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Abstract: Epidemiological study results have a key role in the assessment of health risks associated with exposures to 

chemicals and pollutants, and often serve as the basis for the development of regulatory limits for environmental and 

occupational health. A key uncertainty in the application of epidemiological study results in risk assessments stems from 

variability in defining and operationalizing the concept of consistency of findings across studies, with assessments of 

consistency often a controversial component of risk assessments. Although assessment of consistency of findings across a 

diverse collection of epidemiological studies is central to evaluating that body of evidence for supporting causal 

inferences, the variability in definition and formal evaluation methods strongly suggest the need for constructive 

approaches to consistently and transparently evaluate data consistency. 

In response to the need to improve approaches to assessing consistency in epidemiological study results, the Johns 

Hopkins Risk Sciences and Public Policy Institute organized a workshop held in Baltimore, Maryland in September 2010 

to identify and discuss key methodological issues, and to develop recommendations for qualitative and quantitative 

approaches to addressing those issues. A multi-disciplinary approach was utilized for the workshop, involving invited 

experts from a variety of fields, and the invited participants were drawn from academia, industry, government, and the 

public interest sectors. This report provides a summary of selected epidemiology methodological issues discussed by the 

workshop participants and provides the workshop’s key findings and recommendations for future approaches to 

addressing this issue. 
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INTRODUCTION 

 Epidemiological studies play a key role in the assessment 
of risks associated with exposures to chemicals and 
pollutants and for development of regulatory standards 
covering environmental and occupational settings. The 
strengths and weaknesses of epidemiological methodology, 
as well as the overall value of the use of epidemiological 
evidence to support regulatory standards, have been widely 
discussed in the scientific and public health policy literature 
(e.g., [1-8]). Issues related to the presentation of 
epidemiological results that inform risk assessments, the 
need to apply modern biostatistical techniques to  
 

 

*Address correspondence to this author at the R.H. White Consultants, LLC, 

12900 Tourmaline Terrace, Silver Spring, MD, USA; Tel: (240) 381-4075; 

Fax: (301) 384-8876; E-mail: ronaldhwhite@comcast.net 

 
§The views expressed in this article are those of the authors and do not 

necessarily represent the views or policies of the U.S. Environmental 

Protection Agency, the National Institute of Environmental Health Sciences, 

the National Institute of Occupational Safety and Health, or Health Canada. 

epidemiological data, and methodological challenges in the 
use of epidemiological data in quantitative risk assessment 
have also been noted [9-12]. 

 When evaluating epidemiological findings in support of 
causal inference, a key uncertainty often stems from apparent 
inconsistency across studies. Evaluations of consistency are 
often controversial, and contradictory determinations may 
result from varying stakeholder perspectives. The evaluation 
of consistency in epidemiological results has been discussed 
for more than 50 years (e.g., [13-15]), expanding and 
become more nuanced as the field of epidemiology (and 
specifically environmental epidemiology) has matured. For 
example, gender-based differences in susceptibility to a 
potential endocrine-disrupting chemical can explain 
differences in observed effects among studies that include 
varying proportions of males and females – i.e., there may be 
biological reasons not to expect to see the same effect. 
Similarly, differences in exposure metrics and the range of 
exposures could lead to differences in observed estimates 
among studies. The evaluation of consistency of findings 
across a diverse collection of epidemiological studies is 
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central to evaluating that body of evidence for supporting 
causal inferences for hazard identification, one of the core 
components of environmental health risk assessment [16]. 
There remains a need for approaches to objectively and 
transparently evaluate consistency. This workshop report 
provides recommendations regarding approaches to assist in 
the evaluation of consistency in epidemiological study 
results. 

WORKSHOP ON EVALUATING CONSISTENCY IN 
EPIDEMIOLOGICAL DATA FOR APPLICATION IN 

REGULATORY RISK ASSESSMENT 

 The Johns Hopkins Risk Sciences and Public Policy 
Institute organized a workshop to develop recommendations 
for qualitative and quantitative approaches to assessing 
consistency in epidemiological results. The workshop, held 
in Baltimore, Maryland on September 23-24, 2010, was co-
sponsored by the U.S. Environmental Protection Agency 
(U.S. EPA), 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, 
involving invited experts from the fields of epidemiology, 
risk assessment, exposure assessment, biological sciences, 
biostatistics, and science policy, drawn from academia, 
industry, government, and the public interest sectors (Table 
1). Following an opening plenary session in which several 
individual perspectives on evaluation of consistency of 
epidemiological results were presented and discussed, the 
participants were divided into three groups to discuss the key 
issues identified below. Group deliberations were reported 
and discussed in a concluding plenary session. This report 
summarizes discussions of key issues identified for the 
workshop, and presents the findings and recommendations 
from the workshop. While there was general consensus 
among participants 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, Findings and Recommendations 

General Issues 

 Consideration of statistical testing, power, precision, and 
interpretation of study results has been a core part of 
epidemiology for more than 30 years [17, 18]. There was 
general agreement that the results of a study should not be 
characterized on the basis of the presence or absence of 
statistical significance, and that the consistency of 
epidemiological study results cannot be assessed by counting 
the number of studies that have “positive” or “negative” 
findings. 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.” 
For example, a study with a relative risk estimate close to 1.0 
with narrow 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.” 

 The distinction between heterogeneity and inconsistency 
within the context of evaluation of study results was another 

general issue addressed in the workshop. Heterogeneity and 
inconsistency were considered to be two distinct concepts. 
Heterogeneity represents variation in observed effects that 
can be expected based on differences in populations (e.g., 
different effects of an endocrine-disrupting chemical in men 
and women) or other study design attributes (e.g., a very 
weak or null effect seen with an “ever/never” exposure 
classification compared with a stronger effect seen with a 
more focused and specific exposure measure). Inconsistency, 
however, implies unexplained variation that may be 
reflective of spurious findings. Distinguishing between these 
concepts is central to an evaluation of the consistency of 
study results. It was noted that a variety of factors may affect 
the observed heterogeneity of a group of studies, including: 
the types and ranges of exposure levels and circumstances; 
the exposure measurement methods including its accuracy in 
reflecting exposure during a critical period with respect to 
the outcome of interest; the length of follow-up for disease 
incidence or mortality; the extent of misclassification of 
outcomes due to differences or changes in disease detection 
or definitions over time; the degree to which results may be 
influenced by measured and unmeasured confounding, and 
the statistical power of a study and potential imprecision of 
effect estimates. Workshop participants considered that only 
when the effects of these considerations have been evaluated 
can any remaining differences be interpreted as potentially 
representing inconsistency. 

Specific Issues 

 Specific issues considered at the workshop with respect 
to evaluating consistency among epidemiological studies 
included variation in outcome definition, exposure 
assessment methodology, the definition and identification of 
an exposure-response trend, as well as critical periods of 
exposure and follow-up period, and how these variations 
should be considered when comparing results among studies. 
Finally, the workshop also considered approaches for 
evaluating large bodies of epidemiological evidence with 
respect to determining consistency of findings. While other 
issues may also relate to potential sources of epidemiological 
study result inconsistency, given time constraints the 
workshop was limited to the topics discussed in more detail 
below. 

Considering Variation in Outcome Definition in 

Interpreting the Consistency of Results Across Studies 

 Summary of Issues: 1) How should variation in study 
findings among potentially related health outcomes be 
evaluated? 2) How should the quality of the disease 
definition (i.e., reliability and validity, or refinement by 
subtype) be considered when evaluating consistency (or 
heterogeneity) in effect measures among studies? 

 Some types of diseases and early states of disease in 
particular may be difficult to define or measure. Some  
studies may assess functional tests or disease markers, which 
may or may not be considered adverse outcomes from 
clinical or public health perspectives. With improved 
understanding of the etiologic pathways and overall 
biological basis for disease, epidemiological studies may use 
upstream markers of the disease process rather than apical 
endpoints. For example, in assessing the relationship of air 
pollution exposure to exacerbation of cardiovascular disease 
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and cardiovascular mortality, epidemiological studies have 
examined endpoints such as heart rate variability, 
dysrhythmic susceptibility, and cardiac repolarization as well 
as than the more “downstream” outcomes of cardiovascular-
related mortality, incidence of myocardial infarction, or non-
fatal cardiovascular-related hospitalizations [19]. The 
interpretation of consistency across study results is 
complicated when different findings are seen across a range 
of outcomes. In some situations, there may be evidence of an 
abnormality across studies, but there is variation in what 
specific abnormality is associated with a pollution exposure 
(even if some of the same tests are used across studies). Are 

the data consistent because there is evidence of damage 
across the studies, or inconsistent because the results across a 
range of related outcomes may differ with respect to 
magnitude? A further challenge to consistency assessment 
arises when the definitions or classification criteria for a 
disease differ across studies or change over time (e.g., 
become more refined), as has occurred for leukemia [20, 21]. 

 Workshop Discussion, Findings and Recommendations: 
Workshop participants recognized that the selection of 
outcome measurements is often driven by feasibility for 
assessment of population-level health outcomes, as well as 
the purpose of the study. For example, a study designed to 

Table 1. State of the Science Workshop: Evaluation of Consistency of Epidemiological Results for Application in Regulatory Risk 
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measure reproductive 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 biomarker 
data, and validation information, if available, can offer a 
basis for comparing outcome assessment methods or 
outcome scales. However for historical publications such 
validation information is often not available and professional 
judgment is required to assess validity. 

 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 
differences between study results examining clinically 
manifest disease and those based on preclinical disease 
outcomes may not necessarily 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 plausible or known biological mechanism of the 
hazard. A “splitting” approach is based on the assumption 
that there is a clear delineation between the categories, but 
this assumption may not hold, particularly under different 
stages of disease development and progression. 

Consideration of Variation in Exposure Measurement in 
Interpreting the Consistency of Results Across Studies 

 Summary of Issues: 1) How should differing exposure 
assessment methods be accounted for in a formal and 
transparent manner, particularly with respect to effect 
estimate attenuation that is expected with non-differential 
misclassification, when evaluating the consistency of study 
results? 2) What criteria should be applied in selecting 
specific data points (e.g., exposure groups) for the evaluation 
of the consistency of data among studies? 

 Differences in exposure assessment techniques across 
studies may create heterogeneity in effect estimates. This 
issue also commonly arises when considering occupational 
exposure studies, given the variety of exposure measures that 
can be used, ranging from categories based on job title or 
employment in a particular plant, to individual 
measurements reflecting differences in worker tasks, time 
periods, and location. In addition, an “ever exposed” 
category disregards ranges of exposure, which may be 
biologically useful in explaining results. 

 Workshop Discussion, Findings and Recommendations: 
The accuracy of the exposure assessment methodology used 
in an epidemiological study is a key determinant of overall 

study quality. For most exposures, the "gold standard" of 
having data across the biologically relevant time window is 
not achievable and that window may not be known. 
Exposure measurements are often based on proxies for this 
gold standard measurement, (e.g., a biomarker may not have 
been measured concurrent with disease ascertainment period, 
or ambient pollutant measurements representing most, but 
not all, sources of exposure) which do not capture 
individual-level variation 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 a 
validated assessment of actual exposure. The participants 
noted that a variety of other factors, including changes in 
workplace or environmental standards, changes in economic 
conditions that impact emissions, and 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 discussion topic focused on the feasibility of 
assessing the extent to which exposure assessment 
methodologies contribute to heterogeneity of results among 
studies. A variety of approaches, of varying degrees of 
complexity, could be used. Researchers can incorporate into 
studies analyses that take into account measurement error in 
the exposure estimates. When evaluating published studies, 
other options need to be considered, such as stratifying 
studies by key characteristics of the exposure assessment 
approach to evaluate the impact of potential exposure 
misclassification. Adjustment for the observed attenuation 
may also be possible, and 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 considered within, and between, studies: 
different exposure-response relationships can be reasonably 
expected to be seen among different exposure ranges, 
particularly if the exposure-response relationship is 
nonlinear. 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. 

Definition and Identification of Trends 

 Summary of Issues: 1) 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? 2) How can 
differences among studies in the quality of the exposure 
assessment be transparently and reasonably incorporated into 
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the evaluation of the presence/strength/shape of the observed 
exposure-response trend? 

 The presence of an exposure-response gradient is one 
consideration within the Hill framework for evaluating 
causality [15]. If risk increases at higher levels of exposure, 
alternative explanations other than causality become less 
tenable. Results from several occupational cohort mortality 
studies suggest that under certain circumstances, exposure-
response function/gradients may be nonlinear [22]. Indeed, 
Hill specifically notes that a nonlinear exposure response 
gradient may reflect complexities in the relationship, rather 
than no relationship [15]. 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. 

 Workshop Discussion, Findings and Recommendations: 
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. Each of these curves may make biological 
sense (e.g., a hockey stick pattern reflecting a threshold type 
of response, a plateau reflecting saturation of a key 
metabolic activation step, and a flattening or downturn at 
high exposure reflecting 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. Last, 
participants noted that population-level exposure-response 
relationships may differ substantially from exposure-
response relationships in individuals. 

 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 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 be used as a framework to address potential 
explanations such as the biological understanding of the 
disease process or potential bias introduced by exposure 
measurement error. 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. 

Consideration of Varying Lengths of Follow-Up or 

Exposure Windows in Interpreting the Consistency of 

Results 

 Summary of Issues: 1) When two or more analyses of 
data from the same cohort are available, with different 
lengths of follow-up, what considerations (i.e., type of 
disease, mechanism of disease, age-interactions) should be 
used to determine the most relevant follow-up window? 2) 
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? 

 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, with effects that are seen earlier not 
observed later, or effects only emerging after the passage of 
a greater period of time [23, 24]. Trends may 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 seen in the analysis of radon-induced lung cancer. The 
National Academy of Sciences Biological Effects of Ionizing 
Radiation (BEIR) VI Committee had access to a large and 
rich data set created by merging data from 11 cohorts of 
underground miners [25], allowing for analysis of time-
varying risk estimates that varied with age, time since 
exposure, and exposure. 

 Workshop Discussion, Findings and Recommendations: 
Workshop participants agreed that trends may plausibly 
change with time without detracting from the validity of an 
exposure-response gradient observed at one time. When 
analyzing an exposure-response relationship over time, 
variability in relative risk estimates due to a dilution effect 
from increased person-years observed or from depletion of 
the susceptible population or from the biological 
mechanisms underlying disease production, may be seen 
with increasing lengths of follow-up. 

 There was considerable discussion concerning the ways 
in which different types of biological mechanisms would 
result in different observed effects in situations with different 
lengths of follow-up. An understanding of the underlying 
biological mechanisms involved in the specific exposure-
disease relationship under study could assist in explaining 
trends over time. This information may not be available, 
however. Participants also noted that epidemiological 
observations can be a source of important insights into the 
nature of the underlying biological mechanisms involved in 
disease pathogenesis, so that there may be circularity in 
looking to a mechanistic framework as a basis for 
interpreting epidemiological results. 
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 Substantial datasets may be needed for analyzing time-
varying exposure-response relationships (see BEIR VI 
example above). In systematically evaluating exposure-
response relationships for different follow-up periods across 
studies, it would be important to distinguish the study 
follow-up period from the outcome latency period. 
Sometimes necessary time-related details are lacking; 
publications 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. 

 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. 

Approaches to Evaluating Large Bodies of Epidemiological 

Studies in Interpreting the Consistency of Results 

 Summary of Issues: 1) 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 
consistency of epidemiological results? 2) How should 
factors such as variation in study design, study population, 
differing exposures to pollutant mixtures (ambient and 
occupational exposures), and mode(s) of action information 
be considered? 

 One approach for summarizing large amounts of 
information for a causal assessment is referred to as a weight 
of the evidence approach. This approach considers results 
across the available studies, but gives greater “weight” to 
those considered to have the greatest reliability and validity 
[26, 27]. Formal meta-analysis with weighting of studies by 
size (i.e., inverse of study variance) could be considered an 
example of a weight of evidence approach, but this type of 
quantitative summary is not a necessary component of this 
approach. A second approach for summarizing information 
selects a relatively limited number of studies for inclusion in 
the review and/or causal assessment based on the quality of 
the study; these high quality studies are sometimes referred 
to as “informative studies”. 

 The application of quality criteria has historically been 
utilized in systematic reviews of clinical questions [28], and 
has been less commonly used in evaluation of risk of 
environmental exposures. 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. [29] and Wigle et al. [30] for 
assessment of epidemiological study data were discussed as 
case study examples, although it was noted that there was a 
movement away from use of quantitative scoring based on 
qualitative criteria in systematic reviews of clinical trials 
[31]. In practice, a single study rarely 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. 

 Workshop Discussion, Findings and Recommendations: 
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. Concern was 
raised that exclusion of studies could be perceived as 
manipulation of the evidence to favor a particular hypothesis 
or position. Consideration of study quality should be part of 
the review process, but studies of all designs should be 
included since each study type has its own set of strengths 
and weaknesses. Including different study types may assist 
in balancing potential limitations; stratification may also be 
used as a way to assess the influence of methodological 
differences on study results. 

 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. 
Participants supported the use of qualitative weights 
reflecting study design features (e.g., subject selection 
criteria, exposure assessment methods, statistical analysis 
approaches) that are methodologically more accepted or 
validated. Stratification based on these types of details may 
be more useful than a “scoring” system for the purpose of 
examination of consistency and evaluation of sources of 
heterogeneity in results. Participants noted that it is critical to 
document and communicate the criteria used to weigh 
studies, and to provide justification for the criteria. Emphasis 
should be placed on core principles applied with best 
judgment to the studies, rather than on set rules designed to 
apply to all situations. These core principles address 
outcome ascertainment, exposure measures, and other 
sources of bias. It was noted that some studies may be 
informative for hazard assessment but may not provide the 
basis for development of exposure-response relationships for 
use in quantitative risk assessment. 

Summary of Workshop Discussions 

 There were some common themes across the discussion 
of issues relating to evaluation of consistency of results of 
epidemiologic studies. These themes relate to tools and 
approaches for assessment of consistency, need for 
improvements in exposure assessment and data reporting, 
and consideration of biologically-based frameworks for the 
assessment of study results. 

Qualitative and Quantitative Analytic Tools and 

Approaches for Assessment of Consistency 

 Workshop participants discussed the potential utility of a 
variety of tools and approaches for application in assessing 
the consistency of epidemiological results. Qualitative 
approaches include analysis of the features of individual 
studies as well as systematic across studies. The qualitative 
approaches build on the framework described in the previous 
section. Specific questions that could be considered include 
the following study attributes 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? 
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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? 

c) What potential confounders may be important, how 
well have these been taken into account by study 
design or statistical analysis and to what extent might 
residual confounding result in over- or 
underestimation of risk? The focus of this evaluation 
should be on 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? 

 Considering the above attributes, how different are the 
risk estimates among the studies? The 2006 U.S. EPA 
Criteria Document for Ozone [32], for example, 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.” To what extent could differences be 
attributable to differences in identified effect modifiers (i.e., 
heterogeneity of effects due to population differences)? 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)? These are the types of questions that should 
be considered in an evaluation that attempts to distinguish 
between heterogeneity and inconsistency of study results. 

 Quantitative tools include meta-analysis, pooled data 
analysis, meta-regression, trend tests, and quality criteria 
scoring. 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) [33]. 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 risk assessment. Meta-regression 
modeling is another statistical tool that can be used to 
explore contributors to heterogeneity in terms of study-level 
covariates [34]. In addition to supporting evaluation of 
consistency, these tools can address a potential limitation of 
dose-response assessment, namely selection of a single study 
for derivation of reference values or cancer slope factors. 
While workshop participants recommended conducting 
empirical research to evaluate the utility of the recommended 
tools, 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. 

Improvements in Exposure Assessment and Data Reporting 

 As evident from the preceding discussion of the 
importance of exposure measurement issues, the need for 
continued improvement in both the quantity and quality of 
exposure measurement data available in occupational and 
environmental epidemiological studies was highlighted 
throughout the workshop. The need for improved 
epidemiological data in general, and particularly for studies 
with sufficient detail to evaluate consistency, was also 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. As the use of these details in analysis of 
consistency of study results becomes more common and the 
value of this type of analysis grows, these details should 
become part of the standard practice for reporting. 

Biologically-Based Assessment of Study Results 

 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 understanding of the 
biological basis for diseases is evolving and that 
epidemiologic studies can contribute to this understanding. 
Such a biologically-based approach requires information 
from a variety of scientific and medical disciplines, and 
therefore the concept of utilizing multi-disciplinary teams 
(including exposure scientists, epidemiologists, clinicians, 
and others as appropriate) can provide insights in factors that 
may contribute to “heterogeneity” and “inconsistency” in 
epidemiological evidence. 

CONCLUSION 

 In summary, it is important to determine how 
“inconsistency” is defined in practice. Heterogeneity in 
epidemiological study results can be expected in many 
situations due to the factors discussed above as well as other 
methodological issues. Though the direction of effects 
estimates is important, rather than focusing on a binary 
assessment of whether data are consistent or inconsistent it 
may be more useful to focus on the extent, sources, and 
interpretation of heterogeneity. 
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