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A B S T R A C T   

Background: The health effects of traffic-related air pollution (TRAP) continue to be of important public health 
interest across the globe. Following its 2010 review, the Health Effects Institute appointed a new expert Panel to 
systematically evaluate the epidemiological evidence regarding the associations between long-term exposure to 
TRAP and selected health outcomes. This paper describes the main findings of the systematic review on non- 
accidental mortality. 
Methods: The Panel used a systematic approach to conduct the review. An extensive search was conducted of 
literature published between 1980 and 2019. A new exposure framework was developed to determine whether a 
study was sufficiently specific to TRAP, which included studies beyond the near-roadway environment. We 
performed random-effects meta-analysis when at least three estimates were available of an association between a 
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specific exposure and outcome. We evaluated confidence in the evidence using a modified Office of Health 
Assessment and Translation (OHAT) approach, supplemented with a broader narrative synthesis. 
Results: Thirty-six cohort studies were included. Virtually all studies adjusted for a large number of individual and 
area-level covariates—including smoking, body mass index, and individual and area-level socioeconomic sta
tus—and were judged at a low or moderate risk for bias. Most studies were conducted in North America and 
Europe, and a few were based in Asia and Australia. The meta-analytic summary estimates for nitrogen dioxide, 
elemental carbon and fine particulate matter—pollutants with more than 10 studies—were 1.04 (95% CI 1.01, 
1.06), 1.02 (1.00, 1.04) and 1.03 (1.01, 1.05) per 10, 1 and 5 µg/m3, respectively. Effect estimates are interpreted 
as the relative risk of mortality when the exposure differs with the selected increment. The confidence in the 
evidence for these pollutants was judged as high, because of upgrades for monotonic exposure–response and 
consistency across populations. The consistent findings across geographical regions, exposure assessment 
methods and confounder adjustment resulted in a high confidence rating using a narrative approach as well. 
Conclusions: The overall confidence in the evidence for a positive association between long-term exposure to 
TRAP and non-accidental mortality was high.   

1. Introduction 

The health effects of traffic-related air pollution (TRAP) continue to 
be of important public health interest across the globe, with the highest 
exposures in urban settings and residences in proximity to busy road
ways. TRAP is a complex mixture of gases and particles resulting from 
the use of motor vehicles. Motor vehicles emit a variety of pollutants 
including nitrogen dioxide (NO2), elemental carbon (EC), and particu
late matter ≤ 2.5 μm in aerodynamic diameter (PM2.5). When emitted 
through vehicle exhaust, these pollutants are called tailpipe emissions. 
When emitted by other means, such as evaporative emissions of fuel, the 
resuspension of dust, the wear of brakes and tires, and the abrasion of 
road surfaces, they are called non-tailpipe emissions (Frey 2018; Har
rison et al. 2021; HEI 2010). 

In 2010, the Health Effects Institute (HEI) published a comprehen
sive review that drew conclusions about whether the associations be
tween exposure to TRAP and health outcomes were causal, evaluating 
both toxicological and epidemiological evidence. At that time, it was 
concluded that the evidence was “sufficient” to support a causal rela
tionship between short and long-term exposure to TRAP and exacerba
tion of asthma in children. Furthermore, the 2010 review documented 
evidence deemed “suggestive” of a causal relationship between exposure 
to TRAP and other outcomes, including all-cause and cardiovascular 
mortality (HEI 2010). 

Since the 2010 HEI review, many additional studies investigating the 
health effects of exposure to TRAP have been published, exposure 
assessment has been enhanced and regulations and vehicular technology 
have advanced significantly. Therefore, HEI formed a new Panel, con
sisting of 13 experts in epidemiology, exposure assessment, and statis
tics, to conduct a new review. The objective of this review was to 
systematically evaluate the epidemiological evidence regarding the as
sociations between long-term exposure to ambient TRAP and selected 
health outcomes. The resulting HEI Special Report was recently pub
lished (HEI 2022), along with a short communication paper on the main 
findings (Boogaard et al. 2022). 

Mortality effects of major air pollutants including NO2 and PM2.5 
have recently been systematically reviewed in the context of the re
visions to the World Health Organization (WHO) global air quality 
guidelines (Chen and Hoek 2020; Huangfu and Atkinson 2020). These 
reviews did not specifically consider the sources of the pollutants. Ul
timately, pollutant sources comprise a primary target for intervention, 
and traffic has been and remains a major pollutant source. Nonetheless, 
assessing TRAP-specific mortality effects is challenging as no specific 
pollutant fully distinguishes traffic from other sources. 

This paper aims to describe the main findings of the systematic re
view on associations between TRAP and non-accidental mortality. A 
specific aim was to illustrate the challenges encountered during confi
dence assessment. The paper builds on the HEI report chapter on mor
tality (HEI 2022), but new analyses, clarifications and discussions have 
been added responding to peer review comments. 

2. Methods 

The Panel used a systematic approach to search the literature, select 
studies for inclusion in the review, assess study quality, summarize re
sults, and reach conclusions about the confidence in the association 
between TRAP and mortality. Results were quantitatively combined 
using meta-analyses techniques, where appropriate. To this end, a re
view protocol was published in 2019 (HEI 2019) and registered in 
Prospero. 

The following PECOS (Population, Exposure, Comparator, Outcome 
and Study) question was developed: “In the general population, 
including subgroups of adults and children, what is the increase in risk of 
non-accidental mortality for a change in long-term exposure to traffic- 
related air pollution, observed in studies relevant for the health 
outcome and exposure duration of interest?” We included more than a 
dozen exposure metrics, since motorized traffic emits multiple pollut
ants, which are not specific to traffic as they are also emitted by other 
combustion sources. The individual pollutants are considered indicators 
of the TRAP mixture, and there is no aggregated measure of TRAP 
available (See Section 2.1.2). 

2.1. Eligibility criteria 

We applied the following eligibility (inclusion and exclusion) criteria 
structured by PECOS items: 

2.1.1. Population 
Studies reporting on the general population, of all ages, with no 

geographical restrictions were included. Studies that relied primarily on 
indoor and occupational exposure were excluded because they would be 
difficult to combine with general population exposures and were not 
found to be useful in the 2010 HEI Traffic Review (HEI 2010). 

The Panel additionally evaluated whether associations between 
TRAP and non-accidental mortality were more pronounced for selected 
populations with specific health conditions than in the general popula
tion. The selected populations were persons with ischemic heart disease, 
stroke, diabetes, heart failure, and hypertension—conditions that are 
relatively common in the general population. 

2.1.2. Exposure 
Studies assessing long-term exposure (months to years) to TRAP 

were included. To determine whether a study was sufficiently specific to 
TRAP, we developed a new exposure framework, which includes studies 
beyond the near-roadway environment. The framework was deemed 
necessary as the pollutants emitted by motorized traffic, are also emitted 
by other (combustion) sources. Therefore, a transparent method for 
selecting studies in which traffic was a major determinant of exposure 
contrast was needed. The exposure framework included three strategies: 
the selection of traffic-related pollutants, the exposure assessment 
method, and the spatial resolution. Eligible pollutants included NO2, 
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NOx, NO, carbon monoxide (CO), EC (including related metrics such as 
black carbon, black smoke, and PM absorbance), ultrafine particles 
(UFP), non-tailpipe PM trace metals (e.g., copper (Cu), iron (Fe) and 
Zinc (Zn)), polycyclic aromatic hydrocarbons (PAHs), benzene, PM10, 
PM2.5 and PMcoarse. We included PM2.5, PM10 and PMcoarse because in 
specific settings (especially urban areas), the contrast in PM exposure 
may be driven primarily by traffic emissions. Studies that evaluated 
exposure to PM, however, had to meet even more stringent exposure 
assessment and study setting requirements for inclusion, to better ensure 
that the exposure contrasts were likely due to variation in traffic emis
sions. For example, the Panel excluded PM studies where the exposure 
assessment was solely derived from monitoring data. We additionally 
included studies of indirect traffic measures, such as distance to major 
roads and traffic density. Studies were also subject to spatial resolution 
criteria (e.g., resolution of both pollution surface and address < 5 km). 
This resolution threshold stemmed from the a priori decision to include 
studies that assessed traffic emissions in the near-roadway environment 
and the neighborhood scale (defined as areas of a scale of 5 km or less). 
While traffic emissions affect air pollution concentrations at larger scales 
as well, the Panel judged that at these larger scales separation of traffic 
and other sources would be very difficult. Because of the focus on local 
and neighborhood scale exposure contrasts, studies that exclusively used 
between-city contrasts, such as the American Cancer Society study (Pope 
et al. 2002), were not included. Studies that used both between- and 
within-city contrasts were included only if they adjusted for differences 
between the urban areas in the epidemiological analyses. Hence, most 
nationwide studies (e.g., Crouse et al. 2012; Di et al. 2017) were not 
included because across these large geographic areas it is very difficult 
to disentangle TRAP from other sources. Appendix Table 1 provides the 
specific criteria. 

Furthermore, the Panel developed a “traffic specificity” indicator 
(high or moderate) based on even stricter criteria. This additional 
classification would further differentiate studies according to whether 
they exhibited moderate or high traffic specificity, given that low traffic 
specificity studies were already excluded from consideration under the 
exposure framework. For example, all PM studies were considered as 
having moderate (as opposed to high) traffic specificity. Furthermore, 
the spatial scale of the pollution surface needed to be within 1 km for 
high traffic specificity as opposed to only 5 km for the study to be 
included in the review. The traffic specificity indicator was used in a 
sensitivity analysis to inform the confidence assessment—not as an 
eligibility criterion. 

2.1.3. Comparator 
Each selected study evaluated the association between a continuous 

or categorical TRAP exposure and mortality, comparing mortality 
among participants with relatively high versus relatively low exposure. 
The reference comparator in each individual study was exposure to 
relatively low levels of TRAP in the population. We refer to Section 2.6 
for the increments used to present relative risks in meta-analyses. 

2.1.4. Outcomes 
Health outcomes selected in relation to long-term exposure to TRAP 

included: non-accidental mortality (10th revision of the International 
Classification of Diseases [ICD-10] codes A00–R99) or all–cause mor
tality (ICD-10 A00–Z99). Equivalent definitions using ICD-9 or other 
versions were included. There were no restrictions regarding the 
outcome ascertainment, though all included studies used death certifi
cates or other registry data. 

Preference was given to non-accidental (natural) mortality; all-cause 
mortality was only used if non-accidental mortality was unavailable. 
Non-accidental mortality is mortality from all causes except external 
causes such as accidents, suicide, and homicide. We considered effect 
estimates from studies of non-accidental mortality equivalent to all- 
cause mortality, as natural-cause mortality accounts for the majority 
of all-cause mortality and there is no clear evidence that air pollution is 

associated with accidental mortality (Chen and Hoek 2020). We per
formed a sensitivity analysis to test the equivalence of effect estimates 
for both outcomes. Throughout the paper, we refer to non-accidental 
mortality (which also includes studies on all-cause mortality), unless 
specifically stated otherwise. 

2.1.5. Study 
Epidemiological studies with individual-level data and adopting a 

cohort, case-cohort, case-control, cross-sectional, or intervention design 
were selected. Studies exclusively analysing area-level data were 
excluded. The studies were required to be published or accepted for 
publication in a peer-reviewed journal, to be written in English, and to 
report a quantitative estimate of association and corresponding measure 
of precision. 

Studies reporting only unadjusted results (e.g., results had to be 
adjusted for at least age and sex) and clear evidence of an analytical 
error were excluded. Studies where no original data were analysed, re
views, or methodological papers were excluded. Studies in very selective 
subgroups were excluded, such as patients with lung transplantations, or 
patients with active tuberculosis. 

2.2. Search strategy 

HEI hired a contractor team at the Swiss Tropical and Public Health 
Institute, Switzerland, to execute certain parts of the review, particularly 
bibliographic searches and data extraction, in close collaboration with 
HEI staff and Panel members. 

An extensive search was conducted of literature published between 
January 1980 and July 2019 in PubMed. Initial literature searches 
revealed that the addition of a second electronic database, Web of Sci
ence, added very few relevant papers to the PubMed search but added a 
large number of hits to screen. The search strategy is included in 
Appendix Table 2. In addition to PubMed, the LUDOK database was 
checked for potentially relevant studies. The LUDOK database is 
developed and maintained by the Swiss Tropical and Public Health 
Institute and provides a rich compilation of air pollution and health 
studies since 1985. LUDOK stems from monthly searches in PubMed and 
hand-searches in selected relevant journals not listed in PubMed, such as 
Atmospheric Environment and Air Quality and Atmosphere & Health. 
The search strategy was supplemented with hand-searches of references 
in reviews identified by the search, and other reviews. The search 
strategy is described in full in the HEI Special Report, chapter 5 (HEI 
2022). 

2.3. Study selection 

Two reviewers from the contractor team experienced in evaluating 
environmental epidemiology studies screened independently all titles 
and abstracts of the search results for relevance. Two reviewers from the 
contractor team and HEI staff further independently assessed the full 
text of the articles yielded from abstract screening for compliance with 
eligibility criteria. The reasons for excluding studies at the full-text re
view stage were documented (Appendix Table 3). Any disagreement on 
inclusion was resolved by discussion. Appendix Table 1 provides the 
specific criteria that were checked in each paper to test whether the 
study fulfilled the exposure framework requirements. 

2.4. Data extraction 

First, minimal data extraction was performed by one reviewer from 
the contractor team, including key information for meta-analysis. Sec
ond, full data extraction was conducted by another person from the 
contractor team or HEI staff, which entailed evaluating the data 
extracted in the minimal data extraction phase and adding relevant 
additional information, such as details on the study population, study 
design, and analysis. 
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To represent the associations specific to the TRAP mixture, effect 
estimates from single-pollutant models (as opposed to multi-pollutant 
models) were selected for the meta-analysis. In this review we 
consider the pollutants as indicators of TRAP and do not attempt to 
assess which pollutant in the complex mixture is most health relevant. 
Additionally, effect estimates were extracted adjusted for traffic noise, 
where available. 

In case multiple effect estimates were reported with different sets of 
confounders, the Panel extracted the effect estimates from the main 
model (defined as the one in the abstract and otherwise preferred by the 
authors) except when the inclusion criteria for the review were only met 
for models other than the main analyses. Adjusted models without po
tential mediators, such as pre-existing comorbidities, were preferred. In 
most cases, the main model was also the most adjusted model. In 
Appendix Table 4 we evaluated the potential bias of selecting author- 
favored effect estimates. 

No attempts were made to contact the authors of included studies to 
obtain missing data. 

DistillerSR, a web–based, systematic review software program, was 
used for study selection and data collection to ensure standardization of 
the process. 

2.5. Risk of bias 

We assessed risk of bias using a modified version of the tool devel
oped for the risk of bias assessment in the systematic reviews under
pinning the WHO Global Air Quality Guidelines (WHO 2020; WHO 
2021). Similar to the WHO systematic reviews (Chen and Hoek 2020; 
Huangfu and Atkinson 2020), the risk of bias assessment was only 
conducted for exposure–outcome associations included in the meta
–analyses. In brief, the risk of bias tool guides the assessment of each 
study across 6 domains: (1) confounding; (2) selection bias; (3) exposure 
assessment; (4) outcome measurement; (5) missing data; and (6) selec
tive reporting. Most domains have subdomains. The risk of bias for each 
subdomain and for each domain overall was given a rating of low, 
moderate or high. No summary classification was derived across the 
domains (WHO 2020). 

The Panel condensed the large WHO list of confounders (10 in total 
in the original tool). Confounding is not easy to recognize and differs 
widely between study populations and settings. Typically, risk factors of 
health outcomes are generalizable, but the relationship between expo
sure and the potential confounder differs across populations. A priori, 
and partly based on subject matter-informed directed acyclic graphs, the 
Panel developed a condensed list of important potential confounders, 
which included age, sex, individual-level or neighborhood socioeco
nomic status (SES), body mass index (BMI) and individual smoking. 
These confounders are the largest risk factors for mortality and therefore 
have the highest potential to be a confounder, if they are related to the 
exposure of interest. A study could only be classified as low risk of bias if 
all potential confounders were adjusted for; if not all confounders were 
adjusted for and without support (e.g., exploratory analysis) of minimal 
risk due to residual confounding, the study was classified as high risk of 
bias; otherwise, a moderate risk of bias was assigned. 

Moreover, the Panel disregarded the risk of bias item in the WHO 
tool on exposure contrast (e.g., low risk of bias if exposure contrast was 
large compared with the precision of exposure assessment) because a 
small exposure contrast results primarily in a large confidence interval 
and those studies received a low weight in the meta-analysis, informa
tion was typically not reported, and has led to a classification of low risk 
of bias in almost all long-term studies in the systematic reviews under
pinning the WHO Global Air Quality Guidelines (Chen and Hoek 2020; 
Huangfu and Atkinson 2020). 

The Panel modified the missing data items and some other items for 
clarity and provided additional guidance to distinguish between aspects 
more explicitly in the different domains. Specifically, in the item se
lection bias, the Panel considered potential bias when selecting 

participants for the study. In the item missing outcome data, it was 
clarified that bias due to loss-to-follow-up (attrition bias) was 
considered. 

For further elaborations on the risk of bias, we refer readers to HEI’s 
Special report, Additional Materials 5.2 (HEI 2022). 

We reported the risk of bias per domain per study but indicated if it 
differs across exposure-outcome associations within a study. One 
member of the Panel or HEI staff assessed the risk of bias in each study. 
The assessments were checked by HEI staff and other Panel members for 
completeness, accuracy, and consistency. Disagreements were resolved 
through discussions with additional members of the Panel and HEI staff. 
In addition, detailed quality checks were conducted by HEI staff to 
ensure comparability and subsequently discussed by the Panel. 

2.6. Data-analysis 

We performed random-effects meta-analysis when at least three es
timates were available of an association between a specific exposure and 
outcome. The restricted maximum likelihood method was used to esti
mate the between studies’ variance (DerSimonian and Laird 1986; 
Veroniki et al. 2016). Random-effects models were chosen a priori 
because of the expected differences in populations and pollution 
mixtures. 

For each pollutant, we established a contrast that was uniformly 
applied to all contributing estimates and the resulting meta-analytic 
summary estimate for presentation purposes (e.g., RR per 10 μg/m3 

increment in NO2), which necessitated converting some contributing 
estimates. We chose the contrast of a given pollutant to reflect a realistic 
range of exposure contrasts in most studies, by using the pollutant 
concentration increments from a large European ESCAPE study (Beelen 
et al. 2014; 2015). 

Effect estimates for pollutants expressed as ppb or ppm were con
verted to μg/m3, or mg/m3 (CO) using standard WHO scaling factors 
(standardization of units). For example, 1 ppb NO2 = 1.88 μg/m3, 
assuming an ambient pressure of 1 atmosphere and a temperature of 25 
◦C (DEFRA 2005). Differences in actual atmospheric conditions in 
studies were not accounted for and may have contributed to some likely 
minor heterogeneity in effect estimates. The Panel converted black 
carbon (BC), black smoke (BS), and PM absorption (soot), into EC- 
equivalent estimates for use in meta-analysis (Babich et al. 2000; 
Cyrys et al. 2003; Janssen et al. 2011; Watson and Chow 2002). 

An estimate from a given cohort was not automatically excluded 
from meta-analysis if the same cohort was also analyzed in a multicohort 
analysis (e.g., in ESCAPE) unless these studies used the same population 
and exposure assessment. The primary meta-analyses excluded a priori 
patient populations (as the main question was on the general popula
tion), studies in the same population for which a more informative study 
was available and studies not using linear exposure metrics. 

We assessed statistical heterogeneity using I2, where values of < 50% 
were interpreted as low; between 50% and 75% as moderate; and > 75% 
as high degree of heterogeneity, respectively (Woodward 2013). In the 
confidence assessment we distinguished whether heterogeneity was 
derived from differences in effect estimates in direction or magnitude. 

If a sufficient number of studies was available, we performed addi
tional meta-analyses chosen a priori to assess consistency of the associ
ation. Specifically, we conducted meta-analyses across geographic 
regions (North America, Western Europe, Asia and Australia-New Zea
land), by level of risk of bias per domain (low and moderate versus 
high), and traffic specificity (high versus moderate). Also in a sensitivity 
analysis, the Panel added the results from the selected patient pop
ulations. We additionally explored the outcome definition (all-cause 
versus non-accidental). 

When a meta-analysis was not possible, we used the method of vote 
counting, taking into account only the direction of effect, irrespective of 
the statistical significance, a method considered acceptable in the 
Cochrane Handbook (McKenzie and Brennan 2022). 
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To assess publication bias, we used funnel plots (Light and Pillemer 
1984) and Egger tests (Egger et al. 1997) on asymmetry, if there were 10 
or more studies available for meta-analysis. We additionally performed 
doi plots and calculated LFK indices (Furuya-Kanamori et al. 2018), 
which may have greater sensitivity for detection of asymmetry. 

We conducted these analyses using R (version 3.6.0), and the li
braries “metafor” (v.2.4-0),“meta”, (v. 4.16-2), “forestplot” 
(v.1.10.1),“ggplot” (v. 3.3.3) for the analyses and plots. 

2.7. Confidence assessment 

Conclusions regarding the confidence in the association between 
TRAP and non-accidental mortality were based on two complementary 
approaches, fully described in the HEI Special Report, Additional Ma
terials 5.3 (HEI 2022). We also reflect on the confidence assessments in 
Boogaard et al. 2023. 

2.7.1. Modified OHAT assessment 
An adapted GRADE (Grading of Recommendations Assessment, 

Development and Evaluation) assessment was performed of the confi
dence in the quality of the body of evidence using the Office of Health 
Assessment and Translation (OHAT) method as a guide (OHAT 2019). In 
short, available studies are initially grouped by key study design features 
(i.e., controlled exposure, exposure prior to outcome, individual 
outcome data and a comparison group). Each grouping of studies is 
given an initial confidence rating by those features. This initial confi
dence 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 residual confounding or other factors). 

OHAT directly translates confidence ratings in the quality of the 
body of evidence into level of evidence in support of the presence versus 
the absence of an adverse health effect. 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. In addition, it is 
conceptually problematic to evaluate an evidence base for support of no 
adverse health effect. Hence, the Panel restricted the formal confidence 
assessment to a rating of the quality of the body of evidence and added a 
separate complementary and broader narrative assessment of the con
fidence in the presence of an association (See Section 2.7.2). 

The Panel also slightly modified the OHAT approach. In contrast to 
OHAT guidance, the Panel gave all types of cohort studies (not only 
prospective) an initial rating of moderate because three key study design 
features were often present (exposure precedes the outcome, individual- 
level data, and comparison group). Furthermore, we did not apply two 
grading factors—indirectness and large magnitude of effect—in the 
process of downgrading and upgrading of confidence in the body of 
evidence. The factor indirectness was not applicable because we 
included only studies of human exposure to TRAP in direct association 
with mortality. Large magnitude of effect was unlikely to be meaningful, 
based on experiences in the WHO systematic reviews of air pollution, 
where large or very large effect sizes (i.e., large RR > 2 or very large RR 
> 5 as defined in OHAT) never occurred (Chen and Hoek 2020; Huangfu 
and Atkinson 2020). Large RRs were not observed in our review either. 

The Panel first evaluated the body of evidence separately for each 
exposure metric (e.g., NO2, EC) included in meta-analysis. 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 evidence for TRAP. The rationale for combination of pollutant- 
specific confidence assessments was that each pollutant is considered 
as an indicator of the complex traffic pollution mixture. Concentrations 

of multiple traffic-related pollutants are often highly correlated because 
they originate from the same source. The methodology for combining 
confidence assessments across pollutants is less established. We gave 
more weight to pollutants with more studies in the combined assess
ment. In this combined 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 or log-transformed exposures or 
involving traffic-related air pollutants with fewer than three studies. The 
Panel also used the traffic specificity indicator in this TRAP assessment. 

2.7.2. Narrative assessment 
The narrative assessment accompanied and complemented the 

modified OHAT assessment in evaluating the level of confidence in the 
presence of an association of TRAP with mortality. The narrative con
fidence assessment was also performed on the body of evidence and 
based on the systematic review and meta-analysis. We then evaluated 
many of the same factors related to the internal validity of the studies 
addressed in the OHAT approach, but there was inspection of additional 
factors too. Importantly, the narrative approach did not use the 
“formulaic” rating scheme of OHAT with up- and downgrades and 
treating every factor as equally important and was less geared towards 
studies entering a meta-analysis. The narrative approach included the 
following factors: evaluation of the number of studies, the variability of 
their locations, and sample size; risk of bias of the individual studies, 
including traffic noise for some outcomes; the variability in magnitude 
and direction of the association; a monotonic exposure–response func
tion; 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 mortality, the broader, narrative assessment considered 
all evidence in the systematic review, from both the meta-analytic re
sults and the results of single studies not entering a meta-analysis, 
without using a formal rating scheme. We acknowledge that the narra
tive assessment is less structured. We note, however, that all frame
works, including the OHAT framework require expert judgement. 
Furthermore, we note that authoritative organizations including Inter
national Agency for Research on Cancer (IARC) and the US Environ
mental Protection Agency (U.S. EPA) in its Integrated Science 
Assessments perform confidence assessments without a “formulaic” 
approach, but with a detailed narrative framework of which factors to 
assess (Samet et al. 2020; U.S. EPA 2015). 

2.7.3. Overall confidence 
Both approaches (modified OHAT and narrative assessment) could 

yield confidence ratings of high, moderate, low or very low. Subse
quently, we combined the findings from both assessments into an overall 
confidence assessment (Table 1). In case of agreement, the overall 
assessment was the same as the individual assessments (e.g., two as
sessments 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 complementary, reflecting the complex issues in deter
mining the level of confidence. 

2.8. Deviations from the review protocol 

As anticipated in the review protocol, the Panel elaborated on some 
methods when the review was already underway: (1) the Panel further 
elaborated on the overall evaluation of the epidemiological evidence, 
including the narrative assessment; (2) additional considerations were 
added related to how well exposure contrast in the included studies 
represents participants’ exposure to TRAP (the traffic specificity 

H. Boogaard et al.                                                                                                                                                                                                                              



Environment International 176 (2023) 107916

6

variable). All elaborations were based solely on methodological con
siderations and independent of study results. 

3. Results 

3.1. Study selection 

We identified 167 studies on mortality for full text review (Fig. 1). Of 
those, 36 studies fulfilled our inclusion criteria and were included in the 
systematic review. The most common reason for exclusion was not 
meeting the exposure framework, such as that the study did not include 
a necessary area adjustment in nation-wide studies (N = 26 studies), 
there was insufficient spatial resolution (N = 22 studies), or studies were 
solely based on PM monitoring or satellite data (N = 20). The list of 
excluded mortality studies, with their corresponding reason for exclu
sion, can be found in Appendix Table 2. 

Studies not meeting the criteria of the exposure framework included 
the Harvard Six City Study, most American Cancer Society studies, the 
US-wide Medicare cohort study and the Canadian-wide CanCHEC study 
(e.g., Crouse et al. 2012; Di et al. 2017; Dockery et al. 1993; Pope et al. 
1995; 2002). From CanCHEC, only the distance to roadway estimate was 
selected and an NO2 estimate from a subset of the Canadian 1991 
CanCHEC cohort based on the Canadian census was considered to suf
ficiently reflect a traffic impact (Cakmak et al. 2019; Crouse et al. 2015). 

3.2. Study description 

Most selected studies were conducted in Europe (N = 20) and North 
America (N = 11), and a few were based in Asia and Australia (N = 5) 
(Table 2). Most studies (N = 31) have been published after 2008 – the 
end of the search date for the 2010 HEI Traffic Review. All studies used a 
cohort study design. The studies differed substantially in sample size, 
ranging from several thousands to several million participants. Virtually 
all studies (N = 35) adjusted for a large number of individual and area- 
level covariates—including smoking, body mass index, and individual 
and area-level socioeconomic status. Exposure assessment was based on 
land use regression models or dispersion/chemical transport models. 
Exposures reflected annual average or longer. None of the selected 
studies used monitoring data alone. Start and follow-up periods differed 
across studies. Start of the study mostly ranged from about 1990 to 
2005, and 13 studies had follow-up extending until 2010–2015. Mean 
TRAP exposures were mostly moderate (e.g., annual average PM2.5 

exposure < 30 μg/m3 and NO2 < 40 μg/m3) but differed widely across 
studies. Most studies (N = 26) were performed in general population 
samples of adults; the remaining in populations of patients suffering 
from specific conditions, such as ischemic heart disease (N = 10). A few 
studies were conducted only with older adults (65 + ) (N = 3) or only in 
men or in women (N = 3 in each category). About half of the studies (N 
= 17) investigated non-accidental (natural) mortality as opposed to all- 
cause mortality. 

Studies were conducted in different populations, locations and set
tings. Studies adjusting for individual lifestyle factors, included the 
Danish DCH study in Copenhagen and Aarhus, Denmark (Hvidtfeldt 
et al. 2019; Raaschou-Nielsen et al. 2012); female teachers across Cali
fornia of the California Teachers study (Ostro et al. 2015); participants 
from ACS-CPS II in New York and Los Angeles with PM2.5 estimated by 
city-specific land use regression models (Krewski et al. 2009); partici
pants 65 years and older in Hong Kong (Yang et al. 2018) and in the 
Shizuoka region in Japan (Yorifuji et al. 2010, 2013); and two Australian 
adult cohorts at low pollution levels in Perth and Sydney (Dirgawati 
et al. 2019; Hanigan et al. 2019). 

Moreover, we included several cohorts using administrative data, 
covering very large populations, such as all residents of the city of Rome 
(Badaloni et al. 2017; Cesaroni et al. 2013); all residents of the city of 
Barcelona (Nieuwenhuijsen et al. 2018); 840,000 adults selected from a 
General Practitioners network from multiple cities across England 
(Carey et al. 2013); and a 1% random sample (370,000 individuals) of 
the 1971 English census (Hansell et al. 2016). Administrative cohort 
studies often lack data on individual lifestyle factors, though these 
studies typically included detailed data on individual- and area-level 
SES. 

The cohort studies in patient populations were typically smaller than 
the general population studies (Table 2), with the exception of the 
myocardial infarction survivor study in England and Wales (Tonne and 
Wilkinson 2013). All but one (Jerrett et al. 2009) patient study inves
tigated all-cause mortality, thus including accidental deaths. 

In total 7.1 million participants were included in the studies making 
up the body of evidence (not counting overlapping study populations). 
The number of participants added in the meta-analysis differed per 
pollutant. For example, in the NO2 meta-analysis 4.4 million partici
pants were included. 

Table 1 
Overall assessment - Description of the level of confidence in the evidence for an associationa.  

High Evidence is sufficient to conclude that the strength of the evidence for an association is high, that is, the exposure has been shown to be associated with health effects in 
studies in which chance, confounding, and other biases could be ruled out with reasonable confidence. The determination is based on multiple high-quality studies 
conducted in different populations and geographical areas with consistent results for multiple exposure indicators.  

High confidence in the association between exposure and the outcome 

Moderate Evidence is sufficient to conclude that an association is likely to exist, that is, the exposure has been shown to be associated with health effects in studies where results are 
not explained by chance, confounding, and other biases, but uncertainties remain in the evidence overall. The determination is based on some high-quality studies in 
different populations and geographical areas but the results are not entirely consistent across areas and for multiple exposure indicators.  

Moderate confidence in the association between exposure and the outcome 

Low Evidence is suggestive but limited, and chance, confounding, and other biases cannot be ruled out. Generally, the body of evidence is relatively small, with few high- 
quality studies available and at least one high-quality epidemiologic study shows an association with a given health outcome and/or when the body of evidence is 
relatively large but the evidence from studies of varying quality and across multiple exposure indicators is generally supportive but not entirely consistent.  

Low confidence in the association between exposure and the outcome 

Very Low Evidence is inadequate to determine if an association exists with the relevant exposures. The available studies are of insufficient quantity, quality, consistency, or 
statistical power to permit a conclusion regarding the presence or absence of an effect.  

Very low confidence in the association between exposure and the outcome.  

a The overall assessment of the association of each health outcome with long-term exposure to TRAP is a combination of the narrative assessment and the formal 
confidence assessment using the modified OHAT framework. The descriptors are modified from U.S. EPA 2015 and OHAT 2019. 
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3.3. Primary meta-analyses 

Fig. 2 shows the meta-analytical summary effect estimates for all 
pollutants based on the general population studies. We included 20 
studies in the meta-analyses, which was fewer than the 36 selected 
studies, due to exclusion of studies in patient populations (e.g., Tonne 
and Wilkinson 2013, N = 10), studies that used log-transformed expo
sures (Raaschou-Nielsen et al. 2012), studies that reported only on in
direct traffic measures (Cakmak et al. 2019; Gehring et al. 2006; 
Heinrich et al. 2013), studies in the same population for which a more 
informative study has been published (Yorifuji et al. 2013 instead of 
Yorifuji et al. 2010), and estimated effects for pollutants for which there 
were fewer than 3 studies (Villeneuve et al. 2013). The number of in
dividual study estimates contributing to a pollutant’s summary effect 
estimate ranged from three (Cu and Fe) to twelve (PM2.5). 
Appendix Table 4 documents that we extracted the full adjusted effect 
estimates and hence no bias occurred because of selecting author- 
favored effect estimates. 

The summary effect estimates for all pollutants documented positive 

associations with non-accidental mortality, with relative risks ranging 
from 1.01 to 1.06 (Fig. 2). The summary estimates for the most studied 
pollutants NO2, EC, and PM2.5 were statistically significant. The sum
mary effect estimate for the eleven studies of NO2 was 1.04 (95% CI: 
1.01–1.06) per 10-μg/m3; for the eleven studies of EC, the summary 
estimate was 1.02 (1.00–1.04) per 1-μg/m3; and for the twelve studies of 
PM2.5, it was 1.03 (1.01–1.05) per 5-μg/m3. Most studies contributed 
information on multiple pollutants; therefore, summary estimates for 
the different pollutants were not completely independent. 

Fig. 3 shows the forest plots for NO2, EC, and PM2.5. For all three 
pollutants, most studies reported positive associations with non- 
accidental mortality, with varying degrees of magnitude and preci
sion. The summary estimate was not influenced heavily by an individual 
study, as indicated by the weights in the forest plots. Heterogeneity 
gauged by the I2 statistic was high for NO2 and EC and moderate for 
PM2.5. 

The summary estimate for the five studies of NOx was 1.05 (95% CI: 
0.97–1.14) per 20-μg/m3, with all but one study (Bauleo et al. 2019) 
showing positive associations (Fig. 4). The summary estimate for the six 

Fig. 1. Study selection flow chart.  
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Table 2 
Key study characteristics of adult cohort studies included in the systematic review for non-accidental mortality.  

Reference Study Name Location Study 
period 

Sample 
size 

Population Mortality 
definition 

Exposure 
assessment 

Confounders adjusted fora Mean 
exposureb 

Pollutants Effect estimate (95% CI) per incrementc 

SES Ind. 
smoking 

BMI Indirect 
smoking 

Badaloni et al. 
2017 

Rome 
Longitudinal 

Rome, Italy 2001–2010 1,249,108 General Non- 
accidental 

LUR Y N N Y 3 PM2.5 abs 1.05 (1.03, 1.06) per 1.5 1 £ 10¡5/m             

37 PM10 1.03 (1.01, 1.04) per 17.2 µg/m3             

20 PM2.5 1.03 (1.01, 1.05) per 6.6 µg/m3             

15 Cu 1.06 (1.04, 1.08) per 15.4 ng/m3             

260 Fe 1.05 (1.03, 1.07) per 275.5 ng/m3             

24 Zn 1.06 (1.04, 1.08) per 16.3 ng/m3 

Bauleo et al. 2019 Civitavecchia 
Study 

Civitavecchia, Italy 1996–2013 71,362 General Non- 
accidental 

Dispersion / 
CTM 

Y N N N 5.8 NOx 0.98 (0.91, 1.05) per 12.8 µg/m3 

Beelen et al. 2008 NLCS-AIR The Netherlands 1987–1996 117,528 General Non- 
accidental 

LUR Y Y N N 36.9 NO2 1.08 (1.00, 1.16) per 30 µg/m3             

16.5 BC 1.05 (1.00, 1.11) per 10 µg/m3             

28.3 PM2.5 1.06 (0.97, 1.16) per 10 µg/m3             

NA Density 1.05 (0.97, 1.12) per 335,000 veh/day             
NA Distance 1.02 (0.97, 1.07) <100m to highway or 

<50m to major road vs. higher 

Beelen et al. 2014 ESCAPE Multiple cities, 
multiple countries 

1985–2008 315,615 General Non- 
accidental 

LUR Y Y Y N 5.2–59.8 NO2 1.01 (0.99, 1.03) per 10 µg/m3             

8.7–107.3 NOx 1.02 (1.00, 1.04) per 20 µg/m3             

0.5–3.2 PM2.5 abs 1.02 (0.97, 1.07) per 1 1 £ 10¡5/m             
13.5–48.1 PM10 1.04 (1.00, 1.09) per 10 µg/m3             

4.0–20.7 PMcoarse 1.04 (0.98, 1.1) per 5 µg/m3             

6.6–31.0 PM2.5 1.07 (1.02, 1.13) per 5 µg/m3             

NA Density 1.01 (0.98, 1.05) per 4,000 veh-km/day 

Beelen et al. 2015 ESCAPE Multiple cities, 
multiple countries 

1985–2008 291,816 General Non- 
accidental 

LUR Y Y Y N 1–12 Cu 0.98 (0.92, 1.04) per 5 ng/m3             

40–320 Fe 1.03 (0.98, 1.09) per 100 ng/m3             

16–41 Zn 1.03 (0.99, 1.08) per 20 ng/m3 

Cakmak et al. 
2019 

1991 CanCHEC Canada 1991–2011 2,644,370 General Non- 
accidental 

NA Y N N Y NA Distance 1.57 (1.44, 1.72) <475 vs. >1,583m 
1.10 (1.07, 1.13) 475–1,152 vs. >1,583m 
1.04 (1.03, 1.05) 1,152–1,583 vs. 
>1,583m 

Carey et al. 2013 English National 
Cohort 

England 2003–2007 830,842 General All-cause Dispersion / 
CTM 

Y Y Y N 22.5 NO2 1.02 (1.00, 1.04) per 10.7 µg/m3             

19.7 PM10 1.00 (0.98, 1.02) per 3.0 µg/m3             

12.9 PM2.5 1.00 (0.98, 1.02) per 1.9 µg/m3 

Cesaroni et al. 
2013 

Rome 
Longitudinal 

Rome, Italy 2001–2010 1,265,058 General Non- 
accidental 

LUR Y N N Y 43.6 NO2 1.03 (1.02, 1.03) per 10 µg/m3             

23.0 PM2.5 1.04 (1.03, 1.05) per 10 µg/m3             

NA Density 1.01 (0.99, 1.03) >6,650 vs. <250 vehicle- 
km/day 
1.01 (0.99, 1.02) 3,230–6,650 vs. <250 
veh-km/day 
0.99 (0.98, 1.01) 1,630–3,220 vs. <250 
veh-km/day 
1.04 (1.03, 1.06) 250–1,620 vs. <250 veh- 
km/day 

(continued on next page) 
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Table 2 (continued ) 

Reference Study Name Location Study 
period 

Sample 
size 

Population Mortality 
definition 

Exposure 
assessment 

Confounders adjusted fora Mean 
exposureb 

Pollutants Effect estimate (95% CI) per incrementc 

SES Ind. 
smoking 

BMI Indirect 
smoking             

NA Distance 1.03 (1.01, 1.05) 50–100 vs. >250m 
1.03 (1.01, 1.05) 100–150 vs. >250m 
1.02 (1.00, 1.04) 150–250 vs. >250m 

Cohen et al. 2019 Israel Coronary 
Intervention 

Petah Tikva, Israel 2004–2017 10,627 Patient All-cause LUR Y Y N N 24.5 NOx 1.07 (0.98, 1.18) <25 vs. >25 ppb 

Crouse et al. 2015 1991 CanCHEC Multiple cities,  
Canada 

1991–2006 735,590 General Non- 
accidental 

LUR Y N N Y 25.2 NO2 1.05 (1.04, 1.07) per 5 ppb 

Desikan et al. 2016 South London 
Stroke Register 

London, United 
Kingdom 

2005–2012 1,800 Patient All-cause Dispersion / 
CTM 

Y N N N 44.59 NO2 0.97 (0.87, 1.08) per 5.0 µg/m3             

34.39 NO 0.96 (0.85, 1.08) per 8.86 µg/m3             

78.98 NOx 0.96 (0.85, 1.08) per 14.0 µg/m3             

28.84 PM10 1.12 (0.98, 1.29) per 2.2 µg/m3             

15.35 PM2.5 1.28 (1.08, 1.53) per 1.9 µg/m3             

0.8 PM2.5 

exhaust 
0.98 (0.84, 1.14) per 0.3 µg/m3             

0.92 Non- 
tailpipe 
PM2.5 

0.94 (0.85, 1.03) per 0.2 µg/m3 

Dirgawati et al. 
2019 

HIMS Perth, Australia 1996–2012 11,627 
Maled 

General All-cause LUR Y Y Y N 13.4 NO2 1.06 (1.00, 1.13) per 10 µg/m3             

32.3 NOx 1.02 (1.00, 1.04) per 10 µg/m3             

0.9 PM2.5 abs 1.12 (1.02, 1.22) per 1 1 £ 10¡5/m             
5.1 PM2.5 1.07 (0.98, 1.16) per 5 µg/m3 

Finkelstein et al. 
2005 

Hamilton 
Pulmonary 
Cohort 

Hamilton, Ontario, 
Canada 

1985–2001 5,228 Patient All-cause NA Y N Y N NA Distance 1.18 (1.02, 1.38) <50 m from major road 
or <100m from highway vs. higher 

Gehring et al. 
2006 

SALIA North Rhine- 
Westphalia, 
Germany 

1985–2003 4,230 
Female 

General All-cause NA Y Y N N NA Distance 1.29 (0.93, 1.78) <50 vs. >50m 

Hanigan et al. 
2019 

45 and Up Study Sydney, Australia 2006–2015 75,148 General All-cause LUR Y Y Y N 17.75 NO2 1.03 (0.98, 1.07) per 5 µg/m3             

4.49 PM2.5 1.05 (0.98, 1.12) per 1 µg/m3 

Hansell et al. 2016 ONS- 
Longitudinal 

England and Wales, 
United Kingdom 

1971–2009 367,658 General Non- 
accidental 

LUR Y N N Y 42.7 BS 1.02 (1.01, 1.04)e per 10 µg/m3             

20.7 PM10 1.24 (1.16, 1.34)e per 10 µg/m3 

Heinrich et al. 
2013 

SALIA North Rhine- 
Westphalia,  
Germany 

1985–2008 4,615 
Female 

General All-cause NA Y Y Y N NA Distance 1.42 (1.12, 1.79) <50 vs. >50m 

Hvidtfeldt et al. 
2019 

DDCH Copenhagen and 
Aarhus, Denmark 

1993–2015 49,564 General Non- 
accidental 

Dispersion / 
CTM 

Y Y Y N 25.0 NO2 1.07 (1.04, 1.10) per 10 µg/m3             

0.92 BC 1.09 (1.04, 1.15) per 1 µg/m3             

25.1 PM10 1.12 (1.03, 1.22) per 10 µg/m3             

18.0 PM2.5 1.13 (1.05, 1.21) per 5 µg/m3 

Jerrett et al. 2009 Toronto 
Respiratory 
Cohort 

Toronto, Canada 1992–2002 2,360 Patient Non- 
accidental 

LUR Y Y Y N 22.9 NO2 1.17 (1.00, 1.36) per 4 ppb 

(continued on next page) 
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Table 2 (continued ) 

Reference Study Name Location Study 
period 

Sample 
size 

Population Mortality 
definition 

Exposure 
assessment 

Confounders adjusted fora Mean 
exposureb 

Pollutants Effect estimate (95% CI) per incrementc 

SES Ind. 
smoking 

BMI Indirect 
smoking             

NA Distance 1.19 (0.92, 1.53) <50m from major road or 
<100m from highway vs. higher 

Krewski et al. 
2009 

ACS-CPS II LA Los Angeles, 
California, United 
States 

1982–2000 22,905 General All-cause LUR Y Y Y N 20 PM2.5 1.14 (1.03, 1.27) per 10 µg/m3 

Krewski et al. 
2009 

ACS-CPS II NYC New York City, 
New York, United 
States 

1982–2000 44,056 General All-cause LUR Y Y Y N 14.3 PM2.5 0.98 (0.95, 1.02) per 1.5 µg/m3 

Maheswaran et al. 
2010 

South London 
Stroke Register 

London,  
United Kingdom 

1995–2006 3,320 Patient All-cause Dispersion / 
CTM 

Y Y N N 41 NO2 1.28 (1.11, 1.48) per 10 µg/m3             

25 PM10 1.52 (1.06, 2.18) per 10 µg/m3 

Medina-Ramón 
et al. 2008 

Worcester Heart 
Failure 

Worcester, 
Massachusetts, 
United States 

2000–2005 1,389d Patient All-cause NA Y N N Y NA Density 1.15 (1.05, 1.25)f per 1,379 veh-km/day             

NA Distance 0.98 (0.91, 1.05)f per 2,008m 

Nafstad et al. 2004 Oslo men’s 
cohort 

Oslo, Norway 1972–1998 16,209 
Male 

General All-cause Dispersion / 
CTM 

Y Y Y N 10.7 NOx 1.08 (1.06, 1.11) per 10 µg/m3 

Nieuwenhuijsen 
et al. 2018 

Barcelona Mega 
Cohort 

Barcelona, Spain 2010–2014 792,649 General All-cause LUR Y Y N N 53.42 NO2 1.01 (1.00, 1.02) per 5 µg/m3             

2.64 PM2.5 abs 1.02 (1.00, 1.05) per 1 1 £ 10¡5/m             
38.29 PM10 1.00 (0.97, 1.03) per 10 µg/m3             

16.08 PM2.5 1.03 (0.99, 1.06) per 5 µg/m3 

Ostro et al. 2015 California 
Teachers Study 

California, United 
States 

1995–2007 101,884 
Female 

General Non- 
accidental 

Dispersion / 
CTM 

Y Y Y N 1.1 EC 1.00 (0.97, 1.04) per 0.8 µg/m3             

17.9 PM2.5 1.01 (0.98, 1.05) per 9.6 µg/m3             

0.5 Cu 1.00 (0.98, 1.03) per 0.4 ng/m3             

0.4 Fe 1.00 (0.97, 1.04) per 0.2 µg/m3             

1,293 UFP 1.01 (0.98, 1.05) per 969 ng/m3             

0.4 On-road 
diesel 

1.00 (0.97, 1.04) per 0.4 µg/m3             

0.3 On-road 
gasoline 

0.99 (0.95, 1.02) per 0.3 µg/m3 

Raaschou-Nielsen 
et al. 2012 

DDCH Copenhagen and 
Aarhus, Denmark 

1993–2009 52,061 General Non- 
accidental 

Dispersion / 
CTM 

Y Y Y N 16.9 NO2 1.08 (0.98, 1.18)f per 1 µg/m3             

NA Density 1.01 (0.99, 1.03)f per 1 veh-km/day             
NA Distance 0.94 (0.85, 1.05) <50 vs. >50m 

Stockfelt et al. 
2015 

PPS Gothenburg, 
Sweden 

1970–2007 6,557 Male General Non- 
accidental 

Dispersion / 
CTM 

Y Y Y N 42 NOx 1.02 (1.01, 1.04) per 10 µg/m3 

Tonne and 
Wilkinson 2013 

MINAP England and Wales, 
United Kingdom 

2004–2010 154,204 Patient All-cause Dispersion / 
CTM 

Y Y N N 18.8 NO2 1.01 (0.98, 1.04) per 10 µg/m3             

28.3 NOx 1.00 (0.99, 1.02) per 10 µg/m3             

17 PM10 1.01 (0.92, 1.10) per 10 µg/m3             

11 PM2.5 1.20 (1.04, 1.38) per 10 µg/m3 

(continued on next page) 
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Table 2 (continued ) 

Reference Study Name Location Study 
period 

Sample 
size 

Population Mortality 
definition 

Exposure 
assessment 

Confounders adjusted fora Mean 
exposureb 

Pollutants Effect estimate (95% CI) per incrementc 

SES Ind. 
smoking 

BMI Indirect 
smoking 

Tonne et al. 2016 London MI 
Cohort 

London,  
United Kingdom 

2003–2010 18,138 Patient All-cause Dispersion / 
CTM 

Y N N Y 37.1 NO2 1.04 (0.99, 1.10) per 8 µg/m3             

61.8 NOx 1.03 (0.98, 1.08) per 19.2 µg/m3             

0.7 Non- 
tailpipe 
PM2.5 

1.04 (1.00, 1.09) per 0.3 µg/m3             

0.6 Traffic 
PM2.5 

1.02 (0.98, 1.07) per 0.3 µg/m3 

Villeneuve et al. 
2013 

Ontario Tax 
Cohort 

Toronto, Canada 1982–2004 58,760 General Non- 
accidental 

LUR Y N N Y 0.64 Benzene 1.05 (1.03, 1.08) per 0.1 µg/m3 

von Klot et al. 
2009 

Worcester Heart 
Attack 

Worcester, 
Massachusetts, 
United States 

1995–2005 3,895 Patient All-cause LUR N N N Y 0.45 EC 1.15 (1.03, 1.29) per 0.2 µg/m3 

(after 2nd year of survival) 
1.02 (0.93, 1.11) per 0.2 µg/m3 

(in first two years of survival) 

Wilker et al. 2013 Boston Stroke 
Patients 

Boston, 
Massachusetts, 
United States 

1999–2012 1,683 Patient All-cause NA Y Y N N NA Distance 1.20 (1.01, 1.43)f <100 vs. >400m 
1.08 (0.88, 1.31)f 100–200 vs. >400m 
0.99 (0.82, 1.20)f 200–400 vs. >400m 

Yang et al. 2018 Hong Kong 
Elderly 

Hong Kong, China 1998–2011 61,386d General Non- 
accidental 

LUR Y Y Y N 104 NO2 1.00 (0.97, 1.03) per 25.6 µg/m3             

147 NO 0.99 (0.97, 1.02) per 167 µg/m3             

12.1 BC 1.03 (1.00, 1.05) per 9.6 µg/m3             

42.2 PM2.5 1.03 (1.01, 1.06) per 5.5 µg/m3 

Yap et al. 2012 Renfrew/Paisley Glasgow, Scotland 1972–1998 15,188 General All-cause LUR Y Y Y N 19.3 BS 1.08 (1.02, 1.15) per 10 µg/m3 

Yap et al. 2012 Collaborative 
cohorts 

Glasgow, Scotland 1972–1998 6,255 General All-cause LUR Y Y Y N 23.2 BS 1.01 (0.95, 1.06) per 10 µg/m3 

Yorifuji et al. 2010 Shizuoka Elderly Shizuoka, Japan 1999–2006 12,029d General All-cause LUR Y Y Y N 25 NO2 1.02 (0.96, 1.08) per 10 µg/m3 

Yorifuji et al. 2013 Shizuoka Elderly Shizuoka, Japan 1999–2009 13,412d General All-cause LUR Y Y Y N 22 NO2 1.12 (1.07, 1.18) per 10 µg/m3 

CTM = Chemical transport model. LUR = land use regression. NA = not applicable. 
a All studies adjusted for age and sex in the design or analysis. 
b Mean or median exposure. Units are in the last column. 
c Effect estimates are expressed as relative risk or hazard ratio. Bold indicates the effect estimate was included in the meta-analysis. 
d In older adults (65+). 
e Odds Ratio. 
f Log transformed. 
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studies of PM10 mortality was 1.06 (0.97–1.16) per 10-μg/m3, with four 
studies showing RRs above unity and two studies where the RR equalled 
unity (Carey et al. 2013; Nieuwenhuijsen et al. 2018). For both Cu and 
Fe in PM2.5 three studies were available, of which the Rome Longitu
dinal study showed a positive association and had high weight in the 
meta-analysis (Badaloni et al. 2017), the California Teachers study a null 
finding (Ostro et al. 2015) and the ESCAPE study a positive association 
for Fe and an inverse association for Cu, both with wide CIs (Beelen et al. 
2015). 

For NO, PMcoarse, UFP, Zinc (Zn) and benzene only one or two studies 
were available. The two NO studies showed no associations, with RRs 
below unity. The few studies on PMcoarse, UFP, Zn and benzene showed 
positive associations with mortality (Table 2). 

3.4. Associations with indirect traffic measures 

The studies on indirect traffic measures provide further support for a 
positive association of TRAP with non-accidental mortality (Table 2 and 
Appendix Fig. 1). The indirect traffic measures were too heteroge
neously defined across studies to allow meta-analysis. Eight of the ten 
studies comparing a short distance to major road category (e.g., <50 m) 
with the largest distance category, reported higher non-accidental 
mortality for participants living at short distances from major roads. 
The magnitude of the associations varied substantially between studies. 
The traffic density measures showed effect estimates slightly above 
unity in three general population cohort studies (Beelen et al. 2008; 
2014; Cesaroni et al. 2013). 

3.5. Additional meta-analyses and co-exposure with traffic noise 

Appendix Fig. 2 shows that positive associations were reported in 
studies irrespective of outcome definition (all-cause versus non- 
accidental mortality). The summary estimates for studies of all-cause 

and non-accidental mortality were similar and did not differ signifi
cantly from each other. We only included pollutants with at least three 
studies per outcome in this analysis (NO2, EC and PM2.5). 

Appendix Fig. 3 illustrates that the cohort studies conducted in pa
tient populations, which were excluded in the primary meta-analysis, 
also showed predominantly positive associations between NO2, EC, 
and PM2.5 and non-accidental mortality. There were five, one, and two 
studies available for NO2, EC, and PM2.5, respectively. Patient cohorts 
tended to be small, providing less precise, more variable effect estimates 
than estimates from the general population studies. For NO2, the meta- 
analytical summary estimate of the five studies in patients was 1.09 
(95% CI: 0.93–1.26). This summary estimate is larger but less precise 
and not statistically significantly different from the summary estimate 
for the general population studies. 

Fig. 5 shows that the majority of studies for NO2 and EC were rated as 
having high traffic specificity. For each pollutant, only two studies were 
rated as having moderate traffic specificity (Carey et al. 2013; Hanigan 
et al. 2019; Hansell et al. 2016; Ostro et al. 2015). A priori all PM2.5 
studies included in this review were rated as moderate traffic specificity. 
The meta-analytic summary estimates of the high traffic specificity 
studies were positive for both NO2 and EC, and somewhat larger than the 
estimates from the two moderate traffic specificity studies. 

Appendix Fig. 4 illustrates that positive associations between NO2, 
EC, and PM2.5 and non-accidental mortality were found in different 
geographic regions of the world. The Panel found positive associations 
for NO2 in the four identified geographical areas (Western Europe, Asia, 
North America, and Australia–New Zealand). The number of studies 
outside Europe was modest, limiting the comparison. 

Four TRAP studies reported associations adjusted for road traffic 
noise (Appendix Table 5). In three of these studies, traffic-related air 
pollutants associations were not or very mildly attenuated (Nieu
wenhuijsen et al. 2018; Raaschou-Nielsen et al. 2012; Tonne et al. 
2016). In the most recent DDCH study (Hvidtfeldt et al. 2019), effect 

Fig. 2. Meta-analysis of associations between traffic-related air pollutants and non-accidental mortality.  
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estimates were substantially attenuated but still indicative of an asso
ciation with non-accidental mortality. The correlation between air pol
lutants and noise in these studies was generally low to moderate (~0.2. 
to 0.6). The generally modest attenuation in the non-accidental mor
tality estimates with adjustment for traffic noise is consistent with traffic 
noise being a relatively weak risk factor for non-accidental mortality. 
Traffic noise is a risk factor for only a selection of (cardiometabolic) 
diseases (WHO 2018). 

3.6. Risk of bias 

Risk of bias did not differ for the different exposure metrics within a 
study; hence results were presented by study. Most studies were rated as 

low to moderate risk of bias in most domains. The exception was the 
confounding domain where about 25% of the studies were rated as high 
risk of bias (Appendix Tables 6 and 7). In particular, erring on the side of 
caution with respect to confounding, the Panel applied a strict assess
ment of the adjustment for important potential important confounders. 
The administrative cohorts tended to lack data on and adjustment for 
individual-level smoking or BMI were thus rated high risk of bias. The 
administrative studies have used a range of methods to assess potential 
confounding by missing lifestyle factors, including indirect adjustment 
approaches (e.g., Crouse et al. 2015), assessment of an association be
tween exposure and smoking in a subgroup (e.g., Badaloni et al. 2017), 
adjustment for pre-existing disease as proxies of smoking and BMI (e.g., 
Cesaroni et al. 2013), and area-level rates of lung cancer as a proxy for 

Fig. 3. Association between NO2 (per 10 µg/m3), EC (per 1 µg/m3), and PM2.5 (per 5 µg/m3) and non-accidental mortality: meta-analysis.  
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smoking (e.g., Hansell et al. 2016). In most instances, however, this did 
not result in a lower risk rating (e.g., to moderate risk of bias). 

When we compared the effect estimates from the studies of NO2, EC 
and PM2.5 that were rated at low or moderate risk of confounding bias 
with the corresponding estimates from the studies rated at high risk, we 
found no marked differences (Fig. 6). The estimates from the low and 
moderate risk of bias groups were slightly larger than those in the high 
risk of bias groups. Nonetheless, these comparisons were limited: only 
two studies each of NO2 and PM2.5 and three studies of EC were rated as 
high risk of bias (Badaloni et al. 2017; Cesaroni et al. 2013; Hansell et al. 
2016; Nieuwenhuijsen et al. 2018). The difference in effect estimates 
between high and moderate risk of bias studies of EC was highly non- 
significant. We did not test differences for NO2 and PM2.5. 

For PM10, three of the six studies in the meta-analysis were rated as 
high risk of bias due to missing important confounders in the analysis 
(Badaloni et al. 2017; Hansell et al. 2016; Nieuwenhuijsen et al. 2018). 
The effect estimates in the low and moderate risk of bias group were 
positive (RR 1.05; 95% CI: 0.92–1.19) and only slightly smaller than in 
the high risk of bias group (RR 1.08; 0.80–1.44). 

For Cu and Fe in PM2.5 there were just three studies, making the 
comparison difficult. For both components, the study carrying most of 
the weight was rated as high risk of bias (Badaloni et al. 2017). For Cu, 
this was the only study with a positive association. For Fe, the high risk 
of bias study effect estimate did not differ substantially from those of the 
other two studies. 

3.7. Confidence assessment 

3.7.1. Modified OHAT assessment 
Table 3 provides the Panel’s confidence assessment in the quality of 

the body of evidence for traffic-related air pollutants and non-accidental 
mortality. The table includes only the pollutants for which there were 
sufficient studies to conduct meta-analyses. As all studies followed a 
cohort study design, the Panel’s initial confidence rating was moderate. 

The judgements for each pollutant were derived from a combination 
of downgrades because of imprecision (NOx, PM10 and Fe) and risk of 
bias (Cu), and upgrades because of monotonic exposure–response pat
terns (all pollutants except Cu and Fe) and consistency across regions 
(NO2). 

We downgraded for imprecision because although the criterion for 
study power was met, the effect estimates for NOx, PM10 and Fe were 
imprecise with a wide 95% confidence interval and the confidence in
terval clearly included unity. 

Risk of bias resulted in a downgrade only for Cu. For the other pol
lutants, few studies were rated as high risk of bias, and summary esti
mates in the low-moderate risk of bias studies group tended to be higher 
than in the high risk of bias group except for PM10. For PM10, fairly 
robust effect estimates were reported in low and moderate risk of bias 
studies, that were only slightly smaller than in the high risk of bias group 
(See Section 3.6). Hence, the Panel did not think a downgrade was 
needed. 

Fig. 4. Association between NOx (per 20 µg/m3), PM10 (per 10 µg/m3), Cu (per 5 ng/m3), and Fe (per 500 ng/m3) and non-accidental mortality: meta-analysis.  
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We did not downgrade for inconsistency despite high heterogeneity 
for some pollutants (NO2, NOx, EC and PM10) based on I2. The hetero
geneity was due to differences in magnitude and not direction of the 
association. In this review we assess the confidence in presence of an 
association, not a specific value of the effect estimate. Furthermore I2 

gauges dispersion on a relative rather than an absolute scale, a quality 
that can exaggerate differences in small yet consistent estimates, such as 
those reported by many of the studies in this review. Finally, for some 
pollutants (specifically NO2), part of the heterogeneity measured by I2 

was explained by the a priori chosen stratification variables, such as 
geographical region. Changes in the composition of TRAP over time or 
country likely have contributed to heterogeneity in observed health 
effects. 

The Panel decided not to downgrade for publication bias despite a 
highly significant Egger test for EC (Fig. 7), and evidence for asymmetry 
from Doi plots and LFK indices for NO2, EC and PM2.5 (Appendix Fig. 5). 
A small Egger test p-value and high LFK values can be due to hetero
geneity and publication bias, and the Panel judged that the observed 

asymmetry was more likely due to the former than to the latter based on 
a comparison of various pollutants. The Panel noted that seven of the 
eleven EC studies also reported estimates for NO2, for which the Egger 
test p-value was large (0.5). It is difficult to imagine a scenario in which 
the publication bias mechanism is stronger for EC than for NO2 and 
PM2.5 studies. The Panel did not expect that publication bias would be a 
major issue in cohort studies, given the effort required to conduct cohort 
studies on outdoor air pollution, which often entails collaboration be
tween different institutions and across multiple disciplines, an argument 
made in a recent WHO systematic review as well (Chen and Hoek 2020). 
Most cohort studies included in this review were set up for reasons other 
than studying air pollution (e.g., diet and cancer). Hence air pollution 
epidemiologists needed to reach out to cohort owners to perform the 
included studies. In this setting not publishing negative studies is less 
likely. Finally, we note that a fairly large number of individual studies 
(especially on PM2.5) yielded statistically non-significant results, further 
supporting the idea that publication bias is not a major issue in this 
review. 

Fig. 5. Association between NO2 (A) and EC (B) and non-accidental mortality: meta-analysis by traffic specificity.  
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Fig. 6. Association between NO2 (A), EC (B), and PM2.5 (C) and non-accidental mortality: meta-analysis by risk of bias due to confounding.  
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Table 3 
Confidence rating for traffic-related air pollutants and non-accidental mortality using modified OHAT.   

Factors decreasing confidence 0 if no concern; − 1 if serious concern to downgrade 
confidence 

Factors increasing confidence 0 if not present; 
þ1 if sufficient to upgrade confidence  

Pollutant Study 
design 

Initial 
confidence 
rating (# 
studies) 

Risk of bias Unexplained 
inconsistency 

Imprecision Publication 
bias 

Monotonic 
exposure– 
response 

Consideration 
of residual 
confounding 

Consistency 
across 
populations 

Final 
confidence 
rating 

NO2 Cohort Moderate 
(N = 11) 

0 0 0 0 +1 0 +1 High 

Rationale Cohort 
design 
initially 
rated as 
moderate 

Few 
studies 
high RoB 
and robust 
effect 
estimates 
in low and 
moderate 
RoB 
studies. 

High 
heterogeneity 
(I2 = 83%) due 
to magnitude 
not direction. 

Sample size 
met, and 
confidence 
interval does 
not include 
unity. 

Limited 
evidence 
found in plots 
and tests. 

Clear 
evidence of 
plausible 
shape of ERF 
(Cesaroni 
et al. 2013; 
Crouse et al. 
2015; 
Dirgawati 
et al. 2019; 
Hvidtfeldt 
et al. 2019; 
Raaschou- 
Nielsen et al. 
2012). 

Confounding 
in both 
directions 
possible. 

Across 
geographic 
regions 
robust effect 
estimates.  

NOx Cohort Moderate 
(N = 5) 

0 0 –1 0 +1 0 0 Moderate 

Rationale Cohort 
design 
initially 
rated as 
moderate 

Few 
studies 
serious 
RoB and 
robust 
effect 
estimates 
in low and 
moderate 
RoB 
studies 

High 
heterogeneity 
(I2 = 86%) 
mostly due to 
magnitude not 
direction 

Sample size 
met but 
confidence 
interval 
wide and 
clearly 
includes 
unity. 

No formal 
evaluation 
possible. 

Clear 
evidence of 
plausible 
shape of ERF 
(Beelen et al. 
2014; 
Dirgawati 
et al. 2019; 
Nafstad et al. 
2004; 
Stockfelt 
et al. 2015). 

Confounding 
in both 
directions 
possible. 

Too few 
studies to 
assess 
robustness 
across 
geographic 
regions.  

EC Cohort Moderate 
(N = 11) 

0 0 0 0 +1 0 0 High 

Rationale Cohort 
design 
initially 
rated as 
moderate 

Few 
studies 
serious 
RoB and 
robust 
effect 
estimates 
in low and 
moderate 
RoB 
studies. 

High 
heterogeneity 
(I2 = 84%) due 
to magnitude 
not direction. 

Sample size 
met and 
estimate 
consistent 
with an 
association. 

Asymmetry 
in plots and 
tests, 
unlikely due 
to 
publication 
bias. 

Clear 
evidence of 
plausible 
shape of ERF 
(Dirgawati 
et al. 2019; 
Hansell et al. 
2016; 
Hvidtfeldt 
et al. 2019). 

Confounding 
in both 
directions 
possible. 

Across 
geographic 
regions 
insufficient 
evidence for 
robust effect 
estimates.  

PM10 Cohort Moderate 
(N = 6) 

0 0 –1 0 +1 0 0 Moderate 

Rationale Cohort 
design 
initially 
rated as 
moderate 

Three of six 
studies 
high RoB. 
Fairly 
robust 
effect 
estimates 
in low and 
moderate 
RoB 
studies. 

High 
heterogeneity 
(I2 = 86%) due 
to magnitude 
not direction. 

Sample size 
met but 
confidence 
interval 
wide and 
clearly 
includes 
unity. 

No formal 
evaluation 
possible.. 

Clear 
evidence of 
plausible 
shape of ERF 
(Beelen et al. 
2014; 
Hvidtfeldt 
et al. 2019). 

Confounding 
in both 
directions 
possible. 

All studies 
European, no 
consistency 
check 
possible.  

PM2.5 Cohort Moderate  
(N = 12) 

0 0 0 0 +1 0 0 High 

Rationale Cohort 
design 
initially 
rated as 
moderate 

Few 
studies 
serious 
RoB and 
robust 
effect 
estimates 

Moderate 
heterogeneity 
(I2 = 51%) due 
to magnitude 
not direction. 

Sample size 
met, and 
confidence 
interval does 
not include 
unity. 

Limited 
evidence 
found in plots 
and only 
borderline 
significant 
Egger test, 

Clear 
evidence of 
plausible 
shape of ERF 
(Beelen et al. 
2014; 
Cesaroni 

Confounding 
in both 
directions 
possible. 

Insufficient 
evidence for 
robustness 
across 
geographic 
regions.  

(continued on next page) 
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Upgrades were made for a monotonic exposure–response pattern for 
pollutants with evidence from at least two influential studies 
(Appendix Table 8). For this upgrade, we additionally required a 
(borderline) significant summary effect estimate to avoid upgrading 
essentially null findings. Studies not included in the meta-analysis were 
also used for this judgment; specifically, for the Rome Longitudinal 
cohort studies, an analysis of the shape of the exposure–response func
tion was evaluated for PM2.5 by Cesaroni and colleagues (Cesaroni et al. 
2013), but not in Badaloni et al. (2017) in the same study population. 

For NO2 an upgrade was made for consistency across geographical 
regions, even though the number of studies outside Europe was modest. 
For the final confidence assessment for NO2, this upgrade did not make a 
difference, because the evidence was already given a high confidence 
rating because of an upgrade for a monotonic-exposure response. 

The Panel conferred a rating of high confidence in the quality of the 
body of evidence between TRAP and non-accidental mortality. This 
assessment is supported by high confidence judgements for the evidence 
on NO2, EC and PM2.5, pollutants with the largest number of studies. We 
note lower confidence ratings for the evidence on pollutants with sub
stantially<10 studies (moderate for NOx and PM10; low for Cu and Fe). 
The meta-analytic summary estimates of these pollutants were positive, 
but less precise than the estimates for NO2, EC and PM2.5. These other 
pollutants, as well as the indirect traffic measure studies, thus provided 
some additional support for the high confidence rating for the totality of 
evidence on TRAP and non-accidental mortality. 

3.7.2. Narrative assessment 
The primary meta-analysis supplemented with additional analyses, 

and findings from studies that could not be meta-analyzed provided 
clear evidence of the presence of an association between TRAP and non- 

accidental mortality. All studies used the cohort study design, used 
registries to assess mortality, and virtually all of them directly or indi
rectly adjusted for major potential confounders, such as smoking, body 
mass index and socio-economic status. In total 36 studies in different 
regions conducted by multiple research groups formed the evidence 
base. Some large administrative cohort studies were included limiting 
potential selection bias. The total sample size was 7.1 million 
participants. 

Particularly important was the careful adjustment in most studies of 
both individual- and area-level SES covariates, following the strategy 
developed in the early American Cancer Society study (Pope et al. 2002). 
A risk factor for mortality (e.g., smoking) confounds associations of air 
pollution with mortality, if there is a correlation with air pollution 
exposure, and if air pollution is not a determinant of that risk factor. 
Correlations between air pollution and lifestyle factors can be mediated 
by SES. A key observation is that the direction of the association between 
SES and air pollution differs substantially across studies (both positive 
and negative). Hence, insufficient adjustment for SES and lifestyle fac
tors can bias the effect estimates both up and downwards. The finding of 
consistent positive associations in different geographical settings is 
therefore reassuring and increases the confidence in an association be
tween TRAP and non-accidental mortality. For traffic noise as a source of 
confounding, this argument does not hold, because the correlation be
tween TRAP and traffic noise is positive in all locations since they share 
the same source. The four studies that assessed potential confounding by 
traffic noise found that TRAP remained associated with non-accidental 
mortality after adjustment for traffic noise, typically with only small 
changes in effect estimates. 

Furthermore, the large majority of NO2 and EC studies were rated as 
high traffic specificity studies. RRs were elevated for both the high and 

Table 3 (continued )  

Factors decreasing confidence 0 if no concern; − 1 if serious concern to downgrade 
confidence 

Factors increasing confidence 0 if not present; 
þ1 if sufficient to upgrade confidence  

Pollutant Study 
design 

Initial 
confidence 
rating (# 
studies) 

Risk of bias Unexplained 
inconsistency 

Imprecision Publication 
bias 

Monotonic 
exposure– 
response 

Consideration 
of residual 
confounding 

Consistency 
across 
populations 

Final 
confidence 
rating 

in low and 
moderate 
RoB 
studies. 

unlikely due 
to 
publication 
bias. 

et al. 2013; 
Dirgawati 
et al. 2019; 
Hvidtfeldt 
et al. 2019). 

Cu Cohort Moderate  
(N = 3) 

–1 0 0 0 0 0 0 Low 

Rationale Cohort 
design 
initially 
rated as 
moderate 

One study 
with high 
RoB which 
is the only 
study with 
an effect 
estimate 
above 
unity. 

Low 
heterogeneity 
(I2 = 0%) 
mostly due to 
magnitude not 
direction. 

Sample size 
met and 
confidence 
interval 
includes 
unity, but 
confidence 
interval 
precise. 

No formal 
evaluation 
possible. 

No evidence 
of plausible 
shape of ERF. 

Confounding 
in both 
directions 
possible. 

All studies 
European, no 
consistency 
check 
possible.  

Fe Cohort Moderate  
(N = 3) 

0 0 –1 0 0 0 0 Low 

Rationale Cohort 
design 
initially 
rated as 
moderate 

One study 
with high 
RoB with 
similar 
effect 
estimates 
as the two 
low - 
moderate 
RoB 
studies. 

Low 
heterogeneity 
(I2 = 46%) due 
to magnitude 
not direction. 

Sample size 
met but 
confidence 
interval 
wide and 
clearly 
includes 
unity. 

No formal 
evaluation 
possible. 

No evidence 
of plausible 
shape of ERF. 

Confounding 
in both 
directions 
possible. 

All studies 
European, no 
consistency 
check 
possible.   
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Fig. 7. Funnel plots and Egger’s tests for NO2 (A), EC (B), and PM2.5 (C) and non-accidental mortality.  
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moderate traffic specificity studies. Moreover, the studies on pollutants 
not included in the meta-analyses and the studies with indirect traffic 
measures (distance and density measures) provided further support for 
an association of TRAP with non-accidental mortality. Likewise, 
generally positive associations were found in five patient populations 
representing a potentially sensitive subgroup, but they had wider CIs 
compared with the general population studies related to the smaller 
sample size. 

In sum, the finding of associations between TRAP and non-accidental 
mortality in substantially different populations, across different 
geographical regions, exposure assessment methods and confounder 
control lends further support to the presence of an association. If 
different approaches—with different types of biases—all point to the 
same conclusion, the confidence is strengthened, which is defined as 
triangulation in epidemiology (Pearce et al. 2019). 

4. Discussion 

The overall confidence in the evidence for a positive association 
between long-term exposure to TRAP and non-accidental mortality was 
high. This judgement was based on positive associations in meta- 
analyses for all pollutants with non-accidental mortality, and consis
tent findings across different populations, geographical regions, expo
sure assessment methods and confounder adjustment. 

The high confidence judgement in an association between TRAP and 
non-accidental mortality marks a notable increase in confidence 
compared with the judgement of the 2010 HEI Traffic Review, in which 
the evidence on this association was deemed “suggestive” (HEI 2010). 
The increased confidence stems primarily from the emergence of a large 
number of new studies published since the 2010 review. The current 
review furthermore also included studies that considered TRAP expo
sure beyond the near-roadway environment (neighbourhood). This 
likely does not explain differences with the 2010 review, because we 
found that estimates from studies that were highly traffic-specific 
(including a near-roadway component) were similar to the overall ef
fect estimates. 

4.1. Findings in relation to other assessments and studies 

The Panel’s judgement generally agrees with other recent evidence 
assessments for two main pollutants included in this review (NO2 and 
PM2.5). In these other assessments, the pollutant was evaluated irre
spective of the source, and based on different evidence synthesis 
methods. In the 2019 integrated science assessment (ISA) for PM from 
the U.S. EPA, the association between PM2.5 and all-cause mortality was 
rated as “causal”, based on assessment of different scientific disciplines 
beyond the epidemiological mortality studies (U.S. EPA 2019). We 
rendered a judgment of lower confidence in an association of PM10 (sum 
of PM2.5 and PMcoarse) than of PM2.5 with mortality, consistent with the 
“suggestive” rating of the ISA assessment for PMcoarse (the ISA does not 
include a rating for PM10). The ISA for PM included substantially more 
studies than the current review, primarily because the Panel did not 
include PM2.5 studies based on monitoring alone and most nationwide 
studies, because these studies were thought to be insufficiently specific 
for evaluating health effects of TRAP. In the 2016 ISA for NO2, associ
ations with all-cause mortality were judged as “suggestive” (U.S. EPA 
2016), in particular because of uncertainty about the independent effect 
of NO2. Because NO2 is spatially correlated with other pollutants from 
traffic combustion sources, including EC and UFP, some of the effects 
attributed to NO2 may actually be due to other pollutants. Health Can
ada judged the evidence for a causal association between NO2 and all- 
cause mortality as “suggestive”, with a very similar rationale as pro
vided by the U.S. EPA (Health Canada 2016). In our review, the issue of 
independent effects for NO2 is less of an issue as we assess evidence for 
TRAP as a mixture and are not evaluating which pollutant in the mixture 
is responsible for health effects. 

The systematic reviews of the association between long-term expo
sure to PM2.5 and NO2 and mortality, conducted for the 2021 WHO 
Global Air Quality Guidelines revision found strong evidence of an as
sociation (Chen and Hoek 2020; Huangfu and Atkinson 2020). The 
systematic review on PM2.5 and all-cause mortality documented a meta- 
analytic summary estimate 1.08 per 10 μg/m3 with a confidence interval 
of (1.06, 1.09), based on 25 studies (Chen and Hoek 2020). The 
systematic review on NO2 and all-cause mortality reported a summary 
estimate of 1.02 per 10 μg/m3 with a confidence interval of (1.01, 1.04), 
based on 24 studies (Huangfu and Atkinson 2020). The number of 
studies was again larger than in the current review because studies were 
included irrespective of the air pollution source. Furthermore, 
application of adapted GRADE methods resulted in an assessment of 
high (PM2.5) and moderate (NO2) certainty of evidence with all-cause 
mortality. 

In another recent systematic review, significant associations between 
NO2 and all-cause mortality were reported, and the quality of the evi
dence rated as moderate (Stieb et al. 2021). In a systematic review by 
Huang and colleagues, also robust epidemiological evidence was found 
for an association of NO2 with all-cause mortality (Huang et al. 2021). 

Some large new studies have been identified after the completion of 
the search for this review. The ELAPSE study documented consistent 
positive associations between PM2.5, NO2, BC, and non-accidental 
mortality in a large pooled European cohort with detailed lifestyle 
covariates (Brunekreef et al. 2021; Strak et al. 2021). The study was 
based on fine resolution (100 m × 100 m) Europewide hybrid LUR 
models, using statistical procedures as in the included ESCAPE studies, 
exploiting only within-cohort exposure contrasts (Beelen et al. 2014). 
Within ELAPSE, consistent associations for these pollutants were also 
found in large administrative cohorts, but six of them would likely not 
have been included as they were national cohorts (Stafoggia et al., 
2022). Analyses within the Rome Longitudinal cohort confirmed asso
ciations included in the current review (Badaloni et al. 2017; Cesaroni 
et al. 2013). In a large Dutch national cohort, PM from traffic sour
ces—assessed with a dispersion model assessing specific sources—was 
associated with non-accidental mortality, adjusting for particles from 
other sources (Fischer et al. 2020). The new studies support the overall 
findings of the current review. 

4.2. Challenges in application of modified OHAT and risk of bias 

Regarding the formal risk of bias assessment, it is important to stress 
that risk of bias assessment is an assessment of the potential risk of bias, 
not a determination of actual bias in an individual study. Risk of bias 
assessment for confounders furthermore does not specify in which di
rection the estimates may be biased, nor how large the bias might be, if it 
exists at all. Bias assessments should focus more on identifying the most 
likely influential sources of bias, classifying each specific 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 hypoth
esized source of bias, as described in Savitz et al. 2019. 

It was challenging to evaluate the downgrading factor unexplained 
inconsistency. Following the a priori defined study protocol, the Panel 
primarily downgraded the evidence if there was heterogeneity due to 
difference in direction, but also discussed the degree of unexplained 
heterogeneity in magnitude. The Panel furthermore noted that if the 
degree of heterogeneity was so large that the meta-analytical CIs clearly 
included unity and was wide, a downgrade was applied for imprecision. 
The meta-analytical summary CIs generally were wider than those of 
some individual studies, related to substantial heterogeneity. The Panel 
preferred this approach compared to downgrading due to heterogeneity 
based on the difficult-to-interpret I2 statistics or the statistical signifi
cance of other heterogeneity tests. The I2 statistic is expressed on a 
relative scale and may be interpreted as high, even if all effect estimates 
can be considered as small (e.g., for NO2 all RRs were between 1.00 and 
1.12 with an I2 of 83%). 
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Downgrading based upon risk of bias was not straightforward either. 
We evaluated differences in effect estimates between studies with low 
and moderate versus high risk of bias to decide upon downgrades in 
combination with the distribution of risk of bias judgements. Dis
tinguishing heterogeneity from publication bias remained another 
challenge. Finally, the application of a “formulaic” approach, giving 
equal weight to the different down- and upgrading factors is a strong 
assumption, though transparent. In the narrative assessment, we were 
less bound by these assumptions, at the expense of a less transparent 
approach. Readers can however judge the reasoning qualitatively. A 
more detailed discussion on the confidence assessments can be found in 
Boogaard et al. 2023. 

Despite the difficulties of applying the modified OHAT assessment, 
the Panel noted that the conclusions from the narrative evaluation and 
the OHAT assessment were identical: high confidence. 

4.3. Strengths and limitations 

Our review advances the synthesis of evidence on TRAP and non- 
accidental mortality in its approach for identifying, selecting, and 
evaluating epidemiologic studies using transparent frameworks for 
exposure and confidence assessment. The application of both a narrative 
assessment and a modified OHAT assessment is another strength, given 
the discussions about evidence synthesis and risk of bias assessment of 
observational studies in environmental health (e.g., Savitz et al. 2019; 
Steenland et al. 2020). 

The main limitations in the review include: (a) difficulties in the 
judgment of which studies involved exposure contrasts that were pri
marily traffic-related and (b) difficulties in applying the formal risk of 
bias and confidence assessment methods (Section 4.2). Additional lim
itations included that no independent, dual risk of bias assessment was 
conducted, and risk of bias was conducted on meta-analyzed studies 
only. 

In the exposure framework, the Panel excluded studies at the urban 
and regional scale because of difficulties in separating exposure con
trasts related to traffic sources from other sources. The implication is 
that the Panel did not assess the full impact of traffic sources, as traffic 
emissions affect urban and regional background as well. 

The meta-analytical summary estimates of the review may be useful 
in future health impact assessments of TRAP. Especially health impact 
assessments using PM2.5 in locations where traffic is a major determi
nant of PM2.5 exposure contrasts, such as in major cities, may benefit 
from the selection of PM2.5 studies in our review. 

4.4. Future directions for research 

The Panel considered pollutants to be indicators of TRAP and did not 
address the question of which components of TRAP may be most toxic, a 
key question that remains largely unresolved. 

More long-term studies on non-tailpipe PM indicators and UFP are 
warranted; there are reasons to suspect they both might be health 
relevant beyond what is already known (e.g., Harrison et al. 2021; HEI 
2013; Ohlwein et al. 2019). More TRAP studies in low- and middle- 
income countries are needed. 

The review was limited to TRAP, although consideration was given 
to other factors of traffic, most notably noise. There is a clear need to 
evaluate TRAP in the broader context of transportation and mobility 
impacts on public health. Emerging knowledge suggests that trans
portation can affect health through many intertwined pathways such as 
traffic accidents, noise, climate change, temperature, stress, and the lack 
of physical activity and green space (Glazener et al. 2021). Studies on 
the interactions and effect modifications of air pollution effects through 
other exposures such as green space, heat, noise, and physical activity 
are relatively scarce, but are needed as they reflect real-world conditions 
and may further advance our understanding of the implications of 
transportation activities on TRAP and health (Khreis et al. 2020). 

5. Conclusion 

The overall confidence in the evidence for a positive association 
between long-term exposure to TRAP and non-accidental mortality was 
high, both in a formal OHAT approach and in a more narrative assess
ment. This judgement was based on positive associations in meta- 
analyses for all pollutants with non-accidental mortality, and consis
tent findings across different populations, geographical regions, expo
sure assessment methods and confounder adjustment. 

The implication is that policies reducing TRAP will result in public 
health gains. Health gains may be substantial given the ubiquitous na
ture of exposure to TRAP. The quantitative effect estimates in our study 
may be useful to assess the health benefits of policies directed towards 
reducing TRAP, instead of the currently used effect estimates for pol
lutants, often PM2.5 and sometimes NO2, irrespective of the source. 
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