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BACKGROUND: There is a long tradition in environmental health of using frameworks for evidence synthesis, such as those of the U.S. Environmental
Protection Agency for its Integrated Science Assessments and the International Agency for Research on Cancer Monographs. The framework,
Grading of Recommendations Assessment, Development, and Evaluation (GRADE), was developed for evidence synthesis in clinical medicine. The
U.S. Office of Health Assessment and Translation (OHAT) elaborated an approach for evidence synthesis in environmental health building on
GRADE.

METHODS:We applied a modified OHAT approach and a broader “narrative” assessment to assess the level of confidence in a large systematic review
on traffic-related air pollution and health outcomes.

DISCUSSION: We discuss several challenges with the OHAT approach and its implementation and suggest improvements for synthesizing evidence
from observational studies in environmental health. We consider the determination of confidence using a formal rating scheme of up- and downgrad-
ing of certain factors, the treatment of every factor as equally important, and the lower initial confidence rating of observational studies to be funda-
mental issues in the OHAT approach. We argue that some observational studies can offer high-confidence evidence in environmental health. We note
that heterogeneity in magnitude of effect estimates should generally not weaken the confidence in the evidence, and consistency of associations across
study designs, populations, and exposure assessment methods may strengthen confidence in the evidence. We mention that publication bias should be
explored beyond statistical methods and is likely limited when large and collaborative studies comprise most of the evidence and when accrued over
several decades. We propose to identify possible key biases, their most likely direction, and their potential impacts on the results. We think that the
OHAT approach and other GRADE-type frameworks require substantial modification to align better with features of environmental health questions
and the studies that address them. We emphasize that a broader, “narrative” evidence assessment based on the systematic review may complement a
formal GRADE-type evaluation. https://doi.org/10.1289/EHP11532

Introduction
Evidence synthesis is widely used to summarize findings of health
effects studies of environmental exposures. Such syntheses are typ-
ically part of systematic reviews of observational epidemiologic
study findings and often include meta-analyses, with adapted
methods first developed by the Cochrane Collaboration for use in
clinical medicine.1 Evidence integration brings together multiple
data streams (e.g., observational epidemiologic studies, human and
animal experiments, and in vitro studies),2,3 thereby expanding the

overall evaluation of the strength of the evidence for causality
determination and risk assessment.

Frameworks for evidence synthesis and integration confer struc-
ture, consistency, and transparency to these processes. There is a long
tradition in environmental health of using such frameworks. Those
currently in use are based on frameworks proposed in the 1960s,
including the 1964 report of the U.S. Surgeon General on Smoking
and Health4 and the 1965 landmark paper by Sir Austin Bradford
Hill, The Environment and Disease: Association or Causation?5 Five
of the nine viewpoints proposed by Hill (strength of association, con-
sistency, specificity, temporality, and coherence) were also employed
in the SurgeonGeneral report.4

The Monographs program of the International Agency for
Research on Cancer (IARC)3,6 has played an important role in
applying Hill’s viewpoints for cancer risk assessment as well as
the U.S. Environmental Protection Agency (EPA) cancer guide-
lines.7,8 Since its inception in 1971, IARC periodically updated
its general procedures for scientific review and evaluation for
cancer hazard identification. Recent milestones include an
update and elaboration of its systematic review process, such as
more attention to the quality and informativeness of epidemio-
logical studies, including their exposure assessment methods,3,6
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and the transparent management of potential conflicts of
interests.9,10

In theUnited States, the EPAOffice of Research andDevelopment
has developed its Integrated Risk Information System (IRIS) pro-
gram since 1985 to guide human health assessments for hazard iden-
tification and risk assessment of chemicals in the environment. The
methods of the IRIS program continue to evolve, with a major deci-
sion to begin implementing systematic review methods following
National Research Council recommendations.11,12 The IRIS office
articulated its systematic reviewmethods in a handbook, which was
recently reviewed by the National Academies.13,14 Another EPA
office, the Office of Pollution Prevention and Toxics, has developed
its own systematic review approaches under the requirements of the
revised Toxic Substances Control Act (TSCA).15 Its methods were
recently reviewed by a separate Committee of the National
Academies, independent of the IRIS evaluation.16 Both IRIS and
TSCA use formal schemes to rate risk of bias in individual studies
and aggregate the ratingswithin or across different evidence streams.

Additionally, the Office of Research and Development at EPA
developed a weight-of-evidence approach that it uses in its
Integrated Science Assessments (ISA) to determine causality,
which inform decisions on the National Ambient Air Quality
Standards. This weight-of-evidence approach, first applied in 2008
and evolving since17 is described in detail in all recent ISAs and
elsewhere.2 The framework supports the consistent, transparent
evaluation of evidence across multiple evidence streams and deter-
mination of causality. While it considers all of the relevant aspects
of evidence synthesis and integration, the framework is flexible; it
does not quantitatively rate study quality and does not use formal
rating approaches for causal determination. Recently, another
Committee of the National Academies evaluated this weight-of-
evidence approach, concluding that the “fundamental structure of
the weight-of-evidence approach described in the 2015 ISA
Preamble17 allows effective determination of causality for both
health and welfare effects.” The Committee recommended making
the process and determinations more transparent—but not the use
of formal rating schemes.18

In 2000, the Grading of Recommendations Assessment,
Development, and Evaluation (GRADE) working group was estab-
lished to construct a framework for developing clinical guide-
lines.19,20 In applying this framework, guideline developers initially
group available studies by key study design features, rate the group-
ings, and then up- or downgrade them based on specific factors,
such as risk of bias. The framework offers a unified approach for
comparing the effectiveness of an intended beneficial treatment in
the clinical realm with that of a standard treatment and for evaluat-
ing evidence to develop clinical guidelines for therapeutic interven-
tions. GRADE has beenwidely applied. It was adopted by theWord
Health Organization (WHO) for guideline development in 2012,21

irrespective of whether guidelines apply to questions of therapeutic
interventions in clinicalmedicine, preventive interventions in public
health, or to assess potential harms from environmental exposures.

In contrast to clinical research, environmental health research
investigates the health effects of a potentially harmful environ-
mental exposure, one often experienced over years or decades.
The GRADE environmental health working group adapted the
original GRADE approach to environmental health to guide on
assessing the “certainty” of evidence on the health effects of envi-
ronmental exposures.22 The “certainty” of evidence (or “quality”
or “confidence”) in GRADE reflects the extent of our confidence
that the effect estimates are correct or the certainty that a true
effect lies on one side of a specified threshold or within a chosen
range.23 An adapted GRADE framework was recently applied to
evaluate the epidemiologic evidence in the WHO guidelines for
environmental noise and air quality.24,25

Other approaches, including the Navigation Guide,26 and the
framework from the Office of Health Assessment and Translation
(OHAT)27 were developed to specifically address environmental
health questions. Both frameworks are based on Cochrane
Collaboration and GRADE but with distinct modifications, such
as the integration of human and animal studies. Both frameworks
are also applied widely. For example, WHO and the International
Labor Organization adopted the Navigation Guide to evaluate
occupational burden of disease since 2016.28,29

All frameworks described above require expert judgement
and confer structure, consistency, and transparency to those
judgements. It has long been known that a more transparent and
systematic approach is superior to expert judgement alone in syn-
thesizing evidence.30

In a large systematic review of traffic-related air pollution
(TRAP) and health outcomes, we systematically assessed the epide-
miologic evidence. For this, we applied a modified OHAT approach
to assess the level of confidence in the quality of the body of evi-
dence. In addition, we applied a broader, “narrative” assessment to
determine the level of confidence in the presence of an association.
The resulting Health Effects Institute (HEI) Special Report, a short
communication paper, and three papers on TRAP and selected
health outcomes (mortality, stroke, and diabetes) were recently pub-
lished.31–35 Here, we describe lessons learned in synthesizing evi-
dence from observational studies of TRAP. Though the paper
builds on the HEI Special Report,31 new insights, clarifications, and
discussions have been included in response to peer review. We
expect this reflection to be useful for future assessments of environ-
mental exposures and health.

Methods

General Methods of the Systematic Review on TRAP and
Health
Following its well-cited 2010 critical review,36 HEI appointed a
new expert panel to systematically evaluate the epidemiological
evidence regarding the associations between long-term exposure
(months to years) to TRAP and selected adverse health outcomes.
The panel consisted of 13 experts in epidemiology, exposure
assessment, and statistics at institutions in North America and
Europe.

The panel used a systematic approach to search the literature,
select studies for inclusion in the review, assess study quality,
summarize results, and reach conclusions about the confidence in
the association between TRAP and a specific health outcome. To
this end, a review protocol was published in 201937 and regis-
tered in Prospero.38

Health outcomes were selected by the panel based on evi-
dence of causality (causal or likely causal) according to the latest
determination for general air pollution (broader than TRAP) from
available authoritative integrated science assessments,39–42 and
other considerations such as relevance for public health and pol-
icy, and resources available. The panel selected clinical outcomes
(rather than preclinical and biomarker measures), including birth
outcomes (e.g., term low birth weight and preterm birth), respira-
tory outcomes (e.g., asthma onset), cardiometabolic outcomes
(e.g., ischemic heart disease and diabetes), and all-cause and
cause-specific (e.g., circulatory and respiratory) mortality.31

A PECOS (Population, Exposure, Comparator, Outcome, and
Study) statement was developed, along with inclusion and exclu-
sion criteria for each PECOS domain in relation to the selected
health effects of long-term exposure to TRAP. The focus of the
review was on health effects observed in the general population.
Cohort, case-control, cross-sectional, and intervention studies
using individual-level health outcome data were eligible.31
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A new exposure framework was developed to determine
whether a study was sufficiently specific to TRAP. The panel
included studies that evaluated exposure to nitrogen dioxide
(NO2), elemental carbon (EC), ultrafine particles (UFP), PM2:5
and PM10 (particles smaller than 2.5 and 10 lm, respectively),
and other pollutants and indirect traffic measures (distance to
major roads and traffic density). Studies were subject to addi-
tional (e.g., spatial resolution) criteria developed to ensure the ex-
posure was sufficiently specific to TRAP.31

An extensive search was conducted of literature published
between January 1980 and July 2019. Two reviewers checked stud-
ies for inclusion eligibility according to the PECOS statement. Data
from all included studies were extracted and evaluated extensively.
To represent the associations specific to the TRAP mixture,
effect estimates from single-pollutant models (as opposed to
multipollutant models) were selected for the meta-analysis.
Random-effects meta-analysis was used when at least three esti-
mates were available for a specific exposure-outcome pair. Risk
of bias was assessed for all exposure-outcome associations that
were included in the meta-analyses, using a modified version of
the risk of bias tool developed for the systematic reviews
informing the WHO Air Quality Guidelines.25,43 In brief, the
risk of bias tool guides the assessment of each study across six
domains: a) confounding, b) selection bias, c) exposure assess-
ment, d) outcome measurement, e) missing data, and f) selective
reporting. Most domains have subdomains. A rating for each
subdomain and an overall rating per domain were derived using
three categories (low/moderate/high). No summary classifica-
tion was derived across the domains.43

Where possible, the panel performed additional meta-analyses
to assess the consistency of the association, for example, across geo-
graphic regions, within time periods, by level of risk of bias per do-
main, and with more extensive adjustment for individual-level
smoking.31

Evidence Synthesis
The panel was charged with transparently assessing the level of
confidence in associations between TRAP and selected adverse
health outcomes. The panel assessed confidence in a) the quality of
the body of evidence using a modified OHAT approach and b) the
presence of an association between TRAP and the selected adverse
health outcomes using a “narrative” assessment. The rationale and
the methods are reported below.

The panel did not assess causality because it did not conduct
separate, independent systematic assessments of the mechanistic,
toxicological, and human clinical studies relating TRAP to
human health.

Modified OHAT assessment. We chose the OHAT approach
as a guide for the assessment of the confidence in the quality of the
body of evidence.27,44 While the OHAT approach was developed
based on the original GRADE, we considered the OHAT approach
better suited than the GRADE approach that was applied to evaluate
the epidemiologic evidence in the WHO guidelines for environmen-
tal noise and air quality.24,25 For instance, OHAT provides a more
robust rationale for the initial confidence of observational studies
(see below) and includes an upgrade factor for consistency of the
results across populations and study design.

In short, available studies on a particular health outcome are
initially grouped by key study design features (i.e., controlled ex-
posure, exposure prior to the outcome, individual outcome data,
and a comparison group). Each grouping of studies is given an
initial confidence rating (high, moderate, low, very low) by those
study design features (not study-by-study). This initial confidence
rating for the body of evidence from each group of studies is then
downgraded for factors that decrease confidence in the body

of evidence (risk of bias, unexplained inconsistency, indirectness,
imprecision, and publication bias) and upgraded for factors that
increase confidence in the body of evidence (large magnitude of
effect, exposure-response, consistency, and consideration of re-
sidual confounding or other factors that increase the confidence
in the body of evidence).27

The OHAT approach directly translates the three highest con-
fidence ratings in the quality of the body of evidence (high, mod-
erate, or low) into the level of evidence in support of the
presence of an adverse health effect. The confidence rating, very
low, translates to a level-of-evidence conclusion of inadequate
evidence.27 This direct translation is problematic: specifically,
the panel determined that, before drawing conclusions about an
effect based on a confidence rating, additional relevant factors
should be scrutinized, such as the number and size of the studies,
direction and magnitude of the association, the consistency of
the results from the meta-analyses and the studies not meta-
analyzed, and the generalizability of the findings. There is an
additional consideration that precludes direct translation, namely
the situation where no adverse health effects are detected. Hence,
in OHAT, only the conclusion “evidence of no effect” is reached
when there is a high confidence in the body of evidence.27

Conceptually, the panel thought that it is particularly problematic
to evaluate an evidence base to exclude a potential environmental
health risk and to support a conclusion of “evidence of no effect”
because several additional features of the studies should be con-
sidered, such as sufficient time elapsed between exposure and the
outcome, adequate exposure contrast, and time-windows for ex-
posure and outcome.45 These considerations are not fully cap-
tured in the OHAT approach according to the panel. Hence, the
panel restricted the formal OHAT confidence assessment to a rat-
ing of the quality of the body of evidence and added a separate
complementary and broader “narrative” assessment of the confi-
dence in the presence of an association (see section “Narrative
assessment”).

The panel also slightly modified the OHAT approach. We refer
to Supplemental Material, “List of main modifications to OHAT for
the traffic review” for the main modifications. In contrast to OHAT
guidance,27 the panel gave all types of cohort studies (not only pro-
spective) and case-control studies based on incident cases an initial
rating of moderate because three key study design features were
often present (exposure precedes the outcome, individual-level data,
and a comparison group). Similar to the OHAT approach,27 the
panel started with an initial rating of low confidence for cross-
sectional studies because one cannot typically assert that the expo-
sure precedes the outcome. Ecologic studies were excluded from
consideration in the traffic review. Note that in original GRADE
guidance,20 all observational studies start at low confidence, but this
disregards typical and potentially critical differences in quality
across observational study designs.

We did not use two grading factors—indirectness and large
magnitude of effect—in the process of downgrading and upgrading
of confidence in the body of evidence. Indirectness was not applica-
ble because we included only studies of human exposure to TRAP
in direct association with the health outcomes. A large magnitude
of effect was unlikely to be meaningful based on experiences in the
systematic reviews informing the WHO Air Quality Guidelines,
where large or very large effect sizes [i.e., large relative risk (RR)
>2 or very large RR >5 as defined in OHAT] never occurred.46,47

Large RRs were not observed in our review either. We note that the
use of large RRs was first proposed as part of “good epidemiologi-
cal practices” guidelines in the sound science movement advocated
by industry in the 1990s.48 Though used as an upgrading factor in
OHAT (instead of attempting to discredit epidemiologic studies
with lower RRs48) we contend that this factor is problematic and
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not very useful for most environmental epidemiology studies, where
relative risks are often small.

As TRAP is a complex mixture, the panel evaluated the body
of evidence separately for each exposure indicator (e.g., NO2 and
EC) included in the review. The panel then evaluated the body of
evidence across all included traffic-related air pollutants to obtain
an assessment of the confidence in the quality of the body of evi-
dence for TRAP. In this assessment, the panel also used evidence
from studies of indirect traffic measures, such as distance to major
roadways and traffic density and other results that did not enter a
meta-analysis, such as those involving categorized exposures or
involving traffic-related air pollutants with fewer than three studies.
For example, very few studies were identified for some pollutants,
in particular nontailpipe PM indicators and UFP.

“Narrative” assessment. The panel developed its “narrative”
assessment in response to limitations and challenges experienced
when a related GRADE approach was applied in the systematic
reviews informing the WHO Air Quality guidelines46,47 and diffi-
culties when developing the modified OHAT protocol (described
above). The “narrative” assessment accompanied and comple-
mented the modified OHAT assessment in evaluating the level of
confidence in the presence of an association of TRAP with
adverse health effects. As anticipated in the review protocol, the
panel elaborated on some methods when the review was already
underway. All expansions, including the “narrative” assessment,
were based solely on methodological considerations and were in-
dependent of study results.

The “narrative” confidence assessment was also performed
on the body of evidence (not study-by-study) and based on the
systematic review. Results of the meta-analysis (summary esti-
mates, forest plot, heterogeneity of the estimates) supplemented
with studies not included in the meta-analysis formed the foun-
dation of this assessment. We then evaluated many of the same
factors related to the internal validity of the studies addressed
in the OHAT approach, but we inspected additional factors too
(Table S1). We elaborate on some of those sometimes-subtle
differences in the “Lessons learned” section. In short, the “nar-
rative” approach gave a prominent weight to the following fac-
tors: evaluation of the number of studies, their (variability in)
location, and sample size; risk of bias of the individual studies,
including traffic noise for some outcomes; the magnitude and
direction of the association; a monotonic exposure-response
function; and consistency of study findings across populations,
age groups, time periods, study designs, and pollutants and the
generalizability of study results. For example, associations that
were replicated in several studies across different populations,
across several pollutants, or that used different epidemiological
approaches were more likely to represent a true association
than isolated observations from small, single studies.

In summary, in evaluating the level of confidence that TRAP
is associated with the selected health outcome, the broader, “nar-
rative” assessment considered all evidence in the systematic
review without using a formal rating scheme.

Overall confidence. Both approaches (modified OHAT and
“narrative” assessment) yielded confidence ratings of high, moder-
ate, low, or very low. Subsequently, we combined the findings from
both assessments into an overall confidence assessment. In case of
agreement, the overall assessment was the same as the individual
assessments (e.g., two assessments of “high” resulted in “high”
overall); if not in agreement we have indicated both (e.g., “moderate
to high”), since the panel considered both assessments complemen-
tary, reflecting the complex issues in determining the level of
confidence.

For elaboration on the methods for evidence synthesis, we refer
to HEI’s Special Report31 including “Additional Materials 5.3.”

Main Findings of the Systematic Review on TRAP and
Health
The panel found a high level of confidence that associations exist
between long-term exposure to TRAP and early death from all
causes and circulatory diseases. A moderate-to-high level of confi-
dence was found for associations of TRAPwith lung cancer mortal-
ity, asthma onset in children and adults, and acute lower respiratory
infections in children. The panel’s confidence in the evidence for an
association was considered moderate for respiratory mortality,
asthma ever and active asthma in children, term low birth weight,
small for gestational age, ischemic heart disease events, and diabetes
morbidity. The confidence in all other selected health outcomes was
low-to-moderate (e.g., stroke morbidity and mortality), low (e.g.,
preterm birth), or very low-to-low (e.g., acute lower respiratory
infections in adults). In total, 353 studies were included in the sys-
tematic review, with dozens of exposure indicators and outcomes.
We refer toHEI’s Special Report for all of the findings.31

Discussion

Lessons Learned
The experience of conducting the traffic review provided insights on
the processes that are discussed below and informed our suggested
improvements to key elements of the OHAT approach and, more
widely, to processes for synthesizing evidence from observational
studies in environmental health. Table 1 contains a summary.

Evidence Synthesis Needs a Broader, “Narrative” Approach
to Maximize What Can Be Learned from Observational
Studies in Environmental Health
Although a key strength of the OHAT approach is that it makes
judgements transparent, the panel noted several challenges and
limitations with OHAT methods and its implementation. Among
the challenges were the formal rating scheme of up- and down-
grading of certain factors, the equal weight of all factors, some of
the tools to decide upon up- or downgrades, and that because of
those tools, the evaluation can be heavily geared toward studies
entering a meta-analysis.

The formal OHAT approach indicates up- and downgrading
factors to be considered. The panel found these factors to be logi-
cal but had issues with the system of adding and subtracting the
score per each factor to the initial judgment (e.g., the initial mod-
erate plus one upgrade minus two downgrades results in a final
confidence rating of low). A judgment per each factor requires an
expert evaluation, and therefore, it is critical that sufficient text
should accompany each judgement to fully appreciate the assess-
ment. While OHAT does not preclude such text in its hand-
book,27 its importance could be emphasized.

A second challenge is that the OHAT approach treats all fac-
tors as equally important. This is problematic, e.g., we argue that
risk of bias may be a more severe issue than publication bias in
relatively large evidence bases of exposures studied for an
extended period, such as air pollution and noise. We acknowl-
edge that there is no straightforward solution for this weighting
issue. This debate is similar to the risk of bias discussion, where
we refrained from developing a summary classification across the
different domains of risk of bias.

Hence, in determining the level of confidence, the panel deemed
it necessary to accompany the modified OHAT assessment with a
broader, “narrative” approach to fully capture some of the important
and complex nuances that would have otherwise been missed by
conducting either alone. Such a “narrative” approach is likely to be
useful for future assessments, even as GRADE-type approaches are
evolving to better align with features of environmental health
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questions and the studies that address them. We acknowledge that
our “narrative” approach could have been elaborated more for
increased transparency. Examples of more detailed narrative
approaches are the preambles of IARC and ISA of the EPA.6,17

We further note that the factors considered in the “narrative”
approach broadly overlapwith those included in theOHATapproach
but differ in how they are considered and weighted. As an example,
if multiple studies are conducted in very diverse populations, hetero-
geneity in effect estimates is likely to be high. This could conceivably
result in a decrease of confidence using the OHAT approach for
unexplained inconsistency, depending on whether the consideration
“diverse populations” is considered sufficient explanation of the het-
erogeneity. Using the “narrative” approach, we would argue that if
associations are predominantly positive in those diverse populations,
this would increase confidence.

For the most part, in our review, the OHAT and “narrative”
assessments reached the same confidence conclusions regarding
the body of evidence and the presence of an association between
TRAP and the selected health outcomes, although there were
some exceptions (Table S2 and S3). Discrepancies between the
two assessments emerged typically when studies that did not
enter a meta-analysis provided additional information on highly
traffic-specific pollutants. We describe some examples below.
Figure S1 and Table S4 contain a complete assessment using
both approaches for asthma onset in children, and we refer read-
ers to HEI’s Special Report for all other assessments.31

Asthma outcomes. In children, the panel examined evidence
on the association between TRAP and asthma onset (incidence),
asthma ever (lifetime prevalence), and active asthma (last 12
months prevalence). For NO2, the most studied pollutant, the
modified OHAT approach indicated high confidence in the body
of evidence for asthma onset (with an initial moderate rating for
cohort studies that was upgraded for a monotonic exposure-

response) and moderate confidence for asthma ever and active
asthma (with an initial low rating for cross-sectional studies that
was upgraded for consistency across populations in both out-
comes). No downgrades were applied for NO2. The high or mod-
erate OHAT rating for NO2 (n ranged from 12 to 21 studies),
resulted in similar ratings for TRAP, even though the confi-
dence assessment was low and very low for the other less-
studied traffic pollutants, including NOx (n ranged from 3 to 6)
and EC (n ranged from 3 to 5).31

The “narrative” assessment underscored that a sizable number
of well-designed large cohort studies (of asthma onset) and cross-
sectional studies (of asthma ever and active asthma) were set in a
variety of locations. There were at least two large studies showing a
monotonic exposure-response function for NO2 and asthma inci-
dence. Associations were also reported for some studies not entering
a meta-analysis. The summary estimate for NO2 was positive for all
three outcomes, although only borderline significant for asthma
onset. Furthermore, summary estimates were positive for most other
pollutants, but many were notably imprecise, and all were based on
far fewer studies. Given the imprecision in the summary estimates,
the panel found that uncertainties remained regarding the associa-
tion between TRAP and the three asthma outcomes in children and
concluded in the “narrative” assessment that there was moderate
evidence. Thus, the OHAT and “narrative” assessment reached the
same confidence conclusions for asthma ever and active asthma, but
the OHAT assessment was one level higher for asthma onset. In
other words, imprecision of the effect estimates was an important
factor in the “narrative” assessment.31

In adults, the OHAT assessment was one level lower than the
“narrative” assessment for TRAP and asthma onset. The modified
OHAT assessment was moderate, with no up- or downgrades
applied, and primarily based on studies of NO2 (n=7), as too few
studies were available for meta-analyses of other traffic pollutants.

Table 1. Suggested improvements to key elements of the OHAT approach27 for synthesizing evidence from observational studies in environmental health.

Key elements of the OHAT approach Suggested improvements by the Traffic Review Panela

Evidence synthesis
Use a GRADE-type approach to assess confidence in the quality of

the body of evidence.
Complement the GRADE-type assessment with a broader, “narrative” approach to

maximize what can be learned from observational studies in environmental
health.

Assign an initial low or moderate level of confidence to all types of
observational studies.

Consider that in environmental health, where randomized controlled trials are
generally not appropriate, some observational studies can offer high-confidence
evidence.

Assess the statistical heterogeneity of results and downgrade the
confidence rating if substantial heterogeneity is found.

Sources of heterogeneity can strengthen or weaken the confidence in the evidence
and should be carefully explored. Some heterogeneity is expected in studies of
the health effects of environmental exposures, due to different populations, loca-
tions, and study settings. Consider primarily the direction of the effect estimate
rather than its magnitude. Because different methods and study designs that gen-
erate similar findings may strengthen the confidence, a separate upgrading factor
for consistency should be added to GRADE.20

Assess publication bias using Egger’s test and funnel plots and
downgrade accordingly.

Publication bias is not necessarily expected when large and collaborative (multicen-
ter) studies comprise most of the evidence and/or if evidence has accrued over
several decades. Use additional approaches to explore the possibility of publica-
tion bias.

Risk of bias in individual studies
Compare study with randomized controlled trials or hypothetical tar-

get experiment as ideal study.
Do not consider randomized controlled trials as ideal study.

Evaluate bias in different domains (e.g., confounding, selection bias,
measurement error).

Focus on identifying the most likely influential sources of bias—based on methodo-
logic and subject matter expertise—classifying each study on the basis of how
effectively it has addressed each potential bias and determining whether results
differ across studies in relation to each hypothesized source of bias.

Rate potential biases (e.g., low, moderate, high) using a risk of bias
tool.

Rate biases considering the suggestions in the row above. Those ratings should not
be used to dismiss studies based on bias but to conduct sensitivity analyses com-
paring findings from studies of high bias and low/moderate bias.

Note: GRADE, Grading of Recommendations Assessment, Development, and Evaluation; OHAT, U.S. Office of Health Assessment and Translation.
aHEI appointed an expert Panel to systematically evaluate the epidemiological evidence regarding the associations between long-term exposure (months to years) to TRAP and
selected adverse health outcomes. The Panel consisted of 13 experts in epidemiology, exposure assessment, and statistics at institutions in North America and Europe, and are co-
authors of this paper.
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The summary estimate for NO2 and asthma onset in adults was
positive with confidence intervals (CIs) that excluded unity.
The “narrative” assessment underlined several studies documenting
a positive association and also fully incorporated another large and
well-designed cohort study that used NO2 categories. Although this
study’s analysis of NO2 categories (rather than a continuous expo-
sure) excluded it from meta-analysis, its results revealed positive
associations across progressively higher NO2 categories. Positive
NO2 associations were reported across different populations, and
the few studies on other traffic pollutants like NOx, PM10 and
PM2:5, and EC also reported positive associations. Hence, in its
“narrative” assessment, the panel concluded that the evidence of an
association between exposure to TRAP and asthma onset in adults
was high.31

Stroke incidence. Similarly for stroke incidence, the OHAT
assessment was one level lower than the “narrative” assessment.
The panel’s rating using the modified OHAT method was low.
This assessment was based on summary effect estimates that
were positive for EC (n=6), PM10 (n=5), and PM2:5 (n=4) and
null for NO2 (n=7) and NOx (n=8). The initial confidence rat-
ing was moderate for all five meta-analyzed pollutants due to the
cohort and case-control study designs. But all pollutants’ ratings
(except that of NOx) were downgraded for imprecision since the
CIs of the meta-analytic estimates were wide despite large overall
sample sizes and clearly included unity. PM10 and PM2:5 received
upgrades because at least two large studies documented a mono-
tonic exposure-response function. The final ratings using OHAT
were low for NO2 and EC and moderate for NOx, PM10, and
PM2:5. Note that there was a moderate confidence for NOx, which
showed null associations. When judging the consistency across
pollutants, the confidence was downgraded to low because of
inconsistencies across the pollutants and because PM2:5 and
PM10 studies were only moderately specific to traffic.31

In contrast, the panel found a moderate level of confidence
based on the “narrative” assessment because several studies that did
not enter a meta-analysis provided additional evidence in support of
a positive association, including two well-designed studies that
were highly specific to traffic. Two studies yielded positive associa-
tions with indirect traffic measures. Substantial confounding by
noise was ruled out in four studies with available noise exposure
data. Moreover, there was some concern regarding potential bias to-
ward the null because of overadjustment and inclusion of covariates
in a few large studies with negative or null associations, which car-
ried substantial weight in the meta-analyses.31

All-cause mortality. For all-cause mortality, both assessments
yielded high confidence ratings, which were based on slightly dif-
ferent although complementary reasoning. The modified OHAT
approach was based on summary effect estimates indicating positive
associations for NO2 (n=11), NOx (n=5), EC (n=11), PM10
(n=6), PM2:5 (n=12), copper (Cu) (n=3), and iron (Fe) (n=3).
The initial confidence rating was moderate due to the cohort study
design. The panel derived high-confidence judgements for NO2,
EC, and PM2:5; moderate for NOx and PM10; and low for Cu and
Fe. These judgements stemmed from a combination of downgrades
for risk of bias (Cu) and imprecision (NOx, PM10, and Fe) and
upgrades for a monotonic exposure-response (all pollutant except
Cu and Fe) and consistency across populations (NO2).31

The “narrative” assessment also yielded a high rating and
entailed a sizable number of well-conducted cohort studies, several
of them in very large study populations. Studies were conducted in
a larger number of locations by different research groups. In addi-
tion to the consistently positive associations found in the meta-
analyses, associations in individual studies were consistent in direc-
tion but differed in magnitude, as expected. Further support came
from studies on indirect traffic measures and from studies excluded

from meta-analysis, notably, studies using highly traffic-specific ex-
posure estimates. Regarding the internal validity of the studies, the
panel noted that most of the results were adjusted for major poten-
tial confounders. Moreover, the associations were positive in differ-
ent locations, indicating an unlikely influence of confounding on
the body of evidence, as the associations between TRAP exposure
and lifestyle/socioeconomic factors have been shown to differ in
direction, depending on study area. Hence, insufficient adjustment
for confounders may have resulted in both upward and downward
bias across studies. Further increasing confidence were studies
reporting TRAP associations that remained after adjusting for traffic
noise.31

Observational Studies Can Offer High-Confidence Evidence
in Environmental Health
GRADE20 considers randomized controlled trials as the gold
standard for evaluating health effects and assigns observational
studies a low initial confidence. This logic is derived from evalu-
ation of clinical research questions that focus on the intended ben-
eficial effect of a medical treatment. In a similar vein, human
controlled trials and experimental animal studies in the OHAT
approach27 typically receive a high initial confidence rating
because they meet the key study design feature, controlled expo-
sure, whereas all of the other study designs receive a lower rating.

Randomized controlled trials or other experimental studies are
often not appropriate or ethical for studies of potentially harmful
health effects of environmental exposures (intervention studies
being the exception). Furthermore, randomized controlled trials of-
ten involve short follow-up times and limited sample sizes. In con-
trast, investigations of environmental exposure effects may require
follow-up over many years to capture long etiologic induction peri-
ods and necessitate very large sample sizes (up to millions) due to
relatively small effect sizes, which, although less relevant for clini-
cal decision-making, are quite relevant to public health decision-
making.49 Finally, randomized controlled trials often have lim-
ited generalizability, because they recruit highly selected sam-
ples of persons meeting stringent criteria—healthier and with
fewer underlying conditions—than the population that might even-
tually use the treatment.49 By contrast, a large epidemiological study
in the general population can include the full spread of people at-
risk (e.g., people with preexisting diseases, people in different life
stages) of health effects in response to environmental exposures.

These fundamental differences motivate rethinking the approach
for evaluating the confidence in a body of evidence in environ-
mental health. Since randomized controlled trials are largely
inappropriate for validly answering environmental health ques-
tions, observational studies that are designed to minimize sys-
tematic error can rise to the occasion. Therefore, for future
assessments, the panel recommends that observational studies,
specifically cohort and case-control studies of incident cases,
start with a high confidence rating. This recommendation does
not extend to cross-sectional and ecologic studies. In GRADE-
type assessments, the confidence rating for a body of evidence
from observational studies could be downgraded if substantial
biases are likely that would affect the effect estimates signifi-
cantly. The panel prefers the approach of explicitly describing
biases in a body of evidence over automatically assigning lower
initial confidence to all observational studies.

Consider All Relevant Studies in Evidence Synthesis
The inclusion of relevant studies should be comprehensive, and
all studies should be judged based on their scientific merit. A sys-
tematic review may involve the conduct of meta-analyses; how-
ever, studies included in a meta-analysis often represent a subset
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of the available studies. In the traffic review,31 only about half of
all studies considered were included in meta-analyses. For exam-
ple, the panel did not pursue meta-analyses of indirect traffic
measures, such as distance to major roadways and traffic density
and studies on traffic-specific PM fractions, because the varying
definitions across the studies precluded such quantitative analy-
ses. Yet, those studies contained information on the potential
health effect of near-road traffic and were thus used in the confi-
dence assessment.

The panel emphasizes that meta-analyses do not automati-
cally increase confidence in the evidence, and studies not fitting
into a statistical summary may be equally informative and merit
inclusion in evidence synthesis. Apparent consistency in the
results of a meta-analysis and the individual studies results con-
tributing to it may reflect consistent biases. A meta-analytic esti-
mate might incorporate a small subset of highly informative
studies that are overwhelmed by a large number of weaker ones.
Meta-analyses can even obscure informative heterogeneity based
on varying methods.50

The OHAT approach27 does not fundamentally limit the
assessment to studies included in a meta-analysis. However,
when we applied the tools to decide upon up- or downgrades, we
noted that in studies not included in a meta-analysis, some factors
were difficult to evaluate, specifically imprecision and unex-
plained inconsistency, both of which relied on quantitative judge-
ments. Hence, because of those tools, the evaluation could still be
heavily geared toward studies entering a meta-analysis.

The panel decided to not apply the OHAT approach to
exposure-outcome pairs that lacked meta-analyses. Within the
OHAT approach, those non-meta-analyzed studies were considered
when the panel evaluated the body of evidence across all included
traffic-related air pollutants and indirect traffic measures to obtain a
confidence assessment for TRAP. Results from studies that did not
enter meta-analyses were mainly considered in the broader, “narra-
tive” approach. Although the limitations of focusing on meta-
analyzable studies have been recognized in GRADE,51 and some
solutions have been proposed in the absence of a summary esti-
mate,52,53 more work is clearly needed to avoid overemphasis of
meta-analyses results in evidence synthesis.

Heterogeneity of the Magnitude in Effect Estimates among
Observational Studies Should Generally Not Be Used to
Downgrade Confidence
The Panel noted that sources of heterogeneity can strengthen or
weaken confidence in the evidence and should be carefully
explored. It is critical to distinguish between heterogeneity arising
from true differences in associations (effect modification) from het-
erogeneity arising from methodological differences across studies.
In the absence of a systematic error, the magnitude of the effect esti-
mate could vary substantially across different populations and loca-
tions, with different exposures assessed, pollution mixtures or co-
pollutants, time periods, age structure, and follow-up times, for
example. Thus, some heterogeneity is expected in estimated health
effects of environmental exposures. Furthermore, experts generally
have higher confidence in an association if studies have found asso-
ciations in multiple, diverse locations and populations, factors all
likely leading to (true) heterogeneity.

In the traffic review,31 the panel a priori identified subgroups
of interest for sensitivity analyses, provided there were sufficient
studies to conduct meta-analyses. Subgroups were defined by
geographical area, time period, high vs. lower risk of bias per do-
main of the risk of bias tool, and confounder adjustment for
individual-level smoking.

No single statistical measure of consistency of findings across
studies is ideal, and statistical tests for heterogeneity have well-

known limitations.54 Moreover, they are less reliable when the
number of studies is small. In the traffic review, downgrading
because of unexplained inconsistency was considered if heteroge-
neity was high (operationalized as I2 > 75%) and applied after
reviewing the potential sources of heterogeneity, including risk
of bias, and considering the direction of the effect estimate rather
than its magnitude. Of note, inconsistency was less of a concern
for a group of studies all reporting positive associations, albeit
with inconsistent magnitude, as the purpose of the assessment
was to identify the presence of an association rather than to esti-
mate its magnitude. This purpose may differ for other applica-
tions in environmental health. The OHAT approach27 is not
entirely consistent on this issue, as it lists both magnitude and
direction as possible reasons for downgrades but also offers an
example (in Table 11 of its handbook), suggesting that high and
significant heterogeneity is not a serious concern if all studies
have effect estimates in the same direction. We very much sup-
port the latter interpretation.

The OHAT approach27 uses consistency as an extra upgrading
factor and so have almost all frameworks for review and evalua-
tion of environmental hazards and risks to inform policy.
GRADE20 should also consider adding such an upgrading factor.
Traditionally, the consistency of associations across study designs,
populations, and exposure assessment methods provides additional
confidence in the results. Recently, the usefulness of consistency
has gained support in the concept of triangulation, albeit for a dif-
ferent purpose.55 The underlying premise is that if different epide-
miological approaches, possibly with unrelated sources of bias, all
support the same conclusion, the confidence in the evidence is
strengthened. This is particularly compelling when the key sources
of bias of some of the approaches are predicted to influence esti-
mates in opposite directions.56 For these reasons, the panel
upgraded the confidence when results were based on different
study designs (cohort studies/case-control vs. cross-sectional stud-
ies) that supported the same conclusions. Likewise, the panel also
upgraded for consistency of associations across large geographic
areas, as the potential for bias was judged to be different in differ-
ent populations. The decision to upgrade was not always obvious,
and the panel did not upgrade, for example, in the case of only a
few studies or with studies consistently reporting null findings.

Publication Bias Should Be Explored beyond Statistical
Methods
The OHAT aproach27 suggests that some degree of publication
bias is likely, and downgrading should be reserved for instances
where the concern is serious enough to significantly reduce confi-
dence in the body of evidence. We used funnel plots and Egger’s
regression tests to help assess publication bias, provided there
were at least 10 studies in the meta-analysis. However, even 10
studies may be too few, because the results of the Egger tests also
depend on the study size and magnitude of associations.57,58
Most importantly, true heterogeneity in effect size unrelated to
publication bias may also lead to asymmetrical funnel plots and
statistically significant Egger tests.

In the traffic review,31 the Egger test was highly significant
for EC and total mortality but not for NO2 and PM2:5. One small
study of EC reported a relatively large effect estimate, which also
had the widest CI; furthermore, studies with relatively wide CIs
reported both significant and nonsignificant findings. The panel
judged that the observed asymmetry in EC was more likely due
to heterogeneity than to publication bias and did not downgrade
for publication bias. Moreover, the panel noted that 7 of the 11
EC studies also reported a NO2 estimate for which the Egger test
was nonsignificant. It is difficult to imagine a scenario in which
the publication bias mechanism is stronger for EC than for NO2
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and PM2:5 studies. The panel a priori did not expect that publication
bias would be a major issue in the group of cohort studies, given the
effort required to perform (multicenter) cohort studies, often includ-
ing collaboration between different research groups including cohort
owners, environmental epidemiologists, statisticians, and exposure
scientists, an argument also made in a recent systematic review
underpinning the WHO Air Quality Guidelines.46 The air pollution
body of evidence has accrued over several decades and includes sev-
eral large studies. Thus, publication bias in such a body of evidence
is likely limited compared with a body of evidence of relatively
recent studies with early small positive studies.27

Hence, the panel noted that statistical methods for publication
bias should be applied with caution, and it is important to assess
consistency of the tests across the body of evidence (e.g., com-
paring across pollutants). Other approaches may be useful.
Examples include a subgroup analysis of multicenter studies with
single city studies or an analysis of differences in effect estimates
from earlier vs. later studies. The latter was also explored by the
panel to detect early positive studies of a small sample size. From
this analysis, there was no clear sign of publication bias, and
overall, this downgrading factor was never applied in the traffic
review.

Assessing the Influence of Specific Sources of Potential Bias
instead of Using a Risk of Bias Tool
A critical step in the systematic review process is assessing the
risk of bias in included studies. Although various tools exist,
there is no consensus about the best approach for assessing risk
of bias in observational studies.59–61 The panel used an adapted
version of the risk of bias tool developed for the systematic
reviews informing the WHO Air Quality Guidelines,43 because
the tool was designed for assessment of risk of bias in observatio-
nal air pollution studies.

The panel compared effect estimates in subgroups of studies
rated as high vs. moderate or low risk of bias for specific domains,
such as confounding or selection bias. When effect estimates from
studies with low or moderate risk of bias were virtually the same as
those with high risk of bias, the panel did not downgrade the evi-
dence. In this setting, all studies were included in the overall
assessment.When effect estimates from studies with low ormoder-
ate risk of bias were considerably different from effect estimates of
studies at high risk of bias (whatever the direction of the difference)
and there were sufficient studies in the low or moderate categories,
we omitted the high risk of bias studies from the confidence assess-
ment. Downgrading occurred only when effect estimates from
studies at low/moderate risk of bias were considerably different
from estimates from studies at high risk of bias and the body of the
evidence of studies with low or moderate risk of bias was limited.
This could apply to few studies and/or a small weight in the meta-
analysis of all studies. Those steps concord with recent guidance
on integrating the risk of bias assessments of individual studies
into evidence synthesis in the context of observational studies in
the OHAT approach andGRADE.22,27

After comparing findings between subgroups within a risk of
bias domain, the panel applied the downgrading for risk of bias
in 18% of the meta-analyses (in total, 87 meta-analyses were con-
ducted for the selected health outcomes). Most of the downgrades
were applied for birth outcomes: 12 of the 19 meta-analyses on
birth outcomes were downgraded based on risk of bias. Only four
downgrades were made for the other outcomes. High risk of bias
studies were never excluded from the confidence-rating phase
entirely.

In the traffic review,31 most of the studies in meta-analyses
were rated as low to moderate risk of bias for all but the “con-
founder” domain. For this domain, about one-third of the studies

were rated as high risk of bias because important confounders
were not adjusted for. Differences in effect estimates between the
low/moderate and high risk of bias studies were small, and hence,
no downgrade was applied. To evaluate risk of bias for confound-
ing, the panel developed a list of important confounders, which
had to be adjusted for to be judged as low risk of bias. The list
was based on subject matter-informed directed acyclic graphs
(DAGs) and included age, sex, individual level or neighborhood
socioeconomic status (SES), body mass index (BMI), and smok-
ing. BMI was not included for respiratory mortality and morbid-
ity outcomes, similar to the WHO risk of bias guidance,43 and
sex was not included for birth outcomes. The definition of an im-
portant confounder is to some degree subjective because con-
founding by a specific factor may differ widely between study
populations and settings. For example, the association between
TRAP exposure and potential confounders, such as lifestyle/soci-
oeconomic factors have been shown to differ in direction,
depending on study area.31 Moreover, risk of bias indicates the
potential for the results of an individual study to be biased and does
not inform on actual bias in a particular study. If in a specific study
area, there is no association between exposure and a specific cova-
riate, failure to adjust for this covariate does not result in bias.
Neither does a score of moderate or high risk of bias inform about
the size of a potential bias; for example, while risk of bias can be
high due to a methodologic problem, the size of the actual bias
might be very small and vice versa. A high risk of bias determina-
tion also does not indicate the direction of bias, which can vary
according to specific study conditions, with the potential for differ-
ent biases to operate in countervailing directions.

The panel cautions about applying strict evaluation criteria,
“formulaic” approaches, checklists, comparisons to a hypotheti-
cal target experiment, and the creation of an overall study quality
rating in risk of bias assessments. The panel also cautions about
excluding studies based on risk of bias. Instead, the panel recom-
mends using the results of subgroup analysis by risk of bias per
domain. Eick et al.60 compared different risk of bias tools in a
case study relevant for environmental health and also cautioned
about the use of an overall study quality rating and exclusion
based on risk of bias. Furthermore, the panel agreed with Eick
et al.60 that completing the detailed risk of bias evaluations of
each study is time-consuming. Any approach, however, to assess
risk of bias is likely time-consuming to do justice to the complex-
ity of epidemiological studies.

For future assessments, the panel advocates that bias assess-
ments should focus more on identifying the most likely influential
sources of bias for all relevant studies—based on methodologic
and subject matter expertise—classifying each study on the basis
of how effectively it has addressed each potential bias and deter-
mining whether results differ across studies in relation to each
hypothesized source of bias, as described in Savitz et al.61 Such an
approach can provide insight into the potential influence of each
specific bias, identify a subset of studies likely to best approximate
the true association, and suggest features needed to improve future
research. The approach fits into the concept of triangulation, as dis-
cussed in the section “Heterogeneity of themagnitude in effect esti-
mates among observational studies should generally not be used to
downgrade confidence.”

Imprecision Needs a Better Definition
Guidance from the OHAT approach27 on imprecision is based on
the 95% CI of either individual study estimates or the meta-
analytical summary estimates and on the optimal information
size (OIS) criterion. Furthermore, the OHAT approach defines
that estimates are generally considered imprecise for ratio meas-
ures (e.g., odds ratio) when the ratio of the upper to lower 95%
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CI for most studies is ≥10. The panel found this too lenient and
nondiscriminant for the air pollution database. We used a much
stricter definition: A narrow (precise) CI was defined as a differ-
ence on the log scale of ≤0:1 from the upper to lower 95% CI. A
wide (imprecise) CI was defined as a difference on a log scale of
>0:1 between the upper and lower 95% CI. We did not down-
grade in case of a 95% CI not including unity, as in this case, the
imprecision is not sufficiently large to affect the overall interpre-
tation. The latter is in line with GRADE guidance.20 Finally, the
95% CI of a meta-analytical summary estimate from a random
effects model is affected by individual study precision and hetero-
geneity. We observed that the 95% CI of some individual studies
was smaller than that of the summary estimate. This considera-
tion is important because we should not downgrade twice for
imprecision and unexplained inconsistency.

Downgrading or Upgrading Should Be Treated
Independently
Another important choice in the application of the OHAT approach
was whether upgrades in confidence should be assigned without
consideration to downgrades that have been assigned and vice versa.
The panel opted to evaluate the downgrading and the upgrading fac-
tors independently, following the GRADE application in the sys-
tematic reviews informing the WHO guidelines for environmental
noise and air quality.24,25,46,47 There may be some clear exceptions;
for example, if a downgrade for risk of bias has been made, one
should not upgrade for large magnitude of the effect. This specific
lesson learned was not applicable to the “narrative” assessment
because no formal rating systemwas used.

Conclusions
Based on a large evidence synthesis of epidemiological studies of
TRAP, we have described several challenges with the OHAT
approach and its implementation. We have suggested improve-
ments to the OHAT approach and, more broadly, to processes for
synthesizing evidence from observational studies in environmen-
tal health.

We think that the OHAT approach and other GRADE-type
frameworks require substantial modification to align better with
features of environmental health questions and the studies that
address them. We note that more applications of different envi-
ronmental stressors and across multiple evidence streams (e.g.,
observational epidemiologic studies, human and animal experi-
ments, and in vitro studies) are needed to further develop those
frameworks. We emphasize that a broader, “narrative” evidence
assessment based on the systematic review may complement a
formal GRADE-type evaluation and may maximize what can be
learned from observational studies in environmental health.
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