDT metabolites being assessed more frequently (10 
studies). Nevertheless no single pesticide and related biomarker was assessed in more than 4 studies 
using the same outcome definition, the same time-point for the outcome assessment, the same 
pesticide, and the same comparison unit, thus a quantitative synthesis was not performed.  The largest 
study (ID CH 074) assessing DDT exposure in a Mexican population of boys born in 2002 and 2003, 
reported that, overall, associations between prenatal DDE level and Body Mass Index (BMI) at any 
given age were not observed and that the predicted values showed that children with the highest 
exposure (DDE: 49.00 mg/g) compared to those least exposed (DDE: <3.01 mg/g) grew similarly and 
they had a BMI similar to the referent group. The remaining studies reported conflicting results 
without a consistent pattern either towards the effect direction or the effect magnitude. Moreover, no 
meta-analysis was identified. Given the large number of analyses these results need cautious 
interpretation and, based on these data, there is no recent evidence to suggest a robust, clinically 
significant association between pesticide exposure and body weight in general. 
 

9.3.3. Head circumference 

Fourteen and three studies assessed the association between pesticide exposure during pregnancy and 
head circumference at birth and after birth, respectively, contributing 85 separate extracted 
comparisons in the database. In more than two-thirds of the comparisons, the exposure was assessed 
through a biomarker.  A large variety of individual pesticides were assessed for birth head 
circumference, with DDT metabolites being assessed more frequently (7 studies). Nevertheless no 
single pesticide and related biomarker was assessed in more than 4 studies using the same comparison 
unit, thus a quantitative synthesis was not performed.  The largest prospective study (ID CH 026) was 
a Generation R study publication which explored associations between maternal occupational 
exposure to various chemicals and fetal growth in 4,680 pregnant women participating in this 
population-based prospective cohort study in the Netherlands (2002–2006). For fetal head 
circumference, only maternal occupational exposure to alkylphenolic compounds showed a 
statistically significant lower growth rate (-0.01752 SD per gestational week) compared with non-
exposed mothers, adjusted for potential confounders.  The remaining studies reported conflicting 
results without a consistent pattern either towards the effect direction or the effect magnitude. 
Moreover, no meta-analysis of published studies was identified. Given the large number of analyses 
the reported study results need cautious interpretation and, based on these data, there is no recent 
evidence to suggest a robust, clinically significant association between pesticide exposure and head 
circumference in general. 

 

9.3.4. Congenital malformations 

Five studies examined the association between pesticide exposure and congenital malformations in 
general. The largest study (ID CH 002) assessed a Canadian farm population, reported 146 potential 
associations, did not yield statistically significant results in the primary analysis and proposed that pre-
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conception exposure to cyanazine (OR = 4.99, 95% CI: 1.63–15.27) and dicamba (OR = 2.42, 95% CI: 
1.06–5.53) were associated with increased risk of birth defects in male offspring. Nevertheless, given 
the number of the available comparisons and the self-reported nature of the exposure and outcomes in 
this study, the present findings should be considered with caution. The remaining four retrospective 
studies reported conflicting results (ID CH 043, occupational exposure (father), OR: 3.42, 95% CI: 
1.97–5.92; ID CH 035, at least one parent exposed, OR = 1.3, 95%CI = 0.4 - 3.9; ID CH 008, HR for 
maternal urine metolachor, 95% 0.4-1.4). Given the large number of analyses these results need 
cautious interpretation and, based on these data, there is no recent evidence to suggest association 
between pesticide exposure and congenital malformations in general. 
 

9.3.5. Neural tube defects 

Identified studies examined associations between pesticide exposure and neural tube defects (N=4 
studies), including anencephaly and spina bifida and providing a very large number of reported 
analyses between different pesticides and neural tube defects, anencephaly and spina bifida with no 
adjustments for multiple testing (average 27 analyses per paper). Out of the 134 extracted analyses, 43 
were statistically significantly positively associated with the outcome (of which 14 borderline 
significant) but need to be interpreted with caution due to high false positive probability. The range of 
different pesticides analysed by each of the 5 studies as well as the varying definitions of pesticide 
exposure do not allow for a meaningful quantitative synthesis of the results even using the “any 
pesticide” exposure definition since there is also considerable heterogeneity between studies regarding 
the exposure period as well as the parent analysed; three studies assessed maternal exposure, one study 
assessed paternal exposure and one study both. Previous meta-analyses on neural tube defects and 
pesticide exposure have not been identified. Overall, the evidence for pesticides and neural tube 
defects is limited and the current state of the most recent literature does not support a robust 
association.  Of note, the largest study in the field (ID CH 044) investigated whether maternal 
residential proximity to applications of specific pesticides or physicochemical groups of pesticides 
during early gestation increases the risk of these malformations, included 731 cases and 940 controls 
and after reporting 107 different analyses for individual pesticides, pesticide physicochemical 
categories and any exposure, no exposure and multiple exposure definitions yielded 15 statistically 
significant results without correction for multiple testing and without a particular pattern with regards 
to a pesticide category or an additive effect.  
 

9.3.6. Urogenital malformations 

Overall, 19 studies examined urogenital malformations, namely cryptorchidism (n=9) and hypospadias 
(n=9).  

Cryptorchidism was assessed in nine mostly retrospective studies, of a median sample size of 199 
(IQR 136-710). Four studies assessed DDT levels; hexachorobenzene (HCB) and chrordane were 
assessed in one study each, while general pesticide exposure was assessed in 2 studies. When we 
attempted to investigate the association between exposure to any pesticide and cryptorchidism across 
all assessed studies, the observed effect was not statistically significant (OR 1.19, 95% CI 0.96 – 1.49, 
I2 24%) (Figure 23). Moreover, when we assessed the potential association between DDT exposure 
and cryptorchism, we again observed a statistically non-significant association (OR 1.47, 95% CI 
0.98- 2.2, I2 51%)  (Figure 24). Given the large number of analyses, these results need cautious 
interpretation and, based on these data, there is no recent evidence to suggest a robust, clinically 
significant association between any pesticide exposure and cryptorchidism.  
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Hypospadias was assessed in 9 mostly retrospective studies, of a median sample size of 784 (IQR 200 
- 861). Two studies assessed DDT levels, while general pesticide exposure was assessed in 6 studies. 
When we attempted to investigate the association between maternal exposure to any pesticide (during 
preconception and pregnancy) and hypospadias across all assessed studies, the observed effect was not 
statistically significant (OR 1.02, 95% CI 0.74 – 1.39, I2 72%) (Figure 25). When we included in the 
analysis the three studies that assessed a specific pesticide (DDT, n=2; chrordane, n=1), we again 
observed a statistically non-significant association (OR 1.00, 95% CI 0.84- 1.16, I2 66%)  (Figure 26). 
Our systematic review retrieved one meta-analysis including original research published in English 
and indexed in PubMed from January 1966 through March 2008 (Rocheleau CM, 2009). Nine studies 
published before 2007 met all study inclusion criteria and the authors reported that elevated but 
marginally significant risks of hypospadias were associated with maternal occupational exposure 
(PRR of 1.36, CI=1.04-1.77), and paternal occupational exposure (PRR of 1.19, CI=1.00-1.41).  Due 
to the different time-periods for the literature assessment and the resulting minimal overlap between 
our review and the published meta-analysis, we were able to synthesize the two efforts and again we 
retrieved a statistically non-significant result (OR 1.14, 95% CI 0.84 – 1.55, I2 73%). Thus, there is no 
recent evidence to suggest a robust, clinically significant association between any pesticide exposure 
and cryptorchidism.  
 
 

9.4. Child health outcomes with few studies  

For all the assessed outcomes not included in Table 10, too few studies are available to allow synthesis 
of evidence for each outcome alone; these outcomes comprise a vast variety of captured information 
ranging from well-defined clinical entities yet with too few studies, such as gastroschisis, cardiac birth 
defects, diaphragmatic hernia, and esophageal atresia, as well as a large numbers of metrics pertaining 
to broad clinical entities but with a prominent lack of harmonization and standardization in the 
outcome definition. For example, outcomes related to neurodevelopment were assessed extensively; 
nevertheless the metrics used, ranging from IQ measurement to perceptual reasoning, deemed any 
further attempt towards a quantitative synthesis impossible. Our systematic review did not identify any 
previously published meta-analyses on these outcomes to allow for comparisons with previously 
published evidence (prior to 2006). Generally the results on these outcomes were of small effect and 
not statistically significant with few exceptions. Given the large number of analyses these results need 
cautious interpretation and, based on these data, there is no evidence to suggest association between 
pesticide exposure and these outcomes.  
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Table 10: Assessed outcomes in the field of child health as defined by eligible studies 

Health outcome   

    

Abnormal urogenital distance Body mass index (BMI) Z-score Increased serum prolactin levels 

Abnormal body mass index (BMI) Body fat percentages (log 
transformed) 

Increased serum total testosterone level 

Abnormal bone age Chordee IQ 

Abnormal breast size Coarctation of the aorta LH dysregulation 

Abnormal change of body mass index Congenital diaphragmatic hernia (CDH) Low annual height velocity 

Abnormal change of height Congenital heart defects Major congenital anomalies 

Abnormal chest circumference Congenital malformations Male genital malformations 

Abnormal gestational age Cretinism Maternal age 

Abnormal head circumference-for-age Crown-Heel Length Maternal weight gain 

Abnormal height Cryptorchidism Miscarriage or stillbirth 

Abnormal hip circumference Decreased inhibin B levels Musculoskeletal defects 

Abnormal length Decreased serum FSH levels Neural tube defects 

Abnormal ovarian measurements Decreased serum inhibin B levels Obesity 

Abnormal penis length (stretched) Decreased serum SHBG levels Oestradiol dysregulation 

Abnormal penis width Decreased testicular volume Perceptual Reasoning 

Abnormal serum DHT levels Decreased testosterone levels Performance IQ 

Abnormal sitting height Decresed serum LH levels Ventricular septal defect 

Abnormal standing height Duration of lactation Placental weight 

Abnormal Tanner stage Esophageal atresia Placental weight 

Abnormal upper arm circumference Fetal death Ponderal Index 

Abnormal upper arm fold circumference Fetal head circumference Ponderal index 

Abnormal uterine measurements Fetal length Precocious puberty 

Abnormal waist circumference Fetal weight Preeclampsia 

Abnormal weight FGR Premature breast development 

Abnormal weight-for-length Freedom from distractability Premature oestradiol secretion 

Affected breast development FSH dysregulation 
Premature puberty onset (pubic hair) 

Anal position index Gastroschisis Prematurity 

Androstendione dysregulation Gestational age Processing speed 

Anencephaly Gynecomastia Rapid infant weight gain 

Anti-mullerian hormone dysregulation Head Circumference SGA 

APGAR 1-minute score Hypospadias SHC 

APGAR 5-minute score Idiopathic precocious puberty Spina bifida 

Atrioventricular septal defect Increased FSH levels Sum of four skin folds 

Birth head circumference Increased levels of SHBG Testosterone dysregulation 
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Birth height Increased ratio LH/testosterone Tetralogy of Fallot 

Birth Weight Increased serum AMH levels Transposition of the great arteries 

Birth weight, adjusted for gestational 
age 

Increased serum androstenedione 
levels 

Verbal comprehension 

BMI Increased serum DHEAS levels Verbal IQ 

BMI at delivery Increased serum free testosterone 
level 

Working memory 

BMI before pregnancy   
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Table 11: Summary of studies identified per outcome subgroup with more than 4 
studies (NA: not available) 

Outcome N studies Meta-analysis 
done 

Previous meta-analysis result 

Congenital 
malformations 

   

General 5 No NA 
Neural tube   

defects 
4 No NA 

Urogenital   
malformations 

19 Yes Hypospadias: maternal 
occupational exposure (RR 1.36; 
95% CI 1.04–1.77), and paternal 
occupational exposure (RR 1.19; 
95% CI 1.00–1.41) 

Development 40 No NA 
Growth    

Height/Birth 
length 

21 No NA 

Weight 26 No Birth weight (individual 
participants’ data meta-analysis 
of 12 European cohorts): A 1-

g/L increase in p,p´-DDE was 
associated with a 7-g decrease in 
birth weight (95% CI: -18, 4 g). 

Head 
circumference 

17 No NA 

Sexual maturation 9 No NA 
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NOTE: Weights are from random effects analysis
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Figure 23: Random effects meta-analysis for studies with information on pesticide 
exposure and risk of cryptorchidism 
 

 
Ntzani EE, Chondrogiorgi M, Ntritsos G, Evangelou E, Tzoulaki I Pesticide epidemiology 

55 

981



Ntzani EE, Chondrogiorgi M, Ntritsos G, Evangelou E, Tzoulaki I Pesticide epidemiology 
 

EFSA supporting publication 2013:EN-497  
The present document has been produced and adopted by the bodies identified above as author(s). This task has been carried out 
exclusively by the author(s) in the context of a contract between the European Food Safety Authority and the author(s), awarded 
following a tender procedure. The present document is published complying with the transparency principle to which the 
Authority is subject. It may not be considered as an output adopted by the Authority. The European Food Safety Authority 
reserves its rights, view and position as regards the issues addressed and the conclusions reached in the present document, 
without prejudice to the rights of the authors. 
 

56 

NOTE: Weights are from random effects analysis
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Figure 24: Random effects meta-analysis for studies with information on DDT exposure 
and risk of cryptorchidism 
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NOTE: Weights are from random effects analysis

Overall  (I-squared = 71.5%, p = 0.004)
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Figure 25: Random effects meta-analysis for studies with information on general 
pesticide exposure and risk of hypospadias 
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NOTE: Weights are from random effects analysis

Overall  (I-squared = 65.9%, p = 0.003)
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Figure 26: Random effects meta-analysis for studies with information on general 
pesticide exposure and risk of hypospadias, including studies on specific pesticides 
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10. Reproductive diseases 

Overall, 63 publications examined the effect of pesticide exposure on child health outcomes (median 
sample size: 299; IQR 111-544), contributing 578 separate analyses in the data extraction database. 
More than one third of the analyses (n=217, 38%) assess the sperm/semen quality, whereas other 
cluster of studies/analyses examine among others reproductive related hormones, infertily and 
spontaneous abortion As seen with other outcomes, the diversity of the exposure definition is 
remarkable and poses special challenges to data synthesis. Only 4 out of the 64 were prospective 
cohort studies whereas the vast majority of the studies were cross sectional (n=45, 70%). The sample 
size in the reported analyses was rather small; it ranged between 41 and 29,649 participants (median 
161) and the largest studies in the domain are smaller than the largest studies assessed in the cancer 
field. Here, we observed a cluster of publications coming from INUENDO (INUit-ENDOcrine) 
research group (n=8), a project that has been established in three European countries together with a 
population of Inuits from Greenland and aims to enlighten the impact of Persistent Organic Pollutants 
(POPs) on human reproductive function. Almost 2/3 of the studies were conducted in Europe and 
America (n=22 and 20 respectively). Twenty-two studies assessed occupational exposures and, in 
addition, more than half of the studies had information on biomarkers of exposure (n=38, 59%), 3 
studies assessed occupational exposure through Job Exposure Matrix (JEM), whereas 2 studies used 
both questionnaires and biomarkers. The different outcome categories examined are presented in 
Table 12 along with the number of studies contributing to each outcome category and a decision on 
quantitative synthesis. Due to heterogeneity of data, statistical synthesis of the data (meta-analysis) 
was only performed for abortion. 
 

10.1. Impaired sperm parameters 

Twenty-five studies (median 189: IQR 87-336) assessed the association of pesticides on sperm/semen 
quality using a variety of outcomes. The total analyses conducted for these outcomes are 217 and the 
sample size of the conducted analyses is small ranging from 41 to 763. The largest study is a  
European cross-sectional study from INDUENDO research group (ID RPD 009) and assess the impact 
of p,p’-DDE to sperm concentration, sperm motility and sperm morphology and showed that the 
sperm motility was negatively associated with p,p’-DDE across the  four populations under study. 
Another large study from the same group (ID RPD 012) did not provide evidence that Persistent 
Organic Pollutants (POPs) may interfere with male reproductive function. Even though a large number 
analyses have been conducted no single pesticide and related biomarker was assessed in more than 4 
studies using the same comparison unit and analysis, thus a quantitative synthesis was not performed.  
 

10.2. Fecundability disorders 

Eight studies including 30 different analyses assess the effect of pesticides on low fecundability. The 
sample sizes are rather small ranging from 41 to 2,365 participants. Different effect sizes and analyses 
are used for the assessment of potential associations therefore the synthesis of the results through 
meta-analysis is not feasible. The largest study (ID RPD 038) that examined pesticide exposure of 
female greenhouse farm workers reported a reduced fecundability (OR=0.68, 95% CI=0.49-0.94). 
However the second largest study in the field (ID RPD 034) on female greenhouse farm workers did 
not shown a significant association (OR=1.11, 95%CI=0.96-1.29). Fourteen additional analyses did 
not report significant findings; therefore the evidence is contradictory in the field.   
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10.3. Spontaneous abortion 

Ten studies of spontaneous abortion focused on occupational exposure. We were able to synthesize 
data from six studies that provided an effect estimate and a metric of its variation. The summary OR 
was 1.52 (95%: 1.09-2.13) using random effects models and large heterogeneity was observed 
(I2=63%) (Figure 27). However, the largest cross-sectional study on this outcome conducted by the 
INUENDO research group (ID RPD 003) did not shown any statistical effect (OR=1) between p,p’-
DDE and abortion. One more study compared full-time vs. part time farming and did not report a 
significant association (p-value=0.99). Three other studies did not provide adequate information for 
their inclusion in the meta-analysis. 

 

10.4. Reproductive hormones 

Nineteen studies (median sample size 257: IQR 97-322) contributing with 250 analyses for various 
reproductive hormones were identified in this systematic review.  The studies were comparable to the 
other large group of impaired sperm parameters sample size-wise; their range was from 62 to 887.  
The largest study is a European cross-sectional study that assess the effect of hexachlorobenzene on 
the levels of testosterone and estradiol. Hormonal status of 14- to 15- year-old male adolescents was 
studies in relation to internal exposure to pollutants. The study shows that the exposure is associated 
with substantial differences in hormone concentrations. Different patterns were observed in study 
conducted by the INUENDO research group where the overall analysis between DDE and 
reproductive related hormones did not reveal any significant results. However in center-specific 
analysis, gonadotropin levels and sex-hormone-binding globulin seem to be affected by exposure on 
p,p’-DDE supporting substantial variations between different populations.  The large variety of 
outcomes and pesticides assessed did not allow for any quantitative synthesis of the data. 

 

10.5. Reproductive outcomes with few studies  

For all the assessed outcomes not included in Table 12, assessment of menstrual cycles cannot allow 
synthesis of the available evidence. Our systematic review did not identify any previously published 
meta-analyses on these outcomes to allow for comparisons with previously published evidence (prior 
to 2006). Results on different menstrual outcomes showed that it is unlikely that exposure to DDE is a 
main cause of menstrual disturbances.  
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Table 12: Summary of studies identified per outcome subgroup with more than 4 studies (NA: 
not available) 

Outcome N studies Meta-analysis 
done 

Previous meta-analysis result 

Impaired sperm 
parameters 

25 No NA 

Fecundability 
disorders 

8 No NA 

Abortion 10 Yes NA 
Reproductive 
hormones 

19 No NA 

 
 
 

NOTE: Weights are from random effects analysis
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Figure 27: Random effects meta-analysis for studies with information on pesticide exposure and 
risk of abortion 
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11. Neurological diseases 

Overall, 60 publications examined the effect of pesticide exposure on neurological outcomes (median 
sample size: 390; IQR 246-781), contributing 573 separate analyses in the data extraction database. 
More than thirty health-related outcomes were assessed with the largest proportion focusing on 
Parkinson’s disease with 32 studies (Table 13). As seen with other outcomes, the diversity of the 
exposure definition is remarkable and poses special challenges to data synthesis. Only 8 out of the 60 
were prospective cohort studies and other 2 were nested case-controls; the majority of evidence comes 
from retrospective case-control analyses, which are prone to recall bias in exposure measurement. The 
sample size in the reported analyses was often small; it ranged between 46 and 143,325 participants 
(median 390) and the largest studies in the domain are smaller than the largest studies assessed in the 
cancer field. Here, we also observed large clusters of publications coming from large, well-known 
studies in the field, such as the Agricultural Health Study (AHS), while 43 studies assessed 
occupational exposures. In addition, the presence of studies with information on biomarkers of 
exposure was far less prominent here (n=7, 12%). The different outcome categories examined are 
presented in Table 13; due to the small number of studies identified per assessed outcome, statistical 
synthesis of the data (meta-analysis) was only performed for Parkinson’s disease and amyotrophic 
lateral sclerosis.  
 

11.1. Parkinson’s disease  
Thirty-two studies assessed the association between pesticide exposure and Parkinson’s disease with a 
median sample size of 399 (IQR 286-711), contributing 266 separate extracted comparisons in the 
database. Eighty percent of the retrieved studies assessed occupational exposures, only 10% were 
prospective and the exposure was assessed through a biomarker in a small number of studies (10%).  
A large variety of individual pesticides were assessed with the following pesticides being assessed 
more frequently: general pesticide (28 studies), as well as DDT (5 studies), paraquat (9 studies).  

We initially assessed the association between general pesticide use and Parkinson’s disease.  The 
observed effect indicated a statistically significant association with the presence of considerable 
heterogeneity (random-effects OR 1.58, 95% CI 1.35 – 2.85, I2 61%) (Figure 28). With the exception 
of four studies where specific pesticides were assessed (e.g. paraquat), all the other studies assessed 
mainly occupational general pesticide use in mainly a retrospective fashion via a questionnaire. The 
results of the meta-analysis are in accordance with the largest studies on that research question.  
 
We then proceeded to assess the association between DDT exposure and Parkinson’s disease.  The 
observed effect indicated a non-statistically significant association without the presence of 
heterogeneity (random-effects OR=1.01, 95% CI=0.78–1.30, I2=0%) (Figure 29). Finally, we assessed 
the association between paraquat exposure and Parkinson’s disease. The observed effect indicated a 
statistically significant association with the presence of moderate heterogeneity (random-effects 
OR=1.32, 95% CI=1.10–1.60, I2=34%) (Figure 30). The results of the meta-analysis are in accordance 
with the largest studies on these research questions.  
 
Our literature search yielded 7 systematic reviews and/or meta-analyses on the association between 
pesticide exposure and Parkinson’s disease published from 2000 to 2013 (Pezzoli 2013, Van-Maele 
Fabry 2012, van der Mark 2012, Dick 2006, Priyadarshi 2001, Priyadarshi 2000, Allen 2013). Despite 
the considerable time interval between the oldest and most recent research synthesis effort and the 
different methodologies endorsed (prospective studies only assessed, methodological assessment of 
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the included studies, etc.), the results are consistent across the meta-analyses and are also consistent 
with the present effort spanning from 2006 (Table 14). 
 

11.2. Amyotrophic lateral sclerosis (ALS) 

Seven studies assessed the association between pesticide exposure and amyotrophic lateral sclerosis 
with a median sample size of 356 (IQR 201-1156), contributing 11 separate extracted comparisons in 
the database. All the retrieved studies assessed occupational exposures, while 4 also assessed 
residential exposure. Only one study was prospective and the exposure was assessed through a 
questionnaire in most of the studies (n=6).   

We assessed the association between general pesticide use and ALS. The observed effect indicated a 
statistically significant association with the presence of small heterogeneity (fixed-effects OR=1.58, 
95% CI=1.31 – 1.90, I2 10%) (Figure 31) and the results of the meta-analysis are in accordance with 
the largest studies on that research question.  

Our literature search yielded 2 systematic reviews and/or meta-analyses on the association between 
pesticide exposure and ALS published in 2012 (Kamel 2012, Malek 2012). Regarding these efforts, 
the results are consistent with our findings and the authors’ report of evidence on an association of 
exposure to pesticides and risk of ALS in male cases compared to controls (OR=1.88, 95% CI: 1.36-
2.61), although the chemical or class of pesticide was not specified by the majority of studies.  
 

11.3. Neurological outcomes with few studies  

With the exception of Parkinson’s disease and amyotrophic lateral sclerosis, for all the remaining 
neurological outcomes, too few studies are available after 2006 to allow synthesis of evidence for each 
outcome alone; these outcomes comprise a vast variety of captured information ranging from well-
defined clinical entities yet with too few studies, such as hearing loss or diabetic neuropathy, as well 
as a large number of metrics pertaining to neurological endophenotypes but with a prominent lack of 
harmonization and standardization in the outcome definition. Our systematic review did not identify 
any previously published meta-analyses on these outcomes to allow for comparisons with previously 
published evidence (prior to 2006). Generally the results on these outcomes were of small effect and 
not statistically significant with few exceptions. Given the large number of analyses these results need 
cautious interpretation and, based on these data, there is no evidence to suggest association between 
pesticide exposure and these outcomes.  
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NOTE: Weights are from random effects analysis

Overall  (I-squared = 54.6%, p = 0.000)
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Figure 28: Random effects meta-analysis for studies with information on any pesticide 
exposure and risk of Parkinson’s disease (study with ID NRD 033, specifically assessed 
hexachlorobenzene) 
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Overall  (I-squared = 0.0%, p = 0.848)

NRD 025

Study

NRD 027

ID

NRD 032

NRD 019

NRD 033

1.01 (0.78, 1.30)

1.32 (0.55, 3.17)

1.00 (0.60, 1.67)

OR (95% CI)

0.80 (0.40, 1.60)

1.20 (0.70, 2.06)

0.91 (0.57, 1.45)

1.01 (0.78, 1.30)

1.32 (0.55, 3.17)

1.00 (0.60, 1.67)

OR (95% CI)

0.80 (0.40, 1.60)

1.20 (0.70, 2.06)

0.91 (0.57, 1.45)

  
1.5 1 1.5 2

 
Figure 29: Fixed-effects meta-analysis for studies with information on exposure and risk 
of Parkinson’s disease 
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Overall  (I-squared = 34.0%, p = 0.146)
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Figure 30: Fixed-effects meta-analysis for studies with information on paraquat 
exposure and risk of Parkinson’s disease 
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Overall  (I-squared = 10.0%, p = 0.352)
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Figure 31: Fixed-effects meta-analysis for studies with information on general pesticide 
exposure and risk of amyotrophic lateral sclerosis 
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12. Endocrine diseases 

Overall, 35 publications examined the effect of pesticide exposure on thyroid hormone dysregulation 
(median sample size: 226; IQR 130-453), contributing 343 separate analyses in the data extraction 
database. The main outcomes assessed were thyroxin (T4), triiodothyronine (T3) and thyroid 
stimulating hormone (TSH) levels. Only 3 prospective cohort studies were conducted in the field; the 
majority of evidence comes from retrospective case-control or cross-sectional analyses, which are 
prone to recall bias in exposure measurement. The sample size in the reported analyses was often 
small; it ranged between 27 and 16,529 participants (median 341). Here, we observed no large clusters 
of publications coming from large, well-known studies in the field, while the vast majority of the 
studies assessed environmental exposures (n=28, 80%). However, the presence of studies with 
information on biomarkers of exposure was more prominent here (n=29, 83%). Even though 
hypothyroidism, hyperthyroidism and other thyroid diseases contribute with more than 1/3 of the total 
analyses (n=123) the available evidence derives from Agricultural Health Study (AHS) which 
apparently is the largest in the field and examines the association between pesticide use and thyroid 
diseases in females. The study found an association between hypothyroidism and ever use of 
organochlorine insecticides (OR=1.2, 95% CI= 1.0-16) and fungicides (OR=1.4, 95% CI= 1.1-1.8). 
However, the results should be interpreted with caution due to borderline significance levels and 
absence of type-I error corrections due to multiple comparisons. Other studies in the field assessing 
several thyroid hormone levels are quite smaller and provide contradictory results. As seen with other 
outcomes, the diversity of the exposure definition is remarkable and poses special challenges to data 
synthesis. Due to heterogeneity of data and different analyses, effect sizes and metrics provided, 
statistical synthesis of the data (meta-analysis) was not performed.  
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13. Mental and psychomotor development outcomes 

Overall, 32 publications examined the effect of pesticide exposure on mental and psychomotor 
development outcomes in pediatric populations (median sample size: 238, IQR 109-305), contributing 
462 separate analyses in the data extraction database. Only one study was performed in a population 
of non-European (Asian) ancestry, while seventeen health-related outcomes were assessed with a large 
proportion focusing on attention-deficit hyperactivity disorder (ADHD, 6 studies, 102 analyses). As 
seen with other outcomes, the diversity of the exposure definition is considerable and poses special 
challenges to data synthesis. A large majority of the studies (23 publications, 72%) referred to 
prospective cohort studies, while the sample size in the reported analyses was often small; it ranged 
between 25 and 7,440 participants with the largest study assessing retrospectively maternal residence 
near agricultural pesticide applications and autism spectrum disorders among children in the California 
Central Valley. Here, we also observed clusters of publications coming from large, well-known studies 
in the field, such as the CHAMACOS (The Center for Health Assessment of Mothers and Children of 
Salinas) (5 publications), while 84% of the studies assessed environmental exposures. In addition, the 
presence of studies with information on biomarkers of exposure was prominent here (n=28, 88%). The 
different outcome categories examined are presented in Table 15 along with the number of studies 
contributing to each outcome category and a decision on quantitative synthesis. Due to heterogeneity 
of data and small number of studies identified, no statistical synthesis of the data (meta-analysis) was 
performed for any outcome.  
 

13.1. Mental and psychomotor development outcomes with few studies  

With the exception of mental and psychomotor development and Attention-deficit hyperactivity 
disorder (ADHD), for all the remaining assessed outcomes included in Table 15, too few studies are 
available to allow synthesis of evidence for each outcome alone; these outcomes comprise a variety of 
captured information ranging from well-defined clinical entities yet with too few studies, such as 
autism, or pervasive developmental disorder, as well as a vast number of outcomes representing 
neurodevelopmental endo-phenotypes such as communication, fine and gross motor development or 
expressive language development. Our systematic review did not identify any previously published 
meta-analyses on these outcomes to allow for comparisons with previously published evidence (prior 
to 2006). Generally the results on these outcomes were of small effect and not statistically significant 
with few exceptions. Given the large number of analyses and the small number of studies and sample 
sizes, these results need cautious interpretation and, based on these data, there is no evidence to 
suggest a robust association between pesticide exposure and these outcomes.  
 

13.2. Attention-deficit hyperactivity disorder (ADHD) 

Six studies assessed the association between pesticide exposure and ADHD with a sample size ranging 
from 278 to 2,539 participants, contributing 102 separate extracted comparisons in the database. Three 
studies were cohorts, all assessed environmental exposure and in all the exposure was assessed 
through a biomarker. General organophosphate exposure was assessed in three studies, DDT exposure 
in two studies, while trans-nonachlor, hexachlorobenzene, and 2,4,6-Trichlorophenol (TCP)  were 
assessed in one study each. Thus, no single pesticide and related biomarker was assessed in more than 
4 studies using comparable outcome definitions or the same comparison unit, thus a quantitative 
synthesis was not performed. The largest study in the field is a National Health and Nutrition 
Examination Survey (NHANES) report (ID 17) used data from the 1999-2004 NHANES to evaluate 
the association between urinary trichlorophenols (TCPs) and parent-reported ADHD among 2546 
children aged 6-15 years. The authors report that children with low levels (<3.58 mg/g) and high levels 
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(>3.58 mg/g) of urinary 2,4,6-Trichlorophenol (TCP) had a higher risk of parent-reported ADHD 
compared to children with levels below the limit of detection (OR 1.54, 95% CI 0.97 to 2.43 and OR 
1.77, 95% CI 1.18 to 2.66, respectively; p for trend=0.006) after adjusting for covariates.  
 
Our systematic review did not identify any previously published meta-analyses on ADHD to allow for 
comparisons with previously published evidence (prior to 2006). Generally the results on ADHD were 
of small effect and not statistically significant with few exceptions. Thus, given the large number of 
analyses these results need cautious interpretation and, based on these data, there is no evidence to 
suggest association between pesticide exposure and ADHD.  
 

 

13.3. Neurodevelopment 

Thirty-one studies assessed the association between pesticide exposure and aspects of 
neurodevelopment with a sample size ranging from 25 to 1,041 contributing 325 separate extracted 
comparisons in the database.  Only one study assessed neurodevelopmental aspects in Asian children; 
all the rest pertained to populations of European ancestry. Seventy-four percent of the studies were 
cohort studies and, in 27 studies the exposure was assessed through a biomarker.  A large variety of 
individual pesticides were assessed with the general category of organophosphate pesticides being 
assessed more frequently (Table 16). No single pesticide and related biomarker was assessed in more 
than 4 studies using comparable outcome definitions or the same comparison unit, thus a quantitative 
synthesis was not performed.  Actually, the assessment of neurodevelopment, as seen for cognitive 
function, is another typical example of a general outcome category where the multiplicity and 
complexity of the 35 tools and sub-tools used (Table 17) renders the attempt to systematically and 
quantitatively synthesize the results of the published literature fruitless.  

 
The largest study in the field is a Collaborative Perinatal Project report (ID MPD 029) assessing in-
utero exposure to dichlorodiphenyltrichloroethane and cognitive development among infants and 
school-aged children. The authors report that although levels of DDT and DDE were relatively high in 
this population (median DDT concentration, 8.9 g/L; DDE, 24.5 g/L), neither were related to Mental 
or Psychomotor Development scores on the Bayley Scales nor to Full-Scale Intelligence Quotient at 7 
years of age. 
 
Our systematic review did not identify any previously published meta-analyses on these outcomes to 
allow for comparisons with previously published evidence (prior to 2006). Generally the results on 
neurodevelopmental outcomes were of small effect and not statistically significant with few 
exceptions. Thus, given the large number of analyses these results need cautious interpretation and, 
based on these data, there is no evidence to suggest association between pesticide exposure and these 
outcomes.  
 

Table 15: Summary of studies and mental and psychomotor development outcomes 

Outcome group      N analyses 

Attention Deficit Hyperactivity Disorder (ADHD)  
102 

Autism 2 
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Intelligence Quotient (IQ) 13 
Learning disability 4 
Cognitive disorders 20 
Mental and psychomotor development 318 
Pervasive developmental disorder 3 

 

 

Table 16: Pesticides assessed in neurodevelopmental aspects 

Pesticide assessed N analyses 

DDT 81 
Chlordecone 5 
Chlorpyrifos 8 
Hexachlorobenzene (HCB) 5 
Insecticides 6 
Malathion 8 
Mirex 13 
Organochlorine pesticides 2 
Organophosphate and carbamate pesticide 7 
Organophosphate pesticides 115 
Pesticides 80 
Piperonyl  butoxide 1 
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Table 17: Outcome definitions and tools used in the 31 studies assessing neurodevelopment 

Outcome definition / Tool used 

Accuracy, impulse control 
Ages and Stages Questionnaire 

Behavioral Assessment and Research System (BARS) 
Bayley Psychomotor Development Index Scales for Infants 

Bayley Mental Development Index Scales for Infants 

Beery-Buktenica VMI developmental test 
Benton Visual Retention Test (BVRT) 
Box test 
Brazelton neonatal behavioral assessment 

Brunet-Lezine scale of psychomotor development 

Children's Memory Scale 

combining the Picture 

Completion, Codin 

Continuous Performance Test (CPT) 
Digit Span 

Fagan test of infant intelligence (FTII) 
Finger Tapping Task 

Gesell Developmental Schedules 

Graham–Rosenblith test 
Griffiths Mental Developmental Scale 

Hit reaction time 

Large-pellet test 
McCarthy Scales of Children’s Abilities 

Mullen Scales of Early Learning: AGS Ed 

Performance on Continuous Performance Test (CPT) 
Raven Test 
Santa Ana Form Board 

Score in Lincoln-Oseretsky Motor 

Small-pellet test 
Stanford-Binet Copying Test 

Teller visual Acuity Card (TAC) test 
Trail Making 

University of California Berkeley Preferential Looking Test 

Wechsler Intelligence Scale for children 

Wisconsin Card Sorting Test 
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14. Respiratory diseases 

Overall, 29 publications examined the effect of pesticide exposure on respiratory outcomes (median 
sample size: 249, IQR 126-1728), contributing 399 separate analyses in the data extraction database. 
Sixty-seven percent came from Europe and America, while ten health-related outcomes were assessed 
with a large proportion focusing on asthma (N=9). As seen with other outcomes, the diversity of the 
exposure definition is considerable and poses special challenges to data synthesis. Only 6 out of the 29 
publications referred to prospective cohort studies and 12 were cross-sectional studies. The sample 
size in the reported analyses was often small; it ranged between 35 and 47,756 participants with the 
largest study being the Singapore Chinese Health Study. Here, we also observed large clusters of 
publications coming from large, well-known studies in the field, such as the AHS (6 publications), 
while 17 studies (68%) assessed occupational exposures. In addition, the presence of studies with 
information on biomarkers of exposure was less prominent here (N=8, 34%) while 1 study assessed 
occupational exposure through JEM. The different outcome categories examined are presented in 
Table 18 along with the number of studies contributing to each outcome category and a decision on 
quantitative synthesis. Due to heterogeneity of data and small number of studies identified, statistical 
synthesis of the data (meta-analysis) was only performed for asthma.  
 

14.1. Respiratory outcomes with few studies  

With the exception of asthma, for all the remaining assessed outcomes included in Table 18, too few 
studies are available to allow synthesis of evidence for each outcome alone; these outcomes comprise 
a variety of captured information ranging from well-defined clinical entities yet with too few studies, 
such as idiopathic pulmonary fibrosis, or sarcoidosis, as well as a numbers of biomarkers such as 
forced expiratory volume (FEV). Our systematic review did not identify any previously published 
meta-analyses on these outcomes to allow for comparisons with previously published evidence (prior 
to 2006). Generally the results on these outcomes were of small effect and not statistically significant 
with few exceptions. Given the large number of analyses and the fact that most of the results come 
from the Agricultural Health Study (AHS), these results need cautious interpretation and, based on 
these data, there is no evidence to suggest a robust association between pesticide exposure and these 
outcomes. 
  

14.2. Asthma 

Nine studies assessed the association between pesticide exposure and asthma with a median sample 
size of 402 (IQR 127-724), contributing 196 separate extracted comparisons in the database. More 
than half of the studies were cross-sectional and in more than two-thirds of the studies, the exposure 
was assessed through a questionnaire. A large variety of individual pesticides were assessed with 
DDT, paraquat and chlorpyrifos being assessed more frequently. With the exception of DDT, 
chlorpyrifos and paraquat (Table 19), no other single pesticide and related biomarker was assessed in 
more than 4 studies using the same comparison unit, thus a quantitative synthesis was not performed.   
 
When we attempted to investigate the association between exposure to DDT and asthma across the 5 
available studies, the observed effect was statistically significant without indications of heterogeneity 
(OR 1.29, 95% CI 1.14 – 1.45, I2 0%) (Figure 32). We then attempted to investigate the association 
between exposure to paraquat and asthma across the 6 available studies and the observed effect was 
not statistically significant with indications of heterogeneity (OR=1.40, 95%CI=0.95–2.06, I2=53%) 
(Figure 33). We finally attempted to investigate the association between exposure to chlorpyrifos and 
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asthma across the 5 available studies and the observed effect was not statistically significant without 
indications of heterogeneity (OR= 1.03, 95% CI= 0.82–1.28, I2=0%) (Figure 34). We caution that the 
meta-analyses results are largely driven by the AHS; in the meta-analyses 4 entries belong to the AHS 
as the results were separately reported for men and women and for allergic and non-allergic asthma. 
We also acknowledge that the results of the meta-analyses are restricted to data published after 2006. 
We thus conclude that for DDT, but not for chlorpyrifos and paraquat, there is recent evidence to 
suggest a statistically significant, moderate association between exposure to this pesticides and 
asthma.  
 

Table 18: Summary of studies and outcomes in the field of respiratory medicine (N/A: not 
available) 

Outcome Group N 
studies 

Meta-analysis 
performed 

Previous published  
meta-analysis 

    
Cough 2 No N/A 
Breathlessness 1 No N/A 
Cough/Phlegm 2 No N/A 
Volume that has been 
exhaled at the end of 
the first second of 
forced expiration 
(FEV1) 

1 No N/A 

FEV1 / Forced vital 
capacity (FVC) 

2 No N/A 

Asthma 9 Yes N/A 
Chronic bronchitis 5 No N/A 
Hypersensitivity 
pneumonitis 

2 No N/A 

Lower respiratory tract 
infection 

2 No N/A 

Sarcoidosis 1 No N/A 
Wheeze 2 No N/A 
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Overall  (I-squared = 0.0%, p = 0.475)

RESP_004

RESP_002

RESP_006

RESP_006

RESP_004

ID

Study

1.29 (1.14, 1.45)

1.38 (0.91, 2.09)

1.18 (1.01, 1.38)

1.42 (0.93, 2.17)

1.41 (1.09, 1.82)

1.79 (1.06, 3.02)

OR (95% CI)

1.29 (1.14, 1.45)

1.38 (0.91, 2.09)

1.18 (1.01, 1.38)

1.42 (0.93, 2.17)

1.41 (1.09, 1.82)

1.79 (1.06, 3.02)

OR (95% CI)

  1.5 1 1.5 2

 

Figure 32: Fixed-effects meta-analysis for studies with information on DDT exposure 
and risk of any type of asthma (Studies 6 and 10 refer to Agricultural Health Study 
publications)  
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NOTE: Weights are from random effects analysis

Overall  (I-squared = 53.3%, p = 0.058)
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Figure 33: Random-effects meta-analysis for studies with information on paraquat 
exposure and risk of any type of asthma (Studies 6 and 10 refer to Agricultural Health Study 
publications)  
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Overall  (I-squared = 0.0%, p = 0.806)
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Figure 34: Fixed-effects meta-analysis for studies with information on chlorpyrifos 
exposure and risk of any type of asthma (Studies 6 and 10 refer to Agricultural Health Study 
publications)  
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15. Neuropsychiatric diseases 

Overall, 15 publications examined the effect of pesticide exposure on neuropsychiatric outcomes in 
adult populations (median sample size: 596, IQR 158-12,263), contributing 358 separate analyses in 
the data extraction database. Three-quarters came from Europe and America, while 17 health-related 
outcomes were assessed with a large proportion focusing on cognitive function (9 studies, 246 
analyses). As seen with other outcomes, the diversity of the exposure definition is considerable and 
poses special challenges to data synthesis. Only 2 out of the 15 publications referred to prospective 
cohort studies and 60% of the publications were cross-sectional studies. The sample size in the 
reported analyses was often small; it ranged between 66 and 112,683 participants with the largest 
study being a retrospective American study. Here, we also observed clusters of publications coming 
from large, well-known studies in the field, such as the Agricultural Health Study (AHS) (4 
publications), while all but one study assessed occupational exposures. In addition, the presence of 
studies with information on biomarkers of exposure was far less prominent here (n=2, 13%). The 
different outcome categories examined are presented in Table 20, along with the number of studies 
contributing to each outcome category and a decision on quantitative synthesis. Due to heterogeneity 
of data and small number of studies identified, no statistical synthesis of the data (meta-analysis) was 
performed for any outcome.  
 

15.1. Cognitive function 

Nine studies assessed the association between pesticide exposure and cognitive function with a median 
sample size of 80 (IQR 141-205), contributing 246 separate extracted comparisons in the database. All 
but one of the studies were cross-sectional and, in seven studies the exposure was assessed through a 
questionnaire.  A large variety of individual pesticides were assessed with the general category of 
organophosphate pesticides being assessed more frequently.  No single pesticide and related 
biomarker was assessed in more than 4 studies using comparable outcome definitions or the same 
comparison unit, thus a quantitative synthesis was not performed.  Actually, the assessment of 
cognitive function is a typical example of a general outcome category where the multiplicity and 
complexity of the 62 tools and sub-tools used in the 15 available studies (Table 21) renders the attempt 
to systematically and quantitatively synthesize the results of the published literature fruitless.  
 
The largest study in the field is an AHS report (ID NPD 014) assessing potential associations between 
long-term pesticide use and neurobehavioral function, with relevant tests administered to licensed 
pesticide applicators. The authors report that “test performance was associated with lifetime days of 
use of some pesticides”. Ethoprop was significantly associated with reduced performance on a test of 
motor speed and visual scanning. Malathion was significantly associated with poor performance on a 
test of visual scanning and processing. Conversely, we observed significantly better test performance 
for five organophosphate pesticides. Specifically, chlorpyrifos, coumaphos, parathion, phorate, and 
tetrachlorvinphos were associated with better verbal learning and memory; coumaphos was associated 
with better performance on a test of motor speed and visual scanning; and parathion was associated 
with better performance on a test of sustained attention. Overall, we found no consistent evidence of 
an association between organophosphate pesticide use and adverse test performance among this older 
sample of pesticide applicators. Potential reasons for these mostly null results include a true absence of 
effect as well as possible selective participation by healthier applicators. 
 

Our systematic review did not identify any previously published meta-analyses on these outcomes to 
allow for comparisons with previously published evidence (prior to 2006). Generally the results on 
neuropsychiatric outcomes were of small effect and not statistically significant with few exceptions. 
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Thus, given the large number of analyses these results need cautious interpretation and, based on these 
data, there is no evidence to suggest association between pesticide exposure and these outcomes.  
 

15.2. Neuropsychiatric outcomes with few studies  

With the exception of cognitive function, for all the remaining assessed outcomes included in Table 
20, too few studies are available to allow synthesis of evidence for each outcome alone; these 
outcomes comprise a variety of captured information ranging from well-defined clinical entities yet 
with too few studies, such as depression, or obsessive-compulsive disorder, as well as a numbers of 
outcomes representing neuropsychiatric endo-phenotypes such as hostility or orientation disorders. 
Our systematic review did not identify any previously published meta-analyses on these outcomes to 
allow for comparisons with previously published evidence (prior to 2006). Generally the results on 
these outcomes were of small effect and not statistically significant with few exceptions. Given the 
large number of analyses and the fact that a number of the results come from the AHS, these results 
need cautious interpretation and, based on these data, there is no evidence to suggest a robust 
association between pesticide exposure and these outcomes.  
 
 

Table 20: Summary of studies and neuropsychiatric outcomes 

Outcome group N studies 

  
Anxiety 3 
Attention and calculation disorders 1 
Cognitive function 9 
Depression 4 
Electroencephalographic (EEG) state 1 
Hostility 1 
Interpersonal sensitivity diosrder 1 
Learning disability 1 
Nausea 1 
Neuropsychiatric  symptoms 3 
Obsessive-compulsive disorder 1 
Orientation disorders 1 
Paranoid ideation 1 
Psychotisism 1 
Rapid Eye Movement (REM) Sleep Behavior 
Disorders (RBD) 

1 

Somatization 1 
Suicide commitment 3 
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Table 21: Outcome definitions and tools used in the 15 studies assessing cognitive function 
(BARS: Behavioral Assessment and Research System, AVLT:Auditory Verbal Learning Test, BVFT: 
Benton Visual Form Discrimination Test CALCALP: California Computerised Assessment Package 
Manual, WAIS: Wechsler Adult Intelligence Scale, WMS: Wechsler Memory Scale) 

Outcome definition / Tool used   
% Correct rejects (BARS)  Selective attention latency  (BARS)  
% Hits (BARS)  Selective attention trials (BARS)  
Recall (AVLT) Sequences A test performance (seconds) 
Recognition (AVLT) Sequences B test performance (seconds) 
Total recall (AVLT)  Serial digit learning task (BARS)  
Benton Visual Form Discrimination Test (BVFT) Serial Digit Learning Test  
Block design test Simple Reaction Time Test  (ms) 
CALCAP choice test Spatial span test  
Continuous Performance Test Score (m/s) Stroop test  
Counting errors Summary index (BARS)  
Digit span backward task (BARS)  Symbol Digit Substitution Test (s)  
Digit span forward task (BARS)  Symbol-digit latency task (BARS)  
Digit-Symbol test score (seconds) Symptom Checklist 90 revised (SCL-90-R) 
False alarm latency (BARS)  Trails B test  
Fine motor control test  Verbal fluency test  
Finger tapping (preferred hand) (BARS)  WAIS-III  picture arrangement test  
Finger tapping , dominant hand (BARS) WAIS-III arithmetic test  
Finger tapping, (nonpreferred hand) (BARS)  WAIS-III comprehension test  
Finger tapping, alternating hand (BARS)  WAIS-III digit span test 
Graded naming test  WAIS-III digit symbol test 
Grooved pegboard, dominant hand score WAIS-III full scale IQ  
Hit latency (BARS)  WAIS-III graded-naming test 
Match-Sample (BARS)  WAIS-III similarities test  
N100 latency (ms)  WAIS-III vocabulary test  
N200 latency (ms) WMS-III auditory delayed memory test  
P200 latency (ms)  WMS-III auditory immediate memory  test  
P300 amplitude ( v), Cz WMS-III auditory recognition test 
P300 latency (ms) WMS-III letter-number test  
Progressive ratio  (BARS)  WMS-III visual delayed memory test  
Reaction time latency a (BARS)  WMS-III visual immediate test 
Reaction time latency a (BARS)  Selective attention interstimulus interval  

(BARS) 
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16. Diabetes 

Overall, 23 publications examined the effect of pesticide exposure on diabetes related outcomes 
(median sample size: 430; IQR 192-1721), contributing 125 separate analyses in the data extraction 
database. Four health-related outcomes were assessed with a large proportion focusing on type 1 
diabetes (n=93, 74%) whereas 18 analyses focused on type 2 diabetes. The rest of the outcomes 
assessed was prediabetes (n=10), gestational diabetes (n=2) and other glucose and insulin related 
outcomes (n=2). Only one prospective cohort study was performed; the large majority was cross-
sectional designs (n=15), whereas 3 studies were case-controls and 4 studies used a nested case-
controls. The large majority of the studies was conducted in America (n=15, 65%) whereas 7 studies 
where Europeans and only one Asian. Here, we did not observe large clusters of publications coming 
from large, well-known studies in the field, such as the AHS.  Only three study assessed occupational 
exposures the rest examined environmental exposures (n=19) or both (n=1). In addition, the presence 
of studies with information on biomarkers of exposure was limited to 9 studies, whereas 10 studies 
included information both on questionnaire and biomarkers.  The different outcome categories 
examined are presented in Table 22 along with the number of studies contributing to each outcome 
category. For the pesticides accessed meta-analysis was feasible for DDE and DDT exposure and type 
1 diabetes and DDE exposure and type 2 diabetes.  
 

16.1. Type 1 diabetes 

Thirtheen studies assessed the effect of pesticides on type 1 diabetes (median sample size: 309, IQR: 
159-398) and a meta-analysis of ORs was feasible for DDE and DDT exposure. For DDE, 9 studies 
contributed a median sample size of 202, IQR=142-334. We were not able to include a prospective 
study that reported a (significant) Incidence Rate Ratio (IRR) of 7.1 and compared the highest vs. the 
lowest tertile of exposure with DDE.  The computed summary OR was 1.90 (95% CI: 1.25-2.86) for 
the DDE exposure using random effects models. Moderate heterogeneity was observed (I2=49%). For 
DDT, 6 studies had available data for synthesis (median sample size: 577, IQR: 272-2163) providing a 
summary effect of 1.76 (95% CI: 1.20-2.59) with very large heterogeneity observed ((I2=76%). Main 
source of heterogeneity is the different exposure levels used for the calculations of the effect estimates. 
Even though there is evidence from the random effects meta-analysis that an increased risk for type 1 
diabetes exists, however the findings should be interpreted with caution due to the heterogeneity that 
was observed.  
 

16.2. Type 2 diabetes 

Four studies were eligible for the assessment of the DDE exposure and risk for type 2 diabetes 
(median sample size: 471, IQR=292-642). The summary OR derived from those studies was 1.30 
(95% CI: 1.13-1.48). No heterogeneity was observed, however the summary results is driven by a 
case-control study that reported an effect size OR=1.30 (95% CI=1.11-1.52). Even though, there is 
evidence suggesting that DDE exposure is a risk factor for developing type 2 diabetes, this is based on 
small studies. 
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Table 22: Summary of studies identified per outcome subgroup with more than 4 
studies (NA: not available) 

Outcome N studies Meta-analysis done Previous meta-
analysis result 

Type 1 diabetes 13 Yes NA 
Type 2 diabetes 6 Yes NA 
Gestational diabetes 2 No NA 
Insulin/ Glucose 
tolerance 

2 No NA 
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NOTE: Weights are from random effects analysis
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Figure 35: Summary odds ratio (OR) for the association between DDE exposure and 
type 1 diabetes 
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NOTE: Weights are from random effects analysis
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Figure 36: Summary odds ratio (OR) for the association between DDT exposure and 
type 1 diabetes 
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NOTE: Weights are from random effects analysis
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Figure 37: Summary odds ratio (OR) for the association between DDE exposure and 
type 2 diabetes 
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17. Cardiovascular diseases 

This section includes hard cardiovascular outcomes (myocardial infraction, stroke etc.), cardiovascular 
risk factors (lipids, blood pressure) and other cardiometabolic outcomes (metabolic syndrome and 
obesity). No previous meta-analysis has been identified for any of these traits. The evidence collected 
in this systematic review provides weak suggestions of associations in particular regarding 
cardiometabolic risk factors and organochlorines; however, other classes of pesticides were not 
studied and even results on organochlorines were limited and require prospective replication.  
 
 

17.1. Hard cardiovascular outcomes 

Five studies examined hard cardiovascular outcomes including myocardial infarction (ID CVD 005, 
ID CVD 006), peripheral arterial disease (PAD) (ID CVD 007), stroke (ID CVD 008), and composite 
cardiovascular disease (ID CVD 009).  The Agricultural Health Study (AHS) contributed two 
prospective analyses (ID CVD 005, ID CVD 006) and National Health and Nutrition Examination 
Survey (NHANES) other two cross-sectional analyses (ID CVD 007, ID CVD 009).  Studies on 
myocardial infarction (ID CVD 005, ID CVD 006) showed no evidence of an association between 
having used pesticides, individually or by class, and myocardial infarction mortality among men in the 
AHS. Similarly, among women of AHS, no overall association with pesticide use and myocardial 
infarction was seen. Six of 27 individual pesticides evaluated were significantly associated with 
nonfatal myocardial infarction among women (ID CVD 006), including chlorpyrifos, coumaphos, 
carbofuran, metalaxyl, pendimethalin, and trifluralin, which all had relatively high odds ratios (>1.7) 
but also high probability of false positive due to multiple testing. 
 
Another prospective study (8) examined 21 persistent organic pollutants (POPs) in relation to stroke. 
After adjusting for known stroke risk factors, most polychlorinated biphenyls (PCBs) with 4, 5, or 6 
chlorine atoms, p,p -DDE, trans-nonachlor, and octachlorodibenzo-p-dioxin significantly predicted the 
risk of stroke. Nonetheless, results need replication from future studies. Peripheral arterial disease 
(PAD) and composite cardiovascular disease were studied in the cross-sectional NHANES cohort in 
relation to POPs. Compared with subjects without PAD, those with PAD had significantly higher 
concentrations of organochlorine pesticides but associations were not seen among non-obese 
participants. For composite cardiovascular disease, significant associations were observed for 
chlordane only. These findings need to be carefully interpreted because of the cross-sectional design 
and use of self-reported cardiovascular disease.  
 
Overall, evidence for associations between pesticide exposure and cardiovascular outcomes is weak 
and mainly concentrated on organochlorine pesticides.  
 
 

17.2. Cardiovascular risk factors 

 

17.2.1. Blood pressure 

Five studies examined associations between pesticides and blood pressure (ID CVD 002, ID CVD 
003, ID CVD 004, ID CVD 010, ID CVD 011). All but one study (ID CVD 011) had cross-sectional 
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designs. All effect sizes were very small and not suggestive of an association between pesticide 
exposure and blood pressure.   
 

17.2.2. Metabolic syndrome components 

Nine studies examined components of metabolic syndrome in relation to pesticide exposure including 
lipids levels, glucose and insulin levels. All but one study examined exposure to organochlorine 
pesticides and significant associations for some classes and lipid levels or glucose levels were 
observed. Highest quality evidence comes from the prospective Coronary Artery Risk Development in 
Young Adults (CARDIA) Study (ID CVD 016). In CARDIA, p,p’-DDE most consistently predicted 
higher triglycerides, and homeostasis model assessment value for insulin resistance (HOMA–IR) and 
lower High Density Lipoprotein (HDL)-cholesterol at year 20 after adjusting for various confounders. 
Oxychlordane, trans-nonachlor, and hexachlorobenzene also significantly predicted higher 
triglycerides. Finally, a case-control study in China, examined differences in glucose regulation in 
participants highly exposed to pyrethroids (occupational exposure). An indication of increased risk for 
abnormal glucose regulation was noted for exposure to pyrethroids (OR = 1.48, 95%CI = 1.24–1.77) 
(ID CVD 021). However, these results need external replication in other populations as the study is 
retrospective and residual confounding cannot be excluded.  
 

17.2.3. Subclinical atherosclerosis 

The population-based Prospective Investigation of the Vasculature in Uppsala Seniors examined in a 
cross-sectional study, whether POP levels were related to subclinical atherosclerosis. Circulating 
levels of PCBs were associated with atherosclerotic plaques and echogenicity of the intima-media 
complex independent of cardiovascular risk factors, but associations need to be confirmed in 
prospective studies. 
 

17.3. Metabolic syndrome and obesity 

Three studies (ID CVD 010, ID CVD 011) examined associations between organochlorine exposure 
and prevalence of metabolic syndrome. In National Health and Nutrition Examination Survey 
(NHANES) (ID CVD 010) significant association between organochlorine exposure and prevalence of 
Metabolic Syndrome was reported with ORs of 1.0, 1.5, 2.3 and 5.3 across organochlorine pesticide 
quartiles (p for trend <0.01). In the other case-control study (ID CVD 011) significant associations 
were noted for heptachlor only.  
 
Overall, 12 cross-sectional studies examined associations between pesticide exposure and measures of 
body fatness or obesity. Also, 10 out of 12 studies examined associations between organochlorines and 
obesity or body fatness; evidence around other pesticide classes was scarce. Three studies (ID CVD 
012, ID CVD 013, ID CVD 014) only presented correlation analysis with measures of body fatness. 
The remaining studies have shown some significant associations between waist circumference, Body 
Mass Index (BMI) and organochlorines (DDT and chlordane) but the evidence is limited to cross-
sectional analysis and results are only suggestive of an association.  
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18. Mortality 

Overall, 11 publications examined the effect of pesticide exposure on mortality (median sample size: 
1,986), contributing 318 separate analyses in the data extraction database. This section consists of a 
heterogeneous group of publications, which assessed associations between pesticides and all cause 
mortality of major mortality outcomes. Despite the fact that these studies were large, they were of 
modest quality and they are not very informative as they test a wide range of diseases simultaneously 
without corrections for multiple testing. The results do not show any apparent trend of pesticide 
exposure with overall mortality. 
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19. Immune/ Autoimmune diseases 

Overall, 10 publications examined the effect of pesticide exposure on immune disorders (median 
sample size: 196, IQR 81-476), contributing 67 separate analyses in the data extraction database. 
Sixty studies were conducted in America, 3 in Europe and one study was Asian. Various health related 
outcomes including arthritis, osteoarthritis, rheumatoid arthritis and an extensive list of various 
antibodies, cytokines etc. as summarized in Table 23. Seven out of the 10 publications referred to 
prospective cohort studies whereas 2 studies were cross-sectional and only one was case-control. The 
sample size in the reported analyses was rather small; it ranged between 19 and 532 participants with 
the largest study being the Carolina Lupus Study. Half of the studies assess occupational exposures 
and information on biomarkers of exposure was available in 2 studies whereas 4 studies used both 
biomarkers and questionnaires. As seen with other outcomes, the diversity of the exposure definition 
and the outcomes assessed are extensive and poses special challenges to data synthesis. No single 
outcome was assessed in more than two studies therefore synthesis of the data was not feasible for the 
field of immune disorders.  
 

Table 23: Health outcomes assessed in the field of immune disorders 

Health outcome  
Antinuclear antibodies Interleukin-4 (IL-4) 

Arthritis Interleukin-13 (IL-13) 

Complement components C3, C4 Immunologic effects 

Eosinophils Leucocyte counts 

Erythrocyte counts Lymphocyte levels 

Glycoproteins Neutrophils 

Hematocrit/Hemoglobin Natural Killers (NK) cells 

Interferon-  (IFN- ) Osteoarthritis 

 Immunoglobulin 1 (IgG1)  Rheumatoid arthritis 

Immunoglobulin 4 (IgG4) Systematic Lupus 

Immunoglobulin M (IgM)  
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20. Allergic diseases 

Nine studies from eight different populations reported associations between pesticide exposure and 
allergic disorders. Seven studies examined occupational exposure whereas two studies examined 
environmental exposure. Eight studies were cross-sectional investigations and therefore conclusions 
are prone to reverse causality and other biases. In terms of outcomes examined, five studies examined 
self-reported allergic rhinitis, one examined self-reported asthma and the remaining 3 examined self-
reported skin irritation, contact dermatitis, food allergy, hay fever and fragrance allergies. Statistically 
significant results were reported by four studies on allergic rhinitis (ID ALL_003, ID ALL_004, ID 
ALL_005, ID ALL_006). These studies reported significant association between various pesticide 
classes and allergic rhinitis. In particular, the Agricultural Health Study (AHS) reported significant 
association between allergic rhinitis and exposure to the herbicides 2,4-Dichlorophenoxyacetic acid 
(2,4-D) glyphosate and petroleum oil, the insecticide diazinon and the fungicide benomyl. However, 
the study has many limitations and results need cautious interpretation and require replication by 
future prospective studies. The study is limited by its ability to distinguish allergic from non-allergic 
symptoms of rhinitis and to establish temporality between exposure and symptoms due to its cross-
sectional design. One study with low overall quality reported high effect sizes (OR, 12.50; 95% CI, 
2.00-78.05) for allergic rhinitis in greenhouse flower and ornamental plant growers with pesticide 
application by hand pump vs. without (ID ALL_006). Again, the study has low overall quality, 
concerns a heavily exposed population with definition of exposure related to the method of application 
rather than a chemical class. Overall, the evidence around allergic disorders and pesticide exposure is 
weak. 
 
 
 

 
Ntzani EE, Chondrogiorgi M, Ntritsos G, Evangelou E, Tzoulaki I Pesticide epidemiology 

95 

1021



Ntzani EE, Chondrogiorgi M, Ntritsos G, Evangelou E, Tzoulaki I Pesticide epidemiology 
 

EFSA supporting publication 2013:EN-497  
The present document has been produced and adopted by the bodies identified above as author(s). This task has been carried out exclusively 
by the author(s) in the context of a contract between the European Food Safety Authority and the author(s), awarded following a tender 
procedure. The present document is published complying with the transparency principle to which the Authority is subject. It may not be 
considered as an output adopted by the Authority. The European Food Safety Authority reserves its rights, view and position as regards the 
issues addressed and the conclusions reached in the present document, without prejudice to the rights of the authors. 
 

96 

21. Haematological diseases 

21.1. Aplastic anaemia 

Three studies examined associations between pesticide exposure and aplastic anaemia; a rare 
hematologic condition. All studies were case-control designs and had small sample sizes (range 9-
310). Two studies reported significant associations with large effect sizes but it is difficult to draw 
firm conclusions due to the small number of studies available and the limitations of these studies 
(Table 24). The other case control study (ID APL_002) did not report effect sizes but only the p value 
of association, which was non-significant. Further evidence is required to throw light into these 
suggestive results. 
 

Table 24: Summary of results between pesticide exposure and aplastic anemia in 2 case-control 
studies that reported effect sizes 

Study ID Pesticide assessed Comparison OR Lower 95% CI Higher 95% CI N cases N controls
APL_001 Organophosphates yes/no 2.1 1.1 4.2 21 32
APL_001 DDT yes/no 6.7 1.5 30 5 4
APL_001 Carbamates yes/no 7.4 1.7 31 8 3
APL_001 Paraquat yes/no 2.3 1 5.1 12 24
APL_001 Other occupational pesticides yes/no 1 0.4 2.2 11 32
APL_001 Any household pesticides yes/no 1.3 0.9 1.9 64 238
APL_001 Organophosphates yes/no 2.1 1 4.4 17 26
APL_001 Paraquat yes/no 1.9 0.7 4.9 7 20
APL_001 Other occupational pesticides yes/no 1.1 0.4 2.7 9 24
APL_003 Agricultural use of pesticides yes/no 2.2 1.1 4.7 12 23
APL_003 Home use of pesticides yes/no 1.3 0.9 1.9 70 240
APL_003 Organophosphorates highest tertile of exposure/no exposure 3 0.9 10.1 5 7
APL_003 Pyrenthroids highest tertile of exposure/no exposure 1.8 1 3.1 23 57
APL_003 Herbicides yes/no 2.4 0.9 6 8 15  
 

21.2. Haematological and biochemical alterations 

Fourteen studies examined various haematological and biochemical alterations in relation to pesticide 
exposure. Main alterations studied were basic haematology and vitamin levels. The sample size ranged 
between 51 and 1,275. The quality of these studies was modest to low. Most studies reported 
unadjusted correlation statistics or means between haematological parameters and pesticide exposure 
and no effect sizes beyond the p values were reported. All studies provided cross-sectional evidence. 
Despite the fact than many of the reported analyses were statistically significant, results should not be 
interpreted at this stage due the limited evidence and modest quality associated with these data.  
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22. Other outcomes 

Overall, 30 publications examined the effect of pesticide exposure on other outcomes. Based on our 
criteria for data synthesis no meta-analysis was performed for those outcomes.  
 

22.1. Bone diseases 

Three studies examined the effect of pesticide exposure on osteoporosis including 13 different 
analyses. We identified two European cross-sectional studies and one Asian cohort (median sample 
size: 176, IQR: 153-908). All studies assess environmental exposure with information on biomarkers 
of exposure and all studies examined exposure to organochlorines only. Osteoporosis was assessed via 
ultrasound measurements and bone mineral density. The largest study of 908 women showed that p,p’-
DDE was positively associated with bone mineral density, the association remained after adjustment 
for confounders, but the effect was weak. 
 

22.2. Skin diseases  

Six studies examined the effect of pesticide exposure on skin lesion (median sample size: 356, IQR 
262-2203) including 11 analyses. Four studies used cross-sectional design. Environmental exposure 
was assessed in 3 studies. The definition of outcome was often skin rash or eczema. The resulst were 
largely not statistical significant. One prospective study (ID SKD 004) on 5,042 men from the Health 
Effects of Arsenic Longitudinal Study in Araihazar reported highly significant effect sizes for skin 
lesions and pesticide use but study also evaluated arsenic exposure and it is difficult to differentiate 
between the effect of each exposure.  
 

22.3. Dental diseases 

One study cross-sectional study from America including 496 participants assessed two outcomes. The 
study assessed environmental exposure with information of biomarkers (ID PER 001). In this study, 
organochlorine (OC) pesticides were strongly associated with periodontal disease. 
  

22.4. Metabolic diseases 

One European cross-sectional study assessed the effect of pesticides on metabolic diseases and 
specifically on levels of various prorfyrins including 8 analyses but no significant results were 
reported. Environmental exposure was studied using biomarkers for the assessment of exposure. 
 

22.5. Men health 

One case-control study reported association between pesticide exposure and erectile dysfunction. The 
study focused on organochlorine pesticides and compared 101 cases with erectile dysfunction to 234 
comparable control subjects. The results were no statistically significant and do not provide evidence 
of an association. 
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22.6. Gynaecological diseases 

In this group we included gynaecological outcomes not included in the previous outcome categories. 
Four studies are included in this group, three examined endometriosis and one the timing of 
menopause. The three studies on endometriosis (ID GYN 001, ID GYN 002, ID GYN 003) were all 
cross-sectional and all examined organochlorines. One out of 12 separate analyses on endometriosis 
and organochlorines was statistically significant; the highest tertile of aromatic fungicide was 
associated with a fivefold risk of endometriosis (OR = 5.3; 95% CI, 1.2–23.6) compared to the lowest 
tertile. This effect size is large and requires independent replication in other prospective studies. 
 
Data from the Agricultural Health Study (AHS) was used to study associations between exposure to 
pesticides and age at menopause in a prospective investigation of pre-menopausal women. After 
control for age, smoking status, and past use of oral contraceptives, the median time to menopause 
increased by approximately 3 months for women who used pesticides (HR 0.87, 95% CI: 0.78, 0.97) 
and by approximately 5 months for women who used hormonally active pesticides (HR 0.77, 95% CI: 
0.65, 0.92). Pesticide use may be associated with a later age at menopause based on these results; 
however results are prone to false positive bias and independent replication is needed.  
 

22.7. Symptoms and general health 

Five studies examined general health symptoms such as nausea, fatigue, dizziness, and shortness of 
breath. The definition of these outcomes is very hard and associated with large measurement errors. 
Studies were of modest to low quality and all concerned occupational exposures. Some statistically 
significant results were observed but are far form conclusive at this stage due to heterogeneity of data 
reported and the limitations associated with these studies.  
 

22.8. Kidney diseases 

Three studies examined kidney diseases including chronic kidney disease and gallstone disease. One 
study reported statistically significant results between DDE and DDT residues and gallstone disease. 
 

22.9. Benign tumours 

One a population-based case-control study on acoustic neuroma found no link between pesticide 
exposure and acoustic neuroma.  
 

22.10. Gastrointestinal diseases 

Seven studies examining associations between pesticide exposure and liver enzymes were identified. 
All studies were cross-sectional or case-control. One study, the National Health and Nutrition 
Examination Survey (NHANES), examined organochlorines, another one examined exposure to 2,4-
dichlorophenoxyacetic acid (2,4-D) and paraquat and the remaining studies examined broadly defined 
pesticide categories. The studies were of modest and low quality and presented only the means of 
enzymes in exposed and unexposed participants often without adjustments. Almost all studies reported 
statistically significant results with higher level of liver enzymes (e.g. Gamma-glutamyltransferase 
(GGT), Alanine aminotransferase (ALT), Aspartate aminotransferase (AST)) in participants exposed 
to pesticides. However, due to the low quality of the data and the limited number of studies firm 
conclusions cannot be drawn and data is only suggestive of associations at this stage.  
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CONCLUSIONS 
After an exhaustive and comprehensive search of almost 46,000 scientific publications we identified 
602 publications, which examine epidemiologic associations between pesticide exposure and diverse 
health outcomes. The entire spectrum of health outcomes related to pesticide exposure has not been 
studied before. Our results show a very wide spectrum including 24 major disease categories. Few 
environmental exposures have been associated with such a wide range of outcomes. The most 
prevalent outcomes are cancers and mother and child health outcomes. But other disease categories 
have received considerable attention such as neurological conditions and reproductive diseases. 
Despite the large volume of available data and the large number (>6,000) of analyses available, firm 
conclusions cannot be made for the majority of the outcomes studied. This observation is 
disappointing especially when one accounts for the large volume of research in the area. However, this 
observation is in line with previous studies on environmental epidemiology and in particular on 
pesticides which all acknowledge that such epidemiological studies suffer from many limitations and 
that the heterogeneity of data is such that does not allows firm conclusions to de made.   
 
The range of categories of pesticide studied is wide but studies very often concentrate on a broadly 
defined pesticide category, and it is hard to understand which pesticide the population is exposed to. 
Studies often examine pesticides that have already been banned in western populations and the 
European Union. The use of biomarkers as means of exposure assessment is infrequent but still 
available in almost half of the studies. In addition, cohort studies represent a minority of this literature 
with case control and cross-sectional studies representing an approximately equal proportion of 
eligible articles. Case-control and cross-sectional evidence does not allow the study of temporal 
relations and thus are unable to provide support regarding the causality of associations. The 
assessment of exposure is perhaps the most important methodological limitation of the studies. Studies 
used different methods for exposure assessment and assignment. Most studies were based on self-
reported exposure to pesticides, defined as ever versus never use or as regular versus non-regular use. 
Such methods suffer from high misclassification rates and especially in the case of retrospective 
studies where misclassification would be differential with higher exposures reported in participants 
with disease (recall bias). Above all, such questionnaires might be capable of differentiating subjects 
with very high and very low exposure levels but are not capable of valid exposure classification across 
an exposure gradient thus not allowing the study of dose-response relationships. Also, the accuracy of 
exposure might be high for broad categories of pesticides and commonly used pesticides, but not for 
specific pesticides. It is important that questionnaires used for exposure assessment are validated. 
However, studies largely used “home made” versions of questionnaires, sometimes not giving the 
information on the actual questions used to assess exposure. In addition, exposure simultaneously in 
multiple agents is common which may introduce further bias in the results. For example, occupational 
exposure to pesticides is likely to coexist with exposure to benzene, heavy metals, solvents, suspended 
particulate matter etc. all of which have adverse health outcomes. It is essential to account for 
confounding from exposure to multiple agents in order to delineate true associations but this has not 
been possible in the overwhelming majority of evidence assessed herein. 
In addition, the evidence collected and appraised herein is likely to suffer from selective reporting and 
multiple testing. The studies reported a very wide range of analyses; 602 publications resulted in 6000 
analyses. The amount of multiple hypothesis testing is enormous. These analyses need to be adjusted 
for multiple hypothesis testing else the results suffer from high false positive rate.  Even when studies 
present only one analysis, selective reporting is always a possibility as has been shown in other 
epidemiological fields as well. In addition, when interpreting results one should also take into account 
that, especially for certain outcomes (e.g. cancers), the majority of evidence comes from single study 
populations and the AHS in particular.   
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Beyond definition of exposure, the definition of clinical outcomes displayed large variability in 
eligible epidemiological studies, which can further cause the variability in results. Perhaps most 
important in this setting is the use of surrogate outcomes examined. Here we observed a great number 
of surrogate outcomes. Surrogate outcomes are biomarkers or physical measures that are generally 
accepted as substitutes for or predictors of specific clinical outcomes. However, many times these 
surrogate outcomes are unvalidated and do not meet the strict definitions of surrogate outcomes. Such 
outcomes can be defined as possible predictors of clinical outcomes but do not fulfil the criteria for a 
surrogate outcome. It is essential that the evidence around unvalidated surrogate outcomes are 
appraised taking into account the implicit assumptions of unvalidated surrogate outcomes.  
 
Acknowledging these limitations we attempted to summarise the evidence retrieved in this report. An 
added important limitation here is the fact that this review is limited to publications after 2006. This 
allows us only to review recent evidence and any meta-analysis needs very cautious interpretation, as 
it does not include all available evidence. Results might be biased if data published after 2006 are 
different from earlier evidence. To this end, we also provided updated meta-analysis for major 
outcomes and for those that a relevant meta-analysis published after 2006 was identified. This has only 
been possible for childhood leukaemia and for Parkinson’s disease. For both these outcomes we found 
significant associations between pesticide exposure and disease in line with previous evidence. 
Significant summary estimates have also been reported for other outcomes as summarised in Table 25 
below. However, as they represent studies form 2006 onwards results should be regarded as suggestive 
of associations only and limitations especially regarding the heterogeneity of exposure should always 
been take into consideration.  
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Table 25: Summary of meta-analyses performed in this report 

Health outcome N 
studies 

Meta-analysis 
result 

 

Leukemia 6 1.26 (0.93,1.71) 59.4% 
Hodgkin’s Lymphoma 7 1.29 (0.81, 2.06) 81.6% 
Childhood Leukemia (exposure to pesticides 
during pregnancy) 

6 1.67 (1.25, 2.23) 81.2% 

Childhood Leukemia (exposure to insecticides 
during pregnancy) 

5 1.55 (1.14, 2.11) 65% 

Childhood Leukemia (exposure to insecticides 
during pregnancy-update Turner 2010) 

9 1.69 (1.35, 2.11) 49.8% 

Childhood Leukemia (exposure to unspecified 
pesticides during pregnancy) 

5 2.00 (1.73, 2.30) 39.6% 

Childhood Leukemia (exposure to unspecified 
pesticides during pregnancy-update Turner 
2010) 

11 1.30 (1.09, 1.56) 26.5% 

Childhood Leukemia (exposure to pesticides 
during childhood) 

7 1.27 (0.96, 1.69) 61.1% 

Childhood Leukemia (exposure to insecticides 
during childhood-update Turner 2010) 

8 1.51 (1.28, 1.78) 0% 

Childhood Leukemia (exposure to unspecified 
pesticides during childhood-update Turner 
2010) 

11 1.36 (1.19, 1.55) 0% 

Breast Cancer (DDE exposure) 5 1.13 (0.81, 1.57) 0% 
Breast Cancer  11 1.24 (1.08, 1.43) 0% 
Testicular Cancer (DDE exposure) 5 1.40 (0.82, 2.39) 59.5% 
Stomach Cancer  6 1.79 (1.30, 2.47) 0% 
Liver Cancer  5 2.50 (1.57, 3.98) 25.4% 
Cryptorchidism 8 1.19 (0.96, 1.49) 23.9% 
Cryptorchidism (DDT exposure) 4 1.47 (0.98, 2.20) 51% 
Hypospadias (general pesticide exposure) 6 1.01 (0.74, 1.39) 71.5% 
Hypospadias (exposure to specific pesticides) 9 1 (0.84, 1.18) 65.9% 
Abortion 6 1.52 (1.09, 2.13) 63.1% 
Parkinson’s disease 26 1.49 (1.28, 1.73) 54.6% 
Parkinson’s disease (DDT exposure) 5 1.01 (0.78, 1.30) 0% 
Parkinson’s disease (paraquat exposure) 9 1.32 (1.09, 1.60) 34.1% 
Amyotrophic Lateral Sclerosis 6 1.58 (1.31, 1.90) 10% 
Asthma (DDT exposure) 5 1.29 (1.14, 1.45) 0% 
Asthma (paraquat exposure) 6 1.40 (0.95, 2.06) 53.3% 
Asthma (chlorpyrifos exposure) 5 1.03 (0.82, 1.28) 0% 
Type 1 Diabetes (DDE exposure)  8 1.89 (1.25, 2.86) 49% 
Type 1 Diabetes (DDT exposure) 6 1.76 (1.20, 2.59) 76.3% 
Type 2 Diabetes (DDE exposure) 4 1.29 (1.13, 1.48) 0% 
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RECOMMENDATIONS 
As discussed above, the extensive evidence gathered for this report highlights that there is immense 
amount of information available on pesticide exposure and health outcomes from epidemiological 
studies. Nonetheless, the quality of this evidence is usually low and many biases are likely to affect the 
results to an extent that firm conclusions cannot be made. Childhood cancers and Parkinson’s disease 
are the two outcomes for which a corresponding meta-analysis after 2006 was found and for which 
data are consistent to show an increased risk associated with pesticide exposure. Nonetheless, the 
exposure needs to be studies further in order to disentangle the effect of specific pesticide classes or 
even individual pesticides. Effects on other outcomes, such as endocrine disorders, asthma and 
allergies, diabetes and obesity, are showing increased risk and should be explored further. This report 
concentrated on examining separately health outcomes. An alternative approach would be to look for 
pesticide classes, subclasses or even individual pesticides across a range of outcomes. These 
approaches could highlight whether a pesticide class has a particular detrimental effect across a variety 
of disease endpoints. Finally, exposure epidemiology has long suffered from exposure measurement 
and definition and in particular for pesticides this has always been exceptionally difficult to assess and 
define. Technological advances now enable us to measure in a large scale and agnostic way 
biomarkers of exposure using high throughput technologies of omics. For example, metabolomic 
analysis offers a way to capture a whole range of environmental exposures with minimal measurement 
error and ability to specify the exposure. These approaches are now being developed and are likely to 
offer much clearer view on the associations between environmental exposures, including dietary 
exposures, and health outcomes.  
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APPENDICES  

APPENDIX I. EXTENDED SEARCH ALGORITHM IN MEDLINE 
Pesticid* OR Pesticide OR pest control OR “pest control” OR (Chemosteril* OR Chemosterilant OR 
Fungicid* OR fungicide OR Fungicide, Industrial OR Herbicid* OR Herbicide OR Defoliant* OR 
Defoliant, Chemical OR Insect Repellent*OR Insect Repellent OR  Insecticid* OR Insecticide OR 
Molluscacid* OR Molluscacide OR Pesticide Synergist* OR Pesticide Synergist OR Rodenticid* OR 
Rodenticide OR organochlor* OR organochloride OR organochlorine OR chlorocarbon OR 
chlorinated hydrocarbon OR chlorinated solvent OR organophosphat* OR organophosphate OR 
carbamat* OR carbamate OR pyrethroid* OR pyrethroid) OR (1,2-dibromo-3-chloropropane OR 1,3-
dichloro-1-propene OR 1-(4-ethynylphenyl)-4-propyl-2,6,7-trioxabicyclo(2.2.2)octane OR 1-Methyl-
4-phenylpyridiniumOR 2,4,5-Trichlorophenoxyacetic Acid OR 2,4-Dichlorophenoxyacetic AcidOR 2-
dichlorobenzeneOR 2-Methyl-4-chlorophenoxyacetic Acid OR 2-methyl-4-chlorophenoxyacetic acid 
dicamba herbicide solution OR 2-phenylphenol OR 3,5,6-trichloro-2-pyridinolOR 4''-epiacetylamino-
4''-deoxyavermectin B1 OR 4-dichlorobenzeneOR abamectin OR acephate OR acetochlor OR 
acifluorfen ORAgent OrangeOR alachlor OR Aldicarb OR Aldrin OR Allethrin OR allosamidin OR 
alpha-Chlorohydrin OR alpha-naphthyl thiourea OR alpha-naphthylphthalamic acid OR aluminum 
phosphide OR aminocarb OR amitrazOR AnabasineOR arsenic acidOR Atrazine OR avermectinOR 
azadirachtin OR AzinphosmethylOR Bacillus thuringiensis protoxinOR bendiocarbOR BenomylOR 
bentazoneOR benthiocarbOR benzyl benzoate OR bialaphos OR binB protein Bacillus sphaericus OR 
bioallethrinOR bioresmethrin OR bis(tri-n-butyltin)oxideOR boric acid OR bromacil OR 
bromadiolone OR bromfenacoumOR bullatacinOR butachlorOR butyl phosphorotrithioate OR 
Cacodylic Acid OR captafol OR CaptanOR Carbaryl OR Carbofuran OR CarboxinOR Chloranil OR 
ChlordanOR ChlordeconeOR Chlorfenvinphos OR chlorocresol OR chlorophacinoneOR 
ChlorphenamidineOR Chlorpropham OR Chlorpyrifos OR chlorsulfuronOR chlortoluronOR 
cismethrinOR closantel OR CoumaphosOR crotamiton OR cyanazine OR cyclonite OR cyfluthrinOR 
cyhalothrinOR cyhexatinOR cypermethrinOR cyromazineOR cythioateOR daminozideOR 
decamethrinOR DEETOR dexon (fungicide)OR diallyl trisulfideOR Diazinon OR Dicamba OR 
dichlobanilOR Dichlorodiphenyl DichloroethyleneOR DichlorodiphenyldichloroethaneOR 
dichlorodiphenyltrichloroethane OR DDT OR Dichlorvos OR Dicofol OR dieldrin OR difenacoumOR 
DimethoateOR dimethyl 4,4'-o-phenylene bis (3-thioallophanate) with carbamic acid ethylene bis 
(dithio)-mangenese zinc complexOR dimethyl 4-phthalateOR dimethyl phthalateOR Dinitrophenols 
OR dinosebOR diphenylOR DiquatOR DisulfotonOR DiuronOR doramectin OR EndosulfanOR 
EndrinOR ethionOR Ethylmercuric Chloride OR Ethylmercury Compounds OR famophos OR 
fenarimol OR FenitrothionOR fenoxycarb OR fenpropimorphOR Fenthion OR fenvalerate OR fipronil 
OR fluazifop OR fluazifop-butyl OR  fluoroacetic acid OR fluphenacur OR fluridoneOR fluvalinate 
OR folpet OR FonofosOR glyphosateOR hedolit OR Hempa OR HeptachlorOR Heptachlor Epoxide 
OR heptenophosOR HexachlorobenzeneOR hexachlorobutadiene OR hexazinoneOR 
hydramethylnonOR imazalilOR imidaclopridOR insecticidal crystal protein Bacillus ThuringiensisOR 
iprodioneOR isofenphosOR isoproturonOR IvermectinOR jasplakinolideOR LeptophosOR linaloolOR 
LindaneOR Linuron ORmalachite greenOR malaoxonOR MalathionOR Maleic HydrazideOR 
mancozebOR ManebOR mecarzoleOR mecopropOR metalaxylOR metaldehydeOR 
methamidophosOR methidathionOR MethiocarbOR MethomylOR MethoxychlorOR methyl 
demetonOR methyl isothiocyanateOR Methyl ParathionOR methylbromfenvinphosOR 
methyldithiocarbamateOR methyllycaconitineOR metolachlorOR metribuzinOR MevinphosOR 
milbemycinOR molinateOR MonocrotophosOR monomethylarsonic acidOR N,N-
diethylphenylacetamide OR N-(3,5-dichlorophenyl)succinimideOR N-bromoacetamideOR n-
hexanalOR Naled OR neem oilOR neosaxitoxinOR Niclosamide OR nitrofenOR nonachlor OR 
norbormideOR norflurazoneOR nornicotine OR octamethyl pyrophosphoramideOR oryzalinOR 

 
Ntzani EE, Chondrogiorgi M, Ntritsos G, Evangelou E, Tzoulaki I Pesticide epidemiology 

106 

1032



Ntzani EE, Chondrogiorgi M, Ntritsos G, Evangelou E, Tzoulaki I Pesticide epidemiology 
 

EFSA supporting publication 2013:EN-497  
The present document has been produced and adopted by the bodies identified above as author(s). This task has been carried out exclusively 
by the author(s) in the context of a contract between the European Food Safety Authority and the author(s), awarded following a tender 
procedure. The present document is published complying with the transparency principle to which the Authority is subject. It may not be 
considered as an output adopted by the Authority. The European Food Safety Authority reserves its rights, view and position as regards the 
issues addressed and the conclusions reached in the present document, without prejudice to the rights of the authors. 
 

107 

ParaoxonOR ParaquatOR ParathionOR pendimethalin OR pentachlorobenzeneOR 
PentachlorophenolOR PermethrinOR phenothrinOR phenthoateOR phentin acetate OR 
Phenylmercuric Acetate OR phenylmercuric nitrate, basicOR Phenylmercury CompoundsOR 
Phenylphosphonothioic Acid 2-Ethyl 2-(4-Nitrophenyl) EsterOR Phorate OR phosaloneOR 
PhosmetOR PhosphamidonOR phosphineOR phosphinothricinOR phoxim OR Picloram OR Piperonyl 
ButoxideOR pirimicarbOR pirimiphos methylOR precocene IIOR prochlorazOR procymidoneOR 
profenofosOR PrometryneOR propachlorOR PropanilOR PropoxurOR PyrethrinsOR pyriminil OR 
quinalphos OR quintozene OR RotenoneOR S,S'-(2-(dimethylamino)-1,3-propanediyl)thiosulfuric 
acid ester OR SimazineOR sodium chlorateOR spinosadOR sulfamic acidOR sulfometuron methyl 
OR tebufenozideOR TemefosOR terbutryneOR terbutylazineOR terthienyl OR 
tetrachloroisophthalonitrileOR TetrachlorvinphosOR tetramethrinOR thallium sulfate OR 
ThiophanateOR ThiramOR ToxapheneOR triadimefon OR Triallate OR TrichlorfonOR triclopyrOR 
triflumuron OR Trifluralin OR vinclozolin OR Warfarin OR zinc phosphide OR Zineb OR Ziram) 
 
(LIMITS: HUMAN, 1/1/2006 - 1/10/2012) 
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APPENDIX II. EXPLANATIONS TO THE DATA EXTRACTION DATABASE 

 
Study ID This is the unique ID of the study given sequentially for each 

study major outcome 
PUBMED_ID This is the PUBMED ID of the study (if not available ID in 

EMBASE was provided and when this was not available the 
title of the study was provided)  

First author First author’s last name 
Journal Journal in which the study was published 
Year Year of publication 
Country Country where the study was conducted 
Location (continent) Continent where the study was conducted 
Recruitment period Period during which the study participants were recruited 
Exposure Period (preconception, 
infancy, childhood, adulthood, 
pregnancy) 

Growth period in which the pesticide exposure occurred 
(preconception, pregnancy, infancy, childhood, adolescence, 
adulthood) 

Follow-up period Follow-up calendar period for prospective/ retrospective 
studies 

Follow-up duration (maximum) Maximum follow-up period in years for prospective/ 
retrospective studies 

Follow-up duration (years) 
(median/mean) 

Mean or median follow-up period in years for prospective/ 
retrospective studies 

Study type (cohort, nested case-
control, case-control, cross-
sectional) 

The epidemiological study design: cohort, nested case-control, 
case-control, cross-sectional 

Cohort name The name of the epidemiological study 
Age (years) (range/mean/median..) The age of the population studied (preference is to provide 

the mean or meadian age, when not available the range is 
given). Data is presented in years unless otherwise stated. 

Gender (% male) Percentage of males in study population 
Active substance assessed Pesticide assessed in the study as defined/named in the study 
Active substance category Chemical or functional pesticide category in which the 

pesticide is classified 
Authorisation status Pesticide active substances authorized within EU 

(06/09/2013). Yes/No/NA (NA=not applicable) 
Biomarker name The name of the biomarker of exposure to pesticide (if 

measured) 
Control definition Definition of the control group in case-control studies 
Pesticide co-exposure (measured) Did the study provided information on other co-exposed 

pesticides? (yes, no) 
Population characteristics Description of the population examined (gender, location, 

disease status) 
Type of exposure (occupational, 
environmental, both) 

What is the source of exposure to pesticides: occupational (if 
the exposure is related to a specific occupational activity); 
environmental (if the exposure is not related to any 
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occupational activity (e.g. domestic use of pesticides, use of 
pesticides in gardening, exposure related to gardening etc.); 
both (when both occupation and environmental exposure is 
present).  

Type of exposure assessment (direct 
exposure questionnaire/ 
biomarker/residential 
history/occupational history/ JEM/ 
expert evaluation/ environmental 
 odeling) 

Means of measuring pesticide exposure: direct exposure 
questionnaire (interview or self-administered); measurement 
of biomarker in biological fluids; residential history; 
occupational history; Job Exposure Matrix (JEM)  

Exposure definition  Definition of exposure as described in the study  
Questionnaire type Questionnaire type (interview or self administrated) (for 

studies which assessed exposure through questionnaires, else 
state n/a) 

Measurement of biomarker (whole 
blood, plasma, urine, breast milk, 
placenta, nails, hair, saliva, adipose 
tissue) 

Body fluid or tissue in which the biomarker was measured 
(whole blood, plasma, urine, breast milk, placenta, nails, hair, 
saliva, adipose tissue etc.) 

Assay type Type of biochemical assay used for biomarker measurement  
Exposure duration Duration of exposure to pesticides in years (when available) 
Pediatric exposure type (mother, 
father, child, combinations) 

For studies on child outcomes, describe means of exposure 
through self-exposure or parental exposure (mother, father, 
child, combinations) 

Pediatric exposure time 
(preconception, pregnancy, 
combination) 

For studies on child outcomes, was parental exposure during 
preconception, pregnancy or combinations? 

Health outcome Health outcome as described in the study  
Outcome definition Health outcome definition used in the study  
Disease category Disease category  
Effect estimate type (RR, OR, HR, 
beta, MD, SMD) 

Type of effect estimate for the assessment of pesticide and 
health outcome relationship (RR, OR, HR, beta, MD, SMD) 

Effect (binary, continuous) Effect estimated on a binary or continuous manner (binary, 
continuous) 

Comparison unit (yes/no, unit 
increase, …) 

The definition of comparison for the calculation of the effect 
size (yes/no, unit increase etc.) 

Effect estimate Value of effect estimate 
SE/SD effect stimate Standard error/Standard deviation of effect estimate 
Lower 95% CI Lower 95% confidence interval of the effect estimate  
Higher 95% CI Higher 95% confidence interval of the effect estimate 
Adjustment for Confounders/ variables for which the effect estimate was 

adjusted for 
Controls matched for  Variables for which controls were matched to cases (case 

control studies only) 
Sample size Total number of participants 
N cases Number of cases 
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N controls Number of controls 
Statistical method Statistical method used to calculate the effect size 
Study design (prospective, 
retrospective, mixed, cross-
sectional) 

Prospective or retrospective type of study design 
(prospective, retrospective, mixed, cross-sectional) 

Inclusion/exclusion criteria clearly 
stated (yes, partially, no) 

Was the description of study participants (population) 
inclusion and exclusion criteria detailed? (yes/partially/no)  

Authors mention power calculations 
(yes, no) 

Do the authors mention power calculations in the manuscript 
preceding or proceeding their statistical analysis (yes/no) 

Level of detail in describing 
exposure (high, medium, low) 

Level of detail in which the definition of exposure to 
pesticides is provided (high/medium/low) 

Robust measurement of exposure. 
(biomarker (yes);  small area 
ecological measures, job titles, 
questionnaire (partial); was based 
on large area ecological measures 
(no)  

Was the measurement of exposure robust: biomarker (yes); 
small area ecological measures, job titles, questionnaire 
(partial); was based on large area ecological measures (no) 

Were measures of exposure 
specific? Yes; based on broader, 
chemically-related groups (partial); 
based on broad groupings of diverse 
chemical and toxicological 
properties (no) 

Were measures of exposure specific? (yes); based on broader, 
chemically-related groups (partial); based on broad groupings 
of diverse chemical and toxicological properties (no) 

Attempt to balance the allocation 
between the groups (e.g., through 
stratification, matching) 

Was an attempt to balance the allocation between the groups 
in case-control studies either through stratification or 
matching (yes/no)? 

Adjustment performed  for 
potential confounders (yes, some, 
no) 

Was the effect size adjusted for potential confounders (yes, 
some, no)? 

Assessors blinded to exposure 
status (for cohort studies) 

Were the assessors blinded to exposure status in cohort 
studies (yes/no/;n/a:not available or not applicable when 
studies are not cohorts)? 

Outcomes assessed using valid and 
reliable measures, implemented 
consistently across all study 
participants?  

Were the outcomes assessed using valid and reliable 
measures implemented consistently across all study 
participants (yes/no) 

Sample size (top [991], middle, 
bottom quartiles[104]) 

The size of the sample 

Was source of funding 
acknowledged 

Do the authors acknowledge any possible source of funding 
(yes/no) 

Rough quality assessment Rough quality assessment taking into account the data in all 
other columns of the quality assessment of data extraction 
form 

COMMENTS Any comments related to the study that help interpretation of 
the data extracted 
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GLOSSARY AND ABBREVIATIONS 
 
AHS: Agricultural Health Study  
 
Beta estimate: coefficient of linear regression 
 
Bias: A systemic inaccuracy in data due to the characteristics of the process employed in the creation, 
collection, manipulation and presentation of the data or due to faulty sample design of the estimating 
technique 
 
Biomarker: A measurable substance or characteristic in the human body that can be used to monitor 
the presence of a chemical in the body, biological responses, or adverse health effects. Biomarkers of 
exposure are used to assess the amount of a chemical that is present within the body. 
 
Blinded outcome assessment: Individuals who assess the exposure are blinded to the health outcome 
status of the participants.  
 
CARDIA: The “Coronary Artery Risk Development In Young Adults” study, a multi-center, 
population-based study. 

Case-control study: A type of observational study in which two existing groups differing in outcome 
are identified and compared on the basis of some supposed causal attribute. Case-control studies are 
retrospective, as the exposure status is assessed retrospectively.  
 
Case reports: Detailed reports of the symptoms, signs, diagnosis, treatment, and follow-up of 
individual patients. 
 
Case series: descriptive study that tracks patients with a known exposure given similar treatment or 
examines their medical records for exposure and outcome. These studies lack control groups.  
 
Center-specific analysis: Analysis per centre in studies, which have participants, recruited from more 
than one centre.  
 
CHAMACOS: The Center for the Health Assessment of Mothers and Children of Salinas 
(CHAMACOS). A prospective birth cohort aimed at studying the association of pesticides and other 
environmental agents on the health of pregnant women and their children living in the Salinas Valley, 
California. 
 
CI: Confidence Interval 
 
Cohort study: A longitudinal/prospective study, which analyses risk factors and follows a group of 
people who do not have the disease until participants develop the disease(s) of interest 
 
Confounders: Extraneous variables in a statistical model that correlate (positively or negatively) with 
both the dependent variable (exposure) and the independent variable (outcome) 
 
Cross-sectional study: A study that involves observation of all of participants at one specific point in 
time, exposure and outcome are measured in the same time point.  
 
Ecological study: Studies in which the unit of observation is the population or community. Disease 
rates and exposures are measured in each of a series of populations and their relation is examined. 
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Effect (binary/continuous): Outcome is binary (dichotomous, e.g. cancer (yes/no)) or continuous (e.g. 
systolic blood pressure (120mmHg)).  
 
Effect estimate/ size: A measure of the strength of association  
 
ESCALE: The “Etude sur les cancers de l'enfant” study, a national registry-based case-control study 
 
Funnel plots: graph designed to check the existence of publication bias in systematic reviews and 
meta-analyses 
 
Heterogeneity:  meta-analysis is used to estimate a combined effect from a group of similar studies. 
However, the individual estimates of treatment effect will vary by chance; some variation is expected. 
The question is whether there is more variation than would be expected by chance alone. When this 
excessive variation occurs, it is called heterogeneity 
 
HR: Hazard Ratio 
 
I2 : measure of the consistency between trials in a meta-analysis, it is a measurement of heterogeneity 
and takes values form 0 (no heterogeneity) to 1 (extreme heterogeneity)  
 

INUENDO: “INUENDO—Biopersistent organochlorines in diet and human fertility” Epidemiological 
studies of time to pregnancy and semen quality in Inuit and European populations”, a European project 
on fertility that was supported by the European Commission to the 5th Framework Programme Quality 
of Life and Management of Living Resources, Key Action 4 on Environment and Health (Contract no. 
QLK4-CT-2001-00202) (http://www.inuendo.dk). 

IRR: Incidence rate ratio 
 
IQR: Interquartile Range 
 
JEM :Job Exposure Matrix 
 
MD: Mean Difference 
 
Meta-analysis: The process or technique of synthesizing research results by using various statistical 
methods to retrieve, select, and combine results from previous separate but related studies. 
 
Multiple testing: Testing many hypotheses, which are not a priori defined or based on a priori 
hypothesis.  
 
Misclassification: Bias in an estimate arising from measurement error 
 
Multivariable models: Statistical models with more than one dependent variable. These models 
typically adjust for a number of confounders the analysis of interest.  
 
Nested case-control study: In a nested case-control study, cases of a disease that occur in a defined 
cohort are identified and, for each, a specified number of matched controls is selected from among 
those in the cohort who have not developed the disease by the time of disease occurrence in the case  
 
NHANES: National Health and Nutrition Examination Survey 
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Observational study: an observational study draws inferences about the possible effect of a treatment 
on subjects, where the assignment of subjects into a treated group versus a control group is outside the 
control of the investigator  
 
OR: Odds ratio 
 
Pooled effect estimate: Summary effect estimate of the meta-analysis, the result of meta-analysis 
 
POPs: Persistent Organic Pollutants 
 
Prospective study: An epidemiologic study in which the groups of individuals (cohorts) are selected on 
the bases of factors that are to be examined for possible effects on some outcome 
 
Publication bias: Bias arisen from the tendency for researchers, editors, and pharmaceutical companies 
to handle the reporting of experimental results that are positive (i.e. showing a significant finding) 
differently from results that are negative (i.e. supporting the null hypothesis) or inconclusive.          
 
Recall bias: Systematic errors due to differences in accuracy or completeness of recall to memory of 
past events or experiences. 
 
Residual confounding: Residual confounding occurs when a confounder has not been adequately 
adjusted for in the analysis (usually because the confounder is not known) 
 
Retrospective study: an epidemiologic study in which participating individuals are classified as either 
having some outcome (cases) or lacking it (controls); the outcome may be a specific disease, and the 
persons' histories are examined for specific factors that might be associated with that outcome 
 
Reverse causality: Reverse causality refers to the direction of cause-and-effect, it is not known 
whether the exposure has led to the outcome or the outcome has led to the exposure.  
 
RR: Relative Risk  
 
Narrative review: An article written to consider the critical points of current knowledge including 
substantive findings, as well as theoretical and methodological contributions to a particular topic 
 
SD: Standard Deviation 
 
SE: Standard Error 
 
Surrogate outcome: A laboratory measurement or physical sign that is used in trials as a substitute for 
a clinically meaningful endpoint that is a direct measure of how a patient feels, functions, or survives 
and is expected to predict the effect of the exposure 
Systematic reviews: Reviews of the evidence on a clearly formulated question that use systematic and 
explicit methods to identify, select and critically appraise relevant primary research, and to extract and 
analyse data from the studies that are included in the review 
 
Type-I error: The incorrect rejection of a true null hypothesis    
 
UFW: United Farm Workers 
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1

FOREWORD

Harmonization Project Documents are a family of publications by the World Health 
Organization (WHO) under the umbrella of the International Programme on Chemical Safety 
(IPCS) (WHO/ILO/UNEP). Harmonization Project Documents complement the Environmen-
tal Health Criteria (EHC) methodology (yellow cover) series of documents as authoritative 
documents on methods for the risk assessment of chemicals. 

The main impetus for the current coordinated international, regional, and national efforts on 
the assessment and management of hazardous chemicals arose from the 1992 United Nations 
Conference on Environment and Development (UNCED). UNCED Agenda 21, Chapter 19, 
provides the “blueprint” for the environmentally sound management of toxic chemicals. This 
commitment by governments was reconfirmed at the 2002 World Summit on Sustainable 
Development and in 2006 in the Strategic Approach to International Chemicals Management 
(SAICM). The IPCS project on the Harmonization of Approaches to the Assessment of Risk 
from Exposure to Chemicals (Harmonization Project) is conducted under Agenda 21, Chapter 
19, and contributes to the implementation of SAICM. In particular, the project addresses the 
SAICM objective on Risk Reduction and the SAICM Global Plan of Action activity to 
“Develop and use new and harmonized methods for risk assessment”. 

The IPCS Harmonization Project goal is to improve chemical risk assessment globally, 
through the pursuit of common principles and approaches, and, hence, strengthen national 
and international management practices that deliver better protection of human health and 
the environment within the framework of sustainability. The Harmonization Project aims to 
harmonize global approaches to chemical risk assessment, including by developing 
international guidance documents on specific issues. The guidance is intended for adoption 
and use in countries and by international bodies in the performance of chemical risk 
assessments. The guidance is developed by engaging experts worldwide. The project has 
been implemented using a stepwise approach, first sharing information and increasing 
understanding of methods and practices used by various countries, identifying areas where 
convergence of different approaches would be beneficial, and then developing guidance that 
enables implementation of harmonized approaches. The project uses a building block 
approach, focusing at any one time on the aspects of risk assessment that are particularly 
important for harmonization. 

The project enables risk assessments (or components thereof) to be performed using inter-
nationally accepted methods, and these assessments can then be shared to avoid duplication 
and optimize use of valuable resources for risk management. It also promotes sound science 
as a basis for risk management decisions, promotes transparency in risk assessment, and 
reduces unnecessary testing of chemicals. Advances in scientific knowledge can be translated 
into new harmonized methods.  

This ongoing project is overseen by a geographically representative Harmonization Project 
Steering Committee and a number of ad hoc Working Groups that manage the detailed work. 
Finalization of documents includes a rigorous process of international peer review and public 
comment.
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PREFACE

Following publication of the International Programme on Chemical Safety (IPCS) 
Conceptual Framework for Evaluating a Mode of Action for Chemical Carcinogenesis (in 
animals),1 an IPCS Cancer Working Group convened on 3–5 March 2004 in Arlington, 
Virginia, USA. The working group agreed that the issue of human relevance of animal 
tumours should be further explored with the goal of developing a unified IPCS Human 
Relevance Framework for use of mode of action information in risk assessment for regulatory 
and other purposes, and it provided initial guidance for this task. The members of this 
working group, including secretariat support and a representative of the Organisation for 
Economic Co-operation and Development, were as follows: 

Professor Hermann Bolt, Institut für Arbeitsphysiologie, Germany  
Professor Alan R. Boobis, Department of Health Toxicology Unit, Imperial College 

London, United Kingdom
Dr John Bucher, National Institute of Environmental Health Sciences, USA  
Dr Vincent Cogliano, Unit of Carcinogen Identification and Evaluation, International 

Agency for Research on Cancer, France  
Dr Samuel M. Cohen, Pathology and Microbiology, Havlik-Wall Professor of Oncology, 

University of Nebraska Medical Center, USA
Dr William Farland, Office of Research and Development, Environmental Protection 

Agency, USA  
Dr Jun Kanno, Division of Cellular & Molecular Toxicology, National Institute of 

Health Sciences, Japan
Dr Lois D. Lehman-McKeeman, Bristol-Myers Squibb, USA  
Ms Bette Meek, Environmental Health Centre, Health Canada, Canada 
Ms Laurence Musset, Environment, Health and Safety Division, Organisation for 

Economic Co-operation and Development, France
Dr Jerry Rice, Consultant, USA
Ms Cindy Sonich-Mullin, International Programme on Chemical Safety, World Health 

Organization, USA
Ms Carolyn Vickers, International Programme on Chemical Safety, World Health 

Organization, Switzerland
Ms Deborah Willcocks, Existing Chemicals, National Industrial Chemicals Notification 

and Assessment Scheme (NICNAS), Australia  

Extending the Mode of Action Framework to include consideration of human relevance, 
taking into account guidance from the Arlington meeting, was the subject of an IPCS 
international workshop convened in Bradford, United Kingdom, from 21 to 23 April 2005. 
This workshop prepared draft text for an IPCS Human Relevance Framework, including 
updating the 2001 Mode of Action Framework. The workshop participants, including 

1 Sonich-Mullin C, Fielder R, Wiltse J, Baetcke K, Dempsey J, Fenner-Crisp P, Grant D, Hartley M, Knaap A, 
Kroese D, Mangelsdorf I, Meek E, Rice J, Younes M (2001) IPCS conceptual framework for evaluating a mode 
of action for chemical carcinogenesis. Regulatory Toxicology and Pharmacology, 34:146–152. 
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secretariat support and representatives of the European Food Safety Authority and European 
Chemicals Bureau, were as follows:  

Dr Peter Abbott, Scientific Risk Assessment and Evaluation Branch, Food Standards 
Australia New Zealand, Australia

Dr Antero Aitio, International Programme on Chemical Safety, World Health 
Organization, Switzerland 

Dr Diana Anderson, Department of Biomedical Sciences, University of Bradford, United 
Kingdom 

Professor Sir Colin Berry, United Kingdom  
Professor Hermann Bolt, Institut für Arbeitsphysiologie, Germany  
Professor Alan R. Boobis, Department of Health Toxicology Unit, Imperial College 

London, United Kingdom
Dr Susy Brescia, Health and Safety Executive, United Kingdom 
Dr John Bucher, National Institute of Environmental Health Sciences, USA  
Dr Vincent Cogliano, Unit of Carcinogen Identification and Evaluation, International 

Agency for Research on Cancer, France 
Dr Samuel M. Cohen, Pathology and Microbiology, Havlik-Wall Professor of Oncology, 

University of Nebraska Medical Center, USA
Dr Vicki Dellarco, Office of Pesticide Programs, Environmental Protection Agency, 

USA
Ms Christine Dove, School of Life Sciences, University of Bradford, United Kingdom
Dr Jun Kanno, Division of Cellular and Molecular Toxicology, National Institute of 

Health Sciences, Japan
Dr Janet Kielhorn, Department of Chemical Risk Assessment, Fraunhofer Institute for 

Toxicology and Experimental Medicine, Germany 
Mrs Sandra Kunz, International Programme on Chemical Safety, World Health 

Organization, Switzerland
Dr Christian Laurent, Scientific Expert Services, European Food Safety Authority, Italy
Dr Douglas McGregor, Toxicity Evaluation Consultants, United Kingdom  
Ms Bette Meek, Environmental Health Centre, Health Canada, Canada 
Ms Sharon Munn, Toxicology and Chemical Substances, European Chemicals Bureau, 
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Dr R. Julian Preston, National Health and Environmental Effects Research Laboratory, 

Environmental Carcinogenesis Division, Environmental Protection Agency, USA  
Dr Jerry Rice, Consultant, USA
Dr Hans-Bernhard Richter-Reichhelm, Federal Institute for Risk Assessment (BfR), 

Germany  
Ms Carolyn Vickers, International Programme on Chemical Safety, World Health 

Organization, Switzerland
Ms Deborah Willcocks, Existing Chemicals, National Industrial Chemicals Notification 

and Assessment Scheme (NICNAS), Australia  
Dr William P. Wood, Risk Assessment Forum, Environmental Protection Agency, USA
Dr Zheng Yuxin, Institute for Occupational Health and Poison Control, Chinese Center 

for Disease Control and Prevention, and WHO Collaborating Centre of Occupational 
Health, People’s Republic of China
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The draft was published on the Internet for public comment and sent to a number of WHO 
Collaborating Centres and IPCS Participating Institutions for peer review. An expert meeting 
that convened in London in December 2005 considered the comments received and finalized 
the framework. The expert meeting participants were as follows: 

Professor Alan R. Boobis, Department of Health Toxicology Unit, Imperial College 
London, United Kingdom (Rapporteur)

Dr Samuel M. Cohen, Pathology and Microbiology, Havlik-Wall Professor of Oncology, 
University of Nebraska Medical Center, USA

Dr Vicki Dellarco, Office of Pesticide Programs, Environmental Protection Agency, 
USA

Dr William Farland, Office of Research and Development, Environmental Protection 
Agency, USA (Chair)

Dr Douglas McGregor, Toxicity Evaluation Consultants, United Kingdom  
Ms Carolyn Vickers, International Programme on Chemical Safety, World Health 

Organization, Switzerland  
Ms Deborah Willcocks, Existing Chemicals, National Industrial Chemicals Notification 

and Assessment Scheme (NICNAS), Australia  
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LIST OF ACRONYMS AND ABBREVIATIONS

ADH   alcohol dehydrogenase 
ANOVA  analysis of variance 
bw     body weight 
CAR   constitutively active receptor 
cDNA   complementary deoxyribonucleic acid 
CoA   coenzyme A 
CpG   cytosine and guanine separated by a phosphate 
CYP   cytochrome P-450 
dA    deoxyadenosine 
dG    deoxyguanosine 
DMSO   dimethyl sulfoxide 
DNA   deoxyribonucleic acid 
DPX   DNA–protein cross-links 
FAO   Food and Agriculture Organization of the United Nations 
HRF   Human Relevance Framework 
IARC   International Agency for Research on Cancer 
ILO    International Labour Organization 
ILSI   International Life Sciences Institute 
IPCS   International Programme on Chemical Safety 
IU    International Units 
JMPR   Joint FAO/WHO Meeting on Pesticide Residues 
KM    Michaelis-Menten constant 
LOAEL   lowest-observed-adverse-effect level 
MOA   mode of action 
NAT   N-acetyltransferase 
NOAEL   no-observed-adverse-effect level 
NTP   National Toxicology Program (USA) 
OAT   O-acetyltransferase 
PCNA   proliferating cell nuclear antigen 
PPX   protein–protein cross-linkage 
RNA   ribonucleic acid 
RSI    Risk Science Institute (ILSI) 
rT3    reverse triiodothyronine 
S9    9000 × g supernatant from rat liver 
SCE   sister chromatid exchange 
SHE   Syrian hamster embryo 
T3    triiodothyronine 
T4    thyroxine 
TCDD   2,3,7,8-tetrachlorodibenzo-p-dioxin 
TGF   tumour growth factor 
TSH   thyroid stimulating hormone 
UDP   uridine diphosphate 
UDS   unscheduled DNA synthesis 
UGT   uridine diphosphate glucuronosyltransferase 

1124



IPCS Framework for Analysing the Relevance of a Cancer Mode of Action for Humans and Case-Studies

9

ULLI   unit length labelling index 
UNEP   United Nations Environment Programme 
USA   United States of America 
USEPA   United States Environmental Protection Agency 
WHO   World Health Organization
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IPCS FRAMEWORK FOR ANALYSING THE RELEVANCE OF A CANCER 
MODE OF ACTION FOR HUMANS1

Alan R. Boobis, Samuel M. Cohen, Vicki Dellarco, Douglas McGregor, 
M.E. (Bette) Meek, Carolyn Vickers, Deborah Willcocks, & William Farland 

The use of structured frameworks can be invaluable in promoting harmonization in the 
assessment of chemical risk. The International Programme on Chemical Safety (IPCS) has 
therefore updated and extended its Mode of Action (MOA) Framework for cancer to address 
the issue of human relevance of a carcinogenic response observed in an experimental study. 
The first stage is to determine whether it is possible to establish an MOA. This comprises a 
series of key events along the causal pathway to cancer, identified using a weight-of-evidence 
approach based on the Bradford Hill criteria. The key events are then compared first quali-
tatively and then quantitatively between the experimental animals and humans. Finally, a clear 
statement of confidence, analysis, and implications is produced. The IPCS Human Relevance 
Framework for cancer provides an analytical tool to enable the transparent evaluation of the 
data, identification of key data gaps, and structured presentation of information that would be 
of value in the further risk assessment of the compound, even if relevancy cannot be excluded. 
This might include data on the shape of the dose–response curve, identification of any 
thresholds, and recognition of potentially susceptible subgroups, for example, the basis of 
genetic or life stage differences.  

Fundamental to the evolution of cancer risk assessment over the last three decades has been 
our increasing understanding of the biology of cancer and the identification of key events in 
carcinogenesis. Through the mid-1980s, national and international assessments of human 
cancer hazard and risk depended primarily on lifetime assays in rodents of potentially car-
cinogenic agents. For few agents was there sufficient human evidence on which to base retro-
spective cancer assessments, and fewer still would be expected to be detected prospectively, 
given modern controls on general exposures in the workplace and in the environment gener-
ally. Inherent in rodent-based assessments was the assumption that the observation of 
tumours in laboratory animals could be meaningfully extrapolated to identify potential human 
carcinogens and, by the use of mathematical models, to provide upper-bound estimates of 
risk at human doses of regulatory significance. During the same period, the potential signifi-
cance of mutagenesis in carcinogenesis was becoming accepted by the scientific community. 
Subsequently, it has become increasingly apparent that an appreciable number of chemicals 
cause cancer in laboratory animals by processes that do not involve direct interaction with 
DNA. These developments in our understanding of the biological basis of carcinogenesis in 
both laboratory animals and humans have benefited risk assessment processes by providing 
more data on the pharmacokinetics and pharmacodynamics of suspect carcinogenic agents. 
Consideration of the biological processes involved in the carcinogenesis of specific com-
pounds has led to the concept of mode of action (MOA).  

1 This article, to which WHO owns copyright, was originally published in 2006 in Critical Reviews in 
Toxicology, Volume 36, pages 781–792. It has been edited for this WHO publication and includes corrigenda. 
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A postulated MOA for carcinogenesis is a biologically plausible sequence of key events lead-
ing to an observed effect supported by robust experimental observations and mechanistic 
data. It describes key cytological and biochemical events—that is, those that are both 
measurable and necessary to the observed carcinogenicity—in a logical framework. MOA 
contrasts with mechanism of action, which generally involves a sufficient understanding of 
the molecular basis for an effect and its detailed description so that causation can be 
established in molecular terms. 

In 2001, as part of its efforts to harmonize risk assessment practices, the International 
Programme on Chemical Safety (IPCS) (WHO/ILO/UNEP) published a framework for 
assessment of MOA for carcinogenesis in laboratory animals (animal MOA), based on 
Bradford Hill criteria for causality. The IPCS Human Relevance Framework (HRF) presented 
in this document updates this MOA Framework and extends it to consider human relevance. 
It is an analytical tool to provide a means of evaluating systematically the data available on a 
specific carcinogenic response to a chemical in a transparent manner. While it is envisaged 
that the framework will be of value to risk assessors both within and outside of regulatory 
agencies, it will also be a valuable tool to the research community. Among reasons for using 
the framework are: 

• to provide a generic approach to the analysis of data to contribute to harmonization; 
• to encourage transparency of the consideration and use of available data and reasons for 

the conclusions drawn; 
• to provide guidance in the presentation of data; 
• to identify critical data deficiencies and needs; 
• to inform the quantitative assessment of carcinogenic risk to humans. 

These and other topics will be discussed in more detail below. 

THE ROLE OF IPCS IN DEVELOPING THE FRAMEWORK FOR ANALYSING 
THE RELEVANCE OF A CANCER MOA FOR HUMANS 

IPCS has been leading an effort to harmonize approaches to cancer risk assessment as part of 
its larger project on the Harmonization of Approaches to the Assessment of Risk from 
Exposure to Chemicals. The first phase of this work resulted in the publication of the IPCS 
Conceptual Framework for Evaluating a Mode of Action for Chemical Carcinogenesis in 
experimental animals (Sonich-Mullin et al., 2001). As described in that publication, a major 
impediment to harmonization identified in the consideration of weight of evidence was the 
evaluation of MOA in animals. Sonich-Mullin et al. (2001) provided a framework for evalu-
ating MOA of chemical carcinogenesis in animals and recognized the importance of moving 
on to the next step in the overall characterization of cancer hazard and risk in humans: the 
assessment of relevance of the MOA of animal carcinogenesis to humans. Adoption of the 
MOA Framework concept is proceeding through its incorporation in the revised United States 
Environmental Protection Agency (USEPA) Guidelines for Carcinogen Risk Assessment 
(USEPA, 1999, 2005), and the framework is now commonly used by other regulatory 
agencies and international organizations. In the United Kingdom, the framework is being 
used for the assessment of pesticides and industrial chemicals. The United Kingdom 
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Committee on Carcinogenicity (2004) has noted the framework’s value with regard to both 
harmonization between agencies and internal consistency in its latest guidelines. The frame-
work has also been adopted and is being used by agencies in Australia and in Canada, in the 
evaluation of Existing Chemicals under the Canadian Environmental Protection Act. The 
European Union has incorporated the framework into its technical guidance documents on 
evaluating new and existing industrial chemicals and biocides, including carcinogenicity. 
With regard to international organizations, of particular note is the use of the framework by 
the Joint FAO/WHO Meeting on Pesticide Residues (JMPR), for example, in its evaluation of 
pyrethrin extract and its incorporation into the resulting monograph. 

The step to extend the MOA Framework to include consideration of human relevance has 
been undertaken by IPCS in cooperation with international partners. It was the subject of an 
IPCS international workshop convened in Bradford, United Kingdom, from 21 to 23 April 
2005. This workshop prepared draft text for an IPCS HRF, including updating the 2001 MOA 
Framework. The draft was published on the Internet for public comment and sent to a number 
of WHO Collaborating Centres and IPCS Participating Institutions for peer review. An expert 
meeting convened in London in December 2005 considered the comments received and 
finalized the framework. The framework text and the steps leading to its development are 
discussed in detail in the following sections. 

THE 2001 IPCS CONCEPTUAL MOA FRAMEWORK FOR EVALUATING 
ANIMAL CARCINOGENESIS 

Purpose of the framework 
The IPCS MOA Framework for evaluating carcinogenesis in animals (Sonich-Mullin et al., 
2001) remains a fundamental basis for the IPCS Framework for Analysing the Relevance of a 
Cancer Mode of Action for Humans. The animal MOA Framework provides a generic 
approach to the principles commonly used when evaluating a postulated MOA for tumour 
induction in animals by a chemical carcinogen. Thus, the framework is a tool that provides a 
structured approach to the assessment of the overall weight of the evidence for the postulated 
MOA. In this context, a supported MOA would have evidence provided by robust experi-
mental observations and mechanistic data to establish a biologically plausible explanation. 

The framework is designed to bring transparency to the analysis of a postulated MOA and 
thereby promote confidence in the conclusions reached through the use of a defined proce-
dure that encourages clear and consistent documentation supporting the analysis and reason-
ing and that highlights inconsistencies and uncertainties in the available data. The purpose of 
the framework is to provide a systematic means of considering the weight of the evidence for 
an MOA in a given situation; it is not designed to give an absolute answer on sufficiency of 
the information, as this will vary depending on the circumstance. It is not a checklist of 
criteria, but rather an analytical approach. However, the process can be greatly aided by the 
presentation of tabular summaries of comparative data on incidence of key events and 
tumours.  

The animal MOA Framework analysis is an important step in the hazard characterization. It 
is envisaged that the animal MOA Framework will contribute to risk assessments of chemical 
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carcinogens across all sectors (drugs, industrial chemicals, pesticides, food additives, etc.). In 
the resulting risk assessment documentation, the framework analysis would be appropriately 
positioned within the hazard characterization section. In the absence of adequate epidemio-
logical data, it may be regarded as an essential component in any discussion of human 
relevance, dose–response relationships, and risk characterization. It is also envisaged that the 
framework will be useful to both regulators and researchers in identifying research needs 
based on clear delineation of data gaps and inconsistencies.

MOA analysis can be used to establish either that a compound has an MOA that has been 
described previously or that it has a novel MOA. Thus, the output of an MOA analysis may 
serve to support the evaluation of a specific compound or contribute to the generation of a 
novel MOA. In the former, chemical-specific data play a vital role in the concordance anal-
ysis for human relevance. In the latter, it will be important to identify which events are key to 
the biological processes that represent the MOA. 

Thus, an MOA comprising the same set of key events may apply to many different com-
pounds. The evidence necessary to establish that a specific MOA is responsible for a given 
carcinogenic response will be substantial the first time such an MOA is proposed. As subse-
quent compounds are found to share this MOA, the “barrier” to acceptance will be lower, 
although it will always be necessary to establish rigorously that the key events comprising the 
MOA occur and that they fulfil the criteria described below. It will also be important to 
exclude other possible MOAs.

Scientific peer participation is a prerequisite for the development and acceptance of a novel 
postulated MOA. Peer participation includes both peer involvement in the development of an 
MOA and peer review by scientists who are independent of the process of development of the 
MOA. Publication in the scientific literature and presentation and discussion at scientific 
meetings and workshops constitute peer involvement that contributes to acceptance of an 
MOA by the scientific community.  

While acceptance does not necessarily mean unanimity, most of the scientists reviewing an 
MOA analysis should agree that the relevant scientific information has been identified and 
appropriately analysed, that “key events” have been identified and are supported by the 
information presented, that their relationship to carcinogenesis has been clearly established in 
the hypothesized MOA, and that alternative MOAs have been considered and rejected.

As knowledge advances, the characterization of an MOA will change. Additional key events 
may be identified, and others may be refined or even dropped. Nevertheless, significant 
changes to the key events also need some general acceptance, through peer review, such as 
described above.

Update of framework guidelines 
In development of the IPCS HRF, the 2001 animal MOA Framework text has been updated, 
and this revised version is presented here. 
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Introduction to framework analysis  
This section describes the cancer end-point or end-points that have been observed and 
identifies which of these are addressed in the analysis. Prior to embarking on a framework 
analysis, there needs to be careful evaluation of the weight of evidence for a carcinogenic 
response in experimental animals. The nature of the framework is such that only one MOA is 
analysed at a time; hence, for example, different tumour types associated with chemical treat-
ment, even if recorded in the same animals, will require separate framework analyses to 
discern each tumour’s MOA. However, in considering the pathogenesis of a single type of 
tumour, it should be recognized that it is possible that a chemical could induce that tumour 
type by more than one MOA. Hence, it might be necessary to undertake an analysis of more 
than one MOA for the same tumour type for a single chemical. Consistent with species- and 
tissue-specific variation in metabolic activation and detoxication, there is often only poor site 
concordance for genotoxic carcinogens. This will need to be kept in mind when comparing 
animal and human data. In contrast, consistent with the observation that most carcinogens 
acting by a non-genotoxic MOA perturb physiological processes that tend to be site specific, 
site concordance is reasonably assumed, at least as an initial premise in the HRF. 

1. Postulated mode of action (theory of the case) 
This section comprises a brief description of the sequence of events on the path to cancer for 
the postulated MOA of the test substance. This explanation of the sequence of events leads 
into the next section, which identifies the events considered “key” (i.e. necessary and mea-
surable), given the database available for the analysis.

2. Key events 
This section briefly identifies and describes the “key events” measurable events that are 
critical to the induction of tumours as hypothesized in the postulated MOA. To support an 
association, a body of experiments needs to define and measure an event consistently. Perti-
nent observations include, for example, tumour response and key events in the same cell type, 
sites of action logically related to event(s), increased cell growth, specific biochemical 
events, changes in organ weight and/or histology, proliferation, perturbations in hormones or 
other signalling systems, receptor–ligand interactions, effects on DNA or chromosomes, and 
impact on cell cycle. For example, key events for tumours hypothesized to be associated with 
prolonged regenerative proliferation might be cytotoxicity as measured histopathologically 
and an increase in labelling index. As another example, key events for induction of urinary 
bladder tumours hypothesized to be due to formation of urinary solids composed primarily of 
calcium phosphate might include elevated urinary free calcium, phosphate, and pH and 
formation of urinary solids, followed by irritation and regenerative hyperplasia of the uro-
thelium. 

3. Concordance of dose–response relationships 
This section should characterize the dose–effect/response relationships for each of the key 
events and for the tumour response and discuss their interrelationships, in the context of the 
Bradford Hill criteria. Ideally, one should be able to correlate the dose dependency of the 
increases in incidence of a key event with increases in incidence or severity (e.g. lesion pro-
gression) of other key events occurring later in the process, and with the ultimate tumour 
incidence. Comparative tabular presentation of incidence of key events and tumours is often 
helpful in examining dose–response. In the case of complex data sets, this is almost essential. 
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It is important to consider whether there are fundamental differences in the biological 
response (i.e. dose transitions) at different parts of the dose–response curve for tumour 
formation (Slikker et al., 2004). If so, key events relevant to the different parts of the dose–
response curve will need to be defined and used in the framework analysis. 

4. Temporal association
This section should characterize the temporal relationships for each of the key events and for 
the tumour response. The temporal sequence of key events leading to the tumour response 
should be determined. Key events should be apparent before tumour appearance and should 
be consistent temporally with each other; this is essential in deciding whether the data support 
the postulated MOA. Observations of key events at the same time as the tumours (e.g. at the 
end of a bioassay) do not contribute to considerations of temporal association, but can con-
tribute to analysis in the next section. Most often, complete data sets to address the criterion 
of temporality are not available. 

5. Strength, consistency, and specificity of association of tumour response with key 
events
This section should discuss the weight of evidence linking the key events, precursor lesions, 
and the tumour response. Stop/recovery studies showing absence or reduction of subsequent 
events or tumour when a key event is blocked or diminished are particularly important tests 
of the association. Consistent observations in a number of such studies with differing exper-
imental designs increase that support, since different designs may reduce unknown biases or 
confounding. Consistency, which addresses repeatability of key events in the postulated 
MOA for cancer in different studies, is distinguished from coherence, however, which 
addresses the relationship of the postulated MOA with observations in the broader database 
(see point 6). Pertinent observations include tumour response and key events in the same cell 
type, sites of action logically related to event(s), and results from multistage studies and from 
stop/recovery studies. 

6. Biological plausibility and coherence  
One should consider whether the MOA is consistent with what is known about carcino-
genesis in general (biological plausibility) and also in relation to what is known for the 
substance specifically (coherence). For the postulated MOA and the events that are part of it 
to be biologically plausible, they need to be consistent with current understanding of the 
biology of cancer. However, the extent to which biological plausibility can be used as a 
criterion against which weight of evidence is assessed may be limited due to gaps in our 
knowledge. Coherence, which addresses the relationship of the postulated MOA with obser-
vations in the broader database for example, association of MOA for tumours with that for 
other end-points needs to be distinguished from consistency (addressed in point 5), which 
addresses repeatability of key events in the postulated MOA for cancer in different studies. 
For coherence, likeness of the case to that for structural analogues may be informative (i.e. 
structure–activity analysis). Information from other compounds that share the postulated 
MOA may be of value, such as sex, species, and strain differences in sensitivity and their 
relationship to key events. Additionally, this section should consider whether the database on 
the agent is internally consistent in supporting the purported MOA, including that for relevant 
non-cancer toxicities. Some MOAs can be anticipated to evoke effects other than cancer, 
such as reproductive effects of certain hormonal disturbances that are carcinogenic.
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7. Other modes of action 
This section discusses alternative MOAs that logically present themselves in the case. If 
alternative MOAs are supported, they need their own framework analysis. These should be 
distinguished from additional components of a single MOA that likely contribute to the 
observed effect, since these would be addressed in the analysis of the principal MOA. 

8. Uncertainties, inconsistencies, and data gaps 
Uncertainties should include those related to both the biology of tumour development and 
those for the database on the compound of interest. Inconsistencies should be flagged and 
data gaps identified. For the identified data gaps, there should be some indication of whether 
they are critical as support for the postulated MOA. 

9. Assessment of postulated mode of action 
This section should include a clear statement of the outcome with an indication of the level of 
confidence in the postulated MOA for example, high, moderate, or low. If a novel MOA is 
being proposed, this should be clearly indicated. However, if the MOA is the same as that 
proposed for other compounds, the extent to which the key events fit this MOA needs to be 
stated explicitly. Any major differences should be noted, and their implications for the MOA 
should be discussed.

ADDRESSING THE ISSUE OF HUMAN RELEVANCE 

In 2000, an IPCS Harmonization Project Cancer Planning Work Group convened in Carshal-
ton, United Kingdom (IPCS, 2000). (This initial IPCS working group differed in membership 
from the subsequent IPCS working group convened to work on the human relevance project.) 
Among the recommendations of that meeting was the suggestion that IPCS and the Inter-
national Life Sciences Institute (ILSI) move forward together and in parallel on the develop-
ment of the extension of the IPCS MOA Framework towards addressing human relevance. It 
was recognized that ILSI could provide much help in technical workshops. In June 2001, the 
ILSI Risk Science Institute (RSI) with support from the USEPA and Health Canada formed a 
working group to examine key issues in the use of MOA information to determine the 
relevance of animal tumours. These efforts have resulted in several published reports that are 
described below. An IPCS Cancer Working Group, convened on 3–5 March 2004 in 
Arlington, Virginia, USA, agreed that these reports should form the starting point for further 
exploration of the issue of human relevance of animal tumours by IPCS with the goal of 
developing a unified IPCS HRF for use of MOA information in risk assessment for 
regulatory and other purposes (IPCS, 2004). 

To address the issue of the human relevance of the MOAs determined in animals, ILSI/RSI 
charged its working group with expanding the IPCS MOA Framework to include evaluation 
of the human relevance of a cancer MOA determined in animals. The details of the process, 
the case-studies, and the framework were published as a series of papers in the November 
2003 issue of Critical Reviews in Toxicology (Cohen et al., 2003; Meek et al., 2003). These 
articles describe the ILSI/RSI HRF and provide guidance for its application. In addition, 
references to specific examples on which the framework is based are included. Several 
iterations of case-studies of chemicals with generally well known MOAs were used to 
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develop the integrated framework. The intent was to provide guidance for a disciplined, 
transparent process evaluating the MOA in animals and each key event with respect to human 
relevance.  

The ILSI/RSI HRF is based on three fundamental questions: 

1. Is the weight of evidence sufficient to establish the mode of action (MOA) in animals?  
2. Are key events in the animal MOA plausible in humans?  
3. Taking into account kinetic and dynamic factors, are key events in the animal MOA 

plausible in humans? 

Questions 2 and 3 involve qualitative and quantitative considerations, respectively, in a 
concordance analysis of human information in relation to the animal MOA and its key events. 

These are followed by an explicit description of confidence in the evaluation, identification of 
specific data gaps, and the implications for risk assessment. It was emphasized by ILSI/RSI 
that use of this framework would form part of the hazard characterization step of the overall 
risk assessment process. 

DEVELOPMENT OF AN IPCS HRF GUIDANCE DOCUMENT BASED ON THE 
IPCS MOA FRAMEWORK AND THE ILSI/RSI HRF 

The 2004 IPCS Cancer Working Group discussed the type of document that would be pro-
duced as a result of its task to extend the IPCS MOA Framework to address human relevance. 
It was recognized that one integrated guidance document that worked as a whole would be 
needed to facilitate uptake and use by regulatory and other risk assessment bodies. The 
guidance could be supplemented by publication of the other materials generated through the 
process (e.g. issue papers and case-studies). 

There was general agreement among working group members that the questions identified as 
the critical components of the ILSI/RSI HRF were important and in general appropriate for 
addressing the human relevance of an MOA determined in animals. However, several issues 
were identified that could benefit from additional clarification, development, or expansion.  

These refinements of the ILSI/RSI HRF were developed through discussions of the IPCS 
Cancer Working Group and at a workshop convened for this purpose in Bradford, United 
Kingdom, on 21–23 April 2005 (IPCS, 2005). The resulting IPCS HRF is presented as an 
approach to answering a series of three questions, leading to a documented, logical 
conclusion regarding the human relevance of the MOA underlying animal tumours. The 
application of the guidance results in a narrative with four sections that may be incorporated 
into the hazard characterization of a risk assessment. The sections are as follows (see Figure 
1):

1. Is the weight of evidence sufficient to establish a mode of action (MOA) in animals?  
2. Can human relevance of the MOA be reasonably excluded on the basis of fundamental, 

qualitative differences in key events between experimental animals and humans?  
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3. Can human relevance of the MOA be reasonably excluded on the basis of quantitative 
differences in either kinetic or dynamic factors between experimental animals and 
humans?  

4. Conclusion: Statement of confidence, analysis, and implications.  

Figure 1. IPCS general scheme illustrating the main steps in evaluating the human relevance of 
an animal MOA for tumour formation. The questions have been designed to enable an unequivocal 
answer yes or no, but recognizing the need for judgement regarding sufficiency of weight of evidence. 
Answers leading to the left side of the diagram indicate that the weight of evidence is such that the 
MOA is not considered relevant to humans. Answers leading to the right side of the diagram indicate 
either that the weight of evidence is such that the MOA is likely to be relevant to humans or that it is 
not possible to reach a conclusion regarding likely relevance to humans, owing to uncertainties in the 
available information. In these cases, the assessment would proceed to risk characterization. It should 
be noted that only at this stage would human exposure be included in the evaluation. 

In applying this framework for a given chemical, tumours of each animal target organ 
observed are evaluated independently, with the assumption that different MOAs are possible 
in different organs, although based on this analysis, MOAs in different tissues may be 
similar. Similarly, an evaluation of the likelihood of congruence between target organ(s) in 
different species and in humans needs to be made, based on the MOA analysis. 

YES

NO

NO

YES
MOA not
Relevant

YES
MOA not
Relevant

NO
Continue with

risk assessment

Continue with
risk assessment

Is the weight of
evidence sufficient
to establish a mode
of action (MOA)
in animals?

Can human relevance of
the MOA be reasonably
excluded on the basis of
fundamental, qualitative
differences in key events
between animals and
humans?

Can human relevance of
the MOA be reasonably
excluded on the basis of
quantitative differences in
either kinetic or dynamic
factors between animals
and humans?
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Is the weight of evidence sufficient to establish a mode of action (MOA) in 
animals?
Answering this first question in the IPCS HRF requires application of the (updated) IPCS 
MOA Framework described previously in this document. The steps in the MOA Framework, 
which are based on the Bradford Hill criteria for causality, are: 

1. postulated MOA;  
2. key events; associated critical parameters;  
3. dose–response relationships;  
4. temporal association;  
5. strength, consistency, and specificity of association of key events and tumour response;
6. biological plausibility and coherence;
7. possible alternative MOAs;  
8. uncertainties, inconsistencies, and data gaps;  
9. conclusion about the MOA.  

This process incorporates an evaluation of the weight of evidence for possible alternative 
MOAs at a given site and an evaluation of the overall strength of evidence supporting the 
MOA under consideration. Ultimately, a decision concerning the weight of evidence sup-
porting the MOA and the level of confidence in that decision must be made. The process also 
identifies critically important data gaps that, when filled, would increase confidence in the 
proposed MOA. It is also necessary to establish whether the postulated MOA has already 
been described for other chemicals, in which case human relevance will already have been 
evaluated, or whether the proposed MOA is novel, in which case human relevance needs to 
be assessed de novo. 

For a given chemical, the primary sources of information for evaluating an MOA are likely to 
be data generated for that specific chemical in the animal model in which tumours were pro-
duced. Obviously, data from other sources can and should also be used, as appropriate, along 
with data on chemicals with similar chemical structures, the same or similar MOAs, or both. 
If the MOA for a chemical is novel, considerably more data will be required to support the 
conclusion that it is related to the carcinogenic process of the tumours induced by that 
chemical than for subsequent examples of chemicals acting by the same MOA. The ILSI/RSI 
working group and the IPCS Bradford workshop did not address the issue of how many data 
are sufficient to support a specific MOA for a given chemical per se, except by way of 
example within the case-studies and recognition that acceptance of a novel MOA requires 
scientific consensus (described above). Consideration at this stage of the MOA analysis of 
potential variations between animals and humans also facilitates addressing subsequent steps 
in the framework.  

Can human relevance of the MOA be reasonably excluded on the basis of 
fundamental, qualitative differences in key events between experimental 
animals and humans?  
The wording of this question was changed from that in the ILSI/RSI HRF, following discus-
sion at the IPCS workshop on the implications of a yes or a no answer to the original 
question. In answering the original question, only an unequivocal no would be sufficient to 
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permit the conclusion that the animal MOA was not relevant to humans. Also, it was recog-
nized that translation of the word “plausible” into other languages could be problematic. The 
question was therefore reworded to enable a yes/no answer, but qualified by the descriptor 
“reasonably”, based on recognition that decisions about the adequacy of weight of evidence 
are not absolute but involve scientific judgement based on transparent analysis of the avail-
able data.

This step represents a qualitative assessment of the relevance of the MOA to human cancer 
potential. Listing the critical specific key events that occur in the animal MOA and directly 
evaluating whether each of the key events might or might not occur in humans facilitate 
consideration and transparent presentation of the relevant information. Presentation in tabular 
form, referred to as a concordance table, can be helpful in delineating the relevant informa-
tion (for an example, see Meek et al., 2003, case-study 6: kidney and liver tumours associated 
with chloroform exposure, Table 7; McGregor et al., current document, case-study on 
formaldehyde, Table 3). The key events (and possibly some of the critical associated 
processes) are listed with the information regarding these events for the animals in which the 
tumour was observed. It is intended that the information in these tables be brief, since a 
narrative explanation is expected to accompany the table. In the right-hand column, the effect 
on humans for each of the key events is evaluated. An additional column for the results in a 
different strain, species, sex, or route of administration that does not result in tumours can be 
useful if information is available for comparison with the model that leads to tumours. In 
addition, factors may be identified that, while not key themselves, can modulate key events 
and so contribute to differences between species or individuals. Such factors include genetic 
differences in pathways of metabolism, competing pathways of metabolism, and cell 
proliferation induced by concurrent pathology. Any such factors identified should be noted in 
a footnote to the concordance table. 

The evaluation of the concordance of the key events for the MOA for a given chemical in 
humans is an evaluation of the MOA in humans, rather than an evaluation of the specific 
chemical. In general, details of the initial key events are likely to be more chemical 
specific—for example, the enzyme induction response by phenobarbital in rodent liver, or the 
formation of a cytotoxic metabolite from chloroform by specific cytochrome P-450 enzymes. 
Later events are more generic to the MOA—for example, pleiotropic stimulation of hepatic 
proliferation or regenerative hyperplasia. Information that can be utilized to evaluate the key 
events in humans can come from in vitro and in vivo studies on the substance itself, but also 
can involve basic information regarding anatomy, physiology, endocrinology, genetic 
disorders, epidemiology, and any other information that is known regarding the key events in 
humans. Information concerning an evaluation of the key event in humans exposed directly to 
the specific chemical is frequently unavailable.  

As knowledge concerning the development of cancer evolves, it may become possible to 
combine some MOAs on the basis of the basic biology of the processes involved, thus relying 
less on chemical-specific information to reach a conclusion on the human relevance of a 
given MOA.
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In evaluating the concordance of the information in humans to that in animals, a narrative 
describing the weight of evidence and an evaluation of the level of confidence for the human 
information need to be provided. Some specific types of information that are useful include 
the following:  

1. cancer incidences at the anatomical site and cell type of interest, including age, sex, 
ethnic differences, and risk factors, including chemicals and other environmental agents;  

2. knowledge of the nature and function of the target site, including development, structure 
(gross and microscopic), and control mechanisms at the physiological, cellular, and 
biochemical levels;  

3. human and animal disease states that provide insight concerning target organ regulation 
and responsiveness;

4. human and animal responses to the chemical under review or analogues following short-, 
intermediate-, or long-term exposure, including target organs and effects.

Obviously, a substantial amount of information is required to conclude that the given MOA is 
not relevant to humans. If such a conclusion is strongly supported by the data, then chemicals 
producing animal tumours only by that MOA would not pose a cancer hazard to humans, and 
no additional risk characterization for this end-point is required. Since there is no cancer 
hazard, there is no cancer risk for the tumour under consideration.  

The question of relevance considers all groups and life stages. It is possible that the condi-
tions under which an MOA operates occur primarily in a susceptible subpopulation or life 
stage—for example, in those with a pre-existing viral infection, hormonal imbalance, or 
disease state. Special attention is paid to whether tumours could arise from early-life 
exposure, considering various kinetic and dynamic aspects of development during these life 
stages. Any information suggesting quantitative differences in susceptibility is identified for 
use in risk characterization. 

Can human relevance of the MOA be reasonably excluded on the basis of 
quantitative differences in either kinetic or dynamic factors between 
experimental animals and humans? 
The wording of this question was changed from that in the ILSI/RSI HRF, following 
discussion at the IPCS workshop on the implications of a yes or a no answer to the original 
question. In answering the original question, only an unequivocal no would be sufficient to 
permit the conclusion that the animal MOA was not relevant to humans. The question was 
therefore reworded to enable a yes/no answer, but qualified by the descriptor “reasonably”, 
based on recognition that decisions about the adequacy of weight of evidence are not absolute 
but involve judgement based on transparent analysis of the available data. 

For purposes of human relevance analysis, if the experimental animal MOA is judged to be 
qualitatively relevant to humans, a more quantitative assessment is required that takes into 
account any kinetic and dynamic information that is available from both the experimental 
animals and humans. Such data will of necessity be both chemical and MOA specific and will 
include the biologically effective doses required to produce the relevant dynamic responses 
from which neoplasia can arise. Kinetic considerations include the nature and time course of 
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chemical uptake, distribution, metabolism, and excretion, while dynamic considerations 
include the consequences of the interaction of the chemical with cells, tissues, and organs. On 
occasion, the biologically effective dose that would be required to create these conditions 
would not be possible in humans. It may also be that quantitative differences in a biological 
process involved in a key event—for example, the clearance of a hormone—are so great that 
the animal MOA is not relevant to humans. However, the IPCS workshop recognized that 
only infrequently is it likely that it will be possible to dismiss human relevance on the basis 
of quantitative differences. As with the qualitative assessment, a tabular comparison of 
quantitative data from the experimental animals and humans can facilitate the evaluation (for 
example, see Meek et al., 2003, case-study 5, thyroid tumours associated with exposure to 
phenobarbital, Table 6; Dellarco et al., current document, case-study on thiazopyr, Table 4). 
Useful comparisons can also be made with key events identified from studies of other 
compounds believed to induce effects by a similar MOA. For example, in the case of 
thiazopyr, information on the effects of phenobarbital in humans was particularly informative 
in evaluating the relevance of the MOA. As molecular and kinetic approaches continue to 
evolve, understanding of the similarities and differences of responses in animals and humans 
will be improved. It may become apparent that qualitative differences in a key event between 
an animal model and humans will be identified as being due to a specific quantitative 
difference, thus changing the answer to the second question (described above) to no.

As with question 2, if the conclusion to this question is yes, then chemicals producing animal 
tumours only by that MOA would not pose a cancer hazard to humans, and no additional risk 
characterization for this end-point is required. 

Statement of confidence, analysis, and implications  
Following the overall assessment of each of the three questions, a statement of confidence is 
necessary that addresses the quality and quantity of data underlying the analysis, consistency 
of the analysis within the framework, consistency of the database, and the nature and extent 
of the concordance analysis. An evaluation of alternative MOAs, using comparable analyses 
and rigour, is also essential. A critically important outcome of adequate consideration of the 
weight of the evidence for an overall MOA and the qualitative and quantitative concordance 
is the identification of specific data gaps that can be addressed experimentally in future 
investigations to increase confidence. 

Infrequently, there may be conclusive epidemiological data on the cancer risk from a chemi-
cal that shares the MOA of the compound under consideration—that is, the compound does 
or does not cause cancer in humans. Obviously, such data would lend considerable weight to 
the conclusion of the human relevance evaluation. However, there may be occasions when, 
despite it being possible to establish an MOA in animals, there is insufficient information on 
the key events in humans to reach a clear conclusion on human relevance. In such 
circumstances, it might be possible to bridge this data gap by using epidemiological data. For 
example, the database on key events in humans for compounds that act like phenobarbital via 
activation of the constitutively active receptor (CAR) to induce hepatic tumours is 
incomplete. However, there are robust epidemiological data showing that exposure to pheno-
barbital for prolonged periods at relatively high doses does not cause cancer in humans. One 
possibility, therefore, is to “read across” from these findings with phenobarbital to any other 
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compound that shares its MOA in animals in inducing rodent liver tumours and to conclude 
that the tumours caused by such a compound are not relevant to the risk assessment of the 
compound in humans (Holsapple et al., 2006). Such a conclusion would be critically depen-
dent on the reliability of the epidemiological data and the similarity between the MOA for the 
chemical under test to that of the compound for which there are epidemiological data 
available.

In applying the framework to case-studies, it is apparent that much current research does not 
address key questions that would facilitate an analysis of an animal MOA or its relevance to 
humans. Often this has been because of lack of transparent delineation of key data gaps based 
on consideration of the data in analytical frameworks such as that presented here. Thus, use 
of the HRF can be very informative to researchers from the outset in the design of their 
studies.

The output of formal human relevance analysis provides information that is useful for more 
than just determining whether or not an end-point in animals is relevant to humans. Rather, 
consideration of the relevant information in a transparent, analytical framework provides 
much additional information that is critically important in subsequent steps in the risk 
characterization for relevant effects. Based on a human relevance analysis for a proposed 
MOA for relevant effects, it may be possible to predict, for example, site concordance or not 
of observed tumours in animals to humans. Application of the HRF also often provides 
information on relevant modulating factors that are likely to affect risk, such as hepatitis B 
and aflatoxin B1 (see Cohen et al., current document, case-study on 4-aminobiphenyl). 
Analysis often also provides an indication of those components of a proposed MOA that may 
operate only over a certain dose range. If a high experimental dose of a given compound is 
needed to result in an obligatory step in an MOA, then the relevance to human risk becomes a 
matter of exposure. Thus, the exposure assessment step of the subsequent risk characteriza-
tion is critical to the proper evaluation of human cancer potential. In addition, information 
identified during the framework analysis can prove invaluable in hazard quantification based 
on the key events for the MOA.

Importantly, the human relevance analysis also contributes to identification of any special 
subpopulations (e.g. those with genetic predisposition) who are at increased risk and often 
provides information relevant to consideration of relative risk at various life stages. In some 
cases, this may be based not on chemical-specific information but rather on inference, based 
on knowledge of the MOA, as to whether or not specific age groups may be at increased or 
decreased risk. 

The data and their analysis using the framework should be reported in a transparent manner, 
enabling others to determine the basis of the conclusions reached with respect to the key 
events, the exclusion of other MOAs, and the analysis of human relevance. As the specific 
form of presentation will vary with the type of data available, it is not helpful to be prescrip-
tive on how the information should be reported. However, presentation should include suffi-
cient details on the context and thought processes to ensure transparency of the conclusions 
reached. The use of appropriate tables can be helpful in presenting certain data, such as 
comparative analysis of key events in experimental animals and humans.  
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Dissemination of the framework 
To assist in the dissemination and application of the IPCS HRF, a database of generally 
accepted MOAs and informative cases should be constructed and maintained. This would 
comprise a series of MOAs and their associated key events, for reference by those developing 
framework analyses for compounds that may act by similar MOAs. The case-studies would 
comprise worked examples that have been analysed using the framework, to provide an 
indication of the relevant level of detail of the analyses and nature of the weight of evidence 
required to support acceptance of a proposed MOA in causing the carcinogenic response. 
Such cases would be particularly valuable early in the development of a new MOA. 

Application of the IPCS HRF to DNA-reactive carcinogens 
Because of similarities in the carcinogenic process between rodents and humans and the 
comparable initial interactions with DNA by DNA-reactive carcinogens, it would be expected 
that, in general, DNA-reactive carcinogens would be assessed as progressing to the step of 
“yes, the key events in the animal MOA could occur in humans” in the ILSI/RSI HRF, as was 
the case for ethylene oxide (Meek et al., 2003), and “no” to the equivalent step in the IPCS 
HRF that asks the question, “Can human relevance of the MOA be reasonably excluded on 
the basis of fundamental, qualitative differences in key events between experimental animals 
and humans?”, as was the case for 4-aminobiphenyl (Cohen et al., current document). In a 
recent paper, Preston & Williams (2005) presented a set of key events for tumour 
development that provided a guide for the use of the ILSI/RSI HRF with DNA-reactive 
carcinogens. This guide supported the view that for most DNA-reactive chemicals, the animal 
MOA would be predicted to be relevant to humans. However, it was also argued that there 
could be exceptions and that the ILSI/RSI HRF would be a valuable tool for identifying 
these. Use of the ILSI/RSI HRF and the IPCS HRF can also assist in quantifying differences 
in key events between rodents and humans that may be of value in extrapolating risk to 
humans. Not all rodent DNA-reactive carcinogens have been established to be human 
carcinogens, as judged by the International Agency for Research on Cancer (IARC) review 
process. For some of these exceptions, this human–rodent difference in tumour response is 
attributable to lower exposure of humans to the agent or to the relative insensitivity of 
epidemiological studies to detect tumour responses at low exposure levels. However, there 
are other reasons for such differences that are based on biological considerations. For 
example, if a DNA-reactive carcinogen induces tumours only in a species-specific organ, it is 
possible that the animal MOA based on key events might not be relevant to humans, although 
available data on MOA would need to be considered to permit such a conclusion. Similarly, 
the generally more proficient DNA repair processes that occur in humans compared with 
rodents (Cortopassi & Wang, 1996; Hanawalt, 2001) or a unique pathway of bioactivation in 
rodents could result in there being yes answers to the steps in the IPCS HRF that address the 
queries “Can human relevance of the MOA be reasonably excluded on the basis of 
fundamental, qualitative differences in key events between experimental animals and 
humans?” and/or “Can human relevance of the MOA be reasonably excluded on the basis of 
quantitative differences in either kinetic or dynamic factors between experimental animals 
and humans?” Alternatively, the IPCS HRF could provide quantitative information on these 
processes for use later in the risk characterization step. 
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The need in applying the IPCS HRF for DNA-reactive carcinogens is to develop a set of key 
events that would clearly describe the cancer process and use these as the guide for 
establishing the human relevance of a rodent tumour MOA for any particular DNA-reactive 
carcinogen under consideration. 

The IPCS HRF and risk assessment 
Among the strengths of the framework are its flexibility, general applicability to carcinogens 
acting by any MOA, and the ability to explore the impact of each key event on the carcino-
genic response. This includes determination of the nature of the dose–response curve, the 
identification and location of thresholds for individual key events, and their consequences for 
the overall tumour response curve. In addition, by considering the kinetic and dynamic fac-
tors involved in each key event, it may be possible to reach conclusions regarding the rele-
vance or not of the carcinogenic response to specific subpopulations—for example, in early 
life, in those with particular diseases, or in those with specific polymorphisms. Alternatively, 
application of the framework can provide quantitative information on the differences between 
such groups. Application of the framework can also more generally inform the risk charac-
terization of the chemical, even when it is concluded that the carcinogenic response per se is 
not relevant to humans. 

As stated at the outset, MOA analysis and its human relevance counterpart are aspects of the 
hazard identification and characterization phases of risk assessment (National Research 
Council, 1983; Meek et al., 2003). Consistent with this paradigm, the human relevance case-
studies referred to in the present report contribute to, but do not complete, a risk assessment 
for the chemicals under study. This is because a complete risk characterization requires not 
only evaluation of doses in the range of observations from experimental or occupational 
hygiene studies but also extrapolation to human exposure levels of interest in daily and 
lifetime activities.  

Hazard characterization—and related MOA analysis—deals with the potential for harm in 
general terms, while the complete risk assessment puts this potential hazard into context with 
respect to exposure for decision-makers. Risk characterization seeks to describe the 
relationship between these effects and the doses to which humans are exposed in order to 
understand and estimate the nature and likelihood of effects in humans who are generally 
exposed at lower dose levels.

Understanding dose–response can have a profound effect on hazard characterization and 
therefore is an important component of the MOA analysis, particularly when non-linear 
processes or dose transitions are inherent in the relevant biology. Similarly, quantifying 
hazard in the context of dose informs the process of risk assessment by suggesting extrapo-
lation models that are consistent with our understanding of the biology. 

Estimating these generally lower human exposure levels is the task of the exposure analysis 
component of the risk assessment process. This usually involves extensive analysis of data 
collected from environmental media and plant and animal tissues, as well as those derived 
from pharmacokinetic models. This process also depends on analyses of human activity 
patterns and life stage and lifestyle factors that may bring about exposure. Ideally, based on 
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this information, a range of exposure scenarios is developed for different groups (men, 
women, children, infants, special groups, based, for example, on ethnicity or occupation) for 
use in identifying populations of concern. While hazard characterization, which is largely 
included in the framework analysis, involves quantification (dose–response analysis), esti-
mating external exposures and contextualizing the hazard with respect to these estimates 
comprise subsequent steps in the risk assessment process. For example, in the case of mela-
mine (Meek et al., 2003, case-study 7), it was concluded that the animal MOA was poten-
tially relevant to humans. However, recognition that bladder carcinoma formation occurred 
only at very high doses carried forward to the subsequent stages of the risk assessment, 
exposure assessment, and risk characterization. The full risk assessment established that 
human exposures would not achieve levels necessary to produce bladder carcinomas, by a 
substantial margin. 

CONCLUSIONS

This IPCS HRF has been developed based on experience gained from the original 2001 IPCS 
MOA Framework and consideration of the 2003 ILSI/RSI human cancer relevance 
framework. Many aspects of these frameworks have been adopted, but a number of changes 
have been made to improve clarity and to introduce some elements not previously considered 
(e.g. sensitive subpopulations). The utility and role of the framework as an analytical tool 
within hazard characterization and within the overall risk assessment/characterization 
paradigm—that is, informing human relevance and dose–response extrapolation—have been 
emphasized. A number of general points and conclusions follow from the development of this 
framework: 

1. Prior to embarking on a framework analysis, there needs to be careful evaluation of the 
weight of evidence for a carcinogenic response in experimental animals. 

2. Peer involvement and independent review are essential prerequisites for the general 
acceptance and scientific defensibility of a new MOA. 

3. The framework is applicable to all MOAs for carcinogens, including DNA reactivity. 
4. Although human relevance is likely to be assumed for most DNA-reactive carcinogens, 

the human relevance analysis is a valuable approach to enhance understanding, improve 
characterization of the hazard and risk, and identify exceptions. 

5. When dealing with a chemical that may operate through a novel MOA, the analysis is 
focused on the chemical and entails a detailed evaluation via the HRF. However, when a 
specific chemical produces a tumour response consistent with an already established and 
peer-reviewed MOA through which other chemicals have been shown to operate, the 
analysis is then focused on the established MOA and a determination of whether the 
chemical produces its carcinogenic effect via the same key events established for the 
pathway.

6. When evaluating the human relevance of a tumour response found in experimental 
animals, the concordance analysis of key events is for the MOA and is not necessarily a 
chemical-specific evaluation. Chemical-specific and generic information relevant to the 
carcinogenic process can be valuable in the analysis. As knowledge advances, MOAs will 
become less chemical specific and will be based even more on the key biological 
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processes involved, allowing greater generalization of human relevance from one com-
pound to another. 

7. The biological understanding and significance of the key events can inform the approach 
to dose–response extrapolation for cancer risk, and thus understanding of the MOA can 
have a profound effect on the hazard and risk characterization, particularly when non-
linear processes or dose transitions are inherent in the relevant biology.

8. It is recommended that a database of generally accepted MOAs and informative case-
studies be established and maintained. It should provide examples that add to the existing 
case-studies developed by ILSI/RSI and IPCS and that are instructive in the application of 
the framework analysis. This database is particularly important as experience continues to 
evolve in the development of MOAs of carcinogens.

9. It is important to consider potentially susceptible subgroups and different life stages in the 
analysis. 

In conclusion, the IPCS HRF provides a rigorous and transparent approach for judging 
whether data support a postulated mode of carcinogenic action for a chemical and for 
evaluating its relevance for humans. The scientific community is encouraged to use this 
approach as a means to increase the use of mechanistic information in cancer risk assessment 
and is encouraged to provide feedback, which may lead to additional refinements in the 
future. The framework is of value to both the risk assessment and research communities in 
furthering our understanding of carcinogenic processes, in identifying critical data gaps, and 
in informing the design of studies related to MOAs. When a carcinogenic response is 
considered potentially relevant to humans, information obtained on the key events during the 
analysis can prove invaluable in subsequent hazard quantification of the compound. It should 
be possible to extend the framework to non-cancer end-points, and further work on this is 
recommended. Thus, application of the IPCS HRF would be an invaluable tool for 
harmonization across end-points. 
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THIAZOPYR AND THYROID DISRUPTION: CASE-STUDY WITHIN THE 
CONTEXT OF THE IPCS FRAMEWORK FOR ANALYSING THE 
RELEVANCE OF A CANCER MODE OF ACTION FOR HUMANS1

Vicki L. Dellarco, Douglas McGregor, Sir Colin Berry, Samuel M. Cohen, & Alan R. Boobis 

Thiazopyr increases the incidence of male rat thyroid follicular cell tumours; however, it is not 
carcinogenic in mice. Thiazopyr is not genotoxic. Thiazopyr exerts its carcinogenic effect on 
the rat thyroid gland secondary to enhanced metabolism of thyroxine leading to hormone 
imbalance. The relevance of these rat tumours to human health was assessed by using the 
2006 International Programme on Chemical Safety Human Relevance Framework. The 
postulated rodent tumour mode of action (MOA) was tested against the Bradford Hill criteria 
and was found to satisfy the conditions of dose and temporal concordance, biological 
plausibility, coherence, strength, consistency, and specificity that fits with a well established 
MOA for thyroid follicular cell tumours. Although the postulated MOA could theoretically 
operate in humans, marked quantitative differences in the inherent susceptibility for neoplasia 
to thyroid hormone imbalance in rats allows for the conclusion that thiazopyr does not pose a 
carcinogenic hazard to humans.  

A number of chemical substances have been shown to induce thyroid follicular cell tumours 
in rats through a mode of action (MOA) that involves perturbation of thyroid hormone 
homeostasis via reduction of circulating thyroid hormones (Hurley et al., 1998; Capen et al., 
1999; IARC, 2001). Homeostatic responses to low thyroid hormone concentrations result in a 
compensatory increase in the release of thyroid stimulating hormone (TSH) from the pituitary 
gland, which in turn stimulates the thyroid gland to increase thyroid hormone synthesis and 
release. Persistent elevation of TSH levels leads to thyroid follicular cell hypertrophy and 
hyperplasia, which, if maintained (as a result of continuous exposure to the compound), can 
eventually lead to neoplasia. This neoplastic MOA in rats is well accepted by the scientific 
community, and both the International Agency for Research on Cancer (Capen et al., 1999; 
IARC, 2001) and the United States Environmental Protection Agency (USEPA, 1998) have 
established specific guidance or policies for evaluating the human relevance of rodent thyroid 
follicular cell tumours. 

Thiazopyr, a herbicide that induces rat thyroid follicular cell tumours by its effect on thyroid 
homeostasis, was the case-study used to illustrate the original 2001 International Programme 
on Chemical Safety (IPCS) framework for mode of carcinogenic action analysis (Sonich-
Mullin et al., 2001). Thiazopyr’s MOA is revisited as a case-study here to illustrate the 
additional guidance provided in the 2006 IPCS Human Relevance Framework (HRF) for 
evaluation of a neoplastic MOA for humans. This updated case-study highlights how accu-
mulating experience with a particular MOA can make subsequent analyses less difficult. 
Because this case-study is based on an established MOA in which the key events have been 
well defined, this analysis will focus on whether thiazopyr produces the biological effects 

1 This article, to which WHO owns copyright, was originally published in 2006 in Critical Reviews in 
Toxicology, Volume 36, pages 793–801. It has been edited for this WHO publication and includes corrigenda. 
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expected of this pathway. This case-study also emphasizes the importance of understanding 
the basic physiological processes underlying a toxicity pathway in animals and humans. For 
some compounds, chemical-specific data might be critical in evaluating the key events in 
humans. For others, the underlying biology is sufficient to allow interpretation of the human 
relevance of the carcinogenic MOA, both qualitatively and quantitatively. Thiazopyr is an 
example of the latter. Another MOA case-study of thyroid hormone disruption and the human 
relevance of rat thyroid follicular cell tumours is available for phenobarbital (Lehman-
McKeeman & Hill, in Meek et al., 2003). 

The present MOA analysis begins with a brief summary of the available information on the 
carcinogenicity of thiazopyr, followed by a discussion of the experimental biochemical and 
histopathological data considered for this thyroid disruption MOA. It is not intended to be a 
comprehensive assessment of the chemical per se.  

CARCINOGENICITY DATA 

Human epidemiological data on the carcinogenicity of thiazopyr are not available. Thiazopyr 
produces effects on liver and thyroid in various laboratory species, including mice, rats, and 
dogs. Thiazopyr was found to induce thyroid tumours in male rats only and appears to do so 
by increasing the hepatic metabolism and excretion of thyroid hormones.  

Chronic dietary administration of thiazopyr to mice and rats resulted primarily in thyroid 
follicular cell tumours in male rats but not in female rats (Naylor & McDonald, 1992; Naylor 
& Raju, 1992). There were no significant increases in the incidences of any tumours in either 
sex in the chronic study of mice treated with thiazopyr at up to 800 mg/kg in the diet (128.4 
mg/kg body weight [bw] per day in males and 215.9 mg/kg bw per day in females) (Naylor & 
Raju, 1992). In the rat carcinogenicity study, thiazopyr (technical, 94.8% pure) was 
administered to male and female Sprague-Dawley (SD) rats (60 per sex per group) at dietary 
concentrations of 0, 1, 10, 100, 1000, or 3000 mg/kg, providing dose levels of 0, 0.04, 0.4, 
4.4, 44.2, or 136.4 mg/kg bw per day for males and 0, 0.06, 0.6, 5.6, 56.3, or 177.1 mg/kg bw 
per day for females (Naylor & McDonald, 1992). The incidences of thyroid follicular cell 
adenomas and carcinomas were increased in male rats of the 1000 mg/kg (44.2 mg/kg bw per 
day) and 3000 mg/kg (136.4 mg/kg bw per day) groups (Table 1). It should be noted that the 
increase in tumour incidence in male rats is primarily accounted for by benign tumours.  

POSTULATED MOA FOR THE INDUCTION OF THYROID FOLLICULAR CELL 
TUMOURS IN RATS 

The postulated MOA for thiazopyr-induced thyroid follicular cell tumours involves the 
perturbation of homeostasis of the pituitary–thyroid axis by an extrathyroidal mechanism. 
Specifically, thiazopyr induces hepatic thyroxine (T4)-uridine diphosphate (UDP) glucurono-
syltransferase (UGT) activity, leading to enhanced metabolism of T4 by conjugation and 
increased biliary excretion of the conjugated hormone. The result of this enhanced liver 
metabolism is a decrease in serum T4 (and sometimes triiodothyronine, or T3) half-life. The 
pituitary gland responds to a decrease in circulating serum levels of T4 by enhancing the 
output and serum level of TSH. Prolonged elevation of circulating TSH levels stimulates the 
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thyroid gland to deplete its stores of thyroid hormone and continues to induce hormone 
production. Thus, the thyroid follicular cells enlarge (hypertrophy) and are induced to 
proliferate at an increased rate and to increase in number (hyperplasia). With chronic expo-
sure, thyroid hyperplasia eventually progresses to neoplasia. 

Table 1. Thyroid follicular cell tumour incidence in Sprague-Dawley male rats  
(2-year chronic study).

Dose (mg/kg bw per day)a

 0 0.04 0.4 4.4 44.2 136.4b

Adenomas 1/50 2/47 0/49 2/47 8/49 12/48 
Carcinomas 1/50 1/47 0/49 0/47 1/49 4/48 
Combined  2/50 3/47 0/49 2/47 9/49 14/48 
% (2) (6) (0) (4) (18) (29) 
P 0.000c 0.470 0.253 0.668 0.024* 0.001** 

Note: Tumour incidences were extracted from data submitted to the USEPA Office of Pesticide Programs (Naylor 
& McDonald, 1992). Significance: * P < 0.05; ** P < 0.01 (statistical analyses based on Fisher’s exact test). 
a Doses in mg/kg bw per day were estimated. 
b Two animals in the 136.4 mg/kg bw per day or 3000 mg/kg diet dose group had both benign and malignant 

tumours.
c For trend with dose.

KEY EVENTS IN EXPERIMENTAL ANIMALS 

The sequence of key events in thiazopyr’s mode of carcinogenic action includes: 

• induction of hepatic UGT activity;
• increase in hepatic metabolism and biliary excretion of T4;  
• decrease in serum T4 half-life and concentration;  
• increase in circulating TSH concentration; 
• cellular thyroid hypertrophy and follicular cell hyperplasia.

An evaluation follows to determine whether thiazopyr works via disruption of thyroid–
pituitary status by increasing hepatic clearance of circulating thyroid hormone. Thus, based 
on the key events listed above, biological indicators of thiazopyr’s MOA should include 
changes in liver metabolism, alterations in hormone levels, increases in thyroid growth, and 
lesion progression in the thyroid. These effects have been observed and measured in male rats 
in short-term and subchronic studies, and at interim and terminal sacrifices in a chronic study 
(Hotz et al., 1997). The dose–response and temporal analyses of the key events and tumour 
response are presented below.

DOSE–RESPONSE RELATIONSHIP AND CONCORDANCE  

A summary of the no-observed-adverse-effect levels (NOAELs) and lowest-observed-
adverse-effect levels (LOAELs) for the key effects in thiazopyr’s MOA are provided in Table 
2. In the 56-day study by Hotz et al. (1997), male SD rats (20 per dose) were fed diets 
containing thiazopyr at 0, 10, 30, 100, 300, 1000, or 3000 mg/kg (doses not measured, but 
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estimated to be 0, 0.5, 1.5, 5, 15, 50, and 150 mg/kg bw per day) for 56 days and evaluated 
for the effects on liver (weights, T4-hepatic UGT activity, T4 biliary elimination), thyroid 
(weights, hypertrophy/hyperplasia), and hormones (serum levels of T4, T3, reverse T3, or 
rT3, and TSH). In this study, the effects on liver, thiazopyr’s primary site of action, appear to 
be the most sensitive indicator of pituitary–thyroid homeostasis perturbation. Statistically 
significant increases in hepatic T4-UGT activity in the 50 and 150 mg/kg bw per day groups 
(approximately 3- and 6-fold increases in activity over controls when adjusted for liver 
weight, respectively) were found at the end of the 56-day treatment period. Consistent with 
the increase in T4-UGT activity, clearance of T4 from the blood and elimination in bile (40% 
increase in excretion of 125I-labelled T4) were increased after 150 mg/kg bw per day of 
thiazopyr (only dose evaluated). Statistically significant increases in liver weight were found 
at 15, 50, and 150 mg/kg bw per day of thiazopyr in the 56-day study in male rats by Hotz et 
al. (1997). In the 2-year rat study (Naylor & McDonald, 1992), absolute liver weights were 
increased by 122% at 44.2 mg/kg bw per day and by 178% at 136.4 mg/kg bw per day 
relative to controls. There were also statistically significant increases in the incidence of liver 
hypertrophy at 44.2 and 136.4 mg/kg bw per day (47/61 and 52/60 versus 0/60 in controls, 
respectively) in the 2-year rat study. 

Table 2. Summary of effects on liver, hormones, and thyroid from a 56-day study (Hotz 
et al., 1997) and the 2-year chronic study (Naylor & McDonald, 1992) in male rats. 

Effect NOAEL/LOAEL 
Liver  
Induction of UGT 15/50 mg/kg bw per day (56-day study) 
Increase in T4 biliary elimination <150/150 mg/kg bw per day (only dose tested in 56-day 

study)
Increase in liver weight 5/15 mg/kg bw per day (56-day study) 

44.2/136.4 mg/kg bw per day (2-year study) 
Hepatocellular hypertrophy 4.4/44.2 mg/kg bw per day (2-year study) 
Hormones 
Decrease in serum T4  50/150 mg/kg bw per day (56-day study) 
Increase in serum TSH 50/150 mg/kg bw per day (56-day study 
Thyroid 
Increase in thyroid weight 15/50 mg/kg bw per day (56-day study) 

44.2/136.4 mg/kg bw per day (2-year study) 
Increase in thyroid hyperplasia 44.2/136.4 mg/kg bw per day (2-year study) 
Increase in thyroid tumours 4.4/44.2 mg/kg bw per day (2-year study) 

Consistent with the enhanced hepatic clearance of T4 described above, when Hotz et al. 
(1997) treated male SD rats with doses of thiazopyr, statistically significant (P  0.05) 
decreases in serum T4 levels (by 30%) and increases in TSH (by 60%) were found after 56 
days of treatment at the highest dose tested (Table 3). T3 serum levels were non-significantly 
lower at 1.5 mg/kg bw per day and statistically significantly higher at 150 mg/kg bw per day 
after 56 days of treatment. In general, hepatic microsomal enzyme inducers appear to affect 
T3 less than T4; thus, T4 and TSH tend to be more reliable indicators of altered pituitary–

1149



Harmonization Project Document No. 4 

34

thyroid homeostasis (Liu et al., 1995; Hurley et al., 1998; Hood et al., 1999). In the case of 
thiazopyr, there appears to be a poor correlation between the doses causing the T4 and TSH 
effects and those causing an increased incidence of thyroid follicular cell tumours. The lowest 
dose of thiazopyr producing a statistically significant (P < 0.05) increase in thyroid follicular 
cell tumours in male SD rats was 44.2 mg/kg bw per day in the 2-year study, whereas the 
NOAEL for effects on T4 and TSH was 50 mg/kg bw per day in the 56-day study (Table 2). 
Generally, effects on liver enzymes/weight and pituitary–thyroid hormone concentrations 
would be anticipated to occur at doses at least as low as those that produce thyroid weight 
changes and increases in thyroid tumour incidence, given that this thyroid disruption MOA is 
a threshold phenomenon. This apparent discrepancy is probably not real, because neither of 
the doses quoted is accurate. In the 2-year study, the milligrams per kilogram body weight 
doses were averaged estimates for the entire study, whereas the relevant doses for comparison 
with the 56-day mechanistic study are those for rats of 12–20 weeks of age. These doses 
would have been at least 2-fold higher than those that were readily available (so the real 
LOAEL for neoplasia would have been about 90 mg/kg bw per day). They would also have 
been more relevant for neoplasia, because the critical period for hormonal perturbations (e.g. 
prolonged elevation of TSH) to initiate pathological changes would be early, not late, in the 
2-year study. The doses calculated for the 56-day study are also likely to be inaccurate, 
because food intake information was not available in the publication; the doses are estimates 
based on assumed intakes. Having acknowledged this uncertainty, it is observed that thyroid 
weights were increased significantly at 50 mg/kg bw per day and liver weights were 
increased at 15 mg/kg bw per day, which is consistent with the liver being the initial target in 
thiazopyr’s MOA.

Table 3. Fifty-six-day study in male rats: Hormonal effects (Hotz et al., 1997). 

Dose (mg/kg bw per day) a

0 0.5 1.5 5 15 50 150 
T4 (μg/dl) 4.1 ± 0.2 4.3 ± 0.3 3.9 ± 0.2 4.1 ± 0.2 4.0 ± 0.2 4.0 ± 0.2 2.9 ± 0.1a

T3 (ng/dl) 84 ± 3 82 ± 4 68 ± 2 84 ± 3 82 ± 3 91 ± 4 110 ± 6a

TSH (ng/ml) 2.7 ± 0.2 3.5 ± 0.4 2.7 ± 0.1 3.1 ± 0.4 2.9 ± 0.3 3.1 ± 0.2 4.3 ± 0.4a

Note: The mg/kg bw per day doses were estimated. Values are mean ± standard error of the mean; 19 or 20 
animals per group.
a Significantly different from control with Dunnett’s test after analysis of variance (ANOVA) (P  0.05).

As stated above, prolonged TSH stimulation leads to both hypertrophy and hyperplasia of the 
thyroid. In the 2-year rat study, there was a poor dose correlation between thyroid hyperplasia 
alone and tumour incidence. While tumour incidence was increased at 44.2 mg/kg bw per 
day, a statistically significant increase in the incidence of hyperplasia (8/58 versus 1/60 in 
controls) was found only at 136.4 mg/kg bw per day. Furthermore, in the 56-day rat study, 
where thyroid histology was reported as follicular cell hypertrophy and hyperplasia com-
bined, there was a significant increase in the incidence of this diagnosis at 150 mg/kg bw per 
day but not at lower doses (Hotz et al., 1997). There was, however, a good dose correlation 
between increases in thyroid weights in the 56-day study and tumour incidence in the 2-year 
study. Statistically significant increases in thyroid weights of 46% were found at 150 mg/kg 
bw per day and 25% at 50 mg/kg bw per day (Hotz et al., 1997). 
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TEMPORAL RELATIONSHIP  

If an event (or events) is an essential element of tumorigenesis, it must precede tumour 
appearance. Multiple exposure time data at 7, 14, 28, 56, and 90 days are available in which 
male SD rats were offered diets containing thiazopyr at 3000 mg/kg (150 mg/kg bw per day) 
(Hotz et al., 1997). Liver weights and hepatic T4-UGT activity were increased at all observa-
tion times from the earliest time of assessment on day 7. Biliary excretion of conjugated T4 
was not measured in this experiment; however, serum T4 was reduced at all observation 
times. Increases in circulating TSH were observed at all sampling times, although the 
increase was not significant at 14 days after treatment began. Increases in thyroid weight 
were also observed at all sampling times. Histologically, there was a time-related increase in 
hypertrophy/hyperplasia beginning at 14 days. In the 2-year rat study, the first thyroid 
adenoma was observed at week 69 at a dose of 136.4 mg/kg bw per day. Thus, there is a 
logical temporal response for the key events in thiazopyr-induced thyroid follicular cell 
tumour formation in which all key events precede tumour formation.  

STRENGTH, CONSISTENCY, AND SPECIFICITY OF ASSOCIATION OF THE 
TUMOUR RESPONSE WITH KEY EVENTS  

Strength, consistency, and specificity of the association can be established from the studies 
described above. The quantifiable precursor events, fundamental to the proposed MOA, are 
relatively consistent with the emergence of thyroid follicular cell tumours. Observation of 
liver weight increase and induction of hepatic T4-UGT in rats receiving the thiazopyr in the 
diet would be consistent with perturbation of homeostasis of the pituitary–thyroid axis by an 
extrathyroidal mechanism. An increase in hepatic T4-UGT activity is a step occurring before 
the other key biochemical changes and before thyroid follicular cell hypertrophy and 
hyperplasia. Thiazopyr treatment clearly results in a decrease in circulating T4 and an 
increase in TSH following enhanced liver metabolism of T4. Furthermore, in subchronic 
studies, the increases in thyroid weight and the development of hypertrophy/hyperplasia were 
shown to appear to a statistically significant degree under the same conditions of dose and 
time as the appearance and reversal of changes in thyroid hormone levels and thyroid 
hormone metabolism. Stop/recovery studies (Hotz et al., 1997) showed that cessation of 
thiazopyr dosing was followed by a return of hormone levels to control values, as well as a 
reduction in liver and thyroid weights and reversal of hyperplasia of thyroid follicular cells. 
Early dosing withdrawal would be expected to result in a reversal of hypothyroidism and of 
lesion progression for this non-genotoxic MOA. The only sign that was slow to reverse was 
the increase in thyroid weight after the longest dosing period.

BIOLOGICAL PLAUSIBILITY AND COHERENCE  

There are considerable data from studies in laboratory rodents demonstrating the relationship 
between sustained perturbation of the hypothalamic–pituitary–thyroid axis, prolonged stimu-
lation of the thyroid gland by TSH, and the progression of thyroid follicular cells to hyper-
trophy, hyperplasia, and eventually neoplasia (McClain, 1995; Hard, 1998; Hurley et al., 
1998; Capen et al., 1999; IARC, 2001). Increased secretion of TSH may result via several 
mechanisms, including increased hepatic clearance of T4, as is the case with thiazopyr.  
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Circulating levels of T4 are monitored by the thyrotropic cells of the pituitary gland that are 
responsible for the synthesis of TSH. In the pituitary gland, T4 is metabolized by 5 -deio-
dinase type II to T3, which then binds to specific receptors in the cell nucleus. A decrease in 
T3 receptor occupancy results in stimulation of TSH synthesis and secretion. Studies in vivo 
have shown that injection of rats with TSH leads to reductions in thyroid follicular cell 
nuclear statin, a non-proliferation-specific nuclear antigen, indicating that these cells were 
leaving the non-dividing state to resume the cell cycle (Bayer et al., 1992). This study showed 
that low, repeated doses of TSH (0.25 IU per rat twice daily) produced a cumulative response 
in nuclear statin levels over 10 days, which returned to normal resting levels within 5 days of 
cessation of TSH injections. Reduction in nuclear statin is also an early event that parallels 
the earliest known pinocytotic response to TSH. These data are consistent with increased 
TSH concentrations alone causing thyroid follicular cells of rats to enter a state of pre-
proliferation. Therefore, the suggestion that thiazopyr causes thyroid follicular cell neoplasms 
in rats by initially inducing hepatic T4-UGT is coherent with the known physiology of the 
hypothalamus–pituitary–thyroid dynamic control system, at least to the stage of hypertrophy 
and hyperplasia. 

Lastly, the tumour response elicited by thiazopyr is typical of a rodent thyroid carcinogen, in 
that thyroid follicular cell tumours are found in male rats but not in female rats or mice. Rats 
tend to be more sensitive to thyroid carcinogenesis than mice, and male rats are frequently 
found to be more sensitive than female rats with respect to the proportion of chemicals that 
induce thyroid tumours (Hurley et al., 1998). In keeping with this, TSH levels are typically 
higher in male rats than in females (Hill et al., 1989). In addition, male rats are sometimes 
more prone to hepatic enzyme induction than females of the same strain, but this depends on 
the enzyme in question, the dose of the inducing compound, and the age of the animals 
(Sundseth & Waxman, 1992; Agrawal & Shapiro, 1996; Oropeza-Hernandez et al., 2003).  

OTHER MODES OF ACTION  

Mutagenesis is always one possible MOA to consider, but no genetic toxicity has been 
demonstrated for thiazopyr in the following tests: 

• mutation in four strains of Salmonella typhimurium (Bakke, 1989a); 
• mutation at the hgpt locus of Chinese hamster ovary cells (Li & Myers, 1989); 
• micronucleus induction in bone marrow cells of mice treated in vivo (Flowers, 1990);  
• unscheduled DNA synthesis induction in hepatocytes of rats treated in vivo (Bakke, 

1989b).

Therefore, the available evidence indicates that mutagenesis is not an alternative MOA for 
thiazopyr.

Additional effects on the hypothalamic–pituitary–thyroid axis and disruption of other path-
ways of thyroid hormone metabolism are other possibilities for altering thyroid homeostasis. 
These variations would not differ in any fundamental way from the one that has been pro-
posed for thiazopyr, in that all would lead to prolonged TSH stimulation with continuous 
exposure.
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UNCERTAINTIES, INCONSISTENCIES, AND DATA GAPS  

There appears to be a lack of dose concordance for thyroid tumours and hormone changes, 
but this is likely to be due to inaccuracies in the milligrams per kilogram body weight doses 
compared—which either were estimated (versus calculated on the basis of food consumption 
and body weight data) and cover an early period in the life of rats or were averages for the 
whole duration of the experiment—as well as experimental variability.  

ASSESSMENT OF POSTULATED MODE OF ACTION 

The data presented are judged, with a moderately high degree of confidence, to be adequate 
to explain the development of thyroid follicular cell tumours in male rats following chronic 
dietary exposure to thiazopyr. Thiazopyr clearly increased liver weights (i.e. the initial target 
organ) at doses lower than those causing tumours and enhanced thyroid growth (i.e. increased 
thyroid weights) at the lowest tumorigenic dose. 

Human applicability of the proposed MOA 
The IPCS HRF, which was developed from the Risk Science Institute/International Life 
Sciences Institute “Human Relevance Framework” (Meek et al., 2003) and modified based on 
discussions by the IPCS Cancer Working Group (Boobis et al., current document), presents a 
four-part approach to addressing a series of three questions and leading to a documented, 
logical conclusion regarding the human relevance of the MOA underlying animal tumours. 

1. Is the weight of evidence sufficient to establish a mode of action (MOA) in animals? As
described in detail above, there is clear evidence that thiazopyr alters thyroid homeostasis by 
UGT induction, by reducing serum T4 levels and consequently elevating serum TSH.  

2. Can human relevance of the MOA be reasonably excluded on the basis of fundamental, 
qualitative differences in key events between experimental animals and humans? The current 
understanding of the regulation of thyroid hormone homeostasis in humans and of the role of 
increased TSH levels (as a result of altered thyroid homeostasis) as a risk factor for thyroid 
cancer was considered in order to assess the human relevance of the key events in thiazopyr’s 
animal mode of carcinogenic action. Although there are substantial quantitative dynamic 
differences (discussed below), the fundamental mechanisms involved in the function and 
regulation of the hypothalamic–pituitary–thyroid axis in rats are qualitatively similar to those 
in humans (Bianco et al., 2002). Therefore, an agent that decreases T4 levels in rats could 
likewise reduce T4 in humans; this, in turn, could potentially lead to an increase in TSH 
levels. There are data showing that rodents and humans respond in a similar fashion to 
perturbations of pituitary–thyroid function. For example, it is well known that iodine 
deficiency, which readily leads to decreased thyroid hormone levels, stimulates thyroid cell 
proliferation in humans, leading to goitre. If left untreated, iodine deficiency may lead to 
tumour formation, albeit rarely (Thomas & Williams, 1999). Although there is no evidence of 
increased susceptibility to thyroid cancer, a number of pharmaceuticals (e.g. propylthiouracil, 
lithium, amiodarone, iopanoic acid) that disrupt thyroid homeostasis by acting directly on the 
thyroid gland (e.g. by inhibiting hormone synthesis or release or by blocking the conversion 
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of T4 to T3) are known to lead to hypothyroidism and increases in TSH in humans (Ron et 
al., 1987).

In contrast to rats, no increases in TSH levels have been found in humans following exposure 
to agents that induce hepatic microsomal enzymes and reduce circulating T4 levels (discussed 
in Lehman-McKeeman & Hill, in Meek et al., 2003). For example, the pharmaceutical com-
pounds phenytoin, rifampin, and carbamazepine induce hepatic microsomal enzymes, includ-
ing UGT, and reduce circulating T4 levels, but TSH levels are unchanged (Curran & 
DeGroot, 1991); agents that produce thyroid tumours in rats by increasing glucuronidation 
and biliary excretion of T4 at high experimental doses (e.g. omeprazole, lansoprazole, and 
pantoprazole) produce no changes in thyroid hormones at clinical doses in humans (Masu-
buchi et al., 1997). Thus, there appears to be a substantial difference in the dose–response 
relationship for altered homeostasis of the pituitary–thyroid axis in rats compared with 
humans. As discussed below, this observation is due to quantitative dynamic differences 
between rats and humans in the basic physiological processes underlying pituitary–thyroid 
function.

3. Can human relevance of the MOA be reasonably excluded on the basis of quantitative 
differences in either kinetic or dynamic factors between experimental animals and humans?
Thiazopyr does not target the thyroid directly. Rather, its primary effect is on hepatic 
metabolizing enzymes, and the increase in metabolic activity indirectly increases the systemic 
clearance of T4, leading to the hypothyroid state and the compensatory increase in TSH 
found in rats. Although there are no chemical-specific data on the potential for thiazopyr to 
disrupt thyroid hormone homeostasis in humans, a number of other microsomal enzyme 
inducers have been extensively studied, such as phenobarbital (Lehman-McKeeman & Hill, 
in Meek et al., 2003). As discussed above, agents that produce hypothyroidism by altering 
hepatic clearance of T4 do not appear to result in elevated TSH levels in humans. 
Presumably, TSH is not increased because a critical reduction of T4 is not reached.

There are several important physiological and biochemical differences between rats and 
humans related to thyroid function. Rats have a smaller reserve capacity of thyroid hormones 
when compared with humans. The rat has a much shorter thyroid hormone half-life than 
humans. The half-life of T4 is about 12 h in rats compared with 5–9 days in humans (Dohler 
et al., 1979). The shorter half-life in rats is likely related to the absence of a high affinity 
binding globulin for T4 that is present in humans (Hill et al., 1989). In rats, the increased 
clearance contributes to the need for a higher rate of production of T4 (per unit of body 
weight) to maintain normal levels of T4. In contrast, in humans, the binding of thyroid 
hormone to this globulin accounts for a slower metabolic degradation and clearance, which in 
turn result in the thyroid gland being less active than in rats. The constitutive TSH levels are 
approximately 25 times higher in rats than in humans, reflecting the higher activity of the 
pituitary–thyroid axis in rats (Dohler et al., 1979; McClain, 1992). Therefore, humans are 
quantitatively less sensitive than rats to agents that reduce T4 and lead to elevated TSH. 
There is no increased risk of thyroid tumour development if TSH is not elevated.  

Another difference of rats compared with humans is the histological appearance of the 
thyroid. This histological difference is related to the higher rate of production of T4 to 
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maintain a consistent serum concentration, thus making the rat thyroid more “functionally 
active” than that of primates, including humans (McClain, 1995). More of the follicular 
epithelium in the rat is stimulated to synthesize thyroglobulin, and therefore more of the 
follicular cells are tall cuboidal and appear to be active in synthesis. In contrast, more of the 
follicular cells in humans tend to be short cuboidal or almost squamous in appearance, sug-
gesting they are quiescent. Because rat follicular cells are already generally active, under 
stimulation from TSH, they will respond with hyperplasia more readily than human follicular 
cells. Because of the greater storage capability of the human thyroid and the greater numbers 
of cells in a quiescent state, human thyroid follicular cells will be roused from their quiescent 
state to synthesize and secrete additional thyroid hormone without the need for a hyperplastic 
response to re-establish homeostasis. Therefore, the primary response in the human thyroid 
gland would be thyroglobulin reabsorption and cellular hypertrophy rather than hyperplasia. 
In short, there is much greater buffering capacity in the biochemistry of the human than the 
rat thyroid. 

Even though certain agents can cause a reduction in thyroid hormone levels in humans, there 
is no clear evidence that these agents increase susceptibility to thyroid cancer (Ron et al., 
1987). For example, epidemiological studies with phenobarbital do not show any increased 
risk of thyroid cancer (Olsen et al., 1993). Studies of individuals with conditions that would 
lead to elevated TSH (patients with Graves disease or goitre) indicate that the occurrence of 
thyroid cancer is rare in these circumstances (e.g. Mazzaferri, 2000; Gabriele et al., 2003). A 
study of environmental and heritable causes of cancer among 9.6 million individuals, using 
the nationwide Swedish Family-Cancer Database, found that the environment did not appear 
to play a principal causative role in thyroid cancer (Lichtenstein & Hemminki, 2002). The 
only known human thyroid carcinogen is radiation, a mutagenic exposure.  

As summarized in Table 4, there is sufficient evidence in the general literature on the 
biochemical and physiological differences in thyroid function to indicate differences in 
tumour susceptibility between rats and humans. In contrast to humans, rats are very suscep-
tible to thyroid neoplasia secondary to hypothyroidism. In particular, modest changes in 
thyroid hormone homeostasis will promote tumour formation in rats. Thus, thyroid tumours 
induced by thiazopyr involving increased hepatic clearance of hormone and altered homeo-
stasis of the pituitary–thyroid axis in rodents are considered not relevant to humans, based on 
quantitative dynamic differences. 

4. Conclusion: statement of confidence, analysis, and implications. There is sufficient experi-
mental evidence to establish a thyroid disruption MOA for thiazopyr-induced thyroid 
follicular cell tumours in rats. Although thiazopyr may potentially result in hypothyroidism in 
humans, there is sufficient quantitative evidence on the basic physiological processes in the 
general literature to conclude that thyroid tumours induced by a process involving increased 
hepatic clearance of thyroid hormone and altered homeostasis of the pituitary–thyroid axis in 
rodents is not likely to lead to an increase in susceptibility to tumour development in humans. 
Although there are no human data on thiazopyr, clinical data on other hepatic microsomal 
enzyme inducers were critical to this human relevance analysis. The general literature 
provided sufficient evidence to show that unlike in the rat, decreased T4 levels typically show 
no evidence of compensatory increases in TSH levels in humans. There is also cellular and 
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biochemical evidence that the rat pituitary–thyroid axis is much more sensitive than that in 
humans to such perturbations. This sensitivity is likely the result of the rapid turnover of T4 
in rats coupled with the higher demand for TSH to maintain thyroid activity.  

Table 4. A comparison of key events in rats and humans. 

Key event Evidence in rats Evidence in humans 
Increased hepatic 
clearance of T4 

In short-term and chronic rat 
studies, the liver is found to be 
the most sensitive target, and 
evidence of increased T4 hepatic 
clearance is provided by studies 
on T4-hepatic UGT activity, T4 
half-life, T4 biliary elimination, 
liver weights, and hypertrophy. 

No data available for thiazopyr, but 
microsomal enzyme induction is 
plausible.  

Decreased serum 
T4

Direct experimental evidence. No data available for thiazopyr, but 
plausible given that other microsomal 
enzyme inducers have been shown to 
reduce T4 in humans.  

Increased TSH 
levels

Direct experimental evidence. No data available for thiazopyr, but other 
microsomal enzyme inducers have not 
been shown to increase TSH levels even 
when T4 is decreased. 

Increased TSH 
increases thyroid 
cell proliferation 
and tumour 
formation

Direct experimental evidence.  Induction of thyroid follicular cell tumours 
secondary to hypothyroidism is remote in 
humans, given the quantitative differ-
ences in thyroid function/homeostasis. 
Occurrence of thyroid cancer is rare 
even in severely hypothyroid individuals. 

IMPLICATIONS OF THE IPCS HRF 

The thiazopyr example is an illustration of an induced tumour response consistent with an 
MOA that has been previously defined and established. Thus, addressing the first question in 
the framework analysis, “Is the weight of evidence sufficient to establish a mode of action 
(MOA) in animals?”, became a determination of whether the data set on the chemical 
conforms to the same key events defined for the pathway of interest. This example further 
demonstrates how data on the basic understanding of the biological processes involved in the 
MOA provide an important means to compare the rodent and human key events. Thus, this 
generic human information was essential to evaluating the qualitative and quantitative differ-
ences between experimental animals and humans in addressing the plausibility of the cancer 
MOA for humans (i.e. questions 2 and 3 in the HRF). 
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4-AMINOBIPHENYL AND DNA REACTIVITY: CASE-STUDY WITHIN 
THE CONTEXT OF THE IPCS FRAMEWORK FOR ANALYSING THE 

RELEVANCE OF A CANCER MODE OF ACTION FOR HUMANS1

Samuel M. Cohen, Alan R. Boobis, M.E. (Bette) Meek, R. Julian Preston, & 
Douglas B. McGregor 

The International Programme on Chemical Safety (IPCS) Human Relevance Framework 
(HRF) was evaluated for a DNA-reactive (genotoxic) carcinogen, 4-aminobiphenyl, based on 
a wealth of data in animals and humans. The mode of action (MOA) involves metabolic 
activation by N-hydroxylation, followed by N-esterification leading to the formation of a 
reactive electrophile, which binds covalently to DNA, principally to deoxyguanosine, leading 
to an increased rate of DNA mutations and ultimately to the development of cancer. In 
humans and dogs, the urinary bladder urothelium is the target organ, whereas in mice, it is the 
bladder and liver; in other species, other tissues can be involved. Differences in organ 
specificity are thought to be due to differences in metabolic activation versus inactivation. 
Based on qualitative and quantitative considerations, the MOA is possible in humans. Other 
biological processes, such as toxicity and regenerative proliferation, can significantly 
influence the dose–response of 4-aminobiphenyl-induced tumours. Based on the IPCS HRF, 
4-aminobiphenyl would be predicted to be a carcinogen in humans, and this is corroborated by 
extensive epidemiological evidence. The IPCS HRF is useful in evaluating DNA-reactive 
carcinogens.  

4-Aminobiphenyl is carcinogenic when administered to several species by a variety of routes 
(IARC, 1972, 1986, 1987). It was selected as a chemical for a case-study for the International 
Programme on Chemical Safety (IPCS) Human Relevance Framework (HRF) as a 
representative DNA-reactive carcinogen because of its established mode of action (MOA) in 
animal models, based on substantial data available evaluating its metabolic activation, DNA 
reactivity, genotoxicity, and carcinogenicity. It is also similar to numerous known animal and 
human carcinogens belonging to the chemical class of aromatic amines (structure–activity
relationships), and there are extensive epidemiological, metabolic, and biochemical data in 
humans. This case-study illustrates the nature of data that are helpful in delineating MOAs 
for DNA-reactive carcinogens. Distinction between modulating factors and key events in an 
MOA analysis is also presented. 

Based on the strong animal evidence and extensive epidemiological data, the International 
Agency for Research on Cancer (IARC) has classified 4-aminobiphenyl as a known human 
carcinogen (IARC, 1972, 1987). Although initially identified as a human urinary bladder 
carcinogen in individuals exposed to high levels occupationally, it has subsequently been 
demonstrated as a major component of cigarette smoke, leading to an increased risk of 
urinary bladder cancer in cigarette smokers (Del Santo et al., 1991; Curigliano et al., 1996). 
Additional research has shown that it is a ubiquitous environmental chemical occurring 
naturally when organic material containing nitrogen undergoes combustion. 

1 This article, to which WHO owns copyright, was originally published in 2006 in Critical Reviews in 
Toxicology, Volume 36, pages 803–819. It has been edited for this WHO publication and includes corrigenda. 
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CARCINOGENICITY OF 4-AMINOBIPHENYL IN ANIMALS 

Experimental studies indicate that 4-aminobiphenyl is carcinogenic in mice, rats, rabbits, and 
dogs, although significant target tissue differences and susceptibility have been observed 
(IARC, 1972). By most routes of exposure, 4-aminobiphenyl is primarily a carcinogen of the 
liver and, to a lesser extent, the urinary bladder in mice, whereas in dogs (and humans), the 
urinary bladder appears to be the target organ. Many of the studies were conducted a number 
of years ago, and published accounts include only limited details. In addition, potential 
precursor lesions at interim periods were rarely documented, and none of the studies included 
protocols, such as stop/recovery, which might be informative in the context of MOA. 
Nonetheless, results indicate clear species and individual differences in response (e.g. Block 
et al., 1978), characteristic of MOAs entailing competing metabolic activation and 
deactivation processes (Table 1). 

Table 1. Carcinogenicity studies of 4-aminobiphenyl in various species. 

Species Route/dose  Incidence Comment  Reference 
Mice Gavage; 1 

mg/week for 38 
weeks 

Bladder carcinomas in 
2/12 mice surviving to 
90 weeks 

Clayson et al. 
(1965) 

Mice Gavage; 0 or 1.5 
mg/week for 52 
weeks 

Bladder carcinomas in 
1/21 exposed males vs 
0/19 in controls; 
increased incidence of 
hepatomas in males 
and females 

Clayson et al. 
(1967) 

Mice Subcutaneous 
injection of 200 
μg for up to 52 
weeks 

Hepatomas in 19/20 
males and 6/23 females 
after 48–52 weeks 

Gorrod et al. 
(1968) 

Mice
(BALB/
cStCrlfC3Hf/
Nctr) 

0–220 mg/l in 
drinking-water 
(males), 0–300 
mg/l (females), 
for up to 96 
weeks 

Significant increases in 
urinary bladder carcino-
mas (males only), 
hepatocellular carcino-
mas (females only), 
and angiosarcomas 
(males and females)  

Hyperplasia of the 
bladder in most 
mice of both sexes 
receiving 75 mg/l 
(females) and 55 
mg/l (males) or 
greater, but none in 
controls

Schieferstein 
et al. (1985) 

Mice
(newborn 
B6C3F1)

Different regi-
mens; injected 
prior to weaning 

Liver tumours  Dooley et al. 
(1988, 1992); 
Von Tungeln 
et al. (1996); 
Parsons et al. 
(2005) 

Rats Subcutaneous 
injection in 
arachis oil of total 
dose of 3.6–5.8 
g/kg bw 

Mammary and intestinal 
tumours

Walpole et al. 
(1952) 
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Table 1 (Contd) 

Species Route/dose  Incidence Comment  Reference 
Rabbits Oral administra-

tion of unspecified 
dose

Bladder papillomas in 1 
animal and carcinomas 
in 3 animals 

Earliest carcinoma 
observed 4 years 
after start of treat-
ment

Bonser (1962) 

Dogs (2) Gelatin capsules 6 
times weekly for 
life for a total dose 
of 30 or 34 g 

Carcinoma of the 
bladders appeared in 
33 months 

Walpole et al. 
(1954) 

Dogs Gelatin capsules 
0.3 g 3 times 
weekly (total dose: 
94.5–144 g per 
dog)

Bladder carcinomas 
after 21–34 months 

Deichmann et 
al. (1958) 

Dogs (6) 1.0 mg/kg bw 
5 times weekly for 
34 or 37 months 
(total dose 5.5–7.0 
g per dog) 

3 bladder papillomas 
and 3 bladder 
carcinomas (transitional 
cell type) 

Deichmann et 
al. (1965) 

Dogs Single dose Ineffective in inducing 
bladder tumours over a 
5-year period 

Deichmann & 
MacDonald 
(1968) 

Dogs  
(24 beagles) 

Oral administra-
tion 5 days/week 
for 3 years 

Negative or minimal 
disease in 4 dogs, with 
no neoplasia in 2; 
neoplasia developed 
slowly in 11 dogs, while 
a rapidly progressive 
pattern was observed in 
the remaining 9 dogs 

Block et al. 
(1978) 

bw, body weight 

Following its oral administration by gavage (1 mg per mouse per week for 38 weeks), 2/12 
mice surviving to 90 weeks developed bladder carcinoma (Clayson et al., 1965). In a separate 
but similar experiment, dosing mice with 1.5 mg of 4-aminobiphenyl for 52 weeks resulted in 
bladder carcinoma in 1/21 male mice as compared with 0/19 in controls. In this experiment, 
the frequency of hepatomas in both male and female mice was significantly higher than that 
in the controls (Clayson et al., 1967). Three subcutaneous injections of mice with 200 μg of 
4-aminobiphenyl produced hepatomas in 19/20 males and 6/23 females after 48–52 weeks 
(Gorrod et al., 1968). Oral administration of 4-aminobiphenyl in drinking-water at concen-
trations of up to 220 and 300 mg/l to male and female BALB/cStCrlfC3Hf/Nctr mice, 
respectively, for up to 96 weeks induced dose-related, significant increases in angiosarcomas 
(males and females), urinary bladder carcinomas (males only), and hepatocellular carcinomas 
(females only). Hyperplasia of the bladder was observed in most of the mice of both sexes in 
groups of about 118 receiving concentrations of 75 mg/l (females) and 55 mg/l (males) or 
greater, whereas none was reported in the control groups of similar size (Schieferstein et al., 
1985). In a number of experiments, newborn B6C3F1 mice were primarily susceptible to 
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liver carcinogenesis following 4-aminobiphenyl administration (Dooley et al., 1988, 1992; 
Von Tungeln et al., 1996; Parsons et al., 2005). 

Daily subcutaneous injection of rats with 4-aminobiphenyl in arachis oil to a total dose of 
3.6–5.8 g/kg body weight (bw) resulted in significant increases in the incidence of mammary 
gland and intestinal tumours (Walpole et al., 1952).  

Among seven rabbits given commercial 4-aminobiphenyl orally (dose unstated), bladder 
papillomas were found in one and carcinomas in three animals. The earliest carcinoma was 
observed 4 years after the start of treatment (Bonser, 1962). 

Two dogs fed 4-aminobiphenyl in gelatin capsules 6 times weekly for life (total dose per dog: 
30, 34 g) developed carcinoma of the bladder in 33 months (Walpole et al., 1954). This was 
confirmed by similarly feeding capsules containing 4-aminobiphenyl (0.3 g per dog) 3 times 
weekly. Bladder carcinomas were observed after 21–34 months (total dose: 94.5–144.0 g per 
dog) (Deichmann et al., 1958). When the dose of 4-aminobiphenyl was reduced to 1.0 mg/kg 
bw and given to six dogs 5 times weekly for 34 months or 37 months (total dose: 5.5–7.0 g 
per dog), three bladder papillomas and three bladder carcinomas (transitional cell type) were 
observed (Deichmann et al., 1965). A single dose was not effective in inducing bladder 
tumours over a period of 5 years (Deichmann & MacDonald, 1968). Among 24 beagles that 
received 4-aminobiphenyl orally 5 days per week for 3 years, three basic patterns of bladder 
carcinogen responses were seen. Negative or minimal disease was seen in four dogs, of which 
two remained completely free of neoplasia. Neoplasia developed slowly in 11 dogs, while a 
rapidly progressive pattern was observed in the remaining 9 dogs (Block et al., 1978). 

IS THE WEIGHT OF EVIDENCE SUFFICIENT TO ESTABLISH A MODE OF 
ACTION (MOA) IN ANIMALS? 

The first question of the IPCS HRF is an evaluation of the animal MOA itself. This is based 
on the process delineated by the MOA Framework developed by IPCS and published in 2001 
(Sonich-Mullin et al., 2001), which evolved from the Bradford Hill criteria for causality in 
epidemiology studies (Hill, 1965). 

A. Postulated mode of action 
4-Aminobiphenyl is metabolized by hepatic enzymes to N-hydroxy-4-aminobiphenyl, which 
can be N-esterified (N-acetylated, N-glucuronidated, or N-sulfated) in hepatic and other 
tissues (Miller et al., 1961; Kadlubar et al., 1977, 1991; Miller & Miller, 1977; Delclos et al., 
1987; Chou et al., 1995) (Figure 1). O-Esterification and ring hydroxylation are competing 
enzymatic reactions leading to detoxification. Tissue and species differences in the activity of 
these reactions dictate, at least in part, variations in susceptibility to the carcinogenic effects 
of 4-aminobiphenyl and differences in organ specificity in the development of tumours. 
Ultimately, a reactive electrophilic nitrenium ion is formed in the target tissue following N-
esterification, and this is capable of forming DNA adducts. The principal DNA adduct is N-
(deoxyguanosin-8-yl)-4-aminobiphenyl (Talaska et al., 1990; Kadlubar et al., 1991; 
Flammang et al., 1992; Hatcher & Swaminathan, 1995, 2002). As a consequence of the 
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mutations that can result from these reactions at critical sites of critical genes, neoplastic cells 
eventually develop.

Figure 1. Metabolism of 4-aminobiphenyl 

B. Key events 
The major route of hepatic activation of 4-aminobiphenyl begins with its N-hydroxylation,
catalysed, the balance of evidence indicates, by CYP1A2, at least in rats and humans (Butler 
et al., 1989b). In mice, there is evidence that CYP1A2 is not the only, or even the primary, 
form of cytochrome P-450 involved (Kimura et al., 1999). The N-hydroxylamine can also be 
produced by reaction with a variety of oxidases and peroxidases, such as by the prostaglandin 
synthase component of cyclo-oxygenase (Kadlubar et al., 1982). Whether any of these non-
cytochrome P-450 reactions occur in vivo and are of toxicological significance remains 
unclear. The N-hydroxylamine undergoes N-acetylation by N-acetyltransferase-1 (NAT1) 
(Flammang & Kadlubar, 1986; Oda, 2004), resulting in an N-acetoxy ester that is unstable in 
acidic conditions, forming an arylnitrenium ion that can react directly with DNA, forming a 
DNA adduct at the C-8 position of guanine (Hammons et al., 1985; Flammang & Kadlubar, 
1986; Hatcher & Swaminathan, 2002). Additionally, the N-hydroxylamine generated in liver 
can serve as a substrate for uridine diphosphate (UDP) glucuronosyltransferase (UGT), 
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yielding an N-glucuronide conjugate that is transported to the urinary bladder (Kadlubar et 
al., 1977). The glucuronide can either be excreted in urine or, under acidic conditions, serve 
as an additional source of the N-hydroxylamine in the urinary bladder, following hydrolysis. 
There are a number of reactions that can compete with this reaction scheme, including N-
acetylation of 4-aminobiphenyl by N-acetyltransferase-2 (NAT2), but the resulting 
arylacetamide is a poor substrate for CYP1A2, and it is considered to be primarily a 
detoxification reaction. As a consequence, N-acetylation of the parent amine is considered a 
deactivating process. Rates of acetylation can thus affect the balance between activation and 
deactivation. Humans phenotypically are either rapid or slow acetylators (Lower et al., 1979). 
Mouse strains exist that are analogous to human slow and rapid acetylators. Thus, C57BL/6 is 
a rapid acetylator strain, while A/J is a slow acetylator (Hein, 1988). Interest in these 
differences includes a possible explanation for interspecies, interstrain, and interindividual 
differences in response. As a consequence of the DNA adducts formed, mutations can be 
produced. The key events are summarized in Table 2. 

Table 2. Key events in the carcinogenicity of 4-aminobiphenyl in animals. 

1. Metabolic activation 
 a) N-Hydroxylation 
 b) N-Esterification (glucuronide, acetyl, sulfate) 
 c) Hydrolysis to nitrenium ion 
2. DNA adduct formation (dG-C8, dA-C8, dG-N2) in pluripotential cell of target organ 
3. DNA mutation in critical gene(s) leading to cancer 
4. Cancer 

dA, deoxyadenosine; dG, deoxyguanosine 

C. Dose–response relationship 
In view of the fact that many of the relevant studies were conducted a number of years ago, 
data on concordance of dose–response for precursor lesions for tumours are restricted to 
hyperplasia in the mouse urinary bladder. Dogs do not develop bladder tumours after a single 
dose of 4-aminobiphenyl (Deichmann & MacDonald, 1968), and there do not appear to have 
been studies of dose–response relationships in this species following multiple exposures. In 
the only study in which information on the incidence of precursor lesions was reported, male 
BALB/c mice were treated with drinking-water containing 4-aminobiphenyl at concentrations 
of 0, 7, 14, 28, 55, 110, or 220 mg/l for up to 96 weeks (Schieferstein et al., 1985). These 
treatments were associated with bladder carcinoma incidences of 0/116, 1/117, 1/118, 0/118, 
6/115, 5/118, and 23/118, respectively. The incidences in the 55 mg/l group and higher were 
statistically significantly higher than in controls. Female mice were exposed to drinking-
water concentrations of 4-aminobiphenyl of 0, 7, 19, 38, 75, 150, and 300 mg/l. The 
corresponding incidences of bladder carcinomas were 0/118, 0/118, 0/119, 1/118, 0/118, 
5/117, and 1/117. Incidences of hyperplasia were much higher, although severity was not 
indicated. In males, the incidences of hyperplasia were 0/116, 4/117, 9/118, 71/118, 108/115, 
107/118, and 102/118 for doses of 0, 7, 14, 28, 55, 110, and 220 mg/l, respectively, and for 
females, 0/118, 0/118, 3/119, 53/119, 106/118, 97/117, and 83/117 for doses of 0, 7, 19, 38, 
75, 150, and 300 mg/l, respectively. Thus, the dose–response curves for tumours and 
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hyperplasia were sigmoidal or hockey stick-shaped. In contrast, steady-state levels of 
urothelial C-8 guanine DNA adducts showed a linear dose–response (Poirier et al., 1995). 

In this same study (Schieferstein et al., 1985), there was no increase in the incidence of liver 
tumours in the males, whereas in the females, the incidences of liver tumours (adenomas and 
carcinomas combined) were 0/117, 0/120, 2/120, 4/119, 11/119, 17/118, and 10/117 at doses 
of 0, 7, 19, 38, 75, 150, and 300 mg/l, respectively. The incidence of angiosarcomas of 
various tissues combined was also increased at the three highest doses in males and females, 
although the incidences were somewhat higher in females than in males. 

D. Temporal relationship 
Establishing time sequences for events in a carcinogenic process is partially, but to an 
important extent, dependent upon the sensitivity of the available methods for their measure-
ment. Thus, tumours must attain a size allowing their histological detection, while the 
measurement of mutations and DNA adducts requires not only time but sufficient tissue. 
Consequently, the latter are more usually studied in liver than in urinary bladder, where the 
paucity of tissue available in the urothelium, particularly in rodents, causes technical diffi-
culties that have no connection with the frequency of the biochemical and biological events. 
The metabolism and formation of DNA adducts are early events, which can be observed 
within a few minutes or hours in vitro and within a day following in vivo treatment with 4-
aminobiphenyl (e.g. Kadlubar et al., 1991; Swaminathan & Reznikoff, 1992; al-Atrash et al., 
1995; Hatcher & Swaminathan, 1995; Doerge et al., 1999; Tsuneoka et al., 2003). Many in 
vivo experiments, however, continue exposure for 3–4 weeks to allow an accumulation of 
adducts, achieve steady-state levels, and facilitate their detection (e.g. Talaska et al., 1990; 
Flammang et al., 1992; Poirier & Beland, 1992; Poirier et al., 1995; Underwood et al., 1997). 
Mutations can also be detected within a short time in vitro, but have generally not been 
detected in vivo in target tissues until after several weeks or months of exposure (e.g. H-ras
in mouse liver; Parsons et al., 2002), although this comparatively long period may not be a 
true reflection of when mutations first arise. In one study, mutations were detected in a 
Muta™Mouse urinary bladder assay 14 days after a single dose of 4-aminobiphenyl (Fletcher 
et al., 1998). Carcinomas and hyperplasia of the urinary bladder are apparently late-occurring
lesions in mice and dogs; however, time course changes have not been systematically 
evaluated. Although mice were killed at intervals beginning at 13 weeks in one 2-year study, 
and hyperplastic lesions were induced in the urinary bladder, their incidences at different 
times were not presented (Schieferstein et al., 1985). Tumours in the urinary bladder are 
commonly not discovered until after about 2 years in mice (Schieferstein et al., 1985) and 
longer in dogs (Walpole et al., 1954; Deichmann et al., 1958, 1965). However, neoplastic 
transformation of human urothelial cells (infected with SV40) treated in vitro with 4-
aminobiphenyl followed by in vitro culture for 6 weeks was demonstrated upon their inocu-
lation into nude mice (Bookland et al., 1992b). 

E. Strength, consistency, and specificity of association of the tumour 
response with key events 

  Evidence in support of the association of the tumour response with key events comes only in 
part from studies on bladder; considerable evidence is provided by studies on liver. DNA 
adduct formation has been demonstrated in both tissues. 

1166



IPCS Framework for Analysing the Relevance of a Cancer Mode of Action for Humans and Case-Studies

51

There is an abundance of studies that demonstrate that 4-aminobiphenyl is a mutagen, 
including positive mutagenicity with certain frameshift mutation and base pair substitution-
sensitive strains (TA1538, TA98, and TA100) of Salmonella typhimurium, but only in the 
presence of rodent liver S9 metabolic activating preparations. The requirement for S9 
metabolic activation clearly demonstrates the lack of DNA reactivity and mutagenicity of the 
parent amine. In addition, 4-aminobiphenyl induces unscheduled DNA synthesis in rat liver 
cells in vitro (United States Environmental Protection Agency Genetic Activity Profiles). 
These in vitro studies provide evidence that 4-aminobiphenyl can cause genetic damage 
following metabolic activation. Bacterial mutation studies have also been conducted com-
paring metabolic activation systems based on liver homogenates from Aroclor 1254-induced 
male Sprague-Dawley rats and C57BL/6 mice, using S. typhimurium TA100 tester strains that
expressed different levels of N- and O-acetyltransferase (OAT) activity (Dang & McQueen, 
1999). TA100 has a single copy of the NAT/OAT gene; YG1029 has multiple copies of the 
NAT/OAT gene, and TA100/1,8DNP6 is NAT/OAT-deficient. Effects with mouse and rat S9 
were similar (but the effects of Aroclor 1254 treatment were not examined). Using either 4-
aminobiphenyl or 4-acetylaminobiphenyl as substrates, considerably more mutations were 
induced in YG1029 than in TA100 or TA100/1,8DNP6, in which mutation induction was 
similar. This supports a role for high acetylation activity in mutation induction by the N-
hydroxylamine in these bacteria. 

The non-enzymatic step to an arylnitrenium ion in the mechanism of mutagenesis in vivo is 
supported by the observation that N-hydroxy-4-aminobiphenyl mutagenesis in the high OAT-
expressing S. typhimurium TG1024 strain is dependent on the pH of the medium, with an 
inverse relationship between mutant numbers and pH over the range 4.0–8.0 (Sarkar et al., 
2002).

Administration of 4-aminobiphenyl in the drinking-water of BALB/c mice for 28 days 
resulted in higher levels of DNA adducts in liver than in urinary bladder of females, while the 
reverse occurred in males. Thus, in each sex, the DNA adduct level correlated with the 
susceptibility of the tissue to tumour induction by 4-aminobiphenyl (Poirier et al., 1995). 
However, the shape of the dose–response curve was linear for DNA adducts in both tissues 
(although it appears to saturate and is relatively flat in female mice), whereas the tumour 
dose–response curve was sigmoidal (Poirier et al., 1995).

Adduct levels were also highest in the urinary bladder of female Hsd:ICR(Br) mice that were 
dosed topically (the more usual exposure route in occupational settings) with 50 nmol 4-
aminobiphenyl for 21 weeks. The principal adduct in all tissues examined (bladder, liver, 
lung, and skin) co-chromatographed with N-(deoxyguanosin-8-yl)-4-aminobiphenyl (Under-
wood et al., 1997). 

One study of mutagenesis in male Muta™Mouse transgenic mice (i.e. transgenic CD2F, 
[BALB/c × DBA/2]) treated orally with 4-aminobiphenyl at 10 mg/kg bw per day for 10 days 
reported that the mutation frequencies in urinary bladder, liver, and bone marrow were 
increased by 13.7-, 4.8-, and 2.4-fold, respectively (Fletcher et al., 1998). 
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Newborn B6C3F1 (C57BL/6 × C3H) mice responded to treatment with 4-aminobiphenyl by 
developing a high frequency of liver tumours, many of which carried H-ras codon 61 CAA 
→ AAA mutations (Parsons et al., 2005). In vivo, the level of one major DNA adduct [N-
(deoxyguanosin-8-yl)-4-aminobiphenyl] was present at 5 adducts/106 nucleotides in newborn 
mice treated with 0.3 μmol 4-aminobiphenyl 24 h earlier. After 8 months, the CAA → AAA 
mutation was detected in 67% of the treated mice and 50% of the vehicle (dimethyl sulfoxide, 
or DMSO) controls, but the average mutant fraction in treated mice was 45 × 10 5 compared 
with only 2 × 10 5 in controls. After 12 months, liver tumours had developed in 79% of the 
treated mice and in 8% of the controls. These tumours are not those of the human target 
organ, but the results of this study support the general MOA proposed for bladder carcino-
genesis (i.e. DNA adduct formation, followed by mutation in a key gene and the subsequent 
emergence of tumours). 

Dogs (sex not stated) killed 24 h after a single oral dose of 4-aminobiphenyl (5 mg/kg bw) 
had 5.4 fmol DNA adducts/μg liver DNA and 4.8 fmol DNA adducts/μg urinary bladder 
DNA, whereas no DNA adducts were detected in either the liver or bladder of a dog whose 
bladder had been instilled with 4-aminobiphenyl. In contrast, a dog bladder instilled with the 
reactive intermediate N-hydroxy-4-aminobiphenyl had 3.9 fmol DNA adducts/μg bladder 
DNA and no detectable adducts in liver DNA. Quantification was by an immunochemical 
method (Roberts et al., 1988). Examination of bitches treated with tritium-labelled 4-
aminobiphenyl (per os, intravenously, or intraurethrally), N-hydroxy-4-aminobiphenyl (intra-
venously or intraurethrally), or N-hydroxy-4-aminobiphenyl N-glucuronide (intravenously) 
demonstrated (1) the presence of 4-aminobiphenyl–haemoglobin adducts in blood erythro-
cytes; (2) that after per os dosing with 4-aminobiphenyl, the major portion of total N-
hydroxy-4-aminobiphenyl entering the bladder lumen was free N-hydroxy-4-aminobiphenyl 
(0.7%), with lower concentrations of the acid-labile N-glucuronide (0.3%); (3) that urothelial 
DNA adducts following intraurethral instillation of N-hydroxy-4-aminobiphenyl were 60 
times higher than after intraurethral instillation of 4-aminobiphenyl; and (4) that exposure to 
N-hydroxy-4-aminobiphenyl and subsequent 4-aminobiphenyl–DNA adduct formation are 
directly dependent on the frequency of urination and, to a lesser extent, on urinary pH 
(Kadlubar et al., 1991). The urinary pH of dogs may vary from about 4.5 to 7.5, depending 
upon the diet (Merck, 1998), time after eating, time of day, and amount of water consumed; 
these are factors that might influence the carcinogenic response (Cohen, 1995). Studies in 
vitro with microsomal preparations from dog liver and bladder have shown the presence of 
transacetylation activities in both organs, so that N-hydroxy-4-aminobiphenyl binding to 
RNA and DNA occurs in the presence of 4-acetylaminobiphenyl, N-hydroxy-4-acetyl-
aminobiphenyl, or acetyl coenzyme A (CoA) as acetyl donors, although the levels of binding 
were less with bladder than with hepatic microsomes (Hatcher & Swaminathan, 1992). 

Examination of urothelial cells exfoliated into urine of dogs treated with 4-aminobiphenyl 
showed that DNA adducts were identical to those from DNA modified in vitro with N-
hydroxy-4-aminobiphenyl and from dog bladder urothelial DNA isolated from 4-amino-
biphenyl-dosed dogs at autopsy. A dose-related increase in 4-aminobiphenyl–DNA adduct 
formation was demonstrated (Talaska et al., 1990). 
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F. Biological plausibility and coherence 
The observations that 4-aminobiphenyl can form adducts with DNA and that it is mutagenic 
in organs in which tumours develop indicate, in general terms, that the proposed MOA is 
plausible (Fletcher et al., 1998). In addition, N-hydroxy-4-aminobiphenyl is able to cause 
neoplastic transformation of non-tumorigenic SV40-immortalized human urothelial cells 
(Bookland et al., 1992b). The findings with 4-aminobiphenyl are also consistent with the vast 
literature regarding the metabolic activation, DNA adduct formation, mutagenesis, and 
urinary bladder carcinogenesis in several species (including humans) of several related 
aromatic amine chemicals (Kadlubar et al., 1977; Miller & Miller, 1977; Delclos et al., 1987). 
The lack of DNA adduct formation and mutagenicity of the parent amine in various in vitro 
systems without metabolic activation clearly demonstrates the requirement for metabolic 
activation. The same DNA adducts are identified in tissues after administration of the amine 
or following exposure to the N-hydroxyl metabolite, with the structure of the adducts having 
been chemically confirmed. The mutagenic potential of the specific C-8 guanine DNA adduct 
has also been demonstrated, although the specific biophysical aspects have been better 
demonstrated for structurally related aromatic amines such as 2-aminofluorene (Kriek, 1992).  

G. Other modes of action 
Alternatives of components of the already described MOA have been suggested. However, 
they do not detract from the overall described MOA but suggest either alternative specific
aspects (such as other activating enzymes) or associative processes that could affect 
quantitative aspects. 4-Aminobiphenyl is oxidized by hepatic enzymes other than CYP1A2 
(Kimura et al., 1999) to the N-hydroxylated metabolite that causes liver and urinary bladder 
toxicity and carcinogenesis, possibly including oxidases and peroxidases (Kadlubar et al., 
1982, 1991). Although the specific enzymes involved in metabolic activation may vary, the 
ultimate sequence of generation of a reactive electrophile, DNA adduct formation, muta-
genesis, and carcinogenesis is consistent. Furthermore, it is reasonable to believe that from 
this point in the MOA, the same sequence occurs as that involving CYP1A2-mediated 
activation, regardless of the activating enzyme.  

In addition to bulky adducts, there is evidence to suggest that N-hydroxy-4-aminobiphenyl 
causes oxidative damage in urothelial DNA, possibly involving endogenous peroxidases 
(Burger et al., 2001). The relevance of this for the carcinogenic activity of 4-aminobiphenyl 
is unknown. 

N-Hydroxy-4-aminobiphenyl and its further activated forms are cytotoxic to urothelial and 
other cells in vitro (Reznikoff et al., 1986), but the role that this plays in its carcinogenic 
effects is unclear (see below for discussion of a potentiating role in urothelial carcinogenesis, 
rather than causative role). It is likely that this process alters the dose–response relationship, 
but does not alter the fundamental MOA described above. 

H. Assessment of the postulated mode of action 
The early steps in the proposed MOA are well supported by the available evidence, and it has 
been judged that there is good and sufficient evidence that 4-aminobiphenyl is a urinary 
bladder carcinogen in dogs and mice, and in other tissues (primarily the liver) in rodents. 
Thus, it is metabolized to products that can form DNA adducts in the liver and in other target 
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organs, and mutations have been demonstrated to arise. Although other organs can also be 
targets for 4-aminobiphenyl-induced neoplasia, the urinary bladder is the main target in dogs 
and in some strains of mice. Evidence for the intervening steps between general genotoxicity 
and the emergence of neoplasia is lacking. There is a notable lack of study of the effects of 4-
aminobiphenyl on cell proliferation in the urinary bladder, but information on related 
aromatic amines and amides is available, particularly the analysis of the interaction between 
DNA reactivity (and mutagenesis) and cell proliferation induced by 2-acetylaminofluorene in 
mouse urinary bladder utilizing data from a megamouse, ED-01 study (Cairns, 1979; Gaylor, 
1979; Littlefield et al., 1979). The reliance for mutagenicity on cell proliferation can provide 
an explanation for the sigmoidal shape of the tumour dose–response despite a linear dose–
response for DNA adducts (Cohen & Ellwein, 1990). This link has significant implications 
for assessing potency and dose–response for 4-aminobiphenyl-induced urinary bladder cancer 
(see discussion below). 

I. Uncertainties, inconsistencies, and data gaps  
Bacterial mutation studies of 4-aminobiphenyl with metabolic activation have shown that 
most mutations are frameshifts, whereas a single study of sequence analysis of 4-
aminobiphenyl-induced mutations in the lacZ gene in single-stranded DNA from a bacterio-
phage M13 cloning vector revealed exclusively base pair substitutions, with over 80% 
occurring at G sites: G  T transversions predominated, followed by G  C transversions 
and G  A transitions. The major DNA adduct, N-(deoxyguanosin-8-yl)-4-aminobiphenyl, 
was then inserted within the M13 genome, and the mutational frequency and specificity were 
measured after in vivo replication. The targeted mutational efficiency was approximately 
0.01%, and the primary mutation was G  C transversion. Thus, the observations are consis-
tent with in vivo observations, but the mutagenic activity was weak (Verghis et al., 1997). 

Most in vivo investigations have been in mice. Dogs, for understandable reasons, have 
received less attention, although this is the species that is more sensitive to bladder 
carcinogenesis. Mouse strain differences in response are evident: B6C3F1 and female 
BALB/cStCrlfC3Hf/Nctr are more susceptible to liver carcinogenesis, whereas male 
BALB/cStCrlfC3Hf/Nctr mice develop bladder tumours after exposure to 4-aminobiphenyl 
(Schieferstein et al., 1985; Dooley et al., 1988, 1992). Nevertheless, mouse strain effects have 
received relatively little attention in the available studies. 

The enzyme considered as fundamental for the metabolism of 4-aminobiphenyl to a product 
that forms adducts with DNA in liver and bladder is CYP1A2 (Butler et al., 1989a, 1989b). 
However, comparison of responses in CYP1A2(+/+) wild-type mice with CYP1A2( / )
knockout mice showed that, contrary to expectations, CYP1A2 expression was not associated 
with 4-aminobiphenyl-induced oxidative stress or with 4-aminobiphenyl–DNA adduct 
formation. Furthermore, prior treatment with 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), 
which increased hepatic CYP1A2 protein expression 5-fold along with expression of other 
phase I and phase II enzymes, either did not change or actually decreased the level of adducts 
in liver. The specific quantitative effects of such induction will depend on the balance of the 
enzymes induced. These results suggest either that CYP1A2 is not the major metabolic 
activator of 4-aminobiphenyl or that other enzymes in mice activate the compound in the 
absence of CYP1A2 (Tsuneoka et al., 2003). Based on studies with other aromatic amines, 
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additional activating enzymes might include other P-450 enzymes, oxidases, or peroxidases 
(Lakshmi et al., 1990; Smith et al., 1991; Hughes et al., 1992). 

Another reaction considered to be important for carcinogenesis induced by 4-aminobiphenyl 
is acetylation. Acetylation plays several roles in 4-aminobiphenyl carcinogenesis. O-
Acetylation and N,O-acetyltransfer of N-hydroxy-4-aminobiphenyl are expected to increase 
risk in humans, whereas N-acetylation of 4-aminobiphenyl should reduce risk (Lower et al., 
1979). Acetylation can be catalysed by NAT1 or NAT2, with the latter exhibiting a marked 
polymorphism within the population (Hein et al., 2000; Cascorbi et al., 2001). It is predicted 
that a slow acetylation phenotype will increase the risk of bladder cancer, since acetylation of 
the parent amine, 4-aminobiphenyl, is considered to be a detoxification process in humans, 
whereas a rapid acetylation phenotype should be associated with a decreased risk. 

However, studies of acetylator phenotype in mice have produced conflicting results. In one 
study, male and female homozygous rapid acetylator or homozygous slow acetylator mice 
that were apparently identical in every other respect were administered 4-aminobiphenyl·HCl 
(55–300 mg/l) in drinking-water for 28 days. The levels of hepatic DNA adducts increased 
with dose in both sexes, with the levels being higher in females, but were independent of the 
mouse acetylator phenotype. In the urinary bladder, DNA adducts increased to a plateau at 
100 mg/kg in male mice and were again independent of acetylator phenotype. In female mice, 
the DNA adduct levels were lower than in males and decreased at the highest dose; the DNA 
adduct levels were higher in the rapid acetylator phenotype, contrary to expectations (Flam-
mang et al., 1992). These results were interpreted as suggesting that acetyltransferase activ-
ities are not rate determining for DNA adduct formation in mice. A similar conclusion that 
there was no correlation between murine NAT2 alleles and 4-aminobiphenyl–DNA adduct 
levels was reached by McQueen et al. (2003), using C57BL/6, B6.A, and A/J mouse strains 
and the transgenic strains hNAT1:A/J and hNAT1:C57, which carry the human NAT1 trans-
gene. However, the differences in murine NAT2 activity were modest and probably not 
sufficient to affect 4-aminobiphenyl genotoxicity. Recent studies suggest that in humans, 
NAT1, not NAT2, is responsible for the O-acetylation of N-hydroxy-4-aminobiphenyl (Oda, 
2004).

There are also mouse strain-specific mutations that require explanation. Thus, in B6C3F1, 4-
aminobiphenyl induces predominantly C  A mutations (reflecting G  T transversions in 
the non-coding strand) in H-ras codon 61, whereas in CD-1 mice, the predominant mutation 
in H-ras codon 61 was A  T transversion (Manjanatha et al., 1996). 

Cell proliferation is also required for neoplasia, but there have been few studies that have 
investigated cell proliferation at an early stage of the carcinogenic process of 4-amino-
biphenyl. It is also notable that in the carcinogenicity experiment described previously 
(Schieferstein et al., 1985), although urinary bladder carcinomas developed only in males, a 
high prevalence of hyperplasia was reported in both males and females. Apparently this 
observation has not been investigated further (discussed below). 

In summary, the evidence is strong for the sequence of key events including metabolic activa-
tion, DNA adduct formation, and gene mutation as the MOA for 4-aminobiphenyl-induced 
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urinary bladder carcinogenesis. It is further strengthened by data from studies with 
structurally related aromatic amines. However, data gaps remain concerning details of the 
specific enzymes involved, the basis for differing organ specificity between species and 
details regarding potency, and the shape of the dose–response curve in humans. This is, 
perhaps, not unexpected in view of the complexity of the relevant competing metabolic 
pathways. While available data are considered sufficient to support the hypothesized MOA, 
the impact of these uncertainties needs to be considered quantitatively in the overall 
assessment (Table 3). 

Table 3. Modulating factors affecting 4-aminobiphenyl urinary bladder carcinogenesis. 

1. Competing activities of esterification enzymes 
2. Genetic polymorphisms affecting enzymatic activation or inactivation (e.g. slow and fast 

acetylators)
3. Urinary pH (mainly affected by diet) and possibly other urinary constituents 
4. Urothelial cell proliferation (induced by high doses of 4-aminobiphenyl or by co-administration 

with some other agent affecting urothelial proliferation) 

CAN HUMAN RELEVANCE OF THE MOA BE REASONABLY EXCLUDED ON 
THE BASIS OF FUNDAMENTAL, QUALITATIVE DIFFERENCES IN KEY 
EVENTS BETWEEN EXPERIMENTAL ANIMALS AND HUMANS? 

There is considerable evidence in humans and human cell systems supporting each of the key 
events for 4-aminobiphenyl-induced urinary bladder cancer. Metabolic activation to the N-
hydroxylamine has been demonstrated, with several different enzymes being suggested for 
activation and several others that might potentiate or reduce the effects of N-hydroxylation,
such as N-acetylation. Genetic polymorphisms significantly affect activities of these 
enzymes, producing variations in the population that can affect susceptibility to the urinary 
bladder carcinogenesis response to 4-aminobiphenyl exposures. DNA adducts identical to 
those detected in DNA from mice and dogs have been identified in human urothelial cells, 
and consequently they have a similar mutagenic potential. Furthermore, extensive epidemio-
logical evidence demonstrates the urinary bladder carcinogenicity of 4-aminobiphenyl in 
humans. 

Bladder cancer is associated with smoking and occupational exposures to 4-aminobiphenyl. 
4-Aminobiphenyl was manufactured in the United States of America from 1935 to 1955 
(Melick et al., 1955) and was used as a highly efficient rubber antioxidant, but it is apparently 
no longer commercially produced. In epidemiological studies, which were confined to one 
series of workers occupationally exposed to commercial 4-aminobiphenyl, a high incidence 
of bladder carcinomas was reported (Melick et al., 1955, 1971; Melamed et al., 1960; Koss et 
al., 1965, 1969). Among 503 workers, 59 cases with positive cytology were identified, among 
which 35 cases of carcinoma of the urinary bladder were histologically verified; 7 remained 
cytologically positive at the time of publication, while 7 died from other causes and 10 were 
lost to follow-up (Koss et al., 1969). In addition to cigarette smoke, there also appear to be 
other, ill-defined environmental sources of exposure, possibly from other sources of 
combustion of substances containing carbon and nitrogen (Skipper et al., 2003). Cigarette 
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smoking accounts for between 40% and 70% of the bladder cancer cases in the United States 
and Europe (IARC, 1986; Castelao et al., 2001). Black (air-cured) tobacco is a greater source 
of 4-aminobiphenyl than is blonde (flue-cured) tobacco (Bryant et al., 1988). 

The key events demonstrated for 4-aminobiphenyl bladder carcinogenesis in mice and dogs 
have also been specifically evaluated for 4-aminobiphenyl in humans, primarily in 
individuals exposed to 4-aminobiphenyl in cigarette smoke, but also utilizing in vitro 
methods with human urothelial cells (see Table 4). 

Table 4. Concordance evaluation of key events of 4-aminobiphenyl-induced urinary 
bladder carcinogenesis between species. 

Key event Mouse Dog Human 
1. Metabolic activation to reactive electrophile + + + 
2. DNA adduct formation + + + 
3. Mutagenesis + + + 
4. Carcinoma + + + 

Absorbed 4-aminobiphenyl is N-oxidized in the liver by CYP1A2, which, in spite of its rather 
high homology with CYP1A1, has an essentially different substrate specificity and is found 
only in liver (Lang & Pelkonen, 1999). Other enzymes have been suggested to be capable of 
supporting metabolic activation to the N-hydroxylamine. 

NAT1 and NAT2 each catalyse three types of acetylation: the N-acetylation of arylamines, 
the O-acetylation of N-hydroxylamines, and the N,O-acetyltransfer of arylhydroxamic acids 
(Flammang & Kadlubar, 1986; Mattano et al., 1989; Fretland et al., 1997; Hein et al., 2000). 
It is believed that N-acetylation by N-acetyltransferases has a protective effect regarding 
bladder carcinogenicity, primarily because the acetamide of 4-aminobiphenyl formed is 
significantly less potent as a substrate for N-hydroxylation compared with the amine. Two 
genes, NAT1 and NAT2, code for the NAT isoforms, and allelic variation has been associated 
with susceptibility to urinary bladder cancer in humans (Hein et al., 2000). Most studies 
suggest that NAT2 slow acetylators are at increased risk of developing bladder cancer, 
whereas the contribution of the NAT1 genotype to aromatic amine bladder carcinogenesis is 
less clear (Cartwright et al., 1982; Hein et al., 2000). Among smokers, there is a higher level 
of 4-aminobiphenyl–haemoglobin adducts associated with the slow acetylator phenotype 
(Vineis et al., 1990). Interactions of NAT1 and NAT2 have been suggested (Cascorbi et al., 
2001). In a study of 425 German bladder cancer patients, Cascorbi et al. (2001) found that 
there is (1) a partial linkage of the NAT1*10 genotype to the NAT2*4 genotype, (2) a clear 
underrepresentation of NAT1*10 genotypes among rapid NAT2 genotypes in the cases 
studied, and (3) a gene–gene–environment interaction in that NAT2*slow/NAT1*4 genotype 
combinations with a history of occupational exposure were 5.96 (2.96–12.0) times more 
frequent in cancer cases than in controls without a risk from occupation (P < 0.0001). Hence, 
the data suggest that individuals with NAT2*4 and NAT1*10 are at a significantly lower risk 
for bladder cancer, particularly when exposed to environmental risk factors. 
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Polymorphisms in CYP1A2 (Oscarson et al., n.d.) and NAT2 (Hein et al., 2000) genes are 
associated with variations in the activities of these enzymes in human populations, although 
the extent to which variation in CYP1A2 activity is due to genetic factors has yet to be deter-
mined (Sachse et al., 2003). Moreover, expression of the CYP1A2 gene is induced in cigarette 
smokers, leading to even higher CYP1A2 enzyme activities (Sesardic et al., 1988; Eaton et 
al., 1995). An individual exposed to 4-aminobiphenyl and expressing high levels of CYP1A2 
and slow NAT2 activity would be expected to have increased levels of N-hydroxy-4-
aminobiphenyl and, therefore, higher levels of 4-aminobiphenyl–haemoglobin adducts and 4-
aminobiphenyl–DNA adducts in liver and urinary bladder than an individual expressing low 
levels of CYP1A2 and rapid NAT2 activity. 

The tumour suppressor genes RB1 and TP53 appear to be involved in bladder cancer, 
especially high-grade urothelial carcinomas rather than low-grade papillary tumours. Both 
genes are involved in the regulation of the cell cycle. In addition, TP53 plays a role in 
response to DNA damage, cell death, and neovascularization (Hickman et al., 2002), and its 
gene product regulates the expression of multiple genes (Vousden & Lu, 2002). A strong 
association has been found between RB1 inactivation and muscle invasion (Cairns et al., 
1991; Ishikawa et al., 1991; Presti et al., 1991; Primdahl et al., 2000). In one study of 45 
bladder cancers, seven of nine TP53 mutations occurred in grade 3 tumours (i.e. invasion 
includes perivesicular tissue) (Martone et al., 1998). Inactivation of RB1 occurs in 30–80% of 
muscle-invasive bladder cancers (Cairns et al., 1991; Logothetis et al., 1992; Wright et al., 
1995; Ioachim et al., 2000), most frequently as a consequence of heterozygous 13q deletions 
in combination with mutation of the remaining allele (Cordon-Cardo & Reuter, 1997). In 
studies investigating at least 30 tumours, TP53 mutations occurred in 40–60% of invasive 
bladder cancers (Tiguert et al., 2001; Lu et al., 2002). Although no specific mutational hot-
spots were identified, more than 90% of the mutations occurred in exons 4–9. In a study of 
the binding spectrum of N-hydroxy-4-aminobiphenyl in DNA fragments containing exons 5, 
7, and 8 of TP53, preferential binding was identified at codon 285, a non-CpG site, and at 
codons 175 and 248, which are CpG sites, but only after C5 cytosine methylation had 
occurred (Feng et al., 2002). The authors concluded that the mutational spectrum in TP53 in 
bladder cancer strongly suggests a role of 4-aminobiphenyl in the etiology of this neoplasm. 

Exposure to tobacco smoke, an environmental source of 4-aminobiphenyl, is associated with 
increased levels of 4-aminobiphenyl–haemoglobin adducts, in both adults and fetuses. In a 
study of smoking (n = 14) and non-smoking (n = 38) women, 4-aminobiphenyl–haemoglobin 
levels were 183 ± 108 pg/g haemoglobin in smokers and 22 ± 8 pg/g haemoglobin in non-
smokers, whereas the levels in their respective fetuses were 92 ± 54 pg/g haemoglobin and 17 
± 13 pg/g haemoglobin (Coghlin et al., 1991), a difference that has also been observed in 
adults in studies of tumour tissue DNA (Curigliano et al., 1996). Haemoglobin adduct levels 
(used as a surrogate for exposure levels and indicator for DNA adduct potential) have been 
associated with levels of exposure to tobacco as a source of 4-aminobiphenyl (black tobacco 
> blonde tobacco > non-smokers) in a male study population from Turin, Italy; the risk of 
bladder cancer followed the same pattern (Bryant et al., 1988). There is a substantial gap in 
information linking the presence of adducts, primarily an indication of exposure, and the 
emergence of cancer. 
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In humans, 4-aminobiphenyl has been associated only with urinary bladder cancer, whereas 
in mice, liver and urinary bladder tumours are induced. Although the specific reasons for 
these species differences in organ specificity are not known, they appear to be due to 
variations in competing N-esterification enzymatic activations. Sulfation appears to be pri-
marily associated with liver carcinogenesis by aromatic amines, whereas N-glucuronidation
appears to be more associated with bladder carcinogenesis. Acetylation has mixed effects, but 
in humans appears to be principally a detoxification process that can be influenced 
significantly by N-acetyltransferase polymorphisms that result in fast versus slow acetylation. 
Human tissues have been studied for their possible involvement in the metabolism of 4-
aminobiphenyl and its metabolites. CYP1A2 is responsible for the metabolism of 4-amino-
biphenyl to N-hydroxy-4-aminobiphenyl by human hepatic microsomal fraction (Butler et al., 
1989b). N-Hydroxy-4-aminobiphenyl can be metabolized to a product that binds covalently 
to calf thymus DNA by cytosolic sulfotransferases from human liver and, to a lesser extent, 
colon, but not from pancreas or urinary bladder. In view of this lack of sulfotransferase 
activity in bladder, it has been suggested that hepatic sulfotransferase may actually decrease 
the bioavailability of N-hydroxy-4-aminobiphenyl in extrahepatic tissues and serve as a 
detoxification mechanism for the urinary bladder (Chou et al., 1995). On the other hand, N-
acetyltransferases that are present in human urothelial cells (Frederickson et al., 1992; 
Swaminathan & Reznikoff, 1992) can metabolize N-hydroxy-4-aminobiphenyl, as well as the 
acetylated compounds N-hydroxy-4-acetylaminobiphenyl and N-acetoxy-4-acetylamino-
biphenyl, to a DNA-reactive material. The major adduct co-chromatographs with N-(deoxy-
guanosin-8-yl)-4-aminobiphenyl. 32P-postlabelling analysis of the DNA from cytosol-
mediated binding of N-hydroxy-4-aminobiphenyl revealed four radioactive spots. Five 
adducts were found when intact human urothelial cells were used, two of which were the 
same as two found using cytosol. This suggests the possibility of an activation pathway or 
pathways in addition to acetylation.

Experiments similar to those performed with dog tissues have shown that human urothelial 
cell microsomes possess transacetylation activity, so that N-hydroxy-4-aminobiphenyl bind-
ing to RNA and DNA occurs in the presence of 4-acetylaminobiphenyl, N-hydroxy-4-acetyl-
aminobiphenyl, or acetylCoA as acetyl donors (Hatcher et al., 1993). These authors also 
found that 32P-postlabelling of DNA adducts formed after reaction with N-hydroxy-4-amino-
biphenyl, N-hydroxy-4-acetylaminobiphenyl, and N-acetoxy-4-aminobiphenyl showed simi-
lar profiles, suggesting that the arylnitrenium ion, arising from N-acetoxy-4-aminobiphenyl, 
might be the common reactive species. The structures of the adducts have been identified as 
the 3 ,5 -bisphospho derivatives of N-(deoxyguanosin-8-yl)-4-aminobiphenyl (dG-C8-amino-
biphenyl), N-(deoxyadenosin-8-yl)-4-aminobiphenyl (dA-C8-aminobiphenyl) (Frederickson 
et al., 1992; Hatcher & Swaminathan, 1995), and N-(deoxyguanosin-N(2)-yl)-4-azobiphenyl 
(Hatcher & Swaminathan, 2002). 

The results available comparing tobacco smokers with non-smokers support the relevance to 
humans of the hypothesized MOA. In a study of 46 T1 bladder cancer cases, mean relative 
staining intensity for 4-aminobiphenyl–DNA adducts was significantly higher in current 
smokers (275 ± 81, n = 24) than in non-smokers (113 ± 71, n = 22) (Curigliano et al., 1996). 
Similar results have been reported for laryngeal tissue (Flamini et al., 1998) and for 
mammary tissue (Faraglia et al., 2003). Using 4-aminobiphenyl–haemoglobin adducts as an 
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indicator of exposure, it was found that bladder carcinoma patients had higher levels than 
controls (Del Santo et al., 1991), whereas lung cancer patients did not (Weston et al., 1991). 
The basis for this difference is unknown. 

In addition to the evidence of genotoxicity generated with non-human test systems, 4-amino-
biphenyl can be metabolized by human urothelial cell microsomal preparations to a mutagen 
in S. typhimurium YG1024 (a derivative of TA98 with elevated O-acetyltransferase activity) 
but not in strain TA98 itself (Hatcher et al., 1993). No other species or other human tissues 
were examined in this study. 

6-Thioguanine-resistant mutants can be induced in a non-tumorigenic, SV40-immortalized 
human urothelial cell line by exposure to 4-aminobiphenyl itself or exposure to N-hydroxy-4-
aminobiphenyl, N-hydroxy-4-acetylaminobiphenyl, or N-acetoxy-4-acetylaminobiphenyl 
(Bookland et al., 1992a). No exogenous metabolic activation system was required for the 
observed activity. The lowest effective concentrations to produce a statistically significant 
increase in the mutant fraction were as follows: N-acetoxy-4-acetylaminobiphenyl, 2 μmol/l; 
N-hydroxy-4-acetylaminobiphenyl, 5 μmol/l; N-hydroxy-4-aminobiphenyl, 20 μmol/l; and 4-
aminobiphenyl, 100 μmol/l. Three of these substances were also tested for tumorigenic 
transformation using the same human immortalized urothelial cells in an in vitro–in vivo 
assay in which the end-point was carcinoma development when treated cells were injected 
subcutaneously into nude mice (Bookland et al., 1992b). Transformation was demonstrated 
after all treatments, the lowest concentrations being as follows: N-hydroxy-4-acetylamino-
biphenyl, 0.5 μmol/l; N-hydroxy-4-aminobiphenyl, 0.5 μmol/l; and 4-aminobiphenyl, 20 
μmol/l. The lower concentrations required for transformation in comparison with those for 
mutation are noted, but how this should be interpreted is not clear. It is consistent with the 
transformation being independent of mutation and with the transformation assay having a 
higher sensitivity, or it could merely reflect a difference in sensitivity of the methods. 

In summary, on a qualitative basis, the key events in the MOA are the same in mice, dogs, 
and humans: metabolic activation to the N-hydroxylamine with subsequent formation of a 
reactive electrophile (presumably the nitrenium ion), formation of guanine adducts, gene 
mutation, and the ultimate formation of cancer. The intervening events between gene 
mutation and cancer, such as which genes are mutated and how cancer is induced, are not 
known. The MOA, nevertheless, has been clearly demonstrated and is the same in the animal 
models and in humans. 

CAN HUMAN RELEVANCE OF THE MOA BE REASONABLY EXCLUDED ON 
THE BASIS OF QUANTITATIVE DIFFERENCES IN EITHER KINETIC OR 
DYNAMIC FACTORS BETWEEN EXPERIMENTAL ANIMALS AND HUMANS? 

As described in detail above, the metabolic activation, DNA adducts, and mutagenicity of 4-
aminobiphenyl are qualitatively the same in mice, dogs, and humans, leading to the induction 
of urothelial tumours of the urinary bladder in these three species and other tumours in mice, 
rats, and rabbits. Although detailed aspects of absorption, distribution, and excretion have not 
been reported, similarity in the levels of DNA adduct formation in the urothelium occurring 
in mice, dogs, and humans suggests that kinetic differences are not significant between these 
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three species. Although similar enzymatic processes occur in the three species, quantitative 
differences are evident. These differences may explain some of the variations seen in target 
organ specificity among the species and might suggest possible quantitative differences in 
generation of the DNA adducts. Nevertheless, these differences do not negate the overall 
MOA for any of the species or the different target organs and are consistent with the 
complexity of the competing pathways for metabolic activation and deactivation. 

Presumably there is a potential for repair of the different adducts, and quantitative differences 
might exist among species and even among tissues. However, the detection of relatively high 
numbers of adducts in all three species indicates that significant numbers of stable adducts 
are produced. 

The target tissue common among mice, dogs, and humans, the urinary bladder urothelium, is 
similar morphologically (Pauli et al., 1983). The urothelium has a characteristic asymmetric 
unit membrane at the luminal surface that provides a major part of the barrier function to 
urine. It is composed of urothelium-specific proteins, the uroplakins, the sequence of which is 
highly conserved among species (Wu et al., 1994). In addition, the urothelium is metabol-
ically active in all three species. 

Modulating urinary factors have also been identified that can quantitatively affect the 
ultimate formation of urothelial DNA adducts, such as pH and frequency of urination (Cohen, 
1995; Sarkar et al., 2002). Although the range of pH varies among species, the pH in mice, 
dogs, and humans readily reaches acidic and alkaline levels as well as neutral. Again, 
although quantitative differences occur, these do not preclude the existence of this MOA in 
humans. 

There is no evidence implicating another MOA besides DNA reactivity. However, significant 
quantitative differences exist between species with regard to apparent potency of 4-
aminobiphenyl with respect to urinary bladder carcinogenesis. It is clear, however, that 
metabolites of 4-aminobiphenyl interact with proteins (e.g. haemoglobin) as well as with 
DNA and that metabolites of 4-aminobiphenyl are cytotoxic (Schieferstein et al., 1985; 
Reznikoff et al., 1986; Kadlubar et al., 1991). Interaction with urothelial cellular proteins 
might be responsible for the cytotoxicity and regenerative proliferation seen in the mouse 
bladder at higher doses of 4-aminobiphenyl. The interaction of DNA reactivity and conse-
quent mutagenicity and cell proliferation provide an explanation for the sigmoidal shape of 
the dose–response curve for tumours despite a linear dose–response for DNA adducts (Cohen 
& Ellwein, 1990). The high concentrations of 4-aminobiphenyl found in the urine of mice 
that can produce urothelial cytotoxicity are generally not attained in humans exposed to 
cigarette smoke. However, other (unknown) substances appear to produce urothelial hyper-
plasia in cigarette smokers (Auerbach & Garfinkel, 1989). This increased cell proliferation 
significantly potentiates the effects of 4-aminobiphenyl on the bladder, providing a signifi-
cantly greater number of DNA-replicating cell targets on which to act in comparison with the 
small number present in the normal, slowly replicating urothelium. Thus, the apparent greater 
potency of 4-aminobiphenyl in humans compared with mice is unlikely, but represents the 
synergy of DNA reactivity and cell proliferation produced by a single substance, 4-amino-
biphenyl, in mice, but by different substances in the complex mixture of cigarette smoke. 
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Occupational exposure to 4-aminobiphenyl presumably resulted in greater doses of 4-amino-
biphenyl than did exposure to cigarette smoke, since the incidence of bladder cancer in such 
populations was considerably higher than in smokers. However, quantitative measurements 
of metabolite concentrations or DNA adduct levels in urothelial cells could not be determined 
at the time these occupational exposures occurred, and cigarette smoking history in those 
individuals was not assessed (Koss et al., 1965, 1969). 

In summary, although quantitative differences among species exist, they do not exclude the 
same MOA in mice and dogs occurring in humans. 

CONCLUSION: STATEMENT OF CONFIDENCE, ANALYSIS, AND 
IMPLICATIONS 

The early steps in the proposed MOA are well supported by the available evidence, indicating 
that the key events of metabolic activation, DNA adduct formation, and mutation are the 
same qualitatively in mice, dogs, and humans. There is strong and sufficient evidence that 4-
aminobiphenyl is a human urinary bladder carcinogen. Evidence for the intervening steps 
between mutation and cancer development is lacking. The associations described for adduct 
levels and TP53 mutations are not compelling because these particular genetic alterations 
appear late in tumour progression and are often the result of endogenous causes (e.g. 
spontaneous depurination at methylated CpG sites). This aspect of TP53 mutations in bladder 
cancer has been studied in a case–control study (Schroeder et al., 2003). In addition, most 
urothelial tumours in humans are low-grade papillary lesions, which generally do not have 
TP53 mutations. 

The mutational spectrum of N-hydroxy-4-acetylaminobiphenyl has been studied in embry-
onic fibroblasts of the Big Blue mouse (Besaratinia et al., 2002). Treatment of these cells for 
24 h resulted in a dose-dependent increase in mutation frequency of the cII transgene of up to 
12.8-fold over background. Single-base substitutions comprised 86% of the mutations in the 
treated cells and 74% of the mutations in the controls. Of these mutations, 63% and 36%, 
respectively, occurred at guanine residues along the cII gene. Whereas G  T transversions 
accounted for 47% of the mutations in the treated cII gene, the most common mutations in 
untreated cells were insertions, which accounted for 19% of the mutations. Mapping of the 
induced adducts established five preferred DNA adduction sites, of which four were major 
mutation sites for N-hydroxy-4-acetoxyaminobiphenyl, especially G  T transversions. In 
the TP53 gene in human bladder cancer, however, G  A transitions predominate (53%) and 
are prevalent at all of its five mutational hotspots (codons 175, 248, 273, 280, and 285), three 
of which are at methylated CpG hotspots (175, 248, and 273). In cII, neither the preferred 
adduction sites nor the induced mutational hotspots are biased towards methylated CpG 
dinucleotides. It is concluded from this study that there is a serious discordance between the 
mutation pattern induced by N-hydroxy-4-acetoxyaminobiphenyl in the cII gene and the 
mutational pattern observed in TP53 in human bladder cancer. However, the role of 
methylation status and transcriptional activity on the mutation spectrum induced by 4-
aminobiphenyl has yet to be determined. It is also to be noted that the TP53 mutation 
spectrum is a reflection of a selection process during tumour development. 
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Based on the preceding analysis, it is clear that the MOA for 4-aminobiphenyl carcinogenesis 
is known in the animal model, and the MOA is relevant to humans both qualitatively and 
quantitatively. The conclusion based on this evaluation, even without epidemiological 
evidence, is that 4-aminobiphenyl poses a cancer hazard to humans. 

To perform a full risk assessment requires additional information regarding the dose–
response and human exposures. Based on the information described above, it is clear that the 
data predict a cancer hazard for humans at expected exposures, at least for occupational 
(historical) and cigarette smoking exposures. Further analysis is required regarding the 
potential risk at ambient exposures in those who are not cigarette smokers. The MOA 
analysis provides the basis and foundation for such an assessment. The epidemiological 
evidence on 4-aminobiphenyl supports the conclusions suggested by the MOA HRF. 

4-AMINOBIPHENYL AND THE HUMAN RELEVANCE FRAMEWORK 

4-Aminobiphenyl was evaluated using the proposed IPCS HRF based on an MOA analysis. 
The defined key events for this DNA reactivity MOA—metabolic activation, DNA adduct 
formation, mutagenicity, and cancer induction—clearly are the same in humans as in the 
animal (mice, dogs) models, indicating that 4-aminobiphenyl presents a cancer hazard for 
humans. The information for this MOA analysis provides a substantive foundation on which 
to build a complete cancer risk assessment for humans. For this chemical, there is also 
substantial epidemiological evidence to verify the conclusions derived from the HRF 
analysis. 

The additional key events for this MOA—which genes are mutated and how do these genetic 
alterations lead to cancer—are not known for 4-aminobiphenyl. However, this does not 
detract from the conclusions, given the strength of evidence for the proposed MOA, based on 
the framework analysis presented here. 

What data are necessary to conclude that a chemical produces cancer by a DNA-reactive 
MOA? Our suggestion is that at the very least there be a demonstration that DNA adducts are 
produced, preferably in the target tissue, and that the chemical is mutagenic (either with or 
without metabolic activation). Mutagenicity is used here in a more specific, restricted sense 
than the broader term genotoxicity. Demonstration of DNA adducts and mutagenicity in the 
target tissue after in vivo exposure increases confidence in the proposed MOA. Identification 
of the specific metabolic pathway and specific DNA adducts induced provides a significantly 
better basis for extrapolating between the animal model and humans.  

This case demonstrates the potential utility of data on surrogate compounds in MOA analysis. 
However, the relevance of data on related compounds, whether in vivo or in vitro, needs to be 
adequately justified. Weight-of-evidence analysis of structure–activity relationships, which 
have been well developed for DNA reactivity and mutagenicity, should also contribute to 
framework analysis.  
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FORMALDEHYDE AND GLUTARALDEHYDE AND NASAL 
CYTOTOXICITY: CASE-STUDY WITHIN THE CONTEXT OF THE IPCS 

FRAMEWORK FOR ANALYSING THE RELEVANCE OF A CANCER 
MODE OF ACTION FOR HUMANS1

Douglas McGregor, Hermann Bolt, Vincent Cogliano, & Hans-Bernhard Richter-Reichhelm

Formaldehyde and glutaraldehyde cause toxicity to the nasal epithelium of rats and mice upon 
inhalation. In addition, formaldehyde above certain concentrations induces dose-related 
increases in nasal tumours in rats and mice, but glutaraldehyde does not. Using the 2006 
International Programme on Chemical Safety (IPCS) human framework for the analysis of 
cancer mode of action (MOA), an MOA for formaldehyde was formulated and its relevance 
tested against the properties of the non-carcinogenic glutaraldehyde. These compounds pro-
duce similar patterns of response in histopathology and in genotoxicity tests (although 
formaldehyde has been much more extensively studied). The MOA is based on the induction 
of sustained cytotoxicity and reparative cell proliferation induced by formaldehyde at 
concentrations that also induce nasal tumours upon long-term exposure. Data on dose 
dependency and temporal relationships of key events are consistent with this MOA. While a 
genotoxic MOA can never be ruled out for a compound that is clearly genotoxic, at least in 
vitro, the non-genotoxic properties fundamental to the proposed MOA can explain the neo-
plastic response in the nose and may be more informative than genotoxicity in risk assess-
ment. It is not yet fully explained why glutaraldehyde remains non-carcinogenic upon 
inhalation, but its greater inherent toxicity may be a key factor. The dual aldehyde functions in 
glutaraldehyde are likely to produce damage resulting in fewer kinetic possibilities (particu-
larly for proteins involved in differentiation control) and lower potential for repair (nucleic 
acids) than would be the case for formaldehyde. While there have been few studies of possible 
glutaraldehyde-associated cancer, the evidence that formaldehyde is a human carcinogen is 
strong for nasopharyngeal cancers, although less so for sinonasal cancers. This apparent dis-
crepancy could be due in part to the classification of human nasal tumours with tumours of the 
sinuses, which would receive much less exposure to inhaled formaldehyde. Evaluation of the 
human relevance of the proposed MOA of formaldehyde in rodents is restricted by human 
data limitations, although the key events are plausible. It is clear that the human relevance of 
the formaldehyde MOA in rodents cannot be excluded on either kinetic or dynamic grounds. 

INTRODUCTION 

Formaldehyde and glutaraldehyde are aliphatic mono- and dialdehydes, respectively, that 
undergo reactions typical of aldehydes to form acetals, cyanohydrins, oximes, hydrazones, 
and bisulfite complexes. They are highly reactive chemicals and produce covalently cross-
linked complexes with DNA and proteins. Their metabolism has some commonality in that 
they are both oxidized by aldehyde dehydrogenases. Several studies have demonstrated that 
inhalation exposure to formaldehyde causes nasal tumours in rats, whereas no nasal tumours 
were observed in the only 2-year inhalation study of rats exposed to glutaraldehyde. 

1 This article, to which WHO owns copyright, was originally published in 2006 in Critical Reviews in 
Toxicology, Volume 36, pages 821–835. It has been edited for this WHO publication and includes corrigenda. 
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Formaldehyde 
Formaldehyde has been tested for carcinogenicity by the inhalation route in mice, rats, and 
Syrian hamsters, by oral administration (drinking-water) in rats, by skin application in mice, 
and by subcutaneous injection in rats. There is conclusive evidence from the inhalation 
studies that formaldehyde is a carcinogen in rats. 

There is considerable evidence that prolonged inhalation exposure to formaldehyde induces 
highly non-linear dose-related increases in the incidence of tumours of the anterior and 
posterior lateral meatus of rats (Morgan et al., 1986; Feron et al., 1988; Woutersen et al., 
1989; Monticello et al., 1996; Kamata et al., 1997; CIIT, 1999). There are sharp increases in 
tumour incidence at formaldehyde concentrations equal to and greater than 7.2 mg/m3.
Exposure to concentrations of 2.4 mg/m3 and lower induced no malignant nasal tumours. 
Table 1 combines the data from two published rat studies (Kerns et al., 1983a; Monticello et 
al., 1996) conducted at the same laboratory and some additional information from one of 
these studies on a number of rats that had not been examined at the time of the publications 
(Schlosser et al., 2003). The majority of formaldehyde-induced neoplasms were squamous 
cell carcinomas.  

Table 1. Combined incidence of nasal squamous cell carcinomas in rats exposed to 
formaldehyde. 

Formaldehyde concentration 
(mg/m3) Number of rats at riska Actual number of tumoursb

0 122 0
0.84 27 0
2.4 126 0
7.2 113 3
12 34 22
18 182 157

Note: Adapted from Schlosser et al. (2003). 
a Rats at risk are those that survived to 2 years and were examined at that time plus those that died before 

2 years in which tumours were found. 
b Rats in which tumours were found at or before 2 years. 

In contrast, inhalation studies in Syrian hamsters showed no carcinogenic effect at a single 
dose of 12.3 mg/m3 (Dalbey, 1982), and one of two inhalation studies in mice showed no 
effect in females and squamous cell carcinomas in 2/17 males killed at 2 years at a high-dose 
concentration of 17.6 mg/m3 (Kerns et al., 1983a, 1983b), whereas the other was inadequate 
for evaluation (Horton et al., 1963). 

Studies on rats using other routes of exposure produced no significant results in two of four 
drinking-water studies (Takahashi et al., 1986; Tobe et al., 1989), forestomach papillomas in 
one study (Til et al., 1989), and leukaemia and gastrointestinal tract tumours in another 
(Soffritti et al., 1989), but the interpretation of the last study has been questioned (Feron et 
al., 1990). Mouse skin application and subcutaneous injection studies were not suitable for 
evaluation. In no study in rodents was there a significant increase in nasal tumours other than 
in the five inhalation exposure studies in rats—that is, at the entry portal.  
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Glutaraldehyde 
Glutaraldehyde has been tested for carcinogenicity by the inhalation route in mice and rats 
and by oral administration (drinking-water) in rats. Inhalation studies showed no carcinogenic 
effect in either B6C3F1 mice exposed to a single concentration of 400 μg/m3 for 78 weeks 
(Zissu et al., 1998) or multiple concentrations up to 1000 μg/m3 for 2 years (NTP, 1999) or 
F344 rats exposed to concentrations of up to 3000 μg/m3 for 2 years (NTP, 1999). In a 
drinking-water study in which male and female F344 rats were exposed to glutaraldehyde 
concentrations of up to 4000 mg/m3 for 2 years, increased incidences of large granular cell 
lymphatic leukaemia were found in the spleen of females at all exposure concentrations 
(Ballantyne, 1995; Van Miller et al., 1995). 

1. IS THE WEIGHT OF EVIDENCE SUFFICIENT TO ESTABLISH A MODE OF 
ACTION (MOA) IN ANIMALS? 

A. Postulated mode of action  
Prolonged exposure to formaldehyde above a critical concentration induces sustained 
cytotoxicity and cell proliferation. As a result of genetic changes within this proliferating cell 
population, neoplasia emerges. The genetic changes are postulated to be secondary to the 
cytotoxicity, metaplasia, and hyperplasia that are clearly induced by formaldehyde. Formal-
dehyde is a genotoxic substance in vitro and forms DNA–protein cross-links (DPX). DPX are 
a well established indicator of formaldehyde exposure, but it is not clear whether they are 
premutational lesions required to produce neoplasia (by initiating DNA replication errors, 
resulting in mutation). Apart from the abundance of DPX observations in rats, there is little 
evidence that formaldehyde is mutagenic to mammalian cells in vivo.

This postulated MOA is mainly based on observations of consistent, non-linear dose–
response relationships for all three key events (sustained cell proliferation, DPX, and 
tumours) and concordance of incidence of these effects across regions of the nasal passages. 

B. Key events 

Formaldehyde
Limitation of damage to the entry portal following exposure to formaldehyde is clearly 
important, with metabolism playing a significant role in the process. The importance of the 
entry portal for formaldehyde-induced nasal tumours is supported by the observation that the 
principal non-neoplastic effect in rats exposed orally to formaldehyde solutions is the 
development of histological changes within the forestomach and glandular stomach (Til et al., 
1989; Tobe et al., 1989). 

Formaldehyde is an endogenous metabolic product of N-, O-, and S-demethylation reactions 
within cells (Hardman et al., 2001), and circulating concentrations of about 2.0–2.6 μg/g 
blood are normal in unexposed mammals (Heck et al., 1982, 1985; Casanova et al., 1988). 
Exogenous formaldehyde is rapidly detoxified upon absorption. It has a half-life in plasma of 
about 1 min in rats exposed intravenously (Rietbrock, 1965), and it readily and spontaneously 
combines with reduced glutathione to form S-hydroxymethylglutathione, the substrate for 
alcohol dehydrogenase 3 (ADH3, also known as glutathione-dependent formaldehyde 
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dehydrogenase) (Uotila & Koivusalo, 1974; Koivusalo et al., 1989), to form S-formylgluta-
thione, which is further metabolized to formic acid and reduced glutathione by S-formyl-
glutathione hydrolase (Uotila & Koivusalo, 1997). The KM for initial binding of hydroxy-
methylglutathione with ADH3 is about 0.004 mmol/l, and the concentration of free formal-
dehyde is likely to be even lower (Uotila & Koivusalo, 1997; Hedberg et al., 1998). It may be 
toxicologically significant that formaldehyde also combines with thiols such as cysteine and 
cysteinylglycine (Holmquist & Vallee, 1991). In addition to this efficient metabolic 
detoxification mechanism, the mucociliary apparatus provides protection of the underlying 
epithelium from gases and vapours. Thus, in order to attain free formaldehyde concentrations 
that may be cytotoxic to the target tissue, relatively high concentrations of formaldehyde 
vapour must be delivered to the target site to overcome these protective mechanisms. Mech-
anistic events of clear significance for carcinogenicity occur at dose levels where formal-
dehyde detoxification mechanisms are saturated in rats (Casanova & Heck, 1987). 

The predominant non-neoplastic and preneoplastic events that have been measured and 
associated with nasal cancer formation following inhalation exposure of the nasal epithelium 
to formaldehyde include cytotoxicity, DPX formation, nasal epithelial cell regenerative pro-
liferation, squamous metaplasia, and inflammation, which are site-specific, highly non-linear 
response processes in concordance with the incidence of nasal tumours.  

The relative magnitude of an increase in cell proliferation is dependent upon the size of the 
target cell population within specific regions of the nasal cavity and not always directly 
related to the length of exposure, or total cumulative exposure (Swenberg et al., 1983, 1986; 
Monticello et al., 1991, 1996; Monticello & Morgan, 1994). These factors have been well 
defined and measured in a number of studies in rat, monkey, and human epithelial cells. In a 
24-month carcinogenicity assay with interim sacrifices at 3, 6, 12, and 18 months, cell 
proliferation was demonstrated in rats exposed to 7.2, 12, and 18 mg/m3 at all times 
(Monticello et al., 1991, 1996). 

An immunohistochemical technique was used to assess the presence of p53 protein, a marker 
of cell proliferation (proliferating cell nuclear antigen, or PCNA), and tumour growth factor 
(TGF)-α in the histopathological sections of the same tumours. In addition to the p53-
positive immunostaining in squamous cell carcinomas, especially in cells with keratinization, 
p53-positive immunostaining was observed in preneoplastic hyperkeratotic plaques, while 
normal nasal mucosa did not stain. A correlation was found between the distribution of 
immunostaining of PCNA and that of p53 (Wolf et al., 1995).

The formation of DPX in rats is a non-linear function of concentration (Casanova & Heck, 
1987; Casanova et al., 1989, 1994; Heck & Casanova, 1995) and correlates with the site 
specificity of tumours (Casanova et al., 1994). Cross-links were not detected in the olfactory 
mucosa or in the bone marrow of rats (Casanova-Schmitz et al., 1984; Casanova & Heck, 
1987). DPX have been found in rhesus monkeys following inhalation exposure to formal-
dehyde, with the highest concentrations in the middle turbinates, followed by the anterior 
lateral wall septum and nasopharynx (Casanova et al., 1991).
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Studies of rats, mice, Syrian hamsters, and rhesus monkeys exposed to formaldehyde for 13 
(mice) or 26 weeks found that squamous metaplasia in the nasal turbinates developed in rats 
and rhesus monkeys at 3.7 mg/m3, but not in Syrian hamsters or, at 4.9 mg/m3, in mice 
(Rusch et al., 1983; Maronpot et al., 1986). Cell replication is also a feature of the more 
tumour-susceptible areas of the nasal epithelium of rats (Casanova et al., 1994). 

Glutaraldehyde 
Inhalation exposure to glutaraldehyde at 400 μg/m3 for 78 weeks resulted in non-neoplastic 
lesions in the nasal vestibule of female mice, consisting of hyperplasia of the squamous epi-
thelium lining the dorsal wall and the lateral aspect of the atrioturbinate (Zissu et al., 1998).

In the United States National Toxicology Program (NTP) studies of glutaraldehyde, the nasal 
changes observed in male and female rats included the following: 

1. In the squamous epithelium in the most rostral part of the nasal passage, behind the 
external nares, there were increased incidences of hyperplasia and inflammation. The 
hyperplasia was a minimal to marked change characterized by variable thickening of the 
epithelium due to an increase in the number of cell layers and, in the more severe cases, 
varying degrees of keratin accumulation.  

2. In the respiratory epithelium, there was hyperplasia, minimal goblet cell hyperplasia 
(primarily along the nasal septum and ventral meatus), inflammation, and squamous 
metaplasia, with accumulation of keratin on the epithelial surface in the more severe 
cases.

3. In the olfactory epithelium of the dorsal meatus, there were slightly increased incidences 
of hyaline degeneration. 

The glutaraldehyde-associated inflammation that was observed in the squamous epithelial 
and respiratory epithelial regions was a minimal to marked change consisting of multifocal to 
locally extensive infiltrates of neutrophils, lymphocytes, and plasma cells. Occasionally, there 
were a few macrophages within the lamina propria and, in severe cases, within the epithelium 
itself. In male and female mice of this same study, the lesions were qualitatively similar to 
those found in rats. Females were more severely affected than male mice. 

Glutaraldehyde induced DPX in a TK6 human lymphoblast cell line (St. Clair et al., 1991). In 
vivo, glutaraldehyde induced cell proliferation (S-phase nuclei) in nasal cells in rats and mice 
exposed by inhalation (Gross et al., 1994) and nasal instillation (St. Clair et al., 1990). In a 
parallel nasal instillation study by the same authors, formaldehyde induced the same level of 
cell proliferation at 20-fold higher molar concentrations.

C. Dose–response relationship  

Formaldehyde
Available data from rats exposed to formaldehyde show a highly non-linear dose–response 
pattern for the key events, with no observed effects at 2.4 mg/m3, a minimal response at 7.2 
mg/m3, and a sharp increase at 12 and 18 mg/m3.
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In rats exposed to formaldehyde, no increases in cell turnover or DNA synthesis were found 
in the nasal mucosa after subchronic or chronic exposure to concentrations of 2.4 mg/m3

(Rusch et al., 1983; Zwart et al., 1988; Monticello et al., 1991; Casanova et al., 1994). Small, 
site-specific increases in the rate of cell turnover were noted at 3.7 mg/m3 (6 h/day, 5 
days/week, for 13 weeks) in Wistar rats (Zwart et al., 1988) and in the rate of DNA synthesis 
at 7.2 mg/m3 in Fischer 344 rats exposed for a similar period (Casanova et al., 1994). At these 
concentrations, however, an adaptive response would seem to occur in rat nasal epithelium, 
since cell turnover rates after 6 weeks (Monticello et al., 1991) or 13 weeks (Zwart et al., 
1988) are lower than those after 1–4 days of exposure. The unit length labelling index (ULLI) 
method was used to establish the proliferation in male Fischer 344 rats exposed to 
formaldehyde concentrations of 0, 0.84, 2.4, 7.2, 12, or 18 mg/m3 for 6 h/day, 5 days/week, 
for 3, 6, 12, 18, or 24 months. Significant increases in ULLI were present only in the 12 and 
18 mg/m3 groups, with the greater increases on the anterior lateral meatus and the medial 
maxilloturbinate. Elevated ULLI in the anterior dorsal septum developed later in the course 
of the exposure. This belated elevation of ULLI may have been secondary to changes in 
airflow patterns and thus local formaldehyde concentrations associated with growth of lesions 
and distortion of the airspace in those areas of the nose more susceptible to neoplasia 
(Monticello et al., 1996). 

The non-linear relationships for formaldehyde-induced DPX formation, epithelial cell 
proliferation, and subsequently nasal tumours are demonstrated in Table 2. It is arguable that 
the designations of high- and low-tumour areas proposed by Casanova et al. (1994) are not 
the most appropriate, and consequently the truly high tumour incidence region DPX response 
may have been diluted by that of the intermediate tumour incidence (posterior lateral meatus) 
region.

Other studies showed that Fischer 344 rats exposed to 1.2 mg/m3 (22 h/day, 7 days/week, for 
26 weeks) developed no detectable nasal lesions, whereas at 3.6 mg/m3, the only histological 
change was squamous metaplasia in the nasal turbinates (Rusch et al., 1983). The 
development of mild squamous metaplasia was similarly demonstrated in the nasal turbinates 
of Fischer 344 rats exposed to 2.4 mg/m3 (6 h/day, 5 days/week, for 24 months) (Kerns et al., 
1983b). Epithelial dysplasia and rhinitis were also observed in these rats. The occurrence of 
squamous metaplasia appears to be the histological feature requiring the lowest formaldehyde 
concentration of any of the in vivo responses reported. 

A rat, anatomically accurate computational fluid dynamics model was used to test whether 
the distribution of formaldehyde-induced squamous metaplasia was related to the location of 
high-flux regions posterior to the squamous epithelium. Squamous metaplasia was considered 
present when 50% of a subsection was lined by squamous epithelium. No squamous meta-
plasia was present in sections of nose from rats exposed to 2.4 mg/m3 or less. Squamous 
metaplasia was present on the lateral meatus after exposure to 7.2 mg/m3 or more and on the 
lateral and medial walls of the airway after exposure to 12 or 18 mg/m3 (Kimbell et al., 
1997).

There is evidence that glutathione-mediated detoxification of formaldehyde within nasal 
tissues becomes saturated in rats at inhalation exposures above 4.8 mg/m3. This saturation of 
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formaldehyde metabolism may contribute to the non-linearity of the dose–response 
relationships for DPX, cell proliferation, and tumour incidence at exposures above this level 
(Casanova & Heck, 1987). 

Table 2. Comparative effects of formaldehyde exposure upon cell proliferation, DNA–
protein cross-linking, and tumour incidence.

Cell proliferation 
([3H]thymidine-labelled

cells/mm basement 
membrane)a

DNA–protein 
cross-link 

formation (pmol 
[14C]-

formaldehyde 
bound/mg

DNA)b Incidence of nasal carcinomac
Formalde-
hyde
concen-
tration  
(mg/m3)

Anterior 
lateral
meatus

Posterior
lateral

meatus

Anterior 
mid-

septum

“High- 
tumour
region”

“Low- 
tumour
region”

All
sites

Anterior 
lateral
meatus

Posterior
lateral

meatus

Anterior 
mid-

septum
0 10.11 7.69 6.58 0 0 0/90 0/90 0/90 0/90 
0.84 10.53 7.82 8.04 5 5 0/90 0/90 0/90 0/90 
2.4 9.83 11.24 12.74 8 8 0/96 0/96 0/96 0/96 
7.2 15.68 9.96 4.15 30 10 1/90 1/90 0/90 0/90 
12 76.79 15.29 30.01 – – 20/90 12/90 2/90 0/90 
18 93.22 59.52 75.71 150 60 69/147 17/147 9/147 8/147 
a  Cell proliferation measured in three locations of the nasal epithelium in male F344 rats exposed to the 

indicated concentrations of formaldehyde, 6 h/day, 5 days/week, for 3 months (Monticello et al., 1996). 
b  Extent of DNA–protein cross-link formation measured in two regions of the nasal cavity (respiratory mucosa) in 

male F344 rats exposed to the indicated concentrations of formaldehyde, 6 h/day, 5 days/week, for about 
12 weeks; the complete lateral meatus was designated the “high-tumour region”; the “low-tumour region” 
comprised the medial aspects of naso- and maxilloturbinates, posterior lateral wall, posterior dorsal septum 
excluding olfactory region, and nasopharyngeal meatuses (Casanova et al., 1994). Data were derived from 
graphical representations in the reference cited. 

c  Incidence of nasal tumours within the entire nasal cavity or the anterior lateral meatus, posterior lateral meatus, 
or anterior mid-septum in male F344 rats exposed to the indicated concentrations of formaldehyde, 6 h/day, 
5 days/week, for 24 months (Monticello et al., 1996). 

Glutaraldehyde 
A series of repeated-dose experiments with rats and mice exposed to glutaraldehyde has been 
summarized by NICNAS (1994). Among these, the lowest concentration producing lesions of 
the nasal cavity of rats was 1000 μg/m3 (6 h/day, 5 days/week, for 13 weeks) (NTP, 1993). 
The most severe lesions occurred in the anterior portions of the nasal passages and involved 
both the respiratory and olfactory epithelium. Hyperplasia and squamous metaplasia were 
most commonly noted on the lateral wall of the nasal cavity and on the tips of the 
nasoturbinates. Lesions were most extensive in rats exposed to 4000 μg/m3, but were also 
noted in the 1000 and 2000 μg/m3 groups and in one male exposed to 500 μg/m3. In another 
study in rats, no nasal lesions were observed at concentrations up to 776 μg/m3 delivered for 
14 weeks (Bushy Run, 1983).

Mice appeared to be more sensitive to glutaraldehyde inhalation in a 13-week study, with 
inflammation of the nasal cavity being observed in female mice even at the lowest 
concentration of 250 μg/m3 and in male mice at 1000 μg/m3. The species difference in 
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sensitivity is probably due to the smaller airways of mice being more prone to blockage by 
debris (NTP, 1993). Histopathological lesions in the respiratory tract were most severe in 
mice in the 4000 μg/m3 group and consisted of minimal to mild squamous metaplasia of the 
laryngeal epithelium, suppurative inflammation in the anterior parts of the nasal cavity, and 
minimal squamous metaplasia on the tips of the nasoturbinates. Necrosis and inflammation 
were noted at lower concentrations, primarily in the anterior portion of the nasal passage. 

In the NTP (1993) 13-week studies with glutaraldehyde, there were significant, exposure-
related increases in ULLI in the squamous epithelium of the nasal vestibule and, to a lesser 
extent, the respiratory epithelium of the atrioturbinate of the dorsal meatus. The exposure-
related increase in cell replication was generally greater in rats than in mice. Upon examining 
the results in individual mice, it was found that there was an increased rate of cell replication 
in the squamous epithelium of the nasal vestibule only of those mice in which there was also 
neutrophilic infiltration of the mucosa; however, the severity of the infiltrate did not correlate 
with the degree of cell proliferation. These observations were clearest at 13 weeks, par-
ticularly in female mice. In rats, in addition to increased replication in the squamous 
epithelium of the vestibule, there was an equally prominent increase in replication in the 
respiratory epithelium of the dorsal atrioturbinate, whereas in mice, the response in this area 
was weak. 

D. Temporal association 

Formaldehyde
A number of short-, medium-, and long-term studies of the effect of formaldehyde exposure 
on cell proliferation within the respiratory epithelium of rats have indicated a sustained 
increase in proliferation of nasal epithelial cells following exposure to concentrations greater 
than 2.4 mg/m3, irrespective of the exposure period. Cell proliferation was observed in rats 
exposed to formaldehyde for periods from as short as 3 days. In the ULLI study already 
described, the magnitude of increased cell proliferation generally decreased over time but 
remained significantly increased by approximately 2- to 10-fold over controls, for certain 
nasal locations, up to and including the 18-month observation period when this effect was last 
examined (Monticello et al., 1996).  

Data relating to temporal associations for DPX are limited, as most formaldehyde inhalation 
studies of DPX formation are of short duration (i.e. exposure duration up to 1 day). 
Formaldehyde-induced DPX in the nasal epithelium of rats and rhesus monkeys was shown 
consistently in these studies (Casanova et al., 1991). However, a well conducted study inves-
tigating both acute and cumulative DPX yields in rats exposed to formaldehyde for about 
12 weeks (Casanova et al., 1994) found that the acute DPX yield in the lateral meatus (a high 
tumour yield site) of previously exposed rats was about half that in naive rats at concen-
trations greater than 7.2 mg/m3, while there were no differences in the medial and posterior 
meatuses (low tumour yield sites). No significant accumulation of DPX occurred in 
previously exposed rats.

Regenerative cell proliferation following formaldehyde-induced cytotoxicity increases the 
number of DNA replications and thus increases the probability of DPX-initiated DNA 
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replication errors, resulting in mutations. This hypothesis is supported by the observed 
inhibition of DNA replication in the rat nose at elevated concentrations (Heck & Casanova, 
1995) and increased p53 expression in preneoplastic lesions (Wolf et al., 1995). In 5 of 11 
squamous cell carcinomas from rats exposed to 18 mg/m3 for up to 2 years, there were point 
mutations at the GC base pairs in the p53 complementary DNA (cDNA) sequence (Recio et 
al., 1992). 

Glutaraldehyde 
The study of cell replication in the 13-week rat and mouse inhalation studies with 
glutaraldehyde (NTP, 1993) showed that, in contrast to the results obtained for mice, the 
increased cell replication (ULLI) in the nasal vestibule of rats occurred early (within a few 
days) and either remained elevated or decreased slightly through the course of the study. 
Increases in ULLI in the nasal vestibule of mice tended to develop with time. In an inhalation 
study with mice (Zissu et al., 1994), the earliest lesions were observed in the respiratory 
epithelium of the septum and the naso- and maxilloturbinates after 4 days of exposure to 
1.2 mg/m3. Severe histopathological changes were still observed 2 weeks after the end of the 
exposure to 4.0 mg/m3. No exposure-related histological abnormalities were detected in the 
trachea and lungs. 

E. Strength, consistency, and specificity of association of tumour 
response with key events 

Formaldehyde
There are extensive studies investigating formaldehyde-induced neoplasia. Available data 
revealed formaldehyde-induced DPX formation and increased epithelial cell proliferation 
within the upper respiratory tract in a range of species including rats and monkeys and a 
variety of rat and human cells in vitro. It was found that at similar levels of exposure, concen-
trations of DPX were approximately an order of magnitude lower in rhesus monkeys than in 
rats. Increased human epithelial cell proliferation following in situ exposure to formaldehyde 
was reported in a model system in which rat tracheae populated with human tracheobronchial 
epithelial cells were xenotransplanted into athymic mice. 

There is good correlation between key events and regional tumour incidence and tumour 
sites. Cell proliferation, metaplasia, and increased DPX were seen in the regions of the nasal 
cavity where tumours have been observed. The highly non-linear dose–response relationships 
for DPX, cytotoxicity, cell proliferation, metaplasia, and tumours are consistent, with signifi-
cant increases in metaplasia occurring at 2.4 mg/m3 in one study and all end-points being 
observed at concentrations of greater than 4.8 mg/m3. This is also in good correlation with the 
concentration at which mucociliary clearance is inhibited and glutathione-mediated 
metabolism is saturated—that is, 4.8 mg/m3. The study by Morgan et al. (1986) examining 
effects of inhaled formaldehyde on the nasal mucociliary apparatus in male rats also included 
18-h recovery groups following days 1, 9, and 14 of exposure to concentrations of 2.4 mg/m3,
7.2 mg/m3, and 18 mg/m3. Inhibition of mucociliary clearance was progressively more 
extensive with increasing duration of exposure, but showed little or no evidence of recovery 
18 h after cessation of exposure.
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Mice appear to be less susceptible than rats to the development of nasal tumours following 
exposure to a given concentration of formaldehyde. However, it is well known that mice 
decrease their minute volume in response to inhalation of noxious chemicals (Brown et al., 
1986, in CIIT, 1999). 

Glutaraldehyde 
In comparison with formaldehyde, the glutaraldehyde-induced lesions were located in a more 
anterior part of the nose, involving the squamous epithelium. Also, they were of a different 
character, with none of the focal hyperkeratosis and hyperplasia with cellular atypia and 
dysplasia found in animals receiving formaldehyde for 13 weeks (Monticello, 1990; Morgan 
& Monticello, 1990). 

F. Biological plausibility and coherence  

Formaldehyde
Evidence supporting the hypothesis that prolonged regenerative cell proliferation can be a 
causal mechanism in chemical carcinogenesis continues to accumulate (IPCS, 2002). This 
proposed MOA for formaldehyde-induced nasal tumours in animals exposed by inhalation is 
consistent with biological plausibility and the available data. Sustained increased cell 
proliferation has been observed in the nasal cavity in extensive short- and medium-term 
toxicity studies in rats and a few studies in other species. Histopathological effects in the 
nasal cavity (epithelial cell dysplasia and metaplasia) were consistent in a range of sub-
chronic and chronic animal studies. It should be noted, however, that the respective roles of 
DPX, mutation, and cellular proliferation in the induction of nasal tumours in the rat have not 
been fully elucidated.

Glutaraldehyde 
Effects of inhaled glutaraldehyde have not been as extensively studied as those of 
formaldehyde. In inhalation studies, glutaraldehyde did not induce nasal tumours in rats and 
mice. However, the same key events that are considered key events in the nasal carcino-
genicity of formaldehyde—cytotoxicity and cell proliferation—have been demonstrated in 
rats and mice exposed to glutaraldehyde. This might appear to reduce the plausibility of these 
processes being important for formaldehyde. 

G. Possible alternative modes of action 

Formaldehyde
There is the possibility that mutagenicity could play a role in the development of formal-
dehyde-induced tumours. Evaluation of the available data indicates that formaldehyde is 
genotoxic in vitro, but is generally not genotoxic in standard in vivo assays, although there 
are many studies demonstrating that it produces DPX. 

Formaldehyde has been extensively studied for genotoxicity in vitro, with positive results in 
studies with bacterial and mammalian cells (Ames test, gene mutation), and produced DNA 
single-strand breaks and DPX (reviewed in IARC, 2005). In vivo, formaldehyde has repro-
ducibly induced mutations in Drosophila, but there is no convincing evidence of its genotoxic 
activity in rodent bone marrow cell tests. There is limited evidence that formaldehyde expo-
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sure is associated with increased chromosomal aberration and micronucleus frequencies in 
human nasal and buccal cells and peripheral blood lymphocytes (reviewed in IARC, 2005; 
see Appendix). 

It is unclear to what extent DPX contributes to the mutagenesis and carcinogenicity of 
formaldehyde (Recio, 1997; Merk & Speit, 1998; Speit et al., 2000; Liteplo & Meek, 2003). 
The presence of DPX has been considered mainly as an indicator of exposure, although some 
have also seen these lesions as premutagenic in character and therefore evidence of a direct 
genotoxic mechanism. DPX are, however, potentially damaging to the afflicted cell, and cell 
death is a likely outcome should they occur at high frequency. They also indicate that 
protein–protein cross-linkage (PPX) may occur, with potentially less serious effects for the 
cell. Should key proteins be involved in the PPX formation, this could have consequences on 
the regulatory machinery of the cell, including the regulation of differentiation. Such a 
change clearly occurs in the nasal epithelium of rats exposed to formaldehyde, since areas of 
metaplasia emerge. Neoplasia could be viewed as simply a different kind of metaplasia, 
unless there is compelling evidence for a genotoxic mode of action. 

A different interpretation of the data has been offered by Gaylor et al. (2004), who analysed 
the concentration–response relationship for formaldehyde-induced cell proliferation in rats 
using statistical methods designed to identify J-shaped concentration curves. Cell prolifera-
tion data were used because there were insufficient quantal data on cancer incidence to per-
form the analysis. Their analysis supports the hypothesis that the threshold-type dose---
response for nasal tumour incidence is the result of a minor genotoxicity at low dose that is 
superimposed by a J-shaped dose---response for cell proliferation at high cytotoxic dose levels 
(Lutz, 1998). At low doses, the effect of incremental DNA damage may be cancelled out by a 
reduction in cell proliferation; therefore, in spite of the apparent threshold, the data remain 
consistent with a genotoxic mechanism.

In rats exposed to formaldehyde, point mutations at GC base pairs in the cDNA sequence of 
the evolutionarily conserved regions II–V of the p53 gene were found in 5 of 11 primary 
nasal squamous cell carcinomas (Recio et al., 1992). This observation may be interpreted to 
indicate genotoxic processes induced by formaldehyde in the carcinogenic process; however, 
the presence of specific mutations in the emergent tumour is not evidence that they were 
present in the early stages of neoplasia or that they were directly induced by the chemical. 
While there is the possibility of a direct mutagenic event occurring, it is also possible that 
these mutations arose indirectly of exposure as a result of functional changes in chromatin 
proteins induced by the chemical. At what stage in the life history of the tumour these 
observed mutations occurred is also open to speculation: they are relatively common events, 
it is clear, but it is also clear that they are not essential events (since they do not occur in all 
tumours that are apparently of the same type). The occurrence of these mutations indicates 
that a genotoxic mechanism has not been excluded, but this evidence does not necessarily 
support one. 

Specific changes in gene expression have also been observed in vivo. The results indicated 
that exposure to formaldehyde can cause alteration in the expression levels of genes involved 
in several functional categories, including xenobiotic metabolism, cell cycle regulation, DNA 
synthesis and repair, oncogenes, and apoptosis (Hester et al., 2003). It is not clear at present 
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how specific these changes are to formaldehyde or what their role is, if any, in 
carcinogenicity.

Glutaraldehyde 
Glutaraldehyde has been less extensively tested than formaldehyde for genotoxicity in vitro 
and in vivo. It produces weak and inconsistent positive findings in tests in vitro and is not 
active in the vast majority of in vivo studies. The genetic toxicity of glutaraldehyde has been 
recently reviewed (Zeiger et al., 2005). 

Glutaraldehyde induced DNA repair systems in bacterial cells and was a weak mutagen in 
Salmonella and Escherichia coli. Unscheduled DNA synthesis (UDS), DPX, and double-
strand breaks were seen in human cell lines, but not in primary rat cells. There were weak and 
inconsistent responses in chromosomal aberration and sister chromatid exchange (SCE) 
studies with mammalian cells, and glutaraldehyde did not induce transformation in cultured 
Syrian hamster embryo (SHE) cells. 

In vivo, glutaraldehyde induced S-phase DNA synthesis in nasal cells in rats and mice 
following direct nasal administration. Glutaraldehyde did not produce DNA damage in rat 
liver or cross-links in rat testes DNA or sperm cells. Tests for induction of chromosomal 
aberration in bone marrow cells in rats and mice were generally negative. Glutaraldehyde did 
not induce micronuclei in bone marrow cells or dominant lethal mutations in mice. Thus, 
glutaraldehyde does possess genotoxic potential, and, although the database is not as 
extensive as it is for formaldehyde, it might be anticipated that site of contact genotoxicity 
would occur. Consequently, if genotoxicity is a major carcinogenic MOA for formaldehyde, 
it remains to be explained why glutaraldehyde is not active.

H. Uncertainties, inconsistencies, and data gaps 

Formaldehyde
In most of the cancer bioassays for formaldehyde, data on intermediate end-points such as 
proliferative response as a measure of cytotoxicity and DPX are limited. Consequently, direct 
comparison of the incidence of intermediate lesions and tumours is restricted. Additionally, 
information on a direct relationship between DPX and mutation induction and the probability 
of converting a DPX into a mutation is desirable, while the mode by which regenerative cell 
proliferation is involved in the production of mutations required for tumour development 
needs to be determined.  

Studies on the hprt mutation spectrum in formaldehyde-exposed human cells revealed that 
50% of the mutations are deletions, whereas 50% are due to point mutation at the A:T base 
pair (Crosby et al., 1988; Liber et al., 1989). The finding of deletions as part of the 
formaldehyde mutation spectrum may explain the homozygous nature of base pair mutations 
observed in p53 in formaldehyde-induced squamous cell carcinomas. However, there is an 
inconsistency with regard to the base pair that is mutated. It was found to be A:T in hprt in 
human and mammalian cell lines and G:C at p53 in formaldehyde-induced squamous cell 
carcinomas (Recio, 1997). It is possible that, although mutations are induced by 
formaldehyde in vitro, these types of mutation may not be fundamental to its carcinogenicity. 
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Glutaraldehyde 
Glutaraldehyde is clearly much more cytotoxic than formaldehyde, perhaps because it is a 
bifunctional alkylating agent. Intranasal instillation studies have demonstrated that, on a 
molar basis, glutaraldehyde is 10- to 20-fold more toxic than formaldehyde when delivered to 
the nasal mucosa as a single treatment in aqueous solution (St. Clair et al., 1990). 
Comparison of results from a 13-week inhalation study of glutaraldehyde (NTP, 1993) with 
similar inhalation studies with formaldehyde (Heck et al., 1990; Monticello, 1990; Monticello 
et al., 1991) shows that glutaraldehyde is about 20-fold more toxic than formaldehyde by this 
route also. Pulmonary damage and mortality occur at much higher glutaraldehyde concentra-
tions. Cytotoxicity is manifest closer to the external nares in the case of inhaled glutaralde-
hyde, so the tissue primarily affected is not the same as in the case of inhaled formaldehyde. 
This difference in the site of toxic action may be particularly important because, if the only 
difference was toxic potency, then glutaraldehyde would be expected to produce effects 
similar to those of formaldehyde, although only at lower doses.  

I. Assessment of postulated mode of action 

Formaldehyde
From a weight-of-evidence point of view, the hypothesized MOA for formaldehyde-induced 
nasal tumours satisfies several criteria, including consistency, concordance of dose–response 
relationships across all key events, and biological plausibility and coherence of the database. 
Given the extensive experimental data that address and are consistent with the proposed 
MOA of formaldehyde in the induction of tumours in the nasal cavity, a high degree of 
confidence may be ascribed to it.  

Glutaraldehyde 
The key events of cytotoxicity, cell proliferation, and DPX formation (in vitro) have been 
demonstrated with exposure to glutaraldehyde. However, glutaraldehyde has not produced 
nasal tumours in rats and mice. Therefore, if the proposed MOA for formaldehyde is to be 
maintained, an explanation for this discrepancy is necessary. A reason for the difference has 
not been identified, but a hypothesis can be proposed. The dialdehyde function of glutaral-
dehyde is an important factor that may inhibit the macromolecules with which it reacts from 
further reaction within the cellular environment. Should these macromolecules be proteins 
involved in the maintenance of survival, then their immobility perhaps more likely leads to 
cell death than to a change in differentiation state. This immobilization of macromolecules by 
glutaraldehyde is the property that makes it a better fixative for high-resolution microscopy 
(e.g. electron microscopy) than formaldehyde. It almost certainly contributes to the very 
much higher toxicity of the dialdehyde. The monoaldehyde function of formaldehyde also 
causes cellular damage, but a proportion of proteins involved in cellular differentiation may 
be able to continue in that role, although with an altered outcome that may be the beginning 
of a path to neoplasia. If, on the other hand, these aldehydes react with nucleic acids (the 
evidence for glutaraldehyde reacting in this way is not substantial), then the repair of the 
alkylated nucleotides may be more difficult or even impossible in the case of glutaraldehyde, 
whereas repair does occur following formaldehyde interaction with DNA. Thus, irrespective 
of whether the mode of formaldehyde action in carcinogenicity is as proposed or is primarily 
due to genetic toxicity, the different response to glutaraldehyde exposure can be explained. 
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2. CAN HUMAN RELEVANCE OF THE MOA BE EXCLUDED ON THE 
BASIS OF FUNDAMENTAL, QUALITATIVE DIFFERENCES IN KEY 
EVENTS BETWEEN EXPERIMENTAL ANIMALS AND HUMANS?

A. Formaldehyde 
In rhesus monkeys exposed to formaldehyde at 7.2 mg/m3 for between 1 and 6 weeks, 
formaldehyde-induced lesions were associated with increases in cell proliferation rates of up 
to 18-fold over controls and remained significantly elevated after 6 weeks of exposure. 
Histological lesions and increases in cell proliferation were most extensive in the nasal 
passages and were minimal in the lower airways, whereas the maxillary sinuses showed no 
evidence of a response to formaldehyde exposure. Based on the extent of lesions and cell 
proliferation data, it appeared that rhesus monkeys are more sensitive than rats to the acute 
and subacute effects of formaldehyde at 7.2 mg/m3 (Monticello et al., 1989). The absence of 
response in the maxillary sinuses in rhesus monkeys is an observation deserving special 
attention in the design of epidemiological studies (or, perhaps, in the reporting of tumour 
sites). Most epidemiological studies of sinonasal cancer have not distinguished tumours 
arising in the nose from those developing in the nasal sinuses. Thus, the risk for nasal cancer 
specifically would tend to be diluted if there was no corresponding risk for cancer in the 
sinuses and could go undetected through lack of statistical power.

Many epidemiological studies have investigated formaldehyde exposure and cancer of the 
respiratory tract. The strongest evidence of an association has been observed for naso-
pharyngeal cancers. A statistically significant excess of deaths from nasopharyngeal cancer 
has been observed in the largest cohort study of industrial workers (Hauptmann et al., 2004), 
with statistically significant exposure–response relationships for peak and cumulative 
exposure. An excess of deaths from nasopharyngeal cancer was observed in a proportionate 
mortality analysis of the largest cohort of embalmers in the United States (Hayes et al., 1990). 
An excess of cases of nasopharyngeal cancer was observed in a Danish study of proportionate 
cancer incidence among workers at companies that manufactured or used formaldehyde 
(Hansen & Olsen, 1995). Other cohort studies reported fewer cases of nasopharyngeal cancer 
than expected (Walrath & Fraumeni, 1983; Coggon et al., 2003; Pinkerton et al., 2004). Of 
seven case–control studies of nasopharyngeal cancer, five found elevations of risk for 
exposure to formaldehyde. 

Several case–control studies have investigated the association between exposure to formal-
dehyde and sinonasal cancer. A pooled analysis of 12 studies showed an increased risk of 
adenocarcinoma in men and women thought never to have been exposed to wood dust or 
leather dust, with an exposure–response trend for an index of cumulative exposure (Luce et 
al., 2002). One other case–control study (Olsen & Asnaes, 1986) and a proportionate 
incidence study (Hansen & Olsen, 1995) showed an increased risk of sinonasal cancer, 
particularly squamous cell carcinoma. However, the three most informative cohort studies of 
industrial workers showed no excesses of sinonasal cancer (Coggon et al., 2003; Hauptmann 
et al., 2004; Pinkerton et al., 2004). 

In evaluating this body of evidence, the International Agency for Research on Cancer (IARC) 
concluded that there was sufficient epidemiological evidence that formaldehyde causes 
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nasopharyngeal cancer in humans; only limited epidemiological evidence that formaldehyde 
causes sinonasal cancer in humans; and strong but not sufficient evidence for a causal associ-
ation between leukaemia and occupational exposure to formaldehyde (Cogliano et al., 2005). 

There are no publications describing DPX in nasal cells from formaldehyde-exposed person-
nel. Assessment of DPX in peripheral lymphocytes from formaldehyde-exposed workers 
demonstrated an association with overall exposure (Shaham et al., 2003). The single DPX 
study involved 399 workers from 14 hospital pathology departments, and formaldehyde 
exposure categories were low-level (mean 0.5 mg/m3, range 0.05–0.8 mg/m3) and high-level 
(mean 2.7 mg/m3, range 0.86–6.7 mg/m3). Adjusted mean DPX were significantly higher in 
the exposed groups. There appear to be some doubts regarding the sensitivity and 
reproducibility of the physical separation method used in this study (Heck & Casanova, 
2004).

Some studies have investigated the histological changes within the nasal epithelium of 
workers occupationally exposed to formaldehyde; however, the extent to which nasal 
epithelial cell regenerative proliferation occurs is unresolved because the results are mixed 
and there was co-exposure to wood dust in some studies (Berke, 1987; Edling et al., 1988; 
Holmström et al., 1989; Boysen et al., 1990; Ballarin et al., 1992). 

Mucociliary clearance in the anterior portion of the nasal cavity was reduced following 
exposure of volunteers to formaldehyde at 0.30 mg/m3 (Andersen & Mølhave, 1983). 

The concordance of animal and human key events for formaldehyde is summarized in 
Table 3. 

Table 3. Formaldehyde concordance table. 

Key event Evidence in animals Evidence in humans 
Cytotoxicity Positive in vivo (target cells) Plausible 
Proliferation Positive in vivo (target cells) Plausible (some evidence but confounded 

by co-exposure) 
Genotoxicity DPX (target cells in vivo) DPX (non-target cells, i.e. lymphocytes) 
Mutations Positive in vitro; unconvincing in 

vivo
Positive (? cells) 

Nasal tumours Positive (mainly anterior lateral 
meatus)

Positive (nasopharyngeal) 
? (sinonasal) 

B. Glutaraldehyde 
There are few epidemiological studies for exposure to glutaraldehyde and human cancer. No 
increase in the number of cancer deaths was observed among 186 male glutaraldehyde 
production workers. The average time since first exposure to glutaraldehyde was 20.6 years, 
and the period of exposure was 3–7 years. During periods of monitoring exposure, glutaralde-
hyde concentrations in air ranged from 0.04 to 1.4 mg/m3 (NICNAS, 1994). Studies of 
embalmers, pathologists, and members of the American Association of Anatomists for pos-
sible effects of glutaraldehyde have all shown increases in risk of cancer; however, all of 
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these groups were also exposed to formaldehyde (Walrath & Fraumeni, 1983; Consensus 
Workshop on Formaldehyde, 1984; Stroup et al., 1986).  

There are no studies examining glutaraldehyde exposure and DPX formation, cytotoxicity, 
and cell proliferation in human nasal tissues. 

The concordance of animal and human key events for glutaraldehyde is summarized in 
Table 4.

Table 4. Glutaraldehyde concordance table. 

Key event Evidence in animals Evidence in humans 
Cytotoxicity Positive  Plausible 
Proliferation Positive in vivo  Plausible  
Genotoxicity DPX in vitro  Unknown 
Mutations Positive in vitro  Unknown 
Nasal tumours Negative (no evidence at any site) Unknown 

3. CAN HUMAN RELEVANCE OF THE MOA BE EXCLUDED ON THE BASIS 
OF QUANTITATIVE DIFFERENCES IN EITHER KINETIC OR DYNAMIC 
FACTORS BETWEEN EXPERIMENTAL ANIMALS AND HUMANS? 

A. Formaldehyde 
Quantitative differences between experimental animals and humans for the postulated MOA 
will be a function of the concentration of formaldehyde at the target tissue. It is formaldehyde 
per se, and not its metabolites, that causes cytotoxicity. Exogenous inhaled formaldehyde is 
rapidly metabolized upon absorption, to formate, by a number of widely distributed cellular 
enzymes, particularly formaldehyde dehydrogenase. In addition to this efficient metabolic 
detoxification mechanism, the mucociliary apparatus provides protection of the underlying 
epithelium from gases and vapours. Thus, in order to attain free formaldehyde concentrations 
that may be cytotoxic to the target tissue, relatively high concentrations of formaldehyde 
vapour must be delivered to the target site to overcome these protective mechanisms. 
Mechanistic events of clear significance for carcinogenicity occur at dose levels where 
formaldehyde detoxification mechanisms are saturated in rats (Casanova & Heck, 1987). 

It is critical to take dosimetry into consideration when considering quantitative species differ-
ences for formaldehyde-induced toxicity in the respiratory tract. Inhaled formaldehyde is 
predominantly deposited and readily absorbed in the regions of the upper respiratory tract 
with which it comes into initial contact, owing to its high reactivity with biological 
macromolecules (Heck et al., 1983; Swenberg et al., 1983). A complex relationship between 
nasal anatomy, ventilation, and breathing patterns (nasal or oronasal) determines where in the 
upper respiratory tract formaldehyde absorption occurs in species. In rodents, which are 
obligate nasal breathers, deposition and absorption occur primarily in the nasal passage. In 
contrast, primates are oronasal breathers; although absorption and deposition are likely to 
occur primarily in the oral mucosa and nasal passages, they can also occur in the trachea and 
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bronchus (Monticello et al., 1991). This hypothesis is supported by effects (histopathological 
changes, increased epithelial cell proliferation, and DPX formation) being observed farther 
along within the upper respiratory tract in monkeys.  

Species differences in dosimetry have been taken into account in a two-stage clonal growth 
model that has been developed to predict the nasal carcinogenic risk of formaldehyde in 
humans (Conolly et al., 2004). The model also incorporates data on normal growth curves for 
rats and humans, cell cycle times, and cells at risk in the different regions of the respiratory 
tract. 

Mice are better able to reduce both their respiratory rate and tidal volume upon repeated 
exposures; therefore, mice have less formaldehyde available for deposition than rats, result-
ing in less tissue damage and a lower rate of cell turnover in the nasal epithelium (Chang et 
al., 1981, 1983). These are characteristics that may help explain the lack of neoplastic 
response in the nose of mice. 

Although there are likely to be quantitative differences between animal species and humans 
due to differences in dosimetry in the respiratory tract, there do not appear to be fundamental 
differences that would indicate that the proposed MOA does not occur in humans. 

B. Glutaraldehyde 
Much less is known of the kinetics of glutaraldehyde in experimental animals compared with 
formaldehyde. Inhalation studies do not appear to have been conducted. The terminal half-
lives for elimination are long for both intravenous injection (rat 10 h, rabbit 15–30 h) and 
dermal application (rat 40–110 h, rabbit 20–100 h), probably due to the binding of glutar-
aldehyde to protein and the slow excretion of metabolites. The metabolites have not been 
identified, but it has been proposed that the metabolism of glutaraldehyde probably involves 
initial oxidation to the corresponding carboxylic acids by aldehyde dehydrogenase. The 
glutaric acid formed by oxidation is probably further metabolized by reaction with coenzyme 
A (CoA) to give glutaryl CoA, which is then oxidized by glutaryl CoA dehydrogenase to 
glutaconyl CoA, leading to its eventual degradation to carbon dioxide via acetate (Beau-
champ et al., 1992; NTP, 1993; NICNAS, 1994; Ballantyne, 1995). 

Glutaraldehyde reacts readily with proteins as a cross-linking agent, mainly between amino 
groups. The reaction is rapid and pH dependent (rate increases at pH >9), to give Schiff 
bases. Further reaction occurs to give a number of complex reaction products, with the 
mechanism of the cross-linking process not yet fully understood. 

Little information is available on the interaction between glutaraldehyde and DNA, but it has 
been reported (Hopwood, 1975) that glutaraldehyde reacts with DNA only at >60 °C 
(summarized by NICNAS, 1994), and there are data implying that there is no reaction under 
physiological conditions (Sewell et al., 1984; Douglas & Rogers, 1998; Vock et al., 1999). 
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4. STATEMENT OF CONFIDENCE, ANALYSIS, AND IMPLICATION 

A. Formaldehyde 
Sustained cytotoxicity and cell proliferation are key events in the proposed MOA for the 
induction of several types of animal tumours. There are substantial data to support this 
postulated MOA for formaldehyde-induced nasal tumours in rats. Cytotoxicity, DPX 
formation, nasal epithelial cell regenerative proliferation, squamous metaplasia, and 
inflammation have been measured in rat studies and are site-specific, highly non-linear 
concentration–response processes in concordance with the incidence of nasal tumours.  

Based on the weight of evidence, it is likely that the MOA is relevant to humans, at least 
qualitatively. Increased cell proliferation and DPX formation within epithelia of the upper 
respiratory tract have been observed in monkeys exposed to formaldehyde vapour. Increased 
human epithelial cell proliferation following in situ exposure to formaldehyde has also been 
observed in a model system in which rat tracheae populated with human tracheobronchial 
epithelial cells were xenotransplanted into athymic mice. Limited evidence on histo-
pathological lesions in the nose of humans exposed primarily to formaldehyde in the 
occupational environment is consistent with a qualitatively similar response of the upper 
respiratory tract in experimental animals. In addition, several epidemiological studies have 
indicated an increased risk of nasal cancers with formaldehyde exposure.  

Therefore, the MOA is considered relevant to humans, and animal nasal tumour and other 
supporting data should be taken forward to evaluate human risk. This process would include 
consideration of the data suggesting that formaldehyde induces tumours in a non-linear, dose-
dependent manner. There may also be quantitative differences in response between species 
for the proposed MOA due to differences in dosimetry. 

B. Glutaraldehyde 
The epidemiological studies for glutaraldehyde are very limited and do not show an 
association with nasal tumours. In animal studies, glutaraldehyde has been shown to cause 
cytotoxicity, cell proliferation, and DPX production, but not nasal tumours, in inhalation 
studies in rats and mice. The fact that glutaraldehyde is clearly more toxic than formaldehyde 
should not constitute a reason for the difference in carcinogenic potential. Although, dose for 
dose, glutaraldehyde exposure may tend to result in more cell death than formaldehyde 
exposure, if glutaraldehyde is a carcinogen, this should be demonstrable at doses lower than 
those used for formaldehyde. 

The MOA postulated for formaldehyde—that is, sustained cytotoxicity and cell 
proliferation—would appear to be relevant to glutaraldehyde, but tumour formation has not 
been demonstrated. It has been tentatively suggested here that the difference in pathological 
responses to these aldehydes is due to formaldehyde being a monoaldehyde whereas glutar-
aldehyde is a dialdehyde. This difference may result in a different form of cross-linking so 
that glutaraldehyde cross-link products are neither likely to retain any biological function nor 
likely to be repairable. The case-study highlights the difficulties in applying the HRF when 
the animal tumour data are inadequate. 
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PREFACE 

Following completion of the IPCS Framework for Analysing the Relevance of a Cancer 
Mode of Action for Humans (see Part 1), an expert meeting was convened in Geneva in 2006 
to explore the question as to whether the IPCS framework could be applied in chemical risk 
assessment generally (i.e. to develop a non-cancer framework). The participants at this expert 
meeting concluded that the framework should be applicable to all end-points and proceeded 
to author a draft publication out of session. The draft was sent for peer review by the 
members of the Harmonization Project Steering Committee and subsequently revised by the 
authors, taking into account the peer review comments received. 
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IPCS FRAMEWORK FOR ANALYSING THE RELEVANCE OF A 
NON-CANCER MODE OF ACTION FOR HUMANS1

Alan R. Boobis, John E. Doe, Barbara Heinrich-Hirsch, M.E. (Bette) Meek, Sharon 
Munn, Mathuros Ruchirawat, Josef Schlatter, Jennifer Seed, & Carolyn Vickers 

Structured frameworks are extremely useful in promoting transparent, harmonized approaches 
to the risk assessment of chemicals. One area where this has been particularly successful is in 
the analysis of modes of action (MOAs) for chemical carcinogens in experimental animals and 
their relevance to humans. The International Programme on Chemical Safety (IPCS) recently 
published an updated version of its MOA Framework in animals to address human relevance 
(cancer Human Relevance Framework, or HRF). This work has now been extended to non-
cancer effects, with the eventual objective of harmonizing framework approaches to both 
cancer and non-cancer end-points. As in the cancer HRF, the first step is to determine whether 
the weight of evidence based on experimental observations is sufficient to establish a hypothe-
sized MOA. This comprises a series of key events causally related to the toxic effect, identi-
fied using an approach based on the Bradford Hill criteria. These events are then compared 
qualitatively and, next, quantitatively between experimental animals and humans. The output 
of the analysis is a clear statement of conclusions, together with the confidence, analysis, and 
implications of the findings. This framework provides a means of ensuring a transparent eval-
uation of the data, identification of key data gaps and of information that would be of value in 
the further risk assessment of the compound, such as on dose–response relationships, and 
recognition of potentially susceptible subgroups, for example, based on life stage considera-
tions.  

The framework described in this paper, a non-cancer Human Relevance Framework (HRF), 
was prepared by the International Programme on Chemical Safety (IPCS) (WHO/ILO/UNEP) 
project on the Harmonization of Approaches to the Assessment of Risk from Exposure to 
Chemicals. This global “Harmonization Project” aims to harmonize global approaches to 
chemical risk assessment through both increased consistency of risk assessment 
methodologies and development of international guidance documents. The project enables 
the achievement of commitments on harmonization of chemical risk assessment 
methodologies agreed by the United Nations Conference on Environment and Development 
(United Nations, 1992), the Intergovernmental Forum on Chemical Safety (1994), the World 
Summit on Sustainable Development (UNEP, 2002), and the Strategic Approach to 
International Chemicals Management (WHO, 2006). The project involves experts from the 
different sectors where chemicals are assessed, and hence the documents produced can be 
applied in the assessment of industrial chemicals, biocides, pesticides, veterinary chemicals, 
pharmaceuticals, cosmetics, natural toxicants, food additives, and environmental 
contaminants in food, water, air, and consumer products. 

A main outcome of the Harmonization Project is the IPCS Conceptual Framework for 
Evaluating a Mode of Action for Chemical Carcinogenesis (Sonich-Mullin et al., 2001) and 

1 This article, to which WHO owns copyright, was published in 2008 in Critical Reviews in Toxicology, Volume 
38, pages 87–96. It has been edited for this WHO publication. 
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its subsequent development into an IPCS Framework for Analysing the Relevance of a 
Cancer Mode of Action for Humans (IPCS cancer HRF) (Boobis et al., 2006; see also Part 1 
of this document). The mode-of-action (MOA) analysis utilizes a weight-of-evidence 
approach based on the Bradford Hill criteria for causality (Hill, 1965). It aims to determine 
whether it is possible to establish an MOA for a carcinogenic response observed in an 
experimental animal study, through application of a weight-of-evidence approach that 
requires identification of key events along the causal pathway to cancer. When an MOA has 
been established in experimental animals, the cancer HRF provides an analytical tool to 
enable the transparent evaluation of the data in order to consider the human relevance of the 
MOA.

Following on from this, IPCS decided to consider whether the framework for cancer could be 
applied, with modifications, if necessary, to other end-points and their associated MOAs. 
Recognizing the work that the Risk Science Institute (RSI) of the International Life Sciences 
Institute (ILSI) had conducted in parallel to develop a similar framework and apply it to non-
cancer risk assessment, IPCS convened an international meeting in Geneva in March 2006 to 
review and consider the ILSI publication (Seed et al., 2005), along with the IPCS cancer HRF 
(Boobis et al., 2006; see also Part 1 of this document), in order to explore the question as to 
whether the IPCS framework could be applied in chemical risk assessment generally. In 
summary, this IPCS meeting recognized that the framework should be applicable to all end-
points, both cancer and non-cancer, and recommended further work to put this into practice, 
including documenting the rationale for application of the framework more generally, which 
appears in the present paper, and steps to facilitate uptake and use of the framework. 

The IPCS meeting recognized that the non-cancer HRF would have multiple uses in chemical 
risk assessment: 

• It would provide an internationally harmonized approach to the establishment of an MOA 
in experimental animals and its relevance to humans.  

• It would generate criteria for the MOA against which subsequent cases could be 
considered—that is, to show whether a compound shares an established MOA.  

• It would enable clarification of key information relating to the human relevance of the 
MOA, and this would inform the assessment of other chemicals that share the MOA.  

• In general, application of the framework would enable critical data deficiencies and 
research needs to be identified and inform qualitative and quantitative assessment. 

THE NEED FOR A NON-CANCER HUMAN RELEVANCE FRAMEWORK  

The non-cancer HRF is a tool that provides a structured approach to the assessment of human 
relevance of a postulated MOA in animals in a weight-of-evidence context. Subsequently, it 
includes explicit consideration of the relevance of the proposed MOA to humans, often based 
on consideration of more generic information, such as anatomical, physiological, and 
biochemical variations among species. In this manner, the framework encourages maximum 
use of both chemical-specific and more generic information in a transparent and analytical 
fashion.
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Pivotal to transparency in determining human relevance using the framework are the 
delineation and consideration of the nature of evidence in various species of key events—that 
is, those in a postulated MOA that are measurable and critical to the induction of the 
toxicological response. Evaluation of the concordance of key events based on explicit 
consideration of variations between experimental animals and humans constitutes the 
principal basis of transparency in consideration of weight of evidence for human relevance.  

While principally relevant to hazard characterization, the non-cancer HRF additionally 
contributes more generally to transparency in risk assessment through explicit delineation and 
consideration of data on appropriate key events that are also relevant to subsequent dose–
response analysis for MOAs deemed relevant to humans. If the MOA in experimental 
animals is judged to be qualitatively relevant to humans, a more quantitative assessment is 
required that takes into account any kinetic and dynamic information that is available from 
both the experimental animals and humans in order to determine whether human relevance 
might be precluded on this basis.  

These same data are critical to subsequent dose–response analysis for MOAs considered 
relevant in considering the adequacy of, for example, available information as a basis for 
replacement of default uncertainty factors in the development of chemical-specific 
adjustment factors (CSAFs) (IPCS, 2005). This information could, for example, constitute an 
adequate basis to consider interspecies variation in rates of formation of reactive metabolites 
in the target tissue, for replacement of the default subfactor for interspecies differences in 
toxicokinetics with a CSAF (IPCS, 2005).

Use of this non-cancer HRF also promotes harmonization of approaches to risk assessment 
for all end-points, bridging previously distinct approaches on, for example, cancer and non-
cancer effects. Harmonization in this context refers to a biologically consistent approach to 
risk assessment for all end-points, for which exploration of biological linkages is critical to 
ensuring maximal use of relevant information. Often, for example, organ toxicity is a critical 
key event in postulated MOAs for induction of tumours at the same site. The non-cancer 
HRF, then, sets the stage for identification of critical precursor non-cancer key events for 
which subsequent quantification of interspecies differences and interindividual variability in 
dose–response analysis is relevant. In other cases, a postulated MOA may lead to toxic 
effects in multiple organs, and these would be considered in the same non-cancer HRF 
analysis.

In addition, consideration in a transparent framework may identify factors that, while not 
themselves essential for the toxicological effect (and hence not key events), may modulate 
key events and, as a result, contribute to differences between species or individuals. Such 
factors include genetic differences in pathways of metabolism, competing pathways of 
metabolism, and cell proliferation induced by concurrent pathology.

Such an analysis may also provide an indication of those components of a proposed MOA 
that may operate only over a certain dose range. If a high experimental dose of a given 
compound is needed to result in an obligatory step in an MOA, then the relevance to human 
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risk becomes a matter of exposure. Thus, the exposure assessment step of the risk assessment 
is critical to a comprehensive evaluation.  

Importantly, then, application of the non-cancer HRF contributes to identification of any 
specific subpopulations (e.g. those with genetic predisposition) who are at increased risk and 
provides information relevant to consideration of relative risks at various life stages. In many 
cases, this is based not on chemical-specific information but rather on inference, based on 
knowledge of the MOA, as to whether specific age groups may be at increased or decreased 
risk. This requires explicit consideration of comparative developmental and ageing processes 
and events in humans and animal models. These considerations are critical to determination 
of focus in the remaining stages of risk assessment, such as dose–response analysis. 

The transparent delineation of the weight of evidence for postulated MOAs and their 
relevance to humans (requiring explicit consideration of the strengths and weaknesses of the 
available database, as well as highlighting qualitative and quantitative similarities and 
differences among species and related uncertainties) also identifies any inconsistencies in the 
available data and defines critical data gaps and research needs. This derives from the 
requirement in each step to explicitly assess confidence in the quality and quantity of data 
underlying the analysis, consistency of the analysis within the framework, consistency of the 
database—that is, that studies are not contradictory of each other—and the nature and extent 
of the concordance analysis.

Iterative application of the non-cancer HRF, even before all of the data are available, to the 
analysis of a postulated MOA and its relevance to humans are beneficial as a basis for 
developing and refining research strategies as additional information becomes available. In 
this context, the framework should prove helpful in facilitating discussion between risk 
assessors and research scientists in jointly understanding the nature of data that would 
support human relevance analysis of a postulated MOA in animals and defining next steps in 
data acquisition. Iterative consideration of MOA in designing research strategies is also 
expected to increase efficiency by focusing resources in critical areas in more tiered and 
targeted approaches.  

As knowledge advances, MOAs will become less chemical specific and based even more on 
the key biological processes involved, allowing greater generalization of human relevance 
from one compound to another. The need for chemical-specific data for established MOAs 
will be less, although it will always be necessary to establish rigorously that the key events 
comprising the MOA occur. 

The transparency in the human relevance of a postulated MOA that results from application 
of the non-cancer HRF should promote confidence in the conclusions reached, through the 
use of a defined procedure that encourages clear and consistent documentation supporting the 
analysis and reasoning, highlights inconsistencies and uncertainties in the available data, and 
identifies critically important data gaps that, when filled, would increase confidence in 
outcome. This transparency not only is anticipated to facilitate discussion between the risk 
assessment and research communities, but may also contribute to greater convergence among 
different regulatory agencies.
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The non-cancer HRF also provides the basis for improved process and content for scientific 
peer input and peer review, specifying minimum criteria of clarity and transparency as a basis 
to acquire input and acceptance of postulated MOAs and their relevance to humans. 
Adherence to these criteria enables others to determine the basis of the conclusions reached 
with respect to the key events, the exclusion of other MOAs, and the analysis of human 
relevance.  

WHEN WOULD THE NON-CANCER HRF BE APPLIED? 

The non-cancer HRF provides a valuable tool to assess an MOA, but it requires significant 
amounts of effort and experimental work, so it is not something that would be used during the 
course of the assessment of every chemical. Its main purpose would be to determine whether 
to apply the default assumption that all effects seen in animals are relevant to humans. This 
question increases in importance when the application of the default assumption during the 
course of a risk assessment indicates that adverse effects are likely to occur—for example, 
where there is a low margin of exposure between the point of departure for the effect under 
consideration and the estimated human exposure, especially if the human exposure estimate 
has already been refined. It then becomes important to know whether risk management 
measures will be required. This is of most concern when new data emerge, such as those 
identifying a new effect, additional data on the dose–response relationship of the chemical, or 
changes in use pattern or exposure estimation, which change the risk assessment of a 
chemical that is already in use.  

Use of the non-cancer HRF may also be of value in the situation where the effects in animals 
would have potentially serious consequences if they occurred in humans, such as neuro-
toxicity or teratogenesis. These effects are subject to very rigorous risk assessment proce-
dures, so they comparatively frequently suggest the need for risk management measures. 

Another situation in which use of the non-cancer HRF should be considered is where there 
are interspecies differences in either the type of effect or the dose levels at which an effect 
occurs. In these cases, it will be important to understand which species is the most 
appropriate upon which to base extrapolation to humans. This indication would also apply to 
differences between sexes or strains in the same species. 

These situations indicate that further consideration is required, and the non-cancer HRF 
provides a way of doing this. The framework can be applied at any stage in the process of 
considering an effect. It should be applied in an iterative way during the course of 
investigating an effect to help guide the scientist. When an effect has first been observed and 
gives rise to concern, the framework allows the investigator to structure the work programme 
by prompting the questions to be addressed. As the investigation develops, it guides the 
investigator in assessing the data as they are generated and provides pointers in deciding 
whether and what other data would be required.

In situations where there is a large body of data, the framework allows the evaluator to 
weight the evidence according to its significance as well as its volume.  
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The non-cancer HRF can also be useful when a chemical is observed to cause an effect 
suspected of being caused by an MOA that has already been established using the framework 
or shares structural similarity to a chemical or class of chemicals with an established MOA. 
The earlier use of the non-cancer HRF to establish this MOA will have identified the key 
steps that need to be investigated in order to ascribe the MOA to the new chemical. This will 
prove valuable both in a prospective way in designing new research or testing programmes 
and retrospectively in evaluating a data set. 

CONSIDERATION OF THE NON-CANCER HRF 

The non-cancer HRF is an analytical tool that enables a structured approach to the assessment 
of the overall weight of the evidence for the postulated MOA and its relevance to humans. 
The framework is not designed to provide an absolute answer on sufficiency of the 
information, as this will vary, depending on the circumstance. It must be emphasized that it is 
not a checklist of criteria but an approach to data evaluation and presentation. The output 
from the application of the framework serves as the basis for the continuation of the risk 
assessment of the compound. 

It is envisaged that the non-cancer HRF will be applicable to a wide range of toxicological 
end-points, encompassing changes in structure and function of organs, tissues, and cells, 
including physiological and neurobehavioural effects. The types of toxicity that could be 
addressed using the framework include, but are not limited to: 

• Organ toxicity: Examples include benzene-induced haematotoxicity (aplastic anaemia), 
paraquat-induced lung toxicity, chloroquine-induced ocular toxicity. 

• Reproductive toxicity: Examples include phthalate-induced male infertility, dioxin-
induced dysregulation of female fertility. 

• Developmental toxicity: Examples include methylmercury-induced developmental 
neurotoxicity, retinoid-induced teratogenesis. 

• Neurotoxicity: Examples include lead-induced peripheral neuropathy, acrylamide-induced 
axonopathy, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced Parkinson 
disease.

• Immunotoxicity: Examples include organotin-induced immunosuppression, isoniazid-
induced systemic lupus erythematosus (SLE)-like syndrome, contaminated L-tryptophan-
induced eosinophilia-myalgia syndrome (EMS). 

Introduction to MOA 
Prior to embarking on a non-cancer HRF analysis, there needs to be careful evaluation of the 
weight of evidence for a toxicological response on exposure to a chemical in experimental 
animals. The nature of the non-cancer HRF is such that only one MOA is analysed at a time; 
hence, for example, different toxicological effects associated with chemical administration, 
even if observed in the same animals, will require separate framework analyses to discern the 
MOA for each effect. Consistent with species- and tissue-specific variation in metabolic 
activation and detoxication, there may be poor site concordance for some toxicants. This will 
need to be kept in mind when comparing animal and human data.  
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Postulated mode of action (theory of the case) 
This comprises a brief outline of the sequence of events in the MOA postulated to be 
responsible for the toxicological effect of the test substance. This description leads into the 
next section, which identifies the events considered “key” (i.e. necessary and measurable) in 
the MOA.

Key events 
The “key events” in the MOA are briefly identified and described. Key events are those 
events that are critical to the induction of the toxicological response as hypothesized in the 
postulated MOA and are also measurable. To support an event as key, there needs to be a 
body of experimental data in which the event is characterized and consistently measured. The 
types of information that might be relevant include, for example, toxicological response and 
relevant key events in the same cell type, sites of action logically related to the event(s), 
specific biochemical events, changes in the expression or activity of enzymes, receptor–
ligand interactions, effects on cofactor levels, specific changes in histology, changes in cell 
proliferation (increased or decreased), perturbations in hormone homeostasis or other 
signalling pathways (either intracellular or extracellular), second messengers, or ion fluxes, 
increased degradation of macromolecules, and changes in membrane permeability or 
integrity.  

Concordance of dose–response relationships 
The dose–response relationships for each of the key events and for the toxicological response 
should be characterized and their interrelationships discussed with respect to the Bradford 
Hill criteria (Hill, 1965). Ideally, it should be possible to correlate the dose dependency of the 
increases in the magnitude (or frequency) of a key event with increases in the severity (e.g. 
lesion progression) of other key events occurring later in the process and with the ultimate 
toxicological response. Comparative tabular presentation of the magnitude of changes in key 
events and toxicological response is often helpful in examining dose–response concordance. 

It is important to consider whether there are fundamental differences in the biological 
response (i.e. dose transitions) at different parts of the dose–response curve (Slikker et al., 
2004). If so, key events relevant to the different parts of the dose–response curve will need to 
be defined and used in the framework analysis. 

Temporal association
The temporal relationships for each of the key events and for the toxicological response 
should be characterized. Key events should be observable before toxicity is apparent and 
should be consistent temporally with each other; this is an essential step in deciding whether 
the data support the postulated MOA. Observations of key events at the same time as the 
toxicological response (e.g. at the end of a study) do not permit conclusions as to temporal 
association, but can contribute to the analysis described in the next section.

Strength, consistency, and specificity of association of toxicological response with 
key events 
The weight of evidence linking the key events, any precursor lesions, and the toxicological 
response should be addressed (see Weed [2005] for a discussion of what is meant by weight 
of evidence). Stop/recovery studies showing absence or reduction of toxicity when a key 
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event is blocked or reduced are particularly useful tests of the association. Consistent 
observations in a number of studies, with different experimental designs, increase support for 
the MOA, since different designs can reduce any unknown bias or confounding. Consistency, 
which is the repeatability of the key events in the postulated MOA in different studies, is 
distinct from coherence, however, which addresses the relationship of the postulated MOA 
with observations more broadly (see next point). Observations that may be of value here 
include toxicological response and relevant key events in the same cell type, sites of action 
logically related to event(s), and results from stop/recovery studies. 

Biological plausibility and coherence  
One should consider whether the MOA is consistent with what is known about the biology of 
the target process/site in general (biological plausibility) and also in relation to what is known 
specifically about the overall biological effects of the substance (coherence). For the 
postulated MOA and its associated key events to be biologically plausible, they need to be 
consistent with current understanding of biology. However, when using biological 
plausibility as a criterion against which weight of evidence is assessed, it is important to 
consider the potential for gaps in our knowledge. Coherence, which addresses the relationship 
of the postulated MOA with chemical-specific observations more broadly for example, 
association of the MOA for the toxicological response with that for other end-points needs
to be distinguished from consistency (addressed in the preceding point). In assessing 
coherence, information on structural analogues may be of value (i.e. structure–activity 
analysis). Information from other compounds that share the postulated MOA may also be 
helpful, such as sex, species, and strain differences in sensitivity and their relationship to key 
events. Additionally, this section should consider whether the database on the agent is 
internally consistent in supporting the proposed MOA.

Other modes of action  
Alternative MOAs that logically present themselves should be considered. If alternative 
MOAs are supported, they will need a separate non-cancer HRF analysis. These should be 
distinguished from additional components of a single MOA, since these would be addressed 
as part of the MOA under consideration. 

Uncertainties, inconsistencies, and data gaps 
Uncertainties should be stated fully and explicitly. They should include those related to the 
biology of the toxicological response and those for the database on the compound being 
evaluated. Any inconsistencies should be noted and data gaps identified. It should be clearly 
stated whether the identified data gaps are critical in supporting the postulated MOA. 

Assessment of postulated mode of action 
There should be a clear statement of the outcome of the analysis, indicating the level of 
confidence in the postulated MOA for example, high, moderate, or low. If a novel MOA is 
being proposed, this should be clearly indicated. However, if the MOA is the same as one 
previously described, the extent to which the key events fit this MOA needs to be stated 
explicitly. Any major differences should be noted and their implications for acceptance of the 
MOA discussed. 
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Life stage considerations 
Since the response of an organism to a chemical exposure may vary through its lifespan, 
consideration of life stage is important for the MOA analysis of all toxic end-points. This is 
particularly true for effects that result from developmental exposures, since organ 
susceptibility may be restricted to critical periods of development, may depend on the 
ontogeny of key metabolic enzymes, or may depend on the interaction of the developing 
organism with its mother (see Zoetis & Walls, 2003). In addition, disruption of 
developmental processes may have downstream consequences. 

Consideration of the ageing process is also important, for several reasons. First, develop-
mental exposures can result in toxicities that are not detected until much later in life. In 
addition, there can be species-specific patterns of ageing for different organ systems. For 
example, reproductive senescence has a different etiology in rodents and humans and can 
even differ among different strains of rodents.  

Human relevance 
If it is possible to establish an MOA in animals for a toxicological effect, the next stage is to 
evaluate its relevance to humans. The IPCS non-cancer HRF is presented as an approach to 
answering a series of three (or four) questions, leading to a documented, logical conclusion 
regarding the human relevance of the MOA underlying the toxicological effect. The 
application of the guidance results in a narrative with four (or five) sections, which may be 
incorporated into the hazard characterization of a risk assessment. 

1. Is the weight of evidence sufficient to establish a mode of action (MOA) in animals? This
question is addressed by performing an MOA analysis as described above, the steps of which 
are based on the Bradford Hill criteria for causality (Hill, 1965). The weight of evidence for 
possible alternative MOAs needs to be considered and a conclusion reached on the overall 
strength of evidence supporting the MOA under consideration. The approach also identifies 
any critically important data gaps that, when filled, would increase confidence in the 
proposed MOA. If the postulated MOA has already been described for other chemicals, its 
human relevance will already have been evaluated. If the proposed MOA is novel, human 
relevance will need to be assessed de novo. 

2. Can human relevance of the MOA be reasonably excluded on the basis of fundamental, 
qualitative differences in key events between experimental animals and humans? This step 
involves a qualitative assessment of the relevance of the MOA to humans. Listing the critical 
key events that occur in the animal MOA and directly evaluating whether or not each of the 
key events might occur in humans facilitate the evaluation and increase the transparency of 
the process. Presentation in tabular form, referred to as a concordance table, can be 
particularly useful. The information in such tables should be relatively brief, as a narrative 
explanation should always accompany the table. In one column, the effect on humans for 
each of the key events is evaluated. Another column for the results in a different strain, 
species, or sex or for a different route of administration that does not result in toxicity can be 
useful for comparative purposes. Factors may be identified that, while not key themselves, 
can modulate key events and so contribute to differences between species or individuals. 
Examples include genetic differences in pathways of metabolism, competing pathways of 
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metabolism, and effects induced by concurrent pathology. Any such factors identified should 
be noted in a footnote to the concordance table. 

The evaluation of the concordance of the key events for the MOA for a given chemical in 
humans is an evaluation of the MOA in humans, rather than an evaluation of the specific 
chemical. In general, details of the initial key events are likely to be more chemical specific. 
Later events will be more generic to the MOA. While information for evaluating the key 
events in humans can come from in vitro and in vivo studies on the substance itself, basic 
information on anatomy, physiology, endocrinology, genetic disorders, epidemiology, and 
any other information that is known regarding the key events in humans can be of value.  

In answering this question, a narrative describing the weight of evidence and an evaluation of 
the level of confidence for the human information should be prepared. Examples of specific 
types of information that can be useful include:  

• where appropriate, background incidences of the effect at the anatomical site and cell type 
of interest, including age, sex, ethnic differences, and risk factors, including chemicals 
and other environmental agents; 

• knowledge of the nature and function of the target site, including development, structure 
(gross and microscopic), and control mechanisms at the physiological, cellular, and 
biochemical levels; 

• human and animal disease states that provide insight concerning target organ regulation 
and responsiveness; 

• human and animal responses to the chemical under review or structural analogues 
following short-, intermediate-, or long-term exposure, including target organs and 
effects.

Obviously, a substantial amount of information is required to conclude that a given MOA is 
not relevant to humans. If such a conclusion is strongly supported by the data, exposure to 
chemicals producing toxicity only by that MOA would not pose a risk to humans, and no 
additional risk characterization for this end-point is required.

The question of relevance considers all groups and life stages. It is possible that the 
conditions under which an MOA operates occur primarily in a susceptible subpopulation or 
life stage—for example, in those with a pre-existing viral infection, hormonal imbalance, or 
disease state. Any information suggesting qualitative or quantitative differences in 
susceptibility is highlighted for use in risk characterization. 

There are several aspects relating to life stage that should be considered in the non-cancer 
HRF analysis. First, the analysis should consider the comparative developmental processes 
and events that occur in humans and the animal model(s) (see Zoetis & Walls, 2003). This 
comparison will demonstrate the extent to which developmental processes are similar in 
humans and the animal model(s). In general, development is highly conserved; where this is 
the case, it would lead to a conclusion that the MOA in animals is also plausible in humans. 
However, there are some developmental processes that are unique to some species, which 
may therefore lead to a species-specific MOA that will not be plausible in humans.  
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Second, the analysis should consider the phase specificity or relative timing of the 
developmental processes or events in humans and the animal model(s). Critical 
developmental events may occur at different times during ontogeny. Some developmental 
events may occur early during the prenatal development of the animal and relatively late in 
human prenatal development. Other developmental events may occur prenatally in humans 
and postnatally in the animal, or vice versa. Differences in timing of the developmental 
events can have an impact on the dose metrics if there are substantial differences in placental 
versus lactational transfer. Similarly, a comparison of the ontogeny of key metabolic enzymes 
relative to the key developmental process may reveal substantial differences between humans 
and the animal model. Such considerations may lead to a conclusion that the animal MOA is 
not plausible in humans. 

3. Can human relevance of the MOA be reasonably excluded on the basis of quantitative 
differences in either kinetic or dynamic factors between experimental animals and humans?
If the MOA in experimental animals cannot be judged to be qualitatively irrelevant to humans 
(no to question 2), a more quantitative assessment is undertaken, taking into account any 
kinetic and dynamic information that is available from experimental animals and humans. 
Such data will of necessity be both chemical and MOA specific and where possible should 
include the biologically effective doses required to produce the dynamic effects giving rise to 
the toxicity. Kinetic considerations include the rate and extent of absorption, tissue 
distribution, metabolism, and excretion. Differences in ontogeny can result in substantial 
species differences in placental and lactational transfers, which will affect the dose metrics. 
This may therefore result in a quantitative difference in the MOA between humans and 
experimental animals. Similarly, the differential ontogeny of key metabolic enzymes can 
result in substantial quantitative differences between humans and experimental animals. 
Dynamic considerations include the consequences of the interaction of the chemical with 
cells, tissues, and organs. Only infrequently is it likely that it will be possible to dismiss 
human relevance on the basis of quantitative differences. Since quantitative exposure 
assessment is part of the subsequent risk characterization rather than the HRF, the difference 
would have to be of such a magnitude that human exposure could not possibly be envisaged 
to reach such levels. In most cases, it will not be possible to reach such a conclusion without 
undertaking formal exposure assessment in the subsequent risk characterization. Hence, the 
answer to the question will be no, but it may still be concluded that the risk is negligible in 
the subsequent risk characterization. Melamine-induced urinary bladder carcinogenesis 
provides a useful case-study illustrating this point (Meek et al., 2003). Again, tabular 
comparison of the data from experimental animals and humans can help in the evaluation. 
Information from studies of other compounds acting by the same or a similar MOA can be of 
value. As understanding of the basis for differences in responses between experimental 
animals and humans improves, differences in key events thought to be qualitative may be 
shown to be due to specific quantitative differences. 

While it may not be possible to conclude that the MOA for toxicity is not relevant to humans 
on the basis of quantitative differences, during the evaluation it may become apparent that the 
magnitude of those differences is sufficient to impact markedly on the risk assessment. 
Hence, it is particularly important that the narrative for the answer to this question be 
comprehensive and capture as much quantitative information as possible. 
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As with question 2, if the response to this question is yes, then exposure to chemicals 
producing toxicity only by this MOA would not pose a risk to humans, and no additional risk 
characterization is required. 

The preceding three questions comprise a decision tree (see Figure 1).  

Figure 1. Decision tree for determining human relevance of an MOA for toxicity observed in 
experimental animals.

Potential implications for dose–response assessment 
Should it not be possible to exclude human relevance of the MOA for toxicity prior to 
proceeding with the risk assessment, a further question should be addressed. This is: 4. Are 
there any quantitative differences in the key events such that default values for uncertainty 
factors for species or individual differences could be modified? Such information, on either 
kinetics or dynamics, could be used to calculate a CSAF, in which one or more of the default 
values for species or interindividual differences in kinetics or dynamics are replaced by a 
value based on chemical-specific information (IPCS, 2005). The other components of the 
adjustment factor would retain their default values. Such information may lead to either an 
increase or a decrease in the adjustment factor relative to the normal default.  

Published case-studies 
In developing a framework for assessing the human relevance of MOAs for non-cancer end-
points, ILSI/RSI also developed a series of illustrative case-studies. These were on molinate-
induced inhibition of spermatogenesis (Kavlock & Cummings, 2005a), renal and develop-
mental effects of ethylene glycol (Corley et al., 2005), developmental neurotoxicity of nico-
tine (Slikker et al., 2005), phthalate ester effects on male reproductive development (Foster, 
2005), vinclozolin-induced malformations (Kavlock & Cummings, 2005b), developmental 
effects of valproic acid (Wiltse, 2005), haemoglobin-based oxygen carriers (HBOC)-related 
congenital malformations (Holson et al., 2005), developmental effects of angiotensin-
converting enzyme (ACE) inhibitors (Tabacova, 2005), developmental ototoxicity of 
polyhalogenated aromatic hydrocarbons (Crofton & Zoeller, 2005), and propylthiouracil-
induced effects on neurological development (Zoeller & Crofton, 2005). While these cases 
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covered a range of end-points, most involved effects during development. Hence, there is a 
need for additional case-studies on other end-points, such as those indicated above. As 
experience is obtained in using this framework, some of the published cases could be further 
refined to provide valuable illustrative examples for training in the application of the 
framework. 

In general, the cases have been very useful in highlighting a number of the key issues on 
which this non-cancer HRF is based. Examples include the importance of the concordance 
analysis, the value of quantitative information identified during the application of the 
framework when it is not possible to exclude human relevance, the need for a transparent and 
comprehensive narrative when reporting the conclusions of a framework analysis, the 
importance in identifying key data gaps (e.g. case-study on molinate and HBOC), 
identification of research needs (e.g. case-study on vinclozolin), the importance of 
understanding the formation of a specific metabolite, and the importance of establishing a 
robust MOA through the application of the Bradford Hill criteria (Hill, 1965) to the key 
events.

Statement of confidence, analysis, and implications  
Following application of the non-cancer HRF and answering the three (or four) questions, a 
statement of confidence should be provided that addresses the quality and quantity of data 
underlying the analysis, the consistency of the analysis within the framework, the consistency 
of the database, and the nature and extent of the concordance analysis. Alternative MOAs 
should have been evaluated, when appropriate, with the same rigor. A critical outcome is the 
identification of specific data gaps that could be addressed experimentally to increase 
confidence in the analysis. 

The output of the non-cancer HRF provides information that is useful for more than just 
determining whether or not the MOA for toxicity in experimental animals is relevant to 
humans. It can also provide much information that is critically important in subsequent steps 
in the risk characterization for relevant effects. For example, it may be possible to develop 
CSAFs on the basis of the information provided. Application of the framework can also 
provide information on relevant modulating factors that are likely to affect risk. In addition, it 
can identify those elements of a proposed MOA that operate only over a certain dose range. 
Where an obligatory step in an MOA occurs only following a high experimental dose of a 
compound, the relevance of the MOA to human risk is determined by the exposure. Thus, 
effective exposure assessment is particularly important to the evaluation of human risk from 
such toxicity.

The analysis also contributes to the identification of any specific subpopulations (e.g. those 
with genetic predisposition) who may be at increased risk and often provides information 
useful in considering relative risk at various life stages. This may be based not always on 
chemical-specific information but rather on inference, on the basis of knowledge of the 
MOA, as to whether the risk in specific age groups might be expected to differ. 

The data and their analysis using the non-cancer HRF should be reported in a clear and 
comprehensive manner, so that others can determine the basis of the conclusions reached. 
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Although the specific form of presentation will vary with the type of data available, a 
structured report, including the key headings from the framework, should be provided where 
possible. Presentation should include sufficient details on the context and thought processes 
to ensure transparency of the conclusions reached. The inclusion of concordance tables is 
strongly encouraged. This increases transparency and facilitates peer engagement.  

USE OF THE FRAMEWORK AND ITS OUTPUTS  

The IPCS non-cancer HRF, which is based principally on robust concordance analysis of key 
events in postulated MOAs, is envisaged to be of value to both the risk assessment and 
research communities as a basis to contribute to harmonization in several areas, including: 

• adequacy and nature of weight of evidence for postulated MOAs in animals and their 
relevance to humans; 

• MOA integration across end-points;
• criteria for transparency to ensure sufficiency of peer input and review.  

Among the strengths of the non-cancer HRF are its flexibility, transparency, and general 
applicability across end-points. This includes determination of the nature and shape of the 
dose–response curve, the identification and location of biological thresholds for individual 
key events, and their consequences. In addition, consideration of the kinetic and dynamic 
factors involved in each key event is informative regarding the relevance or not to specific 
subpopulations—for example, in early life, in those with particular diseases, or in those with 
specific polymorphisms. Alternatively, application of the framework can provide quantitative 
information on the differences between such groups. Human relevance analysis may also 
indicate that a species is inappropriate for evaluating a potentially relevant end-point because 
of dose limitations.  

NEXT STEPS 

To ensure effective adoption of the non-cancer HRF, there will be a need to train individuals 
in its application and in the interpretation of its outputs. Experience is being gained in the use 
of the cancer HRF, and the expertise gained would be applicable in the training of others in 
the use of the non-cancer HRF. Training would be facilitated by the availability of a number 
of suitable case-studies. Those published to date would be a sound basis for further develop-
ment for this purpose (Seed et al., 2005). In addition, cases on a wider range of end-points 
need to be developed. It would be helpful if organizations with experience in non-cancer 
HRF analysis could develop courses and make the materials available to others with suitable 
expertise to help in training.

A database of generally accepted MOAs should be compiled and maintained, together with 
informative case-studies. Such a database would be of particular importance as experience 
continues to evolve in the development of MOAs and in determining whether the MOA for a 
compound is novel or has been described previously for other compounds.  
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The current non-cancer HRF, which arose out of the IPCS cancer HRF, is focused on non-
cancer end-points. However, there are marked similarities in the philosophy and strategy to 
evaluating cancer and non-cancer effects. It is strongly recommended that one of the next 
steps in harmonization of risk assessment of chemicals should be the preparation of a unified 
HRF that is applicable to all toxicological end-points, including cancer. The integration of 
framework approaches into the risk assessment process should be further elaborated, in which 
illustrative examples would be of value. Some guidance on problem formulation before 
embarking on an HRF analysis should be included in such a framework document, as should 
guidance on the use of the outputs of HRF analysis in risk assessment. For example, during 
application of the framework, a much deeper understanding of dose–response relationships is 
often developed, which should be taken forward into hazard characterization. As indicated 
above, knowledge of any dose transitions is invaluable in interpreting exposure data. 
Identification of key events in the MOA can provide insight into the sources and magnitude 
of interspecies and interindividual differences. 
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 UGT  
 T4  
 T4  
 TSH  
  
 

-
key events MOA

Hotz 1997 Key events
 

 

 
 

MOA NOAEL LOAEL
2 Hotz 1997 56 SD 20

0 10 30 100 300 1000 3000 mg/kg
1 0 0.5 1.5 5 15 50 150 mg/kg bw 56

T4-UGT T4 /
T4 T3 T3 rT3 TSH

-
50 mg/kg bw/day 150 mg/kg bw/day
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T4-UGT 56
3 6 T4-UGT

T4 125I T4
150 mg/kg bw/day 40% 150 mg/kg bw/day

Hotz 1997 56 1
15 50 150 mg/kg bw

2 Naylor & McDonald 1992 44.2 
mg/kg bw/day 122% 136.4 mg/kg bw/day 178% 2

44.2 136.4 mg/kg bw/day
0/60 47/61 52/60  

 
2. 56 Hotz 1997 2 Naylor 

& McDonald 1992  
 NOAEL/LOAEL 

 
 

UGT  15/50 mg/kg bw/day (56 ) 

T4  <150/150 mg/kg bw/day (56 150 mg/kg bw/day
) 

 5/15 mg/kg bw/day (56 )  

44.2/136.4 mg/kg bw/day (2 ) 

 4.4/44.2 mg/kg bw/day (2 ) 

 
 

T4  50/150 mg/kg bw/day (56 ) 

TSH  50/150 mg/kg bw/day (56 ) 

 
 

 15/50 mg/kg bw/day (56 ) 

44.2/136.4 mg/kg bw/day (2 ) 

 44.2/136.4 mg/kg bw/day (2 ) 

 4.4/44.2 mg/kg bw/day (2 ) 
 
Hotz 1997 SD T4

56 T4 P 0.05 30%
TSH 60% 3 T3 1.5 mg/kg bw/day

56 150 mg/kg bw/day
T4 T3

T4 TSH -
Liu 1995 Hurley 1998 Hood 1999  
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T4 TSH
SD

P<0.05 2
1 44.2 mg/kg bw T4 TSH NOAEL 56

1 50 mg/kg bw 2 -
MOA

2 1 kg
56 12 20

2 LOAEL 1 90 mg/kg 
bw TSH

2
56

1 50 
mg/kg bw 1 15 mg/kg bw

MOA  
 

3. 56 Hotz 1997  
 Dose (mg/kg bw per day) a 

0 0.5 1.5 5 15 50 150 

T4 ( g/dL) 4.1 ± 0.2 4.3 ± 0.3 3.9 ± 0.2 4.1 ± 0.2 4.0 ± 0.2 4.0 ± 0.2 2.9 ± 0.1a 

T3 (ng/dL) 84 ± 3 82 ± 4 68 ± 2 84 ± 3 82 ± 3 91 ± 4 110 ± 6a 

TSH (ng/mL) 2.7 ± 0.2 3.5 ± 0.4 2.7 ± 0.1 3.1 ± 0.4 2.9 ± 0.3 3.1 ± 0.2 4.3 ± 0.4a 
mg/kg bw/day ± 1 19 20  

a ANOVA Dunnett P 0.05  
 

TSH 2

44.2 mg/kg bw/day 1/60
8/58 136.4 mg/kg bw/day 56

150 mg/kg bw/day
Hotz

1997 56 2
150 mg/kg bw/day 46% 50 mg/kg bw/day 25%

Hotz 1997  
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SD 3000 mg/kg 1 150 mg/kg bw 7 14
28 56 90 Hotz 1997

T4-UGT 7
T4 T4

TSH 14

14 / 2
1 136.4 mg/kg bw 69

key events
 

 
key events  

 
MOA

T4-UGT
- T4-

UGT
T4 T4

TSH

Hotz 1997

MOA
 

 

 
 

- - TSH

McClain 1995 Hard 1998 Hurley 1998 Capen
1999 IARC 2001 TSH T4
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T4 TSH
T4 5-dried-deio-dinase II T3 T3

T3 TSH
TSH

Bayer 1992 TSH 1
0.25 IU 1 2 10 TSH

5
TSH

TSH
T4-UGT

-
-  

 

Hurley
1998 TSH Hill 1989

Sundseth & Waxman 1992
Agrawal & Shapiro 1996 Oropeza-Hernandez 2003  

 

MOA 
 

MOA 1
 

 
 Salmonella typhimurium 4 Bakke 1989

a  
 hgpt Li & Myers 1989  
 In vivo Flowers 1990  
 In vivo DNA Backke 1989 b  
 

MOA
 

 
- -

TSH
 

  

1281



IPCS Framework for Analysing the Relevance of a Cancer Mode of Action for Humans and Case-Studies 
 

37 

 
 

1 
kg

 
 

MOA  
 

 
 

MOA  
 
IPCS HRF /
Meek 2003 IPCS

Boobis 3 MOA
4

 
 

1. MOA
UGT T4 TSH

 
 
2. key events MOA

TSH
MOA

key events -
-

Bianco 2002 T4
T4 TSH

-

Thomas & Williams 1999

T4 T3

TSH Ron 1987  
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T4
TSH Lehman-McKeeman & Hill, in Meek

2003 UGT
T4 TSH Curran 

& DeGroot 1991 T4

Masu-buchi 1997 -

-
 

 
3. MOA

T4 TSH

Lehman-McKeeman & Hill, in Meek
2003
T4

TSH T4
TSH  

 

T4 5 9 12
Dohler 1979 T4

Hill 1989
T4 T4

TSH 25 -
Dohler 1979 McClain 1992 T4

TSH TSH
 

 

T4 T4
" "

McClain 1995  
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TSH

 
 

Ron 1987

Olsen 1993 TSH

Mazzzaferri 2000 Gabriele 2003
960

Lichtenstein & 
Hemminki 2002

 
 

4

-

 
 

4. 
MOA

-

T4
TSH

-
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TSH
T4  

 
4. key events  

Key events   

T4
 

T4 UGT T4
T4

T4
 

 

T4   
T4

 
TSH    

T4
TSH

 
TSH

 

 

/

 

 
 

IPCS HRF  
 

MOA
MOA

key events
MOA

key events
MOA

HRF 2 3
 

  

1285



IPCS Framework for Analysing the Relevance of a Cancer Mode of Action for Humans and Case-Studies 
 

41 

 
 

Agrawal AK, Shapiro BH (1996) Phenobarbital induction of hepatic CYP2B1 and CYP2B2: 
Pretranscriptional and post-transcriptional effects of gender, adult age, and phenobarbital dose. 
Molecular Pharmacology, 49(3):523–531. 

Bakke JP (1989a) Ames/Salmonella mutagenicity assay with MON 13200: Study No. ML-88- 191/EHL 
No. 88124. Testing facility: Monsanto’s Environmental Health Laboratory, St. Louis, MO. Submitted 
by Monsanto, St. Louis, MO (MRID No. 42275535). 

Bakke JP (1989b) Evaluation of MON 13200 to induce unscheduledDNAsynthesis in the in vitro 
hepatocyteDNArepair assay in the male F-344 rat: Study No. SR-88-204/SRI No. LSC 6327. Testing 
facility: SRI International, Menlo Park, CA. Submitted by Monsanto, St. Louis, MO (MRID No. 
42275538). 

Bayer I, Mitmaker B, Gordon PH, Wang E (1992) Modulation of nuclear statin expression in rat thyroid 
follicle cell following administration of thyroid stimulating hormone. Journal of Cellular Physiology, 
150:276–282. 

Bianco AC, Salvatore D, Gereben B, Berry MJ, Larsen PR (2002) Biochemistry, cellular and molecular 
biology, and physiological roles of the iodothyronine selenodeiodinases.  Endocrine Reviews, 
23(1):38–89. 

Capen CC, Dybing E, Rice JM, Wilbourn JD, eds (1999) Species differences in thyroid, kidney and 
urinary bladder carcinogenesis. Lyon, International Agency for Research on Cancer (IARC Scientific 
Publications No. 147). 

Curran PG, DeGroot LJ (1991) The effect of hepatic enzyme-inducing drugs on thyroid hormones and 
the thyroid gland. Endocrine Reviews, 12:135–150. 

Dohler KD, Wong CC, Von Zur Muhlen A (1979) The rat as a model for the study of drug effects on 
thyroid function: Consideration of methodological problems. Pharmacology and Therapeutics, 5:305–
318. 

Flowers LJ (1990) Micronucleus assay with MON 13200: ML-88-390/EHL Study No. 88230. Testing 
facility: Monsanto’s Environmental Health Laboratory, St. Louis, MO. Submitted by Monsanto, St. 
Louis, MO (MRID No. 42275537). 

Gabriele R, Letizia C, Borghese M, De Toma G, Celia M, Izzo L, Cavalla A (2003) Thyroid cancer in 
patients with hyperthyroidism. Hormone Research, 60(2):79–83. 

Hard GC (1998) Recent developments in the investigation of thyroid regulation and thyroid 
carcinogenesis. Environmental Health Perspectives, 106(8):1–21. 

Hill RN, Erdreich LS, Paynter OE, Roberts PA, Rosenthal SL, Wilkinson CF (1989) Thyroid follicular 
cell carcinogenesis. Fundamental and Applied Toxicology, 12(4):629–697.  

1286



Harmonization Project Document No. 4                                                      
 

42 

Hood A, Liu YP, Gattone VH 2nd, Klaassen CD (1999) Sensitivity of thyroid gland growth to thyroid 
stimulating hormone (TSH) in rats treated with antithyroid drugs. Toxicological Sciences, 49:263–271. 

Hood A  

Hotz KJ, Wilson AG, Thake DC, Roloff MV, Capen CC, Kronenberg JM, Brewster DW (1997) 
Mechanism of thiazopyr-induced effects on thyroid hormone homeostasis in male Sprague-Dawley rats. 
Toxicology and Applied Pharmacology, 142:133–142. 

Hurley PM, Hill RN, Whiting RJ (1998) Mode of carcinogenic action of pesticides inducing thyroid 
follicular-cell tumors in rodents. Environmental Health Perspectives, 106(8):437– 445. 

IARC (2001) Some thyrotropic agents. Lyon, International Agency for Research on Cancer, 763 pp. 
(IARC Monographs on the Evaluation of Carcinogenic Risks to Humans, Vol. 79). 

Li AP, Myers CA (1989) CHO/HGPRST gene mutation assay with MON 13200: Study No. ML-88-
382/EHL No. 88071. Testing facility: Monsanto’s Environmental Health Laboratory, St. Louis, MO. 
Submitted by Monsanto, St. Louis, MO (MRID No. 42275536). 

Lichtenstein CK, Hemminki K (2002) Environmental and heritable cause of cancer among 9.6 million 
individuals in the Swedish Family-Cancer Database. International Journal of Cancer, 1099(2):260–266. 

Liu J, Liu Y, Barter RA, Klaassen CD (1995) Alteration of thyroid homeostasis by UDP- 
glucuronosyltransferase inducers in rats: A dose–response study. Journal of Pharmacology and 
Experimental Therapeutics, 273:977–985. 

Masubuchi N, Hakusui H, Okazaki O (1997) Effects of proton pump inhibitors on thyroid hormone 
metabolism in rats: A comparison of UDP-glucuronyltransferase induction. Biochemical Pharmacology, 
54(11):1225–1231. 

Mazzaferri EL (2000) Thyroid cancer and Graves’ disease: The controversy ten years later. Endocrine 
Practice, 6:221–225. 

McClain RM (1992) Thyroid gland neoplasia: Non-genotoxic mechanisms. Toxicology Letters, 
64/65:397–408. 

McClain RM (1995) Mechanistic considerations for the relevance of animal data on thyroid neoplasia 
to human risk assessment. Mutation Research, 333(1–2):131–142. 

Meek ME, Bucher JR, Cohen SM, Dellarco V, Hill RN, Lehman-McKeeman LD,  Longfellow DG, 
Pastoor T, Seed J, Patton DE (2003) A framework for human relevance analysis of information on 
carcinogenic modes of action. Critical Reviews in Toxicology, 33(6):591–654. 

  

1287



IPCS Framework for Analysing the Relevance of a Cancer Mode of Action for Humans and Case-Studies 
 

43 

Naylor MW, McDonald MM (1992) Chronic study of MON 13200 administered in feed to albino rats. 
Project No. ML-88-247/EHL 88148.  

Testing facility: Monsanto Company, The Agricultural Group, Environmental Health Laboratory, St. 
Louis, MO. Submitted by Monsanto Agricultural Company, St. Louis, MO (MRID No. 426197-24). 

Naylor MW, Raju NR (1992) Chronic study of MON 13200 administered in feed to albino mice. Project 
No. ML-88-248/EHL 88147. 

Testing facility: Monsanto Company, The Agricultural Group, Environmental Health Laboratory, St. 
Louis, MO. Submitted by Monsanto Agricultural Company, St. Louis, MO (MRID No. 426197-23). 

Olsen JH, Wallin H, Boice JD, Rask K, Schulgen G, Fraumaen FF Jr (1993) Phenobarbital, drug 
metabolism and human cancer. Cancer Epidemiology, Biomarkers and Prevention, 5:449–452. 

Oropeza-Hernandez LF, Lopez-Romero R, Albores A (2003) Hepatic CYP1A, 2B, 2C, 2E and 3A 
regulation by methoxychlor in male and female rats. Toxicology Letters, 144(1):93– 103. 

Ron E, Kleinerman RA, Boice JD, LiVolsi VA, Flannery JT, Fraumeni JF Jr (1987) A population-based 
case–control study of thyroid cancer. Journal of the National Cancer Institute, 79:1–12. 

Sonich-Mullin C, Fielder R, Wiltse J, Baetcke K, Dempsey J, Fenner-Crisp P, Grant D, Hartley M, 
Knaap A, Kroese D, Mangelsdorf I, Meek E, Rice JM, Younes M (2001) IPCS conceptual framework 
for evaluating a mode of action for chemical carcinogenesis. Regulatory Toxicology and Pharmacology, 
34:146–152. 

Sundseth SS, Waxman DJ (1992) Sex-dependent expression and clofibrate inducibility of cytochrome 
P450 4A fatty acid omega-hydroxylases. Male specificity of liver and kidney CYP4A2 mRNA and 
tissue-specific regulation by growth hormone and testosterone. Journal of Biological Chemistry, 
267(6):3915–3921. 

Thomas GA, Williams ED (1999) Thyroid stimulating hormone (TSH)-associated follicular hypertrophy 
and hyperplasia as a mechanism of thyroid carcinogenesis in mice and rats. In: Capen CC, Dybing E, 
Rice JM, Wilbourn JD, eds. Species differences in thyroid gland, kidney and urinary bladder 
carcinogenesis. Lyon, International Agency for Research on Cancer, pp. 45–59 (IARC Scientific 
Publications No. 147). 

 

USEPA (1998) Assessment of thyroid follicular cell tumors. Washington, DC, United States 
Environmental Protection Agency, Office of Research and Development, Risk Assessment Forum 
(EPA/630/R-97/002; http://cfpub.epa.gov/ncea/raf/recordisplay.cfm?deid=13102; accessed 22 
November 2004). 

 

1288



Harmonization Project Document No. 4                                                      
 

44 

4-Aminobiphenyl DNA  

MOA  

IPCS 1 
 

Samuel M. Cohen, Alan R. Boobis, M.E. (Bette) Meek, R. Julian Preston, &  
Douglas B. McGregor 

 

DNA 4-Aminobiphenyl

International Programme on Chemical Safety: IPCS

Human Relevance Framework: HRF Mode of action MOA

N- N-

DNA DNA

MOA 4-Aminobiphenyl

IPCS HRF 4-Aminobiphenyl

IPCS HRF DNA  
 
 
4-Aminobiphenyl IARC 1972

1986 1987 4-Aminobiphenyl DNA
MOA

DNA International Programme on Chemical 
Safety: IPCS Human Relevance Framework: HRF

DNA MOA
MOA key events  

 
IARC

4-Aminobiphenyl IARC 1972 1987 4-
Aminobiphenyl

Del Santo 1991 Curigliano 1996
 

  

                                                      
1 WHO 2006 Critical Reviews in Toxicology, Volume 36, pages 803-819

WHO  
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4-Aminobiphenyl  
 

4-Aminobiphenyl
IARC 1972 ) 4-

Aminobiphenyl

MOA
/

MOA
1978 1  

 
1. 4-Aminobiphenyl  

 
 /     
 1 mg/ 38

 
90 2/12

 

 
Clayson et 
al. (1965) 

 0
1.5 mg/ 52  

0/19
1/21

 

 
Clayson et 
al. (1967) 

 200 g 52
 

48 52 19/20
6/23

 

 
Gorrod et 
al. (1968) 

 
(BALB
/cStCrl
fC3Hf/ 
Nctr) 

0-220 mg/L
0-300 mg/L

96
  

75 mgL 55 
mg/L

 

Schieferste
in et al. 
(1985) 

 
(

B6C3F
1) 

 
 

 
Dooley et 
al.(1988, 
1992); 
Von 
Tungeln et 
al. (1996);  
Parsons et 
al. (2005) 

 3.6 5.8 g/kg bw

 

 
 

Walpole et 
al. (1952) 
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1.  

 /     
  1 3

 
4

 

Bonser 
(1962) 

(2) 6
30

34 g  

33
 

 
Walpole et 
al. (1954) 

 0.3 g
3
1 94.5

144 g  

21 34
 

 
Deichmann 
et al. 
(1958) 

(6) 1.0 mg/kg bw 5
34 37

1
5.5 7.0 g  

3
3

 

 
Deichmann 
et al. 
(1965) 

  5
 

 
Deichmann 
& 
MacDonald 
(1968) 

 
(24

) 

5 3  4
2

 
11

9  

 
Block et al. 
(1978) 

bw,  

 
1 1 mg 38 90 2/12

Clayson 1965 1.5 mg 4-Aminobiphenyl 52
0/19 1/21

Clayson 1967 4-Aminobiphenyl 200 g 3 48 52
19/20 6/23 Gorrod 1968 4-Aminobiphenyl

BALB/cStCrlfC3Hf/Nctr 220 mg/L 300 mg/L

75 mg/L 55 mg/L
118

Schieferstein 1985 B6C3F1 4-Aminobiphenyl
Dooley 1988 1992 Von Tungeln 1996

Parsons 2005  
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4-Aminobiphenyl 3.6 5.8 g/kg bw
Walpole 1952  

 
4-Aminobiphenyl 7 1

3 4 Bonser
1962  

 
4-Aminobiphenyl 6 2 1

30 34 g 33 Walpole 1954 4-Aminobiphenyl
1 0.3 g 3 21 34

1 94.5 144.0 g Deichmann 1958 4-Aminobiphenyl 1.0 mg/kg 
bw 6 5 34 37 1

5.5 7.0 g 3 Deichmann
1965 5 Deichmann & MacDonald

1968 4-Aminobiphenyl 5 3 24
3 4

2 11 9
Block 1978  

 
MOA  

 
IPCS HRF MOA

Bradford Hill Hill 1965 IPCS 2001
MOA Sonich-Mullin 2001  

 
A. MOA 

4-Aminobiphenyl N-hydroxy-4-aminobiphenyl
N- N- N- N- Miller 1961

Kadlubar 1977 1991 Miller & Miller 1977 Delclos 1987 Chou 1995
1 O-

4-Aminobiphenyl
N-

DNA
DNA N- (deoxyguanosin-8-yl)-4-aminobiphenyl Talaska 1990

Kadlubar 1991 Flammmang 1992 Hatcher & Swaminather 1995 2002  
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1. 4-Aminobiphenyl  
 

B. Key events 
4-Aminobiphenyl CYP1A2

4-Aminobiphenyl N- Butler 1989 b) CYP1A2
P-450 Kimura

1999 N-hydroxylamine
Kadlubar 1982

P-450
N-hydroxylamine N- 1 NAT1

Flammang & Kadlubar 1986 Oda 2004 N-
N- DNA

C-8 DNA Hammons 1985 Flammang & Kadlubar
1986 Hatcher & Swaminathan 2002 N-hydroxylamine

UDP UGT N-
Kadlubar 1977

N-hydroxylamine N-
-2 NAT2 4-Aminobiphenyl N-

4-Aminobiphenyl 

4-Acetylaminobiphenyl  

N-Ester-N-hydroxy-4-aminobiphenyl 
 

4-  

N-hydroxy-4-aminobiphenyl 
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CYP1A2
N-

rapid acetylators slow acetylators Lower 1979
C57BL/6 rapid acetylators

A/J slow acetylators Hein 1988
DNA

key events 2  
 

2. 4-Aminobiphenyl key events 
 

1.  
 

a) N-  
 

b) N-  
 

c)  

2. DNA dG-C8, dA-C8, dG-N2  

3. DNA  

4.  
dA dG  

 

C.  

4-
Aminobiphenyl Deichmann & MacDonald 1968

BALB/c 0 7 14 28 55 110 220 mg/ 4-
Aminobiphenyl 96 Schieferstein 1985

0/116 1/117 1/118 0/118 6/115 5/118 23/118
55 mg/L 4-

Aminobiphenyl 0 7 19 38 75 150 300 mg/
0/118 0/118 0/119 1/118 0/118 5/117 1/117

0 7 14 28 55 110
220 mg/L 0/116 4/117 9/118 71/118 108/115 107/118 102/118

0 7 19 38 75 150 300 mg/L 0/118 0/118 3/119
53/119 106/118 97/117 83/117

C-8 DNA
Poirier 1995  

 
Schieferstein 1985

0 7 19 38 75 150 300 mg/L
0/117 0/120 2/120 4/119 11/119 17/118 10/117

3
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D.  

DNA

DNA
4-Aminobiphenyl in vitro 1

Kadlubar 1991 Swaminathan & Reznikoff 1992 al-Atrash 1995
Hatcher & Swaminathan 1995 Doerge 1999 Tsuneoka 2003

in vivo 3 4
Talaska 1990 Flammang 1992 Poirier & Beland

1992 Poirier 1995 Underwood 1997 in vitro

H-ras Parsons 2002
4-Aminobiphenyl 14

Muta™Mouse Fletcher 1998

2 13
Schieferstein 1985

2 Schieferstein 1985
Walpole 1954 Deichmann 1958 1965 SV40

4-Aminobiphenyl in vitro 6 in vitro
Bookland 1992 b  

 

E. key events  
key events

DNA
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4-Aminobiphenyl S. typhimurium
TA1538 TA98 TA100

S9 S9
DNA

4-Aminobiphenyl in vitro DNA
in vitro 4-Aminobiphenyl

Dang & McQueen 1999 Aroclor 1254
Sprague-Dawley C57BL/6 N-

O- OAT S. typhimurium TA100
TA100 NAT/OAT YG1029 NAT/OAT

TA100/1,8DNP6 NAT/OAT S9
Aroclor 1254 4-Aminobiphenyl 4-

Acetylaminobiphenyl YG1029 TA100 TA100/1,8DNP6
N-hydroxylamine

 
 

OAT- S. typhimurium TG1024 N-hydroxy-4-aminobiphenyl
pH 4.0 8.0 pH

Sarkar 2002  
 
BALB/c 4-Aminobiphenyl 28

DNA
DNA 4-Aminobiphenyl

Poirier 1995 DNA

Poirier 1995  
 

50 nmol 4-Aminobiphenyl 21 Hsd:ICR(Br)

N- (deoxyguanosin-8-yl)-4-aminobiphenyl
Under-wood 1997  

 
Muta Mouse CD2F

[BALB/c×DBA/2] 10 mg/kg bw/ 4-Aminobiphenyl 10
13.7 4.8 2.4

Fletcher 1998  
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B6C3F1(C57BL/6×C3H) 4-Aminobiphenyl
H-ras 61  CAA AAA Parsons

2005 in vivo 0.3 mol 4-Aminobiphenyl 24
DNA N-(deoxyguanosin-8-yl)-4-aminobiphenyl 5 adducts /106

8 CAA AAA 67%
DMSO 50% 45×10-5

2×10-5 12 79% 8%

MOA DNA
 

 
4-Aminobiphenyl 5 mg/kg bw 24

DNA 5.4 fmolDNA adducts / g 4.8 fmolDNA adducts / g
4-Aminobiphenyl DNA

N-hydroxy-4-aminobiphenyl
3.9 fmol DNA adducts/ g DNA

Roberts 1988 4-Aminobiphenyl
N-hydroxy-4-aminobiphenyl N-hydroxy-4-

aminobiphenyl N-glucuronide
1 4-aminobiphenyl - 2 4-aminobiphenyl

N-hydroxy-4-aminobiphenyl N-hydroxy-4-aminobiphenyl 0.7%
N- 0.3% 3 N-hydroxy-4-aminobiphenyl

DNA 4-Aminobiphenyl 60
4 N-hydroxy-4-aminobiphenyl 4-Aminobiphenyl-DNA

pH Kadlubar 1991 )  
pH Merck 1998

4.5 7.5
Cohen 1995 in vitro

4-
Acetylaminobiphenyl N-hydroxy-4-acetyl-aminobiphenyl A CoA

N-hydroxy-4-aminobiphenyl RNA DNA
Hatcher & 

Swaminathan 1992  
 
4- Aminobiphenyl N-hydroxy-4-

aminobiphenyl in vitro DNA 4-aminobiphenyl
DNA DNA 4- aminobiphenyl-DNA

Talaska 1990   
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F.  
4-Aminobiphenyl DNA

MOA Fletcher 1998 N-
hydroxy-4-aminobiphenyl SV40

Bookland 1992 b 4-Aminobiphenyl
DNA

Kadlubar 1977 Miller & Miller
1977 Delclos 1987 in vitro DNA

N- DNA
2-aminofluorene

C-8 DNA
Kriek 1992  

 

G. MOA 
MOA MOA

4-Aminobiphenyl CYP1A2
Kimura 1999 N-

Kadlubar 1982 1991
DNA

MOA CYP1A2
 

 
N-hydroxy-4-aminobiphenyl

DNA Burger
2001 4-Aminobiphenyl  

 
N-hydroxy-4-aminobiphenyl in vitro

Reznikoff 1986

MOA  
 

H. MOA  
MOA 4-

Aminobiphenyl

DNA  
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4-Aminobiphenyl

4-Aminobiphenyl
ED-01

Cairns 1979 Gaylor 1979 Littlefield 1979
2-acetylaminofluorene DNA

DNA

Cohen & Ellwein 1990 4-Aminobiphenyl
 

 

I.  
4-Aminobiphenyl

M13
DNA lacZ 4-Aminobiphenyl 80%

G G T
G C G A DNA N- 
(deoxyguanosin-8-yl)-4-aminobiphenyl M13

0.01% G C
in vitro in vivo

Verghis 1997  
 
in vivo

B6C3F1 BALB/cStCrlfC3Hf/Nctr
BALB/cStCrfC3Hf/Nctr 4-Aminobiphenyl

Schieferstein 1985 Dooley 1988 1992
 

 
4-Aminobiphenyl DNA

CYP1A2 Butler 1989 a 1989 b CYP1A2(+/+)
CYP1A2(-/-) CYP1A2 4-

Aminobiphenyl 4-Aminobiphenyl-DNA
1 2 CYP1A2

5 2,3,7,8- -p- TCDD

CYP1A2 4-Aminobiphenyl
CYP1A2

Tsuneoka 2003
P-450

Lakshmi 1990 Smith 1991 Hughes 1992  
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4-Aminobiphenyl

4-Aminobiphenyl N-
hydroxy-4-aminobiphenyl O- N,O-

4-Aminobiphenyl N- Lower
1979 NAT1 NAT2

Hein 2000 Cascorbi 2001 ) 4-Aminobiphenyl

 
 

acetylator
rapid acetylator

slow acetylator 4-Aminobiphenyl 55-300 mg/L 28
DNA acetylator

DNA 100 mg/kg
acetylator DNA

rapid acetylator DNA Flammang
1992 DNA

McQueen 2003
C57BL/6 B6.A A/J NAT1

hNAT1:A/J hNAT1:C57 NAT2 4-Aminobiphenyl-DNA
NAT2

4-Aminobiphenyl
N-hydroxy-4-aminobiphenyl O- NAT2 NAT1

Oda 2004  
 

B6C3F1 4-Aminobiphenyl
H-ras 61 C A G T

CD-1 H-ras 61
A T Manjanatha 1996  

 
4-Aminobiphenyl

Schieferstein 1985

 
 

4-Aminobiphenyl MOA DNA
key events  
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MOA

3  
 

3. 4-Aminobiphenyl  
1  

2 slow acetylator rapid 
acetylator  

3 pH  

4 4-
 

 

key evants MOA
 

 
4-Aminobiphenyl key events

N-hydroxylamine
N- N-

4-Aminobiphenyl
DNA DNA

4-
Aminobiphenyl  

 
4-Aminobiphenyl 4-

Aminobiphenyl 1935 1955 Melick 1955
4-

Aminobiphenyl 1
Melick 1955 1971 Melamed 1960 Koss

1965 1969 503 59 35
7 7

10 Koss 1969
Skipper 2003  
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40% 70%
IARC 1986 Castelao 2001

4-Aminobiphenyl Bryant 1988  
 
4-Aminobiphenyl key events

4-Aminobiphenyl
in vitro 4  

 
4. 4-Aminobiphenyl key events  

 
key events    

1.  + + + 

2. DNA  + + + 

3.  + + + 

4.  + + + 

 
4-Aminobiphenyl CYP1A2 N- CYP1A2 CYP1A1

Lang & Pelkonen 1999 N-hydroxylamine  
 
NAT1 NAT2 3 N-

N-hydroxylamine O- N O-
Flammang & Kadlubar 1986 Mattano 1989 Fretland 1997 Hein 2000

N- N- 4-Aminobiphenyl
N-

NAT 2
NAT1 NAT2 Hein

2000 NAT2 slow acetylator
NAT1 Cartwright

1982 Hein 2000 slow acetylator 4-Aminobiphenyl -
Vineis 1990 NAT1 NAT2

Cascorbi 2001 425
Cascorbi 2001 1 NAT1*10 NAT2*4

2 rapid NAT2 NAT1*10
3 NAT2* slow /NAT1*4

5.96 2.96-12.0
P<0.0001  
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NAT2*4 NAT1*10
 

 
CYP1A2 Oscarson n.d. NAT2 Hein 2000

CYP1A2
Sachse 2003 CYP1A2

CYP1A2 Sesardic 1988 Eaton 1995 4-Aminobiphenyl
CYP1A2 slow NAT2 CYP1A2 rapid NAT2

N-hydroxy-4-aminobiphenyl
4-Aminobiphenyl - 4-Aminobiphenyl-DNA

 
 

RB1 TP53
TP53

DNA Hickman 2002
Vousden & Lu 2002 RB1

Cairns 1991 Ishikawa 1991 Presti 1991 Primdahl
2000 45 TP53 9 7
3 Martone 1998 RB1

30 80% Cairns 1991 Logothetis 1992 Wright
1995 Ioachim 2000 13q

Cordon-Cardo & Reuter 1997 30
40 60% TP53 Tiguert 2001 Lu

2002 90% 4-9
TP53 5 7 8 DNA N-hydroxy-4-aminobiphenyl

CpG 285 CpG 175 248
C5

Feng 2002 TP53
4-Aminobiphenyl  

 
4-Aminobiphenyl 4-

Aminobiphenyl- n=14 n=38
4-Aminobiphenyl - 183 ± 108 pg/g
22 ± 8 pg/g 92 ± 

54 pg/g 17 ± 13 pg/g Coghlin 1991
DNA Curigliano 1996

DNA
4-Aminobiphenyl

Bryant 1988
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4-Aminobiphenyl

N-
N-

N-
4-Aminobiphenyl CYP1A2

4-aminobiphenyl N-hydroxy-4-aminobiphenyl
Butler 1989 b N-hydroxy-4-aminobiphenyl

DNA

N-hydroxy-4-
aminobiphenyl

Chou 1995 ) N-
Frederickson 1992 Swaminathan & Reznikoff 1992 N-hydroxy-4-aminobiphenyl

N-hydroxy-4-acetylaminobiphenyl N- -4-
DNA N-(deoxyguanosin-8-yl)-4-aminobiphenyl

N-hydroxy-4-aminobiphenyl
DNA 32P- 4

5 2
2

 
 

N-hydroxy-4-aminobiphenyl RNA DNA
4-Acetylaminobiphenyl N-hydroxy-4-acetylaminobiphenyl CoA

Hatcher 1993 N-hydroxy-4-aminobiphenyl
N-acetoxy-4-acetylaminobiphenyl N-acetoxy-4-aminobiphenyl DNA
32P- N-acetoxy-4-aminobiphenyl

N-
(deoxyguanosin-8-yl)-4-aminobiphenyl(dG-C8-aminobiphenyl) N-(deoxyadenosin-8-yl)-4-
aminobiphenyl(dA-C8-aminobiphenyl) 3’,5’- Frederickson 1992 Hatcher 
& Swaminathanosin 1995 N-(deoxyguanosin-N(2)-yl)-4-azobiphenyl Hatcher & Swaminathan
2002  

 
MOA T1

46 4-Aminobiphenyl-DNA 113±71
n=22 275±81 n=24 Curigliano 1996

Flamini 1998 Faraglia 2003
4-Aminobiphenyl -

Del Santo 1991
Weston 1991  
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4-Aminobiphenyl
S. typhimurium YG1024 O-

TA98 TA98
Hatcher 1993  

 
6- 4-Aminobiphenyl N-hydroxy-4-

aminobiphenyl N-hydroxy-4-aminobiphenyl N-acetoxy-4-acetylaminobiphenyl
SV40 Bookland 1992 a)

N-acetoxy-4-acetylaminobiphenyl 2 
mol/L N-hydroxy-4-acetylaminobiphenyl 5 mol/L N-hydroxy-4-aminobiphenyl 20 mol/L

4-Aminobiphenyl 100 mol/L 3
in vitro-in vivo

Bookland 1992
b N-hydroxy-4-

acetylaminobiphenyl 0.5 mol/L N-hydroxy-4-aminobiphenyl 0.5 mol/L 4-Aminobiphenyl
20 mol/L

 
 

MOA key events N-
hydroxylamine

MOA
 

 

MOA  
 

4-Aminobiphenyl DNA
3

DNA 3
 

  

1305



IPCS Framework for Analysing the Relevance of a Cancer Mode of Action for Humans and Case-Studies 
 

61 

3
DNA

MOA
 

 

3
 

 
Pauli

1983

Wu 1994 3
 

 
pH DNA

Cohen 1995 Sarkar 2002 pH
pH

MOA  
 
DNA MOA 4-Aminobiphenyl

4-Aminobiphenyl DNA
4-Aminobiphenyl

Schieferstein 1985 Reznikoff 1986 Kadlubar
1991 4-Aminobiphenyl

DNA
DNA

Cohen & Ellwein 1990
4-Aminobiphenyl

Auerbach & Garfinkel
1989 DNA

4-Aminobiphenyl 4-
Aminobiphenyl 4-Aminobiphenyl

DNA
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4-Aminobiphenyl 4-Aminobiphenyl

DNA
Koss 1965 1969  

 
MOA

 
 

 
 

MOA DNA key events

4-Aminobiphenyl

TP53
CpG

TP53
Schroeder 2003

TP53  
 
N-hydroxy-4-acetylaminobiphenyl Big Blue mouse

Bessaratinia 2002 24 cII
12.8

86% 74%
63% 36% cII cII

47% G T
19%

5 DNA 4 N-hydroxy-4-acetylaminobiphenyl
G T

TP53 G A 53% 5
175 248 273 280 285 3 CpG

175 248 273 cII
CpG cII N-hydroxy-

4-acetylaminobiphenyl TP53

4-Aminobiphenyl
TP53
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4-Aminobiphenyl MOA MOA

4-Aminobiphenyl
 

 

MOA 4-
Aminobiphenyl MOA HRF

 
 

4-Aminobiphenyl  
 
4-Aminobiphenyl IPCS HRF MOA

DNA MOA key events DNA
4-Aminobiphenyl

MOA

HRF  
 

MOA
key events 4-Aminobiphenyl

MOA
 

 
DNA MOA

DNA

in 
vivo DNA MOA

DNA
 

 
MOA

in vivo in vitro
DNA
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1

FOREWORD

Harmonization Project Documents are a family of publications by the World Health 
Organization (WHO) under the umbrella of the International Programme on Chemical Safety 
(IPCS) (WHO/ILO/UNEP). Harmonization Project Documents complement the Environmen-
tal Health Criteria (EHC) methodology (yellow cover) series of documents as authoritative 
documents on methods for the risk assessment of chemicals. 

The main impetus for the current coordinated international, regional, and national efforts on 
the assessment and management of hazardous chemicals arose from the 1992 United Nations 
Conference on Environment and Development (UNCED). UNCED Agenda 21, Chapter 19, 
provides the “blueprint” for the environmentally sound management of toxic chemicals. This 
commitment by governments was reconfirmed at the 2002 World Summit on Sustainable 
Development and in 2006 in the Strategic Approach to International Chemicals Management 
(SAICM). The IPCS project on the Harmonization of Approaches to the Assessment of Risk 
from Exposure to Chemicals (Harmonization Project) is conducted under Agenda 21, Chapter 
19, and contributes to the implementation of SAICM. In particular, the project addresses the 
SAICM objective on Risk Reduction and the SAICM Global Plan of Action activity to 
“Develop and use new and harmonized methods for risk assessment”. 

The IPCS Harmonization Project goal is to improve chemical risk assessment globally, 
through the pursuit of common principles and approaches, and, hence, strengthen national 
and international management practices that deliver better protection of human health and 
the environment within the framework of sustainability. The Harmonization Project aims to 
harmonize global approaches to chemical risk assessment, including by developing 
international guidance documents on specific issues. The guidance is intended for adoption 
and use in countries and by international bodies in the performance of chemical risk 
assessments. The guidance is developed by engaging experts worldwide. The project has 
been implemented using a stepwise approach, first sharing information and increasing 
understanding of methods and practices used by various countries, identifying areas where 
convergence of different approaches would be beneficial, and then developing guidance that 
enables implementation of harmonized approaches. The project uses a building block 
approach, focusing at any one time on the aspects of risk assessment that are particularly 
important for harmonization. 

The project enables risk assessments (or components thereof) to be performed using inter-
nationally accepted methods, and these assessments can then be shared to avoid duplication 
and optimize use of valuable resources for risk management. It also promotes sound science 
as a basis for risk management decisions, promotes transparency in risk assessment, and 
reduces unnecessary testing of chemicals. Advances in scientific knowledge can be translated 
into new harmonized methods.  

This ongoing project is overseen by a geographically representative Harmonization Project 
Steering Committee and a number of ad hoc Working Groups that manage the detailed work. 
Finalization of documents includes a rigorous process of international peer review and public 
comment.
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PREFACE

Following publication of the International Programme on Chemical Safety (IPCS) 
Conceptual Framework for Evaluating a Mode of Action for Chemical Carcinogenesis (in 
animals),1 an IPCS Cancer Working Group convened on 3–5 March 2004 in Arlington, 
Virginia, USA. The working group agreed that the issue of human relevance of animal 
tumours should be further explored with the goal of developing a unified IPCS Human 
Relevance Framework for use of mode of action information in risk assessment for regulatory 
and other purposes, and it provided initial guidance for this task. The members of this 
working group, including secretariat support and a representative of the Organisation for 
Economic Co-operation and Development, were as follows: 

Professor Hermann Bolt, Institut für Arbeitsphysiologie, Germany  
Professor Alan R. Boobis, Department of Health Toxicology Unit, Imperial College 

London, United Kingdom
Dr John Bucher, National Institute of Environmental Health Sciences, USA  
Dr Vincent Cogliano, Unit of Carcinogen Identification and Evaluation, International 

Agency for Research on Cancer, France  
Dr Samuel M. Cohen, Pathology and Microbiology, Havlik-Wall Professor of Oncology, 

University of Nebraska Medical Center, USA
Dr William Farland, Office of Research and Development, Environmental Protection 

Agency, USA  
Dr Jun Kanno, Division of Cellular & Molecular Toxicology, National Institute of 

Health Sciences, Japan
Dr Lois D. Lehman-McKeeman, Bristol-Myers Squibb, USA  
Ms Bette Meek, Environmental Health Centre, Health Canada, Canada 
Ms Laurence Musset, Environment, Health and Safety Division, Organisation for 

Economic Co-operation and Development, France
Dr Jerry Rice, Consultant, USA
Ms Cindy Sonich-Mullin, International Programme on Chemical Safety, World Health 

Organization, USA
Ms Carolyn Vickers, International Programme on Chemical Safety, World Health 

Organization, Switzerland
Ms Deborah Willcocks, Existing Chemicals, National Industrial Chemicals Notification 

and Assessment Scheme (NICNAS), Australia  

Extending the Mode of Action Framework to include consideration of human relevance, 
taking into account guidance from the Arlington meeting, was the subject of an IPCS 
international workshop convened in Bradford, United Kingdom, from 21 to 23 April 2005. 
This workshop prepared draft text for an IPCS Human Relevance Framework, including 
updating the 2001 Mode of Action Framework. The workshop participants, including 

1 Sonich-Mullin C, Fielder R, Wiltse J, Baetcke K, Dempsey J, Fenner-Crisp P, Grant D, Hartley M, Knaap A, 
Kroese D, Mangelsdorf I, Meek E, Rice J, Younes M (2001) IPCS conceptual framework for evaluating a mode 
of action for chemical carcinogenesis. Regulatory Toxicology and Pharmacology, 34:146–152. 
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secretariat support and representatives of the European Food Safety Authority and European 
Chemicals Bureau, were as follows:  

Dr Peter Abbott, Scientific Risk Assessment and Evaluation Branch, Food Standards 
Australia New Zealand, Australia

Dr Antero Aitio, International Programme on Chemical Safety, World Health 
Organization, Switzerland 

Dr Diana Anderson, Department of Biomedical Sciences, University of Bradford, United 
Kingdom 

Professor Sir Colin Berry, United Kingdom  
Professor Hermann Bolt, Institut für Arbeitsphysiologie, Germany  
Professor Alan R. Boobis, Department of Health Toxicology Unit, Imperial College 

London, United Kingdom
Dr Susy Brescia, Health and Safety Executive, United Kingdom 
Dr John Bucher, National Institute of Environmental Health Sciences, USA  
Dr Vincent Cogliano, Unit of Carcinogen Identification and Evaluation, International 

Agency for Research on Cancer, France 
Dr Samuel M. Cohen, Pathology and Microbiology, Havlik-Wall Professor of Oncology, 

University of Nebraska Medical Center, USA
Dr Vicki Dellarco, Office of Pesticide Programs, Environmental Protection Agency, 

USA
Ms Christine Dove, School of Life Sciences, University of Bradford, United Kingdom
Dr Jun Kanno, Division of Cellular and Molecular Toxicology, National Institute of 

Health Sciences, Japan
Dr Janet Kielhorn, Department of Chemical Risk Assessment, Fraunhofer Institute for 

Toxicology and Experimental Medicine, Germany 
Mrs Sandra Kunz, International Programme on Chemical Safety, World Health 

Organization, Switzerland
Dr Christian Laurent, Scientific Expert Services, European Food Safety Authority, Italy
Dr Douglas McGregor, Toxicity Evaluation Consultants, United Kingdom  
Ms Bette Meek, Environmental Health Centre, Health Canada, Canada 
Ms Sharon Munn, Toxicology and Chemical Substances, European Chemicals Bureau, 

Italy
Dr R. Julian Preston, National Health and Environmental Effects Research Laboratory, 

Environmental Carcinogenesis Division, Environmental Protection Agency, USA  
Dr Jerry Rice, Consultant, USA
Dr Hans-Bernhard Richter-Reichhelm, Federal Institute for Risk Assessment (BfR), 

Germany  
Ms Carolyn Vickers, International Programme on Chemical Safety, World Health 

Organization, Switzerland
Ms Deborah Willcocks, Existing Chemicals, National Industrial Chemicals Notification 

and Assessment Scheme (NICNAS), Australia  
Dr William P. Wood, Risk Assessment Forum, Environmental Protection Agency, USA
Dr Zheng Yuxin, Institute for Occupational Health and Poison Control, Chinese Center 

for Disease Control and Prevention, and WHO Collaborating Centre of Occupational 
Health, People’s Republic of China
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The draft was published on the Internet for public comment and sent to a number of WHO 
Collaborating Centres and IPCS Participating Institutions for peer review. An expert meeting 
that convened in London in December 2005 considered the comments received and finalized 
the framework. The expert meeting participants were as follows: 

Professor Alan R. Boobis, Department of Health Toxicology Unit, Imperial College 
London, United Kingdom (Rapporteur)

Dr Samuel M. Cohen, Pathology and Microbiology, Havlik-Wall Professor of Oncology, 
University of Nebraska Medical Center, USA

Dr Vicki Dellarco, Office of Pesticide Programs, Environmental Protection Agency, 
USA

Dr William Farland, Office of Research and Development, Environmental Protection 
Agency, USA (Chair)

Dr Douglas McGregor, Toxicity Evaluation Consultants, United Kingdom  
Ms Carolyn Vickers, International Programme on Chemical Safety, World Health 

Organization, Switzerland  
Ms Deborah Willcocks, Existing Chemicals, National Industrial Chemicals Notification 

and Assessment Scheme (NICNAS), Australia  
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IPCS FRAMEWORK FOR ANALYSING THE RELEVANCE OF A CANCER 
MODE OF ACTION FOR HUMANS1

Alan R. Boobis, Samuel M. Cohen, Vicki Dellarco, Douglas McGregor, 
M.E. (Bette) Meek, Carolyn Vickers, Deborah Willcocks, & William Farland 

The use of structured frameworks can be invaluable in promoting harmonization in the 
assessment of chemical risk. The International Programme on Chemical Safety (IPCS) has 
therefore updated and extended its Mode of Action (MOA) Framework for cancer to address 
the issue of human relevance of a carcinogenic response observed in an experimental study. 
The first stage is to determine whether it is possible to establish an MOA. This comprises a 
series of key events along the causal pathway to cancer, identified using a weight-of-evidence 
approach based on the Bradford Hill criteria. The key events are then compared first quali-
tatively and then quantitatively between the experimental animals and humans. Finally, a clear 
statement of confidence, analysis, and implications is produced. The IPCS Human Relevance 
Framework for cancer provides an analytical tool to enable the transparent evaluation of the 
data, identification of key data gaps, and structured presentation of information that would be 
of value in the further risk assessment of the compound, even if relevancy cannot be excluded. 
This might include data on the shape of the dose–response curve, identification of any 
thresholds, and recognition of potentially susceptible subgroups, for example, the basis of 
genetic or life stage differences.  

Fundamental to the evolution of cancer risk assessment over the last three decades has been 
our increasing understanding of the biology of cancer and the identification of key events in 
carcinogenesis. Through the mid-1980s, national and international assessments of human 
cancer hazard and risk depended primarily on lifetime assays in rodents of potentially car-
cinogenic agents. For few agents was there sufficient human evidence on which to base retro-
spective cancer assessments, and fewer still would be expected to be detected prospectively, 
given modern controls on general exposures in the workplace and in the environment gener-
ally. Inherent in rodent-based assessments was the assumption that the observation of 
tumours in laboratory animals could be meaningfully extrapolated to identify potential human 
carcinogens and, by the use of mathematical models, to provide upper-bound estimates of 
risk at human doses of regulatory significance. During the same period, the potential signifi-
cance of mutagenesis in carcinogenesis was becoming accepted by the scientific community. 
Subsequently, it has become increasingly apparent that an appreciable number of chemicals 
cause cancer in laboratory animals by processes that do not involve direct interaction with 
DNA. These developments in our understanding of the biological basis of carcinogenesis in 
both laboratory animals and humans have benefited risk assessment processes by providing 
more data on the pharmacokinetics and pharmacodynamics of suspect carcinogenic agents. 
Consideration of the biological processes involved in the carcinogenesis of specific com-
pounds has led to the concept of mode of action (MOA).  

1 This article, to which WHO owns copyright, was originally published in 2006 in Critical Reviews in 
Toxicology, Volume 36, pages 781–792. It has been edited for this WHO publication and includes corrigenda. 

Harmonization Project Document No. 4                                                      
 

10 

MOA  

IPCS 1 
 

Alan R. Boobis, Samuel M. Cohen, Vicki Dellarco, Douglas McGregor, 
M.E. (Bette) Meek, Carolyn Vickers, Deborah Willcocks, & William Farland 

 

International Programme on Chemical Safety: 

IPCS

Mode of Actioin MOA MOA

MOA Bradford Hill

key events

key events

IPCS

 
 

 

30
key events 1980

DNA

Mode of action MOA
 

  

                                                      
1 WHO 2006 Critical Reviews in Toxicology, Volume 36, pages 781-792

WHO  

1384



IPCS Framework for Analysing the Relevance of a Cancer Mode of Action for Humans and Case-Studies

11

A postulated MOA for carcinogenesis is a biologically plausible sequence of key events lead-
ing to an observed effect supported by robust experimental observations and mechanistic 
data. It describes key cytological and biochemical events—that is, those that are both 
measurable and necessary to the observed carcinogenicity—in a logical framework. MOA 
contrasts with mechanism of action, which generally involves a sufficient understanding of 
the molecular basis for an effect and its detailed description so that causation can be 
established in molecular terms. 

In 2001, as part of its efforts to harmonize risk assessment practices, the International 
Programme on Chemical Safety (IPCS) (WHO/ILO/UNEP) published a framework for 
assessment of MOA for carcinogenesis in laboratory animals (animal MOA), based on 
Bradford Hill criteria for causality. The IPCS Human Relevance Framework (HRF) presented 
in this document updates this MOA Framework and extends it to consider human relevance. 
It is an analytical tool to provide a means of evaluating systematically the data available on a 
specific carcinogenic response to a chemical in a transparent manner. While it is envisaged 
that the framework will be of value to risk assessors both within and outside of regulatory 
agencies, it will also be a valuable tool to the research community. Among reasons for using 
the framework are: 

• to provide a generic approach to the analysis of data to contribute to harmonization; 
• to encourage transparency of the consideration and use of available data and reasons for 

the conclusions drawn; 
• to provide guidance in the presentation of data; 
• to identify critical data deficiencies and needs; 
• to inform the quantitative assessment of carcinogenic risk to humans. 

These and other topics will be discussed in more detail below. 

THE ROLE OF IPCS IN DEVELOPING THE FRAMEWORK FOR ANALYSING 
THE RELEVANCE OF A CANCER MOA FOR HUMANS 

IPCS has been leading an effort to harmonize approaches to cancer risk assessment as part of 
its larger project on the Harmonization of Approaches to the Assessment of Risk from 
Exposure to Chemicals. The first phase of this work resulted in the publication of the IPCS 
Conceptual Framework for Evaluating a Mode of Action for Chemical Carcinogenesis in 
experimental animals (Sonich-Mullin et al., 2001). As described in that publication, a major 
impediment to harmonization identified in the consideration of weight of evidence was the 
evaluation of MOA in animals. Sonich-Mullin et al. (2001) provided a framework for evalu-
ating MOA of chemical carcinogenesis in animals and recognized the importance of moving 
on to the next step in the overall characterization of cancer hazard and risk in humans: the 
assessment of relevance of the MOA of animal carcinogenesis to humans. Adoption of the 
MOA Framework concept is proceeding through its incorporation in the revised United States 
Environmental Protection Agency (USEPA) Guidelines for Carcinogen Risk Assessment 
(USEPA, 1999, 2005), and the framework is now commonly used by other regulatory 
agencies and international organizations. In the United Kingdom, the framework is being 
used for the assessment of pesticides and industrial chemicals. The United Kingdom 

IPCS Framework for Analysing the Relevance of a Cancer Mode of Action for Humans and Case-Studies 
 

11 

MOA key events

MOA  (mechanism of action)

 
 
2001 International 

Programme on Chemical Safety: IPCS WHO/ILO/UNEP Bradford Hill
MOA  MOA

IPCS HRF MOA

 
 

  
  
  
  
  
 

 
 

MOA IPCS
 

 
IPCS

MOA IPCS
Sonich-Mullin 2001

MOA
Sonich-Mullin 2001 MOA

MOA
MOA USEPA

USEPA 1999 2005 MOA

 
  

1385



Harmonization Project Document No. 4 

12

Committee on Carcinogenicity (2004) has noted the framework’s value with regard to both 
harmonization between agencies and internal consistency in its latest guidelines. The frame-
work has also been adopted and is being used by agencies in Australia and in Canada, in the 
evaluation of Existing Chemicals under the Canadian Environmental Protection Act. The 
European Union has incorporated the framework into its technical guidance documents on 
evaluating new and existing industrial chemicals and biocides, including carcinogenicity. 
With regard to international organizations, of particular note is the use of the framework by 
the Joint FAO/WHO Meeting on Pesticide Residues (JMPR), for example, in its evaluation of 
pyrethrin extract and its incorporation into the resulting monograph. 

The step to extend the MOA Framework to include consideration of human relevance has 
been undertaken by IPCS in cooperation with international partners. It was the subject of an 
IPCS international workshop convened in Bradford, United Kingdom, from 21 to 23 April 
2005. This workshop prepared draft text for an IPCS HRF, including updating the 2001 MOA 
Framework. The draft was published on the Internet for public comment and sent to a number 
of WHO Collaborating Centres and IPCS Participating Institutions for peer review. An expert 
meeting convened in London in December 2005 considered the comments received and 
finalized the framework. The framework text and the steps leading to its development are 
discussed in detail in the following sections. 

THE 2001 IPCS CONCEPTUAL MOA FRAMEWORK FOR EVALUATING 
ANIMAL CARCINOGENESIS 

Purpose of the framework 
The IPCS MOA Framework for evaluating carcinogenesis in animals (Sonich-Mullin et al., 
2001) remains a fundamental basis for the IPCS Framework for Analysing the Relevance of a 
Cancer Mode of Action for Humans. The animal MOA Framework provides a generic 
approach to the principles commonly used when evaluating a postulated MOA for tumour 
induction in animals by a chemical carcinogen. Thus, the framework is a tool that provides a 
structured approach to the assessment of the overall weight of the evidence for the postulated 
MOA. In this context, a supported MOA would have evidence provided by robust experi-
mental observations and mechanistic data to establish a biologically plausible explanation. 

The framework is designed to bring transparency to the analysis of a postulated MOA and 
thereby promote confidence in the conclusions reached through the use of a defined proce-
dure that encourages clear and consistent documentation supporting the analysis and reason-
ing and that highlights inconsistencies and uncertainties in the available data. The purpose of 
the framework is to provide a systematic means of considering the weight of the evidence for 
an MOA in a given situation; it is not designed to give an absolute answer on sufficiency of 
the information, as this will vary depending on the circumstance. It is not a checklist of 
criteria, but rather an analytical approach. However, the process can be greatly aided by the 
presentation of tabular summaries of comparative data on incidence of key events and 
tumours.  

The animal MOA Framework analysis is an important step in the hazard characterization. It 
is envisaged that the animal MOA Framework will contribute to risk assessments of chemical 
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carcinogens across all sectors (drugs, industrial chemicals, pesticides, food additives, etc.). In 
the resulting risk assessment documentation, the framework analysis would be appropriately 
positioned within the hazard characterization section. In the absence of adequate epidemio-
logical data, it may be regarded as an essential component in any discussion of human 
relevance, dose–response relationships, and risk characterization. It is also envisaged that the 
framework will be useful to both regulators and researchers in identifying research needs 
based on clear delineation of data gaps and inconsistencies.

MOA analysis can be used to establish either that a compound has an MOA that has been 
described previously or that it has a novel MOA. Thus, the output of an MOA analysis may 
serve to support the evaluation of a specific compound or contribute to the generation of a 
novel MOA. In the former, chemical-specific data play a vital role in the concordance anal-
ysis for human relevance. In the latter, it will be important to identify which events are key to 
the biological processes that represent the MOA. 

Thus, an MOA comprising the same set of key events may apply to many different com-
pounds. The evidence necessary to establish that a specific MOA is responsible for a given 
carcinogenic response will be substantial the first time such an MOA is proposed. As subse-
quent compounds are found to share this MOA, the “barrier” to acceptance will be lower, 
although it will always be necessary to establish rigorously that the key events comprising the 
MOA occur and that they fulfil the criteria described below. It will also be important to 
exclude other possible MOAs.

Scientific peer participation is a prerequisite for the development and acceptance of a novel 
postulated MOA. Peer participation includes both peer involvement in the development of an 
MOA and peer review by scientists who are independent of the process of development of the 
MOA. Publication in the scientific literature and presentation and discussion at scientific 
meetings and workshops constitute peer involvement that contributes to acceptance of an 
MOA by the scientific community.  

While acceptance does not necessarily mean unanimity, most of the scientists reviewing an 
MOA analysis should agree that the relevant scientific information has been identified and 
appropriately analysed, that “key events” have been identified and are supported by the 
information presented, that their relationship to carcinogenesis has been clearly established in 
the hypothesized MOA, and that alternative MOAs have been considered and rejected.

As knowledge advances, the characterization of an MOA will change. Additional key events 
may be identified, and others may be refined or even dropped. Nevertheless, significant 
changes to the key events also need some general acceptance, through peer review, such as 
described above.

Update of framework guidelines 
In development of the IPCS HRF, the 2001 animal MOA Framework text has been updated, 
and this revised version is presented here. 
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Introduction to framework analysis  
This section describes the cancer end-point or end-points that have been observed and 
identifies which of these are addressed in the analysis. Prior to embarking on a framework 
analysis, there needs to be careful evaluation of the weight of evidence for a carcinogenic 
response in experimental animals. The nature of the framework is such that only one MOA is 
analysed at a time; hence, for example, different tumour types associated with chemical treat-
ment, even if recorded in the same animals, will require separate framework analyses to 
discern each tumour’s MOA. However, in considering the pathogenesis of a single type of 
tumour, it should be recognized that it is possible that a chemical could induce that tumour 
type by more than one MOA. Hence, it might be necessary to undertake an analysis of more 
than one MOA for the same tumour type for a single chemical. Consistent with species- and 
tissue-specific variation in metabolic activation and detoxication, there is often only poor site 
concordance for genotoxic carcinogens. This will need to be kept in mind when comparing 
animal and human data. In contrast, consistent with the observation that most carcinogens 
acting by a non-genotoxic MOA perturb physiological processes that tend to be site specific, 
site concordance is reasonably assumed, at least as an initial premise in the HRF. 

1. Postulated mode of action (theory of the case) 
This section comprises a brief description of the sequence of events on the path to cancer for 
the postulated MOA of the test substance. This explanation of the sequence of events leads 
into the next section, which identifies the events considered “key” (i.e. necessary and mea-
surable), given the database available for the analysis.

2. Key events 
This section briefly identifies and describes the “key events” measurable events that are 
critical to the induction of tumours as hypothesized in the postulated MOA. To support an 
association, a body of experiments needs to define and measure an event consistently. Perti-
nent observations include, for example, tumour response and key events in the same cell type, 
sites of action logically related to event(s), increased cell growth, specific biochemical 
events, changes in organ weight and/or histology, proliferation, perturbations in hormones or 
other signalling systems, receptor–ligand interactions, effects on DNA or chromosomes, and 
impact on cell cycle. For example, key events for tumours hypothesized to be associated with 
prolonged regenerative proliferation might be cytotoxicity as measured histopathologically 
and an increase in labelling index. As another example, key events for induction of urinary 
bladder tumours hypothesized to be due to formation of urinary solids composed primarily of 
calcium phosphate might include elevated urinary free calcium, phosphate, and pH and 
formation of urinary solids, followed by irritation and regenerative hyperplasia of the uro-
thelium. 

3. Concordance of dose–response relationships 
This section should characterize the dose–effect/response relationships for each of the key 
events and for the tumour response and discuss their interrelationships, in the context of the 
Bradford Hill criteria. Ideally, one should be able to correlate the dose dependency of the 
increases in incidence of a key event with increases in incidence or severity (e.g. lesion pro-
gression) of other key events occurring later in the process, and with the ultimate tumour 
incidence. Comparative tabular presentation of incidence of key events and tumours is often 
helpful in examining dose–response. In the case of complex data sets, this is almost essential. 
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It is important to consider whether there are fundamental differences in the biological 
response (i.e. dose transitions) at different parts of the dose–response curve for tumour 
formation (Slikker et al., 2004). If so, key events relevant to the different parts of the dose–
response curve will need to be defined and used in the framework analysis. 

4. Temporal association
This section should characterize the temporal relationships for each of the key events and for 
the tumour response. The temporal sequence of key events leading to the tumour response 
should be determined. Key events should be apparent before tumour appearance and should 
be consistent temporally with each other; this is essential in deciding whether the data support 
the postulated MOA. Observations of key events at the same time as the tumours (e.g. at the 
end of a bioassay) do not contribute to considerations of temporal association, but can con-
tribute to analysis in the next section. Most often, complete data sets to address the criterion 
of temporality are not available. 

5. Strength, consistency, and specificity of association of tumour response with key 
events
This section should discuss the weight of evidence linking the key events, precursor lesions, 
and the tumour response. Stop/recovery studies showing absence or reduction of subsequent 
events or tumour when a key event is blocked or diminished are particularly important tests 
of the association. Consistent observations in a number of such studies with differing exper-
imental designs increase that support, since different designs may reduce unknown biases or 
confounding. Consistency, which addresses repeatability of key events in the postulated 
MOA for cancer in different studies, is distinguished from coherence, however, which 
addresses the relationship of the postulated MOA with observations in the broader database 
(see point 6). Pertinent observations include tumour response and key events in the same cell 
type, sites of action logically related to event(s), and results from multistage studies and from 
stop/recovery studies. 

6. Biological plausibility and coherence  
One should consider whether the MOA is consistent with what is known about carcino-
genesis in general (biological plausibility) and also in relation to what is known for the 
substance specifically (coherence). For the postulated MOA and the events that are part of it 
to be biologically plausible, they need to be consistent with current understanding of the 
biology of cancer. However, the extent to which biological plausibility can be used as a 
criterion against which weight of evidence is assessed may be limited due to gaps in our 
knowledge. Coherence, which addresses the relationship of the postulated MOA with obser-
vations in the broader database for example, association of MOA for tumours with that for 
other end-points needs to be distinguished from consistency (addressed in point 5), which 
addresses repeatability of key events in the postulated MOA for cancer in different studies. 
For coherence, likeness of the case to that for structural analogues may be informative (i.e. 
structure–activity analysis). Information from other compounds that share the postulated 
MOA may be of value, such as sex, species, and strain differences in sensitivity and their 
relationship to key events. Additionally, this section should consider whether the database on 
the agent is internally consistent in supporting the purported MOA, including that for relevant 
non-cancer toxicities. Some MOAs can be anticipated to evoke effects other than cancer, 
such as reproductive effects of certain hormonal disturbances that are carcinogenic.
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7. Other modes of action 
This section discusses alternative MOAs that logically present themselves in the case. If 
alternative MOAs are supported, they need their own framework analysis. These should be 
distinguished from additional components of a single MOA that likely contribute to the 
observed effect, since these would be addressed in the analysis of the principal MOA. 

8. Uncertainties, inconsistencies, and data gaps 
Uncertainties should include those related to both the biology of tumour development and 
those for the database on the compound of interest. Inconsistencies should be flagged and 
data gaps identified. For the identified data gaps, there should be some indication of whether 
they are critical as support for the postulated MOA. 

9. Assessment of postulated mode of action 
This section should include a clear statement of the outcome with an indication of the level of 
confidence in the postulated MOA for example, high, moderate, or low. If a novel MOA is 
being proposed, this should be clearly indicated. However, if the MOA is the same as that 
proposed for other compounds, the extent to which the key events fit this MOA needs to be 
stated explicitly. Any major differences should be noted, and their implications for the MOA 
should be discussed.

ADDRESSING THE ISSUE OF HUMAN RELEVANCE 

In 2000, an IPCS Harmonization Project Cancer Planning Work Group convened in Carshal-
ton, United Kingdom (IPCS, 2000). (This initial IPCS working group differed in membership 
from the subsequent IPCS working group convened to work on the human relevance project.) 
Among the recommendations of that meeting was the suggestion that IPCS and the Inter-
national Life Sciences Institute (ILSI) move forward together and in parallel on the develop-
ment of the extension of the IPCS MOA Framework towards addressing human relevance. It 
was recognized that ILSI could provide much help in technical workshops. In June 2001, the 
ILSI Risk Science Institute (RSI) with support from the USEPA and Health Canada formed a 
working group to examine key issues in the use of MOA information to determine the 
relevance of animal tumours. These efforts have resulted in several published reports that are 
described below. An IPCS Cancer Working Group, convened on 3–5 March 2004 in 
Arlington, Virginia, USA, agreed that these reports should form the starting point for further 
exploration of the issue of human relevance of animal tumours by IPCS with the goal of 
developing a unified IPCS HRF for use of MOA information in risk assessment for 
regulatory and other purposes (IPCS, 2004). 

To address the issue of the human relevance of the MOAs determined in animals, ILSI/RSI 
charged its working group with expanding the IPCS MOA Framework to include evaluation 
of the human relevance of a cancer MOA determined in animals. The details of the process, 
the case-studies, and the framework were published as a series of papers in the November 
2003 issue of Critical Reviews in Toxicology (Cohen et al., 2003; Meek et al., 2003). These 
articles describe the ILSI/RSI HRF and provide guidance for its application. In addition, 
references to specific examples on which the framework is based are included. Several 
iterations of case-studies of chemicals with generally well known MOAs were used to 
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develop the integrated framework. The intent was to provide guidance for a disciplined, 
transparent process evaluating the MOA in animals and each key event with respect to human 
relevance.  

The ILSI/RSI HRF is based on three fundamental questions: 

1. Is the weight of evidence sufficient to establish the mode of action (MOA) in animals?  
2. Are key events in the animal MOA plausible in humans?  
3. Taking into account kinetic and dynamic factors, are key events in the animal MOA 

plausible in humans? 

Questions 2 and 3 involve qualitative and quantitative considerations, respectively, in a 
concordance analysis of human information in relation to the animal MOA and its key events. 

These are followed by an explicit description of confidence in the evaluation, identification of 
specific data gaps, and the implications for risk assessment. It was emphasized by ILSI/RSI 
that use of this framework would form part of the hazard characterization step of the overall 
risk assessment process. 

DEVELOPMENT OF AN IPCS HRF GUIDANCE DOCUMENT BASED ON THE 
IPCS MOA FRAMEWORK AND THE ILSI/RSI HRF 

The 2004 IPCS Cancer Working Group discussed the type of document that would be pro-
duced as a result of its task to extend the IPCS MOA Framework to address human relevance. 
It was recognized that one integrated guidance document that worked as a whole would be 
needed to facilitate uptake and use by regulatory and other risk assessment bodies. The 
guidance could be supplemented by publication of the other materials generated through the 
process (e.g. issue papers and case-studies). 

There was general agreement among working group members that the questions identified as 
the critical components of the ILSI/RSI HRF were important and in general appropriate for 
addressing the human relevance of an MOA determined in animals. However, several issues 
were identified that could benefit from additional clarification, development, or expansion.  

These refinements of the ILSI/RSI HRF were developed through discussions of the IPCS 
Cancer Working Group and at a workshop convened for this purpose in Bradford, United 
Kingdom, on 21–23 April 2005 (IPCS, 2005). The resulting IPCS HRF is presented as an 
approach to answering a series of three questions, leading to a documented, logical 
conclusion regarding the human relevance of the MOA underlying animal tumours. The 
application of the guidance results in a narrative with four sections that may be incorporated 
into the hazard characterization of a risk assessment. The sections are as follows (see Figure 
1):

1. Is the weight of evidence sufficient to establish a mode of action (MOA) in animals?  
2. Can human relevance of the MOA be reasonably excluded on the basis of fundamental, 

qualitative differences in key events between experimental animals and humans?  
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3. Can human relevance of the MOA be reasonably excluded on the basis of quantitative 
differences in either kinetic or dynamic factors between experimental animals and 
humans?  

4. Conclusion: Statement of confidence, analysis, and implications.  

Figure 1. IPCS general scheme illustrating the main steps in evaluating the human relevance of 
an animal MOA for tumour formation. The questions have been designed to enable an unequivocal 
answer yes or no, but recognizing the need for judgement regarding sufficiency of weight of evidence. 
Answers leading to the left side of the diagram indicate that the weight of evidence is such that the 
MOA is not considered relevant to humans. Answers leading to the right side of the diagram indicate 
either that the weight of evidence is such that the MOA is likely to be relevant to humans or that it is 
not possible to reach a conclusion regarding likely relevance to humans, owing to uncertainties in the 
available information. In these cases, the assessment would proceed to risk characterization. It should 
be noted that only at this stage would human exposure be included in the evaluation. 

In applying this framework for a given chemical, tumours of each animal target organ 
observed are evaluated independently, with the assumption that different MOAs are possible 
in different organs, although based on this analysis, MOAs in different tissues may be 
similar. Similarly, an evaluation of the likelihood of congruence between target organ(s) in 
different species and in humans needs to be made, based on the MOA analysis. 
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Is the weight of evidence sufficient to establish a mode of action (MOA) in 
animals?
Answering this first question in the IPCS HRF requires application of the (updated) IPCS 
MOA Framework described previously in this document. The steps in the MOA Framework, 
which are based on the Bradford Hill criteria for causality, are: 

1. postulated MOA;  
2. key events; associated critical parameters;  
3. dose–response relationships;  
4. temporal association;  
5. strength, consistency, and specificity of association of key events and tumour response;
6. biological plausibility and coherence;
7. possible alternative MOAs;  
8. uncertainties, inconsistencies, and data gaps;  
9. conclusion about the MOA.  

This process incorporates an evaluation of the weight of evidence for possible alternative 
MOAs at a given site and an evaluation of the overall strength of evidence supporting the 
MOA under consideration. Ultimately, a decision concerning the weight of evidence sup-
porting the MOA and the level of confidence in that decision must be made. The process also 
identifies critically important data gaps that, when filled, would increase confidence in the 
proposed MOA. It is also necessary to establish whether the postulated MOA has already 
been described for other chemicals, in which case human relevance will already have been 
evaluated, or whether the proposed MOA is novel, in which case human relevance needs to 
be assessed de novo. 

For a given chemical, the primary sources of information for evaluating an MOA are likely to 
be data generated for that specific chemical in the animal model in which tumours were pro-
duced. Obviously, data from other sources can and should also be used, as appropriate, along 
with data on chemicals with similar chemical structures, the same or similar MOAs, or both. 
If the MOA for a chemical is novel, considerably more data will be required to support the 
conclusion that it is related to the carcinogenic process of the tumours induced by that 
chemical than for subsequent examples of chemicals acting by the same MOA. The ILSI/RSI 
working group and the IPCS Bradford workshop did not address the issue of how many data 
are sufficient to support a specific MOA for a given chemical per se, except by way of 
example within the case-studies and recognition that acceptance of a novel MOA requires 
scientific consensus (described above). Consideration at this stage of the MOA analysis of 
potential variations between animals and humans also facilitates addressing subsequent steps 
in the framework.  

Can human relevance of the MOA be reasonably excluded on the basis of 
fundamental, qualitative differences in key events between experimental 
animals and humans?  
The wording of this question was changed from that in the ILSI/RSI HRF, following discus-
sion at the IPCS workshop on the implications of a yes or a no answer to the original 
question. In answering the original question, only an unequivocal no would be sufficient to 
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permit the conclusion that the animal MOA was not relevant to humans. Also, it was recog-
nized that translation of the word “plausible” into other languages could be problematic. The 
question was therefore reworded to enable a yes/no answer, but qualified by the descriptor 
“reasonably”, based on recognition that decisions about the adequacy of weight of evidence 
are not absolute but involve scientific judgement based on transparent analysis of the avail-
able data.

This step represents a qualitative assessment of the relevance of the MOA to human cancer 
potential. Listing the critical specific key events that occur in the animal MOA and directly 
evaluating whether each of the key events might or might not occur in humans facilitate 
consideration and transparent presentation of the relevant information. Presentation in tabular 
form, referred to as a concordance table, can be helpful in delineating the relevant informa-
tion (for an example, see Meek et al., 2003, case-study 6: kidney and liver tumours associated 
with chloroform exposure, Table 7; McGregor et al., current document, case-study on 
formaldehyde, Table 3). The key events (and possibly some of the critical associated 
processes) are listed with the information regarding these events for the animals in which the 
tumour was observed. It is intended that the information in these tables be brief, since a 
narrative explanation is expected to accompany the table. In the right-hand column, the effect 
on humans for each of the key events is evaluated. An additional column for the results in a 
different strain, species, sex, or route of administration that does not result in tumours can be 
useful if information is available for comparison with the model that leads to tumours. In 
addition, factors may be identified that, while not key themselves, can modulate key events 
and so contribute to differences between species or individuals. Such factors include genetic 
differences in pathways of metabolism, competing pathways of metabolism, and cell 
proliferation induced by concurrent pathology. Any such factors identified should be noted in 
a footnote to the concordance table. 

The evaluation of the concordance of the key events for the MOA for a given chemical in 
humans is an evaluation of the MOA in humans, rather than an evaluation of the specific 
chemical. In general, details of the initial key events are likely to be more chemical 
specific—for example, the enzyme induction response by phenobarbital in rodent liver, or the 
formation of a cytotoxic metabolite from chloroform by specific cytochrome P-450 enzymes. 
Later events are more generic to the MOA—for example, pleiotropic stimulation of hepatic 
proliferation or regenerative hyperplasia. Information that can be utilized to evaluate the key 
events in humans can come from in vitro and in vivo studies on the substance itself, but also 
can involve basic information regarding anatomy, physiology, endocrinology, genetic 
disorders, epidemiology, and any other information that is known regarding the key events in 
humans. Information concerning an evaluation of the key event in humans exposed directly to 
the specific chemical is frequently unavailable.  

As knowledge concerning the development of cancer evolves, it may become possible to 
combine some MOAs on the basis of the basic biology of the processes involved, thus relying 
less on chemical-specific information to reach a conclusion on the human relevance of a 
given MOA.
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In evaluating the concordance of the information in humans to that in animals, a narrative 
describing the weight of evidence and an evaluation of the level of confidence for the human 
information need to be provided. Some specific types of information that are useful include 
the following:  

1. cancer incidences at the anatomical site and cell type of interest, including age, sex, 
ethnic differences, and risk factors, including chemicals and other environmental agents;  

2. knowledge of the nature and function of the target site, including development, structure 
(gross and microscopic), and control mechanisms at the physiological, cellular, and 
biochemical levels;  

3. human and animal disease states that provide insight concerning target organ regulation 
and responsiveness;

4. human and animal responses to the chemical under review or analogues following short-, 
intermediate-, or long-term exposure, including target organs and effects.

Obviously, a substantial amount of information is required to conclude that the given MOA is 
not relevant to humans. If such a conclusion is strongly supported by the data, then chemicals 
producing animal tumours only by that MOA would not pose a cancer hazard to humans, and 
no additional risk characterization for this end-point is required. Since there is no cancer 
hazard, there is no cancer risk for the tumour under consideration.  

The question of relevance considers all groups and life stages. It is possible that the condi-
tions under which an MOA operates occur primarily in a susceptible subpopulation or life 
stage—for example, in those with a pre-existing viral infection, hormonal imbalance, or 
disease state. Special attention is paid to whether tumours could arise from early-life 
exposure, considering various kinetic and dynamic aspects of development during these life 
stages. Any information suggesting quantitative differences in susceptibility is identified for 
use in risk characterization. 

Can human relevance of the MOA be reasonably excluded on the basis of 
quantitative differences in either kinetic or dynamic factors between 
experimental animals and humans? 
The wording of this question was changed from that in the ILSI/RSI HRF, following 
discussion at the IPCS workshop on the implications of a yes or a no answer to the original 
question. In answering the original question, only an unequivocal no would be sufficient to 
permit the conclusion that the animal MOA was not relevant to humans. The question was 
therefore reworded to enable a yes/no answer, but qualified by the descriptor “reasonably”, 
based on recognition that decisions about the adequacy of weight of evidence are not absolute 
but involve judgement based on transparent analysis of the available data. 

For purposes of human relevance analysis, if the experimental animal MOA is judged to be 
qualitatively relevant to humans, a more quantitative assessment is required that takes into 
account any kinetic and dynamic information that is available from both the experimental 
animals and humans. Such data will of necessity be both chemical and MOA specific and will 
include the biologically effective doses required to produce the relevant dynamic responses 
from which neoplasia can arise. Kinetic considerations include the nature and time course of 
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chemical uptake, distribution, metabolism, and excretion, while dynamic considerations 
include the consequences of the interaction of the chemical with cells, tissues, and organs. On 
occasion, the biologically effective dose that would be required to create these conditions 
would not be possible in humans. It may also be that quantitative differences in a biological 
process involved in a key event—for example, the clearance of a hormone—are so great that 
the animal MOA is not relevant to humans. However, the IPCS workshop recognized that 
only infrequently is it likely that it will be possible to dismiss human relevance on the basis 
of quantitative differences. As with the qualitative assessment, a tabular comparison of 
quantitative data from the experimental animals and humans can facilitate the evaluation (for 
example, see Meek et al., 2003, case-study 5, thyroid tumours associated with exposure to 
phenobarbital, Table 6; Dellarco et al., current document, case-study on thiazopyr, Table 4). 
Useful comparisons can also be made with key events identified from studies of other 
compounds believed to induce effects by a similar MOA. For example, in the case of 
thiazopyr, information on the effects of phenobarbital in humans was particularly informative 
in evaluating the relevance of the MOA. As molecular and kinetic approaches continue to 
evolve, understanding of the similarities and differences of responses in animals and humans 
will be improved. It may become apparent that qualitative differences in a key event between 
an animal model and humans will be identified as being due to a specific quantitative 
difference, thus changing the answer to the second question (described above) to no.

As with question 2, if the conclusion to this question is yes, then chemicals producing animal 
tumours only by that MOA would not pose a cancer hazard to humans, and no additional risk 
characterization for this end-point is required. 

Statement of confidence, analysis, and implications  
Following the overall assessment of each of the three questions, a statement of confidence is 
necessary that addresses the quality and quantity of data underlying the analysis, consistency 
of the analysis within the framework, consistency of the database, and the nature and extent 
of the concordance analysis. An evaluation of alternative MOAs, using comparable analyses 
and rigour, is also essential. A critically important outcome of adequate consideration of the 
weight of the evidence for an overall MOA and the qualitative and quantitative concordance 
is the identification of specific data gaps that can be addressed experimentally in future 
investigations to increase confidence. 

Infrequently, there may be conclusive epidemiological data on the cancer risk from a chemi-
cal that shares the MOA of the compound under consideration—that is, the compound does 
or does not cause cancer in humans. Obviously, such data would lend considerable weight to 
the conclusion of the human relevance evaluation. However, there may be occasions when, 
despite it being possible to establish an MOA in animals, there is insufficient information on 
the key events in humans to reach a clear conclusion on human relevance. In such 
circumstances, it might be possible to bridge this data gap by using epidemiological data. For 
example, the database on key events in humans for compounds that act like phenobarbital via 
activation of the constitutively active receptor (CAR) to induce hepatic tumours is 
incomplete. However, there are robust epidemiological data showing that exposure to pheno-
barbital for prolonged periods at relatively high doses does not cause cancer in humans. One 
possibility, therefore, is to “read across” from these findings with phenobarbital to any other 
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compound that shares its MOA in animals in inducing rodent liver tumours and to conclude 
that the tumours caused by such a compound are not relevant to the risk assessment of the 
compound in humans (Holsapple et al., 2006). Such a conclusion would be critically depen-
dent on the reliability of the epidemiological data and the similarity between the MOA for the 
chemical under test to that of the compound for which there are epidemiological data 
available.

In applying the framework to case-studies, it is apparent that much current research does not 
address key questions that would facilitate an analysis of an animal MOA or its relevance to 
humans. Often this has been because of lack of transparent delineation of key data gaps based 
on consideration of the data in analytical frameworks such as that presented here. Thus, use 
of the HRF can be very informative to researchers from the outset in the design of their 
studies.

The output of formal human relevance analysis provides information that is useful for more 
than just determining whether or not an end-point in animals is relevant to humans. Rather, 
consideration of the relevant information in a transparent, analytical framework provides 
much additional information that is critically important in subsequent steps in the risk 
characterization for relevant effects. Based on a human relevance analysis for a proposed 
MOA for relevant effects, it may be possible to predict, for example, site concordance or not 
of observed tumours in animals to humans. Application of the HRF also often provides 
information on relevant modulating factors that are likely to affect risk, such as hepatitis B 
and aflatoxin B1 (see Cohen et al., current document, case-study on 4-aminobiphenyl). 
Analysis often also provides an indication of those components of a proposed MOA that may 
operate only over a certain dose range. If a high experimental dose of a given compound is 
needed to result in an obligatory step in an MOA, then the relevance to human risk becomes a 
matter of exposure. Thus, the exposure assessment step of the subsequent risk characteriza-
tion is critical to the proper evaluation of human cancer potential. In addition, information 
identified during the framework analysis can prove invaluable in hazard quantification based 
on the key events for the MOA.

Importantly, the human relevance analysis also contributes to identification of any special 
subpopulations (e.g. those with genetic predisposition) who are at increased risk and often 
provides information relevant to consideration of relative risk at various life stages. In some 
cases, this may be based not on chemical-specific information but rather on inference, based 
on knowledge of the MOA, as to whether or not specific age groups may be at increased or 
decreased risk. 

The data and their analysis using the framework should be reported in a transparent manner, 
enabling others to determine the basis of the conclusions reached with respect to the key 
events, the exclusion of other MOAs, and the analysis of human relevance. As the specific 
form of presentation will vary with the type of data available, it is not helpful to be prescrip-
tive on how the information should be reported. However, presentation should include suffi-
cient details on the context and thought processes to ensure transparency of the conclusions 
reached. The use of appropriate tables can be helpful in presenting certain data, such as 
comparative analysis of key events in experimental animals and humans.  
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Dissemination of the framework 
To assist in the dissemination and application of the IPCS HRF, a database of generally 
accepted MOAs and informative cases should be constructed and maintained. This would 
comprise a series of MOAs and their associated key events, for reference by those developing 
framework analyses for compounds that may act by similar MOAs. The case-studies would 
comprise worked examples that have been analysed using the framework, to provide an 
indication of the relevant level of detail of the analyses and nature of the weight of evidence 
required to support acceptance of a proposed MOA in causing the carcinogenic response. 
Such cases would be particularly valuable early in the development of a new MOA. 

Application of the IPCS HRF to DNA-reactive carcinogens 
Because of similarities in the carcinogenic process between rodents and humans and the 
comparable initial interactions with DNA by DNA-reactive carcinogens, it would be expected 
that, in general, DNA-reactive carcinogens would be assessed as progressing to the step of 
“yes, the key events in the animal MOA could occur in humans” in the ILSI/RSI HRF, as was 
the case for ethylene oxide (Meek et al., 2003), and “no” to the equivalent step in the IPCS 
HRF that asks the question, “Can human relevance of the MOA be reasonably excluded on 
the basis of fundamental, qualitative differences in key events between experimental animals 
and humans?”, as was the case for 4-aminobiphenyl (Cohen et al., current document). In a 
recent paper, Preston & Williams (2005) presented a set of key events for tumour 
development that provided a guide for the use of the ILSI/RSI HRF with DNA-reactive 
carcinogens. This guide supported the view that for most DNA-reactive chemicals, the animal 
MOA would be predicted to be relevant to humans. However, it was also argued that there 
could be exceptions and that the ILSI/RSI HRF would be a valuable tool for identifying 
these. Use of the ILSI/RSI HRF and the IPCS HRF can also assist in quantifying differences 
in key events between rodents and humans that may be of value in extrapolating risk to 
humans. Not all rodent DNA-reactive carcinogens have been established to be human 
carcinogens, as judged by the International Agency for Research on Cancer (IARC) review 
process. For some of these exceptions, this human–rodent difference in tumour response is 
attributable to lower exposure of humans to the agent or to the relative insensitivity of 
epidemiological studies to detect tumour responses at low exposure levels. However, there 
are other reasons for such differences that are based on biological considerations. For 
example, if a DNA-reactive carcinogen induces tumours only in a species-specific organ, it is 
possible that the animal MOA based on key events might not be relevant to humans, although 
available data on MOA would need to be considered to permit such a conclusion. Similarly, 
the generally more proficient DNA repair processes that occur in humans compared with 
rodents (Cortopassi & Wang, 1996; Hanawalt, 2001) or a unique pathway of bioactivation in 
rodents could result in there being yes answers to the steps in the IPCS HRF that address the 
queries “Can human relevance of the MOA be reasonably excluded on the basis of 
fundamental, qualitative differences in key events between experimental animals and 
humans?” and/or “Can human relevance of the MOA be reasonably excluded on the basis of 
quantitative differences in either kinetic or dynamic factors between experimental animals 
and humans?” Alternatively, the IPCS HRF could provide quantitative information on these 
processes for use later in the risk characterization step. 
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The need in applying the IPCS HRF for DNA-reactive carcinogens is to develop a set of key 
events that would clearly describe the cancer process and use these as the guide for 
establishing the human relevance of a rodent tumour MOA for any particular DNA-reactive 
carcinogen under consideration. 

The IPCS HRF and risk assessment 
Among the strengths of the framework are its flexibility, general applicability to carcinogens 
acting by any MOA, and the ability to explore the impact of each key event on the carcino-
genic response. This includes determination of the nature of the dose–response curve, the 
identification and location of thresholds for individual key events, and their consequences for 
the overall tumour response curve. In addition, by considering the kinetic and dynamic fac-
tors involved in each key event, it may be possible to reach conclusions regarding the rele-
vance or not of the carcinogenic response to specific subpopulations—for example, in early 
life, in those with particular diseases, or in those with specific polymorphisms. Alternatively, 
application of the framework can provide quantitative information on the differences between 
such groups. Application of the framework can also more generally inform the risk charac-
terization of the chemical, even when it is concluded that the carcinogenic response per se is 
not relevant to humans. 

As stated at the outset, MOA analysis and its human relevance counterpart are aspects of the 
hazard identification and characterization phases of risk assessment (National Research 
Council, 1983; Meek et al., 2003). Consistent with this paradigm, the human relevance case-
studies referred to in the present report contribute to, but do not complete, a risk assessment 
for the chemicals under study. This is because a complete risk characterization requires not 
only evaluation of doses in the range of observations from experimental or occupational 
hygiene studies but also extrapolation to human exposure levels of interest in daily and 
lifetime activities.  

Hazard characterization—and related MOA analysis—deals with the potential for harm in 
general terms, while the complete risk assessment puts this potential hazard into context with 
respect to exposure for decision-makers. Risk characterization seeks to describe the 
relationship between these effects and the doses to which humans are exposed in order to 
understand and estimate the nature and likelihood of effects in humans who are generally 
exposed at lower dose levels.

Understanding dose–response can have a profound effect on hazard characterization and 
therefore is an important component of the MOA analysis, particularly when non-linear 
processes or dose transitions are inherent in the relevant biology. Similarly, quantifying 
hazard in the context of dose informs the process of risk assessment by suggesting extrapo-
lation models that are consistent with our understanding of the biology. 

Estimating these generally lower human exposure levels is the task of the exposure analysis 
component of the risk assessment process. This usually involves extensive analysis of data 
collected from environmental media and plant and animal tissues, as well as those derived 
from pharmacokinetic models. This process also depends on analyses of human activity 
patterns and life stage and lifestyle factors that may bring about exposure. Ideally, based on 
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this information, a range of exposure scenarios is developed for different groups (men, 
women, children, infants, special groups, based, for example, on ethnicity or occupation) for 
use in identifying populations of concern. While hazard characterization, which is largely 
included in the framework analysis, involves quantification (dose–response analysis), esti-
mating external exposures and contextualizing the hazard with respect to these estimates 
comprise subsequent steps in the risk assessment process. For example, in the case of mela-
mine (Meek et al., 2003, case-study 7), it was concluded that the animal MOA was poten-
tially relevant to humans. However, recognition that bladder carcinoma formation occurred 
only at very high doses carried forward to the subsequent stages of the risk assessment, 
exposure assessment, and risk characterization. The full risk assessment established that 
human exposures would not achieve levels necessary to produce bladder carcinomas, by a 
substantial margin. 

CONCLUSIONS

This IPCS HRF has been developed based on experience gained from the original 2001 IPCS 
MOA Framework and consideration of the 2003 ILSI/RSI human cancer relevance 
framework. Many aspects of these frameworks have been adopted, but a number of changes 
have been made to improve clarity and to introduce some elements not previously considered 
(e.g. sensitive subpopulations). The utility and role of the framework as an analytical tool 
within hazard characterization and within the overall risk assessment/characterization 
paradigm—that is, informing human relevance and dose–response extrapolation—have been 
emphasized. A number of general points and conclusions follow from the development of this 
framework: 

1. Prior to embarking on a framework analysis, there needs to be careful evaluation of the 
weight of evidence for a carcinogenic response in experimental animals. 

2. Peer involvement and independent review are essential prerequisites for the general 
acceptance and scientific defensibility of a new MOA. 

3. The framework is applicable to all MOAs for carcinogens, including DNA reactivity. 
4. Although human relevance is likely to be assumed for most DNA-reactive carcinogens, 

the human relevance analysis is a valuable approach to enhance understanding, improve 
characterization of the hazard and risk, and identify exceptions. 

5. When dealing with a chemical that may operate through a novel MOA, the analysis is 
focused on the chemical and entails a detailed evaluation via the HRF. However, when a 
specific chemical produces a tumour response consistent with an already established and 
peer-reviewed MOA through which other chemicals have been shown to operate, the 
analysis is then focused on the established MOA and a determination of whether the 
chemical produces its carcinogenic effect via the same key events established for the 
pathway.

6. When evaluating the human relevance of a tumour response found in experimental 
animals, the concordance analysis of key events is for the MOA and is not necessarily a 
chemical-specific evaluation. Chemical-specific and generic information relevant to the 
carcinogenic process can be valuable in the analysis. As knowledge advances, MOAs will 
become less chemical specific and will be based even more on the key biological 
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processes involved, allowing greater generalization of human relevance from one com-
pound to another. 

7. The biological understanding and significance of the key events can inform the approach 
to dose–response extrapolation for cancer risk, and thus understanding of the MOA can 
have a profound effect on the hazard and risk characterization, particularly when non-
linear processes or dose transitions are inherent in the relevant biology.

8. It is recommended that a database of generally accepted MOAs and informative case-
studies be established and maintained. It should provide examples that add to the existing 
case-studies developed by ILSI/RSI and IPCS and that are instructive in the application of 
the framework analysis. This database is particularly important as experience continues to 
evolve in the development of MOAs of carcinogens.

9. It is important to consider potentially susceptible subgroups and different life stages in the 
analysis. 

In conclusion, the IPCS HRF provides a rigorous and transparent approach for judging 
whether data support a postulated mode of carcinogenic action for a chemical and for 
evaluating its relevance for humans. The scientific community is encouraged to use this 
approach as a means to increase the use of mechanistic information in cancer risk assessment 
and is encouraged to provide feedback, which may lead to additional refinements in the 
future. The framework is of value to both the risk assessment and research communities in 
furthering our understanding of carcinogenic processes, in identifying critical data gaps, and 
in informing the design of studies related to MOAs. When a carcinogenic response is 
considered potentially relevant to humans, information obtained on the key events during the 
analysis can prove invaluable in subsequent hazard quantification of the compound. It should 
be possible to extend the framework to non-cancer end-points, and further work on this is 
recommended. Thus, application of the IPCS HRF would be an invaluable tool for 
harmonization across end-points. 
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THIAZOPYR AND THYROID DISRUPTION: CASE-STUDY WITHIN THE 
CONTEXT OF THE IPCS FRAMEWORK FOR ANALYSING THE 
RELEVANCE OF A CANCER MODE OF ACTION FOR HUMANS1

Vicki L. Dellarco, Douglas McGregor, Sir Colin Berry, Samuel M. Cohen, & Alan R. Boobis 

Thiazopyr increases the incidence of male rat thyroid follicular cell tumours; however, it is not 
carcinogenic in mice. Thiazopyr is not genotoxic. Thiazopyr exerts its carcinogenic effect on 
the rat thyroid gland secondary to enhanced metabolism of thyroxine leading to hormone 
imbalance. The relevance of these rat tumours to human health was assessed by using the 
2006 International Programme on Chemical Safety Human Relevance Framework. The 
postulated rodent tumour mode of action (MOA) was tested against the Bradford Hill criteria 
and was found to satisfy the conditions of dose and temporal concordance, biological 
plausibility, coherence, strength, consistency, and specificity that fits with a well established 
MOA for thyroid follicular cell tumours. Although the postulated MOA could theoretically 
operate in humans, marked quantitative differences in the inherent susceptibility for neoplasia 
to thyroid hormone imbalance in rats allows for the conclusion that thiazopyr does not pose a 
carcinogenic hazard to humans.  

A number of chemical substances have been shown to induce thyroid follicular cell tumours 
in rats through a mode of action (MOA) that involves perturbation of thyroid hormone 
homeostasis via reduction of circulating thyroid hormones (Hurley et al., 1998; Capen et al., 
1999; IARC, 2001). Homeostatic responses to low thyroid hormone concentrations result in a 
compensatory increase in the release of thyroid stimulating hormone (TSH) from the pituitary 
gland, which in turn stimulates the thyroid gland to increase thyroid hormone synthesis and 
release. Persistent elevation of TSH levels leads to thyroid follicular cell hypertrophy and 
hyperplasia, which, if maintained (as a result of continuous exposure to the compound), can 
eventually lead to neoplasia. This neoplastic MOA in rats is well accepted by the scientific 
community, and both the International Agency for Research on Cancer (Capen et al., 1999; 
IARC, 2001) and the United States Environmental Protection Agency (USEPA, 1998) have 
established specific guidance or policies for evaluating the human relevance of rodent thyroid 
follicular cell tumours. 

Thiazopyr, a herbicide that induces rat thyroid follicular cell tumours by its effect on thyroid 
homeostasis, was the case-study used to illustrate the original 2001 International Programme 
on Chemical Safety (IPCS) framework for mode of carcinogenic action analysis (Sonich-
Mullin et al., 2001). Thiazopyr’s MOA is revisited as a case-study here to illustrate the 
additional guidance provided in the 2006 IPCS Human Relevance Framework (HRF) for 
evaluation of a neoplastic MOA for humans. This updated case-study highlights how accu-
mulating experience with a particular MOA can make subsequent analyses less difficult. 
Because this case-study is based on an established MOA in which the key events have been 
well defined, this analysis will focus on whether thiazopyr produces the biological effects 

1 This article, to which WHO owns copyright, was originally published in 2006 in Critical Reviews in 
Toxicology, Volume 36, pages 793–801. It has been edited for this WHO publication and includes corrigenda. 
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expected of this pathway. This case-study also emphasizes the importance of understanding 
the basic physiological processes underlying a toxicity pathway in animals and humans. For 
some compounds, chemical-specific data might be critical in evaluating the key events in 
humans. For others, the underlying biology is sufficient to allow interpretation of the human 
relevance of the carcinogenic MOA, both qualitatively and quantitatively. Thiazopyr is an 
example of the latter. Another MOA case-study of thyroid hormone disruption and the human 
relevance of rat thyroid follicular cell tumours is available for phenobarbital (Lehman-
McKeeman & Hill, in Meek et al., 2003). 

The present MOA analysis begins with a brief summary of the available information on the 
carcinogenicity of thiazopyr, followed by a discussion of the experimental biochemical and 
histopathological data considered for this thyroid disruption MOA. It is not intended to be a 
comprehensive assessment of the chemical per se.  

CARCINOGENICITY DATA 

Human epidemiological data on the carcinogenicity of thiazopyr are not available. Thiazopyr 
produces effects on liver and thyroid in various laboratory species, including mice, rats, and 
dogs. Thiazopyr was found to induce thyroid tumours in male rats only and appears to do so 
by increasing the hepatic metabolism and excretion of thyroid hormones.  

Chronic dietary administration of thiazopyr to mice and rats resulted primarily in thyroid 
follicular cell tumours in male rats but not in female rats (Naylor & McDonald, 1992; Naylor 
& Raju, 1992). There were no significant increases in the incidences of any tumours in either 
sex in the chronic study of mice treated with thiazopyr at up to 800 mg/kg in the diet (128.4 
mg/kg body weight [bw] per day in males and 215.9 mg/kg bw per day in females) (Naylor & 
Raju, 1992). In the rat carcinogenicity study, thiazopyr (technical, 94.8% pure) was 
administered to male and female Sprague-Dawley (SD) rats (60 per sex per group) at dietary 
concentrations of 0, 1, 10, 100, 1000, or 3000 mg/kg, providing dose levels of 0, 0.04, 0.4, 
4.4, 44.2, or 136.4 mg/kg bw per day for males and 0, 0.06, 0.6, 5.6, 56.3, or 177.1 mg/kg bw 
per day for females (Naylor & McDonald, 1992). The incidences of thyroid follicular cell 
adenomas and carcinomas were increased in male rats of the 1000 mg/kg (44.2 mg/kg bw per 
day) and 3000 mg/kg (136.4 mg/kg bw per day) groups (Table 1). It should be noted that the 
increase in tumour incidence in male rats is primarily accounted for by benign tumours.  

POSTULATED MOA FOR THE INDUCTION OF THYROID FOLLICULAR CELL 
TUMOURS IN RATS 

The postulated MOA for thiazopyr-induced thyroid follicular cell tumours involves the 
perturbation of homeostasis of the pituitary–thyroid axis by an extrathyroidal mechanism. 
Specifically, thiazopyr induces hepatic thyroxine (T4)-uridine diphosphate (UDP) glucurono-
syltransferase (UGT) activity, leading to enhanced metabolism of T4 by conjugation and 
increased biliary excretion of the conjugated hormone. The result of this enhanced liver 
metabolism is a decrease in serum T4 (and sometimes triiodothyronine, or T3) half-life. The 
pituitary gland responds to a decrease in circulating serum levels of T4 by enhancing the 
output and serum level of TSH. Prolonged elevation of circulating TSH levels stimulates the 
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thyroid gland to deplete its stores of thyroid hormone and continues to induce hormone 
production. Thus, the thyroid follicular cells enlarge (hypertrophy) and are induced to 
proliferate at an increased rate and to increase in number (hyperplasia). With chronic expo-
sure, thyroid hyperplasia eventually progresses to neoplasia. 

Table 1. Thyroid follicular cell tumour incidence in Sprague-Dawley male rats  
(2-year chronic study).

Dose (mg/kg bw per day)a

 0 0.04 0.4 4.4 44.2 136.4b

Adenomas 1/50 2/47 0/49 2/47 8/49 12/48 
Carcinomas 1/50 1/47 0/49 0/47 1/49 4/48 
Combined  2/50 3/47 0/49 2/47 9/49 14/48 
% (2) (6) (0) (4) (18) (29) 
P 0.000c 0.470 0.253 0.668 0.024* 0.001** 

Note: Tumour incidences were extracted from data submitted to the USEPA Office of Pesticide Programs (Naylor 
& McDonald, 1992). Significance: * P < 0.05; ** P < 0.01 (statistical analyses based on Fisher’s exact test). 
a Doses in mg/kg bw per day were estimated. 
b Two animals in the 136.4 mg/kg bw per day or 3000 mg/kg diet dose group had both benign and malignant 

tumours.
c For trend with dose.

KEY EVENTS IN EXPERIMENTAL ANIMALS 

The sequence of key events in thiazopyr’s mode of carcinogenic action includes: 

• induction of hepatic UGT activity;
• increase in hepatic metabolism and biliary excretion of T4;  
• decrease in serum T4 half-life and concentration;  
• increase in circulating TSH concentration; 
• cellular thyroid hypertrophy and follicular cell hyperplasia.

An evaluation follows to determine whether thiazopyr works via disruption of thyroid–
pituitary status by increasing hepatic clearance of circulating thyroid hormone. Thus, based 
on the key events listed above, biological indicators of thiazopyr’s MOA should include 
changes in liver metabolism, alterations in hormone levels, increases in thyroid growth, and 
lesion progression in the thyroid. These effects have been observed and measured in male rats 
in short-term and subchronic studies, and at interim and terminal sacrifices in a chronic study 
(Hotz et al., 1997). The dose–response and temporal analyses of the key events and tumour 
response are presented below.

DOSE–RESPONSE RELATIONSHIP AND CONCORDANCE  

A summary of the no-observed-adverse-effect levels (NOAELs) and lowest-observed-
adverse-effect levels (LOAELs) for the key effects in thiazopyr’s MOA are provided in Table 
2. In the 56-day study by Hotz et al. (1997), male SD rats (20 per dose) were fed diets 
containing thiazopyr at 0, 10, 30, 100, 300, 1000, or 3000 mg/kg (doses not measured, but 
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estimated to be 0, 0.5, 1.5, 5, 15, 50, and 150 mg/kg bw per day) for 56 days and evaluated 
for the effects on liver (weights, T4-hepatic UGT activity, T4 biliary elimination), thyroid 
(weights, hypertrophy/hyperplasia), and hormones (serum levels of T4, T3, reverse T3, or 
rT3, and TSH). In this study, the effects on liver, thiazopyr’s primary site of action, appear to 
be the most sensitive indicator of pituitary–thyroid homeostasis perturbation. Statistically 
significant increases in hepatic T4-UGT activity in the 50 and 150 mg/kg bw per day groups 
(approximately 3- and 6-fold increases in activity over controls when adjusted for liver 
weight, respectively) were found at the end of the 56-day treatment period. Consistent with 
the increase in T4-UGT activity, clearance of T4 from the blood and elimination in bile (40% 
increase in excretion of 125I-labelled T4) were increased after 150 mg/kg bw per day of 
thiazopyr (only dose evaluated). Statistically significant increases in liver weight were found 
at 15, 50, and 150 mg/kg bw per day of thiazopyr in the 56-day study in male rats by Hotz et 
al. (1997). In the 2-year rat study (Naylor & McDonald, 1992), absolute liver weights were 
increased by 122% at 44.2 mg/kg bw per day and by 178% at 136.4 mg/kg bw per day 
relative to controls. There were also statistically significant increases in the incidence of liver 
hypertrophy at 44.2 and 136.4 mg/kg bw per day (47/61 and 52/60 versus 0/60 in controls, 
respectively) in the 2-year rat study. 

Table 2. Summary of effects on liver, hormones, and thyroid from a 56-day study (Hotz 
et al., 1997) and the 2-year chronic study (Naylor & McDonald, 1992) in male rats. 

Effect NOAEL/LOAEL 
Liver  
Induction of UGT 15/50 mg/kg bw per day (56-day study) 
Increase in T4 biliary elimination <150/150 mg/kg bw per day (only dose tested in 56-day 

study)
Increase in liver weight 5/15 mg/kg bw per day (56-day study) 

44.2/136.4 mg/kg bw per day (2-year study) 
Hepatocellular hypertrophy 4.4/44.2 mg/kg bw per day (2-year study) 
Hormones 
Decrease in serum T4  50/150 mg/kg bw per day (56-day study) 
Increase in serum TSH 50/150 mg/kg bw per day (56-day study 
Thyroid 
Increase in thyroid weight 15/50 mg/kg bw per day (56-day study) 

44.2/136.4 mg/kg bw per day (2-year study) 
Increase in thyroid hyperplasia 44.2/136.4 mg/kg bw per day (2-year study) 
Increase in thyroid tumours 4.4/44.2 mg/kg bw per day (2-year study) 

Consistent with the enhanced hepatic clearance of T4 described above, when Hotz et al. 
(1997) treated male SD rats with doses of thiazopyr, statistically significant (P  0.05) 
decreases in serum T4 levels (by 30%) and increases in TSH (by 60%) were found after 56 
days of treatment at the highest dose tested (Table 3). T3 serum levels were non-significantly 
lower at 1.5 mg/kg bw per day and statistically significantly higher at 150 mg/kg bw per day 
after 56 days of treatment. In general, hepatic microsomal enzyme inducers appear to affect 
T3 less than T4; thus, T4 and TSH tend to be more reliable indicators of altered pituitary–
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thyroid homeostasis (Liu et al., 1995; Hurley et al., 1998; Hood et al., 1999). In the case of 
thiazopyr, there appears to be a poor correlation between the doses causing the T4 and TSH 
effects and those causing an increased incidence of thyroid follicular cell tumours. The lowest 
dose of thiazopyr producing a statistically significant (P < 0.05) increase in thyroid follicular 
cell tumours in male SD rats was 44.2 mg/kg bw per day in the 2-year study, whereas the 
NOAEL for effects on T4 and TSH was 50 mg/kg bw per day in the 56-day study (Table 2). 
Generally, effects on liver enzymes/weight and pituitary–thyroid hormone concentrations 
would be anticipated to occur at doses at least as low as those that produce thyroid weight 
changes and increases in thyroid tumour incidence, given that this thyroid disruption MOA is 
a threshold phenomenon. This apparent discrepancy is probably not real, because neither of 
the doses quoted is accurate. In the 2-year study, the milligrams per kilogram body weight 
doses were averaged estimates for the entire study, whereas the relevant doses for comparison 
with the 56-day mechanistic study are those for rats of 12–20 weeks of age. These doses 
would have been at least 2-fold higher than those that were readily available (so the real 
LOAEL for neoplasia would have been about 90 mg/kg bw per day). They would also have 
been more relevant for neoplasia, because the critical period for hormonal perturbations (e.g. 
prolonged elevation of TSH) to initiate pathological changes would be early, not late, in the 
2-year study. The doses calculated for the 56-day study are also likely to be inaccurate, 
because food intake information was not available in the publication; the doses are estimates 
based on assumed intakes. Having acknowledged this uncertainty, it is observed that thyroid 
weights were increased significantly at 50 mg/kg bw per day and liver weights were 
increased at 15 mg/kg bw per day, which is consistent with the liver being the initial target in 
thiazopyr’s MOA.

Table 3. Fifty-six-day study in male rats: Hormonal effects (Hotz et al., 1997). 

Dose (mg/kg bw per day) a

0 0.5 1.5 5 15 50 150 
T4 (μg/dl) 4.1 ± 0.2 4.3 ± 0.3 3.9 ± 0.2 4.1 ± 0.2 4.0 ± 0.2 4.0 ± 0.2 2.9 ± 0.1a

T3 (ng/dl) 84 ± 3 82 ± 4 68 ± 2 84 ± 3 82 ± 3 91 ± 4 110 ± 6a

TSH (ng/ml) 2.7 ± 0.2 3.5 ± 0.4 2.7 ± 0.1 3.1 ± 0.4 2.9 ± 0.3 3.1 ± 0.2 4.3 ± 0.4a

Note: The mg/kg bw per day doses were estimated. Values are mean ± standard error of the mean; 19 or 20 
animals per group.
a Significantly different from control with Dunnett’s test after analysis of variance (ANOVA) (P  0.05).

As stated above, prolonged TSH stimulation leads to both hypertrophy and hyperplasia of the 
thyroid. In the 2-year rat study, there was a poor dose correlation between thyroid hyperplasia 
alone and tumour incidence. While tumour incidence was increased at 44.2 mg/kg bw per 
day, a statistically significant increase in the incidence of hyperplasia (8/58 versus 1/60 in 
controls) was found only at 136.4 mg/kg bw per day. Furthermore, in the 56-day rat study, 
where thyroid histology was reported as follicular cell hypertrophy and hyperplasia com-
bined, there was a significant increase in the incidence of this diagnosis at 150 mg/kg bw per 
day but not at lower doses (Hotz et al., 1997). There was, however, a good dose correlation 
between increases in thyroid weights in the 56-day study and tumour incidence in the 2-year 
study. Statistically significant increases in thyroid weights of 46% were found at 150 mg/kg 
bw per day and 25% at 50 mg/kg bw per day (Hotz et al., 1997). 
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TEMPORAL RELATIONSHIP  

If an event (or events) is an essential element of tumorigenesis, it must precede tumour 
appearance. Multiple exposure time data at 7, 14, 28, 56, and 90 days are available in which 
male SD rats were offered diets containing thiazopyr at 3000 mg/kg (150 mg/kg bw per day) 
(Hotz et al., 1997). Liver weights and hepatic T4-UGT activity were increased at all observa-
tion times from the earliest time of assessment on day 7. Biliary excretion of conjugated T4 
was not measured in this experiment; however, serum T4 was reduced at all observation 
times. Increases in circulating TSH were observed at all sampling times, although the 
increase was not significant at 14 days after treatment began. Increases in thyroid weight 
were also observed at all sampling times. Histologically, there was a time-related increase in 
hypertrophy/hyperplasia beginning at 14 days. In the 2-year rat study, the first thyroid 
adenoma was observed at week 69 at a dose of 136.4 mg/kg bw per day. Thus, there is a 
logical temporal response for the key events in thiazopyr-induced thyroid follicular cell 
tumour formation in which all key events precede tumour formation.  

STRENGTH, CONSISTENCY, AND SPECIFICITY OF ASSOCIATION OF THE 
TUMOUR RESPONSE WITH KEY EVENTS  

Strength, consistency, and specificity of the association can be established from the studies 
described above. The quantifiable precursor events, fundamental to the proposed MOA, are 
relatively consistent with the emergence of thyroid follicular cell tumours. Observation of 
liver weight increase and induction of hepatic T4-UGT in rats receiving the thiazopyr in the 
diet would be consistent with perturbation of homeostasis of the pituitary–thyroid axis by an 
extrathyroidal mechanism. An increase in hepatic T4-UGT activity is a step occurring before 
the other key biochemical changes and before thyroid follicular cell hypertrophy and 
hyperplasia. Thiazopyr treatment clearly results in a decrease in circulating T4 and an 
increase in TSH following enhanced liver metabolism of T4. Furthermore, in subchronic 
studies, the increases in thyroid weight and the development of hypertrophy/hyperplasia were 
shown to appear to a statistically significant degree under the same conditions of dose and 
time as the appearance and reversal of changes in thyroid hormone levels and thyroid 
hormone metabolism. Stop/recovery studies (Hotz et al., 1997) showed that cessation of 
thiazopyr dosing was followed by a return of hormone levels to control values, as well as a 
reduction in liver and thyroid weights and reversal of hyperplasia of thyroid follicular cells. 
Early dosing withdrawal would be expected to result in a reversal of hypothyroidism and of 
lesion progression for this non-genotoxic MOA. The only sign that was slow to reverse was 
the increase in thyroid weight after the longest dosing period.

BIOLOGICAL PLAUSIBILITY AND COHERENCE  

There are considerable data from studies in laboratory rodents demonstrating the relationship 
between sustained perturbation of the hypothalamic–pituitary–thyroid axis, prolonged stimu-
lation of the thyroid gland by TSH, and the progression of thyroid follicular cells to hyper-
trophy, hyperplasia, and eventually neoplasia (McClain, 1995; Hard, 1998; Hurley et al., 
1998; Capen et al., 1999; IARC, 2001). Increased secretion of TSH may result via several 
mechanisms, including increased hepatic clearance of T4, as is the case with thiazopyr.  
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Circulating levels of T4 are monitored by the thyrotropic cells of the pituitary gland that are 
responsible for the synthesis of TSH. In the pituitary gland, T4 is metabolized by 5 -deio-
dinase type II to T3, which then binds to specific receptors in the cell nucleus. A decrease in 
T3 receptor occupancy results in stimulation of TSH synthesis and secretion. Studies in vivo 
have shown that injection of rats with TSH leads to reductions in thyroid follicular cell 
nuclear statin, a non-proliferation-specific nuclear antigen, indicating that these cells were 
leaving the non-dividing state to resume the cell cycle (Bayer et al., 1992). This study showed 
that low, repeated doses of TSH (0.25 IU per rat twice daily) produced a cumulative response 
in nuclear statin levels over 10 days, which returned to normal resting levels within 5 days of 
cessation of TSH injections. Reduction in nuclear statin is also an early event that parallels 
the earliest known pinocytotic response to TSH. These data are consistent with increased 
TSH concentrations alone causing thyroid follicular cells of rats to enter a state of pre-
proliferation. Therefore, the suggestion that thiazopyr causes thyroid follicular cell neoplasms 
in rats by initially inducing hepatic T4-UGT is coherent with the known physiology of the 
hypothalamus–pituitary–thyroid dynamic control system, at least to the stage of hypertrophy 
and hyperplasia. 

Lastly, the tumour response elicited by thiazopyr is typical of a rodent thyroid carcinogen, in 
that thyroid follicular cell tumours are found in male rats but not in female rats or mice. Rats 
tend to be more sensitive to thyroid carcinogenesis than mice, and male rats are frequently 
found to be more sensitive than female rats with respect to the proportion of chemicals that 
induce thyroid tumours (Hurley et al., 1998). In keeping with this, TSH levels are typically 
higher in male rats than in females (Hill et al., 1989). In addition, male rats are sometimes 
more prone to hepatic enzyme induction than females of the same strain, but this depends on 
the enzyme in question, the dose of the inducing compound, and the age of the animals 
(Sundseth & Waxman, 1992; Agrawal & Shapiro, 1996; Oropeza-Hernandez et al., 2003).  

OTHER MODES OF ACTION  

Mutagenesis is always one possible MOA to consider, but no genetic toxicity has been 
demonstrated for thiazopyr in the following tests: 

• mutation in four strains of Salmonella typhimurium (Bakke, 1989a); 
• mutation at the hgpt locus of Chinese hamster ovary cells (Li & Myers, 1989); 
• micronucleus induction in bone marrow cells of mice treated in vivo (Flowers, 1990);  
• unscheduled DNA synthesis induction in hepatocytes of rats treated in vivo (Bakke, 

1989b).

Therefore, the available evidence indicates that mutagenesis is not an alternative MOA for 
thiazopyr.

Additional effects on the hypothalamic–pituitary–thyroid axis and disruption of other path-
ways of thyroid hormone metabolism are other possibilities for altering thyroid homeostasis. 
These variations would not differ in any fundamental way from the one that has been pro-
posed for thiazopyr, in that all would lead to prolonged TSH stimulation with continuous 
exposure.
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UNCERTAINTIES, INCONSISTENCIES, AND DATA GAPS  

There appears to be a lack of dose concordance for thyroid tumours and hormone changes, 
but this is likely to be due to inaccuracies in the milligrams per kilogram body weight doses 
compared—which either were estimated (versus calculated on the basis of food consumption 
and body weight data) and cover an early period in the life of rats or were averages for the 
whole duration of the experiment—as well as experimental variability.  

ASSESSMENT OF POSTULATED MODE OF ACTION 

The data presented are judged, with a moderately high degree of confidence, to be adequate 
to explain the development of thyroid follicular cell tumours in male rats following chronic 
dietary exposure to thiazopyr. Thiazopyr clearly increased liver weights (i.e. the initial target 
organ) at doses lower than those causing tumours and enhanced thyroid growth (i.e. increased 
thyroid weights) at the lowest tumorigenic dose. 

Human applicability of the proposed MOA 
The IPCS HRF, which was developed from the Risk Science Institute/International Life 
Sciences Institute “Human Relevance Framework” (Meek et al., 2003) and modified based on 
discussions by the IPCS Cancer Working Group (Boobis et al., current document), presents a 
four-part approach to addressing a series of three questions and leading to a documented, 
logical conclusion regarding the human relevance of the MOA underlying animal tumours. 

1. Is the weight of evidence sufficient to establish a mode of action (MOA) in animals? As
described in detail above, there is clear evidence that thiazopyr alters thyroid homeostasis by 
UGT induction, by reducing serum T4 levels and consequently elevating serum TSH.  

2. Can human relevance of the MOA be reasonably excluded on the basis of fundamental, 
qualitative differences in key events between experimental animals and humans? The current 
understanding of the regulation of thyroid hormone homeostasis in humans and of the role of 
increased TSH levels (as a result of altered thyroid homeostasis) as a risk factor for thyroid 
cancer was considered in order to assess the human relevance of the key events in thiazopyr’s 
animal mode of carcinogenic action. Although there are substantial quantitative dynamic 
differences (discussed below), the fundamental mechanisms involved in the function and 
regulation of the hypothalamic–pituitary–thyroid axis in rats are qualitatively similar to those 
in humans (Bianco et al., 2002). Therefore, an agent that decreases T4 levels in rats could 
likewise reduce T4 in humans; this, in turn, could potentially lead to an increase in TSH 
levels. There are data showing that rodents and humans respond in a similar fashion to 
perturbations of pituitary–thyroid function. For example, it is well known that iodine 
deficiency, which readily leads to decreased thyroid hormone levels, stimulates thyroid cell 
proliferation in humans, leading to goitre. If left untreated, iodine deficiency may lead to 
tumour formation, albeit rarely (Thomas & Williams, 1999). Although there is no evidence of 
increased susceptibility to thyroid cancer, a number of pharmaceuticals (e.g. propylthiouracil, 
lithium, amiodarone, iopanoic acid) that disrupt thyroid homeostasis by acting directly on the 
thyroid gland (e.g. by inhibiting hormone synthesis or release or by blocking the conversion 
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of T4 to T3) are known to lead to hypothyroidism and increases in TSH in humans (Ron et 
al., 1987).

In contrast to rats, no increases in TSH levels have been found in humans following exposure 
to agents that induce hepatic microsomal enzymes and reduce circulating T4 levels (discussed 
in Lehman-McKeeman & Hill, in Meek et al., 2003). For example, the pharmaceutical com-
pounds phenytoin, rifampin, and carbamazepine induce hepatic microsomal enzymes, includ-
ing UGT, and reduce circulating T4 levels, but TSH levels are unchanged (Curran & 
DeGroot, 1991); agents that produce thyroid tumours in rats by increasing glucuronidation 
and biliary excretion of T4 at high experimental doses (e.g. omeprazole, lansoprazole, and 
pantoprazole) produce no changes in thyroid hormones at clinical doses in humans (Masu-
buchi et al., 1997). Thus, there appears to be a substantial difference in the dose–response 
relationship for altered homeostasis of the pituitary–thyroid axis in rats compared with 
humans. As discussed below, this observation is due to quantitative dynamic differences 
between rats and humans in the basic physiological processes underlying pituitary–thyroid 
function.

3. Can human relevance of the MOA be reasonably excluded on the basis of quantitative 
differences in either kinetic or dynamic factors between experimental animals and humans?
Thiazopyr does not target the thyroid directly. Rather, its primary effect is on hepatic 
metabolizing enzymes, and the increase in metabolic activity indirectly increases the systemic 
clearance of T4, leading to the hypothyroid state and the compensatory increase in TSH 
found in rats. Although there are no chemical-specific data on the potential for thiazopyr to 
disrupt thyroid hormone homeostasis in humans, a number of other microsomal enzyme 
inducers have been extensively studied, such as phenobarbital (Lehman-McKeeman & Hill, 
in Meek et al., 2003). As discussed above, agents that produce hypothyroidism by altering 
hepatic clearance of T4 do not appear to result in elevated TSH levels in humans. 
Presumably, TSH is not increased because a critical reduction of T4 is not reached.

There are several important physiological and biochemical differences between rats and 
humans related to thyroid function. Rats have a smaller reserve capacity of thyroid hormones 
when compared with humans. The rat has a much shorter thyroid hormone half-life than 
humans. The half-life of T4 is about 12 h in rats compared with 5–9 days in humans (Dohler 
et al., 1979). The shorter half-life in rats is likely related to the absence of a high affinity 
binding globulin for T4 that is present in humans (Hill et al., 1989). In rats, the increased 
clearance contributes to the need for a higher rate of production of T4 (per unit of body 
weight) to maintain normal levels of T4. In contrast, in humans, the binding of thyroid 
hormone to this globulin accounts for a slower metabolic degradation and clearance, which in 
turn result in the thyroid gland being less active than in rats. The constitutive TSH levels are 
approximately 25 times higher in rats than in humans, reflecting the higher activity of the 
pituitary–thyroid axis in rats (Dohler et al., 1979; McClain, 1992). Therefore, humans are 
quantitatively less sensitive than rats to agents that reduce T4 and lead to elevated TSH. 
There is no increased risk of thyroid tumour development if TSH is not elevated.  

Another difference of rats compared with humans is the histological appearance of the 
thyroid. This histological difference is related to the higher rate of production of T4 to 
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maintain a consistent serum concentration, thus making the rat thyroid more “functionally 
active” than that of primates, including humans (McClain, 1995). More of the follicular 
epithelium in the rat is stimulated to synthesize thyroglobulin, and therefore more of the 
follicular cells are tall cuboidal and appear to be active in synthesis. In contrast, more of the 
follicular cells in humans tend to be short cuboidal or almost squamous in appearance, sug-
gesting they are quiescent. Because rat follicular cells are already generally active, under 
stimulation from TSH, they will respond with hyperplasia more readily than human follicular 
cells. Because of the greater storage capability of the human thyroid and the greater numbers 
of cells in a quiescent state, human thyroid follicular cells will be roused from their quiescent 
state to synthesize and secrete additional thyroid hormone without the need for a hyperplastic 
response to re-establish homeostasis. Therefore, the primary response in the human thyroid 
gland would be thyroglobulin reabsorption and cellular hypertrophy rather than hyperplasia. 
In short, there is much greater buffering capacity in the biochemistry of the human than the 
rat thyroid. 

Even though certain agents can cause a reduction in thyroid hormone levels in humans, there 
is no clear evidence that these agents increase susceptibility to thyroid cancer (Ron et al., 
1987). For example, epidemiological studies with phenobarbital do not show any increased 
risk of thyroid cancer (Olsen et al., 1993). Studies of individuals with conditions that would 
lead to elevated TSH (patients with Graves disease or goitre) indicate that the occurrence of 
thyroid cancer is rare in these circumstances (e.g. Mazzaferri, 2000; Gabriele et al., 2003). A 
study of environmental and heritable causes of cancer among 9.6 million individuals, using 
the nationwide Swedish Family-Cancer Database, found that the environment did not appear 
to play a principal causative role in thyroid cancer (Lichtenstein & Hemminki, 2002). The 
only known human thyroid carcinogen is radiation, a mutagenic exposure.  

As summarized in Table 4, there is sufficient evidence in the general literature on the 
biochemical and physiological differences in thyroid function to indicate differences in 
tumour susceptibility between rats and humans. In contrast to humans, rats are very suscep-
tible to thyroid neoplasia secondary to hypothyroidism. In particular, modest changes in 
thyroid hormone homeostasis will promote tumour formation in rats. Thus, thyroid tumours 
induced by thiazopyr involving increased hepatic clearance of hormone and altered homeo-
stasis of the pituitary–thyroid axis in rodents are considered not relevant to humans, based on 
quantitative dynamic differences. 

4. Conclusion: statement of confidence, analysis, and implications. There is sufficient experi-
mental evidence to establish a thyroid disruption MOA for thiazopyr-induced thyroid 
follicular cell tumours in rats. Although thiazopyr may potentially result in hypothyroidism in 
humans, there is sufficient quantitative evidence on the basic physiological processes in the 
general literature to conclude that thyroid tumours induced by a process involving increased 
hepatic clearance of thyroid hormone and altered homeostasis of the pituitary–thyroid axis in 
rodents is not likely to lead to an increase in susceptibility to tumour development in humans. 
Although there are no human data on thiazopyr, clinical data on other hepatic microsomal 
enzyme inducers were critical to this human relevance analysis. The general literature 
provided sufficient evidence to show that unlike in the rat, decreased T4 levels typically show 
no evidence of compensatory increases in TSH levels in humans. There is also cellular and 
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biochemical evidence that the rat pituitary–thyroid axis is much more sensitive than that in 
humans to such perturbations. This sensitivity is likely the result of the rapid turnover of T4 
in rats coupled with the higher demand for TSH to maintain thyroid activity.  

Table 4. A comparison of key events in rats and humans. 

Key event Evidence in rats Evidence in humans 
Increased hepatic 
clearance of T4 

In short-term and chronic rat 
studies, the liver is found to be 
the most sensitive target, and 
evidence of increased T4 hepatic 
clearance is provided by studies 
on T4-hepatic UGT activity, T4 
half-life, T4 biliary elimination, 
liver weights, and hypertrophy. 

No data available for thiazopyr, but 
microsomal enzyme induction is 
plausible.  

Decreased serum 
T4

Direct experimental evidence. No data available for thiazopyr, but 
plausible given that other microsomal 
enzyme inducers have been shown to 
reduce T4 in humans.  

Increased TSH 
levels

Direct experimental evidence. No data available for thiazopyr, but other 
microsomal enzyme inducers have not 
been shown to increase TSH levels even 
when T4 is decreased. 

Increased TSH 
increases thyroid 
cell proliferation 
and tumour 
formation

Direct experimental evidence.  Induction of thyroid follicular cell tumours 
secondary to hypothyroidism is remote in 
humans, given the quantitative differ-
ences in thyroid function/homeostasis. 
Occurrence of thyroid cancer is rare 
even in severely hypothyroid individuals. 

IMPLICATIONS OF THE IPCS HRF 

The thiazopyr example is an illustration of an induced tumour response consistent with an 
MOA that has been previously defined and established. Thus, addressing the first question in 
the framework analysis, “Is the weight of evidence sufficient to establish a mode of action 
(MOA) in animals?”, became a determination of whether the data set on the chemical 
conforms to the same key events defined for the pathway of interest. This example further 
demonstrates how data on the basic understanding of the biological processes involved in the 
MOA provide an important means to compare the rodent and human key events. Thus, this 
generic human information was essential to evaluating the qualitative and quantitative differ-
ences between experimental animals and humans in addressing the plausibility of the cancer 
MOA for humans (i.e. questions 2 and 3 in the HRF). 
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4-AMINOBIPHENYL AND DNA REACTIVITY: CASE-STUDY WITHIN 
THE CONTEXT OF THE IPCS FRAMEWORK FOR ANALYSING THE 

RELEVANCE OF A CANCER MODE OF ACTION FOR HUMANS1

Samuel M. Cohen, Alan R. Boobis, M.E. (Bette) Meek, R. Julian Preston, & 
Douglas B. McGregor 

The International Programme on Chemical Safety (IPCS) Human Relevance Framework 
(HRF) was evaluated for a DNA-reactive (genotoxic) carcinogen, 4-aminobiphenyl, based on 
a wealth of data in animals and humans. The mode of action (MOA) involves metabolic 
activation by N-hydroxylation, followed by N-esterification leading to the formation of a 
reactive electrophile, which binds covalently to DNA, principally to deoxyguanosine, leading 
to an increased rate of DNA mutations and ultimately to the development of cancer. In 
humans and dogs, the urinary bladder urothelium is the target organ, whereas in mice, it is the 
bladder and liver; in other species, other tissues can be involved. Differences in organ 
specificity are thought to be due to differences in metabolic activation versus inactivation. 
Based on qualitative and quantitative considerations, the MOA is possible in humans. Other 
biological processes, such as toxicity and regenerative proliferation, can significantly 
influence the dose–response of 4-aminobiphenyl-induced tumours. Based on the IPCS HRF, 
4-aminobiphenyl would be predicted to be a carcinogen in humans, and this is corroborated by 
extensive epidemiological evidence. The IPCS HRF is useful in evaluating DNA-reactive 
carcinogens.  

4-Aminobiphenyl is carcinogenic when administered to several species by a variety of routes 
(IARC, 1972, 1986, 1987). It was selected as a chemical for a case-study for the International 
Programme on Chemical Safety (IPCS) Human Relevance Framework (HRF) as a 
representative DNA-reactive carcinogen because of its established mode of action (MOA) in 
animal models, based on substantial data available evaluating its metabolic activation, DNA 
reactivity, genotoxicity, and carcinogenicity. It is also similar to numerous known animal and 
human carcinogens belonging to the chemical class of aromatic amines (structure–activity
relationships), and there are extensive epidemiological, metabolic, and biochemical data in 
humans. This case-study illustrates the nature of data that are helpful in delineating MOAs 
for DNA-reactive carcinogens. Distinction between modulating factors and key events in an 
MOA analysis is also presented. 

Based on the strong animal evidence and extensive epidemiological data, the International 
Agency for Research on Cancer (IARC) has classified 4-aminobiphenyl as a known human 
carcinogen (IARC, 1972, 1987). Although initially identified as a human urinary bladder 
carcinogen in individuals exposed to high levels occupationally, it has subsequently been 
demonstrated as a major component of cigarette smoke, leading to an increased risk of 
urinary bladder cancer in cigarette smokers (Del Santo et al., 1991; Curigliano et al., 1996). 
Additional research has shown that it is a ubiquitous environmental chemical occurring 
naturally when organic material containing nitrogen undergoes combustion. 

1 This article, to which WHO owns copyright, was originally published in 2006 in Critical Reviews in 
Toxicology, Volume 36, pages 803–819. It has been edited for this WHO publication and includes corrigenda. 
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CARCINOGENICITY OF 4-AMINOBIPHENYL IN ANIMALS 

Experimental studies indicate that 4-aminobiphenyl is carcinogenic in mice, rats, rabbits, and 
dogs, although significant target tissue differences and susceptibility have been observed 
(IARC, 1972). By most routes of exposure, 4-aminobiphenyl is primarily a carcinogen of the 
liver and, to a lesser extent, the urinary bladder in mice, whereas in dogs (and humans), the 
urinary bladder appears to be the target organ. Many of the studies were conducted a number 
of years ago, and published accounts include only limited details. In addition, potential 
precursor lesions at interim periods were rarely documented, and none of the studies included 
protocols, such as stop/recovery, which might be informative in the context of MOA. 
Nonetheless, results indicate clear species and individual differences in response (e.g. Block 
et al., 1978), characteristic of MOAs entailing competing metabolic activation and 
deactivation processes (Table 1). 

Table 1. Carcinogenicity studies of 4-aminobiphenyl in various species. 

Species Route/dose  Incidence Comment  Reference 
Mice Gavage; 1 

mg/week for 38 
weeks 

Bladder carcinomas in 
2/12 mice surviving to 
90 weeks 

Clayson et al. 
(1965) 

Mice Gavage; 0 or 1.5 
mg/week for 52 
weeks 

Bladder carcinomas in 
1/21 exposed males vs 
0/19 in controls; 
increased incidence of 
hepatomas in males 
and females 

Clayson et al. 
(1967) 

Mice Subcutaneous 
injection of 200 
μg for up to 52 
weeks 

Hepatomas in 19/20 
males and 6/23 females 
after 48–52 weeks 

Gorrod et al. 
(1968) 

Mice
(BALB/
cStCrlfC3Hf/
Nctr) 

0–220 mg/l in 
drinking-water 
(males), 0–300 
mg/l (females), 
for up to 96 
weeks 

Significant increases in 
urinary bladder carcino-
mas (males only), 
hepatocellular carcino-
mas (females only), 
and angiosarcomas 
(males and females)  

Hyperplasia of the 
bladder in most 
mice of both sexes 
receiving 75 mg/l 
(females) and 55 
mg/l (males) or 
greater, but none in 
controls

Schieferstein 
et al. (1985) 

Mice
(newborn 
B6C3F1)

Different regi-
mens; injected 
prior to weaning 

Liver tumours  Dooley et al. 
(1988, 1992); 
Von Tungeln 
et al. (1996); 
Parsons et al. 
(2005) 

Rats Subcutaneous 
injection in 
arachis oil of total 
dose of 3.6–5.8 
g/kg bw 

Mammary and intestinal 
tumours

Walpole et al. 
(1952) 
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Table 1 (Contd) 

Species Route/dose  Incidence Comment  Reference 
Rabbits Oral administra-

tion of unspecified 
dose

Bladder papillomas in 1 
animal and carcinomas 
in 3 animals 

Earliest carcinoma 
observed 4 years 
after start of treat-
ment

Bonser (1962) 

Dogs (2) Gelatin capsules 6 
times weekly for 
life for a total dose 
of 30 or 34 g 

Carcinoma of the 
bladders appeared in 
33 months 

Walpole et al. 
(1954) 

Dogs Gelatin capsules 
0.3 g 3 times 
weekly (total dose: 
94.5–144 g per 
dog)

Bladder carcinomas 
after 21–34 months 

Deichmann et 
al. (1958) 

Dogs (6) 1.0 mg/kg bw 
5 times weekly for 
34 or 37 months 
(total dose 5.5–7.0 
g per dog) 

3 bladder papillomas 
and 3 bladder 
carcinomas (transitional 
cell type) 

Deichmann et 
al. (1965) 

Dogs Single dose Ineffective in inducing 
bladder tumours over a 
5-year period 

Deichmann & 
MacDonald 
(1968) 

Dogs  
(24 beagles) 

Oral administra-
tion 5 days/week 
for 3 years 

Negative or minimal 
disease in 4 dogs, with 
no neoplasia in 2; 
neoplasia developed 
slowly in 11 dogs, while 
a rapidly progressive 
pattern was observed in 
the remaining 9 dogs 

Block et al. 
(1978) 

bw, body weight 

Following its oral administration by gavage (1 mg per mouse per week for 38 weeks), 2/12 
mice surviving to 90 weeks developed bladder carcinoma (Clayson et al., 1965). In a separate 
but similar experiment, dosing mice with 1.5 mg of 4-aminobiphenyl for 52 weeks resulted in 
bladder carcinoma in 1/21 male mice as compared with 0/19 in controls. In this experiment, 
the frequency of hepatomas in both male and female mice was significantly higher than that 
in the controls (Clayson et al., 1967). Three subcutaneous injections of mice with 200 μg of 
4-aminobiphenyl produced hepatomas in 19/20 males and 6/23 females after 48–52 weeks 
(Gorrod et al., 1968). Oral administration of 4-aminobiphenyl in drinking-water at concen-
trations of up to 220 and 300 mg/l to male and female BALB/cStCrlfC3Hf/Nctr mice, 
respectively, for up to 96 weeks induced dose-related, significant increases in angiosarcomas 
(males and females), urinary bladder carcinomas (males only), and hepatocellular carcinomas 
(females only). Hyperplasia of the bladder was observed in most of the mice of both sexes in 
groups of about 118 receiving concentrations of 75 mg/l (females) and 55 mg/l (males) or 
greater, whereas none was reported in the control groups of similar size (Schieferstein et al., 
1985). In a number of experiments, newborn B6C3F1 mice were primarily susceptible to 
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liver carcinogenesis following 4-aminobiphenyl administration (Dooley et al., 1988, 1992; 
Von Tungeln et al., 1996; Parsons et al., 2005). 

Daily subcutaneous injection of rats with 4-aminobiphenyl in arachis oil to a total dose of 
3.6–5.8 g/kg body weight (bw) resulted in significant increases in the incidence of mammary 
gland and intestinal tumours (Walpole et al., 1952).  

Among seven rabbits given commercial 4-aminobiphenyl orally (dose unstated), bladder 
papillomas were found in one and carcinomas in three animals. The earliest carcinoma was 
observed 4 years after the start of treatment (Bonser, 1962). 

Two dogs fed 4-aminobiphenyl in gelatin capsules 6 times weekly for life (total dose per dog: 
30, 34 g) developed carcinoma of the bladder in 33 months (Walpole et al., 1954). This was 
confirmed by similarly feeding capsules containing 4-aminobiphenyl (0.3 g per dog) 3 times 
weekly. Bladder carcinomas were observed after 21–34 months (total dose: 94.5–144.0 g per 
dog) (Deichmann et al., 1958). When the dose of 4-aminobiphenyl was reduced to 1.0 mg/kg 
bw and given to six dogs 5 times weekly for 34 months or 37 months (total dose: 5.5–7.0 g 
per dog), three bladder papillomas and three bladder carcinomas (transitional cell type) were 
observed (Deichmann et al., 1965). A single dose was not effective in inducing bladder 
tumours over a period of 5 years (Deichmann & MacDonald, 1968). Among 24 beagles that 
received 4-aminobiphenyl orally 5 days per week for 3 years, three basic patterns of bladder 
carcinogen responses were seen. Negative or minimal disease was seen in four dogs, of which 
two remained completely free of neoplasia. Neoplasia developed slowly in 11 dogs, while a 
rapidly progressive pattern was observed in the remaining 9 dogs (Block et al., 1978). 

IS THE WEIGHT OF EVIDENCE SUFFICIENT TO ESTABLISH A MODE OF 
ACTION (MOA) IN ANIMALS? 

The first question of the IPCS HRF is an evaluation of the animal MOA itself. This is based 
on the process delineated by the MOA Framework developed by IPCS and published in 2001 
(Sonich-Mullin et al., 2001), which evolved from the Bradford Hill criteria for causality in 
epidemiology studies (Hill, 1965). 

A. Postulated mode of action 
4-Aminobiphenyl is metabolized by hepatic enzymes to N-hydroxy-4-aminobiphenyl, which 
can be N-esterified (N-acetylated, N-glucuronidated, or N-sulfated) in hepatic and other 
tissues (Miller et al., 1961; Kadlubar et al., 1977, 1991; Miller & Miller, 1977; Delclos et al., 
1987; Chou et al., 1995) (Figure 1). O-Esterification and ring hydroxylation are competing 
enzymatic reactions leading to detoxification. Tissue and species differences in the activity of 
these reactions dictate, at least in part, variations in susceptibility to the carcinogenic effects 
of 4-aminobiphenyl and differences in organ specificity in the development of tumours. 
Ultimately, a reactive electrophilic nitrenium ion is formed in the target tissue following N-
esterification, and this is capable of forming DNA adducts. The principal DNA adduct is N-
(deoxyguanosin-8-yl)-4-aminobiphenyl (Talaska et al., 1990; Kadlubar et al., 1991; 
Flammang et al., 1992; Hatcher & Swaminathan, 1995, 2002). As a consequence of the 
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mutations that can result from these reactions at critical sites of critical genes, neoplastic cells 
eventually develop.

Figure 1. Metabolism of 4-aminobiphenyl 

B. Key events 
The major route of hepatic activation of 4-aminobiphenyl begins with its N-hydroxylation,
catalysed, the balance of evidence indicates, by CYP1A2, at least in rats and humans (Butler 
et al., 1989b). In mice, there is evidence that CYP1A2 is not the only, or even the primary, 
form of cytochrome P-450 involved (Kimura et al., 1999). The N-hydroxylamine can also be 
produced by reaction with a variety of oxidases and peroxidases, such as by the prostaglandin 
synthase component of cyclo-oxygenase (Kadlubar et al., 1982). Whether any of these non-
cytochrome P-450 reactions occur in vivo and are of toxicological significance remains 
unclear. The N-hydroxylamine undergoes N-acetylation by N-acetyltransferase-1 (NAT1) 
(Flammang & Kadlubar, 1986; Oda, 2004), resulting in an N-acetoxy ester that is unstable in 
acidic conditions, forming an arylnitrenium ion that can react directly with DNA, forming a 
DNA adduct at the C-8 position of guanine (Hammons et al., 1985; Flammang & Kadlubar, 
1986; Hatcher & Swaminathan, 2002). Additionally, the N-hydroxylamine generated in liver 
can serve as a substrate for uridine diphosphate (UDP) glucuronosyltransferase (UGT), 
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yielding an N-glucuronide conjugate that is transported to the urinary bladder (Kadlubar et 
al., 1977). The glucuronide can either be excreted in urine or, under acidic conditions, serve 
as an additional source of the N-hydroxylamine in the urinary bladder, following hydrolysis. 
There are a number of reactions that can compete with this reaction scheme, including N-
acetylation of 4-aminobiphenyl by N-acetyltransferase-2 (NAT2), but the resulting 
arylacetamide is a poor substrate for CYP1A2, and it is considered to be primarily a 
detoxification reaction. As a consequence, N-acetylation of the parent amine is considered a 
deactivating process. Rates of acetylation can thus affect the balance between activation and 
deactivation. Humans phenotypically are either rapid or slow acetylators (Lower et al., 1979). 
Mouse strains exist that are analogous to human slow and rapid acetylators. Thus, C57BL/6 is 
a rapid acetylator strain, while A/J is a slow acetylator (Hein, 1988). Interest in these 
differences includes a possible explanation for interspecies, interstrain, and interindividual 
differences in response. As a consequence of the DNA adducts formed, mutations can be 
produced. The key events are summarized in Table 2. 

Table 2. Key events in the carcinogenicity of 4-aminobiphenyl in animals. 

1. Metabolic activation 
 a) N-Hydroxylation 
 b) N-Esterification (glucuronide, acetyl, sulfate) 
 c) Hydrolysis to nitrenium ion 
2. DNA adduct formation (dG-C8, dA-C8, dG-N2) in pluripotential cell of target organ 
3. DNA mutation in critical gene(s) leading to cancer 
4. Cancer 

dA, deoxyadenosine; dG, deoxyguanosine 

C. Dose–response relationship 
In view of the fact that many of the relevant studies were conducted a number of years ago, 
data on concordance of dose–response for precursor lesions for tumours are restricted to 
hyperplasia in the mouse urinary bladder. Dogs do not develop bladder tumours after a single 
dose of 4-aminobiphenyl (Deichmann & MacDonald, 1968), and there do not appear to have 
been studies of dose–response relationships in this species following multiple exposures. In 
the only study in which information on the incidence of precursor lesions was reported, male 
BALB/c mice were treated with drinking-water containing 4-aminobiphenyl at concentrations 
of 0, 7, 14, 28, 55, 110, or 220 mg/l for up to 96 weeks (Schieferstein et al., 1985). These 
treatments were associated with bladder carcinoma incidences of 0/116, 1/117, 1/118, 0/118, 
6/115, 5/118, and 23/118, respectively. The incidences in the 55 mg/l group and higher were 
statistically significantly higher than in controls. Female mice were exposed to drinking-
water concentrations of 4-aminobiphenyl of 0, 7, 19, 38, 75, 150, and 300 mg/l. The 
corresponding incidences of bladder carcinomas were 0/118, 0/118, 0/119, 1/118, 0/118, 
5/117, and 1/117. Incidences of hyperplasia were much higher, although severity was not 
indicated. In males, the incidences of hyperplasia were 0/116, 4/117, 9/118, 71/118, 108/115, 
107/118, and 102/118 for doses of 0, 7, 14, 28, 55, 110, and 220 mg/l, respectively, and for 
females, 0/118, 0/118, 3/119, 53/119, 106/118, 97/117, and 83/117 for doses of 0, 7, 19, 38, 
75, 150, and 300 mg/l, respectively. Thus, the dose–response curves for tumours and 
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hyperplasia were sigmoidal or hockey stick-shaped. In contrast, steady-state levels of 
urothelial C-8 guanine DNA adducts showed a linear dose–response (Poirier et al., 1995). 

In this same study (Schieferstein et al., 1985), there was no increase in the incidence of liver 
tumours in the males, whereas in the females, the incidences of liver tumours (adenomas and 
carcinomas combined) were 0/117, 0/120, 2/120, 4/119, 11/119, 17/118, and 10/117 at doses 
of 0, 7, 19, 38, 75, 150, and 300 mg/l, respectively. The incidence of angiosarcomas of 
various tissues combined was also increased at the three highest doses in males and females, 
although the incidences were somewhat higher in females than in males. 

D. Temporal relationship 
Establishing time sequences for events in a carcinogenic process is partially, but to an 
important extent, dependent upon the sensitivity of the available methods for their measure-
ment. Thus, tumours must attain a size allowing their histological detection, while the 
measurement of mutations and DNA adducts requires not only time but sufficient tissue. 
Consequently, the latter are more usually studied in liver than in urinary bladder, where the 
paucity of tissue available in the urothelium, particularly in rodents, causes technical diffi-
culties that have no connection with the frequency of the biochemical and biological events. 
The metabolism and formation of DNA adducts are early events, which can be observed 
within a few minutes or hours in vitro and within a day following in vivo treatment with 4-
aminobiphenyl (e.g. Kadlubar et al., 1991; Swaminathan & Reznikoff, 1992; al-Atrash et al., 
1995; Hatcher & Swaminathan, 1995; Doerge et al., 1999; Tsuneoka et al., 2003). Many in 
vivo experiments, however, continue exposure for 3–4 weeks to allow an accumulation of 
adducts, achieve steady-state levels, and facilitate their detection (e.g. Talaska et al., 1990; 
Flammang et al., 1992; Poirier & Beland, 1992; Poirier et al., 1995; Underwood et al., 1997). 
Mutations can also be detected within a short time in vitro, but have generally not been 
detected in vivo in target tissues until after several weeks or months of exposure (e.g. H-ras
in mouse liver; Parsons et al., 2002), although this comparatively long period may not be a 
true reflection of when mutations first arise. In one study, mutations were detected in a 
Muta™Mouse urinary bladder assay 14 days after a single dose of 4-aminobiphenyl (Fletcher 
et al., 1998). Carcinomas and hyperplasia of the urinary bladder are apparently late-occurring
lesions in mice and dogs; however, time course changes have not been systematically 
evaluated. Although mice were killed at intervals beginning at 13 weeks in one 2-year study, 
and hyperplastic lesions were induced in the urinary bladder, their incidences at different 
times were not presented (Schieferstein et al., 1985). Tumours in the urinary bladder are 
commonly not discovered until after about 2 years in mice (Schieferstein et al., 1985) and 
longer in dogs (Walpole et al., 1954; Deichmann et al., 1958, 1965). However, neoplastic 
transformation of human urothelial cells (infected with SV40) treated in vitro with 4-
aminobiphenyl followed by in vitro culture for 6 weeks was demonstrated upon their inocu-
lation into nude mice (Bookland et al., 1992b). 

E. Strength, consistency, and specificity of association of the tumour 
response with key events 

  Evidence in support of the association of the tumour response with key events comes only in 
part from studies on bladder; considerable evidence is provided by studies on liver. DNA 
adduct formation has been demonstrated in both tissues. 
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There is an abundance of studies that demonstrate that 4-aminobiphenyl is a mutagen, 
including positive mutagenicity with certain frameshift mutation and base pair substitution-
sensitive strains (TA1538, TA98, and TA100) of Salmonella typhimurium, but only in the 
presence of rodent liver S9 metabolic activating preparations. The requirement for S9 
metabolic activation clearly demonstrates the lack of DNA reactivity and mutagenicity of the 
parent amine. In addition, 4-aminobiphenyl induces unscheduled DNA synthesis in rat liver 
cells in vitro (United States Environmental Protection Agency Genetic Activity Profiles). 
These in vitro studies provide evidence that 4-aminobiphenyl can cause genetic damage 
following metabolic activation. Bacterial mutation studies have also been conducted com-
paring metabolic activation systems based on liver homogenates from Aroclor 1254-induced 
male Sprague-Dawley rats and C57BL/6 mice, using S. typhimurium TA100 tester strains that
expressed different levels of N- and O-acetyltransferase (OAT) activity (Dang & McQueen, 
1999). TA100 has a single copy of the NAT/OAT gene; YG1029 has multiple copies of the 
NAT/OAT gene, and TA100/1,8DNP6 is NAT/OAT-deficient. Effects with mouse and rat S9 
were similar (but the effects of Aroclor 1254 treatment were not examined). Using either 4-
aminobiphenyl or 4-acetylaminobiphenyl as substrates, considerably more mutations were 
induced in YG1029 than in TA100 or TA100/1,8DNP6, in which mutation induction was 
similar. This supports a role for high acetylation activity in mutation induction by the N-
hydroxylamine in these bacteria. 

The non-enzymatic step to an arylnitrenium ion in the mechanism of mutagenesis in vivo is 
supported by the observation that N-hydroxy-4-aminobiphenyl mutagenesis in the high OAT-
expressing S. typhimurium TG1024 strain is dependent on the pH of the medium, with an 
inverse relationship between mutant numbers and pH over the range 4.0–8.0 (Sarkar et al., 
2002).

Administration of 4-aminobiphenyl in the drinking-water of BALB/c mice for 28 days 
resulted in higher levels of DNA adducts in liver than in urinary bladder of females, while the 
reverse occurred in males. Thus, in each sex, the DNA adduct level correlated with the 
susceptibility of the tissue to tumour induction by 4-aminobiphenyl (Poirier et al., 1995). 
However, the shape of the dose–response curve was linear for DNA adducts in both tissues 
(although it appears to saturate and is relatively flat in female mice), whereas the tumour 
dose–response curve was sigmoidal (Poirier et al., 1995).

Adduct levels were also highest in the urinary bladder of female Hsd:ICR(Br) mice that were 
dosed topically (the more usual exposure route in occupational settings) with 50 nmol 4-
aminobiphenyl for 21 weeks. The principal adduct in all tissues examined (bladder, liver, 
lung, and skin) co-chromatographed with N-(deoxyguanosin-8-yl)-4-aminobiphenyl (Under-
wood et al., 1997). 

One study of mutagenesis in male Muta™Mouse transgenic mice (i.e. transgenic CD2F, 
[BALB/c × DBA/2]) treated orally with 4-aminobiphenyl at 10 mg/kg bw per day for 10 days 
reported that the mutation frequencies in urinary bladder, liver, and bone marrow were 
increased by 13.7-, 4.8-, and 2.4-fold, respectively (Fletcher et al., 1998). 
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Newborn B6C3F1 (C57BL/6 × C3H) mice responded to treatment with 4-aminobiphenyl by 
developing a high frequency of liver tumours, many of which carried H-ras codon 61 CAA 
→ AAA mutations (Parsons et al., 2005). In vivo, the level of one major DNA adduct [N-
(deoxyguanosin-8-yl)-4-aminobiphenyl] was present at 5 adducts/106 nucleotides in newborn 
mice treated with 0.3 μmol 4-aminobiphenyl 24 h earlier. After 8 months, the CAA → AAA 
mutation was detected in 67% of the treated mice and 50% of the vehicle (dimethyl sulfoxide, 
or DMSO) controls, but the average mutant fraction in treated mice was 45 × 10 5 compared 
with only 2 × 10 5 in controls. After 12 months, liver tumours had developed in 79% of the 
treated mice and in 8% of the controls. These tumours are not those of the human target 
organ, but the results of this study support the general MOA proposed for bladder carcino-
genesis (i.e. DNA adduct formation, followed by mutation in a key gene and the subsequent 
emergence of tumours). 

Dogs (sex not stated) killed 24 h after a single oral dose of 4-aminobiphenyl (5 mg/kg bw) 
had 5.4 fmol DNA adducts/μg liver DNA and 4.8 fmol DNA adducts/μg urinary bladder 
DNA, whereas no DNA adducts were detected in either the liver or bladder of a dog whose 
bladder had been instilled with 4-aminobiphenyl. In contrast, a dog bladder instilled with the 
reactive intermediate N-hydroxy-4-aminobiphenyl had 3.9 fmol DNA adducts/μg bladder 
DNA and no detectable adducts in liver DNA. Quantification was by an immunochemical 
method (Roberts et al., 1988). Examination of bitches treated with tritium-labelled 4-
aminobiphenyl (per os, intravenously, or intraurethrally), N-hydroxy-4-aminobiphenyl (intra-
venously or intraurethrally), or N-hydroxy-4-aminobiphenyl N-glucuronide (intravenously) 
demonstrated (1) the presence of 4-aminobiphenyl–haemoglobin adducts in blood erythro-
cytes; (2) that after per os dosing with 4-aminobiphenyl, the major portion of total N-
hydroxy-4-aminobiphenyl entering the bladder lumen was free N-hydroxy-4-aminobiphenyl 
(0.7%), with lower concentrations of the acid-labile N-glucuronide (0.3%); (3) that urothelial 
DNA adducts following intraurethral instillation of N-hydroxy-4-aminobiphenyl were 60 
times higher than after intraurethral instillation of 4-aminobiphenyl; and (4) that exposure to 
N-hydroxy-4-aminobiphenyl and subsequent 4-aminobiphenyl–DNA adduct formation are 
directly dependent on the frequency of urination and, to a lesser extent, on urinary pH 
(Kadlubar et al., 1991). The urinary pH of dogs may vary from about 4.5 to 7.5, depending 
upon the diet (Merck, 1998), time after eating, time of day, and amount of water consumed; 
these are factors that might influence the carcinogenic response (Cohen, 1995). Studies in 
vitro with microsomal preparations from dog liver and bladder have shown the presence of 
transacetylation activities in both organs, so that N-hydroxy-4-aminobiphenyl binding to 
RNA and DNA occurs in the presence of 4-acetylaminobiphenyl, N-hydroxy-4-acetyl-
aminobiphenyl, or acetyl coenzyme A (CoA) as acetyl donors, although the levels of binding 
were less with bladder than with hepatic microsomes (Hatcher & Swaminathan, 1992). 

Examination of urothelial cells exfoliated into urine of dogs treated with 4-aminobiphenyl 
showed that DNA adducts were identical to those from DNA modified in vitro with N-
hydroxy-4-aminobiphenyl and from dog bladder urothelial DNA isolated from 4-amino-
biphenyl-dosed dogs at autopsy. A dose-related increase in 4-aminobiphenyl–DNA adduct 
formation was demonstrated (Talaska et al., 1990). 
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F. Biological plausibility and coherence 
The observations that 4-aminobiphenyl can form adducts with DNA and that it is mutagenic 
in organs in which tumours develop indicate, in general terms, that the proposed MOA is 
plausible (Fletcher et al., 1998). In addition, N-hydroxy-4-aminobiphenyl is able to cause 
neoplastic transformation of non-tumorigenic SV40-immortalized human urothelial cells 
(Bookland et al., 1992b). The findings with 4-aminobiphenyl are also consistent with the vast 
literature regarding the metabolic activation, DNA adduct formation, mutagenesis, and 
urinary bladder carcinogenesis in several species (including humans) of several related 
aromatic amine chemicals (Kadlubar et al., 1977; Miller & Miller, 1977; Delclos et al., 1987). 
The lack of DNA adduct formation and mutagenicity of the parent amine in various in vitro 
systems without metabolic activation clearly demonstrates the requirement for metabolic 
activation. The same DNA adducts are identified in tissues after administration of the amine 
or following exposure to the N-hydroxyl metabolite, with the structure of the adducts having 
been chemically confirmed. The mutagenic potential of the specific C-8 guanine DNA adduct 
has also been demonstrated, although the specific biophysical aspects have been better 
demonstrated for structurally related aromatic amines such as 2-aminofluorene (Kriek, 1992).  

G. Other modes of action 
Alternatives of components of the already described MOA have been suggested. However, 
they do not detract from the overall described MOA but suggest either alternative specific
aspects (such as other activating enzymes) or associative processes that could affect 
quantitative aspects. 4-Aminobiphenyl is oxidized by hepatic enzymes other than CYP1A2 
(Kimura et al., 1999) to the N-hydroxylated metabolite that causes liver and urinary bladder 
toxicity and carcinogenesis, possibly including oxidases and peroxidases (Kadlubar et al., 
1982, 1991). Although the specific enzymes involved in metabolic activation may vary, the 
ultimate sequence of generation of a reactive electrophile, DNA adduct formation, muta-
genesis, and carcinogenesis is consistent. Furthermore, it is reasonable to believe that from 
this point in the MOA, the same sequence occurs as that involving CYP1A2-mediated 
activation, regardless of the activating enzyme.  

In addition to bulky adducts, there is evidence to suggest that N-hydroxy-4-aminobiphenyl 
causes oxidative damage in urothelial DNA, possibly involving endogenous peroxidases 
(Burger et al., 2001). The relevance of this for the carcinogenic activity of 4-aminobiphenyl 
is unknown. 

N-Hydroxy-4-aminobiphenyl and its further activated forms are cytotoxic to urothelial and 
other cells in vitro (Reznikoff et al., 1986), but the role that this plays in its carcinogenic 
effects is unclear (see below for discussion of a potentiating role in urothelial carcinogenesis, 
rather than causative role). It is likely that this process alters the dose–response relationship, 
but does not alter the fundamental MOA described above. 

H. Assessment of the postulated mode of action 
The early steps in the proposed MOA are well supported by the available evidence, and it has 
been judged that there is good and sufficient evidence that 4-aminobiphenyl is a urinary 
bladder carcinogen in dogs and mice, and in other tissues (primarily the liver) in rodents. 
Thus, it is metabolized to products that can form DNA adducts in the liver and in other target 
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organs, and mutations have been demonstrated to arise. Although other organs can also be 
targets for 4-aminobiphenyl-induced neoplasia, the urinary bladder is the main target in dogs 
and in some strains of mice. Evidence for the intervening steps between general genotoxicity 
and the emergence of neoplasia is lacking. There is a notable lack of study of the effects of 4-
aminobiphenyl on cell proliferation in the urinary bladder, but information on related 
aromatic amines and amides is available, particularly the analysis of the interaction between 
DNA reactivity (and mutagenesis) and cell proliferation induced by 2-acetylaminofluorene in 
mouse urinary bladder utilizing data from a megamouse, ED-01 study (Cairns, 1979; Gaylor, 
1979; Littlefield et al., 1979). The reliance for mutagenicity on cell proliferation can provide 
an explanation for the sigmoidal shape of the tumour dose–response despite a linear dose–
response for DNA adducts (Cohen & Ellwein, 1990). This link has significant implications 
for assessing potency and dose–response for 4-aminobiphenyl-induced urinary bladder cancer 
(see discussion below). 

I. Uncertainties, inconsistencies, and data gaps  
Bacterial mutation studies of 4-aminobiphenyl with metabolic activation have shown that 
most mutations are frameshifts, whereas a single study of sequence analysis of 4-
aminobiphenyl-induced mutations in the lacZ gene in single-stranded DNA from a bacterio-
phage M13 cloning vector revealed exclusively base pair substitutions, with over 80% 
occurring at G sites: G  T transversions predominated, followed by G  C transversions 
and G  A transitions. The major DNA adduct, N-(deoxyguanosin-8-yl)-4-aminobiphenyl, 
was then inserted within the M13 genome, and the mutational frequency and specificity were 
measured after in vivo replication. The targeted mutational efficiency was approximately 
0.01%, and the primary mutation was G  C transversion. Thus, the observations are consis-
tent with in vivo observations, but the mutagenic activity was weak (Verghis et al., 1997). 

Most in vivo investigations have been in mice. Dogs, for understandable reasons, have 
received less attention, although this is the species that is more sensitive to bladder 
carcinogenesis. Mouse strain differences in response are evident: B6C3F1 and female 
BALB/cStCrlfC3Hf/Nctr are more susceptible to liver carcinogenesis, whereas male 
BALB/cStCrlfC3Hf/Nctr mice develop bladder tumours after exposure to 4-aminobiphenyl 
(Schieferstein et al., 1985; Dooley et al., 1988, 1992). Nevertheless, mouse strain effects have 
received relatively little attention in the available studies. 

The enzyme considered as fundamental for the metabolism of 4-aminobiphenyl to a product 
that forms adducts with DNA in liver and bladder is CYP1A2 (Butler et al., 1989a, 1989b). 
However, comparison of responses in CYP1A2(+/+) wild-type mice with CYP1A2( / )
knockout mice showed that, contrary to expectations, CYP1A2 expression was not associated 
with 4-aminobiphenyl-induced oxidative stress or with 4-aminobiphenyl–DNA adduct 
formation. Furthermore, prior treatment with 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), 
which increased hepatic CYP1A2 protein expression 5-fold along with expression of other 
phase I and phase II enzymes, either did not change or actually decreased the level of adducts 
in liver. The specific quantitative effects of such induction will depend on the balance of the 
enzymes induced. These results suggest either that CYP1A2 is not the major metabolic 
activator of 4-aminobiphenyl or that other enzymes in mice activate the compound in the 
absence of CYP1A2 (Tsuneoka et al., 2003). Based on studies with other aromatic amines, 
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additional activating enzymes might include other P-450 enzymes, oxidases, or peroxidases 
(Lakshmi et al., 1990; Smith et al., 1991; Hughes et al., 1992). 

Another reaction considered to be important for carcinogenesis induced by 4-aminobiphenyl 
is acetylation. Acetylation plays several roles in 4-aminobiphenyl carcinogenesis. O-
Acetylation and N,O-acetyltransfer of N-hydroxy-4-aminobiphenyl are expected to increase 
risk in humans, whereas N-acetylation of 4-aminobiphenyl should reduce risk (Lower et al., 
1979). Acetylation can be catalysed by NAT1 or NAT2, with the latter exhibiting a marked 
polymorphism within the population (Hein et al., 2000; Cascorbi et al., 2001). It is predicted 
that a slow acetylation phenotype will increase the risk of bladder cancer, since acetylation of 
the parent amine, 4-aminobiphenyl, is considered to be a detoxification process in humans, 
whereas a rapid acetylation phenotype should be associated with a decreased risk. 

However, studies of acetylator phenotype in mice have produced conflicting results. In one 
study, male and female homozygous rapid acetylator or homozygous slow acetylator mice 
that were apparently identical in every other respect were administered 4-aminobiphenyl·HCl 
(55–300 mg/l) in drinking-water for 28 days. The levels of hepatic DNA adducts increased 
with dose in both sexes, with the levels being higher in females, but were independent of the 
mouse acetylator phenotype. In the urinary bladder, DNA adducts increased to a plateau at 
100 mg/kg in male mice and were again independent of acetylator phenotype. In female mice, 
the DNA adduct levels were lower than in males and decreased at the highest dose; the DNA 
adduct levels were higher in the rapid acetylator phenotype, contrary to expectations (Flam-
mang et al., 1992). These results were interpreted as suggesting that acetyltransferase activ-
ities are not rate determining for DNA adduct formation in mice. A similar conclusion that 
there was no correlation between murine NAT2 alleles and 4-aminobiphenyl–DNA adduct 
levels was reached by McQueen et al. (2003), using C57BL/6, B6.A, and A/J mouse strains 
and the transgenic strains hNAT1:A/J and hNAT1:C57, which carry the human NAT1 trans-
gene. However, the differences in murine NAT2 activity were modest and probably not 
sufficient to affect 4-aminobiphenyl genotoxicity. Recent studies suggest that in humans, 
NAT1, not NAT2, is responsible for the O-acetylation of N-hydroxy-4-aminobiphenyl (Oda, 
2004).

There are also mouse strain-specific mutations that require explanation. Thus, in B6C3F1, 4-
aminobiphenyl induces predominantly C  A mutations (reflecting G  T transversions in 
the non-coding strand) in H-ras codon 61, whereas in CD-1 mice, the predominant mutation 
in H-ras codon 61 was A  T transversion (Manjanatha et al., 1996). 

Cell proliferation is also required for neoplasia, but there have been few studies that have 
investigated cell proliferation at an early stage of the carcinogenic process of 4-amino-
biphenyl. It is also notable that in the carcinogenicity experiment described previously 
(Schieferstein et al., 1985), although urinary bladder carcinomas developed only in males, a 
high prevalence of hyperplasia was reported in both males and females. Apparently this 
observation has not been investigated further (discussed below). 

In summary, the evidence is strong for the sequence of key events including metabolic activa-
tion, DNA adduct formation, and gene mutation as the MOA for 4-aminobiphenyl-induced 
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urinary bladder carcinogenesis. It is further strengthened by data from studies with 
structurally related aromatic amines. However, data gaps remain concerning details of the 
specific enzymes involved, the basis for differing organ specificity between species and 
details regarding potency, and the shape of the dose–response curve in humans. This is, 
perhaps, not unexpected in view of the complexity of the relevant competing metabolic 
pathways. While available data are considered sufficient to support the hypothesized MOA, 
the impact of these uncertainties needs to be considered quantitatively in the overall 
assessment (Table 3). 

Table 3. Modulating factors affecting 4-aminobiphenyl urinary bladder carcinogenesis. 

1. Competing activities of esterification enzymes 
2. Genetic polymorphisms affecting enzymatic activation or inactivation (e.g. slow and fast 

acetylators)
3. Urinary pH (mainly affected by diet) and possibly other urinary constituents 
4. Urothelial cell proliferation (induced by high doses of 4-aminobiphenyl or by co-administration 

with some other agent affecting urothelial proliferation) 

CAN HUMAN RELEVANCE OF THE MOA BE REASONABLY EXCLUDED ON 
THE BASIS OF FUNDAMENTAL, QUALITATIVE DIFFERENCES IN KEY 
EVENTS BETWEEN EXPERIMENTAL ANIMALS AND HUMANS? 

There is considerable evidence in humans and human cell systems supporting each of the key 
events for 4-aminobiphenyl-induced urinary bladder cancer. Metabolic activation to the N-
hydroxylamine has been demonstrated, with several different enzymes being suggested for 
activation and several others that might potentiate or reduce the effects of N-hydroxylation,
such as N-acetylation. Genetic polymorphisms significantly affect activities of these 
enzymes, producing variations in the population that can affect susceptibility to the urinary 
bladder carcinogenesis response to 4-aminobiphenyl exposures. DNA adducts identical to 
those detected in DNA from mice and dogs have been identified in human urothelial cells, 
and consequently they have a similar mutagenic potential. Furthermore, extensive epidemio-
logical evidence demonstrates the urinary bladder carcinogenicity of 4-aminobiphenyl in 
humans. 

Bladder cancer is associated with smoking and occupational exposures to 4-aminobiphenyl. 
4-Aminobiphenyl was manufactured in the United States of America from 1935 to 1955 
(Melick et al., 1955) and was used as a highly efficient rubber antioxidant, but it is apparently 
no longer commercially produced. In epidemiological studies, which were confined to one 
series of workers occupationally exposed to commercial 4-aminobiphenyl, a high incidence 
of bladder carcinomas was reported (Melick et al., 1955, 1971; Melamed et al., 1960; Koss et 
al., 1965, 1969). Among 503 workers, 59 cases with positive cytology were identified, among 
which 35 cases of carcinoma of the urinary bladder were histologically verified; 7 remained 
cytologically positive at the time of publication, while 7 died from other causes and 10 were 
lost to follow-up (Koss et al., 1969). In addition to cigarette smoke, there also appear to be 
other, ill-defined environmental sources of exposure, possibly from other sources of 
combustion of substances containing carbon and nitrogen (Skipper et al., 2003). Cigarette 
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smoking accounts for between 40% and 70% of the bladder cancer cases in the United States 
and Europe (IARC, 1986; Castelao et al., 2001). Black (air-cured) tobacco is a greater source 
of 4-aminobiphenyl than is blonde (flue-cured) tobacco (Bryant et al., 1988). 

The key events demonstrated for 4-aminobiphenyl bladder carcinogenesis in mice and dogs 
have also been specifically evaluated for 4-aminobiphenyl in humans, primarily in 
individuals exposed to 4-aminobiphenyl in cigarette smoke, but also utilizing in vitro 
methods with human urothelial cells (see Table 4). 

Table 4. Concordance evaluation of key events of 4-aminobiphenyl-induced urinary 
bladder carcinogenesis between species. 

Key event Mouse Dog Human 
1. Metabolic activation to reactive electrophile + + + 
2. DNA adduct formation + + + 
3. Mutagenesis + + + 
4. Carcinoma + + + 

Absorbed 4-aminobiphenyl is N-oxidized in the liver by CYP1A2, which, in spite of its rather 
high homology with CYP1A1, has an essentially different substrate specificity and is found 
only in liver (Lang & Pelkonen, 1999). Other enzymes have been suggested to be capable of 
supporting metabolic activation to the N-hydroxylamine. 

NAT1 and NAT2 each catalyse three types of acetylation: the N-acetylation of arylamines, 
the O-acetylation of N-hydroxylamines, and the N,O-acetyltransfer of arylhydroxamic acids 
(Flammang & Kadlubar, 1986; Mattano et al., 1989; Fretland et al., 1997; Hein et al., 2000). 
It is believed that N-acetylation by N-acetyltransferases has a protective effect regarding 
bladder carcinogenicity, primarily because the acetamide of 4-aminobiphenyl formed is 
significantly less potent as a substrate for N-hydroxylation compared with the amine. Two 
genes, NAT1 and NAT2, code for the NAT isoforms, and allelic variation has been associated 
with susceptibility to urinary bladder cancer in humans (Hein et al., 2000). Most studies 
suggest that NAT2 slow acetylators are at increased risk of developing bladder cancer, 
whereas the contribution of the NAT1 genotype to aromatic amine bladder carcinogenesis is 
less clear (Cartwright et al., 1982; Hein et al., 2000). Among smokers, there is a higher level 
of 4-aminobiphenyl–haemoglobin adducts associated with the slow acetylator phenotype 
(Vineis et al., 1990). Interactions of NAT1 and NAT2 have been suggested (Cascorbi et al., 
2001). In a study of 425 German bladder cancer patients, Cascorbi et al. (2001) found that 
there is (1) a partial linkage of the NAT1*10 genotype to the NAT2*4 genotype, (2) a clear 
underrepresentation of NAT1*10 genotypes among rapid NAT2 genotypes in the cases 
studied, and (3) a gene–gene–environment interaction in that NAT2*slow/NAT1*4 genotype 
combinations with a history of occupational exposure were 5.96 (2.96–12.0) times more 
frequent in cancer cases than in controls without a risk from occupation (P < 0.0001). Hence, 
the data suggest that individuals with NAT2*4 and NAT1*10 are at a significantly lower risk 
for bladder cancer, particularly when exposed to environmental risk factors. 
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Polymorphisms in CYP1A2 (Oscarson et al., n.d.) and NAT2 (Hein et al., 2000) genes are 
associated with variations in the activities of these enzymes in human populations, although 
the extent to which variation in CYP1A2 activity is due to genetic factors has yet to be deter-
mined (Sachse et al., 2003). Moreover, expression of the CYP1A2 gene is induced in cigarette 
smokers, leading to even higher CYP1A2 enzyme activities (Sesardic et al., 1988; Eaton et 
al., 1995). An individual exposed to 4-aminobiphenyl and expressing high levels of CYP1A2 
and slow NAT2 activity would be expected to have increased levels of N-hydroxy-4-
aminobiphenyl and, therefore, higher levels of 4-aminobiphenyl–haemoglobin adducts and 4-
aminobiphenyl–DNA adducts in liver and urinary bladder than an individual expressing low 
levels of CYP1A2 and rapid NAT2 activity. 

The tumour suppressor genes RB1 and TP53 appear to be involved in bladder cancer, 
especially high-grade urothelial carcinomas rather than low-grade papillary tumours. Both 
genes are involved in the regulation of the cell cycle. In addition, TP53 plays a role in 
response to DNA damage, cell death, and neovascularization (Hickman et al., 2002), and its 
gene product regulates the expression of multiple genes (Vousden & Lu, 2002). A strong 
association has been found between RB1 inactivation and muscle invasion (Cairns et al., 
1991; Ishikawa et al., 1991; Presti et al., 1991; Primdahl et al., 2000). In one study of 45 
bladder cancers, seven of nine TP53 mutations occurred in grade 3 tumours (i.e. invasion 
includes perivesicular tissue) (Martone et al., 1998). Inactivation of RB1 occurs in 30–80% of 
muscle-invasive bladder cancers (Cairns et al., 1991; Logothetis et al., 1992; Wright et al., 
1995; Ioachim et al., 2000), most frequently as a consequence of heterozygous 13q deletions 
in combination with mutation of the remaining allele (Cordon-Cardo & Reuter, 1997). In 
studies investigating at least 30 tumours, TP53 mutations occurred in 40–60% of invasive 
bladder cancers (Tiguert et al., 2001; Lu et al., 2002). Although no specific mutational hot-
spots were identified, more than 90% of the mutations occurred in exons 4–9. In a study of 
the binding spectrum of N-hydroxy-4-aminobiphenyl in DNA fragments containing exons 5, 
7, and 8 of TP53, preferential binding was identified at codon 285, a non-CpG site, and at 
codons 175 and 248, which are CpG sites, but only after C5 cytosine methylation had 
occurred (Feng et al., 2002). The authors concluded that the mutational spectrum in TP53 in 
bladder cancer strongly suggests a role of 4-aminobiphenyl in the etiology of this neoplasm. 

Exposure to tobacco smoke, an environmental source of 4-aminobiphenyl, is associated with 
increased levels of 4-aminobiphenyl–haemoglobin adducts, in both adults and fetuses. In a 
study of smoking (n = 14) and non-smoking (n = 38) women, 4-aminobiphenyl–haemoglobin 
levels were 183 ± 108 pg/g haemoglobin in smokers and 22 ± 8 pg/g haemoglobin in non-
smokers, whereas the levels in their respective fetuses were 92 ± 54 pg/g haemoglobin and 17 
± 13 pg/g haemoglobin (Coghlin et al., 1991), a difference that has also been observed in 
adults in studies of tumour tissue DNA (Curigliano et al., 1996). Haemoglobin adduct levels 
(used as a surrogate for exposure levels and indicator for DNA adduct potential) have been 
associated with levels of exposure to tobacco as a source of 4-aminobiphenyl (black tobacco 
> blonde tobacco > non-smokers) in a male study population from Turin, Italy; the risk of 
bladder cancer followed the same pattern (Bryant et al., 1988). There is a substantial gap in 
information linking the presence of adducts, primarily an indication of exposure, and the 
emergence of cancer. 
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In humans, 4-aminobiphenyl has been associated only with urinary bladder cancer, whereas 
in mice, liver and urinary bladder tumours are induced. Although the specific reasons for 
these species differences in organ specificity are not known, they appear to be due to 
variations in competing N-esterification enzymatic activations. Sulfation appears to be pri-
marily associated with liver carcinogenesis by aromatic amines, whereas N-glucuronidation
appears to be more associated with bladder carcinogenesis. Acetylation has mixed effects, but 
in humans appears to be principally a detoxification process that can be influenced 
significantly by N-acetyltransferase polymorphisms that result in fast versus slow acetylation. 
Human tissues have been studied for their possible involvement in the metabolism of 4-
aminobiphenyl and its metabolites. CYP1A2 is responsible for the metabolism of 4-amino-
biphenyl to N-hydroxy-4-aminobiphenyl by human hepatic microsomal fraction (Butler et al., 
1989b). N-Hydroxy-4-aminobiphenyl can be metabolized to a product that binds covalently 
to calf thymus DNA by cytosolic sulfotransferases from human liver and, to a lesser extent, 
colon, but not from pancreas or urinary bladder. In view of this lack of sulfotransferase 
activity in bladder, it has been suggested that hepatic sulfotransferase may actually decrease 
the bioavailability of N-hydroxy-4-aminobiphenyl in extrahepatic tissues and serve as a 
detoxification mechanism for the urinary bladder (Chou et al., 1995). On the other hand, N-
acetyltransferases that are present in human urothelial cells (Frederickson et al., 1992; 
Swaminathan & Reznikoff, 1992) can metabolize N-hydroxy-4-aminobiphenyl, as well as the 
acetylated compounds N-hydroxy-4-acetylaminobiphenyl and N-acetoxy-4-acetylamino-
biphenyl, to a DNA-reactive material. The major adduct co-chromatographs with N-(deoxy-
guanosin-8-yl)-4-aminobiphenyl. 32P-postlabelling analysis of the DNA from cytosol-
mediated binding of N-hydroxy-4-aminobiphenyl revealed four radioactive spots. Five 
adducts were found when intact human urothelial cells were used, two of which were the 
same as two found using cytosol. This suggests the possibility of an activation pathway or 
pathways in addition to acetylation.

Experiments similar to those performed with dog tissues have shown that human urothelial 
cell microsomes possess transacetylation activity, so that N-hydroxy-4-aminobiphenyl bind-
ing to RNA and DNA occurs in the presence of 4-acetylaminobiphenyl, N-hydroxy-4-acetyl-
aminobiphenyl, or acetylCoA as acetyl donors (Hatcher et al., 1993). These authors also 
found that 32P-postlabelling of DNA adducts formed after reaction with N-hydroxy-4-amino-
biphenyl, N-hydroxy-4-acetylaminobiphenyl, and N-acetoxy-4-aminobiphenyl showed simi-
lar profiles, suggesting that the arylnitrenium ion, arising from N-acetoxy-4-aminobiphenyl, 
might be the common reactive species. The structures of the adducts have been identified as 
the 3 ,5 -bisphospho derivatives of N-(deoxyguanosin-8-yl)-4-aminobiphenyl (dG-C8-amino-
biphenyl), N-(deoxyadenosin-8-yl)-4-aminobiphenyl (dA-C8-aminobiphenyl) (Frederickson 
et al., 1992; Hatcher & Swaminathan, 1995), and N-(deoxyguanosin-N(2)-yl)-4-azobiphenyl 
(Hatcher & Swaminathan, 2002). 

The results available comparing tobacco smokers with non-smokers support the relevance to 
humans of the hypothesized MOA. In a study of 46 T1 bladder cancer cases, mean relative 
staining intensity for 4-aminobiphenyl–DNA adducts was significantly higher in current 
smokers (275 ± 81, n = 24) than in non-smokers (113 ± 71, n = 22) (Curigliano et al., 1996). 
Similar results have been reported for laryngeal tissue (Flamini et al., 1998) and for 
mammary tissue (Faraglia et al., 2003). Using 4-aminobiphenyl–haemoglobin adducts as an 
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indicator of exposure, it was found that bladder carcinoma patients had higher levels than 
controls (Del Santo et al., 1991), whereas lung cancer patients did not (Weston et al., 1991). 
The basis for this difference is unknown. 

In addition to the evidence of genotoxicity generated with non-human test systems, 4-amino-
biphenyl can be metabolized by human urothelial cell microsomal preparations to a mutagen 
in S. typhimurium YG1024 (a derivative of TA98 with elevated O-acetyltransferase activity) 
but not in strain TA98 itself (Hatcher et al., 1993). No other species or other human tissues 
were examined in this study. 

6-Thioguanine-resistant mutants can be induced in a non-tumorigenic, SV40-immortalized 
human urothelial cell line by exposure to 4-aminobiphenyl itself or exposure to N-hydroxy-4-
aminobiphenyl, N-hydroxy-4-acetylaminobiphenyl, or N-acetoxy-4-acetylaminobiphenyl 
(Bookland et al., 1992a). No exogenous metabolic activation system was required for the 
observed activity. The lowest effective concentrations to produce a statistically significant 
increase in the mutant fraction were as follows: N-acetoxy-4-acetylaminobiphenyl, 2 μmol/l; 
N-hydroxy-4-acetylaminobiphenyl, 5 μmol/l; N-hydroxy-4-aminobiphenyl, 20 μmol/l; and 4-
aminobiphenyl, 100 μmol/l. Three of these substances were also tested for tumorigenic 
transformation using the same human immortalized urothelial cells in an in vitro–in vivo 
assay in which the end-point was carcinoma development when treated cells were injected 
subcutaneously into nude mice (Bookland et al., 1992b). Transformation was demonstrated 
after all treatments, the lowest concentrations being as follows: N-hydroxy-4-acetylamino-
biphenyl, 0.5 μmol/l; N-hydroxy-4-aminobiphenyl, 0.5 μmol/l; and 4-aminobiphenyl, 20 
μmol/l. The lower concentrations required for transformation in comparison with those for 
mutation are noted, but how this should be interpreted is not clear. It is consistent with the 
transformation being independent of mutation and with the transformation assay having a 
higher sensitivity, or it could merely reflect a difference in sensitivity of the methods. 

In summary, on a qualitative basis, the key events in the MOA are the same in mice, dogs, 
and humans: metabolic activation to the N-hydroxylamine with subsequent formation of a 
reactive electrophile (presumably the nitrenium ion), formation of guanine adducts, gene 
mutation, and the ultimate formation of cancer. The intervening events between gene 
mutation and cancer, such as which genes are mutated and how cancer is induced, are not 
known. The MOA, nevertheless, has been clearly demonstrated and is the same in the animal 
models and in humans. 

CAN HUMAN RELEVANCE OF THE MOA BE REASONABLY EXCLUDED ON 
THE BASIS OF QUANTITATIVE DIFFERENCES IN EITHER KINETIC OR 
DYNAMIC FACTORS BETWEEN EXPERIMENTAL ANIMALS AND HUMANS? 

As described in detail above, the metabolic activation, DNA adducts, and mutagenicity of 4-
aminobiphenyl are qualitatively the same in mice, dogs, and humans, leading to the induction 
of urothelial tumours of the urinary bladder in these three species and other tumours in mice, 
rats, and rabbits. Although detailed aspects of absorption, distribution, and excretion have not 
been reported, similarity in the levels of DNA adduct formation in the urothelium occurring 
in mice, dogs, and humans suggests that kinetic differences are not significant between these 
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three species. Although similar enzymatic processes occur in the three species, quantitative 
differences are evident. These differences may explain some of the variations seen in target 
organ specificity among the species and might suggest possible quantitative differences in 
generation of the DNA adducts. Nevertheless, these differences do not negate the overall 
MOA for any of the species or the different target organs and are consistent with the 
complexity of the competing pathways for metabolic activation and deactivation. 

Presumably there is a potential for repair of the different adducts, and quantitative differences 
might exist among species and even among tissues. However, the detection of relatively high 
numbers of adducts in all three species indicates that significant numbers of stable adducts 
are produced. 

The target tissue common among mice, dogs, and humans, the urinary bladder urothelium, is 
similar morphologically (Pauli et al., 1983). The urothelium has a characteristic asymmetric 
unit membrane at the luminal surface that provides a major part of the barrier function to 
urine. It is composed of urothelium-specific proteins, the uroplakins, the sequence of which is 
highly conserved among species (Wu et al., 1994). In addition, the urothelium is metabol-
ically active in all three species. 

Modulating urinary factors have also been identified that can quantitatively affect the 
ultimate formation of urothelial DNA adducts, such as pH and frequency of urination (Cohen, 
1995; Sarkar et al., 2002). Although the range of pH varies among species, the pH in mice, 
dogs, and humans readily reaches acidic and alkaline levels as well as neutral. Again, 
although quantitative differences occur, these do not preclude the existence of this MOA in 
humans. 

There is no evidence implicating another MOA besides DNA reactivity. However, significant 
quantitative differences exist between species with regard to apparent potency of 4-
aminobiphenyl with respect to urinary bladder carcinogenesis. It is clear, however, that 
metabolites of 4-aminobiphenyl interact with proteins (e.g. haemoglobin) as well as with 
DNA and that metabolites of 4-aminobiphenyl are cytotoxic (Schieferstein et al., 1985; 
Reznikoff et al., 1986; Kadlubar et al., 1991). Interaction with urothelial cellular proteins 
might be responsible for the cytotoxicity and regenerative proliferation seen in the mouse 
bladder at higher doses of 4-aminobiphenyl. The interaction of DNA reactivity and conse-
quent mutagenicity and cell proliferation provide an explanation for the sigmoidal shape of 
the dose–response curve for tumours despite a linear dose–response for DNA adducts (Cohen 
& Ellwein, 1990). The high concentrations of 4-aminobiphenyl found in the urine of mice 
that can produce urothelial cytotoxicity are generally not attained in humans exposed to 
cigarette smoke. However, other (unknown) substances appear to produce urothelial hyper-
plasia in cigarette smokers (Auerbach & Garfinkel, 1989). This increased cell proliferation 
significantly potentiates the effects of 4-aminobiphenyl on the bladder, providing a signifi-
cantly greater number of DNA-replicating cell targets on which to act in comparison with the 
small number present in the normal, slowly replicating urothelium. Thus, the apparent greater 
potency of 4-aminobiphenyl in humans compared with mice is unlikely, but represents the 
synergy of DNA reactivity and cell proliferation produced by a single substance, 4-amino-
biphenyl, in mice, but by different substances in the complex mixture of cigarette smoke. 
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Occupational exposure to 4-aminobiphenyl presumably resulted in greater doses of 4-amino-
biphenyl than did exposure to cigarette smoke, since the incidence of bladder cancer in such 
populations was considerably higher than in smokers. However, quantitative measurements 
of metabolite concentrations or DNA adduct levels in urothelial cells could not be determined 
at the time these occupational exposures occurred, and cigarette smoking history in those 
individuals was not assessed (Koss et al., 1965, 1969). 

In summary, although quantitative differences among species exist, they do not exclude the 
same MOA in mice and dogs occurring in humans. 

CONCLUSION: STATEMENT OF CONFIDENCE, ANALYSIS, AND 
IMPLICATIONS 

The early steps in the proposed MOA are well supported by the available evidence, indicating 
that the key events of metabolic activation, DNA adduct formation, and mutation are the 
same qualitatively in mice, dogs, and humans. There is strong and sufficient evidence that 4-
aminobiphenyl is a human urinary bladder carcinogen. Evidence for the intervening steps 
between mutation and cancer development is lacking. The associations described for adduct 
levels and TP53 mutations are not compelling because these particular genetic alterations 
appear late in tumour progression and are often the result of endogenous causes (e.g. 
spontaneous depurination at methylated CpG sites). This aspect of TP53 mutations in bladder 
cancer has been studied in a case–control study (Schroeder et al., 2003). In addition, most 
urothelial tumours in humans are low-grade papillary lesions, which generally do not have 
TP53 mutations. 

The mutational spectrum of N-hydroxy-4-acetylaminobiphenyl has been studied in embry-
onic fibroblasts of the Big Blue mouse (Besaratinia et al., 2002). Treatment of these cells for 
24 h resulted in a dose-dependent increase in mutation frequency of the cII transgene of up to 
12.8-fold over background. Single-base substitutions comprised 86% of the mutations in the 
treated cells and 74% of the mutations in the controls. Of these mutations, 63% and 36%, 
respectively, occurred at guanine residues along the cII gene. Whereas G  T transversions 
accounted for 47% of the mutations in the treated cII gene, the most common mutations in 
untreated cells were insertions, which accounted for 19% of the mutations. Mapping of the 
induced adducts established five preferred DNA adduction sites, of which four were major 
mutation sites for N-hydroxy-4-acetoxyaminobiphenyl, especially G  T transversions. In 
the TP53 gene in human bladder cancer, however, G  A transitions predominate (53%) and 
are prevalent at all of its five mutational hotspots (codons 175, 248, 273, 280, and 285), three 
of which are at methylated CpG hotspots (175, 248, and 273). In cII, neither the preferred 
adduction sites nor the induced mutational hotspots are biased towards methylated CpG 
dinucleotides. It is concluded from this study that there is a serious discordance between the 
mutation pattern induced by N-hydroxy-4-acetoxyaminobiphenyl in the cII gene and the 
mutational pattern observed in TP53 in human bladder cancer. However, the role of 
methylation status and transcriptional activity on the mutation spectrum induced by 4-
aminobiphenyl has yet to be determined. It is also to be noted that the TP53 mutation 
spectrum is a reflection of a selection process during tumour development. 
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Based on the preceding analysis, it is clear that the MOA for 4-aminobiphenyl carcinogenesis 
is known in the animal model, and the MOA is relevant to humans both qualitatively and 
quantitatively. The conclusion based on this evaluation, even without epidemiological 
evidence, is that 4-aminobiphenyl poses a cancer hazard to humans. 

To perform a full risk assessment requires additional information regarding the dose–
response and human exposures. Based on the information described above, it is clear that the 
data predict a cancer hazard for humans at expected exposures, at least for occupational 
(historical) and cigarette smoking exposures. Further analysis is required regarding the 
potential risk at ambient exposures in those who are not cigarette smokers. The MOA 
analysis provides the basis and foundation for such an assessment. The epidemiological 
evidence on 4-aminobiphenyl supports the conclusions suggested by the MOA HRF. 

4-AMINOBIPHENYL AND THE HUMAN RELEVANCE FRAMEWORK 

4-Aminobiphenyl was evaluated using the proposed IPCS HRF based on an MOA analysis. 
The defined key events for this DNA reactivity MOA—metabolic activation, DNA adduct 
formation, mutagenicity, and cancer induction—clearly are the same in humans as in the 
animal (mice, dogs) models, indicating that 4-aminobiphenyl presents a cancer hazard for 
humans. The information for this MOA analysis provides a substantive foundation on which 
to build a complete cancer risk assessment for humans. For this chemical, there is also 
substantial epidemiological evidence to verify the conclusions derived from the HRF 
analysis. 

The additional key events for this MOA—which genes are mutated and how do these genetic 
alterations lead to cancer—are not known for 4-aminobiphenyl. However, this does not 
detract from the conclusions, given the strength of evidence for the proposed MOA, based on 
the framework analysis presented here. 

What data are necessary to conclude that a chemical produces cancer by a DNA-reactive 
MOA? Our suggestion is that at the very least there be a demonstration that DNA adducts are 
produced, preferably in the target tissue, and that the chemical is mutagenic (either with or 
without metabolic activation). Mutagenicity is used here in a more specific, restricted sense 
than the broader term genotoxicity. Demonstration of DNA adducts and mutagenicity in the 
target tissue after in vivo exposure increases confidence in the proposed MOA. Identification 
of the specific metabolic pathway and specific DNA adducts induced provides a significantly 
better basis for extrapolating between the animal model and humans.  

This case demonstrates the potential utility of data on surrogate compounds in MOA analysis. 
However, the relevance of data on related compounds, whether in vivo or in vitro, needs to be 
adequately justified. Weight-of-evidence analysis of structure–activity relationships, which 
have been well developed for DNA reactivity and mutagenicity, should also contribute to 
framework analysis.  
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FORMALDEHYDE AND GLUTARALDEHYDE AND NASAL 
CYTOTOXICITY: CASE-STUDY WITHIN THE CONTEXT OF THE IPCS 

FRAMEWORK FOR ANALYSING THE RELEVANCE OF A CANCER 
MODE OF ACTION FOR HUMANS1

Douglas McGregor, Hermann Bolt, Vincent Cogliano, & Hans-Bernhard Richter-Reichhelm

Formaldehyde and glutaraldehyde cause toxicity to the nasal epithelium of rats and mice upon 
inhalation. In addition, formaldehyde above certain concentrations induces dose-related 
increases in nasal tumours in rats and mice, but glutaraldehyde does not. Using the 2006 
International Programme on Chemical Safety (IPCS) human framework for the analysis of 
cancer mode of action (MOA), an MOA for formaldehyde was formulated and its relevance 
tested against the properties of the non-carcinogenic glutaraldehyde. These compounds pro-
duce similar patterns of response in histopathology and in genotoxicity tests (although 
formaldehyde has been much more extensively studied). The MOA is based on the induction 
of sustained cytotoxicity and reparative cell proliferation induced by formaldehyde at 
concentrations that also induce nasal tumours upon long-term exposure. Data on dose 
dependency and temporal relationships of key events are consistent with this MOA. While a 
genotoxic MOA can never be ruled out for a compound that is clearly genotoxic, at least in 
vitro, the non-genotoxic properties fundamental to the proposed MOA can explain the neo-
plastic response in the nose and may be more informative than genotoxicity in risk assess-
ment. It is not yet fully explained why glutaraldehyde remains non-carcinogenic upon 
inhalation, but its greater inherent toxicity may be a key factor. The dual aldehyde functions in 
glutaraldehyde are likely to produce damage resulting in fewer kinetic possibilities (particu-
larly for proteins involved in differentiation control) and lower potential for repair (nucleic 
acids) than would be the case for formaldehyde. While there have been few studies of possible 
glutaraldehyde-associated cancer, the evidence that formaldehyde is a human carcinogen is 
strong for nasopharyngeal cancers, although less so for sinonasal cancers. This apparent dis-
crepancy could be due in part to the classification of human nasal tumours with tumours of the 
sinuses, which would receive much less exposure to inhaled formaldehyde. Evaluation of the 
human relevance of the proposed MOA of formaldehyde in rodents is restricted by human 
data limitations, although the key events are plausible. It is clear that the human relevance of 
the formaldehyde MOA in rodents cannot be excluded on either kinetic or dynamic grounds. 

INTRODUCTION 

Formaldehyde and glutaraldehyde are aliphatic mono- and dialdehydes, respectively, that 
undergo reactions typical of aldehydes to form acetals, cyanohydrins, oximes, hydrazones, 
and bisulfite complexes. They are highly reactive chemicals and produce covalently cross-
linked complexes with DNA and proteins. Their metabolism has some commonality in that 
they are both oxidized by aldehyde dehydrogenases. Several studies have demonstrated that 
inhalation exposure to formaldehyde causes nasal tumours in rats, whereas no nasal tumours 
were observed in the only 2-year inhalation study of rats exposed to glutaraldehyde. 

1 This article, to which WHO owns copyright, was originally published in 2006 in Critical Reviews in 
Toxicology, Volume 36, pages 821–835. It has been edited for this WHO publication and includes corrigenda. 
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Formaldehyde 
Formaldehyde has been tested for carcinogenicity by the inhalation route in mice, rats, and 
Syrian hamsters, by oral administration (drinking-water) in rats, by skin application in mice, 
and by subcutaneous injection in rats. There is conclusive evidence from the inhalation 
studies that formaldehyde is a carcinogen in rats. 

There is considerable evidence that prolonged inhalation exposure to formaldehyde induces 
highly non-linear dose-related increases in the incidence of tumours of the anterior and 
posterior lateral meatus of rats (Morgan et al., 1986; Feron et al., 1988; Woutersen et al., 
1989; Monticello et al., 1996; Kamata et al., 1997; CIIT, 1999). There are sharp increases in 
tumour incidence at formaldehyde concentrations equal to and greater than 7.2 mg/m3.
Exposure to concentrations of 2.4 mg/m3 and lower induced no malignant nasal tumours. 
Table 1 combines the data from two published rat studies (Kerns et al., 1983a; Monticello et 
al., 1996) conducted at the same laboratory and some additional information from one of 
these studies on a number of rats that had not been examined at the time of the publications 
(Schlosser et al., 2003). The majority of formaldehyde-induced neoplasms were squamous 
cell carcinomas.  

Table 1. Combined incidence of nasal squamous cell carcinomas in rats exposed to 
formaldehyde. 

Formaldehyde concentration 
(mg/m3) Number of rats at riska Actual number of tumoursb

0 122 0
0.84 27 0
2.4 126 0
7.2 113 3
12 34 22
18 182 157

Note: Adapted from Schlosser et al. (2003). 
a Rats at risk are those that survived to 2 years and were examined at that time plus those that died before 

2 years in which tumours were found. 
b Rats in which tumours were found at or before 2 years. 

In contrast, inhalation studies in Syrian hamsters showed no carcinogenic effect at a single 
dose of 12.3 mg/m3 (Dalbey, 1982), and one of two inhalation studies in mice showed no 
effect in females and squamous cell carcinomas in 2/17 males killed at 2 years at a high-dose 
concentration of 17.6 mg/m3 (Kerns et al., 1983a, 1983b), whereas the other was inadequate 
for evaluation (Horton et al., 1963). 

Studies on rats using other routes of exposure produced no significant results in two of four 
drinking-water studies (Takahashi et al., 1986; Tobe et al., 1989), forestomach papillomas in 
one study (Til et al., 1989), and leukaemia and gastrointestinal tract tumours in another 
(Soffritti et al., 1989), but the interpretation of the last study has been questioned (Feron et 
al., 1990). Mouse skin application and subcutaneous injection studies were not suitable for 
evaluation. In no study in rodents was there a significant increase in nasal tumours other than 
in the five inhalation exposure studies in rats—that is, at the entry portal.  
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Glutaraldehyde 
Glutaraldehyde has been tested for carcinogenicity by the inhalation route in mice and rats 
and by oral administration (drinking-water) in rats. Inhalation studies showed no carcinogenic 
effect in either B6C3F1 mice exposed to a single concentration of 400 μg/m3 for 78 weeks 
(Zissu et al., 1998) or multiple concentrations up to 1000 μg/m3 for 2 years (NTP, 1999) or 
F344 rats exposed to concentrations of up to 3000 μg/m3 for 2 years (NTP, 1999). In a 
drinking-water study in which male and female F344 rats were exposed to glutaraldehyde 
concentrations of up to 4000 mg/m3 for 2 years, increased incidences of large granular cell 
lymphatic leukaemia were found in the spleen of females at all exposure concentrations 
(Ballantyne, 1995; Van Miller et al., 1995). 

1. IS THE WEIGHT OF EVIDENCE SUFFICIENT TO ESTABLISH A MODE OF 
ACTION (MOA) IN ANIMALS? 

A. Postulated mode of action  
Prolonged exposure to formaldehyde above a critical concentration induces sustained 
cytotoxicity and cell proliferation. As a result of genetic changes within this proliferating cell 
population, neoplasia emerges. The genetic changes are postulated to be secondary to the 
cytotoxicity, metaplasia, and hyperplasia that are clearly induced by formaldehyde. Formal-
dehyde is a genotoxic substance in vitro and forms DNA–protein cross-links (DPX). DPX are 
a well established indicator of formaldehyde exposure, but it is not clear whether they are 
premutational lesions required to produce neoplasia (by initiating DNA replication errors, 
resulting in mutation). Apart from the abundance of DPX observations in rats, there is little 
evidence that formaldehyde is mutagenic to mammalian cells in vivo.

This postulated MOA is mainly based on observations of consistent, non-linear dose–
response relationships for all three key events (sustained cell proliferation, DPX, and 
tumours) and concordance of incidence of these effects across regions of the nasal passages. 

B. Key events 

Formaldehyde
Limitation of damage to the entry portal following exposure to formaldehyde is clearly 
important, with metabolism playing a significant role in the process. The importance of the 
entry portal for formaldehyde-induced nasal tumours is supported by the observation that the 
principal non-neoplastic effect in rats exposed orally to formaldehyde solutions is the 
development of histological changes within the forestomach and glandular stomach (Til et al., 
1989; Tobe et al., 1989). 

Formaldehyde is an endogenous metabolic product of N-, O-, and S-demethylation reactions 
within cells (Hardman et al., 2001), and circulating concentrations of about 2.0–2.6 μg/g 
blood are normal in unexposed mammals (Heck et al., 1982, 1985; Casanova et al., 1988). 
Exogenous formaldehyde is rapidly detoxified upon absorption. It has a half-life in plasma of 
about 1 min in rats exposed intravenously (Rietbrock, 1965), and it readily and spontaneously 
combines with reduced glutathione to form S-hydroxymethylglutathione, the substrate for 
alcohol dehydrogenase 3 (ADH3, also known as glutathione-dependent formaldehyde 
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dehydrogenase) (Uotila & Koivusalo, 1974; Koivusalo et al., 1989), to form S-formylgluta-
thione, which is further metabolized to formic acid and reduced glutathione by S-formyl-
glutathione hydrolase (Uotila & Koivusalo, 1997). The KM for initial binding of hydroxy-
methylglutathione with ADH3 is about 0.004 mmol/l, and the concentration of free formal-
dehyde is likely to be even lower (Uotila & Koivusalo, 1997; Hedberg et al., 1998). It may be 
toxicologically significant that formaldehyde also combines with thiols such as cysteine and 
cysteinylglycine (Holmquist & Vallee, 1991). In addition to this efficient metabolic 
detoxification mechanism, the mucociliary apparatus provides protection of the underlying 
epithelium from gases and vapours. Thus, in order to attain free formaldehyde concentrations 
that may be cytotoxic to the target tissue, relatively high concentrations of formaldehyde 
vapour must be delivered to the target site to overcome these protective mechanisms. Mech-
anistic events of clear significance for carcinogenicity occur at dose levels where formal-
dehyde detoxification mechanisms are saturated in rats (Casanova & Heck, 1987). 

The predominant non-neoplastic and preneoplastic events that have been measured and 
associated with nasal cancer formation following inhalation exposure of the nasal epithelium 
to formaldehyde include cytotoxicity, DPX formation, nasal epithelial cell regenerative pro-
liferation, squamous metaplasia, and inflammation, which are site-specific, highly non-linear 
response processes in concordance with the incidence of nasal tumours.  

The relative magnitude of an increase in cell proliferation is dependent upon the size of the 
target cell population within specific regions of the nasal cavity and not always directly 
related to the length of exposure, or total cumulative exposure (Swenberg et al., 1983, 1986; 
Monticello et al., 1991, 1996; Monticello & Morgan, 1994). These factors have been well 
defined and measured in a number of studies in rat, monkey, and human epithelial cells. In a 
24-month carcinogenicity assay with interim sacrifices at 3, 6, 12, and 18 months, cell 
proliferation was demonstrated in rats exposed to 7.2, 12, and 18 mg/m3 at all times 
(Monticello et al., 1991, 1996). 

An immunohistochemical technique was used to assess the presence of p53 protein, a marker 
of cell proliferation (proliferating cell nuclear antigen, or PCNA), and tumour growth factor 
(TGF)-α in the histopathological sections of the same tumours. In addition to the p53-
positive immunostaining in squamous cell carcinomas, especially in cells with keratinization, 
p53-positive immunostaining was observed in preneoplastic hyperkeratotic plaques, while 
normal nasal mucosa did not stain. A correlation was found between the distribution of 
immunostaining of PCNA and that of p53 (Wolf et al., 1995).

The formation of DPX in rats is a non-linear function of concentration (Casanova & Heck, 
1987; Casanova et al., 1989, 1994; Heck & Casanova, 1995) and correlates with the site 
specificity of tumours (Casanova et al., 1994). Cross-links were not detected in the olfactory 
mucosa or in the bone marrow of rats (Casanova-Schmitz et al., 1984; Casanova & Heck, 
1987). DPX have been found in rhesus monkeys following inhalation exposure to formal-
dehyde, with the highest concentrations in the middle turbinates, followed by the anterior 
lateral wall septum and nasopharynx (Casanova et al., 1991).
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Studies of rats, mice, Syrian hamsters, and rhesus monkeys exposed to formaldehyde for 13 
(mice) or 26 weeks found that squamous metaplasia in the nasal turbinates developed in rats 
and rhesus monkeys at 3.7 mg/m3, but not in Syrian hamsters or, at 4.9 mg/m3, in mice 
(Rusch et al., 1983; Maronpot et al., 1986). Cell replication is also a feature of the more 
tumour-susceptible areas of the nasal epithelium of rats (Casanova et al., 1994). 

Glutaraldehyde 
Inhalation exposure to glutaraldehyde at 400 μg/m3 for 78 weeks resulted in non-neoplastic 
lesions in the nasal vestibule of female mice, consisting of hyperplasia of the squamous epi-
thelium lining the dorsal wall and the lateral aspect of the atrioturbinate (Zissu et al., 1998).

In the United States National Toxicology Program (NTP) studies of glutaraldehyde, the nasal 
changes observed in male and female rats included the following: 

1. In the squamous epithelium in the most rostral part of the nasal passage, behind the 
external nares, there were increased incidences of hyperplasia and inflammation. The 
hyperplasia was a minimal to marked change characterized by variable thickening of the 
epithelium due to an increase in the number of cell layers and, in the more severe cases, 
varying degrees of keratin accumulation.  

2. In the respiratory epithelium, there was hyperplasia, minimal goblet cell hyperplasia 
(primarily along the nasal septum and ventral meatus), inflammation, and squamous 
metaplasia, with accumulation of keratin on the epithelial surface in the more severe 
cases.

3. In the olfactory epithelium of the dorsal meatus, there were slightly increased incidences 
of hyaline degeneration. 

The glutaraldehyde-associated inflammation that was observed in the squamous epithelial 
and respiratory epithelial regions was a minimal to marked change consisting of multifocal to 
locally extensive infiltrates of neutrophils, lymphocytes, and plasma cells. Occasionally, there 
were a few macrophages within the lamina propria and, in severe cases, within the epithelium 
itself. In male and female mice of this same study, the lesions were qualitatively similar to 
those found in rats. Females were more severely affected than male mice. 

Glutaraldehyde induced DPX in a TK6 human lymphoblast cell line (St. Clair et al., 1991). In 
vivo, glutaraldehyde induced cell proliferation (S-phase nuclei) in nasal cells in rats and mice 
exposed by inhalation (Gross et al., 1994) and nasal instillation (St. Clair et al., 1990). In a 
parallel nasal instillation study by the same authors, formaldehyde induced the same level of 
cell proliferation at 20-fold higher molar concentrations.

C. Dose–response relationship  

Formaldehyde
Available data from rats exposed to formaldehyde show a highly non-linear dose–response 
pattern for the key events, with no observed effects at 2.4 mg/m3, a minimal response at 7.2 
mg/m3, and a sharp increase at 12 and 18 mg/m3.
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In rats exposed to formaldehyde, no increases in cell turnover or DNA synthesis were found 
in the nasal mucosa after subchronic or chronic exposure to concentrations of 2.4 mg/m3

(Rusch et al., 1983; Zwart et al., 1988; Monticello et al., 1991; Casanova et al., 1994). Small, 
site-specific increases in the rate of cell turnover were noted at 3.7 mg/m3 (6 h/day, 5 
days/week, for 13 weeks) in Wistar rats (Zwart et al., 1988) and in the rate of DNA synthesis 
at 7.2 mg/m3 in Fischer 344 rats exposed for a similar period (Casanova et al., 1994). At these 
concentrations, however, an adaptive response would seem to occur in rat nasal epithelium, 
since cell turnover rates after 6 weeks (Monticello et al., 1991) or 13 weeks (Zwart et al., 
1988) are lower than those after 1–4 days of exposure. The unit length labelling index (ULLI) 
method was used to establish the proliferation in male Fischer 344 rats exposed to 
formaldehyde concentrations of 0, 0.84, 2.4, 7.2, 12, or 18 mg/m3 for 6 h/day, 5 days/week, 
for 3, 6, 12, 18, or 24 months. Significant increases in ULLI were present only in the 12 and 
18 mg/m3 groups, with the greater increases on the anterior lateral meatus and the medial 
maxilloturbinate. Elevated ULLI in the anterior dorsal septum developed later in the course 
of the exposure. This belated elevation of ULLI may have been secondary to changes in 
airflow patterns and thus local formaldehyde concentrations associated with growth of lesions 
and distortion of the airspace in those areas of the nose more susceptible to neoplasia 
(Monticello et al., 1996). 

The non-linear relationships for formaldehyde-induced DPX formation, epithelial cell 
proliferation, and subsequently nasal tumours are demonstrated in Table 2. It is arguable that 
the designations of high- and low-tumour areas proposed by Casanova et al. (1994) are not 
the most appropriate, and consequently the truly high tumour incidence region DPX response 
may have been diluted by that of the intermediate tumour incidence (posterior lateral meatus) 
region.

Other studies showed that Fischer 344 rats exposed to 1.2 mg/m3 (22 h/day, 7 days/week, for 
26 weeks) developed no detectable nasal lesions, whereas at 3.6 mg/m3, the only histological 
change was squamous metaplasia in the nasal turbinates (Rusch et al., 1983). The 
development of mild squamous metaplasia was similarly demonstrated in the nasal turbinates 
of Fischer 344 rats exposed to 2.4 mg/m3 (6 h/day, 5 days/week, for 24 months) (Kerns et al., 
1983b). Epithelial dysplasia and rhinitis were also observed in these rats. The occurrence of 
squamous metaplasia appears to be the histological feature requiring the lowest formaldehyde 
concentration of any of the in vivo responses reported. 

A rat, anatomically accurate computational fluid dynamics model was used to test whether 
the distribution of formaldehyde-induced squamous metaplasia was related to the location of 
high-flux regions posterior to the squamous epithelium. Squamous metaplasia was considered 
present when 50% of a subsection was lined by squamous epithelium. No squamous meta-
plasia was present in sections of nose from rats exposed to 2.4 mg/m3 or less. Squamous 
metaplasia was present on the lateral meatus after exposure to 7.2 mg/m3 or more and on the 
lateral and medial walls of the airway after exposure to 12 or 18 mg/m3 (Kimbell et al., 
1997).

There is evidence that glutathione-mediated detoxification of formaldehyde within nasal 
tissues becomes saturated in rats at inhalation exposures above 4.8 mg/m3. This saturation of 
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formaldehyde metabolism may contribute to the non-linearity of the dose–response 
relationships for DPX, cell proliferation, and tumour incidence at exposures above this level 
(Casanova & Heck, 1987). 

Table 2. Comparative effects of formaldehyde exposure upon cell proliferation, DNA–
protein cross-linking, and tumour incidence.

Cell proliferation 
([3H]thymidine-labelled

cells/mm basement 
membrane)a

DNA–protein 
cross-link 

formation (pmol 
[14C]-

formaldehyde 
bound/mg

DNA)b Incidence of nasal carcinomac
Formalde-
hyde
concen-
tration  
(mg/m3)

Anterior 
lateral
meatus

Posterior
lateral

meatus

Anterior 
mid-

septum

“High- 
tumour
region”

“Low- 
tumour
region”

All
sites

Anterior 
lateral
meatus

Posterior
lateral

meatus

Anterior 
mid-

septum
0 10.11 7.69 6.58 0 0 0/90 0/90 0/90 0/90 
0.84 10.53 7.82 8.04 5 5 0/90 0/90 0/90 0/90 
2.4 9.83 11.24 12.74 8 8 0/96 0/96 0/96 0/96 
7.2 15.68 9.96 4.15 30 10 1/90 1/90 0/90 0/90 
12 76.79 15.29 30.01 – – 20/90 12/90 2/90 0/90 
18 93.22 59.52 75.71 150 60 69/147 17/147 9/147 8/147 
a  Cell proliferation measured in three locations of the nasal epithelium in male F344 rats exposed to the 

indicated concentrations of formaldehyde, 6 h/day, 5 days/week, for 3 months (Monticello et al., 1996). 
b  Extent of DNA–protein cross-link formation measured in two regions of the nasal cavity (respiratory mucosa) in 

male F344 rats exposed to the indicated concentrations of formaldehyde, 6 h/day, 5 days/week, for about 
12 weeks; the complete lateral meatus was designated the “high-tumour region”; the “low-tumour region” 
comprised the medial aspects of naso- and maxilloturbinates, posterior lateral wall, posterior dorsal septum 
excluding olfactory region, and nasopharyngeal meatuses (Casanova et al., 1994). Data were derived from 
graphical representations in the reference cited. 

c  Incidence of nasal tumours within the entire nasal cavity or the anterior lateral meatus, posterior lateral meatus, 
or anterior mid-septum in male F344 rats exposed to the indicated concentrations of formaldehyde, 6 h/day, 
5 days/week, for 24 months (Monticello et al., 1996). 

Glutaraldehyde 
A series of repeated-dose experiments with rats and mice exposed to glutaraldehyde has been 
summarized by NICNAS (1994). Among these, the lowest concentration producing lesions of 
the nasal cavity of rats was 1000 μg/m3 (6 h/day, 5 days/week, for 13 weeks) (NTP, 1993). 
The most severe lesions occurred in the anterior portions of the nasal passages and involved 
both the respiratory and olfactory epithelium. Hyperplasia and squamous metaplasia were 
most commonly noted on the lateral wall of the nasal cavity and on the tips of the 
nasoturbinates. Lesions were most extensive in rats exposed to 4000 μg/m3, but were also 
noted in the 1000 and 2000 μg/m3 groups and in one male exposed to 500 μg/m3. In another 
study in rats, no nasal lesions were observed at concentrations up to 776 μg/m3 delivered for 
14 weeks (Bushy Run, 1983).

Mice appeared to be more sensitive to glutaraldehyde inhalation in a 13-week study, with 
inflammation of the nasal cavity being observed in female mice even at the lowest 
concentration of 250 μg/m3 and in male mice at 1000 μg/m3. The species difference in 
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sensitivity is probably due to the smaller airways of mice being more prone to blockage by 
debris (NTP, 1993). Histopathological lesions in the respiratory tract were most severe in 
mice in the 4000 μg/m3 group and consisted of minimal to mild squamous metaplasia of the 
laryngeal epithelium, suppurative inflammation in the anterior parts of the nasal cavity, and 
minimal squamous metaplasia on the tips of the nasoturbinates. Necrosis and inflammation 
were noted at lower concentrations, primarily in the anterior portion of the nasal passage. 

In the NTP (1993) 13-week studies with glutaraldehyde, there were significant, exposure-
related increases in ULLI in the squamous epithelium of the nasal vestibule and, to a lesser 
extent, the respiratory epithelium of the atrioturbinate of the dorsal meatus. The exposure-
related increase in cell replication was generally greater in rats than in mice. Upon examining 
the results in individual mice, it was found that there was an increased rate of cell replication 
in the squamous epithelium of the nasal vestibule only of those mice in which there was also 
neutrophilic infiltration of the mucosa; however, the severity of the infiltrate did not correlate 
with the degree of cell proliferation. These observations were clearest at 13 weeks, par-
ticularly in female mice. In rats, in addition to increased replication in the squamous 
epithelium of the vestibule, there was an equally prominent increase in replication in the 
respiratory epithelium of the dorsal atrioturbinate, whereas in mice, the response in this area 
was weak. 

D. Temporal association 

Formaldehyde
A number of short-, medium-, and long-term studies of the effect of formaldehyde exposure 
on cell proliferation within the respiratory epithelium of rats have indicated a sustained 
increase in proliferation of nasal epithelial cells following exposure to concentrations greater 
than 2.4 mg/m3, irrespective of the exposure period. Cell proliferation was observed in rats 
exposed to formaldehyde for periods from as short as 3 days. In the ULLI study already 
described, the magnitude of increased cell proliferation generally decreased over time but 
remained significantly increased by approximately 2- to 10-fold over controls, for certain 
nasal locations, up to and including the 18-month observation period when this effect was last 
examined (Monticello et al., 1996).  

Data relating to temporal associations for DPX are limited, as most formaldehyde inhalation 
studies of DPX formation are of short duration (i.e. exposure duration up to 1 day). 
Formaldehyde-induced DPX in the nasal epithelium of rats and rhesus monkeys was shown 
consistently in these studies (Casanova et al., 1991). However, a well conducted study inves-
tigating both acute and cumulative DPX yields in rats exposed to formaldehyde for about 
12 weeks (Casanova et al., 1994) found that the acute DPX yield in the lateral meatus (a high 
tumour yield site) of previously exposed rats was about half that in naive rats at concen-
trations greater than 7.2 mg/m3, while there were no differences in the medial and posterior 
meatuses (low tumour yield sites). No significant accumulation of DPX occurred in 
previously exposed rats.

Regenerative cell proliferation following formaldehyde-induced cytotoxicity increases the 
number of DNA replications and thus increases the probability of DPX-initiated DNA 
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replication errors, resulting in mutations. This hypothesis is supported by the observed 
inhibition of DNA replication in the rat nose at elevated concentrations (Heck & Casanova, 
1995) and increased p53 expression in preneoplastic lesions (Wolf et al., 1995). In 5 of 11 
squamous cell carcinomas from rats exposed to 18 mg/m3 for up to 2 years, there were point 
mutations at the GC base pairs in the p53 complementary DNA (cDNA) sequence (Recio et 
al., 1992). 

Glutaraldehyde 
The study of cell replication in the 13-week rat and mouse inhalation studies with 
glutaraldehyde (NTP, 1993) showed that, in contrast to the results obtained for mice, the 
increased cell replication (ULLI) in the nasal vestibule of rats occurred early (within a few 
days) and either remained elevated or decreased slightly through the course of the study. 
Increases in ULLI in the nasal vestibule of mice tended to develop with time. In an inhalation 
study with mice (Zissu et al., 1994), the earliest lesions were observed in the respiratory 
epithelium of the septum and the naso- and maxilloturbinates after 4 days of exposure to 
1.2 mg/m3. Severe histopathological changes were still observed 2 weeks after the end of the 
exposure to 4.0 mg/m3. No exposure-related histological abnormalities were detected in the 
trachea and lungs. 

E. Strength, consistency, and specificity of association of tumour 
response with key events 

Formaldehyde
There are extensive studies investigating formaldehyde-induced neoplasia. Available data 
revealed formaldehyde-induced DPX formation and increased epithelial cell proliferation 
within the upper respiratory tract in a range of species including rats and monkeys and a 
variety of rat and human cells in vitro. It was found that at similar levels of exposure, concen-
trations of DPX were approximately an order of magnitude lower in rhesus monkeys than in 
rats. Increased human epithelial cell proliferation following in situ exposure to formaldehyde 
was reported in a model system in which rat tracheae populated with human tracheobronchial 
epithelial cells were xenotransplanted into athymic mice. 

There is good correlation between key events and regional tumour incidence and tumour 
sites. Cell proliferation, metaplasia, and increased DPX were seen in the regions of the nasal 
cavity where tumours have been observed. The highly non-linear dose–response relationships 
for DPX, cytotoxicity, cell proliferation, metaplasia, and tumours are consistent, with signifi-
cant increases in metaplasia occurring at 2.4 mg/m3 in one study and all end-points being 
observed at concentrations of greater than 4.8 mg/m3. This is also in good correlation with the 
concentration at which mucociliary clearance is inhibited and glutathione-mediated 
metabolism is saturated—that is, 4.8 mg/m3. The study by Morgan et al. (1986) examining 
effects of inhaled formaldehyde on the nasal mucociliary apparatus in male rats also included 
18-h recovery groups following days 1, 9, and 14 of exposure to concentrations of 2.4 mg/m3,
7.2 mg/m3, and 18 mg/m3. Inhibition of mucociliary clearance was progressively more 
extensive with increasing duration of exposure, but showed little or no evidence of recovery 
18 h after cessation of exposure.
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Mice appear to be less susceptible than rats to the development of nasal tumours following 
exposure to a given concentration of formaldehyde. However, it is well known that mice 
decrease their minute volume in response to inhalation of noxious chemicals (Brown et al., 
1986, in CIIT, 1999). 

Glutaraldehyde 
In comparison with formaldehyde, the glutaraldehyde-induced lesions were located in a more 
anterior part of the nose, involving the squamous epithelium. Also, they were of a different 
character, with none of the focal hyperkeratosis and hyperplasia with cellular atypia and 
dysplasia found in animals receiving formaldehyde for 13 weeks (Monticello, 1990; Morgan 
& Monticello, 1990). 

F. Biological plausibility and coherence  

Formaldehyde
Evidence supporting the hypothesis that prolonged regenerative cell proliferation can be a 
causal mechanism in chemical carcinogenesis continues to accumulate (IPCS, 2002). This 
proposed MOA for formaldehyde-induced nasal tumours in animals exposed by inhalation is 
consistent with biological plausibility and the available data. Sustained increased cell 
proliferation has been observed in the nasal cavity in extensive short- and medium-term 
toxicity studies in rats and a few studies in other species. Histopathological effects in the 
nasal cavity (epithelial cell dysplasia and metaplasia) were consistent in a range of sub-
chronic and chronic animal studies. It should be noted, however, that the respective roles of 
DPX, mutation, and cellular proliferation in the induction of nasal tumours in the rat have not 
been fully elucidated.

Glutaraldehyde 
Effects of inhaled glutaraldehyde have not been as extensively studied as those of 
formaldehyde. In inhalation studies, glutaraldehyde did not induce nasal tumours in rats and 
mice. However, the same key events that are considered key events in the nasal carcino-
genicity of formaldehyde—cytotoxicity and cell proliferation—have been demonstrated in 
rats and mice exposed to glutaraldehyde. This might appear to reduce the plausibility of these 
processes being important for formaldehyde. 

G. Possible alternative modes of action 

Formaldehyde
There is the possibility that mutagenicity could play a role in the development of formal-
dehyde-induced tumours. Evaluation of the available data indicates that formaldehyde is 
genotoxic in vitro, but is generally not genotoxic in standard in vivo assays, although there 
are many studies demonstrating that it produces DPX. 

Formaldehyde has been extensively studied for genotoxicity in vitro, with positive results in 
studies with bacterial and mammalian cells (Ames test, gene mutation), and produced DNA 
single-strand breaks and DPX (reviewed in IARC, 2005). In vivo, formaldehyde has repro-
ducibly induced mutations in Drosophila, but there is no convincing evidence of its genotoxic 
activity in rodent bone marrow cell tests. There is limited evidence that formaldehyde expo-
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sure is associated with increased chromosomal aberration and micronucleus frequencies in 
human nasal and buccal cells and peripheral blood lymphocytes (reviewed in IARC, 2005; 
see Appendix). 

It is unclear to what extent DPX contributes to the mutagenesis and carcinogenicity of 
formaldehyde (Recio, 1997; Merk & Speit, 1998; Speit et al., 2000; Liteplo & Meek, 2003). 
The presence of DPX has been considered mainly as an indicator of exposure, although some 
have also seen these lesions as premutagenic in character and therefore evidence of a direct 
genotoxic mechanism. DPX are, however, potentially damaging to the afflicted cell, and cell 
death is a likely outcome should they occur at high frequency. They also indicate that 
protein–protein cross-linkage (PPX) may occur, with potentially less serious effects for the 
cell. Should key proteins be involved in the PPX formation, this could have consequences on 
the regulatory machinery of the cell, including the regulation of differentiation. Such a 
change clearly occurs in the nasal epithelium of rats exposed to formaldehyde, since areas of 
metaplasia emerge. Neoplasia could be viewed as simply a different kind of metaplasia, 
unless there is compelling evidence for a genotoxic mode of action. 

A different interpretation of the data has been offered by Gaylor et al. (2004), who analysed 
the concentration–response relationship for formaldehyde-induced cell proliferation in rats 
using statistical methods designed to identify J-shaped concentration curves. Cell prolifera-
tion data were used because there were insufficient quantal data on cancer incidence to per-
form the analysis. Their analysis supports the hypothesis that the threshold-type dose---
response for nasal tumour incidence is the result of a minor genotoxicity at low dose that is 
superimposed by a J-shaped dose---response for cell proliferation at high cytotoxic dose levels 
(Lutz, 1998). At low doses, the effect of incremental DNA damage may be cancelled out by a 
reduction in cell proliferation; therefore, in spite of the apparent threshold, the data remain 
consistent with a genotoxic mechanism.

In rats exposed to formaldehyde, point mutations at GC base pairs in the cDNA sequence of 
the evolutionarily conserved regions II–V of the p53 gene were found in 5 of 11 primary 
nasal squamous cell carcinomas (Recio et al., 1992). This observation may be interpreted to 
indicate genotoxic processes induced by formaldehyde in the carcinogenic process; however, 
the presence of specific mutations in the emergent tumour is not evidence that they were 
present in the early stages of neoplasia or that they were directly induced by the chemical. 
While there is the possibility of a direct mutagenic event occurring, it is also possible that 
these mutations arose indirectly of exposure as a result of functional changes in chromatin 
proteins induced by the chemical. At what stage in the life history of the tumour these 
observed mutations occurred is also open to speculation: they are relatively common events, 
it is clear, but it is also clear that they are not essential events (since they do not occur in all 
tumours that are apparently of the same type). The occurrence of these mutations indicates 
that a genotoxic mechanism has not been excluded, but this evidence does not necessarily 
support one. 

Specific changes in gene expression have also been observed in vivo. The results indicated 
that exposure to formaldehyde can cause alteration in the expression levels of genes involved 
in several functional categories, including xenobiotic metabolism, cell cycle regulation, DNA 
synthesis and repair, oncogenes, and apoptosis (Hester et al., 2003). It is not clear at present 
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how specific these changes are to formaldehyde or what their role is, if any, in 
carcinogenicity.

Glutaraldehyde 
Glutaraldehyde has been less extensively tested than formaldehyde for genotoxicity in vitro 
and in vivo. It produces weak and inconsistent positive findings in tests in vitro and is not 
active in the vast majority of in vivo studies. The genetic toxicity of glutaraldehyde has been 
recently reviewed (Zeiger et al., 2005). 

Glutaraldehyde induced DNA repair systems in bacterial cells and was a weak mutagen in 
Salmonella and Escherichia coli. Unscheduled DNA synthesis (UDS), DPX, and double-
strand breaks were seen in human cell lines, but not in primary rat cells. There were weak and 
inconsistent responses in chromosomal aberration and sister chromatid exchange (SCE) 
studies with mammalian cells, and glutaraldehyde did not induce transformation in cultured 
Syrian hamster embryo (SHE) cells. 

In vivo, glutaraldehyde induced S-phase DNA synthesis in nasal cells in rats and mice 
following direct nasal administration. Glutaraldehyde did not produce DNA damage in rat 
liver or cross-links in rat testes DNA or sperm cells. Tests for induction of chromosomal 
aberration in bone marrow cells in rats and mice were generally negative. Glutaraldehyde did 
not induce micronuclei in bone marrow cells or dominant lethal mutations in mice. Thus, 
glutaraldehyde does possess genotoxic potential, and, although the database is not as 
extensive as it is for formaldehyde, it might be anticipated that site of contact genotoxicity 
would occur. Consequently, if genotoxicity is a major carcinogenic MOA for formaldehyde, 
it remains to be explained why glutaraldehyde is not active.

H. Uncertainties, inconsistencies, and data gaps 

Formaldehyde
In most of the cancer bioassays for formaldehyde, data on intermediate end-points such as 
proliferative response as a measure of cytotoxicity and DPX are limited. Consequently, direct 
comparison of the incidence of intermediate lesions and tumours is restricted. Additionally, 
information on a direct relationship between DPX and mutation induction and the probability 
of converting a DPX into a mutation is desirable, while the mode by which regenerative cell 
proliferation is involved in the production of mutations required for tumour development 
needs to be determined.  

Studies on the hprt mutation spectrum in formaldehyde-exposed human cells revealed that 
50% of the mutations are deletions, whereas 50% are due to point mutation at the A:T base 
pair (Crosby et al., 1988; Liber et al., 1989). The finding of deletions as part of the 
formaldehyde mutation spectrum may explain the homozygous nature of base pair mutations 
observed in p53 in formaldehyde-induced squamous cell carcinomas. However, there is an 
inconsistency with regard to the base pair that is mutated. It was found to be A:T in hprt in 
human and mammalian cell lines and G:C at p53 in formaldehyde-induced squamous cell 
carcinomas (Recio, 1997). It is possible that, although mutations are induced by 
formaldehyde in vitro, these types of mutation may not be fundamental to its carcinogenicity. 
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Glutaraldehyde 
Glutaraldehyde is clearly much more cytotoxic than formaldehyde, perhaps because it is a 
bifunctional alkylating agent. Intranasal instillation studies have demonstrated that, on a 
molar basis, glutaraldehyde is 10- to 20-fold more toxic than formaldehyde when delivered to 
the nasal mucosa as a single treatment in aqueous solution (St. Clair et al., 1990). 
Comparison of results from a 13-week inhalation study of glutaraldehyde (NTP, 1993) with 
similar inhalation studies with formaldehyde (Heck et al., 1990; Monticello, 1990; Monticello 
et al., 1991) shows that glutaraldehyde is about 20-fold more toxic than formaldehyde by this 
route also. Pulmonary damage and mortality occur at much higher glutaraldehyde concentra-
tions. Cytotoxicity is manifest closer to the external nares in the case of inhaled glutaralde-
hyde, so the tissue primarily affected is not the same as in the case of inhaled formaldehyde. 
This difference in the site of toxic action may be particularly important because, if the only 
difference was toxic potency, then glutaraldehyde would be expected to produce effects 
similar to those of formaldehyde, although only at lower doses.  

I. Assessment of postulated mode of action 

Formaldehyde
From a weight-of-evidence point of view, the hypothesized MOA for formaldehyde-induced 
nasal tumours satisfies several criteria, including consistency, concordance of dose–response 
relationships across all key events, and biological plausibility and coherence of the database. 
Given the extensive experimental data that address and are consistent with the proposed 
MOA of formaldehyde in the induction of tumours in the nasal cavity, a high degree of 
confidence may be ascribed to it.  

Glutaraldehyde 
The key events of cytotoxicity, cell proliferation, and DPX formation (in vitro) have been 
demonstrated with exposure to glutaraldehyde. However, glutaraldehyde has not produced 
nasal tumours in rats and mice. Therefore, if the proposed MOA for formaldehyde is to be 
maintained, an explanation for this discrepancy is necessary. A reason for the difference has 
not been identified, but a hypothesis can be proposed. The dialdehyde function of glutaral-
dehyde is an important factor that may inhibit the macromolecules with which it reacts from 
further reaction within the cellular environment. Should these macromolecules be proteins 
involved in the maintenance of survival, then their immobility perhaps more likely leads to 
cell death than to a change in differentiation state. This immobilization of macromolecules by 
glutaraldehyde is the property that makes it a better fixative for high-resolution microscopy 
(e.g. electron microscopy) than formaldehyde. It almost certainly contributes to the very 
much higher toxicity of the dialdehyde. The monoaldehyde function of formaldehyde also 
causes cellular damage, but a proportion of proteins involved in cellular differentiation may 
be able to continue in that role, although with an altered outcome that may be the beginning 
of a path to neoplasia. If, on the other hand, these aldehydes react with nucleic acids (the 
evidence for glutaraldehyde reacting in this way is not substantial), then the repair of the 
alkylated nucleotides may be more difficult or even impossible in the case of glutaraldehyde, 
whereas repair does occur following formaldehyde interaction with DNA. Thus, irrespective 
of whether the mode of formaldehyde action in carcinogenicity is as proposed or is primarily 
due to genetic toxicity, the different response to glutaraldehyde exposure can be explained. 
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2. CAN HUMAN RELEVANCE OF THE MOA BE EXCLUDED ON THE 
BASIS OF FUNDAMENTAL, QUALITATIVE DIFFERENCES IN KEY 
EVENTS BETWEEN EXPERIMENTAL ANIMALS AND HUMANS?

A. Formaldehyde 
In rhesus monkeys exposed to formaldehyde at 7.2 mg/m3 for between 1 and 6 weeks, 
formaldehyde-induced lesions were associated with increases in cell proliferation rates of up 
to 18-fold over controls and remained significantly elevated after 6 weeks of exposure. 
Histological lesions and increases in cell proliferation were most extensive in the nasal 
passages and were minimal in the lower airways, whereas the maxillary sinuses showed no 
evidence of a response to formaldehyde exposure. Based on the extent of lesions and cell 
proliferation data, it appeared that rhesus monkeys are more sensitive than rats to the acute 
and subacute effects of formaldehyde at 7.2 mg/m3 (Monticello et al., 1989). The absence of 
response in the maxillary sinuses in rhesus monkeys is an observation deserving special 
attention in the design of epidemiological studies (or, perhaps, in the reporting of tumour 
sites). Most epidemiological studies of sinonasal cancer have not distinguished tumours 
arising in the nose from those developing in the nasal sinuses. Thus, the risk for nasal cancer 
specifically would tend to be diluted if there was no corresponding risk for cancer in the 
sinuses and could go undetected through lack of statistical power.

Many epidemiological studies have investigated formaldehyde exposure and cancer of the 
respiratory tract. The strongest evidence of an association has been observed for naso-
pharyngeal cancers. A statistically significant excess of deaths from nasopharyngeal cancer 
has been observed in the largest cohort study of industrial workers (Hauptmann et al., 2004), 
with statistically significant exposure–response relationships for peak and cumulative 
exposure. An excess of deaths from nasopharyngeal cancer was observed in a proportionate 
mortality analysis of the largest cohort of embalmers in the United States (Hayes et al., 1990). 
An excess of cases of nasopharyngeal cancer was observed in a Danish study of proportionate 
cancer incidence among workers at companies that manufactured or used formaldehyde 
(Hansen & Olsen, 1995). Other cohort studies reported fewer cases of nasopharyngeal cancer 
than expected (Walrath & Fraumeni, 1983; Coggon et al., 2003; Pinkerton et al., 2004). Of 
seven case–control studies of nasopharyngeal cancer, five found elevations of risk for 
exposure to formaldehyde. 

Several case–control studies have investigated the association between exposure to formal-
dehyde and sinonasal cancer. A pooled analysis of 12 studies showed an increased risk of 
adenocarcinoma in men and women thought never to have been exposed to wood dust or 
leather dust, with an exposure–response trend for an index of cumulative exposure (Luce et 
al., 2002). One other case–control study (Olsen & Asnaes, 1986) and a proportionate 
incidence study (Hansen & Olsen, 1995) showed an increased risk of sinonasal cancer, 
particularly squamous cell carcinoma. However, the three most informative cohort studies of 
industrial workers showed no excesses of sinonasal cancer (Coggon et al., 2003; Hauptmann 
et al., 2004; Pinkerton et al., 2004). 

In evaluating this body of evidence, the International Agency for Research on Cancer (IARC) 
concluded that there was sufficient epidemiological evidence that formaldehyde causes 

Harmonization Project Document No. 4                                                      
 

88 

 
2. key evants MOA

 
 
A.  

7.2 mg/m3 1 6
18 6

7.2 mg/m3

Monticello 1989

 
 

Hauptmann 2004
-

Hayes 1990
Hansen & Olsen 1995

Walrath & 
Fraumeni 1983 Coggon 2003 Pinkerton 2004 7

5  
 

12
Luce

2002 1 Olsen & Asnaes 1986 Hansen & Olsen
1995

3
Coggon 2003 Hauptmann 2004 Pinkerton 2004  
 

IARC

 
  

1462



IPCS Framework for Analysing the Relevance of a Cancer Mode of Action for Humans and Case-Studies

89

nasopharyngeal cancer in humans; only limited epidemiological evidence that formaldehyde 
causes sinonasal cancer in humans; and strong but not sufficient evidence for a causal associ-
ation between leukaemia and occupational exposure to formaldehyde (Cogliano et al., 2005). 

There are no publications describing DPX in nasal cells from formaldehyde-exposed person-
nel. Assessment of DPX in peripheral lymphocytes from formaldehyde-exposed workers 
demonstrated an association with overall exposure (Shaham et al., 2003). The single DPX 
study involved 399 workers from 14 hospital pathology departments, and formaldehyde 
exposure categories were low-level (mean 0.5 mg/m3, range 0.05–0.8 mg/m3) and high-level 
(mean 2.7 mg/m3, range 0.86–6.7 mg/m3). Adjusted mean DPX were significantly higher in 
the exposed groups. There appear to be some doubts regarding the sensitivity and 
reproducibility of the physical separation method used in this study (Heck & Casanova, 
2004).

Some studies have investigated the histological changes within the nasal epithelium of 
workers occupationally exposed to formaldehyde; however, the extent to which nasal 
epithelial cell regenerative proliferation occurs is unresolved because the results are mixed 
and there was co-exposure to wood dust in some studies (Berke, 1987; Edling et al., 1988; 
Holmström et al., 1989; Boysen et al., 1990; Ballarin et al., 1992). 

Mucociliary clearance in the anterior portion of the nasal cavity was reduced following 
exposure of volunteers to formaldehyde at 0.30 mg/m3 (Andersen & Mølhave, 1983). 

The concordance of animal and human key events for formaldehyde is summarized in 
Table 3. 

Table 3. Formaldehyde concordance table. 

Key event Evidence in animals Evidence in humans 
Cytotoxicity Positive in vivo (target cells) Plausible 
Proliferation Positive in vivo (target cells) Plausible (some evidence but confounded 

by co-exposure) 
Genotoxicity DPX (target cells in vivo) DPX (non-target cells, i.e. lymphocytes) 
Mutations Positive in vitro; unconvincing in 

vivo
Positive (? cells) 

Nasal tumours Positive (mainly anterior lateral 
meatus)

Positive (nasopharyngeal) 
? (sinonasal) 

B. Glutaraldehyde 
There are few epidemiological studies for exposure to glutaraldehyde and human cancer. No 
increase in the number of cancer deaths was observed among 186 male glutaraldehyde 
production workers. The average time since first exposure to glutaraldehyde was 20.6 years, 
and the period of exposure was 3–7 years. During periods of monitoring exposure, glutaralde-
hyde concentrations in air ranged from 0.04 to 1.4 mg/m3 (NICNAS, 1994). Studies of 
embalmers, pathologists, and members of the American Association of Anatomists for pos-
sible effects of glutaraldehyde have all shown increases in risk of cancer; however, all of 

IPCS Framework for Analysing the Relevance of a Cancer Mode of Action for Humans and Case-Studies 
 

89 

Cogliano 2005  
 

DPX
DPX

Shaham 2003 DPX 14
399 0.5 mg/m3

0.05 0.8 mg/m3 2.7 mg/m3 0.86 6.7 mg/m3

DPX
Heck & Casanova 2004  

 

Berke 1987 Edling
1988 Holmström 1989 Boysen 1990 Ballarin 1992  

 
0.30 mg/m3

Andersen & Mølhave 1983  
 

key events 3  
 

3.  
 

key events   

 in vivo   

 in vivo  
 

 DPX in vivo  DPX  

 in vitro in vivo
 

 

   
?  

 

B.  

186
20.6 3 7

0.04 1.4 mg/m3

NICNAS 1994

Walrath & Fraumeni 1983
1984 Stroup 1986

 

1463



Harmonization Project Document No. 4 

90

these groups were also exposed to formaldehyde (Walrath & Fraumeni, 1983; Consensus 
Workshop on Formaldehyde, 1984; Stroup et al., 1986).  

There are no studies examining glutaraldehyde exposure and DPX formation, cytotoxicity, 
and cell proliferation in human nasal tissues. 

The concordance of animal and human key events for glutaraldehyde is summarized in 
Table 4.

Table 4. Glutaraldehyde concordance table. 

Key event Evidence in animals Evidence in humans 
Cytotoxicity Positive  Plausible 
Proliferation Positive in vivo  Plausible  
Genotoxicity DPX in vitro  Unknown 
Mutations Positive in vitro  Unknown 
Nasal tumours Negative (no evidence at any site) Unknown 

3. CAN HUMAN RELEVANCE OF THE MOA BE EXCLUDED ON THE BASIS 
OF QUANTITATIVE DIFFERENCES IN EITHER KINETIC OR DYNAMIC 
FACTORS BETWEEN EXPERIMENTAL ANIMALS AND HUMANS? 

A. Formaldehyde 
Quantitative differences between experimental animals and humans for the postulated MOA 
will be a function of the concentration of formaldehyde at the target tissue. It is formaldehyde 
per se, and not its metabolites, that causes cytotoxicity. Exogenous inhaled formaldehyde is 
rapidly metabolized upon absorption, to formate, by a number of widely distributed cellular 
enzymes, particularly formaldehyde dehydrogenase. In addition to this efficient metabolic 
detoxification mechanism, the mucociliary apparatus provides protection of the underlying 
epithelium from gases and vapours. Thus, in order to attain free formaldehyde concentrations 
that may be cytotoxic to the target tissue, relatively high concentrations of formaldehyde 
vapour must be delivered to the target site to overcome these protective mechanisms. 
Mechanistic events of clear significance for carcinogenicity occur at dose levels where 
formaldehyde detoxification mechanisms are saturated in rats (Casanova & Heck, 1987). 

It is critical to take dosimetry into consideration when considering quantitative species differ-
ences for formaldehyde-induced toxicity in the respiratory tract. Inhaled formaldehyde is 
predominantly deposited and readily absorbed in the regions of the upper respiratory tract 
with which it comes into initial contact, owing to its high reactivity with biological 
macromolecules (Heck et al., 1983; Swenberg et al., 1983). A complex relationship between 
nasal anatomy, ventilation, and breathing patterns (nasal or oronasal) determines where in the 
upper respiratory tract formaldehyde absorption occurs in species. In rodents, which are 
obligate nasal breathers, deposition and absorption occur primarily in the nasal passage. In 
contrast, primates are oronasal breathers; although absorption and deposition are likely to 
occur primarily in the oral mucosa and nasal passages, they can also occur in the trachea and 
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bronchus (Monticello et al., 1991). This hypothesis is supported by effects (histopathological 
changes, increased epithelial cell proliferation, and DPX formation) being observed farther 
along within the upper respiratory tract in monkeys.  

Species differences in dosimetry have been taken into account in a two-stage clonal growth 
model that has been developed to predict the nasal carcinogenic risk of formaldehyde in 
humans (Conolly et al., 2004). The model also incorporates data on normal growth curves for 
rats and humans, cell cycle times, and cells at risk in the different regions of the respiratory 
tract. 

Mice are better able to reduce both their respiratory rate and tidal volume upon repeated 
exposures; therefore, mice have less formaldehyde available for deposition than rats, result-
ing in less tissue damage and a lower rate of cell turnover in the nasal epithelium (Chang et 
al., 1981, 1983). These are characteristics that may help explain the lack of neoplastic 
response in the nose of mice. 

Although there are likely to be quantitative differences between animal species and humans 
due to differences in dosimetry in the respiratory tract, there do not appear to be fundamental 
differences that would indicate that the proposed MOA does not occur in humans. 

B. Glutaraldehyde 
Much less is known of the kinetics of glutaraldehyde in experimental animals compared with 
formaldehyde. Inhalation studies do not appear to have been conducted. The terminal half-
lives for elimination are long for both intravenous injection (rat 10 h, rabbit 15–30 h) and 
dermal application (rat 40–110 h, rabbit 20–100 h), probably due to the binding of glutar-
aldehyde to protein and the slow excretion of metabolites. The metabolites have not been 
identified, but it has been proposed that the metabolism of glutaraldehyde probably involves 
initial oxidation to the corresponding carboxylic acids by aldehyde dehydrogenase. The 
glutaric acid formed by oxidation is probably further metabolized by reaction with coenzyme 
A (CoA) to give glutaryl CoA, which is then oxidized by glutaryl CoA dehydrogenase to 
glutaconyl CoA, leading to its eventual degradation to carbon dioxide via acetate (Beau-
champ et al., 1992; NTP, 1993; NICNAS, 1994; Ballantyne, 1995). 

Glutaraldehyde reacts readily with proteins as a cross-linking agent, mainly between amino 
groups. The reaction is rapid and pH dependent (rate increases at pH >9), to give Schiff 
bases. Further reaction occurs to give a number of complex reaction products, with the 
mechanism of the cross-linking process not yet fully understood. 

Little information is available on the interaction between glutaraldehyde and DNA, but it has 
been reported (Hopwood, 1975) that glutaraldehyde reacts with DNA only at >60 °C 
(summarized by NICNAS, 1994), and there are data implying that there is no reaction under 
physiological conditions (Sewell et al., 1984; Douglas & Rogers, 1998; Vock et al., 1999). 
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4. STATEMENT OF CONFIDENCE, ANALYSIS, AND IMPLICATION 

A. Formaldehyde 
Sustained cytotoxicity and cell proliferation are key events in the proposed MOA for the 
induction of several types of animal tumours. There are substantial data to support this 
postulated MOA for formaldehyde-induced nasal tumours in rats. Cytotoxicity, DPX 
formation, nasal epithelial cell regenerative proliferation, squamous metaplasia, and 
inflammation have been measured in rat studies and are site-specific, highly non-linear 
concentration–response processes in concordance with the incidence of nasal tumours.  

Based on the weight of evidence, it is likely that the MOA is relevant to humans, at least 
qualitatively. Increased cell proliferation and DPX formation within epithelia of the upper 
respiratory tract have been observed in monkeys exposed to formaldehyde vapour. Increased 
human epithelial cell proliferation following in situ exposure to formaldehyde has also been 
observed in a model system in which rat tracheae populated with human tracheobronchial 
epithelial cells were xenotransplanted into athymic mice. Limited evidence on histo-
pathological lesions in the nose of humans exposed primarily to formaldehyde in the 
occupational environment is consistent with a qualitatively similar response of the upper 
respiratory tract in experimental animals. In addition, several epidemiological studies have 
indicated an increased risk of nasal cancers with formaldehyde exposure.  

Therefore, the MOA is considered relevant to humans, and animal nasal tumour and other 
supporting data should be taken forward to evaluate human risk. This process would include 
consideration of the data suggesting that formaldehyde induces tumours in a non-linear, dose-
dependent manner. There may also be quantitative differences in response between species 
for the proposed MOA due to differences in dosimetry. 

B. Glutaraldehyde 
The epidemiological studies for glutaraldehyde are very limited and do not show an 
association with nasal tumours. In animal studies, glutaraldehyde has been shown to cause 
cytotoxicity, cell proliferation, and DPX production, but not nasal tumours, in inhalation 
studies in rats and mice. The fact that glutaraldehyde is clearly more toxic than formaldehyde 
should not constitute a reason for the difference in carcinogenic potential. Although, dose for 
dose, glutaraldehyde exposure may tend to result in more cell death than formaldehyde 
exposure, if glutaraldehyde is a carcinogen, this should be demonstrable at doses lower than 
those used for formaldehyde. 

The MOA postulated for formaldehyde—that is, sustained cytotoxicity and cell 
proliferation—would appear to be relevant to glutaraldehyde, but tumour formation has not 
been demonstrated. It has been tentatively suggested here that the difference in pathological 
responses to these aldehydes is due to formaldehyde being a monoaldehyde whereas glutar-
aldehyde is a dialdehyde. This difference may result in a different form of cross-linking so 
that glutaraldehyde cross-link products are neither likely to retain any biological function nor 
likely to be repairable. The case-study highlights the difficulties in applying the HRF when 
the animal tumour data are inadequate. 
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IARC, 2005  

   vs   

Vargová  
(1992) 

PBL MN 3.6% vs 3.08% n = 20  
 8-h TWA 0.55-10.36 mg/m3 5-

>16  

Ballarin  
(1992) 

 MN 0.25 ± 0.22% vs 0.90 ± 0.47%  
(P < 0.01) 

 
 

Burgaz  
(2001) 

 MN 0.61 ± 0.27% vs 1.01 ± 0.62%  
(P < 0.01) 

n = 23  
n = 27  

 

Burgaz  
(2002) 

 MN 0.33 ± 0.30% vs 0.71 ± 0.56% 
pathology laboratory (P < 0.05) 

n = 22  
n = 28  

n = 28  
 

0.33 ± 0.30% vs 0.62 ± 0.45%  
shoe factory (P < 0.05) 

Titenko-Holland 
 (1996) 

 MN 0.6 ± 0.5% vs 2.0 ± 2.0%  
(P = 0.007) 

n = 28  
 

 
 

1.2 mg/m3-h vs 18 mg/m3-h 90  
2.4 mg/m3-h vs 20 mg/m3-h 90  

 MN 2.0 ± 1.3% vs 2.5 ± 1.3% (NS) 

Ying  (1997)  MN 1.20 ± 0.67 vs 3.84 ± 1.48  
(P < 0.001) 

n = 25  
 

 
 

0.508 ± 0.299 mg/m3 vs. 0.012 ± 0.0025 mg/m3 
 MN 0.57 ± 0.32 vs 0.86 ± 0.56  

(P < 0.001) 

PBL MN 0.91 ± 0.39 vs 1.11 ± 0.54 (NS) 

He  (1988) PBL CA 3.40 ± 1.57% vs 5.96 ± 2.40%  
(P < 0.01)  

MN 3.15 ± 1.46% vs 6.38 ± 2.50%  
(P < 0.01) 

CA MN NS PBL TWA  
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PREFACE 

Following completion of the IPCS Framework for Analysing the Relevance of a Cancer 
Mode of Action for Humans (see Part 1), an expert meeting was convened in Geneva in 2006 
to explore the question as to whether the IPCS framework could be applied in chemical risk 
assessment generally (i.e. to develop a non-cancer framework). The participants at this expert 
meeting concluded that the framework should be applicable to all end-points and proceeded 
to author a draft publication out of session. The draft was sent for peer review by the 
members of the Harmonization Project Steering Committee and subsequently revised by the 
authors, taking into account the peer review comments received. 

104 
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IPCS FRAMEWORK FOR ANALYSING THE RELEVANCE OF A 
NON-CANCER MODE OF ACTION FOR HUMANS1

Alan R. Boobis, John E. Doe, Barbara Heinrich-Hirsch, M.E. (Bette) Meek, Sharon 
Munn, Mathuros Ruchirawat, Josef Schlatter, Jennifer Seed, & Carolyn Vickers 

Structured frameworks are extremely useful in promoting transparent, harmonized approaches 
to the risk assessment of chemicals. One area where this has been particularly successful is in 
the analysis of modes of action (MOAs) for chemical carcinogens in experimental animals and 
their relevance to humans. The International Programme on Chemical Safety (IPCS) recently 
published an updated version of its MOA Framework in animals to address human relevance 
(cancer Human Relevance Framework, or HRF). This work has now been extended to non-
cancer effects, with the eventual objective of harmonizing framework approaches to both 
cancer and non-cancer end-points. As in the cancer HRF, the first step is to determine whether 
the weight of evidence based on experimental observations is sufficient to establish a hypothe-
sized MOA. This comprises a series of key events causally related to the toxic effect, identi-
fied using an approach based on the Bradford Hill criteria. These events are then compared 
qualitatively and, next, quantitatively between experimental animals and humans. The output 
of the analysis is a clear statement of conclusions, together with the confidence, analysis, and 
implications of the findings. This framework provides a means of ensuring a transparent eval-
uation of the data, identification of key data gaps and of information that would be of value in 
the further risk assessment of the compound, such as on dose–response relationships, and 
recognition of potentially susceptible subgroups, for example, based on life stage considera-
tions.  

The framework described in this paper, a non-cancer Human Relevance Framework (HRF), 
was prepared by the International Programme on Chemical Safety (IPCS) (WHO/ILO/UNEP) 
project on the Harmonization of Approaches to the Assessment of Risk from Exposure to 
Chemicals. This global “Harmonization Project” aims to harmonize global approaches to 
chemical risk assessment through both increased consistency of risk assessment 
methodologies and development of international guidance documents. The project enables 
the achievement of commitments on harmonization of chemical risk assessment 
methodologies agreed by the United Nations Conference on Environment and Development 
(United Nations, 1992), the Intergovernmental Forum on Chemical Safety (1994), the World 
Summit on Sustainable Development (UNEP, 2002), and the Strategic Approach to 
International Chemicals Management (WHO, 2006). The project involves experts from the 
different sectors where chemicals are assessed, and hence the documents produced can be 
applied in the assessment of industrial chemicals, biocides, pesticides, veterinary chemicals, 
pharmaceuticals, cosmetics, natural toxicants, food additives, and environmental 
contaminants in food, water, air, and consumer products. 

A main outcome of the Harmonization Project is the IPCS Conceptual Framework for 
Evaluating a Mode of Action for Chemical Carcinogenesis (Sonich-Mullin et al., 2001) and 

1 This article, to which WHO owns copyright, was published in 2008 in Critical Reviews in Toxicology, Volume 
38, pages 87–96. It has been edited for this WHO publication. 
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its subsequent development into an IPCS Framework for Analysing the Relevance of a 
Cancer Mode of Action for Humans (IPCS cancer HRF) (Boobis et al., 2006; see also Part 1 
of this document). The mode-of-action (MOA) analysis utilizes a weight-of-evidence 
approach based on the Bradford Hill criteria for causality (Hill, 1965). It aims to determine 
whether it is possible to establish an MOA for a carcinogenic response observed in an 
experimental animal study, through application of a weight-of-evidence approach that 
requires identification of key events along the causal pathway to cancer. When an MOA has 
been established in experimental animals, the cancer HRF provides an analytical tool to 
enable the transparent evaluation of the data in order to consider the human relevance of the 
MOA.

Following on from this, IPCS decided to consider whether the framework for cancer could be 
applied, with modifications, if necessary, to other end-points and their associated MOAs. 
Recognizing the work that the Risk Science Institute (RSI) of the International Life Sciences 
Institute (ILSI) had conducted in parallel to develop a similar framework and apply it to non-
cancer risk assessment, IPCS convened an international meeting in Geneva in March 2006 to 
review and consider the ILSI publication (Seed et al., 2005), along with the IPCS cancer HRF 
(Boobis et al., 2006; see also Part 1 of this document), in order to explore the question as to 
whether the IPCS framework could be applied in chemical risk assessment generally. In 
summary, this IPCS meeting recognized that the framework should be applicable to all end-
points, both cancer and non-cancer, and recommended further work to put this into practice, 
including documenting the rationale for application of the framework more generally, which 
appears in the present paper, and steps to facilitate uptake and use of the framework. 

The IPCS meeting recognized that the non-cancer HRF would have multiple uses in chemical 
risk assessment: 

• It would provide an internationally harmonized approach to the establishment of an MOA 
in experimental animals and its relevance to humans.  

• It would generate criteria for the MOA against which subsequent cases could be 
considered—that is, to show whether a compound shares an established MOA.  

• It would enable clarification of key information relating to the human relevance of the 
MOA, and this would inform the assessment of other chemicals that share the MOA.  

• In general, application of the framework would enable critical data deficiencies and 
research needs to be identified and inform qualitative and quantitative assessment. 

THE NEED FOR A NON-CANCER HUMAN RELEVANCE FRAMEWORK  

The non-cancer HRF is a tool that provides a structured approach to the assessment of human 
relevance of a postulated MOA in animals in a weight-of-evidence context. Subsequently, it 
includes explicit consideration of the relevance of the proposed MOA to humans, often based 
on consideration of more generic information, such as anatomical, physiological, and 
biochemical variations among species. In this manner, the framework encourages maximum 
use of both chemical-specific and more generic information in a transparent and analytical 
fashion.
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Pivotal to transparency in determining human relevance using the framework are the 
delineation and consideration of the nature of evidence in various species of key events—that 
is, those in a postulated MOA that are measurable and critical to the induction of the 
toxicological response. Evaluation of the concordance of key events based on explicit 
consideration of variations between experimental animals and humans constitutes the 
principal basis of transparency in consideration of weight of evidence for human relevance.  

While principally relevant to hazard characterization, the non-cancer HRF additionally 
contributes more generally to transparency in risk assessment through explicit delineation and 
consideration of data on appropriate key events that are also relevant to subsequent dose–
response analysis for MOAs deemed relevant to humans. If the MOA in experimental 
animals is judged to be qualitatively relevant to humans, a more quantitative assessment is 
required that takes into account any kinetic and dynamic information that is available from 
both the experimental animals and humans in order to determine whether human relevance 
might be precluded on this basis.  

These same data are critical to subsequent dose–response analysis for MOAs considered 
relevant in considering the adequacy of, for example, available information as a basis for 
replacement of default uncertainty factors in the development of chemical-specific 
adjustment factors (CSAFs) (IPCS, 2005). This information could, for example, constitute an 
adequate basis to consider interspecies variation in rates of formation of reactive metabolites 
in the target tissue, for replacement of the default subfactor for interspecies differences in 
toxicokinetics with a CSAF (IPCS, 2005).

Use of this non-cancer HRF also promotes harmonization of approaches to risk assessment 
for all end-points, bridging previously distinct approaches on, for example, cancer and non-
cancer effects. Harmonization in this context refers to a biologically consistent approach to 
risk assessment for all end-points, for which exploration of biological linkages is critical to 
ensuring maximal use of relevant information. Often, for example, organ toxicity is a critical 
key event in postulated MOAs for induction of tumours at the same site. The non-cancer 
HRF, then, sets the stage for identification of critical precursor non-cancer key events for 
which subsequent quantification of interspecies differences and interindividual variability in 
dose–response analysis is relevant. In other cases, a postulated MOA may lead to toxic 
effects in multiple organs, and these would be considered in the same non-cancer HRF 
analysis.

In addition, consideration in a transparent framework may identify factors that, while not 
themselves essential for the toxicological effect (and hence not key events), may modulate 
key events and, as a result, contribute to differences between species or individuals. Such 
factors include genetic differences in pathways of metabolism, competing pathways of 
metabolism, and cell proliferation induced by concurrent pathology.

Such an analysis may also provide an indication of those components of a proposed MOA 
that may operate only over a certain dose range. If a high experimental dose of a given 
compound is needed to result in an obligatory step in an MOA, then the relevance to human 
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risk becomes a matter of exposure. Thus, the exposure assessment step of the risk assessment 
is critical to a comprehensive evaluation.  

Importantly, then, application of the non-cancer HRF contributes to identification of any 
specific subpopulations (e.g. those with genetic predisposition) who are at increased risk and 
provides information relevant to consideration of relative risks at various life stages. In many 
cases, this is based not on chemical-specific information but rather on inference, based on 
knowledge of the MOA, as to whether specific age groups may be at increased or decreased 
risk. This requires explicit consideration of comparative developmental and ageing processes 
and events in humans and animal models. These considerations are critical to determination 
of focus in the remaining stages of risk assessment, such as dose–response analysis. 

The transparent delineation of the weight of evidence for postulated MOAs and their 
relevance to humans (requiring explicit consideration of the strengths and weaknesses of the 
available database, as well as highlighting qualitative and quantitative similarities and 
differences among species and related uncertainties) also identifies any inconsistencies in the 
available data and defines critical data gaps and research needs. This derives from the 
requirement in each step to explicitly assess confidence in the quality and quantity of data 
underlying the analysis, consistency of the analysis within the framework, consistency of the 
database—that is, that studies are not contradictory of each other—and the nature and extent 
of the concordance analysis.

Iterative application of the non-cancer HRF, even before all of the data are available, to the 
analysis of a postulated MOA and its relevance to humans are beneficial as a basis for 
developing and refining research strategies as additional information becomes available. In 
this context, the framework should prove helpful in facilitating discussion between risk 
assessors and research scientists in jointly understanding the nature of data that would 
support human relevance analysis of a postulated MOA in animals and defining next steps in 
data acquisition. Iterative consideration of MOA in designing research strategies is also 
expected to increase efficiency by focusing resources in critical areas in more tiered and 
targeted approaches.  

As knowledge advances, MOAs will become less chemical specific and based even more on 
the key biological processes involved, allowing greater generalization of human relevance 
from one compound to another. The need for chemical-specific data for established MOAs 
will be less, although it will always be necessary to establish rigorously that the key events 
comprising the MOA occur. 

The transparency in the human relevance of a postulated MOA that results from application 
of the non-cancer HRF should promote confidence in the conclusions reached, through the 
use of a defined procedure that encourages clear and consistent documentation supporting the 
analysis and reasoning, highlights inconsistencies and uncertainties in the available data, and 
identifies critically important data gaps that, when filled, would increase confidence in 
outcome. This transparency not only is anticipated to facilitate discussion between the risk 
assessment and research communities, but may also contribute to greater convergence among 
different regulatory agencies.
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The non-cancer HRF also provides the basis for improved process and content for scientific 
peer input and peer review, specifying minimum criteria of clarity and transparency as a basis 
to acquire input and acceptance of postulated MOAs and their relevance to humans. 
Adherence to these criteria enables others to determine the basis of the conclusions reached 
with respect to the key events, the exclusion of other MOAs, and the analysis of human 
relevance.  

WHEN WOULD THE NON-CANCER HRF BE APPLIED? 

The non-cancer HRF provides a valuable tool to assess an MOA, but it requires significant 
amounts of effort and experimental work, so it is not something that would be used during the 
course of the assessment of every chemical. Its main purpose would be to determine whether 
to apply the default assumption that all effects seen in animals are relevant to humans. This 
question increases in importance when the application of the default assumption during the 
course of a risk assessment indicates that adverse effects are likely to occur—for example, 
where there is a low margin of exposure between the point of departure for the effect under 
consideration and the estimated human exposure, especially if the human exposure estimate 
has already been refined. It then becomes important to know whether risk management 
measures will be required. This is of most concern when new data emerge, such as those 
identifying a new effect, additional data on the dose–response relationship of the chemical, or 
changes in use pattern or exposure estimation, which change the risk assessment of a 
chemical that is already in use.  

Use of the non-cancer HRF may also be of value in the situation where the effects in animals 
would have potentially serious consequences if they occurred in humans, such as neuro-
toxicity or teratogenesis. These effects are subject to very rigorous risk assessment proce-
dures, so they comparatively frequently suggest the need for risk management measures. 

Another situation in which use of the non-cancer HRF should be considered is where there 
are interspecies differences in either the type of effect or the dose levels at which an effect 
occurs. In these cases, it will be important to understand which species is the most 
appropriate upon which to base extrapolation to humans. This indication would also apply to 
differences between sexes or strains in the same species. 

These situations indicate that further consideration is required, and the non-cancer HRF 
provides a way of doing this. The framework can be applied at any stage in the process of 
considering an effect. It should be applied in an iterative way during the course of 
investigating an effect to help guide the scientist. When an effect has first been observed and 
gives rise to concern, the framework allows the investigator to structure the work programme 
by prompting the questions to be addressed. As the investigation develops, it guides the 
investigator in assessing the data as they are generated and provides pointers in deciding 
whether and what other data would be required.

In situations where there is a large body of data, the framework allows the evaluator to 
weight the evidence according to its significance as well as its volume.  
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The non-cancer HRF can also be useful when a chemical is observed to cause an effect 
suspected of being caused by an MOA that has already been established using the framework 
or shares structural similarity to a chemical or class of chemicals with an established MOA. 
The earlier use of the non-cancer HRF to establish this MOA will have identified the key 
steps that need to be investigated in order to ascribe the MOA to the new chemical. This will 
prove valuable both in a prospective way in designing new research or testing programmes 
and retrospectively in evaluating a data set. 

CONSIDERATION OF THE NON-CANCER HRF 

The non-cancer HRF is an analytical tool that enables a structured approach to the assessment 
of the overall weight of the evidence for the postulated MOA and its relevance to humans. 
The framework is not designed to provide an absolute answer on sufficiency of the 
information, as this will vary, depending on the circumstance. It must be emphasized that it is 
not a checklist of criteria but an approach to data evaluation and presentation. The output 
from the application of the framework serves as the basis for the continuation of the risk 
assessment of the compound. 

It is envisaged that the non-cancer HRF will be applicable to a wide range of toxicological 
end-points, encompassing changes in structure and function of organs, tissues, and cells, 
including physiological and neurobehavioural effects. The types of toxicity that could be 
addressed using the framework include, but are not limited to: 

• Organ toxicity: Examples include benzene-induced haematotoxicity (aplastic anaemia), 
paraquat-induced lung toxicity, chloroquine-induced ocular toxicity. 

• Reproductive toxicity: Examples include phthalate-induced male infertility, dioxin-
induced dysregulation of female fertility. 

• Developmental toxicity: Examples include methylmercury-induced developmental 
neurotoxicity, retinoid-induced teratogenesis. 

• Neurotoxicity: Examples include lead-induced peripheral neuropathy, acrylamide-induced 
axonopathy, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced Parkinson 
disease.

• Immunotoxicity: Examples include organotin-induced immunosuppression, isoniazid-
induced systemic lupus erythematosus (SLE)-like syndrome, contaminated L-tryptophan-
induced eosinophilia-myalgia syndrome (EMS). 

Introduction to MOA 
Prior to embarking on a non-cancer HRF analysis, there needs to be careful evaluation of the 
weight of evidence for a toxicological response on exposure to a chemical in experimental 
animals. The nature of the non-cancer HRF is such that only one MOA is analysed at a time; 
hence, for example, different toxicological effects associated with chemical administration, 
even if observed in the same animals, will require separate framework analyses to discern the 
MOA for each effect. Consistent with species- and tissue-specific variation in metabolic 
activation and detoxication, there may be poor site concordance for some toxicants. This will 
need to be kept in mind when comparing animal and human data.  
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Postulated mode of action (theory of the case) 
This comprises a brief outline of the sequence of events in the MOA postulated to be 
responsible for the toxicological effect of the test substance. This description leads into the 
next section, which identifies the events considered “key” (i.e. necessary and measurable) in 
the MOA.

Key events 
The “key events” in the MOA are briefly identified and described. Key events are those 
events that are critical to the induction of the toxicological response as hypothesized in the 
postulated MOA and are also measurable. To support an event as key, there needs to be a 
body of experimental data in which the event is characterized and consistently measured. The 
types of information that might be relevant include, for example, toxicological response and 
relevant key events in the same cell type, sites of action logically related to the event(s), 
specific biochemical events, changes in the expression or activity of enzymes, receptor–
ligand interactions, effects on cofactor levels, specific changes in histology, changes in cell 
proliferation (increased or decreased), perturbations in hormone homeostasis or other 
signalling pathways (either intracellular or extracellular), second messengers, or ion fluxes, 
increased degradation of macromolecules, and changes in membrane permeability or 
integrity.  

Concordance of dose–response relationships 
The dose–response relationships for each of the key events and for the toxicological response 
should be characterized and their interrelationships discussed with respect to the Bradford 
Hill criteria (Hill, 1965). Ideally, it should be possible to correlate the dose dependency of the 
increases in the magnitude (or frequency) of a key event with increases in the severity (e.g. 
lesion progression) of other key events occurring later in the process and with the ultimate 
toxicological response. Comparative tabular presentation of the magnitude of changes in key 
events and toxicological response is often helpful in examining dose–response concordance. 

It is important to consider whether there are fundamental differences in the biological 
response (i.e. dose transitions) at different parts of the dose–response curve (Slikker et al., 
2004). If so, key events relevant to the different parts of the dose–response curve will need to 
be defined and used in the framework analysis. 

Temporal association
The temporal relationships for each of the key events and for the toxicological response 
should be characterized. Key events should be observable before toxicity is apparent and 
should be consistent temporally with each other; this is an essential step in deciding whether 
the data support the postulated MOA. Observations of key events at the same time as the 
toxicological response (e.g. at the end of a study) do not permit conclusions as to temporal 
association, but can contribute to the analysis described in the next section.

Strength, consistency, and specificity of association of toxicological response with 
key events 
The weight of evidence linking the key events, any precursor lesions, and the toxicological 
response should be addressed (see Weed [2005] for a discussion of what is meant by weight 
of evidence). Stop/recovery studies showing absence or reduction of toxicity when a key 
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event is blocked or reduced are particularly useful tests of the association. Consistent 
observations in a number of studies, with different experimental designs, increase support for 
the MOA, since different designs can reduce any unknown bias or confounding. Consistency, 
which is the repeatability of the key events in the postulated MOA in different studies, is 
distinct from coherence, however, which addresses the relationship of the postulated MOA 
with observations more broadly (see next point). Observations that may be of value here 
include toxicological response and relevant key events in the same cell type, sites of action 
logically related to event(s), and results from stop/recovery studies. 

Biological plausibility and coherence  
One should consider whether the MOA is consistent with what is known about the biology of 
the target process/site in general (biological plausibility) and also in relation to what is known 
specifically about the overall biological effects of the substance (coherence). For the 
postulated MOA and its associated key events to be biologically plausible, they need to be 
consistent with current understanding of biology. However, when using biological 
plausibility as a criterion against which weight of evidence is assessed, it is important to 
consider the potential for gaps in our knowledge. Coherence, which addresses the relationship 
of the postulated MOA with chemical-specific observations more broadly for example, 
association of the MOA for the toxicological response with that for other end-points needs
to be distinguished from consistency (addressed in the preceding point). In assessing 
coherence, information on structural analogues may be of value (i.e. structure–activity 
analysis). Information from other compounds that share the postulated MOA may also be 
helpful, such as sex, species, and strain differences in sensitivity and their relationship to key 
events. Additionally, this section should consider whether the database on the agent is 
internally consistent in supporting the proposed MOA.

Other modes of action  
Alternative MOAs that logically present themselves should be considered. If alternative 
MOAs are supported, they will need a separate non-cancer HRF analysis. These should be 
distinguished from additional components of a single MOA, since these would be addressed 
as part of the MOA under consideration. 

Uncertainties, inconsistencies, and data gaps 
Uncertainties should be stated fully and explicitly. They should include those related to the 
biology of the toxicological response and those for the database on the compound being 
evaluated. Any inconsistencies should be noted and data gaps identified. It should be clearly 
stated whether the identified data gaps are critical in supporting the postulated MOA. 

Assessment of postulated mode of action 
There should be a clear statement of the outcome of the analysis, indicating the level of 
confidence in the postulated MOA for example, high, moderate, or low. If a novel MOA is 
being proposed, this should be clearly indicated. However, if the MOA is the same as one 
previously described, the extent to which the key events fit this MOA needs to be stated 
explicitly. Any major differences should be noted and their implications for acceptance of the 
MOA discussed. 
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Life stage considerations 
Since the response of an organism to a chemical exposure may vary through its lifespan, 
consideration of life stage is important for the MOA analysis of all toxic end-points. This is 
particularly true for effects that result from developmental exposures, since organ 
susceptibility may be restricted to critical periods of development, may depend on the 
ontogeny of key metabolic enzymes, or may depend on the interaction of the developing 
organism with its mother (see Zoetis & Walls, 2003). In addition, disruption of 
developmental processes may have downstream consequences. 

Consideration of the ageing process is also important, for several reasons. First, develop-
mental exposures can result in toxicities that are not detected until much later in life. In 
addition, there can be species-specific patterns of ageing for different organ systems. For 
example, reproductive senescence has a different etiology in rodents and humans and can 
even differ among different strains of rodents.  

Human relevance 
If it is possible to establish an MOA in animals for a toxicological effect, the next stage is to 
evaluate its relevance to humans. The IPCS non-cancer HRF is presented as an approach to 
answering a series of three (or four) questions, leading to a documented, logical conclusion 
regarding the human relevance of the MOA underlying the toxicological effect. The 
application of the guidance results in a narrative with four (or five) sections, which may be 
incorporated into the hazard characterization of a risk assessment. 

1. Is the weight of evidence sufficient to establish a mode of action (MOA) in animals? This
question is addressed by performing an MOA analysis as described above, the steps of which 
are based on the Bradford Hill criteria for causality (Hill, 1965). The weight of evidence for 
possible alternative MOAs needs to be considered and a conclusion reached on the overall 
strength of evidence supporting the MOA under consideration. The approach also identifies 
any critically important data gaps that, when filled, would increase confidence in the 
proposed MOA. If the postulated MOA has already been described for other chemicals, its 
human relevance will already have been evaluated. If the proposed MOA is novel, human 
relevance will need to be assessed de novo. 

2. Can human relevance of the MOA be reasonably excluded on the basis of fundamental, 
qualitative differences in key events between experimental animals and humans? This step 
involves a qualitative assessment of the relevance of the MOA to humans. Listing the critical 
key events that occur in the animal MOA and directly evaluating whether or not each of the 
key events might occur in humans facilitate the evaluation and increase the transparency of 
the process. Presentation in tabular form, referred to as a concordance table, can be 
particularly useful. The information in such tables should be relatively brief, as a narrative 
explanation should always accompany the table. In one column, the effect on humans for 
each of the key events is evaluated. Another column for the results in a different strain, 
species, or sex or for a different route of administration that does not result in toxicity can be 
useful for comparative purposes. Factors may be identified that, while not key themselves, 
can modulate key events and so contribute to differences between species or individuals. 
Examples include genetic differences in pathways of metabolism, competing pathways of 
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metabolism, and effects induced by concurrent pathology. Any such factors identified should 
be noted in a footnote to the concordance table. 

The evaluation of the concordance of the key events for the MOA for a given chemical in 
humans is an evaluation of the MOA in humans, rather than an evaluation of the specific 
chemical. In general, details of the initial key events are likely to be more chemical specific. 
Later events will be more generic to the MOA. While information for evaluating the key 
events in humans can come from in vitro and in vivo studies on the substance itself, basic 
information on anatomy, physiology, endocrinology, genetic disorders, epidemiology, and 
any other information that is known regarding the key events in humans can be of value.  

In answering this question, a narrative describing the weight of evidence and an evaluation of 
the level of confidence for the human information should be prepared. Examples of specific 
types of information that can be useful include:  

• where appropriate, background incidences of the effect at the anatomical site and cell type 
of interest, including age, sex, ethnic differences, and risk factors, including chemicals 
and other environmental agents; 

• knowledge of the nature and function of the target site, including development, structure 
(gross and microscopic), and control mechanisms at the physiological, cellular, and 
biochemical levels; 

• human and animal disease states that provide insight concerning target organ regulation 
and responsiveness; 

• human and animal responses to the chemical under review or structural analogues 
following short-, intermediate-, or long-term exposure, including target organs and 
effects.

Obviously, a substantial amount of information is required to conclude that a given MOA is 
not relevant to humans. If such a conclusion is strongly supported by the data, exposure to 
chemicals producing toxicity only by that MOA would not pose a risk to humans, and no 
additional risk characterization for this end-point is required.

The question of relevance considers all groups and life stages. It is possible that the 
conditions under which an MOA operates occur primarily in a susceptible subpopulation or 
life stage—for example, in those with a pre-existing viral infection, hormonal imbalance, or 
disease state. Any information suggesting qualitative or quantitative differences in 
susceptibility is highlighted for use in risk characterization. 

There are several aspects relating to life stage that should be considered in the non-cancer 
HRF analysis. First, the analysis should consider the comparative developmental processes 
and events that occur in humans and the animal model(s) (see Zoetis & Walls, 2003). This 
comparison will demonstrate the extent to which developmental processes are similar in 
humans and the animal model(s). In general, development is highly conserved; where this is 
the case, it would lead to a conclusion that the MOA in animals is also plausible in humans. 
However, there are some developmental processes that are unique to some species, which 
may therefore lead to a species-specific MOA that will not be plausible in humans.  
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Second, the analysis should consider the phase specificity or relative timing of the 
developmental processes or events in humans and the animal model(s). Critical 
developmental events may occur at different times during ontogeny. Some developmental 
events may occur early during the prenatal development of the animal and relatively late in 
human prenatal development. Other developmental events may occur prenatally in humans 
and postnatally in the animal, or vice versa. Differences in timing of the developmental 
events can have an impact on the dose metrics if there are substantial differences in placental 
versus lactational transfer. Similarly, a comparison of the ontogeny of key metabolic enzymes 
relative to the key developmental process may reveal substantial differences between humans 
and the animal model. Such considerations may lead to a conclusion that the animal MOA is 
not plausible in humans. 

3. Can human relevance of the MOA be reasonably excluded on the basis of quantitative 
differences in either kinetic or dynamic factors between experimental animals and humans?
If the MOA in experimental animals cannot be judged to be qualitatively irrelevant to humans 
(no to question 2), a more quantitative assessment is undertaken, taking into account any 
kinetic and dynamic information that is available from experimental animals and humans. 
Such data will of necessity be both chemical and MOA specific and where possible should 
include the biologically effective doses required to produce the dynamic effects giving rise to 
the toxicity. Kinetic considerations include the rate and extent of absorption, tissue 
distribution, metabolism, and excretion. Differences in ontogeny can result in substantial 
species differences in placental and lactational transfers, which will affect the dose metrics. 
This may therefore result in a quantitative difference in the MOA between humans and 
experimental animals. Similarly, the differential ontogeny of key metabolic enzymes can 
result in substantial quantitative differences between humans and experimental animals. 
Dynamic considerations include the consequences of the interaction of the chemical with 
cells, tissues, and organs. Only infrequently is it likely that it will be possible to dismiss 
human relevance on the basis of quantitative differences. Since quantitative exposure 
assessment is part of the subsequent risk characterization rather than the HRF, the difference 
would have to be of such a magnitude that human exposure could not possibly be envisaged 
to reach such levels. In most cases, it will not be possible to reach such a conclusion without 
undertaking formal exposure assessment in the subsequent risk characterization. Hence, the 
answer to the question will be no, but it may still be concluded that the risk is negligible in 
the subsequent risk characterization. Melamine-induced urinary bladder carcinogenesis 
provides a useful case-study illustrating this point (Meek et al., 2003). Again, tabular 
comparison of the data from experimental animals and humans can help in the evaluation. 
Information from studies of other compounds acting by the same or a similar MOA can be of 
value. As understanding of the basis for differences in responses between experimental 
animals and humans improves, differences in key events thought to be qualitative may be 
shown to be due to specific quantitative differences. 

While it may not be possible to conclude that the MOA for toxicity is not relevant to humans 
on the basis of quantitative differences, during the evaluation it may become apparent that the 
magnitude of those differences is sufficient to impact markedly on the risk assessment. 
Hence, it is particularly important that the narrative for the answer to this question be 
comprehensive and capture as much quantitative information as possible. 
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As with question 2, if the response to this question is yes, then exposure to chemicals 
producing toxicity only by this MOA would not pose a risk to humans, and no additional risk 
characterization is required. 

The preceding three questions comprise a decision tree (see Figure 1).  

Figure 1. Decision tree for determining human relevance of an MOA for toxicity observed in 
experimental animals.

Potential implications for dose–response assessment 
Should it not be possible to exclude human relevance of the MOA for toxicity prior to 
proceeding with the risk assessment, a further question should be addressed. This is: 4. Are 
there any quantitative differences in the key events such that default values for uncertainty 
factors for species or individual differences could be modified? Such information, on either 
kinetics or dynamics, could be used to calculate a CSAF, in which one or more of the default 
values for species or interindividual differences in kinetics or dynamics are replaced by a 
value based on chemical-specific information (IPCS, 2005). The other components of the 
adjustment factor would retain their default values. Such information may lead to either an 
increase or a decrease in the adjustment factor relative to the normal default.  

Published case-studies 
In developing a framework for assessing the human relevance of MOAs for non-cancer end-
points, ILSI/RSI also developed a series of illustrative case-studies. These were on molinate-
induced inhibition of spermatogenesis (Kavlock & Cummings, 2005a), renal and develop-
mental effects of ethylene glycol (Corley et al., 2005), developmental neurotoxicity of nico-
tine (Slikker et al., 2005), phthalate ester effects on male reproductive development (Foster, 
2005), vinclozolin-induced malformations (Kavlock & Cummings, 2005b), developmental 
effects of valproic acid (Wiltse, 2005), haemoglobin-based oxygen carriers (HBOC)-related 
congenital malformations (Holson et al., 2005), developmental effects of angiotensin-
converting enzyme (ACE) inhibitors (Tabacova, 2005), developmental ototoxicity of 
polyhalogenated aromatic hydrocarbons (Crofton & Zoeller, 2005), and propylthiouracil-
induced effects on neurological development (Zoeller & Crofton, 2005). While these cases 
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covered a range of end-points, most involved effects during development. Hence, there is a 
need for additional case-studies on other end-points, such as those indicated above. As 
experience is obtained in using this framework, some of the published cases could be further 
refined to provide valuable illustrative examples for training in the application of the 
framework. 

In general, the cases have been very useful in highlighting a number of the key issues on 
which this non-cancer HRF is based. Examples include the importance of the concordance 
analysis, the value of quantitative information identified during the application of the 
framework when it is not possible to exclude human relevance, the need for a transparent and 
comprehensive narrative when reporting the conclusions of a framework analysis, the 
importance in identifying key data gaps (e.g. case-study on molinate and HBOC), 
identification of research needs (e.g. case-study on vinclozolin), the importance of 
understanding the formation of a specific metabolite, and the importance of establishing a 
robust MOA through the application of the Bradford Hill criteria (Hill, 1965) to the key 
events.

Statement of confidence, analysis, and implications  
Following application of the non-cancer HRF and answering the three (or four) questions, a 
statement of confidence should be provided that addresses the quality and quantity of data 
underlying the analysis, the consistency of the analysis within the framework, the consistency 
of the database, and the nature and extent of the concordance analysis. Alternative MOAs 
should have been evaluated, when appropriate, with the same rigor. A critical outcome is the 
identification of specific data gaps that could be addressed experimentally to increase 
confidence in the analysis. 

The output of the non-cancer HRF provides information that is useful for more than just 
determining whether or not the MOA for toxicity in experimental animals is relevant to 
humans. It can also provide much information that is critically important in subsequent steps 
in the risk characterization for relevant effects. For example, it may be possible to develop 
CSAFs on the basis of the information provided. Application of the framework can also 
provide information on relevant modulating factors that are likely to affect risk. In addition, it 
can identify those elements of a proposed MOA that operate only over a certain dose range. 
Where an obligatory step in an MOA occurs only following a high experimental dose of a 
compound, the relevance of the MOA to human risk is determined by the exposure. Thus, 
effective exposure assessment is particularly important to the evaluation of human risk from 
such toxicity.

The analysis also contributes to the identification of any specific subpopulations (e.g. those 
with genetic predisposition) who may be at increased risk and often provides information 
useful in considering relative risk at various life stages. This may be based not always on 
chemical-specific information but rather on inference, on the basis of knowledge of the 
MOA, as to whether the risk in specific age groups might be expected to differ. 

The data and their analysis using the non-cancer HRF should be reported in a clear and 
comprehensive manner, so that others can determine the basis of the conclusions reached. 
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Although the specific form of presentation will vary with the type of data available, a 
structured report, including the key headings from the framework, should be provided where 
possible. Presentation should include sufficient details on the context and thought processes 
to ensure transparency of the conclusions reached. The inclusion of concordance tables is 
strongly encouraged. This increases transparency and facilitates peer engagement.  

USE OF THE FRAMEWORK AND ITS OUTPUTS  

The IPCS non-cancer HRF, which is based principally on robust concordance analysis of key 
events in postulated MOAs, is envisaged to be of value to both the risk assessment and 
research communities as a basis to contribute to harmonization in several areas, including: 

• adequacy and nature of weight of evidence for postulated MOAs in animals and their 
relevance to humans; 

• MOA integration across end-points;
• criteria for transparency to ensure sufficiency of peer input and review.  

Among the strengths of the non-cancer HRF are its flexibility, transparency, and general 
applicability across end-points. This includes determination of the nature and shape of the 
dose–response curve, the identification and location of biological thresholds for individual 
key events, and their consequences. In addition, consideration of the kinetic and dynamic 
factors involved in each key event is informative regarding the relevance or not to specific 
subpopulations—for example, in early life, in those with particular diseases, or in those with 
specific polymorphisms. Alternatively, application of the framework can provide quantitative 
information on the differences between such groups. Human relevance analysis may also 
indicate that a species is inappropriate for evaluating a potentially relevant end-point because 
of dose limitations.  

NEXT STEPS 

To ensure effective adoption of the non-cancer HRF, there will be a need to train individuals 
in its application and in the interpretation of its outputs. Experience is being gained in the use 
of the cancer HRF, and the expertise gained would be applicable in the training of others in 
the use of the non-cancer HRF. Training would be facilitated by the availability of a number 
of suitable case-studies. Those published to date would be a sound basis for further develop-
ment for this purpose (Seed et al., 2005). In addition, cases on a wider range of end-points 
need to be developed. It would be helpful if organizations with experience in non-cancer 
HRF analysis could develop courses and make the materials available to others with suitable 
expertise to help in training.

A database of generally accepted MOAs should be compiled and maintained, together with 
informative case-studies. Such a database would be of particular importance as experience 
continues to evolve in the development of MOAs and in determining whether the MOA for a 
compound is novel or has been described previously for other compounds.  
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The current non-cancer HRF, which arose out of the IPCS cancer HRF, is focused on non-
cancer end-points. However, there are marked similarities in the philosophy and strategy to 
evaluating cancer and non-cancer effects. It is strongly recommended that one of the next 
steps in harmonization of risk assessment of chemicals should be the preparation of a unified 
HRF that is applicable to all toxicological end-points, including cancer. The integration of 
framework approaches into the risk assessment process should be further elaborated, in which 
illustrative examples would be of value. Some guidance on problem formulation before 
embarking on an HRF analysis should be included in such a framework document, as should 
guidance on the use of the outputs of HRF analysis in risk assessment. For example, during 
application of the framework, a much deeper understanding of dose–response relationships is 
often developed, which should be taken forward into hazard characterization. As indicated 
above, knowledge of any dose transitions is invaluable in interpreting exposure data. 
Identification of key events in the MOA can provide insight into the sources and magnitude 
of interspecies and interindividual differences. 
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