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Introduction and Background

Epidemiological Data and Requlatory Risk Assessment

Epidemiological data have often had a key role in the assessment of risks associated with
exposure to chemicals and pollutants and for development of regulatory limits in the
environment and in occupational settings. Examples include the development of occupational
health standards and health risk values in the United States for benzene (OSHA 1987; U.S. EPA
2003), as well as for the U.S. National Ambient Air Quality Standards for Particulate Matter
(U.S. EPA 2006). The strengths and weaknesses, as well as the overall value of the use of
epidemiological data in regulatory risk assessment have been widely discussed in the scientific
and public health policy literature.

Epidemiological data have been criticized as too often flawed by quality issues and incompletely
controlled sources of bias (see, for example, Graham et al. 1995). Epidemiological studies of
environmental agents involving typical ambient levels of exposure have been particularly
characterized as uninformative or especially susceptible to bias and uncontrolled confounding
because the target for estimation is often relatively small risk ratios that are dismissed as "weak
associations" (Gamble and Lewis 1996). Proponents of use of epidemiological data, while
acknowledging the limitations of observational studies, advance its strengths; the investigation of
the effects of real exposures as received by the general population, the characterization of an
effect across the full range of susceptibility in the population and, most significantly, the direct
relevance of epidemiologic evidence to public health (Whittemore 1986; Gordis 1988; Hertz-
Picciotto 1995; Burke 1995; Samet, Schnatter, and Gibb 1998). In addition, the ability to
ascertain relatively low relative risks has improved with advances in exposure assessment and
study design methodologies.

Methodological challenges in the use of epidemiological data in quantitative risk assessment, and
the need to apply modern biostatistical techniques as well as appropriately present results from
risk assessments that utilize epidemiological studies, have also been noted (Nurminen et al.
1999; Stayner et al. 1999; Schwartz 2002; Ryan 2003). As epidemiological and risk assessment
techniques have become more sophisticated, a growing body of literature has developed to
address the use of epidemiological studies in risk assessment. Guidelines for the conduct of
epidemiological research and criteria/frameworks for evaluation and use of epidemiological
studies in risk assessments have been offered to strengthen the evidence base used in public
health policy decision-making (IARC 1991; Hertz-Picciotto 1995; Auchter 1995; Federal Focus
Inc. 1996; Federal Focus Inc. 1999; WHO-Europe 2000; U.S. EPA 2005; Goldbohm et al. 2006;
Swaen 2006; Vlaanderen et al. 2008). The criteria or frameworks provided by this literature are
intended to improve the quality and validity of the studies themselves, as well as the risk
analyses in which they are used.

In response to the need for improved epidemiological methods for the quantitative application of
epidemiological data in risk assessment, there have been significant improvements in the
collection of exposure and health data. However, fundamental challenges remain for identifying
hazards and quantifying exposure-response relationships for a broad spectrum of pollutants and
chemicals.



Evaluating Consistency in Epidemiological Data

In evaluating whether epidemiological data support the inference of a causal association for the
purposes of regulatory-related risk assessment, a key uncertainty stems from variability in
defining and operationalizing the concept of consistency across studies. Assessments of data
consistency are often a controversial component of regulatory-related risk assessments, and
contradictory determinations may result from varying stakeholder perspectives. Key
stakeholders involved in, or affected by, the process of assessing consistency in epidemiological
data for regulatory applications include federal, state and local health and environmental
protection and occupational health agencies, affected industries, national and local public health
and environmental organizations, researchers, as well as workers and the communities directly
affected by regulatory risk management decisions (e.g., Superfund site clean-up).

The issue of evaluating consistency of results of epidemiological studies has been discussed for
more than 50 years. In their seminal article “Smoking and lung cancer: recent evidence and a
discussion of some questions”, Cornfield et al. (1959) discuss the logical consistencies and
inconsistencies in the body of epidemiological literature on smoking and lung cancer. The U.S.
Surgeon General’s 1964 Report on Smoking and Health (US Surgeon General 1964) discusses
consistency in the direction and magnitude of associations, although a definition of what was
meant by “consistency” was not offered. Hill (1965) considered observed associations as
consistent if repeatedly found by different persons, in different places, circumstances and times.
Hill added that he “would ... put a good deal of weight upon similar results reached in quite
different ways”, for example, retrospective and prospective studies (i.e., case-control and cohort
studies). A specific association observed in multiple studies of diverse design provides greater
confidence that the association is real and not an artifact due to any particular methodological
weakness, error, confounder or modifier that may be present in any one particular study.

Discussion of epidemiological study consistency in contemporary risk assessment usage has
expanded and become more nuanced as the field of epidemiology has matured, and as experience
in using epidemiological data for regulatory purposes has accrued. For example, understanding
of the potential for gender-based differences in susceptibility to a potential endocrine-disrupting
chemical can provide a framework for viewing differences in observed effects among studies
that include varying proportions of males and females — that is, there may be biological reasons
why one would not expect to see the same effect when studied in different populations.
Similarly, differences in the sensitivity and specificity of exposure measures would be expected
to lead to differences in observed estimates among studies. The 2006 Criteria Document for
Ozone (U.S. EPA 2006a), for example, includes an explanation of why heterogeneity in effect
estimates is to be expected among studies utilizing different ozone exposure metrics. The Ozone
Criteria Document notes that “consideration of consistency and heterogeneity of effects are
appropriately understood as an evaluation of the similarity or general concordance of results,
rather than an expectation of finding quantitative results within a very narrow range.”

The consistency of a body of scientific evidence is also evaluated on the existing understanding
of the biological basis or plausibility for how an agent causes or contributes to a disease process
(U.S. EPA 2005, IARC 2006). In other words, is the body of epidemiological evidence



consistent with other evidence such as that from laboratory animal studies? The IARC
methodological preamble also discusses the concept of consistency in the context of when
evidence for causal association is lacking, i.e., in cases when there is little or no evidence of
association.

Although the idea of evaluating consistency of findings across a diverse collection of
epidemiological studies is central to evaluating that body of evidence for supporting causal
inferences, the identified variability in definition and formal evaluation methods strongly suggest
the need for constructive approaches to consistently and transparently evaluate consistency.
Researchers involved with epidemiological studies need to understand how best to design,
analyze and report their study data to maximize their utility in the regulatory process. This
workshop report provides recommendations toward filling this identified void.

Workshop on Evaluating Consistency in Epidemiological Data

In response to the need to improve approaches to assessing consistency in epidemiological data
for application in regulatory risk assessments, the Johns Hopkins Risk Sciences and Public
Policy Institute (RSPPI) organized a workshop to identify and discuss key methodological
issues, and to develop recommendations for qualitative and quantitative approaches to addressing
those issues. The workshop, held in Baltimore, Maryland on September 23-24, 2010, was co-
sponsored by the U.S. Environmental Protection Agency, the National Institute of Environmental
Health Sciences, and the National Institute for Occupational Safety and Health, with additional
support provided by Health Canada. A multi-disciplinary approach was utilized for the
workshop, involving invited experts from fields including epidemiology, risk assessment,
exposure assessment, biological sciences, biostatistics, and science policy. In order to assure a
broad spectrum of views on this issue, the invited participants were drawn from representatives
affiliated with academia, industry, government, and the public interest sectors (Table 1 provides
a list of workshop participants). A background information document was developed by the
RSPPI in consultation with, and contributions from, the Workshop Organizing Committee and
was provided in advance to the workshop participants with case study examples that illustrated
the issues to be considered at the workshop.

Table 2 provides a copy of the workshop agenda. Following an opening plenary session in which
several individual perspectives on evaluation of epidemiological data consistency for regulatory
application were presented and an open discussion of the issues and approaches for evaluating
epidemiological data consistency, the participants were divided into three assigned sub-groups
for discussion of the key issues identified below. Information contained in the background
document was utilized to varying degrees during the break-out group discussions. Results of the
sub-group discussions were then reported and discussed in a concluding plenary session. This
document summarizes the workshop discussions of the key issues identified for the scope of the
workshop, and presents the key findings and recommendations from those discussions. While
there was general consensus regarding the findings and recommendations discussed below
except where explicitly noted, no formal process (e.g., voting) regarding unanimity of views was
undertaken.



Workshop Discussions
General Issues

One of the underlying issues addressed in all of the workshop discussions concerns the
characterization of study results. There was general agreement that that the results of a study
should not be defined on the basis of the presence or absence of statistical significance, and that
the question of the consistency of epidemiological data is not answered by counting the number
of studies that have “positive” or “negative” results. Lack of statistical significance is not
synonymous with “no effect”, and it is important to distinguish between studies that demonstrate
no effect and studies that would be better described as being “inconclusive” or “uninformative.”
This understanding comes from the discussion of statistical testing, power, precision, and
interpretation of study results that has been a core part of epidemiology for more than 30 years
(Rothman 1978; Rothman 2010). Thus considering only these statistical issues, a study with a
relative risk estimate close to 1.0 with tight confidence intervals could reasonably be described
as showing no effect, but a small study with a similar point estimate but much wider confidence
intervals would be better described as being inconclusive rather than “null” or “negative.”

Another underlying issue addressed in the workshop discussions concerns the distinction
between heterogeneity and inconsistency within the context of evaluation of study results.
Heterogeneity represents variation in observed effects that can be expected based on differences
in populations (e.g., different effects of an endocrine-disrupting chemical between men and
women), and variation in observed effects that could be explained by differences in study
designs (e.g., a very weak or null effect seen with an “ever/never” exposure classification
compared with a stronger effect seen with a more sensitive and specific exposure measure).
However, there may be inconsistency reflecting variation in observed effects that cannot be
explained by modifying factors (e.g., sex, genetics). Distinguishing between these concepts is
central to an evaluation of the consistency of study results.

One other core concept that was central to the workshop discussions concerns the difference
between hazard identification and exposure-response modeling, two of the core components of
risk assessment (NRC 1983). Approaches to assessing consistency across epidemiological study
data must be considered through the lens of their application in each of these components.
Epidemiological data from studies that may not provide quantitative exposure-response functions
may still be qualitatively informative in assessing consistency for the purpose of hazard
identification. The evaluation of the consistency of results, or the evaluation of the contribution
of potential sources of heterogeneity to variability in results, is a goal of the kind of systematic
review that is part of hazard identification. For example, identification of the limitations in the
exposure assessment component of epidemiological studies may provide a basis for
understanding apparent inconsistencies in the results of epidemiological findings for a given
chemical exposure.

Other specific issues considered at the workshop with respect to evaluating consistency among
epidemiological studies for regulatory applications included: variation in outcome definition,
exposure assessment methodology, critical periods of exposure and follow-up period, and how



these variations should be considered when comparing results among studies, as well the
definition and identification of an exposure-response trend. Finally, the workshop also
considered approaches for evaluating large bodies of epidemiological evidence with respect to
determining consistency of findings. Each of these topics is discussed in more detail below.

Topic A: How do we consider variation in outcome definition in interpreting the consistency of
results across studies?
e How can variation in study findings on potentially related health outcomes be
evaluated?
e How can the quality of the disease definition (i.e., reliability and validity, or
refinement by subtype) be considered when evaluating consistency (or variation) in
effect measures among studies?

Summary of Issues: Some types of diseases and early states of disease in particular may be
difficult to define or measure. Different studies may measure different functional tests or disease
markers, which may or may not be considered adverse outcomes. With improved understanding
of the etiologic pathways and overall biological basis for disease, more recent epidemiological
studies often use upstream markers of the disease process as defined outcomes rather than apical
endpoints. For example, in assessing the relationship of air pollution exposure to exacerbation of
cardiovascular disease and cardiovascular mortality, epidemiological studies have examined
endpoints such as heart rate variability, dysrhythmic susceptibility, and cardiac repolarization as
well as several hematological outcome measures. In some situations, there may be evidence of
an abnormality across studies, but there is variation in what specific abnormality is seen (even if
some of the same tests are used across studies). A question arises as to whether these
observations are consistent because there is evidence of damage across the studies, or
inconsistent because the results for specific tests differ among the studies. It can be difficult to
interpret the results of multiple epidemiological studies that examine a range of effects acting on
the same physiological system when these effects may not be coherent with one another. For
example, cardiovascular system responses to air pollution range from cardiovascular-related
mortality to incidence of myocardial infarction and non-fatal cardiovascular-related
hospitalizations to numerous cardiovascular function parameters. A question arises as to the
degree of coherence to expect across these outcomes when determining the consistency of an
effect.

A different type of challenge arises when the definitions or classification criteria for a disease
differ across studies or change (e.g., become more refined) over time. For example, WHO (2008)
revised its classification system for acute myeloid leukemia but the older French-American-
British (FAB) system is still in use (American Society of Clinical Oncology 2010). In this
situation, how should we evaluate consistency between older and more recent studies?

Workshop Discussion: There was recognition by workshop participants that the selection of
outcome measurement is often driven by study feasibility for assessment of population-level
health outcomes rather than selection of the clinical “gold standard” that may be specified for
individual-level health assessments. The purpose of the study also determines the choice of
outcome measure. For example, a study designed to measure mechanisms of action may use a



measure of sperm damage or sperm concentration, but a study focusing on broader population
impact issues may use a measure of fertility or time to pregnancy.

In general workshop participants noted that more information is often needed regarding the
sensitivity and specificity of outcome measurements, including biomarkers. Validation
information, if available, can offer a basis for comparing outcome assessment methods or
outcome scales to each other. However for historical publications, which may be all that are
available, such validation information is often not available and professional judgment is
required.

There was a recognition that larger or more robust relationships may be found with more
sensitive “upstream” markers of disease when compared to endpoints reflecting clinical
expression of a defined disease state but that these differences may not indicate inconsistent
results. The issue of whether the upstream endpoints represent an adverse health effect or might
be a reversible, transient effect was noted, though this issue was not discussed in detail as it was
deemed beyond the scope of this workshop.

When considering a series of study results for a given health outcome with several related
outcome measurement methods (e.g., lung function or kidney function) or histological sub-types
(certain cancers), an important consideration involves the issue of “lumping” together of study
results as opposed to “splitting” or stratifying the data. If possible, the decision on how to
analyze study results for a specific outcome or subcategory of outcome should depend on the
known biological mechanism of the hazard. For instance, some measures of kidney function
reflect glomerular disease, and some reflect proximal tubular disease. It may be reasonable to
examine these as two sets of measures, but this “splitting” approach is based on the assumption
that there is a clear delineation between the categories. This assumption may not hold,
particularly under different stages of disease development and progression.

Another example concerns histological typing used with cancer analyses since there may be
etiological factors for different histological subtypes. However, there was recognition that the
decision regarding approaches to assessing related outcome measures or disease sub-categories
in historical data may be limited by a lack of necessary information in the original study reports.
Further, it was noted that outcome groupings based on the historical literature are a function of
the manner in which data were presented, and more current understanding of the disease biology
may indicate that such groupings are no longer appropriate and should no longer be considered
homogenous and therefore assessed separately.

Topic B: How do we consider variation in exposure measurement in interpreting the consistency
of results across studies?

e How can we account, in a formal and transparent manner, for an expected attenuation
of an effect estimate due to non-differential exposure misclassification when
evaluating the consistency of results from studies using different types of exposure
assessment methodologies?

e What are the differences in approaches to the issue of variation in exposure
measurement that can be used in situations in which numerous studies focusing on a
specific type of exposure are available, and situations in which there are relatively



few studies of a specific agent, perhaps within a larger collection of studies with more
general exposure assessments?

e What criteria could be applied in selecting specific data points (e.g., exposure groups)
for the evaluation of the consistency of data among studies?

Summary of Issues: Differences in exposure assessment techniques across studies may create
difficulties in understanding an apparent inconsistency of results. For instance, for a given
chemical exposure, some occupational cohort studies categorize workers into broad groups based
upon job title, while other studies incorporate individual or area measurements of specific
exposures. In other studies, individual measurements would more closely account for differences
in worker tasks, time periods, and location. Moreover, studies may also differ in the extent to
which information is available on worker history and other potential confounders, including
individual behaviors such as smoking and prior work history. Data may be analyzed with
methods that take into account the measurement error in the exposure estimates. In addition,
differences in effects or in the statistical significance of results might be observed based on the
exposure categories selected for the study. An “ever” exposed category disregards ranges of
exposure, which may be biologically useful in explaining results. Consequently, in reviewing
evidence, attention needs to be given to identifying exposure assessment approaches and
harmonizing exposure categorization across studies to the extent possible, whether for qualitative
or quantitative assessment.

Workshop Discussion: The accuracy of the exposure assessment methodology used in an
epidemiological study is an important determinant of overall study quality. For most exposures,
the "gold standard" of having data across the biologically relevant time window is not
achievable. Exposure measurements are often based on proxies for this gold standard
measurement, e.g. a biomarker that may not represent exposure over the relevant time period, or
ambient pollutant measurements representing most, but not all, sources of exposure and which
do not capture variation among individuals in exposure or response. This reliance on proxies
introduces uncertainty into the analysis in terms of the extent to which a proxy is a valid
substitute for actual exposure. The participants noted that a variety of other factors, e.g. changes
in regulatory measures, changes in economic conditions that impact emissions, changes in
manufacturing processes/controls, can impact exposure levels and therefore can affect the
exposure-response relationship over time. Given this context, variation in exposure measurement
should not focus only on measurement error, but should also consider the contribution of these
other dimensions of exposure assessment to variation in observed results.

A major part of the discussions of this topic focused on the feasibility of assessing the extent to
which exposure assessment methodologies contributes to heterogeneity of results among studies.
A variety of approaches, of varying degrees of complexity, could be used. One suggested
approach was to stratify studies by key characteristics of the exposure assessment approach to
consider the impact of potential exposure misclassification; adjustment for the observed
attenuation may be possible. Modeling could assist in determining the extent to which different
misclassifications or measurement errors may influence risk estimates.

Another important concept with respect to exposure and variability in results concerns the need
to clearly understand the exposure range that is being considered within, and between, studies. It



is reasonable to expect to see different exposure-response relationships within different exposure
ranges. For example, a stronger effect may be estimated in a study that incorporates a wider
range of exposures (and thus a greater contrast between the “exposed” and referent categories)
than in a study with a more limited exposure range. Thus, comparison of “high” exposure
categories across studies (e.g., a meta-analysis of “high” versus “low” comparisons across
studies) can be problematic since the different studies may incorporate different range values for
their exposure categories. A more valid comparison may be to use this type of comparison to
evaluate whether the “high” versus “low” comparison gives a stronger effect estimate than an
“ever” versus “never”’ comparison among the same set of studies.

Topic C: What is the definition of a trend, and how should a trend be identified in practice?

¢ How might the shape of exposure-response function/gradients (e.g., monotonic,
reaching a plateau or a more stair-case type pattern) inform assessment of a trend?

e Should a statistical test be the basis for deciding if a trend is present? If so, what
considerations should be used in choosing the test and the level of statistical
significance to be used? If a statistical test was not presented in a published paper (or
if the optimal test was not conducted), what options for statistical testing are available
to someone evaluating the data?

e How can differences among studies in the quality of the exposure assessment be
transparently and reasonably incorporated into the evaluation of the
presence/strength/shape of the observed exposure-response trend?

Summary of Issues: The presence of an exposure-response gradient is an important consideration
within the Hill framework for evaluating causality (Hill, 1965; U.S. EPA 2005). If risk increases
at higher levels of exposure, alternative explanations other than causality become less tenable.
However, results from several occupational cohort mortality studies suggest that under certain
circumstances, an exposure-response function/gradient may be demonstrated by a nonlinear
relationship (Stayner et al., 2003). In addition, the observed form of the exposure-response
relationship may be affected in complicated ways by exposure measurement error, population
selection, and modeling approaches. How do we interpret this collective evidence, particularly
when the range of exposures covered differs between the studies (i.e., some studies cover a wider
range or higher exposures)?

Workshop Discussion: Workshop participants agreed that an expectation of monotonic
increasing risk with increasing exposure is a reasonable consideration with respect to assessment
of a causal association. They also stressed, however, that the underlying (true) exposure-
response curve can have a variety of shapes, even within the general category of a monotonic
increasing curve, including a linear pattern as well as “hockey stick” and a plateauing curve.
Each of these curves may make biological sense (e.g., a hockey stick pattern reflecting a
threshold type of response, and a plateau reflecting saturation of a key metabolic activation step).
A flattening or downturn in the exposure-response function curve at high exposure may also
reflect the underlying biology e.g., as would be seen with a significant competing risk. An
additional difficulty in interpreting trends in epidemiological studies is that because of sources of
bias and error, the observed exposure-response may differ from the underlying exposure-
response, and thus the absence of a linear exposure-response within a study is not in itself strong
evidence for the absence of a causal association.



Given these issues, participants recommended a variety of approaches to the assessment of trends
within a study. These approaches ranged from “describe, don’t test”, to use of formal statistical
tests assuming linearity on a particular scale across all exposures, to decomposing curves into
linear and nonlinear components. The advantage of formal statistical tests is that they provide
quantitative support to qualitative and subjective descriptions. The advantage of a descriptive
approach is that it increases the information provided to the reader, and can support different
interpretative perspectives: Is the relationship consistent with biological understanding? Is there
evidence for bias from exposure measurement error? This framework would encourage study
authors to provide information that would be useful in addressing the likelihood of these
different explanations. The sparseness of the data should also be considered; it may be more
appropriate to say “these data do not provide a basis for describing the exposure-response
relationship” than to say “these data indicate there is [or is not] a trend.”

Another issue concerns the comparison of trends across studies. Observed exposure-response
patterns can differ among studies, particularly among studies with different exposure ranges. For
studies in which the exposure range is relatively narrow, or when the shape of the exposure-
response function within a study is relatively flat, a trend in the exposure-response function may
only be observed when studies spanning a wider exposure range are combined. Depending on the
details of the exposure measures used in the various studies, it may be possible to use meta-
analysis and meta-regression approaches to obtain an overall estimate of trend and to understand
differences among studies.

Topic D: What factors should be considered when evaluating the consistency of findings across
varying lengths of follow-up or exposure windows?

e When two or more studies of the same cohort are available, with different lengths of
follow-up, what are the considerations (i.e., type of disease, mechanism of disease,
age-interactions) for determining the follow-up window that is most relevant to the
risk assessment question?

e How can differences among studies in the length of follow-up or exposure windows
be transparently and reasonably incorporated into the evaluation of consistency of
observed effects?

Summary of Issues: Depending on the nature of the outcome and exposure, the length of the
follow-up period could have a considerable impact on the results. Often, data from occupational
(or other cohorts) are analyzed at multiple points during follow-up. There is a potential for risk
estimates to vary over follow-up, reflecting changing patterns of exposure and underlying
exposure-response time dynamics. Several studies have found that differences in time-related
exposure metrics vary the exposure-response effect or trend that is observed, with effects that are
seen earlier not being observed later, or effects only emerging after the passage of a greater
period of time (Beane Freeman et al. 2009; Mundt et al. 2000). In using the findings of
epidemiological research to characterize trends in risk or exposure-response over time, trends
might be explored in one or more time dimensions: time since follow-up began, time since
exposure, chronological age, and calendar time. Risks might plausibly vary across each of these
scales and such variation might be relevant in the development of models for exposure-response
relationships. An example of the complexity that can occur with time-related measures can be
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seen in the analysis of radon-induced lung cancer. The NAS Biological Effects of lonizing
Radiation (BEIR) VI Committee had access to a large and rich data set, created by merging the
data from 11 cohorts of underground miners (NRC 1999). The final risk model showed a decline
in relative risk with increasing time since exposure and with increasing attained age. This time-
varying model differs from more typical analyses that provide evidence on exposure-response
that is cross-sectional in time and reflective of a particular point of follow-up.

Workshop Discussion: Workshop participants agreed that trends may change with time without
detracting from the validity of the exposure-response gradient observed at one time. When
analyzing an exposure-response relationship over a long period of time, an attenuation of risk
due to a dilution effect from increased person-years observed or from depletion of the study
population due to death or recovery from disease can be expected. In addition, the susceptible
population may have been removed from the study, or the biological mechanism may vary with
increasing lengths of follow-up.

There was considerable discussion concerning the way in which different types of biological
mechanisms would result in different observed effects in situations with different lengths of
follow-up. The types of mechanisms include initiation, promotion, initiation and promotion,
combinations of effects, and short-term effects (e.g., such as can be seen immediately after
pregnancy). Consequently, it is highly important to understand the underlying biological
mechanisms involved in the specific exposure-disease under study where this information is
available, as an understanding of these underlying mechanisms could assist in explaining trends
over time, as well as potentially identify susceptible populations. However, participants also
noted that the epidemiological observations often provide important insights into the nature of
the underlying biological mechanism.

Substantial datasets may be needed for analyzing time-varying exposure-response (see BEIR VI
example above). Where adequate data are available, studies could be systematically assessed to
analyze exposure-response relationships for different follow-up periods. In doing so, it would be
important to distinguish the study follow-up period from the outcome latency period. Sometimes
necessary time-related details are lacking; publications of cohort studies may not adequately
document key information on length of follow-up, exposure windows and related changes over
time (particularly when reporting on later follow-up periods).

Topic E: What approaches can be considered in evaluating large bodies of epidemiological
evidence with respect to determining consistency of findings?

e What could be the basis for selection of a “weight of evidence” (inclusion of all
available study results) versus a “strength of evidence” (selection of the “best quality”
or “most informative” studies) approach to evaluating consistency across
epidemiological study data?

e What criteria could be applied in selecting studies for inclusion and for selecting
specific data points (e.g., subgroups or exposure groups) in assessments of
epidemiological data consistency for each of these approaches?

e How should factors such as variation in study design, study population, differing
exposures to pollutant mixtures (ambient and occupational exposures), and mode of
action information be considered?
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Summary of Issues: Two general approaches have been used in efforts to summarize and assess
large amounts of scientific information or to determine the basis for a causal relationship
between chemicals/pollutants and health effects. One approach for summarizing large amounts
of information for a causal assessment is a weight of the evidence approach (WOE). Formal
meta-analysis with weighting of studies by size (i.e., inverse of study variance) could be
considered a WOE approach. IARC and the U.S. EPA also use a WOE approach for assignment
of cancer classifications. A second approach for summarizing information is the strength of the
evidence (SOE) approach. The SOE approach selects studies for inclusion in the science review
and/or causal assessment based on the quality of the study typically utilizing a set of criteria as
the basis for the inclusion decisions. Review documents of epidemiology studies on substances
where a large body of studies exists (e.g., U.S. EPA Integrated Science Assessments for criteria
air pollutants such as particulate matter and ozone) sometimes use this approach. When there are
many studies, these SOE "qualitative reviews" often summarize information from a select group
of large high quality studies sometimes referred to as “informative studies”. Decisions
regarding study selection are embedded in various approaches to the analysis of data from
multiple epidemiological studies.

Workshop Discussion: Participants indicated a preference for an inclusive approach to study
selection for use in assessing relatively large bodies of studies, rather than excluding certain
studies (while acknowledging consideration of study quality). Concern was raised that excluding
studies could appear as if the data are being manipulated to match the original hypothesis. All
types of studies, such as prospective or retrospective studies, ought to be included since each
study type has its own set of strengths and weaknesses. Including different study types may assist
in balancing potential problems associated with exposure or outcome biases. Stratification may
also be used to note differences in outcomes by study design or variable of interest. The most
important factor is communicating what criteria were used for weighting or choosing studies, and
providing justification for the criteria. Emphasis should be placed on core principles that are
applied with best judgment to study analyses, rather than to set rules.

As a first step towards core principles for WOE in handling large collections of studies, the
participants discussed a framework for the initial presentation of epidemiological literature,
which typically occurs in the hazard identification in the form of a qualitative, narrative review.
The presentation should begin with a discussion of the disease under study, preclinical and
clinical phases and issues regarding disease ascertainment. Similarly, issues pertaining to the
specific exposure under study (e.g., exposure conditions and exposure measures) should also be
outlined. Each study can then be reviewed and critiqued within this context. The critique can
assess how relevant factors (i.e., outcome and exposure measures, sources of bias) affect the
understanding of that study’s findings within the larger dataset.

Issues of efficiency may require some studies to be emphasized when analyzing very large
databases. If feasible as defined by the available studies and risk management needs, exposure-
response analyses could include a combined analysis (e.g., meta-analysis, pooled analysis) from
multiple studies. Study selection may also be based on the availability of data relevant to specific
risk management needs, e.g., protection of a specific susceptible population. Consistency for
studies should be addressed after the studies have been chosen or weighted according to the
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criteria selected by the risk assessor/assessment team and informed by the risk management
objectives.

The application of quality criteria has historically been utilized in clinical study systematic
reviews with rarer application in environmental epidemiological studies. Workshop participants
discussed the potential application of study quality criteria in the context of qualitative systemic
reviews, as well as the basis for quality criteria scoring in the context of quantitative approaches
to data consistency assessment. Defining, a priori, criteria for a “good” study, as well as possibly
weighting those criteria, can be challenging. The use of quality criteria and a scoring framework
in Turner et al. (2010) and Wigle et al. (2009) for assessment of epidemiological study data were
discussed as case study examples, though it was noted that there was a movement away from the
approach of quantitative scoring based on qualitative criteria for systematic reviews of clinical
trials (Whiting et al. 2005). In practice, it is seldom that a study fulfills all of the chosen criteria,
and it can be difficult to distinguish the failure of a study to fulfill a specific criterion from the
failure of a report to provide enough details to allow the correct scoring of a specific criterion.
However, the studies that are chosen for inclusion in a multi-study assessment could be
qualitatively weighted to emphasize study designs (e.g., subject selection criteria, exposure
assessment methods, statistical analysis approaches) that are methodologically more accepted or
validated.

Workshop Discussions: Approaches and Tools for Consistency Evaluation

Qualitative and guantitative analytic approaches

Workshop participants discussed the potential utility of a variety of qualitative and quantitative
tools and approaches for potential application in assessing epidemiological data consistency.
Qualitative approaches discussed included analysis of the quality of individual studies as well as
systematic synthesis across multiple study results. Quantitative tools considered included meta-
analysis, pooled data analysis, meta-regression, trend tests, and quality criteria scoring.

The qualitative approaches build on the framework described in the previous section for the
presentation of each study within the context of relevant issues concerning disease
ascertainment, exposure assessment, and other issues that could affect the observed effects.
Specifically, the following should be considered:

1. Study Attributes:
a) What is the health outcome under investigation? Are there differences in case
definition, case mix or type of outcome data (incidence vs. mortality; preclinical vs.
clinical disease state) that might affect risk estimates compared with other studies?

b) What are the exposures of the groups under comparison (in term of routes, levels and
timing), what exposure monitoring data are available, how is exposure assigned to
subjects, and how would sources of bias associated with exposure assignment affect
observed risk estimates in comparison with other studies?
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¢) What potential confounders are strongly associated with both exposure and outcome
and considered important, how well have these been taken into account in the study’s
design or statistical analysis, and to what extent might residual confounding cause the
risk estimate to be over- or underestimated? In thinking about possible confounding, a
good starting point is to consider known causes of the disease (especially those carrying
high relative risks) and factors that are strongly associated with the exposure under study
(might these factors be causes of the disease?).

d) What other potential major sources of bias might have caused the risk estimate to be
over- or underestimated, and to what extent?

2. Considering these attributes, how different are the risk estimates among the studies? To what
extent could these differences be attributable to differences in identified effect modifiers (i.e.,
heterogeneity of effects due to population differences)? How likely are they to be explained by
differences in exposure measures? Is there a level of heterogeneity in risk estimates that is
unlikely to be attributed to differences in study design or population characteristics/subject
selection (i.e., true inconsistency)?

Meta-analysis (in conjunction with a systematic review) and pooled analysis can be useful for
deriving summary risk estimates from multiple studies that are considered or can be made
substantially similar (homogeneous or consistent) (Gordon et al.1998). Stratified meta-analysis
is used when relevant studies are heterogeneous and obtaining an overall summary estimate is
not advised. Stratified meta-analysis further subdivides the study set into homogeneous strata
before estimating risk by strata and represents an approach to describing various sources of
heterogeneity that may be useful to inform a regulatory risk assessment. Meta-regression
modeling is another statistical tool that can be used to explore contributors to heterogeneity in
terms of study-level covariates (Morton et al. 2004). In addition to supporting evaluation of
consistency, these data combination tools can address a potential limitation of dose-response
assessment practice, namely selection of one study for derivation of regulatory reference levels
or cancer slope factors. A key issue that was not addressed in detail at this workshop was the
feasibility of these types of analyses within the context of risk assessment, and the types of
situations in which this effort would be useful.

Workshop Findings and Recommendations
Findings

Given the range of hypotheses, study designs, study populations, exposure assessment
methodologies, outcome definitions and analytic techniques, the workshop participants clearly
expressed that heterogeneity among reported results was to be expected — even when there might
be a consistent underlying effect of exposure on the risk of a particular outcome. It was noted
that a variety of factors may affect the observed heterogeneity of a group of studies, including:
the type and ranges of exposure experiences and circumstances, for example, occupational
(workers) as opposed to ambient environment (general population); the measurement methods
and details of reporting the exposure metric, including the accuracy and the relevance (does it
represent exposure during the critical period, etc.) of the exposure metric; the temporality of
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exposure assessment with respect to time of outcome assessment; the length of follow-up for
disease incidence or mortality; the extent of misclassification of outcomes due to changes in
disease detection or definitions over time, and the statistical power of a study to detect true
effects particularly in situations in which the magnitude of effects is low. Other sources of bias
may also introduce heterogeneity and thus alter the perception of consistency including selection
bias (differences between who is eligible to participate and who actually participates),
misclassification of exposures, outcomes, and confounders; confounding by known causes of the
outcome that are also associated with the exposure of interest; and differences in populations or
susceptibility as related to outcome (i.e., effect modification).

However, the participants were clear that there was a difference between heterogeneity and
inconsistency. While heterogeneity and inconsistency may be related, they need to be separated
and addressed individually. The workshop participants considered that much of the
heterogeneity might be explained by differences in study designs and applied methods and,
therefore, only when the effects of these considerations had been evaluated and separated from
the observed results could any remaining differences be thought of as potentially representing
either imprecision or inconsistency. The statistical attributes for heterogeneity can then be
defined and tested, whereas inconsistency suggests that there are unexplained differences
between studies.

A distinction was made between qualitative and quantitative evaluation of consistency. For
qualitative evaluations, expert judgment needs to be applied to ascertain the potential impacts of
study design elements on the observed effects. It was recommended that this be done in a weight
of evidence approach in which all studies were available for evaluation and input but
supplemented with stratified evaluation of the observed evidence by factors thought to
potentially explain the observed heterogeneity. Meta-analyses can be useful in some situations
for quantitative evaluations of heterogeneity with attention to the explanation of heterogeneity
and not simply the amalgamated effect size from every reported study. Stratified meta-analyses
by important determinants of any heterogeneity may offer the clearest distillation of the
underlying direction and magnitude of potential health effects.

Overall it is important to determine how “inconsistency” is defined. The direction of effects
estimates is important, and often data tend to be more consistent than inconsistent with each
other. Instead of focusing on whether the data are consistent or inconsistent (binary outcome),
the analysis could focus on the extent to which the data are heterogeneous (utilizing quantitative
methods such as meta-regression when appropriate), in what direction, and with how much
precision. The workshop participants suggested that the observation and evaluation of
‘consistency’ and ‘inconsistency’ was thought to fall on a continuum. Current reporting styles
tend to emphasize a checklist mentality as consistent or inconsistent, so a better method of
communication is needed to express the distribution of results falling on a continuum on
consistency.

The need for substantial improvement in both the quantity and quality of exposure measurement
data available in environmental epidemiological studies was highlighted. The potential for
exposure-related measurement error to contribute to apparent inconsistencies among study
results (i.e., heterogeneity, rather than actual inconsistency) was specifically noted. Stratification
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of studies by exposure characteristics such as quality and validity to determine if study results
are attenuated was suggested. Likewise, such stratification by other potential determinants of
heterogeneity would be helpful.

The need for overall improved or increased access to epidemiological data in general, and
particularly to datasets with sufficient detail to evaluate consistency, was noted. One frustration
voiced by some workshop participants was that relevant information, such as quantitative
exposure measures, stratified analyses or adequate detail on follow-up procedures for cohort
studies, often is missing from peer-reviewed articles. One recommendation suggested to address
lack of detail in publications was a concerted outreach effort to editors of journals that regularly
publish environmental and/or occupational health exposure and epidemiology studies to inform
them of key types of information needed to evaluate and apply epidemiological findings to
regulatory policies, such as details regarding exposure range represented by the study.

A major area of discussion focused on the developing need for a biologically-based approach to
interpreting differences across study results as well as in assessing the quality of study designs
and analyses. The participants emphasized the value of understanding the biology of the disease
development and progression process in the selection of exposure metrics, identification of
related health outcomes, and interpretation of exposure-response relationships. It was also noted
that the development of information regarding the biological basis for diseases was typically an
evolving process, and that epidemiologic studies also contribute to this process. Such a
biologically-based approach requires information from a variety of scientific/medical disciplines,
and therefore the concept of utilizing multi-disciplinary teams when assessing epidemiological
data for consistency was recommended when the relevant data could be available for such
comprehensive review.

Workshop participants also noted a need for further exploration of key concepts related to length
of follow-up through case examples based on existing literature or through development of
simulation modeling approaches. Example issues include the effect of depletion of susceptible
populations on effect estimates over time, and the effect of a specific form of time-varying
exposure-response on the observed results under different lengths of follow-up. Participants
noted that consideration should be given to the uncertainty associated with such estimates and to
the utilization of time-dependent models.

Recommendations

e Do not define consistency based on presence or absence of statistical significance.
o Lack of statistical significance does not mean “no effect.”
o Distinguish between negative and inconclusive results.

o Distinguish between heterogeneity and inconsistency across study results.
o Heterogeneity represents real variation and can be expected based on differences
in study design, population, exposures, etc.
o Inconsistency may be rooted in study differences in design and analysis,
differences in exposure assessment approaches and to bias or error rather than
reflecting true differences in study results.
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o Quantitative methods are available to assess heterogeneity, but use of these
methods depends on many considerations including data availability, data
reporting, data quality and other considerations such as risk management goals.
As such, assessment of data inconsistency will likely involve qualitative as well
as quantitative approaches.

Systematic reviews and meta-analyses can strengthen risk assessments.

o Qualitative and quantitative approach can be useful; qualitative approaches can
benefit from a framework for presenting epidemiological studies that is based
upon understanding of the disease and exposure measurement issues under study.

o A weight of evidence approach including all studies is generally preferred;
subsetting/stratification of the full study set will assist in investigating
heterogeneity and inconsistency.

o Specific attention to exposure assessment is warranted — consider systematic
review of exposure measures and characteristics.

An understanding of the underlying biology and disease progression will inform many
aspects of the consistency evaluation including expectations of dose-response shape,
assessment of exposure, outcome latency, and appropriate length of follow-up.
Multidisciplinary team (including exposure scientists, epidemiologists, clinicians, and
others as appropriate) can provide insights in factors that may contribute to

“heterogeneity” and “inconsistency” in epidemiological evidence.

Conduct empirical research to evaluate the utility of the recommended tools.
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Table 2

State of the Science Workshop: Evaluation of Epidemiological Data Consistency
For Application In Regulatory Risk Assessment

Mt. Washington Conference Center
Baltimore, MD  September 23-24, 2010

Agenda
Day 1

1:00 — 1:45PM Participant introductions; workshop objectives and format; issue overview —
Participants/Co-chairs

1:45 — 2:45PM Stakeholder panel: Perspectives on evaluation of epidemiologic data consistency
for regulatory application — (Cooper, Symons, Fowler)

2:45 — 3:00PM Break

3:00 — 4:00PM Synthesis of panel presentations/discussion- Co-chairs; Discussion of issues and
approaches to developing criteria for evaluating epidemiologic data consistency —
Co-chairs/Participants

4:00 — 6:00PM Break-out session #1 All

6:30 — 7:30PM Reception

7:30 — 9:00PM Dinner

Day 2

8:00 — 10:00AM Break-out session #2 All

10:00 — 10:15AM Break

10:15AM - 12:15PM Break-out session #3 All

12: 15 - 1:15PM Lunch

1:30 — 2:30PM Reports from break-out sessions — Break out session leaders/Reporters

2:30 — 4:00PM Discussion of break out session results/Workshop findings and recommendations
—All

4:00 — 4:30PM Next steps — Co-chairs/Participants

4:30PM Adjourn
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