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ZUSAMMENFASSUNG

Public Health ist die Wissenschaft vom Schutz und der Férderung der 6ffentlichen Gesundheit.
Das Konzept des Public-Health-Aktionszyklus veranschaulicht diesen konstanten Prozess mit
den Schritten Problemdefinition, Strategieformulierung, Umsetzung und Bewertung. Dem
Grundgedanken dieses Konzepts folgend, untersucht diese Dissertation die Risiken langfristiger
verkehrsbedingter Luftverschmutzung (traffic-related air pollution TRAP) auf die kardiome-
tabolischen Endpunkte Diabetes Typ 2 und Schlaganfall (Problemdefinition) und reflektiert Me-
thoden zur Berechnung der Krankheitslast (Evaluation).

Ausgehend von einer systematischen Ubersichtsarbeit des Health Effects Instituts, welche Aus-
wirkungen der verkehrsbedingten Luftverschmutzung auf ausgewéhlte gesundheitliche End-
punkte untersuchte, beschreiben zwei Artikel dieser Dissertation die Ergebnisse unter Bertick-
sichtigung neuerer Literatur. Diese wurde in den elektronischen Datenbanken PubMed und
LUDOK fur Diabetes bis Mai 2022 und fur Schlaganfalle bis Januar 2022 gesucht. Kriterien fur
die Beurteilung der Belastung als verkehrsbedingt wurden in einem umfassenden Protokoll
definiert. Wo maoglich, wurden random-effects Meta-Analysen durchgefiihrt. Basierend auf dem
Ansatz des Office for Health Assessment and Translation (OHAT) wurde das Vertrauen in die
Qualitat der Studienlage bewertet und der Grad des Vertrauens in das Vorhandensein eines
Zusammenhangs unter der Berucksichtigung aller Studien in einer Gesamtbewertung beurteilt.

21 Studien wurden in die Diabetes- und 19 in die Schlaganfall-Analysen einbezogen. Alle meta-
analytisch summierten Effektschatzer wiesen auf ein hdheres Diabetes-Risiko bei hdherer Be-
lastung hin, insbesondere fir die Diabetes-Pravalenz mit NO; (relatives Risiko RR 1.09; 95%-
Konfidenzintervall: 1.02 bis 1.17 pro 10 yg/m?3). Das Vertrauen in die Evidenz wurde als mittel
eingestuft, was nach Einbezug der funf neueren Studien bestarkt wurde. Die Schlaganfall-
Metaanalyse zeigte erhdhte Risiken mit Russ, PMio und PM; s und keine Zusammenhange mit
NOyx und NO.. Das Vertrauen in die Qualitat der Studienlage und in das Vorhandensein eines
Zusammenhangs wurde als niedrig bzw. mittel eingestuft. Nach Einbezug der sechs zusatz-
lichen Studien war das Schlaganfallrisiko mit der PM. s-Belastung signifikant erhoht (RR 1.22;
1.03 bis 1.21) und mit NO, weiterhin nicht assoziiert (1.01; 0.96 bis 1.06), was mehr fiir einen
Zusammenhang mit der verkehrsbedingten Feinstaubbelastung spricht.

Sogenannte Burden of Disease Studien zeigen, dass Luftverschmutzung der wichtigste umwelt-
bedingte Risikofaktor fur die Gesundheit ist. Anhand verschiedener Gesundheitsfolgenabschat-
zungen fur die Schweiz wurden Unterschiede in der Methodik fur die Berechnung der Krank-
heitslast durch Luftverschmutzung aufgezeigt und Auswirkungen auf die Resultate diskutiert,
welche aufgrund unterschiedlicher Inputdaten stark variieren kdnnen. Beispielsweise reichte die
berechnete Zahl der luftverschmutzungsbedingten Todesfalle von 16 bis 76 pro 100'000 Ein-
wohner. Die Transparenz der Methoden ist wichtig, um die Glaubwurdigkeit zu gewahrleisten
und trotz unterschiedlicher Zahlen zu betonen, dass die Luftverschmutzung eine nicht zu ver-
nachlassigende Ursache von Krankheits- und vorzeitigen Todesfallen ist, die von den politi-
schen Entscheidungstragern weltweit angegangen werden muss. Der Verkehr als wichtige
Quelle der Luftverschmutzung mit nachgewiesenen Gesundheitsfolgen sollte mit integrierten
Mobilitatskonzepten angegangen werden, die einen Zusatznutzen durch die Verringerung von
Larm und Treibhausgasemissionen, durch die Erhdhung von Grinflachen und kdrperlicher
Aktivitat sowie durch die Verbesserung der Umweltqualitat insgesamt bringen.



EXECUTIVE SUMMARY

Public health is the science of protecting and improving the health of populations. The concept
of the Public Health Action Cycle exemplifies this constant effort with the steps problem
definition, strategy formulation, implementation and evaluation. Following the idea of the public
health action cycle, this dissertation studies the harmfulness of long-term traffic-related air
pollution (TRAP) on the cardiometabolic endpoints of diabetes type 2 and stroke and reflects on
the methods of burden of disease calculations.

As part of a larger systematic review conducted by the Health Effects Institute on the effects of
TRAP on key health outcomes published in 2022, the papers of this dissertation extend the
interpretation of the reported results to include evidence published after completion of the
original literature search in PubMed and LUDOK electronic databases up to May 2022 for
diabetes and January 2022 for stroke. TRAP exposure was defined according to a
comprehensive protocol. Random-effects meta-analyses were performed. Heterogeneity was
assessed by the I? and investigated by various a priori subgroup analyses. Confidence
assessments were based on a modified Office for Health Assessment and Translation (OHAT)
approach, complemented with a broader narrative synthesis, which also included evidence from
studies not entering meta-analysis.

21 and 19 studies were included in the diabetes and stroke-analyses, respectively. All meta-
analytic estimates indicated higher diabetes risks with higher exposure, especially for the NO,
prevalence analysis (relative risk RR 1.09; 95% confidence interval Cl: 1.02; 1.17 per 10 ug/m?).
The overall confidence in the evidence was rated moderate, strengthened by the addition of 5
recently published studies. The stroke meta-analysis showed non-significantly elevated risks
with EC, PMy, and PM.5s and null results with NOy and NO, exposures. The confidence
assessments regarding the quality of the body of evidence and separately regarding the
presence of an association of TRAP with stroke considering all available evidence were rated
low and moderate, respectively. The six additional studies resulted in slightly more robust
adverse estimates for PM. 5 (1.22; 95%-Cl: 1.03-1.21) and a null association for NO; (1.01; 95%-
Cl: 0.96-1.06) making for a stronger case with particulate pollution from traffic.

The risks of air pollution translate into high burden of disease showing that air pollution is the
most important environmental risk factor for health. The methodology of burden of disease or
health risk assessment (HRA) calculations were discussed comparing different HRAs for
Switzerland. They revealed variations in numbers of deaths due to air pollution ranging from 16
to 76 per 100,000 inhabitants. These are due to variations in input data such as the
counterfactual scenario (TMREL), the year of analysis or the exposure-risk functions used.
Transparency in methods is important to ensure credibility and stress that beyond different
numbers, air pollution is an important source of premature death and morbidity that needs to be
addressed by policy makers worldwide.

Traffic as an important source of air pollution should not only be addressed by technical solutions
such as filter-technologies but with more integrated mobility concepts that have co-benefits by
reducing noise, greenhouse gas emissions, increase green space, walkability and physical
activity improving overall environmental quality.
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1. INTRODUCTION

1.1 Public health — a constant effort to improve health

Public health is the science of protecting and improving the health of populations — from
neighborhoods to cities to countries to world regions — through education, promotion of healthy
lifestyles, research toward prevention of disease and injury, and detecting, preventing, and

responding to infectious diseases (CDC Foundation, 2023).

Epidemiology, the study of how often diseases occur in different groups of people and why
(Coggon et al., 2009), as a scientific method brings evidence that bears directly on the health of
the population (Samet, 2000). According to former director of the American Centers for disease
control and prevention, Bill Foege, epidemiology has been the tool to “change the world” and
not just “to study the world” (Frumkin, 2015). The term “consequential epidemiology” has been
formed to describe this effort (Kim, 2019).

Environmental epidemiologist Jonathan A. Samet states that “research and policy-making are
interactive and iterative, and policies may change as evidence evolves” (Samet, 2000). Thus,
public health should be a constant effort to understand determinants of health and take
measures to tackle or support them. In this context, the concept of the Public Health Action
Cycle by Rosenbrock et al. (1995) seems illustrative stressing the constant cycle between
problem definition or assessment, strategy formulation, implementation and evaluation in Public

Health Policy making (see Fig. 1.1).



Problem Strategy
Definition Fomulation

Implement-
ation

Fig. 1.1: Public Health Action Cycle (own figure).

Understanding the underlying problems and issues of public health is considered crucial, but
equally important is strategically addressing them by formulating policies and ensuring their
implementation and control. Additionally, evaluating the success or failure of such interventions

is important.

Measles vaccination as an example of the public health action cycle in Switzerland

Tackling infectious diseases by immunization programs is one example of this ongoing public
health action cycle. While infectious diseases in children used to be an important risk factor for
child mortality and morbidity in Western countries (problem definition), immunization programs
(strategy) in schools and through pediatricians (implementation) increased immunization rates
and decreased disease numbers (evaluation). The example of measles in Switzerland showed
that immunization rates remained below 70% in Switzerland till the early 80ies (evaluation /
problem definition). However, when the vaccine was incorporated into a combination vaccine
that provided immunization against mumps, measles, and rubella, and was additionally
accompanied by a vaccination information campaign (strategy / implementation), vaccination
rates increased (evaluation) (Rougemont et al., 1996). Yet, in 2007, Switzerland was the country
with the highest measles incidence in Europe by far (problem definition) (Tarr et al., 2019). A
national measles elimination program (strategy) increased vaccination rates. The program
included the engagement of highest political bodies and health authorities, engagement of
primary care and school doctors (strategy and implementation). This and the broad distribution
of high-quality information have proven to be key success factors (Evaluation) (Bundesamt fir

Gesundheit, 2018). Still, more work needs to be done since measles vaccination rates vary



markedly between Swiss states (cantons) and only a minority of cantons have achieved >90%
coverage, and most remain below the target rate of 95% (problem definition as part of the
ongoing public health cycle) (Tarr et al., 2019). Since mandatory vaccination is not an option in
Switzerland due to the constitutional right to self-determination (for now), a national research
program (NFP74) to study vaccination hesitancy showed that vaccine hesitant carers are not
opposed against vaccination per se but need more information and care addressing their
concerns (Tarr, 2023). Thus, the constant effort to understand and tackle problems has led to

better understanding of the needs and customized services around vaccination.

In the policy field of air pollution mitigation, the concept of the public health action cycle can be
observed, too. This dissertation will focus on applying the public health action cycle in Europe,
with particular attention to Switzerland and Germany.

1.2 Air pollution and public health

The great London Smog in 1952 killed approximately 4’000 people within a few days of
extremely high air pollution levels and another 8000 in the course of the following year (Bell &
Davis, 2001) (problem definition). It led worldwide to the first air quality regulation, the UK Clean
Air Act 1956, aiming at reducing ambient air pollution (Robson-Mainwaring, 2022). In 1987 the
World Health Organization (WHO) published its first Ambient Air Quality Guidelines defining air
quality values for short-term exposures (strategies). The taken policy measures concentrated
on mitigation of smog situations and short-term peaks of pollution exposure (short-term meaning

changes of levels within hours or days) (strategy and implementation) (U.S. EPA, 2023b).

Then, in 1993 the, US Harvard Six Cities study demonstrated a strong link between long-term
air pollution and mortality risk (Dockery et al., 1993); with “long-term” indicating exposure
spanning months or years. It was the first study of cohort design that prospectively followed-up
people over 14 to 16 years including important confounding risk factors in the mortality analysis.
This study showed a linear exposure-response relationship between long-term exposure to
particulate matter and cardiopulmonary mortality. Hence, with increasing pollution, the mortality
risk rose as well (Pope & Dockery, 2006). Thus, in addition to previous studies showing risks of
short-term exposure to air pollution — over hours or days — it showed, that average long-term
exposure of the duration of years contribute to excess mortality after ruling out common
confounding risk factors, such as smoking or occupational exposure. It showed that deaths from
cardiopulmonary diseases and also due to lung cancer — which was not shown in association
with short-term exposure — seemed to be influenced by air pollution to a considerable extent on

population level. Additionally, previously considered safe levels of particulate matter exposure



were shown to be hazardous for health. Long-term air pollution was identified as a new important

risk factor at levels previously not considered to be hazardous (problem definition).

The 1987 national ambient air quality standard (NAAQS) for annual exposure to PM+, — referring
to particles with an aerodynamic diameter of 10 micrometers (um) or less — in the USA was set
at 50 ug/m?3 (strategy) (U.S. EPA, 1996, 2023c), while the Harvard Six Cities study found effects
for much lower levels. Effects started around 30-35 ug/m? in association with total particles,
which entail even bigger particles than PM4o, and around 10-15 pg/m? in association with PM s,
which is part of PM4, and comprises particles with aerodynamic diameters of 2.5 or less ym
(Dockery et al., 1993). Integrating these new findings into US EPA’s integrated science
assessments? (problem definition), the US EPA introduced a new air quality standard for PM, 5
at 15 ug/m?3in 1997 (U.S. EPA, 2022) (strategy formulation).

Once standards are set, policy makers need to implement measures to attain air quality
standards (implementation). Thus, it is important to understand, which sources contribute most
to (the toxicity of) air pollution and should be addressed by measures. Such measures should
firstly prevent air pollution from being produced by reducing it at the source (e.g. by emission
standards to be attained). Secondly, measures to mitigate air pollution from reaching the people
should be taken (e.g. by city planning reducing traffic in residential areas). Finally, strategies to
avoid exposure to air pollution on an individual level can be taken (e.g. wearing masks, avoiding
polluted areas). Prevention of air pollution at the source should, however, be always the first
step (Public Health England, 2019).

The last step in this cycle is evaluation. It should be evaluated, whether measures would be
effective and worthwhile, e.g. to reduce air pollution and improve health, or whether new
scientific evidence warrants new strategies or policies. A re-evaluation of health effects of air
pollution and its impacts, e.g. with the integrated science assessments by the US EPA
(Richmond-Bryant, 2020), is conducted regularly, followed by reformulation of policies. Today,
ambient air pollution is recognized as the single biggest environmental risk factor for public
health according to the Global Burden of Disease Study. In 2019, worldwide 4.2 million
premature deaths and 124 million disability adjusted life years were attributed to ambient air
pollution with increasing trends (Fuller et al., 2022; GBD 2019 Risk Factors Collaborators, 2020).

2 The US EPA’s integrated science assessment programme produces reports to accurately reflect the latest scientific knowledge
useful in indicating the kind and extent of identifiable effects on public health and welfare which may be expected from the presence
of a pollutant in the ambient air (U.S. EPA, 2023a). The integrated science assessments follow a transparent process of searching
the literature, selecting studies for consideration, evaluating study quality, synthesizing and integrating the evidence, and
characterizing the evidence for public health and welfare impacts of criteria air pollutants. Importantly information and evidence stem
from various disciplines, such as atmospheric science, toxicology, epidemiology, and aquatic and terrestrial ecology. Evidence is
evaluated within a discipline, e.g. environmental epidemiology, but also across scientific disciplines for related and similar health
effects. It is synthesized, and integrated to develop conclusions and causality determinations (U.S. EPA, 2015).



Thus, it is worthwhile addressing this stressor for human health. So called accountability studies
(Boogaard et al., 2017) or health impact assessments (Harris-Roxas & Harris, 2011) are tools
to evaluate the impacts of policies and interventions, either retrospectively or prospectively. The
benefits and costs of the US Clean Air Act have been calculated extensively. The latest report
for the period 1990 to 2020 calculated costs of measures to reach the clean air targets at around
65 billion USD annually for the year 2020. However, the economic value of air quality
improvements translating into lower numbers of death, disease and economic welfare and
environmental conditions were estimated to reach almost 2 trillion USD for the year 2020.
Benefits of reduced non-fatal health effects and improved visibility alone added up to 137 billion
USD for the year 2020, which is still twice the estimated costs (U.S. EPA, 2011).

This dissertation uses the concept of the Public Health Action Cycle. It presents research
regarding the elements problem definition and evaluation, which play an important role in the

information of policy and consequential improvement of public health.

Important pollutants and sources of air pollution
Air pollution is a mixture of different chemicals stemming from various sources. The following
pollutants are important markers of air pollution (EEA, 2022; WHO, 2023a):

Particulate matter (PM)

Particulate matter (PM) refers to inhalable particles, composed of sulfate, nitrates, ammonia,
sodium chloride, black carbon, mineral dust or water. PM can be of different size and is generally
defined by their aerodynamic diameter. PMy, refers to particles with an aerodynamic diameter
of 10 micrometers (um) or less, PM, s comprise particles with aerodynamic diameters of 2.5 or
less ym. The primary source of both PMi; and PM;s, is the energy consumption in the
residential, commercial and institutional sector by burning (fossil) fuels. The road transport
sector, is also a significant source of both pollutants, while agriculture is an important source of
PMy,. Particulate matter can be emitted directly, and it can also be formed in the atmosphere.
The gaseous precursor pollutants nitrogen oxides (NOy), volatile organic compounds (VOCs),
sulfur dioxides (SO_), and ammonia (NH3) contribute to the formation of such secondary fine
particulates. Total suspended particles TSP is an older measure comprising airborne particles
up to about 100 micrometers in diameter. Ultrafine particles (UFP) are defined as particles <100
nanometers (nm) or 0.1 ym. However, particles <1 ym are occasionally also referred to as
ultrafine particles. The main source of UFP is combustion processes in transportation (e.g.

vehicles, aviation, shipping), industrial and power plants and residential heating.



Black carbon (BC)

Black carbon is a major component of PM.s and it is sometimes referred to as soot. Its main
sources are from incomplete combustion of fossil fuels, biofuels and biomass. Thus the energy
and transport sector are the most important sources. There are different metrics to measure

soot such as elemental carbon, black smoke, and PM absorbance.
Nitrogen oxides (NO,=NO and NO.)

NOy is a gas that is commonly released from the combustion of fuels in the transportation and
industrial sectors. NO is a marker of freshly emitted traffic-related air pollution (TRAP) since it

quickly reacts with oxygen to form NO; in the atmosphere.
Carbon monoxide (CO)

Carbon monoxide is a colorless, odorless and tasteless toxic gas produced by the incomplete
combustion of carbonaceous fuels such as wood, petrol, charcoal, natural gas and kerosene.
Energy consumption in the residential, commercial and institutional sector and the transportation

sector are the main source of CO emissions.
Ozone (Os)

Ozone at ground level — not to be confused with the ozone layer in the upper atmosphere — is
one of the major constituents of photochemical smog and it is formed through the reaction with
gases in the presence of sunlight. It is not a primary pollutant of traffic and thus not a marker of

TRAP. However, NO, are important precursors to ozone pollution.
Sulfur dioxide (SO.)

SO; is a colorless gas with a sharp odor. It is produced from the burning of fossil fuels (coal and

oil) and the smelting of mineral ores that contain sulfur. It is not a marker of TRAP.
Polycyclic aromatic hydrocarbons

Polycyclic aromatic hydrocarbons (PAHs) are present in the atmosphere in particulate form.
They are a group of chemicals formed primarily from incomplete combustion of organic matter
(e.g. cooking of meat) as well as fossil fuels in coke ovens, diesel engines and wood-burning
stoves. Benzo(a)pyrene is considered a lead substance for other PAHs. Household stoves and
fireplaces are among the largest group of polluters. Road traffic also emits benzo(a)pyrene

through the combustion of fuels.



Important sources and sectors of air pollution

The main sectors contributing to emissions of air pollutants in Europe are transport, residential/
commercial and institutional energy supply, industry, agriculture and waste (management). In
the urban context traffic is an important source of air pollution. In areas where biomass burning
like wood combustion is wide-spread, households are important sources. People are exposed
to air pollution in urban and rural areas. Depending on the pollutant, different sources are the
main drivers of exposure and their contributions differs from country to country (see Fig. 1.2)
contribution of emission sources for Europe and Germany (Fig. 1.3). Waste burning does not
play an important role in Germany compared to the rest of the EU (e.g. black carbon BC), while

the transport sector is a more important source of particulates and black carbon in Germany.
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Fig. 1.2: Main source sectors of air pollution emissions in Europe (EU-27) in 2020 (publicly
available from EEA, 2022).

Abbreviations: BC, black carbon (soot); CO, carbon monoxide, NH3, ammonia; NMVOC, non-methane volatile organic compounds; NOx,
nitrogen dioxide and nitric oxide; PM2s, particulate matter with aerodynamic diameter < 2.5 um; PMio, particulate matter with aerodynamic
diameter < 10 um; SOz, sulfur dioxide; CH4, methane.
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Fig. 1.3: Contribution of sources of air pollution to pollutant emissions Germany 2020 (publicly
available from Umweltbundesamt, 2022).

* Without transport / ohne Verkehr (1.A.3)

Abbreviations: CO, carbon monoxide, NH3, ammonia; NMVOC, non-methane volatile organic compounds; NOx, nitrogen dioxide and nitric
oxide; PM2s, particulate matter with aerodynamic diameter < 2.5 um; PM1o, particulate matter with aerodynamic diameter < 10 ym;SOz2, sulfur
dioxide; TSP, total suspended particulates.

Health effects of ambient air pollution

Research in the past 30 years has revealed that effects of air pollution extend to practically all
organs (Thurston et al., 2017). Evidence for such effects stems from three sources: (1)
toxicology, studying biological mechanisms and effects in cells and animals. (2) Experimental
studies with humans that can show causal effects of exposure to specific pollutants in a
controlled set-up. Such experiments can reveal short-term effects of exposures of hours and are
often restricted to healthy adult populations or subclinical indicators due to ethical reasons. (3)
Epidemiological studies give insights into effects of real-world exposures and mixes of pollutants
within a population. Epidemiological studies examine entire populations and have the capacity
to investigate susceptible subgroups such as pregnant women, newborns, children, elderly or
patient groups. Additionally, they can study the health of populations over a long period giving

insights into long-term effects of exposures over months or years.



The United States Environmental Protection Agency (US EPA) uses these knowledge sources
to evaluate, synthetize and integrate the evidence within and across disciplines to develop
scientific conclusions on the possible causal role of the pollutant in the observed health effect
(U.S. EPA). According to the (U.S. EPA, 2016) mortality and several morbidity effects have been
causally or likely-causally related to ambient air pollutants (U.S. EPA, 2010, 2016, 2017, 2019,
2020). These have been compiled by LUDOK (Kutlar Joss & Probst-Hensch, 2023) — the Swiss
Literature Database on Air Pollution and Health — in an interactive figure, which is also available

online (www.ludok.ch) (Fig. 1.4).
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Development of air pollution levels and policies

Air pollution policies have been successful to reduce air pollution levels over the last decades.
The desulfurization of fuels and heavy oils have resulted in the most impressive drops in SO,
exposure levels. Especially in areas, where coal is not an important energy source such as
Switzerland, air quality standards and WHO air quality guideline values have been attained for

a long time (Fig. 1.5).
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Fig. 1.5: Annual mean values of SO, 1991-2023 at national monitors in Switzerland (available
from Swiss Federal Office for the Environment in Eidgendssische Kommission fiir Lufthygiene
(EKL), 2023).

The dotted black line indicates the Swiss air quality standard (IGW) and the pink line the WHO air quality guideline value. Red: Urban monitor
in southern Switzerland, blue: urban monitor in northern Switzerland, light pink: agglomeration, grey: traffic monitor, orange: rural monitor in
southern Switzerland, light blue: rural monitor in northern Switzerland, light brown: pre-alpine monitors

Abbreviations: EKL, Eidgendssische Kommission fir Lufthygiene: Federal Commission on Air Hygiene; IGW, Immissionsgrenzwert: air quality
standard; LRV, Luftreinhalteverordnung: Ordinance on Air Pollution Control, pg/ms3, microgram per cubic meter; WHO, World Health
Organization.

While short-term peaks in exposures have generally been reduced, long-term levels of
exposures have also declined slowly but steadily for all pollutants. For example in Germany,
PM.sand NO; levels in 2022 are well below the EU-standards of 25 and 40 ug/m?®, respectively
(Fig. 1.6 and Fig. 1.7). The number of days with ozone levels above the target value of the 8-
hour mean of 120 pug/m? have declined. However, in 2022 there were still 20 days on average

with higher values (Fig. 1.8).
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Fig. 1.6: Annual means of PM. 5 2010-2022, averaged over selected monitors in Germany
(publicly available from Umweltbundesamt, 2023).

Green: rural background, yellow: urban background, red: urban traffic sites, orange box: average exposure indicator AEI (average exposure of
the population calculated by the 3 year means of selected urban background sites), red line: reduction target of AEI
Abbreviations: g/m3, microgram per cubic meter; PMzs, particulate matter with aerodynamic diameter < 2.5 um.
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Fig. 1.7: Annual means of NO, 2000-2022 averaged over selected monitors in Germany (publicly
available from Umweltbundesamt, 2023).

Green: rural background, yellow: urban background, red: urban traffic sites. EU-limit value: 40 pg/m3, WHO air quality guideline value: 10 pg/m?
Abbreviations: ug/ms, microgram per cubic meter; NO2; nitrogen dioxide.
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Fig. 1.8: Spatial distribution of days on which the long-term ozone target for health protection
was exceeded (number of days with maximum 8-hour average values > 120 ug/m?3). Period 2018
to 2022, created from station measurements and geostatistical interpolation method. (publicly
available from Umweltbundesamt, 2023)

Colors indicate the number days with exceedances.

A key element for successful air pollution policy making is to set air quality targets with national
air quality standards or limit values that should not be exceeded (United Nations Environment
Programme, 2021a, 2021b). In the past 40 years, WHO Europe has played a key role in defining
health based recommendations regarding air quality with its ambient air quality guidelines
(United Nations Environment Programme, 2021b). The values are set at pollutant levels, that
either show a threshold, below which no adverse health effects are observed, or in absence of
such a threshold the lowest level of air pollution at which health effects were still observed in
epidemiological studies (World Health Organization, 2021). Due to advances in the study of
health effects of ambient air pollution in epidemiological studies and a better understanding of
its health effects and mechanisms, the WHO has further reduced its recommendations for the
five “classical” air pollutants: Particulate Matter, Nitrogen Dioxide, Ozone, Sulfur Dioxide and
Carbon Monoxide, with its latest update in 2021 (Table 1.1).
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Table 1.1: Air quality guideline values set by the WHO for the pollutants particulate matter,
ozone, NO;, SO, and carbon monoxide from 1987-2021 (World Health Organization, 2021;
World Health Organization. Regional Office for Europe, 1987, 2000, 2006).

WHO WHO
Pollutant Averaging time %2? e ‘2’\3300 e AQG AQG
2005 2021
Annual average Dose- 10 5
Suspended particulates / ) response?
particulate matter (PMs),
pg/m3 24h mean value ) Dose- 25 15
response
Annual average Dose- 20 15
Suspended particulates / ) response
particulate matter (PMjo),
pg/m? 24h mean value 70 (thoracic) Dose- 50 45
response
Summer season® | - - - 60
Ozone (0s), pug/m3
8h mean value 100-120 120 100 100°
Annual average 30 40
Nitrogen dioxide (NO,), (vegetationd) | (NOx = 30140 10
pg/m3 vegetation)
24h mean value 150 120 (8 h) 200 (1 h) | 25°
Annual average 50 50
20 Not
(30 (10-30 reviewed
Sulfur dioxide (SO), pg/m?® (vegetation) | vegetation)
24h mean value 125 125 Not 40P
reviewed
Carbon monoxide (CO), | 24h mean value
ide (CO) 10 8 h) 10@h) 4b

Abbreviations: h, hour; WHO AQG, World Health Organization Air Quality Guideline Values, m?, cubic meter; g, microgram; PM2s, particulate
matter with aerodynamic diameter < 2.5 um; PMo, particulate matter with aerodynamic diameter < 10 pym; SO2, sulfur dioxide; NO2, nitrogen
dioxide

a Due to linear dose-response effects without a clear threshold level, the WHO did not formulate a guideline value: The available information
does not allow a judgement to be made of concentrations below which no effects would be expected.

b 99th percentile (i.e. limit value may be exceeded three times per year).

¢ Average of daily maximum 8-hour mean ozone concentration in the six consecutive months with the highest six-month-running-average ozone
concentrations.

4 Guideline values set to protect ecosystems from adverse effects

The most important and effective measure to combat the burden of disease caused by air
pollutants is the sustainable improvement of air quality by reducing emissions and setting

binding air quality limits (United Nations Environment Programme, 2021a).

The biggest leverage to improve air quality is achieved, when either the biggest sources of air
pollution or the source of the most toxic components of air pollution are tackled. Traffic-related
air pollution (TRAP) is viewed as such a source, contributing a large share to NOx and black

carbon BC emissions (Fig. 1.3) and exposure to air pollution in cities and along busy roads.
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1.3 Traffic-related air pollution

Automotive vehicular traffic is considered an important source of air pollution (traffic-related air
pollution, TRAP), especially in urban environments, where a fraction of the population lives and
works in close proximity to busy highways and roads (HEI (Health Effects Institute), 2010). Its
harmfulness has been subject of studies and its regulation is key to reduce exposure to air

pollution in urban environments.

Pollutants including nitrogen dioxide (NO) and nitrogen oxides (NOx), elemental carbon (EC,
soot), particulate matter (i.e. PMy; and PM.5s) and ultrafine particles (UFPs) can be directly
emitted through the vehicle exhaust after combustion of fuels (i.e. tailpipe emissions) or through
resuspension of road dust, mechanical wear of brakes and tires, and abrasion of road surfaces
(i.e. non-tailpipe emissions) (HEI (Health Effects Institute), 2010). Non-tailpipe emissions
include PM trace metals such as copper (Cu), iron (Fe) and zinc (Zn) and microplastics from tire
wear. In high-income countries, non-tailpipe emissions comprise over half of the PM from traffic
(Piscitello et al., 2021).

Traffic contributes to PM pollution in cities by few percentages up to over 60% in cities
worldwide. In Northwestern Europe traffic is still a major source of PM pollution in cities with a
contribution between 12-20% (Heydari et al., 2020). In 2022 the contribution of traffic to
emissions of PM1o, PM25, NOy, CO and Black Carbon in Germany were 19.2%, 26.5%. 39.9%,
32.3%, and 47.8% (Umweltbundesamt, 2022) (see Fig. 1.3). In Switzerland the contributions to
emissions of PM;g, PM,s, NO,, CO and Black Carbon are 31%, 23% 56% 43% and 23%
(Eidgendssische Kommission fur Lufthygiene (EKL), 2023).

Because of its ubiquity and proximity of the emissions to homes and businesses (HEI Panel on
the Health Effects of Long-Term Exposure to Traffic-Related Air Pollution, 2022), policy makers
have targeted the traffic sector among others to reduce air pollution (United Nations
Environment Programme, 2021b). In the late 2000 years, the specific harmfulness of TRAP has
raised research interest (Samet, 2007) and the Health Effects Institute compiled the evidence
on TRAP and its health effects in a special report in 2010 (Traffic—Related Air Pollution: A Critical
Review of the Literature on Emissions, Exposure, and Health Effects). The report aimed at
drawing conclusions about whether the associations between TRAP exposure and health
outcomes were causal. Except for some mortality and respiratory outcomes the evidence base

was limited to draw firm conclusions (HEI (Health Effects Institute), 2010).

Since then, more studies have been published investigating the health effects of exposure to
TRAP using more sophisticated methods to characterize air pollution from different sources such

as dispersion modelling or land use regression modelling. A number of large cohort studies have
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studied effects of TRAP with mortality, cardiovascular disease, respiratory disease, birth

outcomes, and cancer.

Following its well-cited 2010 critical review, HE| appointed a new expert panel to systematically
evaluate the epidemiological evidence regarding the associations between long-term exposure
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. Outcomes were
selected based on evidence of causality (causal or likely causal) for general air pollution
(broader than TRAP) from available authoritative integrated science assessments, and other
considerations such as relevance for public health and policy, 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), respiratory outcomes (e.g.,
asthma onset), cardiometabolic outcomes (e.g., ischemic heart disease, stroke and diabetes),
and all-cause and cause-specific (e.g., circulatory and respiratory) mortality (Boogaard,
Atkinson, et al., 2023).

As a member of the contractor team hired to advice and execute certain parts of the review, the
author of this thesis was involved in the development of the protocol, the bibliographic searches

and data extraction as well as the separate articles on diabetes, stroke and mortality.

1.4 Air pollution and diabetes and stroke

A causal relationship between air pollution and diabetes or stroke is not firmly established (see
Fig. 1.4 (U.S. EPA, 2016, 2019)). However, more recent studies indicate, that air pollution and

possibly traffic-related air pollution could lead to the development of diabetes or stroke.

1.4.1 Diabetes

Diabetes mellitus (DM) is a chronic condition in which blood glucose (sugar) levels are elevated
because the body can either no longer use insulin efficiently, no longer produces enough insulin,
or no longer produces insulin at all (International Diabetes Federation, 2021). Insulin is an
important hormone produced in the pancreas that facilitates the transfer of glucose out of the
blood stream and into cells. There, glucose can either be used or stored. When this process
fails to function properly, chronically high levels of blood glucose (hyperglycemia) can result in

organ damage, with persons with diabetes commonly suffering from cardiovascular disease
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(CVD), neuropathy, lowered kidney function or eye disease (International Diabetes Federation,
2021).

According to the International Diabetes Federation (IDF), 537 million adults are living with
diabetes worldwide with an estimated 45% who are undiagnosed. By 2045, 783 million adults
are projected to have diabetes. Diabetes is typically classified into three main types: type 1
diabetes (T1DM), type 2 diabetes (T2DM), and gestational diabetes (GDM). T1DM is an auto-
immune disorder, in which the immune cells of a person’s body incorrectly attack the beta cells
in the pancreas. These are responsible for insulin production and their loss leads to a large or
total deficiency in the amount of insulin able to be produced by the body (International Diabetes
Federation, 2021). The most common form of diabetes, type 2, accounts for approximately 90%
of cases. Type 2 diabetes is characterized by insulin resistance, a diminished response to insulin
of cells in the muscles, liver and fat (International Diabetes Federation, 2021). Gestational
diabetes (GDM) is a condition that develops during pregnancy. As a result of placental hormone
production insulin resistance is increased and leads to slightly elevated blood glucose levels
(International Diabetes Federation, 2021). Diabetes does not only come with a higher risk for
further disease and complications, it is also costly. Worldwide 11.5% of total global health
spending was due to diabetes. The total diabetes-related health expenditure in Germany in 2021
was 41.3 billion USD, according to the IDF (International Diabetes Federation, 2021).

Apart from genetic factors that contribute to diabetes risk, the main risk factors for T2DM are
unhealthy lifestyle, particularly obesity and lack of physical activity (W orld Health Organization,
2016). Environmental exposures, such as air pollution are also expected to play a role (Beulens
et al., 2022).

Several mechanisms are proposed for the link between air pollution and the development of
diabetes. Oxidative stress and subclinical inflammation that have been shown in animal studies
to result in impaired insulin signaling and insulin resistance (Gorini et al., 2021). Some
researches demonstrated that exposure to PM, s, PM1o and NO» might cause insulin resistance
and reduced glucose tolerance, raising the risk of T2DM (Kelishadi et al., 2009; Rajagopalan
and Brook, 2012; van der Pol et al., 2019). Also, oxidative stress is widely recognized as one of
the key factors of linking air pollution and T2DM, which may generate a sequence of biological
chemical events by inducing lipid peroxidation, activating pro-inflammatory factors and
mediating inflammatory responses (Lim & Thurston, 2019). Indirectly, exposure to PMzs can
increase blood pressure and exacerbate hypertension, which are known to contribute to the

development of type 2 diabetes (Kim et al., 2015).

Several systematic reviews have concluded that ambient air pollution is associated with diabetes
mellitus (Liu et al., 2019; Yang et al., 2020), diabetes type 1 (Mozafarian et al., 2022) or
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gestational diabetes mellitus (Ren et al., 2023). In 2019, 19.9% of diabetes-related deaths and
19.6% of the diabetes-related disability-adjusted life-years (DALY) were attributed to particulate
air pollution (Wu et al., 2021).

Understanding how diabetes risk is affected by air pollution from specific sources informs useful
air quality policies and other interventions. The sole systematic review to date evaluating the
association of TRAP exposure with diabetes concluded, there was a positive association
between the two (Alderete et al., 2018).

While T1DM and GDM are important public health problems with extensive overlap with T2DM,
T2DM is the focus of this dissertation. Any subsequent allusions to “diabetes” or DM denote

T2DM unless otherwise mentioned.

1.4.2 Stroke

A stroke occurs when a blood clot blocks blood supply to part of the brain or when a blood vessel
in the brain bursts. A stroke can cause lasting brain damage, long-term disability, or even death
(CDC, 2023). Stroke is a leading cause of death worldwide (Feigin et al., 2022). Two main
categories of stroke are distinguished. Ischemic stroke, when blood clots or other particles block
the blood vessels in the brain. And hemorrhagic stroke, when an artery in the brain leaks blood
or ruptures. The leaked blood puts too much pressure on brain cells, which damages them
(CDC, 2023). Depending on where the bleeding happens, the subtypes intracerebral, cerebral

and subarachnoid hemorrhage exist (Sacco et al., 2013).

12.2 million people suffer a stroke annually and 6.5 million people die from stroke every year.
Worldwide in 2019, 101 million people were living having experienced a stroke, some living with
lasting disabilities. Stroke is the third leading cause of death and disability combined (Feigin et
al., 2022).

Important risk factors for stroke morbidity and mortality include health states (e.g., high blood
pressure, high fasting blood glucose, diabetes), behaviors that contribute to those states (e.g.,
smoking, features of the diet), and socioeconomic conditions that shape the former, and other
factors influencing risk. Among these other factors are environmental pollutants. According to
the GBD study, 20% of strokes are attributable to air pollution (GBD 2019 Stroke Collaborators,
2021). Also, it is estimated that 6% of global stroke mortality attributable to air pollution is traffic-
related (McDuffie et al., 2021).

TRAP exposure is associated with mechanisms such as cerebrovascular dysfunction that
appear to be manifested through several pathways that can increase stroke risk. These include

inflammation and oxidative stress, endothelial dysfunction, blood pressure, atherosclerosis, pro-
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coagulant changes, increased thrombogenicity, loss of vascular flexibility and alterations in
autonomic nervous system balance (Landrigan et al., 2018; Miller, 2020). Most of these

pathways have been causally attributed to PM exposure (see Fig. 1.4).

1.5 Burden of Disease

1.5.1 From small risks to large burden

On an individual level, the health risks of air pollution are small and other individual factors such
as smoking can be a more important factor for the individual disease risk. However, since the
entire population from young to old, healthy and sensitive are exposed to air pollution levels all
the time, these small risks add up to a not negligible disease burden. This was convincingly
shown in a comparative risk assessment by Nawrot et al. (2011). They compared triggers of
myocardial infarction and calculated population attributable fractions (PAF) of disease based on
the prevalence of the risk factors or triggers in the population. Even though cocaine use has a
manifold risk triggering myocardial infarctions (odds ratio of 23.7) it has a much lower public
health importance than air pollution with an odds ratio of 1.05 (per short-term increase of PMo
by 30 pg/m?3). The population attributable fraction is around 1% for the former and 5% for the
latter (Nawrot et al., 2011). This stresses that despite small risk ratios of a few percentages of

air pollution, its reach makes it an important risk factor for public health.

The burden of disease (BoD) analyses quantify the current level of population health and provide
comprehensive overviews of the health status of a population group or countries. In BoD studies
the comparative risk assessment (CRA) or health risk assessment (HRA) is commonly used to
estimate the share of the burden attributable to risk factors. To reduce the disease burden and
influence future health it is important to identify which risk factors are the key drivers of ill health.
(Plass et al., 2022)

HRA?® — another term for burden of disease studies — has been defined as “the scientific
evaluation of potential adverse health effects resulting from human exposure to a particular
hazard” (WHO, 2016). The general idea of the HRA is to compare a current harmful risk factor
exposure level in the population against an alternative (or “counterfactual”) exposure situation

where the selected risk factor is reduced to the so-called Theoretical Minimum Risk Exposure

3 For the concept of HRA, alternative terms have been used in the literature, e.g. “assessments of the health burden”, “burden of
disease assessment” or “health impact assessments”, although there can be some conceptual differences among them. For
example, a health impact assessment focuses on the health impacts as a result of the implementation of a particular measure and
comprise multiple policy steps World Health Organization. (2021). WHO Global Air Quality Guidelines: Particulate Matter (PM2.5
and PM10), Ozone, Nitrogen Dioxide, Sulfur Dioxide and Carbon Monoxide. World Health Organization.
https://apps.who.int/iris/handle/10665/345329
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Level (TMREL) (Plass et al., 2022). Therefore, it provides policymakers with compelling reasons
to implement measures aimed at reducing exposure to a risk factor. It “evaluates” potential
health gains. In so called accountability studies, health gains due to actual reductions of a risk

factor (e.g. air pollution) after implementation of specific policies or measures are evaluated.

1.5.2 Methodology of Burden of Disease Studies

Methods for the estimation of the burden of disease due to air pollution were developed in the
mid 1990s and became an inherent part of the global burden of disease calculations in this
century (Cohen et al., 2005; Kinzli et al., 2000; Kunzli et al., 2001). According to the Global
Burden of Disease Study, ambient air pollution is the single biggest environmental risk factor for
public health, resulting in millions of premature deaths and years lived with disability (Fuller et
al., 2022). In Western Europe with its improved air quality, it is still the number one environmental
risk and the 10™ important risk factor among behavioral and occupational risks (after smoking,
high systolic blood pressure, high fasting plasma glucose, high BMI, dietary risks, alcohol use,
high LDL cholesterol, occupational risks and kidney dysfunction) (GBD 2019 Risk Factors
Collaborators, 2020).

HRA have been crucial in communicating and justifying the relevance of air pollution policy
making for politicians, administrations, and the public. They have been specifically used to
calculate cost—benefit analyses to compare the benefits of actions to reduce environmental
burdens against their costs (Heroux et al., 2015). However, depending on the input data, results
of health risk assessments can differ, challenging authorities with seemingly contradicting
results (Kunzli et al., 2023). For example, estimations for the number of premature deaths due
to air pollution for the comparable area of European countries in 2019 was reported to be
approximately 222’000 deaths in the Global Burden of Disease study (Central and Western
European Countries combined plus Baltic states) (IHME, 2016) whereas the EEA calculated
412’000 (additionally including Kosovo) (European Topic Centre on Air pollution, 2020); almost
double the number of the GBD.

It is important to understand the process of air pollution health risk assessments and differences

in input data and their results to address concerns regarding their validity.
Fig. 1.9 shows the most relevant input data in AP-HRAs, which are:

e The difference between the population exposure, i.e. the modeled pollutant
concentration to which population is exposed, and the counterfactual scenario, i.e. the

minimum concentration considered in the AP-HRA to derive the overall impact.
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e The concentration-response function (CRF) for selected adverse health effects, usually
derived from a meta-analysis of epidemiological studies.

e The baseline health, i.e. prevalence or incidence of the disease data among the
population at risk.

Input data
/ Population exposure \ /Concentration-\ /Baseline health data\
(pollution to which population is exposed) response (among population at risk)
& function
Counterfactual scenario
(minimum considered concentration)
(X Y
o

2N J J

Approach
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[

Fig. 1.9: General outline of relevant components of results of health impact assessments to
derive the burden of health problems attributable to ambient air pollution (figure from (Castro et
al., 2022) with kind permission of Alberto Castro).

Fig. 1.10 shows in more detail the general approach to quantify health impacts; including input
data, intermediate results and calculations involved. Thus, to estimate health impacts,
population attributable fraction (PAF) is multiplied by the baseline health data. The baseline
health data is the annual number of cases of a health outcome (e.g. hospitalizations due to
cardiovascular diseases) among the population at risk (defined by age and/or sex). The PAF
can be defined as “the proportional reduction in population disease or mortality that would occur
if exposure to a risk factor were reduced to an alternative ideal exposure scenario” (WHO, 2021).
PAF can be calculated based on exposure-response functions (ERF) from the literature. They
provide the relative risk for a specific difference between population exposure and counterfactual

scenario. (Castro et al., 2022)
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Fig. 1.10: General approach for the quantification of health impacts (own figure adapted from
(Castro et al., 2022)).

For a risk factor to be included in such analyses, causality needs to be established between the
risk factor (air pollution) and the health outcome. Concluding on causality is based on the
strength of evidence that is brought by a variety of studies, each on its own not able to provide
a definite answer. Finding a significant association in survey data does not suffice to assume
that the risk factor was the cause of the health outcome. The gold standard for concluding on
causality is often considered to be a randomized controlled trial (RCT). In reality, however, it is
not always possible, due to ethical or practical constraints, to perform RCTs for many risk-
outcome pairs (Plass et al., 2022). Especially environmental risk factors cannot or only rarely be
studied in randomized controlled trials. Especially not, when long-term effects of exposure are
to be judged. Concluding on causality is therefore based on the strength of evidence that is
brought by a variety of studies, each on its own not able to provide a definite answer (Plass et
al., 2022).

Despite the above-described rather common input data and general approach, the health

impacts attributed to exposure to outdoor air pollution can be different across health risk
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assessments. Differences in results of HRAs should not be dismissed as disagreement in
science and uncertainty of effects, but rather as differences in input data such as the exposure
data of the population, the selected health outcomes deemed to be causally related to the risk
factor or the risks functions. Burden of disease studies or health risk assessments are part of

the evaluation within the concept of the health action cycle.

1.6 Aims of the Thesis

In light of the public health action cycle, which defines public health as a constant process to
gain understanding and knowledge of public health problems and introduce policies to tackle
these problems, this dissertation addresses the question of the specific harmfulness of traffic-
related air pollution (problem definition). While harmful effects of air pollution have been
established (see Fig. 1.4), questions remain regarding effects on the cardiometabolic endpoints
diabetes and stroke. The evidence in the last update of the integrated science assessment on
particulate matter pollution in 2019 was not sufficient to infer causal relationships (U.S. EPA,
2019). Nonetheless, the Global Burden of Disease calculations have included Diabetes Type 2
and stroke into their burden of disease calculations (Health Effects Institute, 2020; Sang et al.,
2022). Whether diabetes and stroke incidence and prevalence are related to TRAP is still under
debate.

As part of a larger systematic review conducted by the Health Effects Institute on the effects of
TRAP on key health outcomes published in 2022 (Boogaard et al.; HEI Panel on the Health
Effects of Long-Term Exposure to Traffic-Related Air Pollution, 2022), this dissertation
elaborates on the findings and confidence assessment on TRAP in relation to effects on
diabetes and stroke in adults. The papers extend the interpretation of the reported results in the

report to include evidence published after completion of the original literature search.

This dissertation also emphasizes the methodology for translating the findings of
epidemiological studies concerning the risks associated with air pollution into meaningful
numbers for effective communication (evaluation). This calculation of the burden of disease
serves as a crucial tool in persuading policymakers of the importance of addressing air pollution
to improve public health outcomes in the population. In light of different methodologies and
resulting numbers, this dissertation will highlight the elements and input data of burden of

disease studies using HRAs for Switzerland.
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Therefore, this thesis aims to review
1.  whether long-term exposure to TRAP is related to diabetes prevalence and
incidence,
whether long-term exposure to TRAP is related to stroke incidence,

which elements of input data influence the results of different HRAs for
Switzerland, and

4. how this should inform policy making in the context of the health action cycle.

1.6.1 Specific Objectives

Study I: Long-Term Exposure to Traffic-Related Air Pollution and Diabetes: A Systematic
Review and Meta-Analysis

The aim of Study | was to systematically evaluate the epidemiological evidence on long-term
exposure to TRAP in relation to diabetes in adults and to elaborate in depth on the findings and
confidence assessment on TRAP in relation to effects on diabetes in adults. It also aimed at
highlighting the methodology developed by the expert Panel appointed by HEI for the
“Systematic Review and Meta-analysis of Selected Health Effects of Long-Term Exposure to
Traffic-Related Air Pollution”. Results were not only quantitatively combined to evaluate the
magnitude of the association, they were also assessed regarding the quality of the evidence
and the level of confidence in the presence of an association taking into account studies that
were not included in the meta-analyses. Results of the original report, which included studies up
to July 2019, were discussed in light of new evidence with a sensitivity analysis of the original

meta-analyses including more recent studies up to May 2022.
This study is part of the problem definition within the health action cycle.

Study II: Long-term exposure to traffic-related air pollution and stroke: A systematic

review and meta-analysis

The aim of Study Il was to systematically evaluate the epidemiological evidence on long-term
exposure to TRAP in relation to stroke in adults. Results were quantitatively combined to
evaluate the magnitude of the association. Additionally, the quality of the evidence base and the
level of confidence in the presence of an association between TRAP and stroke were assessed.
In supplemental analyses results of the original report, which included studies up to July 2019,

were discussed in light of new evidence including more recent studies up to January 2022.

This study is part of the problem definition within the health action cycle.
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Study lll: Methods Matter: A Comparative Review of Health Risk Assessments for

Ambient Air Pollution in Switzerland

The aim of Study Il was to analyze differences between different HRAs for Switzerland. In
particular, national and international HRAs for Switzerland were analyzed and in a second step,
their results were compared to the most recent “official” HRA, which calculates the Transport
Externalities for Switzerland, i.e. the costs of traffic in Switzerland which includes cost
calculations due to air pollution from traffic-related air pollution. Differences in the calculations
are discussed regarding the assessed health impacts (selection of health endpoints) and their
input data, namely the population exposure, counterfactual scenario, concentration-risk function

and baseline health data.

This study refers to evaluation within the health action cycle.
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Objectives: We report results of a systematic review on the health sffects of long-term
fraffic-related air pollution (TRAP) and diabetas in the adult population.

Methods: An expert Pangl appointed by the Healfth Effects Institute conducted this
systematic review. We searched the PubMed and LUDOK databases for epidemioclogical
studies from 1880 to July 2019. TRAP was defined based on a comprehensive protocaol.
Random-effects meta-analyses were parformed. Confidence assessments were based on
a modified Office for Health Assessment and Translation (OHAT) approach,
complemented with a broader narrative synthesis. We extended our interpretation to
include evidence published up to May 2022

Results: We considered 21 studies on diabetes. All meta-analytic estimates indicated
higher diabsetes risks with higher exposure. Exposure to NO., was associated with higher
diabetes pravalence (RR 1.09;95% Cl: 1.02; 1.17 per 10 pg.fmc’}, but less pronounced for
diabstes incidence (AR 1.04: 95% Cl: 0.96; 1.13 par 10 pg/m?). The overall confidence in
the evidence was rated moderate, strengthened by the addition of 5 recently published
studies.

Conclusion: There was moderate evidence for an association of long-term TRAP
exposure with diabstes.

Keyword=z diabetes, particulate matter, traffic-related air pollution, NO., confidence assessment
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INTRODUCTION

Diabetes is a major metabolic disease characterized by persistent
hyperglycemia if untreated [1]. According to the International
Diabetes Federation (IDF), 537 million adults are living with
diabetes worl dwide with an estimated 45% who are undiagnosed.
By 2045, 783 million adults are projected to have diabetes. The
most common form of diabetes, type 2, accounts for
approximately 90% of cases. Type 2 diabetes is characterized
by insulin resistance, a diminished response to insulin of cells in
the muscles, liver and fat [2]. Apart from genetic factors that
contribute to diabetes risk, the most familiar risk factors incude
behaviors such as lack of physical activity and diet
Environmental exposures, such as air pollution are also
expected to play a role [3].

In 2019, 199% of diabetes-related deaths and 19.6% of the
diabetes-related  disability-adjusted  life-years (DALY) were
attributed to particulate air pollution [4]. Several systematic
reviews have concluded that ambient air pollution is
associated with diabetes mellitus [5, 6], diabetes type 1 [7] or
gestational diabetes mellitus [8]. Understanding how diabetes risk
is affected by air pollution from specific sources informs useful air
quality policies and other interventions. Automotive vehicular
traffic is a prevalent source of air pollution, especially in cities. In
animal studies, traffic -related air pollution (TRAP) was shown to
elicit oxidative stress and subclinical inflaimmation, resulting in
impaired insulin signaling and insulin resistance [2]. The sole
systematic review to date evaluating the association of TRAP
exposure with diabetes concluded there was a positive association
between the two [10]. TRAP is a complex mixture and includes
tailpipe and non-tailpipe emissions. Tailpipe emissions, from
combustion of fossil fuels, contain particulate matter (PM),
particularly as elemental carbon (EC) or soot, and nitrogen
oxides. Non-tailpipe emissions originate from brake, tire, and
road surface abrasion, and re-suspension of dust [11] and include
PM trace metals such as copper (Cu), iron (Fe) and zinc (Zn). In
high-income countries, non-talpipe emissions comprise over
half of the PM from traffic [12].

The Health Effects Institute (HEI) appointed an expert Panel
to systematically evaluate the epidemiological evidence on the
associations between TRAP and selected health outcomes
including mortality, respiratory diseases, birth outcomes, and
cardiometabolic health effects including diabetes. The resulting
HEI Special Report was published in 2022 [13], along with a short
communication paper of the main findings [14].

Here, we elaborate in depth on the findings and confidence
assessment on TRAP in relation to effects on diabetes in adults,
and in supplemental analyses we extend owr interpretation to
include evidence published after completion of the orginal
literature search

METHODS

The 2022 review was led by an expert Panel of 13 experts in
environmental sciences, epidemiology, exposure assessment and
statistics, supported by an external team and HEI staff. We wseda

systematic approach to search and select the literature for
inclusion in the review, assess study quality, summarize
results, and assess the confidence in the association between
TRAP and diabetes. The methods were based on standards set
by Cochrane Collaboration [15], the World Health Organization
[16], and the MNational I nstitute of Environmental Health Sciences
Office of Health Assessment and Translation (NIEHS OHAT)
[17] and are described in more detail in the special report [13].
The protocol was published [18] and registered in PROSPERO
2019 CRD42019150642 available from: htps:/fwww.crd york.ac.
uk/prospero/display_record php?ID=CRD42019150642.

Exposure Framework for TRAP

Pollutants emitted by motorized traffic are also emitted by other
(combustion) sources. A novel framework to formalize the
process of determining whether the air pollution exposure
contrast in a study was dominated by traffic, we developed a
novel framewark [18]. In brief, the framework combined three
aspects of TRAP assessment and results from a study had to
entail all three aspects to be included: 1} Included studies used
measures of defined traffic-related pollutants andfor indirect
traffic measures, such as distance to major roads or traffic
density. Eligible pollutants were NO, NO, 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)], polycyelic aromatic hydrocarbons ( PAHs),
benzene, PM, 4, PM; s and PM_, ... (Supplementary Table S1).
2} Both the pollution surface and participants’ addresses in the
included studies had to meet the framework’s thresholds for
spatial resolution (eg., 5 km grid). 3) Eligible exposure
assessment methods incuded appropriate models or surface
monitoring at sufficient spatial resolutions (Supplementary
Table $2).

Following this framework, we excluded studies on short-term
(minutes to months) effects or self-reported exposures to TRAP.
We included studies that assigned individual-level exposure
based on models exploiting within-city (ie, neighborhood)
contrasts, that were considered to stem primarily from traffic.
Studies that exclusively used between-city contrasts were
excluded. In general, the larger the study area, the less likely a
measured or modelled contrast in pollution stems primarily from
traffic emissions. Therefore, epidemiological studies in larger
regions (eg, state- or country-wide swdies) were only
included when they adjusted for area in their analysis. PM is
generally not specific to traffic. We included results pertaining to
PM measures (aerodynamic diameter <10 pm [PMy,] or <2.5 pm
[PM24]) in certain settings, e.g., urban areas, solong as they met
maore stringent requirements for inclusion For example, PM
studies based exclusively on surface monitoring were excluded,
but studies using chemical transport models, dispersion models
or land-use regression models with a resolution finer or equal to
5 km were incuded

To specify how well the studies met the multiple criteria of the
exposure framework, we defined an indicator for high traffic
specificity based on even stricter criteria. We used this indicator
for sensitivity analyses. High waffic specificity was mainly
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assigned to models with finer resolution (<1km) or PM models
considering only traffic-specific sources/emissions also with a
resolution <1 km.

We converted effect estimates for pollutants expressed as ppb
or ppm to pg/m®, or mg/m® using standard WHO scaling faciors
(standardization of units). For example, 1 ppb NO, = 1.88 pg/m®,
assuming an ambient pressure of 1 atm and a temperaure of 25°C
[19]. Effect estimates for black carbon { BC), black smoke (BS) and
PM. s absorption (soot) were converted into EC-equivalent
estimates [20, 21].

Search Strategy

We performed a systematic literature search in PubMed and the
specialized LUDOK (Literature database and services on Health
Effects of Ambient Air Pollution https//www.swisstph.chlen/
projects/ludok/datenbanksuche)  database  matching  the
PECOS (Population, Exposure, Comparator, Outcome and
Study) question [15] for epidemiologic studies:

“In the adult population (P), what is the increase in risk of
prevalence and incidence of diabetes (O) per unit increase (C) of
long-term exposure to traffic-related air pollution (E}, observed in
studies relevant for the health outcome and exposure duration of
interest (5)."

We searched the databases from 1 January 1980 through
31 July 2019. This end date was chosen a priori for the
comprehensive HED special report comprising dozens of
exposures and health outcomes. The search strategy was
based on a review protocol developed by the NIEHS OHAT
(OHAT) and further refined using a combination of medical
subheadings (MeSH) and keywords (Supplementary Table
53). The search strategy was supplemented with hand-searches
of references in recent reviews. These were identified by the
original search, an additional search in the LUDOK database
or individual bibliographic databases curated by HEI and
Panel members.

Eligibility Criteria

We applied the following inclusion and exclusion criteria
according to the predefined PECOS statement. Studies needed
to be published in English in a peer-reviewed journal.

Population

We included studies reporting on the general human adult
population, aged 18 and older, from all geographical areas
were included We excluded studies reporting on occupational
exposure or exclusively indoor settings as they would be difficult
to compare with general population outdoor exposures.

Exposure
Studies that assessed long-term exposure (months to years) to
TRAP as defined in the exposure framework were included.

Comparator

Studies analyzing health effects of TRAP either on a continuous
scale or in exposure categories and reporting a quantitative
measure of association plus a measure of precision were included.

Qutcome

Eligible studies evaluated the incidence or prevalence of diabetes,
and defined diabetes as fasting blood glucose levels above a
threshold, self-reported physician-diagnosed diabetes, clinical
diagnosis (ICD-9: 250, 1CD-10: E10-E14) in medical records
or claims, or the use of blood glucose lowering medication.

Study Design

We included original epidemiologic studies with individual level
data adopting a cohort, case-cohort, case-control, cross-
sectiomal, or intervention design.

We excluded swmdies that: analyzed only arealevel data,
evaluated effects of short-term exposure (eg., time-series or
case cross-over studies), reported omly unadjusted results,
showed clear evidence of an analytical error, were strictly
methodological of focused on gene-environment interactions.

Study Selection

We used DistillerSR, a web-based, systematic review software
program version 2.298 [22], for screening, data extraction and
risk of bias assessment. Initial screening based on title and
abstract was done by two independent reviewers. Secondary
screenings  of study  eligibility, especially regarding the
exposure criterion, were conducted by two independent
reviewers based on the full-text, supplements and related
exposure assessment papers. At this full-text review stage, the
reviewers documented reasons for excluding any given study
(Supplementary Table 54). Any disagreement on inclusion was
resolved by discussion

Risk of Bias

We assessed risk of bias (RoB) in the estimation of all
exposure-outcome  associations that were included in the
meta-analyses. We used a modified wersion of the tool
developed for the risk of bias assessment in systematic reviews
for the WHO Air Quality Guidelines [16, 23]. In brief, the risk of
bias tool guides the assessment of each study’s potential for bias
from six domains and related subdomains of systematic error
sources: 1) confounding; 2) selecion bias; 3) exposure
assessment; 4) outcome measurement; 5) missing data; and 6)
selective 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.

Meta-Analysis

We conducted meta-analysis for each exposure-outcome pair
where three or more studies reported results; we separately
analysed findings from incidence and prevalence studies. Effect
estimates from single-pollutant models were selected for the
meta-analysis. For presenting results on each pollutant, we
applied a uniform pollutant contrast to all contributing
estimates and the resulting meta-analytic summary estimate
(eg, RR per 10 pg/m” increment in NO), which necessitated
converting some contributing estimates (see Supplementary Eq.
S1). We chose the contrast of a given pollutant to reflect a realistic
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range of exposures in most studies, by wsing the pollutant
concentration increments from a large Euwropean ESCAPE
study [24]. Meta-analysis was not conducted for the exposure
metrics related to distance and density of traffic, because the
varying definitions across the studies precluded such analyses.
We computed summary effect estimates with random effects
models, using restricted maximum likelihood to estimate the
between study variance [25]. Random effects models were chosen
a priori because of the expected differences in effect estimates
related to differences in populations and pollution mixtures.
Statistical heterogeneity was assessed using primarily 1°, where
I* values of <50% were interpreted as low; between 50% and 75%
as moderate; and >75% as high degree ofheterogeneity [26]. The
risk estimates hazard ratio (HR), relative risk (RR), incidence rate
ratio (IRR) and odds ratio (OR) were considered to approximate
the risk mtio [27] and were therefore analysed together as done
previously [28]. We usethe general term RR to indicate any of the
ratio measures.

If a sufficient mumber of studies were available, we performed
additional meta-analyses to assess consistency of the association
by: geographic regions; level of rsk of bias (selection bias, missing
data, confounding, exposure assessment, outcome assessment);
smoking adjustment; traffic specificity; and adjustment for the co-
exposure noise. All analyses and plots were done with the
statistical program R (version 36.0), using the libraries
“metafor” (v2.4-0), “meta,” (v. 4.16-2}, “forestplot” (v.1.10.1),
“gaplot”™ (v. 3.3.3).

Assessment of the Evidence

We assessed: 1) the quality of the body of evidence wsing a modified
OHAT protocol [17], which itself is based on the GRADE (Grading
of Recommendations Assessment, Development and Evaluation)
approach; and 2) the confidence in an association between TRAP
and diabetes in a “narrative” assessment These complementary
methods are described fully in the HEI Spedal Report, Additional
Materials 5.3 [13]. We also reflect on the confidence assessment ina
separate paper (under review).

For studies included in meta-analyses, we conducted the
quality assessments separately for each pollutant and study
design. Starting with a confidence mting depending on study
design (moderate for cohort studies and low for cross-sectional
studies), the raring was then downgraded for factors that decrease
confidence (high RoB, unexplained inconsistency, imprecision,
and publication bias) and wpgraded for factors that increase
confidence in the body of evidence (monotonic exposure-
response, consistency across populations, and consideration of
residual confounding). We did not consider the downgrading
factor “indirectness” because we induded only studies of human
exposure to TRAP in direct association with diabetes.
Furthermore, we did not wse the upgrading factor “large
magnitude of effect,” because this factor was unlikely w be
meaningful. This a priori decision was based on experiences in
the W HO systematic reviews of air pollution, where large or very
large effect sizes (ie. large RR > 2 or very large RR > 5 as defined
in OHAT) pever occurred [30, 31]. Large RRs were also not
observed in our review (Supplementary Figure S1). Next,
evaluations per pollutant were combined across study designs,

and then across pollutants which was informed by the pollutant
with the highest rating

Since the OHAT assessment is geared toward studies entering
a meta-analysis and focusses on the quality of the body of
evidence rather than the presence of an association, the Panel
also conducted a more inclusive “narrative™ assessment. This
additionally considered, eg, pollutants with less than
three studies reporting results or those studying indirect traffic
measures. While many of the same aspects relevant to evidence
synthesis were included in both assessments, there were some
subde differences, most notably regarding the magnitude and
direction of the association, and the consistency across pollutants
and indirect traffic measures.

In both assessments we rated the level of confidence as high,
moderate, low or very low. The two approaches were considered
complementary and combined into an overall confidence assessment.

Updated Search and Supplemental

Analyses

To interpret results of our orignal review (ndicated in tables and
figures as “Global 20227) in light of evidence published after the
ending date of this review's literature search, we repeated the search
for eligible studies, starting from June 2019 up to May 2022, Studies
identified in this new search were not incorporated into the risk of bias
and confidence assessment However, we incorporated their findings
into supplemental meta-analyses to nvestigate the robustness of our
original meta-analytic results to the mclusion of recently publshed
evidence (indicated in tables and figures as “Global 20237).

RESULTS

Study Selection

The search strategy for all health outcomes considered for the
comprehensive review yielded 13,660 unique articles. After initial
screening, exclusion of studies not meeting the inclusion criteria,
and restricting to articles on diabetes outcomes, we identified
45 studies, 21 of which entered this review after full-text
assessment (Table 1, Supplementary Figure $2: PRISMA flow
chart). Most studies were excluded, because the spatial scale of the
pollution surface or participants” address did not meet the criteria
{Supplementary Table 54).

Study Description

All studies were published after 2010. Nine sudies estimated the
association of TRAP with incidence of diabetes, 10 with diabetes
prevalence, and two with both incidence and prevalence (the
Rome Longitudinal [32] and the SAPALDIA study [33, 34]).
The majority of the studies were conducted in Europe (10} or
North America (8), followed by China (2) and Australia (1).
Three studies were exclusively of women (BWHS [35, 38],
SALIA [37], ALSWH [38]). NOs or NO, were the most
commonly studied pollutants (17}, 11 studies investigated at
least one particle metric, and seven included proximity metrics.
Exposure levels ranged from very low (e.g, Australia, Canada)
to high (e.g., Rome, [taly, China), with ranges in annual means
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TABLE 1 | Characteristics of the studies reporting on the association of traffic-related air poliution and diabetes incidence or prevalence (Global 2022).

References Study name Location Study Study Sample Age at Ascertainment of Confounder Results ([estimate®, 95% Cl, increment)
period designin size N (%  baseline diabetes adjusted for
analysis women)
[45] DDCH Coperhagen and  1993-2006 Cohort 51,818 56 Disease register Age, sex, iSES, Incidence
Aartus, Denmark (53%) smaoking, NO 1.04 (1.00, 1.08) per 4.9 pg/m™
behavior”, BMI NO, 1.02 (1.00, 1.04) per 11.4 pg'm™
Distance 1.07 (0.95, 1.21) <50 vs. >50m
Density 1.02 (1.00, 1.04) per 1,200 vehicle-km/day
[40] OMPHEC Toronto, Canada  1996-2012  Cohort 1,066,012 51 Administrative data  Age, sex, nSES,  Incidence
(53%) from hospital and  comorbidities® N, 1.06 (1.05, 1.07) per 4.0 ppb®
insurance registries PNC 1.06 (1.05, 1.08) per 9948.4 particles/cm®
[41] Eritish Vancouver, 1994-2002 Cohort 380,738 58 Administratie data  Age, sex, nSES Incidence
Columbia British Columnbia, (54%) from insurance NO. 1.00 (0.98, 1.02) per 8.4 pg/m™
Disbetas Canada registry NO 1.04 (1.01, 1.05) per 13.13 pgfrna
Caohort PMz st 1.03 (1.01, 1.04) per 0.9 1e-5/m°
PMas 1.03 (1.01, 1.05) per 1.6 pg/m™
[a5) BWHS Las Angeles, 1995-2006  Cohort 39,922 e} Doctor-diagnosed  Age, iSES, nSES,  Incidence
California, (100%) smoking, NQx 1.25 (1.07, 1.46) per 12.4 ppb®
Urited States behavior, BMI,
familial diabetes
[36] BWHS Urited States 1995-2013 Cohort 430,032 30 Doctor-diagnosed  Age, iSES, nSES,  Incidence
(100%) ing, NO. .90 (0.82, 1.00) per 9.7 ppb®
behavior, BMI,
area,
questionnaire
cyde
B3] Hoom Disbetes West Friesland,  1998-2000 Cross 8018 (51%) Range:  Mulimodar® Age, sex, nSES,  Prevalence
Screering Netherlands sectional 50-75 (Bl NO, 1.08 (0.82, 1.31) 14.2-15.2 vs. 8.8-14.2 pg/m®
NO, 1.25 (0.99, 1.56) 15.2-16.5 vs. 8.8-14.2 pg/m*
NO, .80 (0.83, 1.02) 16.5-26 vs. 8.8-14.2 pg/m®
Distance 0.88 (0.70, 1.13) 2-74 vs. 220-1,610 m
Distance: 1.17 (0.93, 1.48) 74-140 vs. 220-1,610 m
Distance: 1.12 (0.88, 1.42) 140-220 vs. 220-1,610m
Density: 1.09 (0.85, 1.38) 882-2007 vs. 63-516 thousand
vehicles/day
Density: 1.13 (0.89, 1.44) 680-882 vs. 63-516 thousand
vehicles/day
Density: 1.25 (0.99, 1.53) 516-680 vs. 63-516 thousand
vehicles/day
[44] Plowdiv Flovdiv, Bulgaria 20142014 Cross 513 (61%) 36 Doctor-diagnosed  Age, sex, iSES, Prevalence
Diabetes sectional smiaking, PMzs 1.32 (0.28, 8.24) =25 vs. <25 pgﬁ‘n‘"
Suney behavior, BMI, PAH (BaP) 1.76 (0.52, 5.98) »6 vs. <6 ng/m?
farmilial diabetes,
noise
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TABLE 1| (Continued) Gharacteristics of the studies reporting on the association of traffic-related air poliution and diabetes incidence or prevalence (Global 2022).

References  Study name Location Study Study Sample Age at  Ascertainment of Confounder Results (estimate®, 95% Cl, increment)
period  designin size N (%  baseline diabetes adjusted for
analysis women)
[34] SAPALDIA Multiple cities, 20022002  Cross 6,392 (52%) 52 Multirmodal Age, sewx, ISES, Prevalence
Switzerdand sectional nSES, smoking,  NOz 1.21 (1.05, 1.39) per 10 pg/m™
behavior, BMI, PMyg 1.44 (1.21, 1.71) per 10 pg/m™
area
[33] SAPALDIA Multiple cities, 2002-2011  Cohort 2,631 (52%) 53 multimaodal Age, sex, ISES, Incidence
Switzerland nSES, smoking, NO2 0.92 (0.67, 1.26) per 15 pg/m™
behavior, BMI,
ares
[42] CANHEART Ontario, Canada  2008-2008 Cross 2,406,458 53 Disease register Age, sex, ISES,  Prewalence
sectional {529%) nSES, area MOz 1.16 (1.14, 1.17) per 10 ppb®
[37] SALIA MNarth Rhine- 1985-2006 Cohort 17,752 54 Multimodal Age, sex, Incidence
Westphalia, (100%) smoking, BM NOz 1.42 (1.16, 1.73) per 15pgf|1'|ac
Germany PMz sare 1.27 (1,08, 1.48) per 0.39 1e-5/m°
Distance 2.54 (1.31, 4.91) (low education) < 100 va >100m
Distance 0.92 (0.58, 1.47) (high education) < 100 vs. >100 m
[38] ALSWH Australia 2006-2011 Cross 269,912 Range:  Doctor-diagnosed  Age, smoking, Prevalence
sectional (100%) 3190 behavior, BMI, NO2 1.04 (0.91, 1.20) per 3.7 ppb®
area
Distance: 0.99 (0.95, 1.04) 3 per 1 km
[64] CAFEH Boston, 20089-2012  Cross 653 (58%) &0 Doctor-disgnosed  Age, iSES Prevalence
Massachusetts, sectional PNC 0.71 (0.46, 1.10) per 1 particles/cm?; log-transformed
United States
[65] CHAMPIONS Leicestershire, 20042011 Cross 10,443 59 Cilinical Age, sex, iISES, Prevalence
United Kingdom sectional (47%) examination nSES, smoking, NOz 1.10 (0.92, 1.32) per 10 pgnnac
behavior, BMI, PM;q 1.3 (0.5, 2.8) per 10 pg/m™
area PMzs 1.6 (0.4, 4.6) per 10 pgin™
[66] MESA Multiple cities, 2000-2012  Cohort 5,135 53%) 6264 Clinical Age, sex. ISES, Incidence
United States fwith examination nSES, smoking, NO, 1.04 {0.77, 1.40) per 47 1 ppb®
dishetes) behavior, BMI, PMzs 1.05 (0.87, 1.26) per 2.43 pg.ma“
fammilial diabetes,  Distance 0.96 (0,80, 1.16) <100 v&. >100m
area Prevalence
NO, 1.29 {0.94, 1.76} per 47 .1 ppb
PMas 1.16 (0,94, 1.42) per 2.43 ugim™
Distance 1.10 (091, 1.34) <100 v&. >100m
[67] Murses' Health  United States 1989-2002 Cohort 89,480 55 Multimodal Age, sex, ISES, Incidence
Hesalth (83%) smoking, Distance 1.11 (1.01, 1.23) 0-49 vs. >200m
Professionals behavior, BMI, Distance 0.96 (0.63, 1.48) 50-99 vs. >200 m
Follow-Up familial diabetes,  Distance 0.96 (0.87, 1.06) 100-199 vs. >200m
hypertension,
year, area
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TABLE 1 | (Continued) Characteristics of the studies reporting on the association of traffic-related air poliution and diabetes incidence or prevalence (Global 2022).

References Study name Location Study Study Sample Age at Ascertainment of Confounder Results (estimate®, 95% Cl, increment)
period  designin size N (%  baseline diabetes adjusted for
analysis women)
[32) Rome Rome, ltaly 2008-2013  Cohort 1,319,183  Range:  Administrative data  Age, sex, iSES Incidence
Longitudinal (55%) 35-70  from hospital and NGO 1.00 (1.00, 1.01) per 10 pg/m™
insurance registries NO, 1.01 (1.00, 1.01) per 20 pg/m™
PMo sas 1.00 (0.98, 1.02) per 1 = 10°5m®
PM; 1.00 {0.99, 1.02) per 10 pg/m®
PM;5 1.00 (0.98, 1.02) per 5 pg/m™
PMcoarse 0.99 (0.97, 1.02) per 10 pg/m®
Prevalence
NQO. 1.00 (1.00, 1.01) per 10 pg/m™
NO, 1.01 (1.00, 1.01) per 20 pg/m®
PM; sane 0.98 (0.96, 0.99) per 1 % 10 %m
PM, g 0.99 (0.98, 1.00) per 10 pg/m™
PM, 5 0.98 (0.96, 1.00} per 5 pg/m™
PMecerse 0.96 (0.94, 0.98) per 10 pg/im®
S ELISABET Lille and Durkirk, —2011-2013 Cross 2,797 [53%) 53 Clinical Age, sex, iISES,  Prevalence
France sectional examination smoking, NQ» 1.06 (0.90, 1.25) per 5 pg/m™
behavior, BMI, PM;g 1.04 (0.86, 1.25) per 2 pg/m™
area
[39) HNR Rubr Areas, 2000-2008  Cohort 3,607 [H2%) 59 Cilinical Age, sex, ISES,  Incidence
Germany examination nSES, smoking,  PMio 1.05 (1.00, 1.10) per 1 pg/m®
behavior, BMI, PMas 1.03 (0.95, 1.12) per 1 pg/m™
area traffic PMos 1.36 (0.97, 1.89) per 1 pg/m®
Distance 1.37 (1.04, 1.81) <100 vs. 100-200m
[69] 33 CCHS Mullipie cities, 2009-2009 Cross 15,477 45 Clinical Age, sex, iISES,  Prevalence
China sectional (47%) examination smoking, MO 1.22 (1.12, 1.33) per 9 ug/m®
behavior, BMI,
familial diabetes,
area
[43] 33 CCHS Multigie cities, 2009-2009 Cross 15,477 45, both  Clinical Age, sex, iISES,  Prevalence
China sectional (479%) examination nSES, smoking,  NOz 1.20 (1.08, 1.32) per 10 pg/m™
behavior, BM)®,
familial CVD, co-
polutants

Abbreviations: O, confidence intarval; ISES, measures of individual socioeconomic status such as education; income; nSES, measwes of naighborhood socioeconomic status such as neighborhood household income; BAMI, body mass

indax; araa, area level adustments such as oty DDCH.
“fact estimates can be ORs, RAs, HRS, or IRAS, depending on the analysis.
°mﬂfammdfadmomﬂ'ranmxﬁwgsum;sdetMmmmagmm
“Hfect estimates included in mata-analysis.
Aagjusted for hypertension, COPD, asthma, congestive heart faflurs, acute myocardial infarction, and cancer.
“Multimodal strategies to identify diabetes casss include a combination of seff-reported doctor-diagnosed cases, dinical examinations of blood sugar levels or use of medication for glycasmic cortrol.
'BIMI was not included but considersd.
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of 5-42 pg NOo/m® and 4-25pg PM, o/m®. The 11 cohort
studies, all conducted in Europe or North America, included
2,931 to over 1 million participants with a range of follow-up of
4-16 years. The ten cross-sectional studies had 513 up to
2.5 million participants.

Diabetes definitions varied, and included selfreport of
physician-diagnosed diabetes (five studies), disease registers
(two studies), administrative data (eg, insurance claims)
indicating diabetes diagnosis or prescription of hypoglycemic
medications (three studies), clinical examinations at study
centers, measuring blood glucose (five studies), or wsing a
combination of different data sources (blood glucose
measurements, questionmaire, medication, data linkage, six
studies). Most smaller cobort studies (n < 10,000 participants)
uwsed clinical examinations (SAPALDIA, HNE MESA,
CHAMPIONS) or selfreported physician-diagnosed diabetes,
whereas larger administrative cohort or cross-sectional studies
typically relied on linkage to administrative databases or registers
(e.g., ONPHEC, Rome longitudinal, Table 1).

Results of Meta-Analysis

Meta-analyses indicated positive associations of all traffic- related
air pollutants with diabetes incidence and prevalence, though
estimates were imprecise (Figure 1). For example, higher
exposure o NO,, the TRAP for which there were the most
studies (seven studies), corresponded to higher diabetes
prevalence (RR 1.09; 95% CL 102; 117 per 10pg/m’); the
individual estimates were highly heterogeneous, especially for
the NO, results (Figure 2). The association was less pronounced
for diabetes incidence (RR 1.04; 95% CL 0.96; 1.13 per 10 pg/m™;
Figure 3). The summary estimates for EC, PM; , and PM,, were
also positive but even less precise and based on fewer individual
studies.

Results From Studies Not Entering

Meta-Analysis

For pollutants not included in the meta-analyses (such as ultrafine
particles PNC or NO, marked in Table 1 without ) elevated risks
were observed for measures of N Oy, but not the various measures of
PM in the prevalence analyses. The incidence analyses showed
elevated risks for diabetes with NO and PNC. Notably, the traffic-
specific PM, 5 in the HNR cohort [39] yielded a substantially larger
association compared to the total PM, . mass estimates (RE1.36 vs.
103 or 1.05 per 1pg/m®). All but one sudy (MESA) showed
positive (though imprecise) associations with distance and density
of traffic (Table 1, Supplementary Figures 53, 54).

Risk of Bias and Subgroup and Sensitivity
Analysis

The ONPHEC [40], British Columbia Diabetes Cohort [41],
CANHEART [42], and Rome Longitudinal study [32] were
considered to have high RoB due to incomplete confounder
control (missing adjustment for smoking or socioeconomic
status). The SAPALDIA cohort [33, 34] was considered to
have high potential for selection bias due to long survival in a

cohort before inclusion into the analysis and the 33 CCHS
study had extensive missing data [43] (Supplementary
Table §5).

In subgroup analyses excluding these studies, association
magnitudes  were similar  or larger  (Supplementary
Tables 56, 57). For example, restricting to prevalence studies
with smoking adjustment eliminated heterogeneity entirely and
vielded meta-analytic estimates for NO, of 109 [95% CI: 1.02;
1.17] (from 1.17 [1.09; 1.25]), and for PM,, of 119 [0.87; 1.63]
(from 1.43 [128; 1.59]).

Five studies evaluated confounding by concurrent noise
exposure (British Columbia Diabetes Cohort, Plovdiv Diabetes
Survey, both SAPALDIA analyses, Rome longitudinal [32-34, 41,
44], Supplementary Table 58). Most TRAP effect estimates were
attenuated upon noise adjustment, but still showed elevated risks.
For example, the NO; prevalence results in the SAPALDIA study
were reduced from 121 [1.05; 1.39] to 1.19 [1.03, 1.38] when
adjusting for noise [34].

Confidence Assessments

The modified OHAT assessment was conducted forthe 16 studies
entering meta-analyses (Table 2). Among factors reducing the
quality of the evide nce, the most commaon factor was imprecision
{wide CI and including unity despite sufficient sample size). For
NO, and diabetes incidence, the confidence was upgraded due to
monotonic exposure-response functions reported in two studies
[40, 45]. We upgraded the evidence on NO; and prevalence due
to potential downward bias. We arrived at a moderate confidence
assessment for overall TRAP based on the moderate confidence
for NO,. While the confidence was low for the other pollutants,
the associations for these pollutants were suggestive of an
association, though imprecise.

A confidence rating of moderate was also reached in the
narrative assessment that considered all studies. This rating
was based on the meta-analytical evidence of an association of
N, with diabetes prevalence and suggestive evidence of an
association of NO,, NQy, traffic-related PM with incident and
prevalent diabetes. The confidence in the evidence was further
supported by the monotonic exposure-response relationships
reported in two studies, positive albeit imprecise associations
imvolving indirect traffic measures, and numerous positive
associations from studies that adjusted for likely confounders.
Further, associations generally remained positive after
adjustment for noise exposure (Supplementary Table S8).
Finally, effect estimates were larger among the subgroup of
studies with more extensive confounder adjustment, and
among  studies  that uwsed comprehensive  outcome
ascertainment methods (versus self-report and administrative
data) (Supplementary Tables 56, 57).

Study Characteristic and Supplemental
Analysis of Studies From the Extended

Search

Since our systematic search ending in July 2019, new studies have
been published on TRAPand diabetes. W e extended our search to
May 2022 resulting in 304 hits. Five studies met the inclusion
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RAGURE 1 | Matz-anal=i of 2sacdationa between traficrelated ar pollutents and dabatss prevalance fempty aquarss) and incidence filed squarss) (Glonal
20122, The folowing inemeantawereusad: 10 pgim for NOL, 20 pg'm™ for NO,, 1 po/m® for BC, 10 pgi for P, o, and 5 pg/m for PM,, <. Eflect estimates cannot be
directly compared acmas the diffarent raficrelated polutants because the sdecied incraments do not necesaarly represent fe 3ame contrast in Sposwrs.

Study Study Mame  Weight RR  95%-.€
NO2
Eze el al 2014 SAPALDK 11.9% —_— 1.21 [1.05;1.39]
Lazarevic etal 2015 ALSWH T.7% —— 106 BT, 1.29]
O'Doncvan etal 2017 CHAMPIONS B.B% b 1.10 [092;1.32]
Rerzi et al, 2018 Rome Longitudiral 26 0% 100 [100;1.01]
Riant et al. 2018 ELISABET 3.5% b — 112 [D81,1.56]
Howelletal 2019 CANHEART 26.0% W 1.08 [1.07,1.089]
Yang etal. 2019 33 CCHS 16.2% —— 1.20 [1.09;1.33]
Random effects model = 109 [1.02; 1.47]
Heterogeneity: 12 = 08%, %= 00043 p <001
PM10
Ezeetal 2014 SAPALDI,  388% —— 144 [121,171]
O'Donovan etal 2017 CHAMPIONS B.1% 1.30 054, 313]
Renzi et al. 2018 Rome Longitudinal 45.7% . 089 098, 1.00]
Riant et al. 2018 ELISABET T30 « + * 122 (048 310]
Random effects modal B S 1.19 [DBT; 1.63)
Heterogenaty, I° = 84%. 17 = 0.0433, p < 0.01
PM25
Park etal 2015 MESA 21.0% —T—— 136 [089 207
O'Donovan etal 2017 CHAMPIONS  12.1% + 126 069, 233
Rerzi et al 2018 Rome Longitudinal 66 9% - 098 [D98 1.00]
Random effects model —ﬁ}— 1.08 .70; 1.67]
Heterogenaity: 2= 32%, 2= 00213, p= 023 ; | .

07 1 2

Relative Risk

AGURE 2| Fomatpiots of adusted RRs 25% ClE) for diabstes prevaience with NOw, PM. , and PM, ¢ (Global 5022, The size of the grey squarea represents the
weight ofthe study in themets-analysia. Thefolowing increments wers used: 10 pg/m” for NOw, 20 pg'm® for MO, 1 po/im” for EC, 10pgim” for Phia, and 5 po/im*for
P\ . Efiect estmates cannat be directly compared agross the differant raficrelated pollutants becauss the sskecied incemants do not neceasarly represent the
same contrast in exposres.
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Study Study Name Wisight RR  95%CI
o2
trameretal 2010 SALA 8% —_— 126 [1.11,1.44)
Andersenet al 20120 DDCH 14.0% - 108 [1.00;117)
Cooganet al 2016 BWHS 16.0% = 054 [0.891.00)
Ez etal 2017 SAPALDIA 5T% —r— 095 [077;1.17)
Clark el al 2017 Brilish Colartyia Diabetes Cohon 17 8% 4 1.00 [0.99;1.02]
Bai et &l 2018 ONPHEC 18.3% - 1.08 [1071.09)
Rera e @l 2018 R Langitud ral 18.4% 100 [1.00;1.01]
Random effects model 4 1.04 [0.98; 1.13]
Heterngenety I = 95%, T = 00051, o < 001
MO
Andersenet al 20126 DDCH 309% = 1.04 [1.00,1.07]
Cooganet al 2012 BWHS 28% _— 126 [1.07,1.48)
Farketal 2015 MESA 8.7% g 1.01 [093,1.10)
Rera e al 2018 R Lonigitud ral 58.6% 4 100 [1.00,1.02]
Random effects madel EEN 1.02 [0.96; 1.10]
Heterogenety. I = 6%, 1 =0.0003, p = 0.03
EC
Krameretal 2010 SALA 24.5% —— |75 [122;249)
Chark et al 2017 British Colurbia Diabetes Cohont 37 7% | - 103 [1.02;1.08]
Flerg o al 2018 Fiome Longitu ral 7T + 1.00 [099:1.09)
Random effects model 1.16 [0.57; 2.35]
Heterogenely I° = 86%, ©° = 00512 o = 0.01
PM2E
Parketal 2015 MESA iy —1— 1.1 [0.78; 1.62)
Wairmayr etal 2015 HHNR 4% —1T 116 [077;1.75)
Chark et al 2017 British Coluriia Diabeles Cohon 40.7% b 110 [103.1.17]
Rena et al 2018 Rome Longitud ral 51.8% - 1.00 [0.93;1.02)
Random effects model 1.04 [096; 1.15)
Heterogenety I = 64%, 1 =0.0030, p = 004
or 1 2
Relatre Risk
FIGURE 3 | Forest plots of adjusted RRs (95% Gl for debates inddencewith MOk, NO,, BG and Py s{Global 2022). The size of the grey squeres repreasnts the
weight of the study in themete-analysia. The folowing increments were ussd: 10 pgim® for MOy, 20 pgim® for MO, 1 pghn? for EC, 10 pgim® for PMy . and 5 po/m®for
P =. Bt estimates cannot be diredtly compared agoas the difierant raflicrelated pollutants becas the sseced incemants do not necsssarly represent the
SAMe Contrast in esposrs.

criteria (Table 3) adding estimates to all meta-analyses on
diabetes  incidence and the PM.. prevalence analyses
(Supplementary Figures 55-57). While the pooled estimates
did not change dramatically, risk estimates were still elevated
and confidence intervals became marrower; especially for the
PM; s-incidence analyses that was borderline significant
(Supplementary Figure 55). Additionally, the Danish study
[46] with teaffic-specific pollutant estimates and the HNR
analysis from 2020 [47] with longer follow-up and refined
source-specific  exposure assessment as compared to  the
2015 analysis [39] showed significantly elevated risks related to
traffic-specific NO,, EC, and PMa . Both also add to the evidence
on ultrafine particles. However, measures were not comparable
and thus meta-analysis was not possible for the different metrics
of UFP. Owerall, the results of the HEI 2022 review were
strengthened by supplemental analyses of the studies identified
in the updated search.

DISCUSSION

In this comprehensive systematic review of epidemiologic
evidence on the association of TRAP with adult diabetes, we
identified 21 pertinent studies. Our summary estimates generally

suggested an adverse association of TRAP with diabetes risk,
although some of the effect estimates were imprecise and based
on small numbers of smdies per pollutant-outcome pair. A
statistically significant association was reported between NO,
and diabetes prevalence with a summary estimate of 1.09 (95%
CL: 1.02; 117} per 10 pg/im”, supported by consistently positive
but imprecise estimates for the other traffic-related air pollutants.
Results were strengthened by the reporting of a monotonic
exposure-response function in two studies [40, 45], positive
associations in studies examining indirect traffic measures, and
robust results correcting for traffic noise. The confidence
assessment yielded a moderate confidence in the evidence for
an association between long-term exposure to TRAP and
diabetes. We noted more consistent associations of TRAP with
diabetes prevalence than incidence.

The pewly identified five studies, with mostly rgorous
outcome assessments strengthened the results Confidence
intervals of meta-amalytic estimates in the supplemental
analyses were less wide, though estimates were still not
significantly elevated

Findings in Relation to Other Reviews
Recent reviews of ambient air pollution—as opposed to our
focus on traffic-related air pollution—in association with
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TABLE 2 | Confidence rating for the guality in the body of evidence for traffic-related air pollution and diabetes (Global 2022).

Pollutant High ++++ Factors decreasing confidence “0” if no concern; if serious concern  Factors increasing confidence “0” if not present; “+” if Final Rating across
Moderate +++ to downgrade confidence sufficient to upgrade confidence confidence study designs
rating
Low ++
Very low +
Study Initial Risk of bias Unexplained Imprecision Publication Monotonic Consideration of Consistency
design confidence inconsistency bias exposure- residual Aacross
rating (# response confounding populations
studies)
NO2 Cohort ++ MN=T) Q - - Q + 1] 1] ++ Low) +++ Moderate)
Rationale  Cohort design Four studies High Sample size No fomal Two influential - Confounding in both  Too few studies The combined
initially rated as  with high RoB heterogeneity | = met, but evaluation studies show directions possible to evaluate rating is based on
moderats but results not 95%), dueto both  confidence posasible maonotoric ERF the: higher
sensitive to magnitude and interval wide (Andersen, confidence rating.
exclusions of direction and includes 201 2b; Bai, Both study
those studies urity 2018 designs show
Cross- ++ (N =7) 1] 1] 1] 1] 4] + 4] b evidence of a
sectional (Moderats) positive
therefore no
reason fora
downgrade
Rationale  Cross- Three studies High Sample size Mo formal Mo evidence of  Lamger estimates in Across different
sactional with high RoB, heterogeneity (* = met, and evaluation plausitle shape  studies with better populations
design initially  increased or 98%) due to confidence possible af ERF. corfounder control robust effect, but
rated as low stable effect magnitude not interval does suggests residual too few studies
estimates after direction nat include confounding toward
excluding high urity the null
RoB studies
NCk Cohort +++ N = 4) 0 0 - 0 0 0 0 ++ Low NA
Rationale  Cohort design One study high  Moderate Sample size No fomal Mo evidence of  Confounding in both  Too few studies
initially rated as  RoB, but heterogeneity (7 = met, but evaluation plausible shape  directions possible {0 assess
moderate increased 68%) mostly due  confidence possible of ERF robustness
estimate after to magnitude not  interval wide across
exclusion direction and includes populations
urity
EC Cohort bk (N = 3) 0 1} - 0 0 1} 4] ++ Low NA
Rationale  Cohort design Blevated High Sample size No fomal Mo evidence of  Confounding in both  Insufficient
initially rated a5 estimate based heterogeneity n[l2 = met, but envaluation plausible shape  directions possible evidence for
moderate on one study 88%) due to confidence poasible of ERF. robustness
with maderate magnitude not intenval wide across
RoB. Two direction ard includes populations
studies with high urity
RoB show effect

closer to the null
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TABLE 2 | (Continued) Confidence rating for the quality in the body of evidence for trafficrelated air pollution and diabetes (Global 2022).

Pollutant High ++++ Factors decreasing confidence “0” if no concern; if serious concern  Factors increasing confidence “0" if not present; “+" if Final Rating across
Moderate +4++ to downgrade confidence sufficient to upgrade confidence confidence study designs
rating
Low -+
Very low +
Study Initial Risk of bias Unexplained Imprecision Publication Monotonic Consideration of Consistency
design confidence inconsistency bias exposure- residual across
rating (# response confounding populations
studies)
Phg Cross- ++ (N = 4) 1] 0 - 1] 0 0 0 + (Very low) NA
sectional
Rationale  Cross- One of 4 studies  High Sample size No formal No evidence of  Lamger estimates in All studies
sectional high RoB but heterogeneity | = met, but evaluation plausible shape  studies with better European, no
design iniially  increased 84%) due to confidence possible of ERF. confounder control, congstency
rated as low estimate upon magnitude nat interval wide but number of studes  check possible
exclusion of the  direction and includes considered too small
high RoB study uriity for upgrade
Pz 5 Caohort b N = 4) [} 0 - 1] 0 0 0 ++ [Low ++ (Low)
Rationale  Cohort design Twostludisshigh  Moderate Sample size N fomal No evidence of  Larger estimates in Insufficient Bath study
iniiallyrated as  RoB, but heterogeneity 1= met, but evaluation plausible shape  studies with better evidence for designs show
modermate increased 64%) due to confidence possible of ERF. confounder control, robustness estimates in the
estimate upon magnitude not interval wide but number of studes  across same direction
exclusionofhigh  direction and includes corsidered too small  populations
RoB studies uriity for upgrade
Cross- ++ (N =3) 1] 0 - 1] 0 0 0 + (Very low)
sectional
Rationale  Cross- One study high  Lowheterogeneity  Sample size No formal Mo evidence of  Lamger estimates in Insufficient
sectional RoB, no (F = 32%) met, but evaluation plausible shape  studies with better evidence for
design initially  sensitivity confidence possible of ERF confounder control, robustness
rated as low analysis due to interval wide but numbser of studes  across
low numbers and includes too smal populations
uriity

The downgrading factor indirectness and the upgrading factor large magnitude of efiect were nof considered further.
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TABLE 3 | Characteristics of the studies from extended search up to May 2022 reporting on the assodiation of traffic-related air pollution and diabetes incidence or prevalence (Global 2023).

Reference Study name Location Study Study Sample Age at Ascertainment of Confounder Results (estimate®, 95% CI, increment)
period design in size N (%  baseline diabetes adjusted for
analysis women)
[47] HNR Rubr Areas, 2006-2015 Cohort 2,451 (52%) 58 Selfreported or Age, sex, smoking,  Incidence
Gemany medication or clinical  behavior, noise MNO2: 1.02 {0.99, 1.08) per 1 pgmf"
examination {extended models traffic NOw: 1.06 {1.01, 1.12) per 1 pg{m:’
unchanged resulls  Phyg: 1.06 (1.01, 1.12) per 1 pg/m®
ISES, nSES) traffic PM g 2.00 (1.19, 3.34) per 1 pg.'m“
P25 1.08 .98, 1.16) per 1 pg/m™
traffic PMog: 2.13 (1.26, 3.61) per 1 pg/m®
PNC<1: 1.29 (1.10, 1.53) per 500 particles/mL
traffic PNC < 1: 211 (1.04, 4.28) per 500 particles/mL
[46] MNational Danish Denmark 20052017 Prospective 2,631,483 52 Administrative data Age, sex, iSES, Incidence
Register cohort (51.4%) from hospital and nSES NOZ: 1.056 (1.046, 1.065) per 7.15 pg/m™
prascrption traffic NOg: 1.039 (1.031, 1.047) per 517 pgfm:‘
ragisters EC: 1.022 (1.016, 1.027) per 0.28 pg/m™
traffic EC: 1.087 (1.080, 1.043) per 0.17 pg/m®
Pho 50 1.043 (1.031, 1.056) per 1.85 pg/m™
traffic PMz g0 1.026 (1.020, 1.081) per 0.37 ugfmﬂ'
PNC: 1.062 {1.042, 1.063) per 4,248 paticles/mL
traffic PNC: 1.049 (1.040, 1.058) per 1,698 particles/mL
[70] 487 Murnicipalities  Multiple cities, 2013 Cross 647 947 42 Self-reported Age, sex, iSES, Prevalence
Indonesia sectional B2%) smoking, behavior,  PMzs: 1.09 (1,05, 1.14) per 10 pg/m®
BMI, area,
intermediate
[71] JHS Jackson, 2000-2008 Cohort 5,128 (63%) 55 Clinical examination  Age, sex, n3ES, Incidence
Missis=ippi, or medication smoking, behavior,  PMz s 1.09 (0.90, 1.32) per 0.81 ugfm:“
United States familial diabetes, Prevalence
BMI, others, area Pz s 1.08 (1.00, 1.17) per 0.81 pg/m?®
Distance: 0.91 (0.61, 1.36) <150 wvs. 1,000 m
Distance: 0.94 {0.74, 1.20) 150-299 vs. 1,000 m
Distance: 1.01 (081, 1.12) 300-999 vs. 1,000 m
172] SALSA Sacramento, 19982007 Cohont 1,075 (59%) 71 Self-reported, Age, sex, iSES, Incidence
Califorria, medication orclinical  nSES, smoking, co-  NOz: 1.02 (0.98, 1.05) per 6.1 ppb®
United States examination pollutart NO,: 1.13 (096, 1.33) per 2.3 ppb"

Phiz st 1.20 (1.03, 1.40) per 1.9 pg/m®

Abbreviations: O, confidence intarval; iISES, measures of individual socioeconomic status such as education; income; nSES, measures of neighborhood socibeconomic status such as neighborhood housshold income, BM, body mass

index; area, ansa level adustments such as oty DDCH.

“Hffect estimates can be ORs, ARs, HRs, or IRAS, adepanding on the analysis.

EEffect estimates included in meta-analysis
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diabetes found similar results (Supplementary Table $9). With a
larger study base, Lui etal [6] and Yang et al. [5] not only reported
significantly elevated risks for diabetes prevalence with NO,, but
also with PM, o, and PM, 5 (for example, inclhuding 11 studies vs.
3studies in the PM; ; prevalence analyses). Diabetes incidence risk
was significantly elevated with PMs; in both reviews, and
additionally with PM,, in the analysis by [5] considering two
more studies. As in our analysis, the reviews did not find a
significantly elevated risk with NO, and diabetes incidence.
Effect estimates seemed slightly larger in our prevalence
analysis, though more imprecise (for example, 1.09 [1.02; 1.17]
vs, 105 [1.03; 1.08] and 1.07 [1.04; 1.11]} in the NO, prevalence
analysis. Another review reported elevated diabetes risks in
association with living dose to major roads [48].

Biological Mechanisms

Plausible pathways regarding how TRAP could lead to diabetes are
discussed in the literature, Important mechanisms include
oxidative stress indwced inflammation leading to endothelial
and mitochondrial dysfunction, resulting in impaired insulin
signalling and insulin resistance [10]. Animal studies provide
evidence that exposure to high concentrations of traffic particles
may be a risk factor in the devd opment of diabetes [49-51]. Studies
evaluating mechanistic pathways undedying such metabolic
perturbations induced by wban PM and near roadway air
pollution have identified possible contributory roles played by
inflammation and altered fatty acid metabolism Indeed, Lucht
et al. [47] observed that diabetes incidence in an adult population
was mediated by markers of inflammation (adiponectin and
C-reactive protein). While our results build on evidence found
especially for the association with N0y, mechanistic studies on
NO, arescarce [52] and N, could be an indicator for other highly
correlated pollutants from the same sowrce. However, a recent
study on Witstar rats was able to demonstrate reactive oxygen
species formation and mitochondrial and endothelial dysfunction
after 3 weeks of repeated high N0, exposure [53]. Epidemiologic
studies also found TRAP-associated higher risks for glucose
homeostasis dysregulation measured as insulin concentration in
cord blood, fasting blood glucose, insulin sensitivity, HOMA-IR,
HbAlc in newborns [54], children [55, 56], adolescents [57], and
adults [58] indicating a role of early-life exposure.

Strengths

The systematic approach to study selection and evaluation using
an a priori specified framework for exposure assessment and for a
systematic evaluation of the epidemioclogical evidence are major
strengths of this review. Even though none of the pollutants are
uniquely traffic-specific, the use of several indicators of TRAP
allowed the evaluation of comsistency across pollutants and
enabled the Panel to base its conclusions on a larger number
of studies with diverse exposure metrics. Additionally, the
application of two complementary methods (the modified
OHAT assessment for studies entering meta-analyses and the
narrative assessment considering all studies for the evaluation of
the epidemiological evidence maximizes what can be leamed
from the epidemiologic studies, incuding evidence from less
studied pollutants like UFP and traffic-specific PM fractions.

Limitations
The overall number of studies per pollutant was small, limiting
our ability to conduct meta-analysis or subgroup analysis for
s0Ine exposure -outcome pairs, and to investigate publication bias,

It has been proposed that effects of air pollutants on the
metabolic system commence at an early age [54, 55]. Studies
entering this review, including the newest availible srudies,
comprised older adult populations (mean ape >50years) and
have excluded persons with already manifest pollutant-
dependent diabetes at baseline from the incidence analyses.
Thus, a selection bias toward a healthier population might have
compromised the ability to study associations with diabetes
incidence. The subgroup analysis showed more robust results for
studies with low risk of selection bias (Supplementary Table 56).

Another limitation refers to the possible underestimation and
misdassification of diabetes. This may depend on the age of the
study participants regarding results on incidence of diabetes or on
study design and available data sources. Cohort studies with
individual data or smaller cross-sedional studies show more
rigorous outcome ascertainment with less risk of bias as opposed
to the larger studies based on administrative data. Reliance on self-
report or documented disease would miss 24% up to 50% of cases
depending on the region, while in-depth study center examinations
will have a much higher sensitivity due to the long olignsymptomatic
prediagnostic phase of diabetes [2]. Non-differential outcome
misdassification (independent from exposure status) related to
incomplete case ascertainment might bias the results to the null
[59, 60]. This was seen for prevalence studies in the sub-group
amalysis regarding risk of bias due to outcome ascertainment, but not
incidence studies (Supplementary Tables 56, 87).

We were not able to distinguish between type 1 and type
2 diabetes. Since 90% of adult diabetes cases are type 2, and the
vast majority of incident diabetes cases in adultsare type 2 diabetes,
we conclude that owr results primarily refer to type 2 diabetes.

Future Research
In cities, where the majority of the world’s population resides,
traffic remains an important source of air pollution. The majority
of studies were from high-income countries in Europe and North
America with generally lower levels of air pollution than in other
world regions. However, the one study from China with mean
exposure at the higher end of the exposure range (353 pg/m” NO.)
also showed increased risk of diabetes. The avaikble evidence
provides overall moderate evidence that TRAP increase diabetes
risk. Large studies with rigorous case ascertainment are needed,
including in low and middle income countries and other locations
with higher exposures. Studies are also needed to assess the change
in composition of TRAP due to diesel and gasoline fleet mmover to
lower-emission vehicles with a rising share of non-tailpipe
emissions in the overall share of traffic-related particulate
matter (e.g, from S0, emissions). The interplay of TRAP with
co-exposures in polluted spaces, most notably noise and green
space, needs to be better understood for effective intervention [61].
Studies assessing critical windows of exposure, e.g., in younger
populations and preclinical outcomes along the mechanistic path
to clinically manifest disease are warranted. Evidence suggests
that undedying pathology may beunderway as early as childhood
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and adolescence [62]. Future experimental studies should provide
more mechanistic evidence for a better understanding of the
molecular and cellular actions of long-term exposure to NO, and
other TRAP on the cardiometabolic system.

Conclusion

In conclusion, we found moderate confidence in the evidence for
an association of long-term exposure to traffic-related air
pollution and diabetes, with higher effect estimates observed in
prevalence studies. We observed increased risks in populations in
various geographical regions and contexts and conclude, that
TRAP is a risk factor for diabetes.
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BaP Benzo(a)pyrene
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CAFEH Community Assessment of Freeway Exposure and Health study
CANHEART Cardiovascular Health in Ambulatory Care Research Team
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CHAMPIONS

Calculating How Air Pollution Impacts Our Society Study

Cl confidence interval

DDCH Danish Diet, Cancer, and Health cohort

EC elemental carbon, a measure of soot

ELISABET Enquéte Littoral Souffle Air Biologie Environnement Study

ERF Exposure risk function

GRADE Grading of Recommendations Assessment, Development and
Evaluation (approach)

HEI Health Effects Institute

HNR Heinz Nixdorf Recall study

HR Hazard risk

ICD International classification of disease

IDF International Diabetes Federation

IDF international diabetes federation

IRR Incidence rate ratio

iSES individual socioeconomic status, measures of individual socioeconomic
status such as education; income

JHS Jackson Heart Study

LUDOK Literature database on health effects of ambient air pollution

MESA Multi-Ethnic Study of Atherosclerosis

NA Not applicable

NIEHS OHAT National Institute of Environmental Health Sciences Office of Health
Assessment and Translation

NO nitrous oxide

NO2 nitrogen dioxide

NOx nitrogen dioxide and nitrous oxide

NOx oxides of nitrogen

nSES neighborhood socioeconomic status, measures of neighborhood
socioeconomic status such as mean household income, BMI: body mass
index, area

ONPHEC ONtario Population Health and Environment Cohort

PAH Polycyclic aromatic hydrocarbon

PM10 particulate matter with an aerodynamic diameter smaller or equal to 10
micrometer

PM2.5 particulate matter with an aerodynamic diameter smaller or equal to 2.5
micrometer

PM2.5abs Light absorption of PM2.5, a measure of soot

PM2.5coarse

particulate matter with an aerodynamic diameter between 2.5 and 10
micrometer

RoB risk of bias

RR Relative risk or risk ratio

SALIA Study on the influence of Air pollution on Lung function, Inflammation
and Ageing

SALSA Sacramento Area Latino Study on Aging

SAPALDIA Swiss cohort study on Air Pollution and Lung Disease In Adults

33 CCHS 33 Communities Chinese Health Study

TRAP traffic-related air pollution

UFP Ultrafine particles, with a diameter of equal to or less than 100nm

WHO World Health Organization
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Table S1 Pollutants and metrics considered as TRAP

Exposure Metric

Consideration

NO2, NOx, NO Frequently used in epidemiological studies;
NAAQS or limit values
CO Frequently used particularly in earlier traffic

studies; NAAQS or limit values

EC, BC, BS, PM absorption (‘soot’)*

Frequently used in epidemiologic studies

PMzs, PM1o, and PMcoarse

Frequently used in epidemiological studies; in
specific settings PM contrast may have a clearly
resolvable relative traffic contribution

Non-tailpipe PM trace metals from wearing of
brakes and tires or from the resuspension of road
dust, such as Cu, Fe and Zn

Increased interest because of reduction of tailpipe
emissions

UFP, PNC, quasi-ultrafine, different particle
modes (nucleation, Aitken, accumulation), particle
size distribution

Fraction of fine particles produced through
combustion and with potentially distinct health
effects

PAH Added for completeness; Some increased by
traffic, though not a very specific marker and most
human exposure is via diet

Benzene Added for completeness; Some VOCs are

increased by traffic, though VOCs are generally
not specific for traffic. Benzene chosen as a
marker for mobile source air toxics

Indirect traffic measures (metrics based upon
distance or traffic density)

Very specific for local traffic but concerns about
validity; indicators represent more than air
pollution (e.g., noise) and no quantitative
concentration estimates available.

* Elemental carbon (EC), black carbon (BC), British Smoke (BS), and PM Absorption (PMabs) are referred
to as EC throughout this report. These carbonaceous pollutants are defined by operational measurement
techniques rather than by fundamental chemical properties alone.
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Table S2 Exposure framework eligibility criteria matrix

Exposure Exposure assessment methods Spatial Spatial Spatial resolution | Traffic contribution to
metric resolution resolution | address for study | exposure and other
“pollution address identification considerations'’
surface”
All  pollutants | Dispersion or CTM models of traffic | <5 km <5 km Residential address as | Assumed by method
from Table S2 emissions or traffic-specific source- exact address,
tracking/apportionment (method 34 in neighborhood, census
Table 6.3) tract, Zip code
acceptable  (city or
county not)
All  pollutants | Dispersion or CTM models of all sources | <5 km <5 km Residential address as | Judgement needed (e.g.,
from Table S2 (method 3 in Table 6.3) exact address, | required area adjustment in
neighborhood, census | epidemiological analysis if spatial
tract, Zip code | extent of the study area was
acceptable  (city or | >10,000 km?, determination of
county not acceptable) | whether exposures met long-term
criteria)
All pollutants | LUR models that contain at least one traffic | <5 km <5 km Residential address as | Judgement needed (e.g.,
from Table S2 predictor (e.g., traffic intensity or road exact address, | required area adjustment if spatial
density) or broader surrogate of ftraffic neighborhood, census | extent of the study area was
(e.g., address density, household density, tract, zip code | >10,000 km?2, determining
population density, impervious surface) acceptable  (city or | whether exposures met long-term
(method 5 in Table 6.3) county not acceptable) | criteria)
PMz.s Surface, satellite and personal monitoring | Excluded Excluded Excluded Excluded
PM1o (methods 6-8 in Table 6.3)
PMcoarse
Indirect traffic | Objective (methods 1-2 in Table 6.3) <1000 m from | <100 m Residential address as | Assumed by method
measures a highway or exact address or
(metrics based a major road detailed zip code (i.e.,
upon distance street segment)
or traffic
density)

"In general, the larger the study area, the less likely a measured or modelled contrast in pollution is primarily due to traffic emissions. Therefore, nationwide epidemiological studies were designated
as ‘possibly in’ requiring Panel assessment (see text for additional considerations). The spatial resolution of a pollution surface was selected based on its capacity to identify within-city contrasts
in ambient air pollution.
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Table S3 Search terms

The comprehensive search strategy was following the PECOS research questions,
which can be translated to the diabetes search as: “In the general ADULT population
(P), what is the increase in risk of DIABETES (O) for achange (C) in long—term exposure
to traffic-related air pollution (E), observed in epidemiologic studies relevant for the
health outcome and exposure duration of interest (S)?”

Search terms for the whole review — diabetes related outcomes highlighted in bold
letters in PubMed

PECOS Search Terms for Pubmed

Population adult[tiab] OR adults[tiab] OR child[tiab] OR children[tiab] OR
pupils[tiab] OR preschoolertiab] OR preschoolers[tiab] OR
student[tiab] OR students[tiab] OR adolescent[tiab] OR
adolescents[tiab] OR infant[tiab] OR infants[tiab] OR toddler[tiab] OR
toddlers[tiab] OR newborn[tiab] OR baby[tiab] OR babies[tiab] OR
person[tiab] OR persons[tiab] OR human([tiab] OR humans[tiab] OR
people[tiab] OR man[tiab] OR men[tiab] OR womanltiab] OR
women(tiab] OR elderly[tiab] OR boy[tiab] OR boys[tiab] OR girl[tiab]
OR girls[tiab] OR patients[tiab] OR population[tiab] OR
populations[tiab] OR survivorftiab] OR survivors[tiab] OR spouse][tiab]
OR spouses[tiab] OR wife[tiab] OR husband[tiab] OR smoker[tiab]
OR smokers[tiab] OR resident[tiab] OR residents[tiab] OR
veteran[tiab] OR mother[tiab] OR mothers[tiab] OR father[tiab] OR
fathers[tiab] OR “population based”[tiab] OR “cohort’[tiab] OR
(("persons"[Mesh] OR "humans"[Mesh]) NOT (animals[Mesh] NOT
humans[Mesh]))

Exposure | General Terms | ("Environmental Exposure"[Mesh] OR "Environmental
to be | Pollution"[Mesh] OR "Air Pollutants"[Mesh] OR "Air Pollution"[Mesh]
combined with | OR "air pollution"[tiab] OR "air pollutants"[tiab] OR "polluted
pollutants atmosphere"[tiab] OR "atmospheric pollution"[tiab] OR "polluted
air"[tiab] OR "ambient air"[tiab] OR "Inhalation Exposure/adverse
effects"[Mesh] OR "Motor Vehicles"[Mesh] OR "Vehicle
Emissions"[Mesh] OR "traffic-related"[tiab]) OR ((traffic OR transport)
AND air)

NOx Different ((("Nitrogen Oxides"[Mesh] OR "Nitrogen dioxide"[tiab] OR
Pollutants  to | "NO2"[tiab] OR "NO(2)"[tiab] OR "NOXx"[tiab] OR "NO(x)"[tiab] OR
be combined | "Nitrogen oxide"[tiab] OR "nitrogen oxides"[tiab]))) OR "oxides of

with OR nitrogen"[tiab]

co "Carbon Monoxide"[Mesh] OR "carbon monoxide"[tiab]

Traffic PM
"Particulate Matter"[Mesh:NoExp] OR "Smog"[Mesh] OR “smog”[tiab]
OR "Particle Size"[Mesh] OR "PM10"[tiab] OR PM2.5[tiab] OR PM10-
2.5[tiab] OR PM2.5-10[tiab] OR PM1[tiab] OR “fine particulate’[tiab]
OR "PM10Q"[tiab] OR "PM2.5"[tiab] OR "PM10-2.5"[tiab] OR "PM2.5-
10"[tiab] OR "PM1"[tiab] OR "PM(10)"[tiab] OR "PM(2.5)"[tiab] OR
"PM(10-2.5)"[tiab] OR "PM(2.5-10)"[tiab] OR "PM(1)"[tiab] OR
"particulate matter"[tiab] OR "PMcoarse"[tiab] OR "PMcoarse"[tiab]

N?”_‘ resuspended dust[tiab] OR re-suspended dust[tiab] OR road

tallplpg dust[tiab] OR brake dust[tiab] OR tire dust[tiab] OR tyre dust[Text

emissions Word] OR brake wear[tiab] OR tire wear[tiab] OR tyre wear[tiab] OR

and road wear[tiab] OR debris dust[tiab] OR fugitive dust[tiab] OR diffuse

metals dust[tiab] OR wear dust[tiab] OR non-exhaust[tiab] OR source
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UFPs

Soot/BC

PAHs

Benzene

Proxy
measures
for traffic
incl.
OHAT
traffic
terms

apportionment[tiab] OR windblown dust[tiab] OR non-tailpipe[tiab] OR
mineral dust[tiab]

(nickel[tiab] OR Ni[tiab] OR Copperftiab] OR Cuftiab] OR
aluminium[tiab] OR aluminum[tiab] OR Al[tiab] OR zinc[tiab] OR
Zn[tiab] OR barium[tiab] OR Ba[tiab] OR iron[tiab] OR Fe[tiab] OR
copperitiab] OR Cu[tiab] OR Antimon][tiab] OR Sb[tiab] OR Tinn[tiab]
OR SnJtiab] OR Zirconium[tiab] OR Zr{tiab] OR "trace metals"[tiab]
AND

("Particulate  Matter"[Mesh:NoExp] OR  "Smog"[Mesh] OR
“smog’tiab] OR "Particle Size"[Mesh] OR "PM10"[tiab] OR
PM2.5[tiab] OR PM10-2.5[tiab] OR PM2.5-10[tiab] OR PM1[tiab] OR
“fine particulate”[tiab] OR "PM10"[tiab] OR "PM2.5"[tiab] OR "PM10-
2.5"[tiab] OR "PM2.5-10"[tiab] OR "PM1"[tiab] OR "PM(10)"[tiab] OR
"PM(2.5)"[tiab] OR "PM(10-2.5)"[tiab] OR "PM(2.5-10)"[tiab] OR
"PM(1)"[tiab] OR "particulate matter"[tiab] OR "PMcoarse"[tiab] OR
"PMcoarse"[tiab]))

“submicron[tiab] OR “surface area“[tiab] OR ‘“ultrafine[tiab] OR
“ultrafine particles“[tiab] OR “ultrafine particle[tiab] OR “nano
particle“[tiab] OR “nano particles“[tiab] OR “nanoparticles“[tiab] OR
“nanoparticle“[tiab] OR PMO0.1[tiab] OR “PMO0.1°[tiab] OR
“PM(0.1)[tiab] OR PMO0.25[tiab] OR “PM(0.25)[tiab] OR
“PMO0.25%[tiab] OR “quasi-ultrafine“[tiab] OR “quasi ultrafine“[tiab] OR
“PNC*[tiab] OR “accumulation mode‘[tiab] OR “particle number[tiab]
OR "number of particles"[tiab] OR “aitken mode*[tiab]

"Soot"[Mesh] OR soof[tiab] OR "PM2.5 absorbance"[tiab] OR
"PM2.5absorbance"[tiab] OR  “PM2.5abs”[tiab] OR  "black
carbon"[tiab] OR "carbon black"[tiab] OR “organic carbon”’[tiab] OR
“elemental carbon”[tiab] OR “black smoke”[tiab]

"Polycyclic Aromatic Hydrocarbons"[Mesh:NoExp] OR “polycyclic
aromatic hydrocarbons”[tiab] OR PAH[tiab] OR "PAH's"[tiab] OR
PAHSs][tiab] OR "benzo(a)pyrene"[tiab] OR benzopyrene][tiab]

"benzene"[Mesh] OR benzene[tiab] OR BTEX[tiab]

((((traffic[tiab]) NOT ("Accidents, Traffic"'[Mesh] OR safety[tiab] OR
accident[tiab] OR accidents[tiab] OR injur*[tiab] OR collision*[tiab] OR
crash*[tiab])) OR "traffic intensity"[tiab] OR "traffic density"[tiab] OR
"traffic load"[tiab] OR "traffic count"[tiab] OR "road length"[tiab] OR
((proximity[tiab] OR near{tiab] OR distance[tiab] OR nearest[tiab] OR
next[tiab] OR close[tiab] OR closest[tiab]) AND (road*[tiab] OR
highway*[tiab] OR freeway*[tiab] OR motorway*[tiab] OR
interstate[tiab] OR expressway]tiab])))) OR ((vehicle[tiab] OR
vehicles[tiab] OR vehicular[tiab] OR auto[tiab] OR automobile[tiab]
OR busf[tiab] OR buses[tiab] OR carftiab] OR truck[tiab] OR
truckerftiab] OR trucks[tiab] OR engine[tiab] OR transport[tiab] OR
traffic[tiab]) AND (emissions[tiab] OR exhaust[tiab] OR fume*[tiab]))

Measures
effect

of

“risk’[Mesh] OR “risk”[tiab] OR “risks”[tiab] OR “incidence’[Mesh] OR
“‘incidence”[tiab] OR “incident’[tiab] OR "Prevalence"[Mesh] OR
“prevalence’[tiab] OR “prevalent’[tiab] OR "Risk Factors"[Mesh] OR
"risk factor"[tiab] OR "Odds Ratio"[Mesh] OR "odds"[tiab] OR
“onset’[tiab] OR “associated’[tiab] OR “association”[tiab] OR
“cause”[tiab] OR “causes”[tiab] OR “caused’[tiab] OR “develop”[tiab]
OR “developed”[tiab] OR “prevent’[tiab] OR “prevents”[tiab] OR
“prevented”[tiab] OR ‘increase”[tiab] OR “increased’[tiab] OR
“increases”[tiab] OR “effect’[tiab] OR “effects”[tiab] OR “affect”[tiab]
OR “affects”[tiab] OR “affected”’[tiab] OR “protective’[tiab] OR
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“protect’[tiab] OR “protected”[tiab] OR “harm”[tiab] OR “harms”[tiab]
OR “harmed”tiab] OR ‘“harmful’[tiab] OR *“hazard’[tiab] OR
“hazardous’[tiab] OR "Proportional Hazards Models"[Mesh] OR
"proportional hazard"[tiab]

Outcome

Mortality

Respiratory
Effects

Cardiovascular
effects

Specific Outcomes / Diseases

("Mortality"[Mesh] OR  "mortality"[MeSH  Subheading] OR
"Cardiovascular  Diseases/mortality"[Mesh] OR  "Myocardial

Ischemia/mortality"[Mesh] OR "Respiratory Tract
Diseases/mortality"[Mesh] OR "Respiratory Tract
Infections/mortality"[Mesh] OR "Respiration

Disorders/mortality"[Mesh] OR "Lung Neoplasms/mortality"[Mesh]
OR "Pulmonary Disease, Chronic Obstructive/mortality"[Mesh]) OR
(("cause-specific"[tiab] OR "all-cause"[tiab] OR "non-accidental"[tiab]
OR "natural"[tiab] OR "natural-cause"[tiab] OR "cardiovascular"[tiab]
OR ‘"respiratory"[tiab] OR “"cardiorespiratory"[tiab] OR "cardio
respiratory"[tiab] OR "lung cancer"[tiab] OR "COPD"[tiab]) AND
(mortality[tiab] OR death[tiab] OR "deadly"[tiab] OR died[tiab] OR
fatal*[tiab] OR surviv*[tiab])) OR ("mortality"[tiab] OR "death"[tiab])

"Pulmonary  Ventilation"[Mesh] OR  "Respiratory  Function
Tests"[Mesh] OR “spirometry”[tiab] OR "plethysmography"[tiab] OR
“forced expiratory”[tiab] OR “FEV”[tiab] OR “FVC’[tiab] OR “FEF25-
757[tiab] OR “MEF”[tiab] OR “expiratory flow’[tiab] OR *“expiration
flow’[tiab] OR “small airway”[tiab] OR “impulse oscillometry”[tiab] OR
“‘FOT’[tiab] OR “peripheral airway’[tiab] OR (("pulmonary"[tiab] OR
"respiratory"[tiab] OR "lung"[tiab]) AND ("volume"[tiab] OR
"function"[tiab] OR "ventilation"[tiab] OR "capacity"[tiab]))

OR

"Asthma"[Mesh] OR asthma[tiab] OR asthmatic[tiab] OR
wheezing[tiab] OR wheeze[tiab] OR whistle[tiab] OR whistling[tiab]
OR "bronchial hyperreactivity"[tiab] OR "Bronchial
Hyperreactivity"[Mesh] OR "bronchial hyperresponsiveness"[tiab] OR
"airway hyperresponsiveness"[tiab] OR ISAAC]Jtiab] OR "Respiratory
Hypersensitivity/chemically induced"[Mesh] OR bronchiodilat*[tiab]
OR "bronchial dilation"[tiab] OR "bronchial dilatation"[tiab] OR
bronchioconstrict*[tiab] OR salbutamol*[tiab] OR "methacholine"[tiab]
OR "mannitol"[tiab] OR

"Breath Tests"[Mesh] OR “exhaled nitric oxide”[tiab] OR “FeNO[tiab]
OR “fractional exhaled NO”[tiab]

OR

"Acute lower respiratory infection"[tiab] OR "Acute lower respiratory
tract infection"[tiab] OR "ALRI"[tiab] OR ("respiration tract"[tiab] AND
"infection"[tiab]) OR "Pneumonia"[Mesh] OR "pneumonia“[tiab] OR
"Bronchiolitis"[tiab] OR "Bronchitis"[Mesh] OR "Bronchitis"[tiab]

OR

"Pulmonary Disease, Chronic Obstructive"[Mesh] OR COPDJtiab] OR
((“chronic obstructive[tiab]) AND (bronchitis[tiab] OR
“bronchopulmonary disease’[tiab] OR “lung disorder’[tiab] OR
‘pulmonary disease’tiab] OR “pulmonary disorder’[tiab] OR
“respiratory disease”[tiab] OR disease][tiab])) OR "emphysema"[tiab]
OR “"chronic airway obstruction"[tiab] OR "chronic airflow
obstruction"[tiab]

This search term includes the general term “cardiorespiratory” which
will also be relevant for the mortality studies
(“cardiovascular’[Title/Abstract] OR “cardiorespiratory’[ Title/Abstract]
OR “cardio-respiratory”[Title/Abstract]) OR
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Diabetes

Cancer:
Childhood
Leukaemia

("Myocardial Ischemia"[Mesh] OR  ((myocardialltiab] OR
myocard[tiab] OR heart[tiab] OR cardiac[tiab] OR cardial[tiab] OR
myocardium[tiab]) AND (infarct[tiab] OR infarction[tiab] OR
attack[tiab] OR failure[tiab] OR disease[tiab])) OR "Heart
Failure"[Mesh] OR “fatal MI"[tiab] OR “coronary event’[tiab] OR
“coronary syndrome”[tiab] OR “coronary syndrom”[tiab] OR “cardiac
death”[tiab] OR “revascularization”[tiab] OR “revascularisation”[tiab])
OR ("Stroke"[Mesh] OR "Stroke"[tiab] OR "acute cerebrovascular
lesion"[tiab] OR "cerebral vasculopathy"[tiab] OR "brain attack"[tiab]
OR "cerebral apoplexy"[tiab] OR "brain ischemic attack"[tiab] OR
(("cerebrovascular'[tiab] OR  "cerebro vascular'[tiab] OR
cerebral[tiab]) AND (insufficiency[tiab] OR "accident"[tiab] OR
arrest[tiab] OR "failure"[tiab] OR "injury"[tiab] OR "attack"[tiab]))) OR

("Arteriosclerosis"[Mesh] OR “atherosclerosis”[tiab] OR
“arteriosclerosis”[tiab] OR “vascular sclerosis’[tiab] OR "Carotid
Intima-Media Thickness"[Mesh] OR “CIMT"[tiab] OR "aorta wall
thickness"[tiab] OR "aortic thickness"[tiab] OR "aortic wall
thickness"[tiab] OR  "arterial thickness"[tiab] OR "artery
thickness"[tiab] OR "artery wall thickness"[tiab] OR "carotid intima
media thickness"[tiab] OR "carotid intima-media thickness"[tiab] OR
"carotid intimamedia thickness"[tiab] OR "intima-media
thickness"[tiab] OR "intimal medial thickness"[tiab] OR "intimamedia
thickness"[tiab]) OR "Ankle Brachial Index"[Mesh] OR “ankle-brachial
index’[tiab] OR "ankle brachial pressure index"[tiab] OR "ankle
brachial ratio"[tiab] OR "Pulse Wave Analysis"[Mesh] OR "pulse wave
velocity"[tiab] OR "pulse wave analysis"[tiab] OR "augmentation
pressure"[tiab] OR "augmentation index"[tiab] OR "vascular
reactivity"[tiab] OR "vascular function"[tiab] OR "Vascular
Stiffness"[Mesh] OR ((aorta[tiab] OR arterial[tiab] OR aortic[tiab] OR
artery[tiab] OR vascular[tiab]) AND (stiffness[tiab] OR stiffening]tiab]))
OR "Calcinosis"[Mesh] OR "artery calcification"[tiab] OR "aortic
calcification"[tiab] OR ("Blood Pressure"[Mesh] OR “blood
pressure”tiab] OR “systolic  pressure’tiab] OR “diastolic
pressure”’[tiab] OR "Hypertension"[Mesh] OR “hypertension”[tiab] OR
“intravascular pressure’[tiab] OR “vascular pressure”[tiab] OR “blood
tension”[tiab] OR “normotension’[tiab] OR “hypertensive”[tiab]) OR

("Plaque, Atherosclerotic"[Mesh] OR ‘"plaque area"[tiab] OR
“atherosclerotic plaque’[tiab] OR “arteriosclerotic plaque”[tiab] OR
"atheromatous plaque”[tiab] OR "intima plaque”[tiab])

"Diabetes Mellitus, Type 2"[Mesh] OR "diabetes"[tiab] OR
"diabetic"[tiab] OR T2DM[tiab] OR "type 2 DM"[tiab] OR "fasting
blood glucose”[tiab] OR "fasting glucose"[tiab] OR "glucose
metabolism"[tiab] OR ‘"glucose homeostasis"[tiab] OR
Hba1c[tiab] OR IDDM[tiab] OR NIDDM[tiab] OR HOMA-IR[tiab]
OR hyperglycemia[tiab]

(("Leukemia"[Mesh] OR "Leukemia"[tiab] OR "Leukaemia"[tiab] OR
leucemia[tiab] OR leucaemia[tiab] OR "childhood cancer"[tiab] OR
hemoblastoma[tiab]) AND ("Child"[Mesh] OR "Adolescent"[Mesh] OR
"Young Adult"[Mesh] OR "Infant"[Mesh] OR "children"[tiab] OR
"childhood"[tiab] OR child[tiab] OR preschooler[tiab] OR
preschoolers[tiab] OR pupil[tiab] OR pupils[tiab] OR student[tiab] OR
students[tiab] OR adolescent[tiab] OR adolescents[tiab] OR
infant[tiab] OR infants[tiab] OR toddler[tiab] OR toddlers[tiab] OR
newborn[tiab] OR newborns[tiab] OR baby[tiab] OR babies[tiab] OR
boy[tiab] OR boys[tiab] OR girl[tiab] OR girls[tiab]))
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Birth
Outcomes

Pregnancy
outcomes

Neuro
outcomes

Children

Additional
search terms
for adult
outcomes

"Fetal Growth Retardation"[Mesh] OR "Birth Weight"[Mesh] OR
"Infant, Low Birth Weight"[Mesh] OR "Premature Birth"[Mesh] OR
“intrauterine growth restriction”[tiab] OR "Fetal Development"[Mesh]
OR “fetal development’[tiab] OR “foetal development’[tiab] OR
“‘intrauterine growth retardation”[tiab] OR "birth weight"[tiab] OR
“small for gestational age’[tiab] OR “preterm birth”[tiab] OR
“‘premature birth”[tiab] OR "birth outcome"[tiab] OR "pregnancy
outcome"[tiab] OR “neonatal weight”’[tiab] OR “newborn weight”[tiab]
OR “fetal growth’[tiab] OR “foetal growth”[tiab] OR “foetus
growth’[tiab] OR “fetus growth”[tiab] OR “foetal growth
restriction”[tiab] OR “foetal growth retardation”[tiab] OR “in utero
growth retardation”[tiab] OR “in utero growth restriction”[tiab] OR
“congenital hypotrophy’[tiab] OR “prenatal growth retardation”[tiab]
OR “prenatal growth restriction”[tiab] OR “retarded intrauterine
growth’[tiab] OR “premature childbirth’[tiab] OR “premature
birth”[tiab] OR “small for date’[tiab] OR “low birth weight’[tiab] OR
(LBWI[tiab] AND (infant[tiab] OR baby[tiab] OR newborn[tiab] OR
child[tiab])) OR (premature[tiab] AND (infant[tiab] OR baby[tiab] OR
newborn[tiab] OR child[tiab])) OR (“preterm”[tiab] AND (infant[tiab]
OR baby][tiab] OR newborn[tiab] OR child[tiab]))

"Diabetes, Gestational"[Mesh] OR "Hypertension, Pregnancy-
Induced"[Mesh] OR "Gestational Hypertension"[tiab] OR "pregnancy-
induced hypertension"[tiab] OR (pregnan*[tiab] AND hypertens*[tiab])
OR pre-eclampsiaftiab] OR preeclampsia[tiab] OR (pregnan*[tiab]
AND toxemia*[tiab])

"Cognition Disorders"[Mesh] OR cognition[tiab] OR cognitive[tiab] OR
neurobehavio*[tiab] OR neuropsych*[tiab] OR "Mental
Processes"[Mesh] OR memoryftiab] OR "mental recall"[tiab] OR
(verbaltiab] OR  languageftiab] OR  reading[tiab] AND
(comprehension[tiab])) OR “language’[tiab] OR learning[tiab] OR
perception[tiab] OR perceptual[tiab] OR neurodevelop*[tiab] OR
intelligen*[tiab] OR intellect*[tiab] OR “1Q”[tiab] OR
behavior[Mesh:NoExp] OR Child behavior[Mesh] OR Adolescent
behaviorfMesh] OR Behavioral symptoms[Mesh] OR Spatial
behavior[Mesh] OR executive function[tiab] OR “academic
achievement’[tiab] OR “academic performance”[tiab] OR
"Neurodevelopmental Disorders"[Mesh] OR attention[tiab] OR
inattenti*[tiab] OR hyperactiv*[tiab] OR "impulsive behavior'[Mesh]
OR impulsive[tiab] OR impulse-control[tiab] OR impulsivity[tiab] OR
‘response inhibition”[tiab] OR “inhibitory  control”[tiab] OR
“vigilance”[tiab] OR “social-behavior’[tiab] OR “social-behaviour’[tiab]
OR “social skills”[tiab] OR aggression[tiab] OR aggressive[tiab] OR
“ADDH"[tiab] OR “ADHS"[tiab] OR “ADHD’[tiab] OR “ADH"[tiab] OR
"Autism Spectrum Disorder"[Mesh] OR autistic[tiab] OR autism|tiab]
OR *“Tic-disorder’[tiab] OR Asperger*[tiab] OR “communication-
disorder”[tiab] OR language[tiab] OR agraphia[tiab] OR dyslexi*[tiab]
OR dyscalculia[tiab] OR speech[tiab] OR aphasiaftiab] OR
echolalia[tiab] OR “stereotyp*’[tiab] OR “Pervasive Developmental
Disorder’[tiab] OR  “social cognition”[tiab] OR  “social
communication”[tiab] OR “social reciprocity”[tiab] OR “repetitive
behavior*’[tiab] OR “repetitive behaviour’tiab] OR ‘“restricted
interests”[tiab] OR “maladaptive behavior’[tiab] OR “maladaptive
behaviour’tiab] OR “adaptive behavior’[tiab] OR “behavioral
regulation”[tiab]

"Aging"[Mesh] OR "Cognitive Dysfunction"[Mesh] OR
‘dementia’[Mesh] OR dementiaftiab] OR alzheime*[tiab] OR
neurotox*[tiab] OR “Neurodegenerative Diseases’[Mesh] OR
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neurodegenerat*[tiab] OR neurodisease*[tiab] OR Parkinson*[tiab]
OR neuropsycholog*[tiab]

Filter

NOT

(((((("shortterm"[ti] OR "short-term"[ti] OR “time series”[ti] OR time-
series[ti]) AND (("shortterm"[ti] OR "short-term"[ti] OR “time series”[ti]
OR time-series[ti]) NOT ("longterm"[tiab] OR "long term"[tiab] OR
"medium  term"[tiab] OR ‘"intermediate @ term"[tiab] OR
“chronic”[tiab]))))) OR ("Clinical Trial"[Publication Type] OR
"Treatment Outcome"[MeSH] OR "Cross-Over Studies"[Mesh] OR
"case cross over"[tiab])) OR ("Air Pollutants, Occupational"[Mesh] OR
"Accidents, Traffic"[Mesh] OR "Protective Devices"[Mesh])) OR
(mouse[Title/Abstract] OR mice[Title/Abstract] OR rat[Title/Abstract]
OR rats[Title/Abstract])

AND

English[Language]

AND

("1980/01/01"[Date - Publication] : "3000"[Date - Publication])

Search terms for the LUDOK

database

(Sterblichkeitimethods] AND 7L) OR (road[methods] AND 7L) OR
(trafficmethods] AND 7L) OR (schwangerschaftimethods] AND 7L)
OR (geburtfmethods] AND 7L) OR (arteriosklerose[methods] AND 7L)
OR (diabetes[methods] AND 7L) OR (leukamie[methods] AND 7L)

OR (40 AND 7L) OR (4 AND 7L)

Note 7L is the code for long-term studies, 40 code for outcomes related to pregnancy and
prenatal development, 41 outcomes related to outcomes regarding neurocognitive outcomes, 4B
= lung function, 4E = acute respiratory outcomes, 4H = cardiovascular outcomes like stroke,
blood pressure, 4F = chronic respiratory outcomes, [] indicates the fields searched in the
database. the [methods]-field is where LUDOK saves the keywords.

Table S4 List of excluded diabetes studies with reasons (Global
2022 and Global 2023)

Author year | Title Reasons for exclusion
during full text analysis
Requia et al. | 2017 | Association of PM with diabetes, asthma, | spatial scale too crude
[5] and high blood pressure incidence in | (pollution surface),
Canada: A spatiotemporal analysis of the | nationwide/statewide  study
impacts of the energy generation and fuel | with no or insufficient area-
sales specific adjustments
Strak et al. [6] | 2017 | Long-term exposure to particulate matter, | nationwide/statewide  study
NO and the oxidative potential of particulates | with no or insufficient area-
and diabetes prevalence in a large national | specific adjustments
health survey
Orioli et al. [7] | 2018 | Association between PM10, PM2.5, NO2, | spatial scale too crude
O3 and self-reported diabetes in Italy: A | (pollution surface)
cross-sectional, ecological study
Hazlehurst et | 2018 | Individual and Neighborhood Stressors, Air | spatial scale too crude
al. [8] Pollution and Cardiovascular Disease (pollution surface),
nationwide/statewide  study

with no or insufficient area-
specific adjustments
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Bowe et al. [9] | 2018 | The 2016 global and national burden of | nationwide/statewide  study
diabetes mellitus attributable to PM air | with no or insufficient area-
pollution specific adjustments

Gandini et al. | 2018 | Long term effect of air pollution on incident | spatial scale too crude

[10] hospital admissions: Results from the Italian | (pollution surface),
Longitudinal Study within LIFE MED HISS | nationwide/statewide  study
project with no or insufficient area-

specific adjustments

Shin et al. [11] | 2019 | Association between long-term exposure of | nationwide/statewide study
ambient air pollutants and cardiometabolic | with no or insufficient area-
diseases: A 2012 Korean Community Health | specific adjustments
Survey

Laoetal [12] | 2019 | Long-term exposure to ambient fine | nationwide/statewide study
particulate matter (PM) and incident type 2 | with no or insufficient area-
diabetes: a longitudinal cohort study specific adjustments

Qiu et al. [13] | 2018 | Long-term exposure to fine particulate | spatial scale too crude
matter air pollution and type 2 diabetes | (pollution surface): PM satellite
mellitus in elderly: A cohort study in Hong | data
Kong

Hansen et al. | 2016 | Long-term exposure to fine particulate | nationwide/statewide  study

[14] matter and incidence of diabetes in the | with no or insufficient area-
Danish Nurse Cohort specific adjustments

Liang et al. | 2019 | Long-term exposure to ambient fine | spatial scale too crude

[15] particulate matter and incidence of diabetes | (pollution surface)
in China: A cohort study.

Jorgensen et | 2019 | Long-Term Exposure to Road Traffic Noise | nationwide/statewide  study

al. [16] and Incidence of Diabetes in the Danish | with no or insufficient area-
Nurse Cohort. specific adjustments

Liuetal. [17] | 2019 | Gut microbiota partially mediates the effects | nationwide/statewide study
of fine particulate matter on type 2 diabetes: | with no or insufficient area-
Evidence from a  population-based | specific adjustments
epidemiological study.

Kloog et al. | 2012 | Acute and chronic effects of particles on | spatial scale too crude

[18] hospital admissions in New-England (pollution surface)

Serensen et | 2013 | Long-term exposure to road traffic noise and | other: no relevant exposure

al. [19] incident diabetes: a cohort study metric

Liu et al. [20] | 2016 | Associations between long-term exposure to | spatial scale too crude
ambient particulate air pollution and type 2 | (pollution surface)
diabetes prevalence, blood glucose and
glycosylated hemoglobin levels in China

Hart et al. [21] | 2015 | Effect Modification of Long-Term Air | nationwide/statewide  study
Pollution Exposures and the Risk of Incident | with no or insufficient area-
Cardiovascular Disease in US Women specific adjustments

Coogan et al. | 2016 | PM2.5 and Diabetes and Hypertension | nationwide/statewide  study

[22] Incidence in the Black Women's Health | with no or insufficient area-
Study specific adjustments

Hellack et al. | 2017 | Land use regression modeling of oxidative | review, methodological, HIA,

[23] potential of fine particles, NO2, PM2.5 mass | or similar _paper (no primary
and association to type two diabetes mellitus | data)

Heidemann et | 2014 | Residential traffic and incidence of Type 2 | other: self-reported exposure

al. [24] diabetes: the German Health Interview and
Examination Surveys

Meo et al. [25] | 2015 | Effect of environmental air pollution on type | review, methodological, HIA,
2 diabetes mellitus or similar paper (no primary

data)

Brook et al. | 2008 | The relationship between diabetes mellitus | Very selective subgroup

[26] and traffic-related air pollution
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Weaver et al. | 2019 | Neighborhood sociodemographic effects on | Very selective subgroup
[27] the associations between long-term PM
exposure and cardiovascular outcomes and
diabetes.
Yang et al. | 2018 | Ambient fine particulate pollution associated | no within-area or spatial

(28]

with diabetes mellitus among the elderly
aged 50 years and older in China

contrast exploited

Excluded studies from updated search with reasons

Thacher et | 2021 | Long-Term Exposure to Transportation | no or insufficient area-specific
al.[29] Noise and Risk for Type 2 Diabetes in a | adjustments
Nationwide Cohort Study from Denmark
Jalali et al. | 2021 | Long-term exposure to PM2.5 and | Other: traffic related measures
[30] cardiovascular disease incidence and | did not end up in the final
mortality in an Eastern Mediterranean | model
country: findings based on a 15-year cohort
study
Meroni et al. | 2021 | The relationship between air pollution and | Geographic study, spatial
[31] diabetes: A study on the municipalities of the | scale too crude (pollution
Metropolitan City of Milan surface)
Sgrensen et | 2022 | Air pollution, road traffic noise and lack of | nationwide/statewide  study
al. [32] greenness and risk of type 2 diabetes: A | with no or insufficient area-
multi-exposure prospective study covering | specific adjustments
Denmark
Yeetal [33] | 2021 | Association of long-term exposure to PM2.5 | spatial scale too crude
with hypertension and diabetes among the | (pollution surface)
middle-aged and elderly people in Chinese
mainland: a spatial study
Zhang et al. | 2021 | Associations of long-term exposure to | nationwide/statewide study
[34] ambient nitrogen dioxide with indicators of | with no or insufficient area-
diabetes and dyslipidemia in China: A | specific adjustments
nationwide analysis
Paul et al. [35] | 2021 | The impact of air pollution on the incidence | nationwide/statewide  study
of diabetes and survival among prevalent | with no or insufficient area-
diabetes cases specific adjustments
Liu et al. [36] | 2019 | Gut microbiota partially mediates the effects | nationwide/statewide study
of fine particulate matter on type 2 diabetes: | with lack of detail on the area
Evidence  from a population-based | adjustment
epidemiological study
Li et al. [37] 2019 | Association Between Long-term Exposure to | nationwide/statewide  study
PM2.5 and Incidence of Type 2 Diabetes in | with no or insufficient area-
Taiwan: A National Retrospective Cohort | specific adjustments
Study
Klompmaker | 2019 | Associations of Combined Exposures to | nationwide/statewide  study
et al. [38] Surrounding Green, Air Pollution, and Road | with no or insufficient area-
Traffic Noise with Cardiometabolic Diseases | specific adjustments
Jorgensen et | 2019 | Long-Term Exposure to Road Traffic Noise | nationwide/statewide study
al. [16] and Incidence of Diabetes in the Danish | with no or insufficient area-
Nurse Cohort. specific adjustments
Dimakakou et | 2020 | Is  Environmental and  Occupational | nationwide/statewide  study
al. [39] Particulate Air Pollution Exposure Related to | with no or insufficient area-
Type-2 Diabetes and Dementia? A Cross- | specific adjustments
Sectional Analysis of the UK Biobank
Li et al. [40] 2021 | Obesity and the relation between joint | nationwide/statewide  study

exposure to ambient air pollutants and
incident type 2 diabetes: A cohort study in
UK Biobank

with no or insufficient
specific adjustments

area-
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Equation S1 For conversion of effect estimates to a standardized
increment of exposure

For the re-scale, we assumed a log-linear shape of the CRF, as used in a recent air pollution
health risk assessment by Khomenko et al. [41]), applying Equation:

RRy = Relative risk for a concentration D as in original
literature.

RR. — em(RRU)*%E U = Unit of concentration of the relative risk as in the original
E literature (e.g. 10 in pg/m? PM_5s).

Ce = Desired increment of exposure, e.g. per 5 in ug/m?3 PM_ s

We converted to a common exposure units, that reflect a realistic range: per 10 ug/m3 for NO»,
20 pg/m3 for NOx, 1 pg/m? for EC, 10 ug/m? for PM+o, and 5 pg/m?3for PM;s.

Figure S1 Assessing confidence in the quality of the body of
evidence following OHAT [42]

Initial Confidence ‘ Factors | Factors ‘Confidence

by Key Features == Decreasing == Increasing == in the Body
of Study Design | Confidence | Confidence | of Evidence
High (++++) - Risk of Bias * Large Magnitude of Effect _
High (++++)
4 Features * Dose Response
Features * Unexplained
» Controlled Inconsistency * Residual Confounding
exposure
— Studies report an effect and residual
Moderate (+++) * Exposure . confounding is toward null Moderate (+++)
3 Features prior to * Indirectness

outcome — Studies report no effect and residual
confounding is away from null

: gﬂ':g:::' * Imprecision A
Low (++) » Consistency
data Low (++)
2 Features - Comparison | » Publication Bias — Across animal models or species
group used — Across dissimilar populations
\ A — Across study design types
Very Low (+
Y (+) . Other Very Low (+)
<1 Features

— e.g., particularly rare outcomes
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Figure S2 Preferred Reporting ltems For Systematic Reviews
and Meta-Analysis (PRISMA) flow diagram for the search of the
comprehensive review on the association of TRAP with various
health outcomes with the focus on diabetes, search up to July
2019. (Global. 2022)

)
Records identified through Records identified through Additional records identified
g PubMed database searching LUDOK database searching through reference list from 129
'ﬁ (N=12118) (N = 3935) reviews
:g
=]
=
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=] h 4 v \ 4
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— (N = 13660)"
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$ Title and abstract screening* Records excluded due to exposure, outcome or design
E (N = 13660) (N =13615)
S
P
E Full-text articles on diabetes Full-text articles excluded, with reasons (N = 24)
:-% assessed for eligibility > - Study design (N = 2)
= (N =45) - Exposure assessment (N = 19)
Selective sub-group (N = 3)
—_—
o
o
o Studies on diabetes included
== in systematic review
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=

*Results of the comprehensive search including mortality, respiratory diseases, birth outcomes,
and cardiometabolic health effects
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Figure S3 Forest-plot of the associations between distance measures and diabetes. (Global.
2022)

*SALIA estimates correspond to low and high education correspondingly

Distance measures - Diabetes morbidity

Reference Study Name Measure Categories RR 95%-Cl
Kramer et al. 2010 [2] SALIA . Incidence <100 vs. >100 m 2.54 [1.31,4.91]
Kramer et al. 2010 SALIA - Incidence <100 vs. >100 m 0.92 [0.58,1.47]
Puett etal. 2011 [1] Nurses' Health / Health Professionals Follow-Up L ] Incidence 0-49 vs. >200 m 1.1 [1.01,1.23]
Puett etal. 2011 Nurses' Health / Health Professionals Follow-Up - Incidence 50-99 vs. >200 m 0.96 [0.63, 1.48]
Puett etal. 2011 Nurses' Health / Health Professionals Follow-Up L] Incidence 100-199 vs. >200 m 0.96 [0.87, 1.06]
Andersen etal. 2012 [4] DDCH - Incidence <50 vs. >50 m 1.07 [0.95,1.21]
Park et al. 2015 [4] MESA L Incidence <100 vs. >100 m 0.96 [0.80, 1.16]
Weinmayr et al. 2015 [3] HNR . Incidence <100 vs. 100-200 m 1.37 [1.04,1.81]
Dijkema et al. 2011 [2] Hoorn Diabetes Screening = Prevalence 2-74 vs. 220-1610 m 0.88 [0.70,1.13]
Dijkema et al. 2011 Hoorn Diabetes Screening o Prevalence 74-140 vs. 220-1610 m 1.17 [0.93, 1.48]
Dijkema et al. 2011 Hoorn Diabetes Screening o Prevalence 140-220 vs. 220-1610 m 1.12 [0.88, 1.42]
Park et al. 2015 MESA - Prevalence <100 vs. >100 m 1.10 [0.91, 1.34]

T T T

0 1 2

Relative Risk
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Figure S4 Forest-plot of the associations between traffic density measures and diabetes.
(Global. 2022)

Traffic Density measures - Diabetes morbidity

Reference Study Name Measure Increment/Categories RR 95%-Cl

Andersen et al. 2012 [4] DDCH | Incidence per 1200 vehicles km/day 1.02 [1.00, 1.04]

Dijkema et al. 2011 [2] Hoorn Diabetes Screening . Prevalence  882-2007 vs. 63-516 thousand vehicles/day 1.09 [0.85, 1.38]
Dijkema et al. 2011 [2] Hoorn Diabetes Screening * Prevalence 680-882 vs. 63-516 thousand vehicles/day 1.13 [0.89, 1.44]
Dijkema et al. 2011 [2] Hoorn Diabetes Screening . Prevalerce—518-680 vs. 63-516 thousand vehicles/day 1.25 [0.99, 1.59]
T T T
0.5 1 1.5
Relative Risk
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Table S5 Risk of bias assessment for studies included in meta-analysis: diabetes. (Global.

2022)
Reference Study Name Confounding  Selection Exposure Outcome Missing Selective
Bias Assessment Measurement Data Reporting

Andersen, 2012 [4] | DDCH Low Low Mod Low Low Low

Bai, 2018 [43] ONPHEC High Low Mod Low Low Low
Clark, 2017 [44] British Columbia Diabetes Cohort | High Low Low Low Low Low
Coogan, 2012 [45] | BWHS Mod Low Low Mod Low Low
Coogan, 2016 [46] | BWHS Low Low Low Mod Mod Low

Eze, 2014 [47] SAPALDIA Low Mod Low Low Low Low

Eze, 2017 [48] SAPALDIA Low High Low Low Low Low
Howell, 2019 [49] CANHEART High Low Low Low Low Low
Kramer, 2010 [50] SALIA Mod Low Mod Low Mod Low
Lazarevic, 2015 [51] | ALSWH Low Mod Low Mod Low Low
O'Donovan, 2017 | CHAMPIONS Low Mod Low Low Low Low

[52]

Park, 2015 [53] MESA Low Low Mod Low Low Low
Renzi, 2018 [54] Rome Longitudinal High Low Low Low Low Low
Riant, 2018 [55] ELISABET Low Low Low Low Low Low
Weinmayr, 2015 [3] | HNR Low Low Low Low Low Low
Yang, 2019 [56] 33 CCHS Low Low Low Low High Low
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Table S6 Results of the subgroup and sensitivity analysis for the diabetes prevalence. (Global.

2022)

Analysis were only conducted when three or more studies were available.

Prevalence of Diabetes

NO2 PM1o PM2.5
Stratification No. of | HRIOR (95%- | Heterogeneity No. of | HR/IOR (95%- | Heterogeneity No. of | HR/OR | Heterogeneity
by studies | Cl) 12; T2; P-value | studies | Cl) 12; T2; P-value | studies | (95%- 12; T2; P-value
Cl)
None 7 1.09[1.02;1.17] | 98%; 0.0043; | 4 1.19[0.87:1.63] | 84%; 0.0433; | 3 1.08 32%; 0.0213;
p<0.01 p<0.01 [0.70; p=0.23
1.67]
Region North America | 1 1.08 [1.07; 1.09] | NA 1 NA
Western 4 1.08 [0.94; 1.25] | 64%; 0.0067; | 4 1.19[0.87: 1.63] | 84%; 0.0433; | 2 NA
Europe p=0.04 p<0.01
Asia 1 1.20 [1.09; 1.33] | NA
Australia/NZ 1 1.06 [0.87; 1.29] | NA
Traffic high 6 1.07 [1.00; 1.15] | 98%;  0.0030, 0
Specificity p<0.01
moderate 1 1.20 [1.09; 1.33] | NA 4 1.19[0.87: 1.63] | 84%; 0.0433;| 3 1.08 32%; 0.0213;
p<0.01 [0.70; p=0.23
1.67]
Selection bias | low 4 1.08 [0.95; 1.23] | 99%; 0.055, | 2 0.99[0.96;1.03] | 0%; 0.0; p=0.67 | 2 NA
p<0.01
moderate/high | 3 1.14 [0.96; 1.36] | 0%, O0; p=0.50 |2 1.43[1.12; 1.83] | 0%; 0.0; p=0.82 | 1
Smoking yes 5 1.17 [1.09; 1.25] | 0%; 0, p=0.74 |3 1.43[1.28; 1.59] | 0%; 0; 0.92 2 NA
adjustment
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No 1.04 [0.64; 1.70] 1 0.99[0.98; 1.00] | NA
Missing data | low 1.07 [1.00; 1.15] | 98%; 0.0030; | 4 1.19[0.87: 1.63] | 84%; 0.0433; NA
RoB p<0.01 p<0.01
high 1.20[1.09; 1.33] | NA
Confounding low/moderate 1.17 [1.09; 1.25] | 0%; O, p=0.74 3 1.43[1.28; 1.59] | 0%; 0; 0.92 NA
high 1.04 [0.64; 1.70] 1 0.99[0.98; 1.00] | NA
RoB exposure | low NA NA NA
assessment
moderate
RoB outcome | low 1.10[1.01; 1.19] | 98%; 0.0050; NA NA
assessment p<0.01
moderate 1.06 [0.87; 1.29] | NA

The following increments were used: 10 ug/m3 for NOz, 20 ug/m? for NOx, 1 ug/m? for EC, 10 ug/m?® for PMio, and 5 ug/m? for PM2s. Effect estimates
cannot be directly compared across the different traffic-related pollutants because the selected increments do not necessarily represent the same contrast

in exposure.
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Table S7 Results of the subgroup and sensitivity analysis for the diabetes incidence. (Global.

2022)

Analysis were only conducted when three or more studies were available.

Incidence of Diabetes
NO2 NOx EC PMzs
Stratification No. of | HR/OR Heterogeneity | No. of | HR/OR Heterogeneity | No. of | HR/OR Heterogeneity | No. of | HR/OR | Heterogeneity
by studies | (95%-Cl) |12; T2; P-|studies|(95%-Cl) |I2; T2; P-|studies|(95%-Cl) |12; T2; P-|studies |(95%- 12; T2; P-value
value value value Cl)
None 7 1.04 98%; 0.0051; | 4 1.02 68%; 0.0003; | 3 1.16 88%; 0.0612;| 4 1.05 64%, 0.0030,
[0.96; p<0.01 [0.96; p<0.03 [0.57; p<0.01 [0.96; p=0.04
1.17] 1.10] 2.36] 1.15]
Region North America | 3 1.01 96%; 0.0042; |2 NA 1 NA 2 NA
[0.85; p<0.01
1.19]
Western 4 1.07 81%; 0.0089; | 2 NA 2 NA 2 NA
Europe [0.89; p<0.01
1.29]
Asia 0
Australia/NZ |0
Traffic high 6 1.05 96%; 0.0038, | 4 1.02 [0.96; | 68%; 0.0003; |3 1.16 [0.57; | 88%; 0.0612;|0
Specificity [0.97; p<0.01 1.10] p<0.03 2.36] p<0.01
1.15]
moderate 1 0.94 NA 0 0 4 1.05 64%, 0.0030,
[0.89; [0.96; p=0.04
1.00] 1.15]
Selection low 6 1.04 96%; 0.0057;|6 1.04 [0.95; | 96%; 0.0057; |3 1.16 [0.57; | 88%; 0.0612;|0
bias [0.95; p<0.01 1.15] p<0.01 2.36] p<0.01
1.15]
moderate/high | 1 0.95 NA 1 0.95[0.77; | NA 0 4 1.05 64%, 0.0030,
[0.77; 1.17] [0.96; p=0.04
1.17] 1.15]
Smoking yes 4 1.05 85%; 0.0146; |3 1.07 [0.82; | 67%; 0.0069; | 1 NA 2 1.13 0%, 0, p=0.87
adjustment [0.85; p<0.01 1.40] p<0.05 [0.84;
1.31] 1.53]
No 3 1.03 98%; 0.0019; |1 1.01[1.00; | NA 2 NA 2 1.04 87%, 0.0036,
[0.92; p<0.01 1.02] [0.59; p<0.01
1.15] 1.85]
Missing data | low 7 1.04 98%; 0.0051; |4 1.02 [0.96; | 68%; 0.0003; |3 1.16 [0.57; | 88%; 0.0612;| 0
RoB [0.96; p<0.01 1.10] p<0.03 2.36] p<0.01
1.17]
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Incidence of Diabetes

NO:2 NOx EC PMzs
Stratification No. of | HR/OR Heterogeneity | No. of | HR/OR Heterogeneity | No. of | HR/OR Heterogeneity | No. of | HR/OR | Heterogeneity
by studies | (95%-Cl) |12; T2; P-|studies|(95%-Cl) |I2; T2; P-|studies|(95%-Cl) |12; T2; P-|studies |(95%- 12; T2; P-value
value value value Cl)
high 0 0 0 4 1.05 64%, 0.0030,
[0.96; p=0.04
1.15]
Confounding | low/moderate | 4 1.05 85%; 0.0146;| 3 1.07 [0.82; | 67%; 0.0069; | 1 NA 2 1.13 0%, 0, p=0.87
[0.85; p<0.01 1.40] p<0.05 [0.84;
1.31] 1.53]
high 3 1.03 98%; 0.0019; |1 1.01[1.00; | NA 2 NA 2 1.04 87%, 0.0036,
[0.92; p<0.01 1.02] [0.59; p<0.01
1.15] 1.85]
RoB low 4 1.00 40%; 0.0;| 2 1.11[0.27; | 86%; 0.0214; |2 NA 3 1.05 75%, 0.0033;
exposure [0.99; p=0.17 4.51] p<0.01 [0.90; p=0.02
assessment 1.02] 1.21]
moderate 3 1.1 62%; 0.0028; |2 1.03 [0.92; | 0%; 0.0; | 1 NA 1 1.1 NA
[0.93; p=0.07 1.15] p=0.060 [0.76;
1.34] 1.62]
RoB low 5 1.03 96%; 0.0016; |3 1.01 [0.98; | 4%; 0.0001; NA NA
outcome [0.98; p<0.01 1.05] p=0.35
assessment 1.09]
moderate 2 1.08 94%; 0.0398; | 1 1.26 [1.07; | NA NA
[0.17; p<0.01 1.48]
6.90]

The following increments were used: 10 ug/m3 for NOz2, 20 pg/m?3 for NOx, 1 pg/m? for EC, 10 ug/m?® for PMio, and 5 ug/m? for PM2s. Effect estimates
cannot be directly compared across the different traffic-related pollutants because the selected increments do not necessarily represent the same contrast

in exposure.
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Table S8 Multi-pollutant analyses in diabetes studies considering noise. (Global. 2022)

Incidence or
prevalence

Single pollutant

Reference Study Name Pollutant Effect measure | Increment results Noise adjusted
Clark, 2017 [44] British Columbia | NO Incidence odds ratio (OR) 13.13 ug/m?3 1.04 (1.01, 1.05) 1.01 (1.00, 1.04)
Diabetes Cohort
Clark, 2017 [44] British Columbia | PMz25 abs Incidence odds ratio (OR) 0.9 1e-5/m 1.03 (1.01, 1.04) 1.01 (0.99, 1.03)
Diabetes Cohort
Clark, 2017 [44] British Columbia | PM2s Incidence odds ratio (OR) 1.6 ug/m?3 1.03 (1.01, 1.05) 1.03 (1.02, 1.05)
Diabetes Cohort
Dzhambov, 2016 | Plovdiv Diabetes | PAH (BaP) Prevalence odds ratio (OR) >6 vs. <6 ng/m3 1.76 (0.52, 5.98)' 1.76 (0.52, 5.98)'
[57] Survey
Dzhambov, 2016 | Plovdiv Diabetes | PM2s Prevalence odds ratio (OR) >25vs. <25 pug/m® | 1.32(0.28, 6.24)" 1.32 (0.28, 6.24)"
[57] Survey
Eze, 2014 [47] SAPALDIA NO2 Prevalence odds ratio (OR) 10 pg/m3 1.21 (1.05, 1.39) 1.19 (1.03, 1.38)
Eze, 2014 [47] SAPALDIA PMi1o Prevalence odds ratio (OR) 10 pg/m3 1.44 (1.21,1.71) 1.40 (1.17, 1.67)
Eze, 2017 [48] SAPALDIA NO2 Incidence relative risk (RR) 15 pg/m? 0.92 (0.67, 1.26) 0.86 (0.61, 1.22)
Renzi, 2018 [54] Rome Longitudinal NOz2 Incidence hazard ratio (HR) | 10 pug/m3 1.00 (1.00, 1.01) 1.00 (0.99, 1.01)
Renzi, 2018 [54] Rome Longitudinal NO2 Prevalence odds ratio (OR) 10 pg/m3 1.00 (1.00, 1.01) 1.01 (1.00, 1.02)
Renzi, 2018 [54] Rome Longitudinal NOx Incidence hazard ratio (HR) | 20 pug/m3 1.01 (1.00, 1.01) 1.01 (1.00, 1.02)
Renzi, 2018 [54] Rome Longitudinal NO«x Prevalence odds ratio (OR) 20 pg/m?3 1.01 (1.00, 1.01) 1.02 (1.01, 1.02)
Renzi, 2018 [54] Rome Longitudinal PM1o Incidence hazard ratio (HR) | 10 ug/m3 1.00 (0.99, 1.02) 1.00 (0.98, 1.02)
Renzi, 2018 [54] Rome Longitudinal PM1o Prevalence odds ratio (OR) 10 ug/m3 0.99 (0.98, 1.00) 1.00 (0.99, 1.02)
Renzi, 2018 [54] Rome Longitudinal PM2.5 abs Incidence hazard ratio (HR) | 1 1e-5/m 1.00 (0.98, 1.02) 1.00 (0.98, 1.02)
Renzi, 2018 [54] Rome Longitudinal PM2.5 abs Prevalence odds ratio (OR) 1 1e-5/m 0.98 (0.96, 0.99) 0.98 (0.97, 1.00)
Renzi, 2018 [54] Rome Longitudinal PMzs Incidence hazard ratio (HR) | 5 ug/m3 1.00 (0.98, 1.02) 1.00 (0.97, 1.02)
Renzi, 2018 [54] Rome Longitudinal PM2.5 mass | Prevalence odds ratio (OR) 5 ug/m3 0.98 (0.96, 1.00) 0.92 (0.97, 1.01)
Renzi, 2018 [54] Rome Longitudinal PMcoarse Incidence hazard ratio (HR) | 10 ug/m? 0.99 (0.97, 1.02) 0.98 (0.95, 1.01)
mass
Renzi, 2018 [54] Rome Longitudinal PMcoarse Prevalence odds ratio (OR) 10 ug/m3 0.96 (0.94, 0.98) 0.97 (0.95, 0.99)
mass

The single pollutant results also corrected for noise; hence the two columns are similar.
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Figure S5 Comparison of meta-analytic results of associations between traffic-related air
pollutants and diabetes prevalence and incidence from original analyses including studies up
to July 2019 (squares) and the updated analysis (triangles) including studies up to May 2022.
(Global. 2023)
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The following increments were used: 10 ug/m?® for NO2, 20 ug/m? for NOx, 1 ug/m?® for EC, 10 ug/m?® for PM1o, and 5 ug/m?® for PMz.s. Effect
estimates cannot be directly compared across the different traffic-related pollutants because the selected increments do not necessarily
represent the same contrast in exposure. No new studies were added from the update for the prevalence analysis with NO2 and PMo.
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Figure S6 Forest plots of adjusted RRs (95%-Cls) for diabetes
prevalence with NO2, PM1o and PM2 s from the updated analysis
including studies up to May 2022. (Global. 2023)

Study Study Name  Weight RR  95% Cl
NO2
Ezeetal. 2014 SAPALDIA 11.9% —— 1.21 [1.05;1.39]
Lazarevic et al. 2015 ALSWH T7% —r— 1.06 [0.87;1.29]
O'Donovanet al. 2017 CHAMPIONS 8.8% o 1.10 [0.92;1.32]
Rerzi et al. 2018 Rome Longitudinal 26.0% ¢ 1.00 [1.00;1.01]
Riantetal. 2018 ELISABET 3.5% e I — 1.12 [0.81;1.56]
Howell et al. 2019 CANHEART 26.0% B 1.08 [1.07;1.09]
Yang et al. 2019 33 CCHS 16.2% —— 120 [1.09;1.33]
Random effects model <= 1.09 [1.02; 1.17]
Heterogeneity: /<= 98%, 1= 0.0043, p < 0.01
PNHO
Ezeetal. 2014 SAPALDIA 38.8% — 144 [1.21;1.71]
O'Donovan et al. 2017 CHAMPIONS 8.1% * 130 [0.54;313]
Renzietal 2018 Rome Longitudinal 45.7% + 0.99 [0.98;1.00]
Riantetal. 2018 ELISABET 7.3% ! 1.22 [0.48;3.10]
Random effects model_ "43— 1.19 [0.87; 1.63]
Heterogeneity: |~ = 84%, t*=0.0433.p < 0.01
PM2.5
Parketal. 2015 MESA 32% ——+—= 1.36 [0.89; 2.07]
C'Donovan et al. 2017 CHAMPIONS 16% * 1.26 [0.69;2.33]
Rerzi et al. 2018 Rome Longitudinal 46.6% i 0.98 [0.96;1.00]
Suryadhi et al. 2020 457 Municipaliies 46.1% + 1.04 [1.02;1.07]
Weaveret al. 2021 JHS 25% [ 1.61 [0.99;261]
Random effects model <I> 1.04 [0.91; 1.18]
Heterogeneity: | == 86%, 1°=0.0033,p < 0.01 | | I

0.7 1 2

Relative Risk

The size of the grey squares represents the weight of the study in the meta-analysis. The following increments
were used: 10 yg/m?® for NO2, 20 pg/m? for NOx, 1 pg/m? for EC, 10 ug/m?® for PM1o, and 5 ug/m?® for PM2s.
Effect estimates cannot be directly compared across the different traffic-related pollutants because the
selected increments do not necessarily represent the same contrast in exposure.

New study references Lucht [58], Yu [59], Sorensen [60], Weaver [61]

67



Figure S7 Forest plots of adjusted RRs (95%-Cls) for diabetes
prevalence with NO2, NOy, EC, and PM2.s from the updated
analysis including studies up to May 2022. (Global. 2023)

Study Study Name Weight RR 95% CI
NO2
Kramer et al. 2010 SALIA 70% —r— 126 [1.11;1.44]
Andersen et al. 2012 DDCH 11.0% —— 108 [1.00;1.17]
Cooganetal.2016 BWHS 131% & 094 [0.89;1.00]
Clark etal 2017 British Columbia Diabetes Cohort 152% = 1.00 [0.98;1.02]
Eze etal. 2017 SAPALDIA 39% — 085 [0.77;1.17]
Baietal 2018 ONPHEC 167% *+ 108 [1.07;1.09]
Renzi etal. 2018 Rome Longitudinal 168% o 1.00 [1.00;1.01]
Lucht etal 2021 HNR 22% — 122 [0.91;1.64]
Yuetal 2021 SALSA 02% 102 [0.36;2.86]
Sarensen, et al. 2022 Mational Danish Register 1568% I 101 [1.01;1.01]
Random effects model L. 1.03 [0.98; 1.10]
Heterogeneity: /~ = 94%, t° = 0.0037, p =< 0.01
NOx
Andersen et al. 2012 DDCH 316% & 1.04 [1.00;1.07]
Cooganetal.2012 BWHS 31% —— 126 [1.07;148]
Parketal 2015 MESA 104% = 1.01 [0.83;1.10]
Renzi etal. 2018 Rome Longitudinal 54 9% : 1.01 [1.00;1.02]
Yuetal 2021 SALSA 0.1% t * 198 [0.80;4.94]
Random effects model 1.03 [0.96; 1.09]
Heterogeneity: /- = 65%, ° = 0.0004, p= 0.02
EC
Kramer et al. 2010 SALIA 15% —— {85 [125;273]
Clark etal 2017 British Columbia Diabetes Cohort 33.0% * 1.03 [1.02;1.05]
Renzietal. 2018 Rome Longitudinal 330% * 1.00 [0.99;1.02]
Saerensen, et al. 2022 Mational Danish Register 325% .J"D 1.08 [1.06;1.10]
Random effects model 1.05 [0.91; 1.20]
Heterogeneity: /% = 93%, t° = 0.0018, p < 0.01
PM2.5
Parketal 2015 MESA A% ——1T— 111 [0.76; 1.62]
Clark etal 2017 British Columbia Diabetes Cohort 27.0% = 110 [1.03; 1.147]
Renzietal. 2018 Rome Longitudinal 323% + 1.00 [0.98;1.02]
Lucht etal 2021 HNR 28% 134 [0.88;2.04]
Weaver etal. 2021 JHS 04% 170 [052;555]
Yuetal 2021 SALSA 30% 162 [1.08;242]
Sarensen, et al. 2022 Mational Danish Register N1% == 112 [1.08;1.16]
Random effects model = 1.09 [0.99; 1.20]
Heterogeneity: /° = 86%, 1° = 0.0043, p < 0.01 ; :

0.7 1 2

Relative Risk

Note: only PM2.5 was updated

The size of the grey squares represents the weight of the study in the meta-analysis. The following increments
were used: 10 pug/m3 for NO2, 20 pg/m? for NOx, 1 pg/m?® for EC, 10 ug/m3 for PM1o, and 5 pg/m? for PMz.s.
Effect estimates cannot be directly compared across the different traffic-related pollutants because the
selected increments do not necessarily represent the same contrast in exposure.

New study reference Suryadi [62], Weaver [61]
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Table S9 Comparison of effect estimates with previously published reviews on diabetes
prevalence and incidence with ambient air pollution.

Prevalence

Number of Number of Number of
Authors PMzs per 10 ug/m3 studies PMio per 10 ug /m3 | studies NO:z per 10 ug/m® | studies
HEI 2022 [63] 1.16 (0.49-2.79)" original: 1.08 (0.70-1.67) |3 1.19 (0.87-1.63) 4 1.09 (1.02-1.17) 7
Liu 2019 [64] 1.09 (1.05-1.13) 11 1.12 (1.06-1.13) 7 1.05 (1.03-1.08) 12
Yang 2020 [65] 1.08 (1.04-1.12) 11 1.10 (1.03-1.17) 6 1.07 (1.04-1.11) 11
Incidence

Number of Number of Number of
Authors PM2s per 10 ug /m? studies PM1o per 10 yg /m® | studies NO2 per 10 pg/m® | studies
HEI 2022 [63] 1.10 (0.92-1.32)* original 1.05 (0.96-1.15) 4 - 1.04 (0.96-1.13) 7
Liu 2019 [64] 1.10 (1.04-1.16) 12 1.05 (0.98-1.13) 4 1.02 (0.99-1.05) 9
Yang 2020 [65] 1.10 (1.04-1.17) 11 1.11 (1.00-1.22) 6 1.01 (0.99-1.02) 7

* For the re-scale, we assumed a log-linear shape of the CRF, as recent AP-HRAs (e.g. Khomenko et al. [41]), applying Equation:

RR, = eln(RRU)*CTE

(e.g. 10 in pg/m3 PM).

Ce = Desired increment of exposure

RRy = Relative risk for a concentration D as in literature.

U = Unit of concentration of the relative risk as in the literature
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ARTICLE INFO ABSTRACT

Fywards: Background: Stroke remains the secomd cause of death worldwide. The mechanizms underlying the adwverze as-

Suroke . ] sociation of expozure to raffic-related air pollution (TRAP) with overall cardiovascular diseaze may also apply to

Teaffic related air pallution stroke. Our objective was to systematically evaluate the epidemiological evidence regarding the aszociations of
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Confidence amemment
Cyotemadic review
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2022 TRAP waz defined according to a comprehensive protocol bazed on pollutant and exposure azsessment
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were conducted according to standardized protocols. We performed meta-analyses using random effects modals;
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1. Intreduction

According to the World Stroke Organization Fact Sheet 2022, stroke
remains the seeond leading cause of death and the third leading cauze of
death and dizability combined (Feigin et al., 2022). Stroke is defined by
broad and incluzive clinical and tizsue criteria and encompasses central
nervous system infarction, ischemic stroke, and intracerebral, cerebral
and subarachnoid haemorthage {Sacco et al, 2013).

Important risk factors for stroke morbidity and mortality inelude
health statez (e.g., high blood prezsure, diabetez), behaviourz that
contribute to those states (g, smoking, feamrez of the diet), and so-
cipeconomic conditions that shape the former, and other factors influ-
encing risk. Among these other factors are environmental pollutants. Air
pollution, in particular, iz of interezt becauze of itz adverse aszociation

Abbreviatlons

TRAP Traffic Related Air Pollution

M Particulave Matter

EC Elemental Carbon

NOx Nitrogen oxides

NOy Nitrogen Dioxide

COz Carbon Dioxide

UFP Ultrafine Particles

GRADE Grading of Recommendations Aszessment,
Development and Evaluation

OHAT Office of Health Assezzment and Translation

with several eardiovagcular outeomes (Franklin et al, 2015; Kaufman
et al., 2020; Newman et al., 2020). Alzo, it iz estimated that 6% of global
mortality attributable to air pollution is traffic-related (McDuffie et al.,
2021).

A major and growing source of air polluton is traffic. Traffic-related
air pollution (TRAP) iz a complex mixture and refers to ambient air
pollution resulting from the uze of motor vehicles including heavy-duty
and light-duty vehicles, buzes, paszenger cars, and motorcycles. Mator
wehiclez are important contributors of pollutantz from combustion
including nitrogen dioxide (MOz) and oxides (NOy), elemental carbon
(EC), particulate matter (ie PM;y; and PM;s) and ultrafine particles
(UFPs). These pollutantz can be directly emitted through the wehicle
exhaust (ie. tailpipe emizsion:) or through resuspenszion of road dust,
mechanical wear of brakes and tirez, and abrasion of road surfaces (ie.
non-tailpipe emissions) (Health Effectz Institute, 2018).

TRAFP expozure iz associated with mechanizsms such az cerebrovas-
cular dysfunction that appear to be manifested through szeveral path-
ways that can increaze stroke rizk, including inflammation and oxidative
stresz, endothelial dysfunction, blood pressure, atheroscleroszis, pro-
coagulant changes, increazed thrombogenicity, losz of vascolar flexi-
bility and alterations in autonomic nervous system balance (Landrigan
et al., 2018; Miller, 20200

TRAP continues to be of public health interest; notably, TRAP has
been the target of successful interventions, thus also making it a coneemm
to policy makerzs and motor vehicle manufacturers. Advances in sys-
tematic review methods for environmental health (Whaley et al., 2020;
Woodruff and Sutton, 2014) provide more specific guidance for the
conduct of literature reviews, thereby enhancing consistency and
transparency. Using this refined guidance, we aimed to systematically
evaluate the epidemioclogical evidence on long-term exposure to TRAP
in relation to stroke in adults. Resultz were quantitatively combined to
evaluate the magnitude of the azsociatdon. We alzo asseszed the quality
of the avidence base and the level of confidence in the presence of an
association between TRAP and stroke.

International Journal of Fivgime and Environmental Flealth 247 (2023) 114079

2. Methods

Thiz study is part of an extensive systematic review (conducted by
the Health Effects Institure (HEI)) on the effects of TRAP on key health
outcomes, involving a Panel of 13 expertz in epidemiology, exposure
aszessment, and statisties (Boogaard et al., 2022; Health Effects Institute,
2022). The methods were based on smandards set by the Cochrane
GCollaboration (Higgin: et al, 2019), the NIEHS Office of Health
Aszzessment and Translation handbook (OHAT, 2019), the systematic
reviews conducted az part of the World Health Organization Air Quality
Guidelines (WHO AQG) (Chen and Hoek, 2020; Huangfu and Atkinzon,
2020; WHO, 20210 and the newly published COSTER recommendations
for the conduct of syztematic reviews in toxicology and environmental
health research (Whaley et al., 2020). Thiz review complies with the
Preferred Reporting Items for Systematic reviews and Meta-Analyzes
(PRISMA) (PRISMA, 2021) as well as the Meta-analysiz of Observa-
tional Studies in Epidemiclogy (MOOQSE) guidelines (Stroup =t al,
2000). The review protocol was publizhed in 2019 and registered in
Prospero (Health Effects Institute, 2019). Outcomes, including izchemic
and haemorrhagic stroke, were zalected bazed on evidence on canzality
(cauzal or likely cauzal) according to the latest determination for general
air polludon (Health Canada, 2016; The International Agency for
Rezearch on Cancer, 2016; U.S. Environmental Protection Agency, 2019;
2016). Where applicable, imcluded smdiez were approved by the
rezpective instmtional review boards.

2.1. Search strategy

The PubMed and the Swisz Literature Databaze and Servicez on
Health Effects of Ambient Air Pollution (LUDOEK) electronic databases
(https:/ www swisstph.ch/de/projects/ludok/) were zearched compre-
henzively for studies matching the PECOS question (Higgins et al, 2019)
by independent reviewers (ME.J, RE HB. and A P.) (Supplementary
Table 1). The HEI review covered papers published from January 01,
19320, to July 31, 2019. We repeated the stroke component of the search
by including papers published through Janvary 06, 2022 Keywords
included TRAP or proximity measures and soroke as described in the
main HEI report (Health Effects Insttute, 2022). We alzo considered
references in other reviews of health effectz of air pollution including the
HEI 2010 report {Health Effects Institute, 2018) and in the individual
bibliographic databaze: maintained by memberz of the Panel. Contact to
authors or identification of unpublished stmdie: or data was not
atempted.

2.2 Eligibility eriteria

Eligible studies met the following criteria: (1) original epidemio-
logical smudy with individual-level data and adopting a cohort, casze-
cohort, case-control, cross-zectional, or intervention design; (2) re-
ported on the general population, of all ages, with no geographical re-
strictions; (3) azzessed long-term exposure (months to years) to a specific
traffic pollutant or used proximity metrics of TRAP (distance to or
denzity of traffic); (4) defined the outcome as total and /or type-specific
stroke from ICD-9-CM 430434 and 436 and ICD-10 160-169; (5) esti-
mated the azzoriation between a continuouzly or categorically
maodelled /parameterized exposure and fatal and/or non-fatal stroke
maorbidity and mortality (odds ratio (OR), hazard rado (HR), incident
relative risk (IRR) and relative risk (RR]); and (6) published or aceepted
for publicaton in a peer-reviewed journal and written in Englizh. Lim-
imation to English publicadons was chozen as the state of the art of
publication in the area of rezearch.

The exclusion criteria eliminated studies reporting on: (1) exposure
in occupational setting: or excluzively indoor settings; (2) exposure for
combined-souree air pollution and not specific to waffie; (3) short-term
(minutes to months) or self-reported exposures to TRAP; (4) only
erological or area-level analyzes; (5] only unadjusted results and clear
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evidence of an analytical error; and (6] methodological papers, or
studies forusing on gene-environment-interaction.

2.3 Exposure framework

A nowel framework to determine exposure to TRAP was developed to
enzure that the included studies were informative about health effects
zpecific to TRBAP. The framework combined three azpects of TRAP
meazurement: (1) exposure metric (including pollutants, diztance and
density meiries) (Supplementary Table 2); (2) spatial zcalez of the
polluton surface and pardeipant addressez, to exploit/ensure TRAP
contrazts (Le., at local and neighbourhood zeale); and (3) exposure
assessment methods including appropriate models or monitoring (Sup-
plementary Table 3).

The review included NOs, EC, CO and other pollutantz in which
traffic iz wsually the main source; resultz pertaining to PMzs and PMn
were alzo included excapt if excluzively based on surface monitoring. As
none of these pollutants are univerzally TRAP, a maffic specificity in-
dicator bazed on stricter criteria for the three elements of the general
framewaork was developed.

2.4 Smudy selection and data extraction

DizallerSR, a web-based, systematic review zoftware program (Dis-
tllerSE, 2021), was uzed for screening of studies to ensure standardi-
zation of process. Two reviewers independently screened titlez and
abstracts of the zearch resultz. The studies were claszified by health
outcomes and full-text ardeles and supplements were remieved for those
that provisionally met the incluzion criteria. Mext, a full-text screening
was conducted to confirm that effect estimates were reported for stroke
and that the exposure framework criteria deseribed above were met
(Health Effects Inztitute, 2022). Disagreement: were rezolved through
dizeussion or conzultation with the Panel.

Data extraction was performed by ME, RE and PH az well az by a
number of students to axtract key information for meta-analysiz such as
study name, details on the stdy population, study design, method of
exposure assessment, pollutants, method of outcome assessment, out-
comes, statistical analyzis, effect estimates with pollutant increments
and 95% confidence intervals. After completion of data extraction, all
data from DistillerSR were exported to Excel spreadsheets, guality
conirolled and processed into figures and summary tables.

2.5, Meto-analysis

Tao guantify the overall azsoriadon with stroke, meta-analyzes were
performed in cazes where three or more zmdies reported associations of
a given exposure with stroke. The full list of incluzsion and excluzion
criteria for meta-analyziz are found in the Supplement Table 4. Stam-
dardized rezultz (Department for Environment, Food and Rural Affairs,
2014) were quantitatively combined using random effects models using
reztricted maximum likelihood to estimate the between studies’ wvari-
ance (Veroniki et al., 2016). Effect estimates from single pollutant
models were selected for the meta-analysziz, because we considered the
associations of single pollutantz to reprezent the associationz of the
TEAP mixture. Random effects models were chosen a priori because of
the expected differences in populations and pollution mixtures. Statis-
tical heterogeneity was assessed using Cochran’s @ /% and + (tau-s-
quared). Tav” iz also prezented in the form of a 95% predictdon interval
around the mean effect of the random effectz meta-analyziz (Borenstein
et al., 2017). We reported RR in the review az a non-specific term to
indicate any of the ratio measures. Thuz HR, IRR and OR were included
in the same meta-analyses on the assumpton that when the BR is close
to the null and the stroke prevalence in the population iz lesz than 10%,
all these measures approximate the rizk ratio (Anderson et al, 2013;

ravies et al., 1998; Khreiz et al., 2017). Also, we expressed summary RR
ectimates owver the increments of pollutant concentration used by the
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ESCAPE smudy, to reflect a realistic range of exposure contrasts in most
studies (Beelen et al., 2014, 2015).

In primary meta-analyzez, we uzed estimates for the combined
endpoint of non-fatal and fatal soroke, if available; if separate estimates
were generated for non-fatal and fatal stroke, we used the former, az
non-fatal stroke cases numbers were/are typically higher. Sencitivity
analyzes were conducted for every pollutant and stratified by at least
one of the following: region, risk of bias (RoB) asseszment domain,
smoking, study dezign and fatalicy. Additional estimates for PM 5 and
N0z from the updated search in January 2022 were incloded as
zenzitivity-analyzes. We conducted these analysez using R (verzion
3.6.0), and the librariez “metafor” (v.2.4-0),"meta”, (v. 4.16-2), “for-
esmplot” (v.1.10.1),"ggplot™ (w. 3.3.3) for the analyzes and plots.

2.6. Owerall assezsment of the evidence

We rated the overall evidence uzing complementary azsessments of
(1] itz gquality and (2] the degree to which it supported the presence of an
adverse association between TRAP exposure and stroke.

For the rating of quality, we adapted the GRADE (Grading of Rec-
ommendations Azzessment, Development and Evaluation) azseszment of
confidence in the quality of the body of meta-analyzed evidence, using
the Office of Health Azzessment and Transzlation (OHAT) method az a
guide (OHAT, 2019). We grouped studies by key dezign features, with
each given an initial confidence rating. This inidal confidence rating
could then be downgraded corresponding to factors that decreased
confidence in the guality of the body of evidence (high RoB, unexplained
inconsistency, imprecision, and publication biaz) or upgraded corre-
sponding to factors that increased confidence in the body of evidence
(monotonic exposure-rezponse, consistency acros: populationsz, and
conzideration of rezidual confounding) (Supplementary Fig. 1). For RoB
asseszment, we uzed a modified tool developed for the RoB aszezzment in
the WHO AQG review (WHO, 2020). The modified OHAT assessment in
the quality of the body of evidence was rated high, moderate, low or
wary low.

Becanze the GRADE assezzment focuzed on the quality of the body of
evidence rather than on the presemce of an association, and because it
was heavily geared towards the studiez emtering a meta-analyziz, the
Panel conducted a narrative azzessment to evaluate the level of confi-
dence in the prezence of an aszociation of TRAP with stroke, considering
both meta-analyzed studies and all other studies not included in the
meta-analyziz. (Supplementary Table 5). For the comprehensive narra-
tive asseszment, we evaluated the number, size, and location of the
evidence base; study design, study population and representativeness,
the strength and nature of the azzociation, guality of the studies. con-
zistency of the findingz. Monotonic exposure-rezponze function, and
other conziderationz. The comprehensive narrative assessment of the
confidence in the prezence of an azsociation, bazed on the complete
study baze, was rated az high, moderate, low or very low.

Subsequently the findings from the modified OHAT asseszment and
the comprehenzive narrative assessment were combined inte an overall
confidence azzessment (Supplementary Table §).

3. Reszult=
3.1. Study selection

The initial search of the larger HEI review (Boogaard et al.,, 2022;
Health Effects Institute, 2022), that included several key health out-
comes, identified 13660 unique articles of which 206 were identified az
cardiometabolic studies (i.e.: ischemic heart dizeaze, stroke, diabetes
mellimz and coronary events) after title and abstract screening. During
full-text zereening, 149 studies were excluded for the following reazons:
study design (N = 18), exposure asseszment (i.e. nationwide study with
no or insufficient area-specific adjustments or spatial zcale too crude for
either the pollution surface or the health data) (M = 85], health outcome
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(N = 34) and other (N = 12). Of the 57 remaining mdies for the zelectad
cardiometabolic outcomes — out of which 37 included estimatez on
stroke — 19 were included in the current review (Fig. 1, Table 1). A list of
the 18 excluded articles and the reasons behind their exclusion can be
found in Supplementary Table 7.

2.2, Smudy characterishics

Muost of the 19 studies had starting datez in the 19903 (Table 1). The
majority of the studies were located in Europe (M= 12). The 14 cohort
studies (Alexeeff et al., 2018; Anderzen et al, 2012; Atkinzon et al.,
2013; Carey et al., 2016; Dirgawati et al., 201%; Gan et al, 2012;
Hoffmann et al |, 2015; Katzouliz et al | 2014; Korek et al_, 2015; Kulick
et al.,, 20138; S¢renzen et al, 2014; Srafoggia et al., 2014; Stockfelt et al.,
2017) had sample sizez between 3287 and 819,370 participants and
mean follow up times between 3 and 21 yearz. One smdy was a
multi-cohort analyziz of 11 European cohorts that were analyzed within
the harmonized framework of the ESCAPE study (Stafoggia eral., 20014)
Data zources for stroke ascertainment varied, including zslf-reported
eventz, medical care records, hospital admissions, dizease and death
registries, insuranee claims or health administrative databazes (Table 1)
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The three caze-control smdies (Johnzon et al,, 2013; Oudin et al.,
2009, 20111 had sample sizes between 6302 and 556,912 with recruit-
ment times of two to four years. Oudin et al. (2009) incloded incident
ischemie stroke cazes (fatal and non-fatal). For the zecond analysis,
Oudin et al (2011) obtained personal covariatez data from gquestion-
naires zent to surviving cazes of izchemic stroke (fatal and non-fatal),
thus included prevalent cases only. Oudin et al. (2011, 2009) used na-
tional and local stroke registries to identify caszes; comtrolz who shared
the same date of birth as the cases and were residing in Scania, were
zampled from the national statisticz databazes. The third case-control
zstudy included incident all-stroke cases (fatal and non-fatal) (Johnzon
et al., 2013). Johnson et al. (2013} identified first-time stroke cazes from
hospital emergency adminiztrative data and sampled control: from
perzons visiting the same emergency administrative data for minor
trauma.

The three cross-zectional studies (Lazarevie et al | 2005; Pinduz et al |
2016; Qin et al, 2015) included 905 to 26,991 participants. The study
populations included survivors of non-fatal all-zroke events only. Stroke
ascertainment relied primarily on self-reportz.

The majority of studies aszigned TRAP exposures based on land-use
regreszion or dispersion modelz. Most studies estimated exposures at

Records igentified through Recards identified through Additional records |dentified
e PubMed database LUDOK database searching through 'TFE"E'_"“ list from
= saarching [N = 3535 137 reviews
3 (N=12118) {N = 18 after deduplication)
=
E
]
=2
b k4
Records after duplicates removed
[N = 13650)
2 :
E
=
E {tie and = Records excluded due (o exposure, outcome of
o sCreening - design [N = 13454)
(M = 13660}
NI
o
Full-text articles excluded, with reasens (N = 1449)
Full-text articles an .
. i - Study design (N = 18}
et o [+ Expmsre ssessment (V=55
E d for eligibili - Health outcome (M = 34)
= asse-ss:N _D;I;;p liy - Selective sub-group [N = &)
E - = Other reasons IN = 61
\ J Studies included on Cardiemetabolic studies other than stroke
selected
— cardlometabalic health (N =38
outcomes [N = 571
3 l
3
0 Studies on stroke
= inchieded in systermatic
revlew
(N =19)

#Selected outcomes: ischemic heart disease, stroke. diabetes medlitus and coronary events

Fig. 1. Study Selection Flow Chart

*Selected outcomes: ischemic heart dizease, stroke, diabetes mellituz and coronary eventz.
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Table 1
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ey study characteriztics of articles included in the systematic review for otroke-pollutants.

Reference Study Hame Location Study

period

Study

Sample
size

design and

Expasure
Assessment

Age al
baseline

Stroke oulcome
ascertain-ment

Confounder
adjustment

Results
[estimane",
o5 O
increment]

Alewepff
ot al,

2018

KPR Oaklamd Crakdland,
California,
United States

2010-2015  Cohort

41859

Andersen DOCH 19532006  Cohort

Copenhagen
and Aarhues,

Denmark:

et al,
012

52215

Atkinzon CPRD Landan 2003-2007  Cobart

England
ot al,

2013
815370

Carey CFRD London Lonsdem, 2005-2011 Cohart

ot al_, Unibed
26 Eingdom

Sarface
monitaring

Diispersion,’
Chemical
Transpornt
Miodel

density
MEASUres

Drisperion

Drispersion

SCTM

And
demsity and
distance
MEASUre

79

Age Range:

18654

Age Range:

50-65

Age Range:

A0-89

Age Range:

A0-79

Femalks

Femalks

Femalks

Medical record
and death
certificates

Haspital
admission and
death
certificates

Primary care
recards,
hespital
admissions and
death
certificates

Primary care
recards,
hespital
admissions and
death
certificates

Age,

SEX, TCE,

BMIL, smoking,
co-morbidities”,
use of
meedication,
neighboarhoad
socipeconamic

status (nSES)

Age, sex,
smoking,
environmental
tabaccn smoke
(ETS), BMI,
education,
sparts, aleohol,
fruit/veg intake,
fat intake, co-
mochidities”

Age, sex,
smoking, BMI,
co-morbidities”,
index of
multiple
deprivation
(M)

Age, sex,
smoking, BMI,
TMD, might-time
noise”

Fatal amd
non-fatal all
strake (HRE}
BCT 0.96
(0LES, 1.08)
per 017 pg/
m®

WO 0.98
(0LE7, 1.11)
per 3.8 ppb
NG, .97
(0LES, 1.11)
per 3.8 ppl
Fatal all
strake (HE)
BC 0.92 (0548,
LAS) per 0.17

N0 113
(0LB5, 1.49)
per 3.8 ppb
N 158
(0.593, 2.06)
per 3.8 ppl
Non-fatal all
stroke (HE)
NO: 1.05
(0.5, 1.11)
per 6.2 pgim”
Demsiny 1.02
(0,99, 1.04)
per 1700
wehidekm,
day

Dristance 1.09
(0.4, 1.26)
< 50 v, =50
m

Fatal all
strake (MR}
WOz 1.22
(0.99, 1.49)
per 7.5 pgim”
Density (.95
(0,91, 1.0%)
per 1700
wehidekm,
day

Diistance 1.17
(070, 1.98)
<50 v, =50
m

Fatal and
non-fatal all
strake (MR}
PMyo® 1.00
(0.93, 1.06)
per 3.0 pg/m?

Fatal and
non-fatal all
strake (HRE}
N .88
(0LE2, 0.95)
per 10 pg/m®
N," 0.90
(0LES, 0.96)
per 20 p.g,fm"
PMzs irasic
(U848 {0.81,

{contirurd on next page)
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Table 1 (comtinued )

Reference Stucy Mame Location Study Study Expasare Age at
period design and Arspooment baseline
Sample

Sex

Stroke outcomes
ascertain-ment

Confoander
adjustment

Resubts
{pstimate",
G50 CILL
increment)

20TAT

Dirgawati HIMS Perth, 1996-2012  Cobort Land-Lige Age 205
ot al., Aunstralia Regression
2019 Mindel
(LAR)

10126

Gan et al, Vancoaver Vancouwver, 1999 2002  Cobort LUR Age Range:

212 Administrative  British 45-85
Colemlda, 445868

Habfmamn HNE Ruahr Areas, 2000-2012  Cohort LUR and Age Range:

efal, Germany density 4574
2015 eSS

4212

80

only

Pemiles

Fampital
records and
death register

registration
databiase

Patient records
and death
certificates

05Ty per 1
e
Deensity 100
{0.&8, 1.15)
e D000
heavy vehice-
km/year ve.
namne

Dremsity 1.02
(096, 1.11)
< D000y
heavy vehide-
kmy/year vs.
mame
Distance (.98
{0.85, 1.12)
<100 ve
=250 m
Distance 1.02
{0.95, 1.10)
100-250 vs.
=250 m

co-morbidities”,
physical

imactivity, high-
fat diet, aleahal

Age, SEX, D=
muirhidities®,
nSES, noise”

Marital status,
education,
employment,
smuking, co-
mocbidites”,
EML, phiysical
actvity,
alcohal, nodse?

(0,71, 1.03)
per 1 1e5/m
MO,E (LG6
(0L.E5, 1.08)
per 10 ug{rn"
M”10
(0.95, 1.04)
per 10 pg/m®
L -
101 (084,
131y per 5

Fatal all
strake (HE)
PM. 5 o .70
(0.47, 103}
per 1 1e-5/m
WOz 0.593
072, 1.19)
per 10 pg/m®
N0, 0.97
{058, 1.07)
per 10 p.g,fm"
PMzs nam
071 (049,
102y per 5

Fatal all
strake (HR)
Mz ase 104
(1.0, 1.0r9)
per 0L97 le5/

m
Fatal and
non-fatal all
strake (HE)
PMz 5 e 1.57
(0.5, 2.86)
per (.98 le-5/

m

PM,p o 2,36
(1.0, 5.35)
per 6.32 pg/
e

PMzs nam
290(1.18,

(contiraued on next page)
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Reference Study Mame Location Study Stwdy Expasare Age at Sex Strodes ontcome Confoander Results
peerind design and  Assessment  baseline ascertain-ment adjustment (estimate”,
Sample o5% CL
Sl increment)
7.12) per 351
pg/m?
FMecarme mam
179 {072,
A4.48) per 5.26
Density 1.06
(6D, 1.64)
4302 vehicle-
km,/day
Jahnsan Edmuonton Edmantan, 2007-2009  Case- LUR Mean Age Males Cases: Age, sex, Fatal and
et al, Stroke Allserta, womntrod A GO.T and 3 contextual SES, non-fatal all
Z013 Canada controls: Females adminigrative smoking, BMT strake [OR)
39.8 data
42419 Controls: s i |
hospitalization (.94, 1.08)
data per 5 ppl
Katsoulis FPIC Athens Athens, 19542011 Cohort LUR Age Range: Bfales Selfreparted Sex, age, Fatal and
etal, Greece 21-82 amd data and death smoking, BMI, non-fatal all
Z014 Females cenificates education, strake (HE)
2752 physical WO, 098
activity, total (071, 1.34)
Emergy intake, per 10 |.|.3,.)’r|1l
co-morbidities”, FMin mam
aleohal 1.17 {060,
226} per 10
Korek SOPP, SIXTY, Seockchalm, 1952 2011  Cohart Diispersion Age Range:  Males Hlowpital Gender, Fatal and
et al_, RALT, SHACK Sweden and CTM A5.56 and registry and education, non-fatal all
2015 Femabss death registry smuoking, socio- strake (HE)
20070 epanomic index MO, 1.20
(.64, 2.25)
per 20 pg/m®
FMyn e
1.2 {089,
L63) per 10
Kulick HOMAS Manhattan, 19532016  Cobort Distance Median Males Selfreparted, Age, sex, rice, Fatal and
et al, Umited Stafes eSS Age: 69 and medical education, non-fatal
201a Frmales recards, death insmrance ichemic
certificates statbs, year of strake (HE)
enrokment, Cistance 1.42
nSES, smoking, (101, 2.02)
aleohal, <100 ve
physical 400 m
3287 activity, BMI, Distance 1.14
co-morbidiies”  (0L81, 1.60)
100-200 vs.
=400 m
Diistance 1.08
(LB, 1.45)
F00-400 vi.
=400 m
Lazarevic ALSWH Aunstralia 2006-2011  Cross LUR and 3 age Femabss Selfreparted Age, BMIL, Non-fatal
etal, sectonal distance caliort anly king, (preval 1]
2015 MEASUreS {younger, aleohal, all stroke
middle physical RE)
26091 aged, activity, fruit” MOz 0LED
alder’ veg, degree of (0548, 1.19)
residential per 3.3 ppb
urbanisation, Distance 1.01
e (0.5, 1.14) 1
temperature, km
mmuarital status,
education, self-
assesyed
financial
TESOITDES
Cmdin Scania Stroke Scania, 20012005  Case- Drispersion Birth year: Bfales Caves: hospital Sex, marital Fatal and
et al, Swerden camtrod amd CTHD 193 1965 amd admissions stats, country non-fatal
a1 Femubs from national of birth, [prevalence)
wtrodos register smoking, co- imchemic
morbidities™ strake (OR)
(comtiraurd on next pogel
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Heference Study Name Location Study Study Expasmre Age at Sex Strokee outcome Confounder Resubts
period design and Assessment Daseline ascertam-ment adjustment (estimate”,
Sample 95% CL
sive imcrement)
N0, 0.87
(.73, 1.03)
J0-60 vs.
<10 pgsm®
556912 N, 0.97
(0.50, 1.05)
10-20 vs.
<10 pgim®
MO, 0,95
(0L86, 1.06)
B30 vs.
<10 pgim”
Cmdin Scanda Stroke Scania, 2001-2006  Case- Drispersion Birth year: Males Cases: hospital Sex, marital HMono-fatal
ef al, Sweden ool and CTM 1923 1965 and admissions stats, country [prevalence)
2011 Pemaless from national of birth, mchemic
stroke register smoking, co- stroke [OH)
®302 muorbiditdes”, MO, 0.9%
physical (0.82, 1.95)
inactivity 10 pg/m?
Pinches RHIME Tartn Tartm, 2011-2012  Cross Drispersion Mean age: Males Selfreparted Crender, age, Non-fatal
et al, Estonia sectiomal amd CTRL 50 amd BMIL, edocation, (prevalence)
2016 Femalbes smoking, ETS all stroke
(OR)
905 FMun e
1.21 {053,
277 per 2.2
Qin et al, 33 CCHS Shenyang 20002009  Cross Surfice Age Range:  Males Sslfreparted Age, 56X, Tace, Nono-fatal
2015 and Anshan sectonal monitaring 18-74 and education, (per weight
and Jinzhioa, Premales income, category;
China smiking, prevalence
drinking, all stroke
exprcise, dist, (OR)
14646: sugar, fBamily co-  NO; 101
marmal meorbidities®, (084, 1.22)
weight, study diswrict per 9 pg/m”
1435: N0z 115
obese, (064, 2.07)
per 9 pg/m”
8764 Nz 1.22
overweight (.54, 1.51)
per 9 pg/m?
Sdrensen DICH Copenhagen 1953 2009  Cobort Drigpergion Age Range: Males Mational Sex, ength of Fatal and
et al_, and Aarhus, and CTM Si-64 and registries, schaal non-fatal all
2014 Denmark Pemalss medical records attendance, strake (TRR)
nSES, smoking, MO 1.08
fruit/veg, (1.01, 1.1&)
aleohal, coffes, per 10 pg/m®
physical WO, 102
actvity, BMI, (0,98, 1.07)
calendar year, per 20 pg/m”
51569 noise" Fatal all
stroke (TRR)
WO 147
(121, 1.B0)
per 10 pg/m®
Mg 117
(1.05, 1.31)
per 20 ug{rn"
Stafoggia ESCAPE Multiple 19522010  Cobort LUR and Mean Age Males Selfreparted, Sex, cabsndar Fatal and
etal., cities, dengsity rAnge: and medical record,  year, marital non-fatal all
2014 Multipls mEASIres Pemalss death status, strake [HE}
countries centificates education, PMzm e 1.OE
accupation, (0LE3, 1.41)
smoking, area per 1 1e-5/m
level SES, noiss”  NO0;" 0,99
(L83, 1.11)
per 10 pg/m®
MO, 0.98
(0L89, 1.07)
per 20 pg/m®
G046 4474 FMio cam
L.11 {050,
{contirued on next page)
a
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Table 1 (continwred )

Referemce Study Mame Location Study Study Expasare Age at Sex Stroke outcome Confoumnder Results
peeriod degign and Asspoment baseline ascertain-ment adjustment {estimate’,

Sample G95% CL
siwe increment )

136} per 10
P
3 ET—
119 {0.88,
162)per 5
p/m’
PM e 1.02
(0%, 1.16)
per 5 pgim?
Diemsity 1.02
(0.55, 1.10)
000 vehicle
km/day
Stockfelt GOT-MONICA Gathenbarg, 1950-2011 Cohort Drispersion Age Range:  Males Death register, Age, smoking, Fatal and
efal, Swesden amd CTARL 2564 amd selfreparted, marital states, non-fatal all
2017 Femakes hespital physical strake (HR}
discharge activity, BC" 1.25
register calendar year, (OLES, 1.76)
mean income af  per 1 p.g,-"m!
are, Sex, M”14
enrolment year (0.5, 1200
per 20 pgim®
FMin noresiipipa
110 {0.97,
124} per 1.48
p/m’
4500 LT —
1.07 (0.92,
1.23) per 0.20
g/’
Mo st
La0¥3 (0,97,
L.23) per 1.77
p
FMoyp e
LA8 (088,
2.4%) per 10
p/m’
PMzs cam”
150 {0.940,
251)per 5
P
PPS Gathenburg, 1990-2011 Cohort Drigpersion Age Range:  Males Death register, Age, smoking, Fatal and
Sweden and CTR 6475 only self-reparted, muarital statis, mon-fatal all
hospital phipsical strake (HE)}
discharge activity, BCT 109
register calendar year, (oG, 1.313%
discha mean income of  per 1 pgsm?
register areq, MO 104
accupational (oo, 1.12%
class per 20 pgim”
FMin noresiipipa
103 {0.96,
1100 per 1.41
P
5850 Py azhme
104 {0.97,
1.28) per 0.29
pz/m’
PMy e
103 {0.97,
L10} per 1.77
pgim’
Mo e
L0 (0,80,
1.45) per 10
p
LT p—
106 {0.78,
1.44) per 5
p/m’

* Effect estimates can be ORa, BBz, HRz or [RRz, depending on the analysis; Batimates of incidence of stroke are reported unless otherwise mentioned.
Y Co-morbidities include at leact one of the following: diabetes, hypertension, COPD, hyperlipidemia, medications for the laster,
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® Included in the meta-analyzis; see Supplementary Table 4 for inclusion and excluzion critesia.
4 Alio adjusted for noize in gencitivity analyzes but estimates are not shown in Table 1.

participants” residential locations, while others (Andersen et al., 2012;
Atkinzon et al, 2013; Carey et al., 2016) estimated exposures at par-
ticipantz” high-resolution postal codes. NO, was the most frequently
investigated pollutant (N = 9), followed by NO., BEC, PM;y and PM.s.
Annual mean expasures varied considerably across the studies: from 8 to
39 pg/m* for MO, and 5-31 pg/m® for PM. . Six studies analysed
proximity metrics such az distamce to or denszity of traffic. Four studies
evaluated the influence of concurrent noize exposure az a source of
confounding or effect modification on the association between TRAP
amid stroke (Gan et al., 2012; Hoffmann et al., 2015; S#renzen et al.,
2014; Stafoggia et al., 2014).

3.3. Meto-analyses and sensifivity analyses

A sufficient number of studies (>3] were available to perform meta-
analyzes on MOz, NOy, EC, PMjo, and PMzs in association with stroke
(Fig. 2). The summary effect estimates indirated positive azsoriatons for
EC, PM,q, and PM; s with confidence intervals overlapping unity, and
null azzociations for NOy or NO,.

3.4. NOg

For N0y the summary effect estimate was 0.98 (95% CI: 0.92; 1.05)
per |ﬂ-|.|.g_."m3 increment (N = 7) (Fig. 3A). The individual associations
were moderately haterogeneous (I* = 64%) and varied in direction
Three studies ezdmated azzociadons of NO; with faral stroke separately,
and with fatal and non-fatal stroke combined. In two of thoze studies, the
Danizh DDCH (Hoffmann et al., 2015) and the KPNC Oakland (Alexeeff
et al, 201E), the estimarted efferts on fatal stroke were large and positive

(RR = 1.47 and 1.57 rezpectively), in contrazt to the smaller estimated
efferts on the combined zooke (RR = 1.08 and 0.956 respectively)

Supplementary Fig. 2). The two studies investigating a positive and
negative exposure-response function were the DDCH (Andersen et al.,
2012; Sprenzen et al, 2014) and HIMS (Dirgawati et al., 2019), a highly
zelected population of older men, rezpectively.

2.5 NOx

The meta-analyziz of NOy and stroke (Fig. 3B) yielded a summary
estimate of 0.99 (95% CI: 0.94; 1.04) per 20-pg/m” increment (N = 8).
The heterogeneity of the aszociations was moderate (I = 50%4): the maost
heavily weighted association was inverse, from the CPRD London study
(Carey et al., 2016), while the others were closer to null and/or esti-
mated with lesz precizion. One study waz a caze-control study analysing
prevalent cazes (Dudin et al, 2011). Regarding sensitivity analyzez, no
clear picture emerged from a comparizon of associationz with fatal
zstroke and aszoeciadons with fatal and non-fatal stroke combined.
However, similar to the fndings for NO., the positive aszociation of MOy
with fatal events in the DDCH study {S#renzen et al., 2014) was stronger
than any of the individual associations with combined stroke (Supple-
mentary Fig. 2). There waz mixed evidence regarding the
exposure-responze functon (e g, negative slope in Dirgawatd et al |
2019, and pozitive for categories of NO, in Oudin et al., 2011).

2.6, BEC

For EC the summary RR wasz 1.03 (95% CI: 0.98; 1.09) per 1-pg/m*
increment. (N = 6) (Fig. 4A). Heterogeneity was low; four stmdies
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Fig. 2. Meta-analyzin of ascociations betwesn TRAP and incidence of otroke.
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Fig. 3. Amzociationz between gaseous traffic-related pollutantz (MNO2 (A) and NO, (B1) and incidence of stroke: Meta-analyziz.

reparted positive, though mostly imprecize, associadons. The meta-
analyziz was dominated by the positive estimate from the Vancouver
Adminiztrative cohort study (Gan et al., 2012) with 84% of the overall
weight. The Vancouwer study had limited individual-level information
on potential important sources of confounding, such az smoking, and
adjusted for health conditions (ie., diabetes mellituz, chronic obstrue-
tive pulmonary disease, and hypertensive heart dizeaze) az proxies of
behavior-related stroke risk factors. When we excloded the estimate
from thiz study from meta-analysis, the summary estimated effect was
virtually the zame (RR = 1.02) although zubstantially lesz precize (95%
CL: 0.86; 1.20) (Supplementary Fig. 2). Similar to NO; and NO,, Dirga-
watl et al. (2019) reported a negative slope for incidence of non-fatal
zstrokes over the smdy’z relatively low concentration range of 0.1-1.5
10°m ™! for PM absorbance. On the other hand, Stafoggia et al. (2014)
reported that a linear exposure-responze function waz a good approxi-
mation of the EC-siroke aszociation in most of the 11 European cohorts
in the ESCAPE study.

37 PMy,

The meta-analyzis of PMyo expasure (Fig. 4B) and combined fatal and
non-fatal stroke incidenee (N = 5) yielded a summary BR of 1.09 (95%
CI: 0.96-1.23) with no heterogeneity; the RRz from all but one study
exceeded unity (Atkinzon et al, 2013). A linear and monotonically
inereasing expocure-regponze function over the 5-26 pg/m* range was
reparted in the GOT-MONICA cohort (Stockfelt e al., 2007), and Sta-
all (2014) reported a roughly linear shape of the
exposure-response fimection for most of the 11 cohortz in ESCAPE.

foggia et

3.8. PMzs

The effect estimates included in the meta-analyziz of PM. g (Fig. 4C)
and stroke all exceeded unity, with no heterogeneity, and the summary
RR was 1.08 (95% CI: 0.80-1.32) per 5-pg/m* increment (N = 4). Upon
exclusion of the Australian study (Dirgawati et al., 2019) in analyzes by
geographic region, the estimate for the remaining Western European
studiez wag substantially higher (1.17, 95% CI: 0.82; 1.67) {Supple-
mentary Fig. 2]. Both the ESCAPE study (Stafoggia et al., 2014) and the
GOT-MOMNICA cohort (Scockfelt et al, 2017) reported a linear and
monotonically inereasing exposure-responze function.

3.9, Resultz of studies not entering meto-analyses

There were too few cross-zectional studiez on stroke prevalence to
conduct meta-analysiz. Briefly, a posidve aszociation was observed in
the very small Estonian sudy of mraffic specific PM,; 5 and stroke (Pindus
et al., 2015). The large 33CCHS study in China observed positive asso-
ciations between MO, and stroke, specifically in overweight and obese
subjects (Jin et al, 2015). The cross-sectional medium-zized study on
Australian women showed an inverse, though imprecise association
between MO; and stroke (Pindus et al., 20016).

A zmall number of studies examined other pollutantz (PM e,
PMiraffic.specific), with the findings generally supportive of an association
of TRAP with stroke (Table 1). Specifically, the ESCAPE study reported
rizgks for PMeoars= of 1.02 (95% CI: 0.90, 1.16) per 5 Np"m" increment
(Stafoggia et al, 2014) and the Heinz Nixdorf Recall (HNR) alzo re-
ported an elevated estimate for PM g (Hoffmann et al, 2015)
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Fig. 4. Amociationz between particulate pollutantz (BC (A), PM;, (B) and PM. ¢ (€]} and incidence of stroke: Meta-analyziz.

Overall, four studies investigated indicators of PMumsicspecific, all of
whirh found positive associations with stroke (Forek et al | 2015; Pindusz
et al, 2016; Scockfelr et al., 2017) except one in the inverse directon
({Atkinzon et al, 2013).

Altogether six studies investigated azsoriations with proximity to
roads and/or traffic denzity, one of which was the ESCAPE multi-cohort
(Srafoggia et al., 2014). Two studiez reported positive associations
(Andersen et al, 2012; Kulick et al., 2013), one of them with a mono-
tonic exposure-rezponse relationship. (Table 1), The four studies
examining the effect of noize adjustment for one or more traffie-related
pollutants showed stable or even larger effect estimates (Andersen et al.,
2012; Gan et al.,, 2012; Hoffmann et al., 2015; Sdrensen et al., 2014).

310, Overall azszessment

The modified OHAT formal confidence asseszment was conducted
for the studiez and exposure-stroke pairs for which a meta-analysiz was
conducted (N = 12). As the studiez included in the meta-analysiz were
cohort or caze-control, the initial rating for confidence was moderate for
all exposure-stroke pairs (Table 2.

Among the factors that may reduce confidence, RoB was ranked low
or moderate in most exposure-stroke pairs and domains (Supplementary
Table 8} Two studies ranked az high RoB, due to lack of confounder
control for smoking and BMI and/or selection biaz (Gam =t al, Z012;

Johnzon et al., 2013). No downgrade was applied becauze results weare
robust in sensitivity analysesz excluding high RoB smdiez. We down-
graded the lewval of confidence for all pollutantz except NOy for impre-
cizion because although all meta-analyzes met the zample size criterion
and had sufficient power, the confidence interval: were wide, clearly
including wunity. Given the small number of zmdiez in each
exposure-stroke pair, an analyziz of publication biaz was infeazible; this
did not lead to a downgrade.

We upgraded the evidence for associationz of PM,y and PM; ; with
stroke following the demonstration of a monotonic exposure-rezponse
function in the GOT-MONICA cohort (Stockfelt et al, 2017) and the
results of a subset analyzes in the 11 studies of the ESCAPE analyziz. In
this study, evaluations of individual cohort exposure-response functions
with zpline models (Stafoggia et al., 2014) showed that the estimates did
not clearly deviate from linearity. Several mechanizms of potential bias
towards the null were identified in the analyziz including potential for
over-adjustment or inclusion of potential intermediates {Alexeeff et al.,
2018; Andersen et al., 2012; Atkinson et al., 2013; Carey et al., 2016).
However, an upgrade was not considered appropriate, bazed on the
zmall number of studiez with potential underestimation of the azzocia-
tion. Similarly, too few studies were available to evaluate consistency
acrozz geagraphic regions, populations or study period and therefore no
upgrade waz performed.

The final rating of the quality of the evidence baze of the individual
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Table 2
Confidence rating for TRAP and stroke incidence.
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pollutant-stroke pairs was low for MOy and EC, and moderate for NOy,
PM. g and PM,,, with BEC, PM. s and PM,, chowing a positive meta-
analytic estimate and MNO: and NOy indicating no effect in the meta-
analyziz (Table 2, Fig. 2). Combined confidence rating for the guality
of the evidence baze for measurez of TRAP across all meta-analyzed
pollutants started with moderate confidence. We downgraded to low,
because all PM.y and PM,, studies were rated only as moderately
traffic-zpecific studies whereas the highly traffic-specific NO: and NOx
meta-analytic estimates were null

In our comprehensive narrative aszsezsment, we concluded a

maoderate lavel of evidence in an association of exposure to TRAP with
stroke. Owverall, the study baze and the meta-analyzes provided evidence
of an aszociation of PMyo and suggestive evidence of an association of EC
and PMa:s with stroke from a moderately large number of smudies.
Several high-quality studies from different regions acrosz Burope and in
North America yielded positive estimatez for EC, PM,, and PM. 5 in
different populations, albeit the precision of the estimates was low, and
the Clz of the meta-analytie estimates included unity. The determination
was supported by zome evidence from individual pollutant or proximity
metric studies not included in meta-analyzes, and reladve stability in

87



P, Haddod et al.

noise-adjusted models. What made the evidence less compelling was the
abzence of evidence for NOy and MO, the pollutants considerad highly
traffie specific, yielding null Andings in the meta-analyzes.

Bazed on both asserzments, the overall evaluation of an azsociation
between TRAP exposure and stroke was rated low to moderate.

3.11. Study characteristics and sensitivity-analyses following the new
search

On Janwary 06, 2022, we identified 64 newly published studies on
stroke, § of which met the original incluzion criteria (Amini et al., 2020;
Anderszon et al,, 2020; Magnoni et al., 2021; Rodinz et al., 2020;
Vivanco-Hidalgo et al., 2019) {Table 3). Estimatez reported a positive
association between different pollutants and stroke except the very large
study in Milan (Magnoni et al., 2021) showing no association. The DNC,
ELAPSE and HNR zmdies reported an RR for PMzs, NOy and PM,;q of
1.12 (95%CL: 1.05; 1.25), 1.08 (95%CI: 1.04, 1.12) and 1.05 (95%CL
1.01, 1.16) rezpectively. All 6 studies adjusted for raffic noise, reporting
stable estimates. After including the new stdies in szensidvity
meta-analyzes for PMazs and MOz (Supplementary Fig. 2), we found
zlightly more robust adversze estimate: for PMge (1.22; 95% CI-
1.03-1.21) and a null azzociation for NO2 (1.01; 958 CI: 0.96-1.06).

4. Dizcussion

Bazed on 19 publications, we found low to moderate evidence for an
association of long-term exposure to TRAP with stroke. This was based
on a formal confidence rating according to the modified OHAT frame-
work and on a comprehensive narrative azsessment of the body of evi-
dence. The meta-analytic estimates of EC, PM;y and PM; 5 indicated
positve azzociations for stroke, but for all pollutants the confidence
intervalz included unity. The evidence waz swengthened by zeveral
high-quality soudies with a pozitive exposure-response function or sub-
zet analyziz indicating stable effects acrozs levels of exposure. In addi-
ton, several individual studiez investigatdng pollutantz highly likely
indicative of traffic, such maffic-zpecific PM fractions provided support
for an aszociation. Several studiez also obzerved azzociations of prox-
imity metrics such as rezidential diztance to high traffic roadways or
traffic density with stroke. Becauze cardiometabolic diseaze iz likely
influenced by traffic noize, some situdies investigated possible con-
founding or effect modification by noize with mostly very stable rezults.
Howewver, the evidence for TRAP and stroke waz generally weakened by
null aszociations for the gaseous pollutane: N0, and MO, in the meta-
analyzes.

Following the zystematic search im July 2019, six new studiez have
been published on stroke In azzociation with TRAP. Overall, the recently
publizhed studiez support the overall rezultz from thiz review, showing
no azzociation for NO, and a significant adversze azsociation for PMa s in
zenzitivity analyses.

In a review and meta-analysiz of general air pollution and stroke,
Scheers et al. (2015) found statistically significant, but slightly lower
associations with PM; ¢ and PM, g in a set of 20 studies. In contrast to our
study, they targeted all studies expozed to PM; s and PM,p, from all
zource and not only TRAP related expozure zmudies, thus the higher
number of studies included in their meta-analyzes. They also reported
unexplained geographical variability in these azsoriadons due to null
rezults for PM; exposures in Asia, while studies of PM,, exposurez in
MNorth America and Europe were positive.

Conitrary to our findings, in a recent review by Fugel and Brauer
(2020}, who analysed the effects of TRAP, noize, natural spacez and
neighbourhood walkability in urban populations, the authors concluded
that “when TRAP and noize were conzidered jointly, evidence was muf-
ficient for increased cardiovazeular morbidicy with higher noise expo-
zurez; zufficient for no effect of TRAP on cardiovascular dizease
morbidity”. This review waz limited to smudies of at least two environ-
mental exposures and outcomes were grouped more broadly, preventing
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a direct comparizon of resultz with our smdy. Meverthelezz, the
concluzion of a vanithing TRAP effect upon adjustment for noize iz
contrary to ours, where studies generally showed little influence on the
TERAP effect upon adjustment for noise in the few studiez that did =o.

Major strengths of thiz review include the systematic approach to
study zelection and evaluation uzing an a priori specified framework for
exposure assessment and for a syztematic evaluation of the epidemio-
logical evidence. The use of several indicators of TRAP allowed the
evaluation of consistency across pollutants and emabled us to base
conclusions on a larger number of studies with diverse exposure metrics,
rather than focusing only on a few meta-analysed pollutantz. The out-
comes of the overall review were grouped into relatively specific sub-
groups of cardiovascular dizeasze to allow a more detailed evaluation.
The identified studies were located in diverse areas of the world with
different populations and different study dezignsz. Several studies with
in-depth characterization of the study population were available. The
mare recent studies alzo were more liksly to include an evaluation of
traffic noize.

One of the limitations of this review was the low number of studies
per exposure-siroke pair for most pollutants. Thiz prevented uz from
conducting more in-depth, stratified analysez by region, traffic-
zpecificity or study design, the evaluation of publication biaz, and
inconclusive stratified and sensitivity analyzes in many cazes. A second
zpecific limitation of thiz body of evidence was the potential under-
assessment and miselaszification of stroke, depending on study design,
age of the study population and data source. Third, the studies provided
only limited opportunity to study the influence of potentially important
co-exposures such as traffic moize, area-level SES or green zpace in a
detailed manner, although each have been thown to be related to car-
diovazecular dizeaze (World Health Organization, 2018; Yuan et al.,
2021).

We followed the earlier 2010 HEI Report in recognizing that a major
challenge for epidemiological rezearch on TRAP and for the objective of
zselecting and evaluating smudies remain: — i.e., that no commonly
measured or modelled pollutant iz fully specific to traffic sources. Other
zources, such asz heating and energy producton alzo contribute to
commonly uwsed indicatorz of TRAP (for example N, and UFPzl.
Therefore, the uze of accepted indicators of TRAP would ideally be
evaluated in the context of the major drivers of expozure contrast in the
geographic region and the specific dezign of each epidemiological study.
Howrewver, given that detailed evaluadon of the sources and data un-
derlying exposure asseszment in individual studiez is not feazible, we
consider it a strength that a novel exposure framework waz developed to
guide transparent selection and evaluation of the included studies.

One further challenge iz identifying the most important time period
for the elicitation of adverse effectz on stroke. Thiz question of relevant
time of exposure also includes the role of short-term traffic exposures,
which waz not covered in thiz review. While in the triggering of acute
eventz due to short term exposure haz been demonstrated in many
studies (Millz et al, 2015), it remainz unclear how repeated high
chort-term exposure: contribute to dizease development. Alzo a better
understanding of the molecular and cellular actons of nitrogen oxides
on the cardiometabolic syztem iz neceszary to provide mechaniztic evi-
dence for a plausible adverse health effect. So far, only limited evidence
iz available from toxicological smudies at relevant ambient concentra-
tions (Burbure et al., 2007; Channell et al, 2012; Huang et al., 2012; Li
et al., 2011; Biedl et al_, 2012).

5. Concluslons

The available literature provides low-to moderate evidence for an
association of TRAP with stroke. As traffic in cities remains the most
important source of contrasts in air polluton, fuotre studiez should
zpecifically focus on small-scale exposure asseszment, ideally alzo
including other factors associated with traffic, zuch as traffic noize, area-
level SES and green space, to improve the evidence base. The role these
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Table 3

Key study characteriztics of the newly identified studizs (up to January 2022).
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ETEET Space
(contraed on nest pogel
15
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Table 8 (continued)
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Reference Semdy Name Sty Sty Exposure Age at Stroke Moo Confounder Results Results
Location period diesign LETY baseline, putcome bomic adjmstment [estimate, G50 [{=stimats, 95%
and sameni o ascertain ER 1, increment ) CL increment)
sample ment fanction Adjusted for
sie road traffic
noise
ELAFPSE 1992-2015  Cohort LUR model  Mean Hospital yES Suboahart Fatal and nom-  Fatal and non-
Age- 54, discharge strata, age, Fatal stroke fatal stroke
both and death sex, year of (HRE) [eohort with
registries beseline visit, available data
marital stakos, o moise] (HR)
BMI, smeking, FM. . 110 PAM, . 105
employment (101, 1.21] per 099, 1.21) per
statns, 5 pgim 5 pg/m?
Multipde 137,148 education, MOz 108 (104, WO LO& (100,
cities H01 incoms 1.12) per 10 1.12) per 10
THEAD G0 i pg_,-'rn" |u,',r':r:|'1
nSES BC 1.06 (1.02, BC 1.05 (101,
110} per 1.10) per
05107 %/m 0.5°10~%/m
Roding et al. HNR 2000-14 Cohort ELTRAD Mle=an Self-report, mat Age, sex, BES, Fatal and non-fatal strake (HRE)
( 1) Western FEArs 4105 CTM Age: physician specified  nSES, BMI, PMie 1.08 (101, 116} per 1 pgim®
Grermany falkow-ap 501, interviews smoking, PMg gaic 2.55 (1.11, 5.86] per 1
both and akcahiol, pg_,-'m"
medical physical FMy s 1.6 (1.02, 1.34) per | pgim?
records activity, PM. o e 2.53 (107, 5.97) per 1
nutritiom, ug,-‘m‘
night dime P 106 {100, 1.10) per 1000/
traffic noise e
Phass graime 1.27 (105, 1.55) per
100 om®
AOC 1.07 (1.01, 1.13) per 0.1 pg’
...}
AOC e 133 (1.00, 1.76) per 0.1
g/

EC 1.07 (101, 1.14) per L1 pg/m”
EC et 1.78 (1.02, 3.12) per 0.1
pgfim®

All results adjusted for trafic
noise

* Comorbidities: hypertennionn, diabetes mellitns, dyclipidemia prior history of coronary heart dizease/stroke /transient inchemic attack.

urban co-exposures needs more attention, given that there is clear evi-
dence that noize and area-level SES, and to a lesser degree lack of green
zpace, have adverze health effectz on cardiometabolie health and guality
of life (Diez Roux et al., 2016; Schuoltz et al., 2018; Warld Health Or-
ganization, 2018; Yuan et al,, 2021). The interplay of theze exposures in
terms of confounding and potential symergism neads to be better un-
derztood for effective prevention and urban planning. With ecities start-
ing to rethink urban planning and the interactions of perzonal motor
wehicles, active transport and increaszed green space (for example Paris,
Barcelona, Copenhagen, etc.), the effects of theze changes on car-
diometabolic health should be evaluated.
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The following increments were used: 10 pg/m* for NO+, 20 pg/m® for
MOx, 1 pg/m? for BC, 10 pg/m® for PMao, and 5 pg/m® for PMz s Effect
estimates cannot be directly compared across the different traffic-related
pollutants because the selected increments do not neceszarily reprezent

the same contrast in exposure.

A_ Forest plot of the association between MO: and stroke, B. Forest
plot of the azzociation between WO, and stroke.

Note: Qudin et al, (2011) are eztimates for mon-fatal stroke; others
combined fatal and non-fatal stroke.

A. Forest plot of the association between EC and stroke; B. Forest plot
of the association between PMjo and stroke; C. Forest plot of the aszo-
ciation between PM; 5 and stroke_
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3.1 Paper Il — Publication Appendix

Supplementary Table 1 Inclusion and Exclusion Criteria for each PECOS Domain in
Relation to the Selected Health Effects of Long-Term Exposure to TRAP

PECOS Inclusion Exclusion
Population General human population, of all ages, Populations exposed in occupational
developed and developing areas, both settings or exclusively indoors.
urban and rural
No geographical restrictions
Exposure Long—term exposure (months to years) to | Short—term exposure studies (minutes to
TRAP. months).
Indirect measures of TRAP, such as
distance to or traffic density at nearest
road.
Include studies regardless of whether
they adjust for co—pollutant exposures.
Comparator Exposure to lower levels of TRAP in the
same or in a referent population.
Outcome Stroke events (160-169)
Study Human studies include cohort studies, Qualitative studies, studies reporting only

case-cohort, case-control, cross-sectional
studies, and intervention studies.

Only human studies that are published (or
accepted for publication i.e., in press)
between January 1980 and June 2019, in
peer—reviewed journal articles and written
in English.

Studies that report a quantitative measure
of association and a measure of
precision.

unadjusted results, and clear evidence of
an analytical error

Studies without individual level data (i.e.,
fully ecological outcome, exposure, and
covariates data)

Studies where no original data were
analyzed, reviews, or methodological
papers

Genome-wide association study (GWAS)
and all other -omics studies Nonhuman
studies (in vivo, in vitro, other) and
controlled exposure (chamber) studies

Grey literature, conference abstracts,
conference papers, notes, editorials, letters,
and unpublished data
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Supplementary Table 2 Traffic-Related Pollutants and Exposure Indicators Included in

Review

Exposure Metric

Consideration

NOz2, NOx, NO Frequently used in epidemiological studies;
NAAQS or limit values
CO Frequently used particularly in earlier traffic

studies; NAAQS or limit values

EC, BC, BS, PM absorption (‘soot’)*

Frequently used in epidemiologic studies

PM1o, PMcoarse, and PM2.5

Frequently used in epidemiological studies; in
specific settings PM contrast may have a clearly
resolvable relative traffic contribution

Non-tailpipe PM trace metals from wearing of
brakes and tires or from the resuspension of road
dust (e.g., Cu, Fe and Zn)

Increased interest because of reduction of tailpipe
emissions

UFPs, particle number concentration, quasi-
ultrafine, different particle modes (nucleation,
Aitken, accumulation), particle size distribution

Fraction of fine particles produced through
combustion and with potentially distinct health
effects

PAH

Added for completeness

Some increased by traffic, though not a very
specific marker and most human exposure is via
diet

Benzene

Added for completeness

Some VOCs are increased by traffic, though VOCs
are generally not specific for traffic.

Benzene chosen as a marker for mobile source air
toxics

Indirect traffic measures (metrics based on
distance or traffic density)

Very specific for local traffic but concerns about
validity

Indicators represent more than air pollution (e.g.,
noise) and no quantitative concentration estimates
available

* Elemental carbon (EC), black carbon (BC), Black Smoke (BS), and PM absorption (PMabs) are referred to as EC throughout this
report. These carbonaceous pollutants are defined by operational measurement techniques rather than by fundamental chemical

properties alone.
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Supplementary Table 3 Exposure Assessment Methods Combining Selected Criteria

on distance or
traffic density)

detailed zip code
(street segment)

Exposure Exposure Spatial resolution | Spatial Spatial Traffic contribution
metric assessment methods | “pollution resolution | resolution to exposure and
surface” address address for other
study considerations*
identification
All pollutants Dispersion / CTM <5 km <5 km Residential Assumed by method
from models of traffic address as exact
Supplementary | emissions or traffic- address,
Table 2 specific source- neighborhood,
tracking/apportionment census tract, zip
code acceptable
(city or county
not)
All pollutants Dispersion / CTM <5 km <5 km Residential Judgement needed
from models of all sources address as exact | (e.g., required area
Supplementary address, adjustment in
Table 2 neighborhood, epidemiological
census tract, zip | analysis if spatial
code acceptable | extent of the study
(city or county area was >10,000
not) km?, determination of
whether exposures
met long-term
criteria)
All pollutants LUR. Models that <5 km <5 km Residential Judgement needed
from contain at least one address as exact | (e.g., required area
Supplementary | traffic predictor (e.g., address, adjustment if spatial
Table 2 traffic intensity or road neighborhood, extent of the study
density) or broader census tract, zip area was >10,000
surrogates of traffic code acceptable km?, determining
(e.g., address density, (city or county whether exposures
household density, not) met long-term
population density, criteria)
impervious surface)
All pollutants Surface, satellite and <5 km; <5 km Residential Judgement needed
from personal monitoring operationalized as address as exact | (e.g., unclear monitor
Supplementary up to 5 km between address, density,
Table 2 except the residence and neighborhood, determination of
PMio, PMcoarse the monitor, or up census tract or whether exposures
and PM_s to 10 km between block, or postal met long-term
monitors, or at least code (but not city | criteria)
one site per 50 or county)
km2
PM;o, PMeoarse, | Surface, satellite and Excluded Excluded Excluded Excluded
PMas personal monitoring
Indirect traffic Objective <1000 m from a <100 m Residential Assumed by method
measures highway or a major address as exact
(Metrics based road address or

*In general, the larger the study area, the less likely a measured or modelled contrast in pollution is primarily due to traffic
emissions. Therefore, nationwide epidemiological studies were designated as ‘possibly in’ requiring Panel assessment. The spatial
resolution of a pollution surface was selected based on its capacity to identify within-city contrasts in ambient air pollution.

95




Supplementary Table 4 Inclusion and Exclusion Criteria for Meta-Analysis

Inclusion criteria

General population studies, and studies in selected ‘representative’ population subgroups (e.g.,
California Teachers study, Nurses’ Health study).

Adjusted risk estimates from single pollutant model result. If single pollutant model results were
not reported, multipollutant results were selected.

Adjusted risk estimates from the full study population. If a study reported two or more estimates
for subgroups of the study population separately only (e.g., male and female, age groups), the
Panel combined the estimates by a fixed-effect meta-analysis first before entering the random
effects model.

Ability to standardize the results.

Studies were included unless the same study population and exposure assessment was used in

several publications on the same exposure-outcome pair. When the same study population was

used in several publications on the same exposure-outcome, selection was basis of the following
order:

e largest population sample size, number of events or number of cases
e most appropriate adjustment for confounders
e most recent publication date

Exclusion criteria

Exposure metric analyzed as log-transformed terms, categories, such as quartiles of exposures,
high versus low.

Indirect traffic measures (distance and traffic density measures) and personal exposure studies.

Insufficient information available to standardize estimates and precision (e.g., not reported,
pollutant increment not clear)
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Supplementary Figure 1 Assessing Confidence in the Body of Evidence from OHAT 2019

Factors Confidence
Increasing == in the Body
Confidence | of Evidence

Initial Confidence Factors

by Key Features == Decreasing ==
Confidence |

of Study Design
High (++++)
4 Features
Features
* Controlled
exposure
Moderate (+++) |, Exposure
3 Features BUCISS)
outcome
¢ Individual
Low (+4+) e
2 Features « Comparison
group used
Very Low (+)

<1 Features

* Risk of Bias

* Unexplained
Inconsistency

* Indirectness
* Imprecision

* Publication Bias

* Large Magnitude of Effect
* Dose Response

* Residual Confounding

— Studies report an effect and residual
confounding is toward null

— Studies report no effect and residual
confounding is away from null
* Consistency
— Across animal models or species
— Across dissimilar populations
— Across study design types
* Other

— e.g., particularly rare outcomes

High (++++)

Moderate (+++)

Low (++)

Very Low (+)
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Supplementary Table 5 Comparison of main similarities and differences between the
narrative assessment and the modified OHAT assessment.

Narrative assessment

Modified OHAT
assessment

Main purpose

to assess confidence in the
presence of an association

to assess confidence in
the quality of the body
of evidence

Inclusion of studies

All studies - both the
metaanalytic results and
results of studies that were

not included in meta-analysis

All studies, though
heavily geared towards
the studies entering a
meta-analysis

Number, location, and size of the Yes
studies Partial
Study design Yes Yes
Study population (generalizability) Yes No
Strength (magnitude) of the association Yes No*
Robustness of the association Yes No
Statistical methodology Yes No
Risk of bias Yes Yes
Confounding Yes Yes
selection bias Yes Yes
exposure assessment Yes Yes
outcome assessment Yes Yes
missing data Yes Yes
selective reporting Yes Yes
Consistency of the findings (e.g., across Yes Partial
locations, time periods, study designs,
and different pollutants and indirect
traffic measures)
Unexplained inconsistency Yes Yes
Imprecision (chance) Yes Yes
Publication bias No Yes
Exposure-response Yes Yes
Residual confounding Yes Yes

*The OHAT has an upgrading factor for large magnitude of effect that applies only if the effect size is large or very large (i.e., large
relative risk > 2 or very large relative risk > 5) because residual confounding is then less likely. However, the Panel consider a large
effect to be both ambiguous to define and unlikely to occur. Thus, the Panel has decided not to consider this specific upgrading

factor.
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Supplementary Table 6 Overall assessment - Descriptors of the Level of the Evidence for an Association”

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
association.

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

*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 modified OHAT
assessment. The descriptors are modified from OHAT (2019) and U.S. EPA (2015).
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Supplementary Table 7 List of Excluded Citations with Justification

Title

Authors, Year

Reason behind exclusion

Road traffic noise is associated with
increased cardiovascular morbidity and
mortality and all-cause mortality in London

Halonen et al, 2015

No quantitative measure of association

Road traffic noise, air pollution and incident
cardiovascular disease: A joint analysis of the
HUNT, EPIC-Oxford and UK Biobank cohorts

Cai et al, 2018

Exposure assessment (main reason:
nationwide study with no or insufficient area-
specific adjustments)

Long-Term Exposure to Ultrafine Particles
and Incidence of Cardiovascular and
Cerebrovascular Disease in a Prospective
Study of a Dutch Cohort

Downward et al, 2018

Exposure assessment (main reason:
nationwide study with no or insufficient area-
specific adjustments)

Long term effect of air pollution on incident
hospital admissions: Results from the Italian
Longitudinal Study within LIFE MED HISS
project

Gandini et al, 2018

Exposure assessment (main reasons: spatial
scale too crude (pollution surface + health
data), correction for area specific but very
rough way (rural, urban, metropolitan area))

Effect of seasonal and monthly variation in
weather and air pollution factors on stroke
incidence in Seoul, Korea

Han et al, 2015

Exposure assessment (main reason:
insufficient information in either paper or the
accompanying papers)

Effect Modification of Long-Term Air Pollution
Exposures and the Risk of Incident
Cardiovascular Disease in US Women

Hart et al, 2015

Exposure assessment (main reason:
nationwide study with no or insufficient area-
specific adjustments)

Ambient Air Pollution Is Associated With the
Severity of Coronary Atherosclerosis and
Incident Myocardial Infarction in Patients
Undergoing Elective Cardiac Evaluation

Hartiala et al, 2015

Exposure assessment (main reasons: spatial
scale too crude (pollution surface), nationwide
study with no or insufficient area-specific
adjustments)

Individual and Neighborhood Stressors, Air
Pollution and Cardiovascular Disease

Hazlehurst et al, 2018

Exposure assessment (main reasons: spatial
scale too crude (pollution surface), nationwide
study with no or insufficient area-specific
adjustments)

Acute and chronic effects of particles on
hospital admissions in New-England

Kloog et al, 2012

Exposure assessment (main reason: spatial
scale too crude (health data))

Long-term exposure to air pollution and
cardiorespiratory disease in the California
teachers study cohort

Lipsett et al, 2011

Exposure assessment (main reason:
nationwide study with no or insufficient area-
specific adjustments)
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Title

Authors, Year

Reason behind exclusion

Particulate matter exposures, mortality, and
cardiovascular disease in the health
professionals follow-up study

Puett et al, 2011

Exposure assessment (main reason:
nationwide study with no or insufficient area-
specific adjustments)

Fine particulate matter exposure and
incidence of stroke: A cohort study in Hong
Kong

Qiu et al, 2017

Exposure assessment (main reason: PM
satellite data)

Association between long-term exposure of
ambient air pollutants and cardiometabolic
diseases: A 2012 Korean Community Health
Survey

Shin et al, 2019

Exposure assessment (main reason:
nationwide study with no or insufficient area-
specific adjustments)

Cardiovascular Effects of Long-Term
Exposure to Air Pollution: A Population-Based
Study With 900 845 Person-Years of Follow-

up

Kim et al, 2017

Other — Analytical error

Associations between exhaust and non-
exhaust particulate matter and stroke
incidence by stroke subtype in South London

Crichton et al, 2016

Study design

Association between long-term exposure to
air pollutants and prevalence of
cardiovascular disease in 108 South Korean
communities in 2008-2010: A cross-sectional
study

Lee et al, 2016

Study design

Outdoor NOx and stroke mortality: adjusting
for small area level smoking prevalence using
a Bayesian approach

Maheswaran et al, 2006

Study design

Do air pollution and neighborhood greenness
exposures improve the predicted
cardiovascular risk?

Yitshak-Sade et al, 2017

Very selective subgroup
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Supplementary Figure 2 Sensitivity and Subgroup Analyses for Stroke Incidence by
Fatality (A and B), Risk of Bias (C), Region (D) and New Studies (E and F)

A: Fatality (Pollutant: NO,)

Relative Risk per 20 pg/n

Study Study Name Relative Risk RR 95%-Cl
Fatal and non-fatal
Johnson et al. 2013 Edmonton Stroke - 1.01 [0.94; 1.09]
Katsoulis et al. 2014 EPIC Athens —_—tr 0.98 [0.71;1.35]
Sgrensen et al. 2014 DDCH ™ 1.08 [1.01;1.16]
Stafoggia et al. 2014 ESCAPE - 0.99 [0.89;1.11]
Carey et al. 2016 CPRD London - 0.88 [0.82;0.95]
Alexeeff et al. 2018 KPNC Oakland i 0.96 [0.79; 1.16]
Dirgawati et al. 2019 HIMS —<I"‘ 0.96 [0.85;1.08]
Random effectzs model ) 0.98 [0.92; 1.05]
Heterogeneity: |~ =64% , ?” =0.0040 , p =0.01
Fatal
Sgrensen et al. 2014 DDCH —as 1.47 [1.21;1.79]
Alexeeff et al. 2018 KPNC Oakland ——"——1.57 [0.90;2.74]
Dirgawati et al. 2019 HIMS ;"_ 0.93 [0.72;1.20]
Random effects model ) ————— 1.25 [0.61; 2.55]
Heterogeneity: | =77% ,? =0.0628 , p =0.01 I )
0.5 1 2 .
Relative Risk per 10 pg/m
B: Fatality (Pollutant: NO )
Study Study Name Relative Risk RR 95%ClI
Fatal and non-fatal
Serensen et al. 2014 DDCH T 1.02 [0.98; 1.07]
Stafoggia et al. 2014 ESCAPE - 0.98 [0.89; 1.07]
Korek et al. 2015 SDPP, SIXTY, SALT, SNAC-K 1.20 [0.63; 2.27]
Carey et al. 2016 CPRD London - 0.90 [0.85; 0.96]
Stockfelt et al. 2017 GOT-MON 1.04 [0.90; 1.20]
Stockfelt et al. 2017 PPS T 1.04 [0.97; 1.12]
Dirgawati et al. 2019 HIMS B 1.00 [0.91; 1.09]
Random effects model 0.99 [0.94; 1.05]
Heterogeneity: 1= 57%, 2= 0.0022, p = 0.03
Fatal
Sgrensen et al. 2014 DDCH - 1.17 [1.05; 1.31]
Dirgawati et al. 2019 HIMS 0.94 [0.77; 1.14]
Random effects model 1707 10.27; 4.20]
Heterogeneity: 1> = 72%, 7° = 0.0172, p = 0.06
Non-fatal
Oudin et al. 2011 Scania Stroke 0.86 [0.36; 2.06]
Random effects model 0.86 [0.36; 2.06]
Heterogeneity: not applicable I 1
0.5 1 2

—
D
N




C: Risk of Bias (Pollutant: EC)

Study Study Name Relative Risk

Low/Moderate

Stafoggia et al. 2014 ESCAPE B

Stockfelt et al. 2017 GOT-MON T

Stockfelt et al. 2017 PPS I

Alexeeff et al. 2018 KPNC Oakland

Dirgawati et al. 2019 HIMS T

Random effects model =

Heterogeneity= 30%° = 0.006% = 0.22

High

Gan et al. 2012 Vancouver Administrative [

Random effects model

Heterogeneity: not applicable | |
0.5 1 2

Relative Risk per 1 pg?7m

RR 95%-Cl

1.07 [0.84; 1.36]
1.20 [0.91; 1.57]
1.07 [0.92; 1.24]
0.83 [0.47; 1.45]
0.87 [0.74; 1.03]
1.02 [0.86; 1.20]

1.04 [1.00; 1.08]
1.04 [1.00; 1.08]

D: Region (Pollutant: PM, )

Study Study Name

Western Europe

Stafoggia et al. 2014 ESCAPE
Stockfelt etal. 2017  GOT-MON
Stockfelt et al. 2017 PPS
Random effects model
Heterogeneity:l2 = 0%, 2% =0, p =0.52

Australia/New Zealand
Dirgawati et al. 2019 HIMS
Random effects model
Heterogeneity: not applicable

Relative Risk

S

l—

_

-
T 1

0.5 1 2
Relative Risk per 5 pg/3m

RR  95%<ClI

1.19[0.88; 1.61]

— . 1.50[0.90; 2.50]

1.06[0.78; 1.44]
1.17[0.82; 1.67]

1.01[0.84; 1.21]
1.01[0.84; 1.21]
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E NO, - Stroke (New Studies)
Study Study Name Relative Risk RR 95%-Cl Weight
Johnson et al. 2013  Edmonton Stroke —— 1.01 [0.94;1.09] 11.9%
Katsoulis et al. 2014 EPIC Athens 0.98 [0.71; 1.35] 1.9%
Sgrensen et al. 2014 DDCH e 1.08 [1.01; 1.16] 12.3%
Stafoggia et al. 2014 ESCAPE — 0.99[0.89;1.11] 8.7%
Carey et al. 2016 CPRD London = 0.88 [0.82;0.95] 11.9%
Alexeeff et al. 2018 KPNC Oakland N S 0.96 [0.79; 1.16] 4.6%
Dirgawati et al. 2019 HIMS — 0.96 [0.85;1.08] 8.0%
Amini et al. 2020 DNC T 1.06 [0.97;1.17] 9.9%
Magnoni et al. 2021 ATS L3 0.99 [0.96; 1.03] 15.4%
Wolf et al. 2021 ELAPSE .- 1.08 [1.04;1.12] 15.2%
Random effects model T 1.01[0.96; 1.06] 100.0%
Prediction interval 1 [0.87;1.16]
Heterogeneityy 2 = 72%, Tau% 0.0034,p <001 ' ! !
0.8 1 1.253
Relative Risk per 10 ug/m
F
PM - Stroke (New Studies)
25

Study Study Name Relative Risk RR 95%-Cl Weight
Stafoggia et al. 2014 ESCAPE T 1.19 [0.88; 1.61] 4.1%
Stockfelt et al. 2017 GOT-MON T 1.50 [0.90; 2.50] 1.5%
Stockfelt et al. 2017 PPS -1 1.06 [0.78; 1.44] 41%
Dirgawati et al. 2019 HIMS - 1.01 [0.84;121] 11.6%

Amini et al. 2020 DNC brad 1.16 [1.03;1.29] 30.8%

Rodins et al. 2020 HNR T———+Y—2.10 [1.06;4.15] 0.8%

Wolf et al. 2021 ELAPSE [ 1.10 [1.00;1.20] 47.1%
Random effects model & 1.12 [1.03; 1.21] 100.0%
Prediction interval [1.03; 1.22]
Heterogeneityl® = 7%, [0%< 0.0001,p = 0.37

0.5 1 2
- Relative Risk per 5 pg/m >

A. Forest plot of the association between NO2and stroke by fatality, B. Forest plot of the association between NOxand stroke
by fatality, C. Forest plot of the association between EC and stroke by risk of bias assessment on confounding, D. Forest plot
of the association between PM2s and stroke by region, E. Forest plot of the association between PM2s and stroke by the
inclusion of the new studies from the updated search, F. Forest plot of the association between NO2 and stroke by the
inclusion of the new studies from the updated search
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Supplementary Table 8 Summary Table of Risk of Bias Rating for Studies on Stroke

Incidence
Per study Per pollutant-study pair
Domain Subdomain Low- | Moderate- | High- | Low-risk | Moderate- | High-
risk risk risk risk risk

1.Confounding | Were all important 9 1 2 23 5 2

potential

confounders

adjusted for in the

design or analysis?

Validity of 9 3 0 25 5 0

measuring of

confounding factors

Control in analysis 11 1 0 22 8 0

Overall 5 5 2 10 18 2
2.Selection Selection of 11 0 1 29 0 1
Bias participants into the

study
3.Exposure Methods used for 12 0 0 30 0 0
assessment exposure

assessment

Exposure 12 0 0 30 0 0

measurement

methods

comparable across

the range of

exposure

Change in 10 2 0 21 9 0

exposure status

Overall 10 2 0 21 9 0
4.0utcome Blinding of 11 1 0 28 2 0
measurements | outcome

measurements

Validity of outcome 11 1 0 28 2 0

measurements

Outcome 11 1 0 28 2 0

measurements

Overall 10 2 0 26 4 0
5.Missing data | Missing data on 12 0 0 30 0 0

outcome measures

Missing data on 12 0 0 30 0 0

exposures

Overall 12 0 0 30 0 0
6.Selective Authors reported a 12 0 0 30 0 0
reporting priori primary and

secondary study
aims
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Methods Matter: A Comparative
Review of Health Risk Assessments
for Ambient Air Pollution in
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Objectives: Air pollution heafth risk assessments (AP-HRAs) provide a method fo quantify
health effects for entire populations. In Switzerland, AP-HRAs are included in Swiss
assessments for Transport Extemnalities (STEs), ordered by public authorities since the
1980s. This study aimed to describe the differences among national and international AP-
HRAs for Switzerland.

Methods: We compared input data, approaches and results across AP-HBAs over time.
Results and input data for each AP-HRA were expressed as a ratio compared to the most
recent STE (in most cases STE-2010).

Results: Substantial variation across AP-HRAs was found. For all-cause adult mortality
attributed to parficulate matter (the most freguent outcome-poliutant pair), the ratio in
HRAs oscillated from 0.40 to 2.09 (times the STE-2010 value). Regarding input data, the
ratio ranged from 0.69 to 1.26 for population exposurs, from O to 1.81 for counterfactual
scenario, from 0.96 to 1.13 for concentration-response funciion and from 1.03 to 1.13 for
baseline health data.

Conclusion: This study demonstrates that methods matter for AP-HRAs. Transparent

and possibly standardized reporting of key input data and assumgptions should be
promoted to faciitate comparison of AP-HRAs.

Keywordz Switzedand, sir pollution, burden of disease, particulste matter, health risk assessment, health impact
t, ot ity

INTRODUCTION

Ambient (outdoor) air pollution causes health effects both in the short- and the long-term, as
summarized in many reviews [1]. These health impacts in an entire population can be estimated
using a health risk assessment (HRA), which has been defined as “the scientific evaluation of
potential adverse health effects resulting from human exposure to a particular hazard”™ [2]. The
concept of health impact assessment is different involving “a combination of procedures, methods
and tools™ and focusing on a specific “policy, program or project” [3, 5], but the term has also been
used interchangeably to refer to HRAs [1]. Particulate matter (PM) up to 25 or 10 pm in diameter
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Ratio
AP-HRA value f STE-2010 value
for all-cause deaths in adults attributed to PM*

Ratio = 1
(AP-HRA >
STE-2010)

~N

STE-
2010

Excess
relative
risk

Baseline
health data

Counterfactual
scenario

FPopulation
exposure

(ratic=1) ] /
Ratic < 1 0.56

(AP-HRA <

STE-2010)

"Moles.

= AP-HRA = Air Polufion Health Risk Assessment

*5STE = Swiss assessment for Transport Extemalities.

*Including AP-HRAs for all-source outdoor air polution in Switzedand {4 STEs and 5 non-STE) awer time

= The ratio is calculated by dividing the AP.HRAvalue by the STE-2010value (ref. value). Examples for inbespretation: ratio 1.1 =11
limes the rel. value = 10% mgher. Ratio 2 = 2 imes he ref. valse = 100% hgher. Ratio 0.4 = 0.4 umes the ref. value = 60% lowear.

GRAPHICAL ABSTRACT |

(PM4 5 or PM y, respectively), ozone (0;) and nitrogen dioxide
(NO3) are examples of harmful pollutants included in air
pollution HRAs (AP-HRAs) [6].

The Swiss government was the first in the world to call for
comprehensive assessment studies of environmental effects of
heavy duty traffic to integrate the external costs of road transport
into the road pricing policy [7], and thus at the interface between
health impact assessment and HRA. These studies are
abbreviated as STE  (Swiss assessment for  Transport
Externalities). Given first findings of the Swiss SAPALDIA
study on health effects of ambient air pollution [8], the Swiss
government asked for the inclusion of traffic-related air pollution
into STEs. Updates of the STEs were then carried out regulardy.
This initiative triggered the development of methods to derive the
impact of short- and long-term ambient air pollution [2] and to
estimate the health burden of traffic related air pollution in
Switzerland [10]. Based on a further initiative of the Swiss
Government, the first multi-country AP-HRA was conducted
in collaboration with France and Austria [11]. This contributed to
the inclusion of ambient air pollution into the GBD [12] and later
tothe development of international methodological standards for
AP-HRAs through the project “Health Risks of Air Pollution in
Europe® (HRAPIE) [13]. Further updates of the STEs were
carried out for 2000 [14], 2005 [15], 2010 [16], 2015 [17] and
2017 [18] and 2018 [19]. In parallel to these Swiss national

initiatives, a range of intemational AP-HRA studies, eg, the
Global Burden of Disease (GBD) [4, 20-22], have included
specific  estimations of health impacts atteibuted to  air
pollution in Switzerland.

Although AP-HRAs usually get high media attention, the
ongoing development of AP-HRA methods are mrely
addressed and comparison across AP-HRAs are scarce. The
work of Malmgvist, Oudin [23] and Evangelopoulos, Perez-
Velasco [24] are recent exceptions. As shown in these reviews,
methodological approaches for quantifying health impacts and
their input data may vary among AP-HRAs and strongly
determine their results. The most relevant input data are the
following: the population exposure; the counterfactual scenario
(Le., the minimum concentration considered in the AP-HRA to
derive the overall impact); the concentration-response function
(CRF, usually derived from a meta-analyses of epidemiological
studies); and the baseline health data (Le., prevalence or incidence
of the disease data among the population at risk).

The ever-growing number of AP-HRAs for Switzerdand
proposing different health estimates poses a communication
challenge for public authorities. Thus, this paper had as overall
goal to identify differences between AP-HRAs of STEs and other
AP-HRAs with specific results for Switzerdand as well as the
reasons behind these differences. To achieve this goal, the
following two objectives were pursued: 1) to scrutinize all
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TABLE 1 | Main featurea of the adected air polition health sk azasaments (Switzerand 2021).

Short Year of Swiss Types of Pollutants® Goal Source
name analysis® Areg” outcomes
of the
AP-HRA
study
Studies designed for Switzedand
ETE 1Oy, 1008, Hatfonal * Mortalty Py Extarmal coat of tranaport in ETE reports for 1003 [7], 1906 11, 47], 2000
2000, 2008, » Morbidity Switzeriand [14], 2005 [15] and 2010 [16]
2010
FCAH 2010 Hafonal » Motalty Pl Compaizson of spidemiological and Study ordened by e Swigs Federal
toicoingeal spproadhes Commigsion for Alr Hygens (FCAH) [24]
International studies including results for Switzerland
GBD 1Oa0-E01g Hatfonal » Moralty Phlas, Os Burden of Desasss caladafon at Azzsmamantaf the GBD projedt in 2019, which
» Morbidity giobal evel induding air polufion indudes mulfipls riak factors (being ambient
* hliboad among ofer sk particuiate mata and ozons two of fhem). The
rezuit am aratified byrisk Boor, country, 28,
dizease and age. Data can be fitered and
downloaded fom an online Dol [48]. The
concentration and CRF dats a3 wel as the
sciantific paper axplaining the metodoiogy ars
published saparatdy [4, 49, 50]
EEA 200, Hatfonal » Moralty Phles, Os MO fin Heslfh impacts of air polution in Buropean Ar Cuslity Reports of EEA, [51-54].
20112018 2011 Py s, O Euwrcpe The detsiled descripfon of fe BEA
mathiodology was published daswiess [30, 59
WHOD 202, 2016 Hafonal = Moralty Phls Woridwids burden of dissase WHO repart fior 2012, showing specific reaults
* Wiad calcuiation for ambient dr pollufion by country [31]. An update for 2016 was
avalable a3 onine datsbass [60). The
couneracal scenaio of WHO-2016 was
published slsewhens [24]
CITIES 25 10 Brgeat = Mortally Phigs, NOy Healfh impacts of ar polution in AP-HRA amered by the Spanish Minsty of

cifies

Europsan wriban arses

Sdence and Inmovation, which covers 1,000
wrian amas in Brope for 2015 [39)

Abbrevialions: AP-HRA, ar polliion heatth rek assassmant; STE Dwiss assas ament for Fangpont edermaliies; EEA, Eunpaan Envronmeant Agancy; FUAN, Pedleral Commission for A
Hygene: GED, Gibbal Buken of Dvaaa e WHD, Wonk! haallh Organizalion CITIES = B for & polution in amand 1000 European uiban araas. The 2 hodt name was givan by e aitfios

of this paper.

"Single amessmeant i Sach year of ana e, exoend b GED, wiith a2 seened in 2075 thewhols fme sarae T880-2015, and BEA, whith nafuter the assessmeant of both 2008 and 2018

i the same epart fom 2080

ECITIES covers the graatr ofies of Zurich, Geneva, Based, San, Lavsanns, Luzern and Lugane as wal 8 the ofiss of Winkrthoy, 52 Galbn and SElSenne.
“Haalh impacts of NOL, were eetimated it 5TE- 1955 butf # was nat shown i the el resils (bt i some kind of Aopenolix),

national and international AP-HRAs assessing health impacts of
ambient air pollution for Switzerland, and 2) to compare them
with the most recent STE in terms of assessed health impacts and
their input data (namely the population exposure, counterfactual
scenario, CRF and baseline health data).

METHODS

Out of all published STEs, we selectad only those assessing health
impacts for ambient air pollution from all sources, Le., not exclusively
for transport related air pollution. Exceptionally, we selected STE-
1993, which only showed transport-related health impacts, because it
stated that the transport-rdated exposure represented on average
40% of the total exposure. Therefore, we converted the transport-
related health impacts into all source impacts by dividing by 0.4 This
conversion implicitly assumed a zro counterfactual scemario to
express the share of the total burden attributable to transport alone.

To find further AP-HRAs beyond the governmental STEs, we

carried out a literature search with specific search terms using
Google Search to capture not only scientific but also grey
literature. These additional AP-HRAs had to meet the
following inclusion criteria:

o Assessment of health impact from ambient air pollution
from all sources of air pollution including burden of disease
studies targeted to air pollution such as GBD

» Separate results for each pollutant and for each (present or
past) year

o Specific results for Switzerland including the whole
population or a large well defined subset of the country

* Original assessment (i.e, not only re-using results of other
AP-HRAs)

» Most updated version, in case of multiple published AP-
HREAs with the same authors, for the same region and with
overlapping years of analysis.
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TABLE 2 | Cranview of sbachue arrud bedth mpacts atibutsd 0 sxposwrs 10 2 polltion 0 Switzsdand by polutant Swizedand 2021),

Mortality vs. Type of Outcome o sease Popul stion group™ Absolute number AP-HRA —year of
Morbidity impact of cases anatysis®
per year”
P, PM. o
Mortlity Premature deaths All causes Aduits 2827 STE-2010
Infanits 13 STE-20010
Workers 335 STE-2010
Lung cancer Aduits an STE-2000
Warking Ylls All causes Aduits 2,167 STE-2010
Infanita 348 STE-2010
Ylla All caumes Aduitzs 28,138 STE-2010
Infants 753 STE-2010
Morbicity Atacks Aztima Aduitzs 3,500,000 ETE-1993
Chidren 44,943 STE-2010
Atacka (peraon-days) Aztma Aduitz W07 545 STE-20010
Cases {ncidence) Acute brondhits Ghidren 77,500 STE-1993
Chironic: bronchifa Aduitz 308 STE-20010
Cases [prevalencs) Acuts bronchits Ghidren 17,302 STE-2010
Chronic: bronchidis Aduits 55,000 STE-1993
Hoapiel admizsions C\MD Al 1,138 STE-2010
RD All 113 STE-2010
Hoapitl days CvD Al 10,840 STE-20010
RD Al 9420 STE-2010
Irnaicity cansn Chironic: bronchifa Aduitz 25 ETE-1993
Medication intsks (pemon-days) Aztma Aduits 3,750,000 ETE-1993
RADs All causes Aduits 4,746,089 STE-2010
Sympiom days RD Al 20,000,000 ETE-1993
Chidren 60,000 ETE-1993
Work bz daye Al causes ‘Workera 1,138,140 STE-2010
YlDs All causes Al 7,198 GBD-2019
Miad DALy Al causss Al 28,207 GBD-2019
[+
Morlity Frematurs deaths All caumes Al 247 GBD-2019
Ylls All causes Al 32565 GBD-2019
Mioad DaLYs All causss All 3255 GBD-2019
NDz
Mortlity Premature deaths All causes Aduits 270 EEA-2N8
Ylls All causes Aduits 2857 EEA-28

Abbveitions: YLLE, years of Me st DAL YS, cablty-acisten! e years; RADs, resticten) actlly person-ciays; YLD, yeers Ml with cisabily.

e ranges of e popUaton groups o acroes APCHIAE This tabde shows onk aggregaten GED result, wihich are aocitionally avalabde by age mige, ganoer and cieass.
ESome of the AP-HRA: provide 55% confidence infervals with & buwer bound up & 70% bwer and upper bounds up b 70% higher then the pant estinaks presantedd b this tible
“We ssimated he healhimpads of STE-T363 by dividing the fransport-misisd impacts by 0.4 becauss STE-155 anly assessad Fanspor exemalliss and paifed ouf thal 40% of the

ioda aF pollifion exposine aceou oy fangiont

Supplementary Material 51 reports information about the
literature excluded from this comparison because of not meeting
the inclusion criteria, the specific search terms, and the PRISMA
flow chart,

Among the selected AP-HRAs, we compiled health impact
estimates for all available years as well as the input data induding
population exposure, counterfactual scenarios, CRFs and baseline
health data. For an overview of the most recent health impact
estimations for Switzerland, we prioritized most recent STEs over
other AP-HR As; and i no STE was available, we used the most recent
AP-HRAs. For the comparison between STEs and HRA s, we focused
on the pollutant with the highest health impacts and selected the first
and last year in case of AP-HRAs with time series (ie., multiple
years). We only considered health outcomes assessed by at least two
AP-HEAs, being one of them a STE. To analyze the variability of

health impads and input data the following steps were applied. First,
the AP-HRA results were normalized by calculating the impact per
100,000 persons (all ages) to remove the effect of population growth.
PM; ; data were converted into PM  with the assumption that PM
accounts for 73.5% of PM,, [26]. Next, we calculated the mtio of the
AP-HEA value (numerator) to the reference STE (denominator) to
quantify the heterogeneity. Thus, a ratio >1 indicates an AP-HRA
with a larger value than the most recent STE and a ratio <1 a lower
value. The ratios were used for comparisons across AP-HRAs and
across input data (the latter building ranges defined by the minimum
and maximal ratio).

We performed the data analysis and visualization in R 4.03
[27] using the package tidyverse 1.3.0 [28].

Further details on the methods of this paper, including
population data for the normalization, equations for re-scaling
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TABLE 3 | Annual mortality impacts attributed to particulate matter across air pollution health risk assessments, years and counterfactual scenarios expressed as per 100,000 inhabitants (all ages) and ratioin relation to the
reference value, i.e., the most recent Swiss assessment for Transport Externalities. The ratio was calculated by dividing the value of the health risk assessment by the reference value (Switzerdand 2021).

Type Outcome  populaon STE STE STE STE STE EEA EEA FCAH FCAH GBD GBD WHO WHO CITIES  CITIES
of Impact disease Group® 1993 1996 2000 2005 2010 2009 2018 2010 2010 1980 2019 2012 2016 2015 2015
Low®  High® Low® High®

Moartality per 100,000 all-age persons

Premature Al causes Adults 76 47 52 36 64 41 53 16 19 26 44 14
deaths Infarts 0.3 0.2 0.3 0.4 0.0
Lung cancer Adults 4 5 3 7 3 5 3
Working YLLs Al causes Adults 74 36
Ylls All causes Adults 569 624 361 721 459 a22 237 a7 ara 540 177
Infarts 24 26 10 23 g 0.4 26
Ratio in relation to reference value (last STE®
Premature All causes Adults 209 1.29 1.44 1 175 1144 1.46 0.44 0.51 a.70 1.20 .40
deaths Infarts 1.50 1 1.50 0.50 .00
Lung cancer  Adults 1 1.07 Q.77 1.65 0.65 119 0.58
Working YLLs Al causes Adults 2.07 1
Ylls All causes Adults 1.57 1.73 1 199 127 2.55 0.65 090 1.06 1.49 0.49
Infarits 2.44 2.68 1 2.35 0.80 .04

Abbreviations: YLLz, years of e lost. Bold values represent the refarence values.

“Age ranges of the population groups differ across AP-HRAs.

bW estimated the health impacts of STE-1993 by dividing the transport-refated impacts by 0.4 because STE-1993 only assessed transport extamalties and pointed out that 40% of the total air poltion exposure account for ransport.
“FCAH and CITIES, include two assessment s—respectively cafled high and low-because they each use a lower and a higher counterfactual scenaria.

“Examples for interpretation of the ratio: 1.1 = 1.1 times the ref value = 10% higher. 2.0 = 2 times the ref. value = 100% higher. 0.4 = 0.4 fimes the ref. vale = 60% lower.
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=
i

o
E=]

Premature deaths per 100k inhab.

=
=

CITIES-high
CITIES-low
EEA

GBD

STE

WHO

2005

.!‘IhwllﬂiHIIIII“Ll“mi

‘Year of analysis

RGURE 1 | Arruel premature deatha per 100,000 paraona in aduits sttributed to parfculste mater with 95% confidence nteevd §f avalable) | Seitzedand 202 1),

T T
2010 2ma

TABLE 4 | Annusl mean population expoaurs, courterfactisl scanana and difierance betwesn both for particulate mater up to 10 pmin dametar across &r pollution health
rekassssaments, years avd counteriachusl scanarios expreased asa concantration in pg'ms and a3 aratio inreition © the rdfemnce valie, e, the mo st recent Swiss
aaassament for Trangport Bdemdifes. The mtio was cacuated by dividing the vaue of the healh risk assssament by the reference value | Switzerand 202 1).

Type STE STE STE STE STE EEA EEA  FCAH FCAH GBD GED WHO WHO CITIES CITES
of on 1983 1006 2000 2005 2010 2000 2018 2010 2010 1980 2019 2012 M6 2015 2015
Low®  High® Low®  High®
Popuiation-weightad annual mean in pg/im” PM,
ExpoEurs 2.9 214 141 197 19.4 |a 133 18 18 245 135 1349 1T 177
Counterfaciusl .5 EE-] 5 75 a a 335 L] L& 58 a4 58 50 136
Differences 139 1.6 122 1.9 @a 133 14.r 10.5 18.8 .8 82 127 4.1
Ratfio in rdation 1o referance value fast STE
ExpoEurs 1.08 1.10 0.a8 102 1 1.03 053 03 093 126 0. arz 0a1 0
Counterfzciusl 100 100 1.00 1 4] a 044 1.00 ars 075 1.3 ors Q&7 181
Differences 117 o.gr 103 1 167 Lz 124 0.88 158 Q.68 0&Ea ar 3

Notas: The PM concantralions ware odginally expressan as PM:s inelsad of az PM,qin EEA, GED and WHO. We re-scalbd thess concanirations i enabl compambily acmss AR
HRAz The owgna vales are avalabis h the Supplement ary Material STE-1563 had no coundariaciual soenanio becauss § quantfed the impact of frane oo ralated emissions. Sold

waes ramrasant fe raaence vaues

FFCAH and QITIES, inclidke Wo assessmenis— mapeciel caled high and bw—becaiss they each use 8 bwer and a higher counterfac gl soenan
FEvampiss for ivievatation of tha raice 1.1 = 1.1 §mee the ral. value = T0% higher. 20 = 2 timas e rdl valie = 100% higher. 04 = 0.4 fmas the red value = B0% buer

as well as data preparation and assumptions for collected data, are
available in the Supplementary Material S1.

RESULTS

Health Impacts

Table 1 presents the AP-HRAs that we selected for the
comparison. Table 2 shows an overview of the most recent
health impacts attributed to PM (which refers to PM, . and/or
PMyg), Oy and NOy in Switzerand from the STEs or, if not

available, from other AP-HRAs. STE-2010 covered the majority
of health endpoints ever assessed by STEs. STEs exclusively
considered PM in the assessment, while some of the other AP-
HEAs included O andfor NO,. All-cause mortality attributed to
O;and NO, exposure was much lower than to PM in Switzerland.
For instance the number of all-cause premature deaths in adults
attributed to PM was 2,587 according to STE-2010, while it was
247 for all ages for O according to GBD-2019, and 270 for NO,
according to EEA-2018. We confirmed the large differences
among pollutants in an additional analysis by analyzing all
AP-HRAs covering multiple pollutants in the most recent
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TABLE 5| Mean axcess relative rek of mortaity impacts expreased as per 10 pg/m™ parfcuiate mater up 10 10 pm indiemeater, bassine haalth dat across hedth impact
ssesamants and years espreased a3 per 100,000 inhabitants (4l ages) and a3 2 rafo in =lafon o the refarence value, (2, e most recent Swiss assesament for
Tranaport Extemaities. The ratio was calcuisted by dividing the valle of e health rek ssesament by the rdfemncs vlus (Switmerdand 2001).

Input Outcome Populsion STE STE STE  STE EEA  FCAH  GBD WHO  CITIES
Dl "“:_“ TOUD” e 1e06 2000 2010 20002018 2010 1990-2019 20122016 2015
miortality
Concentration-responss function Mean per 10 pg/im® Phdg
sxpressed 83 exoess mive risk Al camss  Acts 0044 0043 0050 0.045 0045 Sewen P muss 0050
CAUSES
s 0056 0.040
Lurg fchits 0.106 0080 0112
canceE
Ratio in relstion to reference valus (Bt STES
Hlcames  Addts 098 026 131 1 i 1.13
s 140 1
Lurg fchits 1 0.57 1.06
canceE
Bassine health dats ‘ialue per 100,000 al-age persona
Hlcams  Addts 7o @28 809 T35 Mot Hot Hot T5Q
prowided prowvided providad
e 5 4
Lung fichits 20 55
cancE
Ratio in relation to reference value (st STE
Hlcams  Addts 00 113 110 1 1.08
e 12 1
Lurg Hchits 1 1.40
caEnCE
Mote: STE-2005 waadd the ORFe of 2000 and oidd nodt rovided bassting haatih dats. Badd vales reprasant the rafemncs values,
“Age ranges of the populaibn groups dlfer across AP-HRAS.
tﬂmsﬂﬂmﬂfmmmT.T—f.Tmmﬂ.h‘&tﬁ—fﬂ%ﬁmﬂ.zﬂ—zmsﬂﬁfﬂh‘&hﬁ—ﬂﬂ:’%ﬂwﬂd—ﬂ.dmmm!m-mm

overlapping year (2015) and by normalizing by population (see
Supplementary Material 82). Since STEs exclusively assessed
health im pacts attributed to PM and the health im pacts attributed
to O and NO,; were considerably lower, further comparisons of
this paper focus on PM only.

As shown in Table 3, all population-normalized mortality
impacts were lower in STE-2010 than in previous STEs, EEA-
201%and EEA-2009. In contrast, the STE-2010 values were higher
than in GED-201%, WHO-2012 and WHO-2016. Two AP-HRAs,
the FCAH and CITIES, include two assessments because they
each wsed two counterfactual scenarios, respectively called high
and low. Premature deaths and YLLs, both in adults, were the
most assessed health impact across AP-HRAs, The number of
premature deaths in adults per 100,000 inhabitants differed from
the STE-2010 by a factor of 0.4-2.09, while for YLLs in adults per
100,000 inhabitants this ratio varied from 0.49 to 2.55.

Figure 1 shows that, as assumed, the first and last year of time
series captured the whole heterogeneity of the population-
nommalized premature deaths in adults over time, when
considering the entire GBD and EEA time series (see values in
Supplementary Material 52). Only the GBD values for 2017 and
2018 were slightly lower than the value for 2019 (the last year of
the time series). Furthermore, population-normalized premature
deaths were considerably higher for EEA than for GBD in

overlapping years. Regarding YLLs, the differences between
EEA and GBD were smaller (see Supplementary Material 52).

The morbidity outcomes of STEs were not assessed in other
AP-HRAs, which focus on indicators such as Years Lived with
Disabilities (YLDs) and Disability- Adjusted Life Years (DALYs).
Comparisons of health impacts, CRFs and baseline health data for
morbidity across STEs are available in the Supplementary
Material 52.

Population Exposure

Population exposure refers to the (measured or modeled) air
pollution concentration that is assumed to cause health impacts.
The population-weighted annual mean exposures estimated in
AP-HRAs spanned from 0.6% to 126 times the STE-2010
reference value (Table 4).

The population-weighted exposure used in STE-2010 was
19.4 pg/m® PM,, while it was 13.3 and 13.5 for GBD-2019
and EEA-2018, respectively (the AP-HRAs with the largest
differences). The population-weighted mean exposure
estimated in AP-HRAs for Switzerdand has decreased (with
few exceptions) over time and the values slightly differed in
overlapping years across AP-HRAs, as an additional analysis
including the entire EEA and GBD time series showed (see
Supplementary Material 52).
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Population exposure data, including conversion from PMs ; to
Py, are available in the Supplementary Material

Counterfactual Scenario

The counterfactual scenario refers to the lowest concentration
uwsed for comparison with the respective population-weighted
annual mean exposure, Health impacts below this cut-off are
excluded from the assessment either because they are considered
to have insufficient scientific evidence or deemed not relevant for
the AP-HRA (e.g, to exclude natural air pollution sources). The
STEs used the term “reference concentration” for the
“counterfactual scenario”.

STE-2010, as previous STEs, chose 75pg/m® PM,; as
counterfactual scenario, while other AP-HRAs used walues
from O to 81% higher, Le, ratio 0 to 1.81 (Table 4). STE-1993
had no counterfactual scenario becanse it quantified the impact of
all transport related emissions. The other STEs chose 75 pg/m’
PM, arguing that, although there was no evidence of a threshold,
the existing literature included only populations with at least
5-10 pg/m” annual mean concentrations. Thus, the average was
used as counterfactual scenario. The FCAH considered a “high®
counterfactual  scemario  assuming 75 pgfm’  PMy, for
comparability with 5TEs and a “low” scenario assuming
3.3 pg'm” PM;, based on a recent publication which derived a
CRF down to this level [29]. CITIES also used two scenarios. The
high scenario corresponded to the WHO Air Quality Guideline
value (10pg/m” PM,. ie, 13.6pg/m’ PM,g) and the low
scenario corresponded to the lowest measured exposure in the
considered European cities (3.7 pg/m® PM, 5, ie, 5 pg/m® PM ).
EEA assumed zero exposure as counterfactual scenario arguing
that the HRAPIE report recommends “the quantification of
health impacts at all concentrations” [30]. WHO and GBD
counterfactual  scenarios were expressed as a  uniform
distribution from 2.4 to 5.9 pg/m® PM,. for GBD and WHO-
2016 as well as from 5.9 to 8.7 pg/m” PM, « for WHO-2012. These
bounds referred to the minimum and Sth percentiles of air
pollution concentrations observed in relevant cohort studies
[31], which provided “the uncertainty regarding the level at
which the scientific evidence was consistent with adverse
effects of exposure”™ [4]. We calculated the average of these
bounds (and re-scaled from PM., to PMy) to enable
comparisons with the other AP-HRAs, resulting in 56 pg/m’
PM,, for GBD and WHO-2016 and 2.9 pg/m’ PM, , for WHO-
2012

In AP-HRAs, health impacts are derived on the basis of the
difference between the population-weighted mean exposure and
the counterfactual scenario. This difference in the selected AP-
HREAs was 0.34-1.67 times the STE-2010 value (Table 4). More
specifically, this difference was lower for STE-2000, GBD-2019,
WHO-2016 as well as in the high scenario of FCAH-2010 and
CITIES-2015 than for STE-2010.

Concentration-Response Functions

Table 5 shows the CRFs for mortality outcomes in form of mean
excess relative risk (relative risk minus one) per 10 pg;fms PM,,
and the ratios in relation to the reference value, Le., the most

recent STE. The ratio for all-cause mortality in adults (the most
assessed health impact) ranged from 096 t©o 1.31.

Regarding all-cause mortality in adults, EEA used the same CRF as
STE-2010, from the HRAPIE recommendations [13], while CITIES
used a higher CRF based on a more recent WHO meeating report [32]
and STE-2000 a lower CRF based on an own meta-analysis of three
studies [33-35]. For lung cancer mortality, STE-2000 carried out a
purpose-designed meta-analysis among the same three studies as for
all-cause mortality, while FCAH used a meta-analysis by Huang, Pan
[36] after considering eight alternatives. CRFs in form of relative risk,
before and after re-scaling from PMa . to PM,g, as well as the excess
relative risk and the ratios of morbidity outaomes are available in the
Supplementary Material.

Regarding the methodological approaches used for health
impact quantification, we found differences across AP-HRAs,
as described below, in terms of definition of mortality in the CRFs
(all-cauwse vs. cause-specific mortality), shape of CRFs, Population
Attributable Fractions (PAF) and quantification of mortality
estimates.

Both the GBD and WHO did not use a single all-cause CRF (as
in the other AP-HRAs); rather multiple cause-specific estimates
were used and the impacts aggregated to obtain the all-caunse
mortality estimates. WHO considered five causes of deaths (lower
respiratory disease, chronic obstructive pulmonary disease,
ischemic heart disease, lung cancer and stroke), and the GBD
seven (additionally considering diabetes and adverse birth
outcomes), Moreover, STE-2010, EEA, GBD and WHO
obtained health impacts stratified by sex and age, while
CITIES stratified by age. In a later step, stratified impacts were
aggregated to obtain all-cause impacts.

STE-1996 and STE-2000 assumed a linear CRF, while the
others used a log-linear function. In 2010 the GBD developed the
so-called “integrated exposure-response risk functions™ based on
computer simulations [4, 37]. These functions have been updated
over time, WHO-2012 used the 2013 version and WHO-2016 the
one from 2015, which were superseded by the most recent update
of GBD 2019 (included in our comparison).

Depending on the AP-HRA, the PAF can be calculated
assuming a single population-weighted exposure level for the
whole country or by smaller spatial units of analysis such as
regions. GBD, WHO and CITIES applied the second approach,
calculating the exposure for all ages combined. While the STE-
2010 applied the first approach, the population-weighted PM
exposures were specifically calculated by population group
(children, adults or all).

Instead of the general approaches described above, STE-2010
used life tables (ie, demographic data containing the probability
of death for each age group) to quantify both premature deaths
and YLLs. EEA and CITIES only used them for YLLs.

Equations used in the selected AP-HRAs for their approaches
are available in the Supplementary Material 52.

Baseline Health Data

Table 5 shows the mortality baseline health data per 100,000
inhabitants and their ratios calculated as the AP-HRA value
divided by the reference value (from most recent STE). The
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ratio for all-cause mortality in adults (the most assessed outcome)
ranged from 1.03 to 1.13.

Looking at differences between specific AP-HRAs, CITIES
wsed a higher baseline all-caunse mortality than STE-2010, and
FCAH ahigher one than STE-2000 for cancer mortality, Baseline
health data were not reported in GBD, WHO and EEA studies.

Differences in age ranges in population at risk (based on the
age defined in CRFs), together with differences in definition of
outcomes and methodologies of data sources, lead to differences
in baseline health data. Thus, most AP-HRAs assume age of less
than 1 year for infant mortality, while WHO included ages below
5. For adults, most AP-HRAs assume ages of 30 and above, while
WHO derived the burden for those above 25 and CITIES above
20years old

DISCUSSION

Main Findings

The aim of this study was to explore differences between the
STEs, especially STE-2010, and other AP-HRAs for Switzerdand.
Our results indicate that the variation of health im pacts obtained
across AP-HRAs, and over time can be wide. Indeed, the most
frequently assessed outcome-pollutant pair, Le., the number of
premature deaths in adults per 100,000 inhabitants attributed to
ambient PM exposure, ranged from 14 to 76 (with STE-2010
reporting 36). Thus, the ratios ranged from 0.4 1o 2.09 imes the
STE-2010 value, which was used as reference.

The divergences in approaches and input data used in the AP-
HRAs played a role. Overall, for the above mentioned outcome-
pollutant pair, the choice of the counterfactual scenario showed
the highest heterogeneity among the input data (rtio from 0 to
1.81) followed by the population exposure (0.69-1.26), the CRF
(0.96-1.31) and baseline health data (1.03-1.13).

The values of the counterfactual scenario and the CRF relied
on choices of authors of AP-HRAs and available evidence. The
choice of the counterfactual scenario was based on the specific
assumption related to the goal of the AP-HRAs and supported by
literature, while the CRF was chosen among available (or
purpose-designed) meta-analyses of multiple epidemiological
studies. Sometimes published meta-analyses provided multiple
CRFs to select from. For instance, FCAH chose a CRF among
nine available CRFs, which differed in terms of source (three were
considered), type of PM (PM; ; vs. PM ), health endpoint (cases
vs. deaths) and geographical scope (worldwide vs. Europe) [26].

Differences in population-weighted exposure appeared not
only when comparing different years, but also in the same year
across different AP-HRAs. An obvious reason behind these
divergences was the different level of resolution of the
underdying air pollution exposure models and subsequent
aggregation to the population weighted mean exposure. The
grid size of these models for PM was 200 m = 200 m for STE-
2000, 2005 and 2010 [14-16, 38], 250 m = 250 m for CITIES [39],
1 km » 1 km for EEA [30] and STE-1996 [11], and 0.17 x 0.1° for
GBD [4] and WHO [31] which is equivalent to 11km x 7 km in
Europe [23]. Larger grid sizes would smooth the variation in
concentrations, minimizing the exposure contrasts. This

naturally influences the subsequent population-weighted mean
[40], and can be moreofan issue for pollutants like NO, that vary
over small spatial scales (e.g., decay to background levels within
hundreds of meters from roads). Furthermore, modifiable areal
unit problems and rounding issues explain further differences in
health impacts. The former affect aggregations of point or small
scale based measures into larger geographic scales and has no
solution [41], while the latter can be minimized by applying a
generous and consistent rounding in final results which avoids a
claim for psendo-precision. We identified differences in terms of
age ranges considered as population at risk, partly due to age
differences in the population used for the derivation of CRFs. The
broader the age range, the larger the number of people included in
the baseline health data and, consequently, the larger the health
impacts. However, the final weight of this issue was limited. For
instance, according to the assessment of GBD-2019, the number
of all-cause premature deaths in the total population was only
0.62% higher than in the population 20vears and older (as in
CITIES) or 25years and older (as in WHO) and 067% higher
than for ages of 30 and older (as in EEA and STEs).

EEA mortality impacts were considerably higher than STE-
2010 impacts, even in closer years of analysis. For instance,
premature deaths in adults were 1.75 times higher for EEA-
2009 than for STE-2010. The main reason for such divergence
was the choice of the counterfactual scenario (0 instead of
7.5 |.|g,;fm5 PM,,). EEA uses the same CRFasin STE-2010 and a
similar reference concentration (we did not find EEA baseline
health data). STE-2010 applies a different method for
quantification of premature deaths (life table approach).
However, it may not lead to large differences because when
using both the life table approach, for YLLs, the differences in
results were even larger.

ATIES mortality impacts relative o the STE-2010 impacts
depended on the scenarip. Regarding the low scemario, the
difference between populition exposure and counterfactual
scenario was 7% higher in (JTIES-2015 than in STE-2010 and
the CRF 13% higher (baseline health data were very similar in
both). This partly explains the up to 50% higher mortality
impacts. Regarding the high scenario, the difference between
population exposure and counterfactual scenario in CITIES-2015
was only around one third of the value for STE-2010, which
counteradted the effect of the 13% higher CRF and partly
explained the lower health impacts. It is worth mentioning that in
the comparison CITIES-2015 vs. STE-2010, two oppsite effects
interplayed. Since CITIES-2015 only cover whban (and therefore
more polluted) areas, a higher impact per inhabitant could be
expected. On the other hand, since CITIES2015 assesses the
impacts 5 years later, a lower mpact could be expectad (following
the decreasing pollution levels in Switzerbind).

Whereas, WHO and GBD mortality (especially in terms of
YLLs in adults) were rather similar to STE impacts. This
similarity between WHO and GBD was expected because the
former was partly based on the methodology of the latter (WHO-
2012 on GBD update for 2013 and WHO-2016 on GBD update
for 2015). The difference between WHO and GBD in this study
was somewhat larger than the one reported in a previous
international comparison of AP-HRAs [24]. This was because
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we compared WHO-2012 and WHO-2016 with the GBD update
for 2019 instead of with the GBD update for 2013 and 2015.

Limitations

Our study is a unique comparison of national and international
AP-HRAs for a specific country, which includes rarely available
quantitative comparisons of health impacts and the related input
data. However, we have to acknowledge that comparability across
the selected AP-HRAs was limited in some regards. Firstly, the
year of analysis of the selected AP-HRAs rarely overlap. We
partly corrected for this by normalizing for population, although
this correction did not cover influences of other demographic
changes such asinlife expectancy or in age distribution. Secondly,
CITIES covered the ten largest urban areas in Switzerland, which
represent 27% of the Swiss population. Therefore, input data and
results may be biased towards rather urban and more polluted
areas. Thirdly, we converted the trnsport-related health impacts
of STE-1993 into all-source health impacts by dividing by 0.4
because it states that on average 40% of the total air pollution
exposure were caused by transport. However, 40% was just the
average, while this value can reach up to 60% in some areas.
Fourthly, the CRFs of GBD and WHO are based on multiple
causes of death instead on a single CRF, which does not enable a
direct comparison. Fifthly, we acknowledge that the literature
search for the selection of AP-HRAs was limited Due to the
commercially driven algorithm of Google Search and the small
number of results [50] retrieved and screened for eligibility; some
AP-HRA might be unintentionally left out of the selection.
Finally, baseline health data were not reported in some of the
selected AP-HRAs However, these AP-HRAs used international
data sets that rely on national data collections (as the ones used in
STEs). Therefore, no large differences are expected among them.

Implications for Existing and Forthcoming

Research

The result of this study was consistent with existing literature. Two
previous reviews [23, 24] found that the mortality attributed to
ambient air  polluion was substantially different  across
international AP-HRAs. The review of Evangelopoulos, Peres-
Velasco [24], comparing international AP-HRAs, the highest
mumber of premature deaths was around 3 times higher than the
lowest one, whereas we report a 5-fold range across AP-HRAs for
Switzerland (76 vs. 14 deaths in adults per 100,000 inhabitants). Both
above-mentioned reviews found simiar differences in terms of
methodological approaches and input data across AP-HRAs,
which may explain the different results, with the exception of the
counterfactual scenario in the work of Evangelopoulos, Perez-Vdasco
[24], with a range rather smaller than in our study.

Given such differences across AP-HRAs, it would be desirable
that forthcoming AP-HRAs redouble efforts  showing
transparently the methodological approach and the input data
to enable comparisons. Moreover, a lack of agreement concemning
terminology and the corresponding equations have been already

documented, eg., for PAF [42, 43]. A full consistency across AP-
HRAs is probably unpractical. However, some agreement in basic
assumptions and transparent reporting would increase the
comparability across AP-HRAs. International agreements on
AP-HRAs, eg, regarding general guiding principles [44], air
quality guidelines (eg, 45} or updated HRAPIE
recommendations [46] would no doubt help to unify criteria

Conclusion

Even for low population exposure, health impacts are
considerable.  AP-HRAs for Switzerdand use different
methodological approaches and input data, which result in
different estimated health impacts for all-canse mortality in
adults related to PM ranging from 0.4 to 2.09 times the STE-
2010 estimate. The largest differences among input data were
found in terms of assumptions for counterfactual scenarios,
which was owed to different motivations and goals to conduct
a specific AP-HRA (e.g, impact of regulation vs. impact of total
air pollution). Intemational cooperation based on consensus
decisions, for example under the umbrella of the WHO, and
further research is required to develop updated guidelines for the
application of AP-HRAs regarding methodology, the choice of
input data, and the derivation of counterfactual scenarios. Such
international agreement may increase consistency across future
AP-HRAs and reduce challenges in terms of communication of
results.

AUTHOR CONTRIBUTIONS

AC: editing, data analysis, and study design. MR and NK: editing,
funding, and study design. KdH, RK, MK, and DV: editing.

FUNDING

This study, as part of the project “Quantification of health impact
of air pollution in Switzerland”™ (QHIAS) has been commissioned
by the Swiss Federal Office for the Environment (Contract
number: 00,5082 PZ/D04E43474).

CONFLICT OF INTEREST

The authors declare that the research was conducted in the
absence of any commerciadl or financial relationships that
could be construed as a potential conflict of interest.

SUPPLEMENTARY MATERIAL

The Suppleme ntary Material for this article can be found online at:
hittps:/ fwww ssph-journalorgfarticles/10.3389/phrs. 20221604431/
full#supplementary-material

Public Health Reviews | Owned by 55PH+ | Published by Frontiers

10

Aprl 2022 | Volume 43 | Artiche 1604431

116



Costroy of &l

Matods Matter: Ar Polufion and Health

REFERENCES

1. WHO. WHO Global Air Caality (fuidelines Particulate Matfer (PM25and
PMIO), Ozone, Niropen Dioxide Sulfur Dioxide and Carbon Monowide.
Geneva, Switrerland Waorld Health Organization (A021)

2 WHO. Mealth Rk Asesonent of Air Pollution = General Prncples
Copenhagen, Denmarc Wordd Hedéh Organization (WHOL Regona
Office far Eurape (2016

3. WHO. Health in Impact Asgcements: Op partunitizs Not o Be Miceed Geneva,
Switzerland: World Fealth Organimtion (20170

4. Murray CJL, Aravkin AY, Zheng P, Abbafadi C, Abbas KM, Abbasi-Kangevari
M, etal Global burden of &7 Risk Factors in 204 Countries and Teriiomies,
1990 3019: a Spstematic Anal wis for the Global Burden of Dissase Study 2019,
Lancer (20200) ¥96{ 10258): 1123 =49, doi 1010167501 40-67 36 2007522

5 Mindell [ Ison E Joffe M. A Glossary for Health Impact Assessment.
I Epidemiol Commmpity Health (2003) 579047 <51, doid L1 1565ach 57,
T

6 Hénoux M-E, Anderson HE, Afkinson R, Brunsmesf B, Cohen A, Forastiere F,
et al Quantifying the Habh Impat of Ambist Air Pollunns:
Recnmmendations of a WHO/Furope Project Int [ Public Health (2015)
SO[E)B19-27. doi: 10 1007/ 5000580 1 50690y

7. GVF. Monsarisienmy der verkshroedingtn extermen (resundhe skocten,
Synthegberichi. Ren: Denst fiir Gesamatverkshrsfragen {1996).

& Leuenherger P, Eineli M, Adcermann-Lishrich 1, Schindler C. Bolognini G,
Bongard [P, & a. Swiss Study on Air Polhdion and Lung Dissses in Adulis
(SAPALDIAL Schwaz Med Wochenschr (1998 ) 128[5)d 5061,

9. KinziN, Madina 5, Kaiser B Quénel P, Flarak F, Jr., Studnidea M. Asses sment
of Deaths Attritagable i Air Polhtion: Should We Use Risk Fstimates Based
an Time Series ar on Cohort Studies? Am [ Fpidenmiol (2001} 1551110505
o 10L 10938/ 2je/153.1 1. 1050

10, EKimzdi M, Eaiser B, Rapp B, Sommer F, Wanner FIL, Acksrmann-Lishrich U
Lofiverschmigzung in der Schweiz - Quantifizerung gesundheiflicher Effdae
unter Verwendung epidemiologischer Daien. Schueiz Mad Wochmodhr
(19970 127) 134 1-P0

11. EKimnzli M, Kaizer B, Medina 5, Smdnicka M, Chand O, Filliger P, =tal Public-
health Impact of Chtdoor and Traffic-Related Air Pollutiore a Europaan
Assessment. The Lancet (2000) 5569132795801, doi10L1016/50140-
GFSG00MI 6533

1L Cohen AJ Ross Anderson H, Ostro B, Pandey KD, Krewanowsld b, Kimadi N,
& al. The Glohal Burden of Diszase Tue i Owmtdoar Air Palhtion. | Taviesl
Environ Health A [3005) &&[ 131401 301=7. doiz10 10807 15287390 Sa0ess ] 66

15 WHO. Health Risks of Air Pollution in Furope - HRAPIE Projec
Recommnendations for Concentration=Reponse FPumctions for Cost=Benefit
Analysic of Particulate Maffer, Ozone and Nirogen Dhoxide. Copenhagen,
Denmaric World Heaalth Organization (WHO L Regiona Office for Europe
[P EVE

14. ARE, BAG, BEF, BUWAL. Externe (resimdheirskoseen drch verkehrshe dinger
Luftverschmutung. Aktalisenmy fiir das fahr 20000 Bundesawd fiir
Rawmentwickhong (ARE), Bundesamit fiir (resumdhat (BAG), Bundesamt fir
Energie (BFE), Bundzsamt fiir Umwalr und Wirtschaft (BUWAL)L Berne ARE,
BAG, BEF, BUWAL (2004}

15, ARE, FOEM. Externe Kosten des Verkshrs in der Schwaz Aktualsienog fiir
dar fahr 2005 mit Bandbreiten. Bundesang fir Rawmentwicklung (ARE),
Eamdesame fior Umpneelt (BAFLU, FOEN in Englich ) Bern: ARE, FOEM (2008)

16 ARE. Externe Effektr des Verkehrs 2010, Monstaricienmg von Unewelr-, Uigfall-
i Cresundheireeffkre. Ittigen, Switerland: Bundesamt firr Rmmentwiddung
(2014}

17. ARE. Exterrne Effektr dec Varkshre 2015 Aktualicenmg der Berachnungm von
Umpnel, Unfall- und Genimdharesfekton dec Straccew., Schisnen-, Luft und
Schiffverkehrs 2000 b 2015 Itfigen, Swizerdand: Bundesamt fir
Raumentwickhmg (2019

18 ARE. Extrrme Kosfen umd Nuken des Verkshrs i der Schwaz Strassen.,
Schisnens, Lugt- ind Schifffuerkah r 2017 Tttigen, Switzerland: Bundssamt fr
Raumentwickiung (Hrha)

19. ARE. Extrrme Kosten umd Nuten des Verkshrs i der Schwaz Strassen.,
Schienens, Lt imd Schiffiuerkshr 2014 Tttigen, Switzerland: Bundesamt fir
Paumentwicklung (3121

. GED. Glohal, Regional, and Mational Age-Sex Specific All-Camse and Cause-
specific Marality for 240 Canses of Death, 19903015 a Systematic Analysis
fiar the Glohal Burden of Disease Study 301 3. Langer (2015) J5{¥631:117-71.
i 1L 160 145 /S0 ] 4067 36] 14616 522

1. Wang H, Naghavi M, Allen C, Barber RM, Bhuttn ZA&, Carter &, etal Glohal,
Regional, and National Life Expectancy. All-Cause Mortality, and Cause.
specific Morality for 249 Causes of Death, 1980- 3015 a Systematic Analwis
far the Global Burden of Dissase Study 20 15, The Lancer 2018) 388{ 10053,
1459544 doic 100 10 16/50 140 67 36{ 16)3101 21

2 Stamaway [, Akhin A, Galddon E, Limi 85, Ahate D), Ahate KFL #tal Global,
Regional, and National C tive Risk A t of &4 Behavioural,
Enwironmenta and Ocopational, and Metbolic Risks or Chisters of Risks
far 195 Countries and Territoriss, 1990-2017: a Systematic Analysis for the
Glohal Burdan of Dissase Stdy 2017, Lawcer (30 18) 3310159192594
oz 100 160 165 /S0 ] 40067365 18)3E2 25

. Malmqeist E Cudin A, Pasal M, Medina & Choices hehind Numbers: a
Beviewafthe Major Air Polluti on Heahh Impact Assessments in Europe Qurr
Envir Health Rpr (3018) 5[1):34-4% doi] 01 00754057201 8.0175.2

4. Evangelopoulos D), Perez-Velason B W alton H, Gumy 5, Williams M, Eelly FJ,
et al The Roleof burden of Disease Assessment in Tracking Progress inwards
Achisving WHO Glohal Air Cuality Guiddines fnr [ Public Flealth 2 aba) 65,
14551485, daoi1 001007/ 500 (38 030-014 792

25 THME. Abourt (FED: Insriture for Maalth Metrics and Fvaluarion. THME (300
|updated 321, Bkl Avaiable fiom: hipwwne healthdata org/ghdiabout

6. Castro A, Ghtschi T, Achermann B, Baltensperger U, Buchmann B, Felher
Digtrich I, etal Comparing the Lung Cancer burden of Ambient Particulaie
Matter Using Scenarios of Air Quality Sandards versus Acceptable Risk
Levels. fnt | Publie Fealth (2020} S5[Z0] 3948 dni 101007 =000%8 -019.
01 534y

7. RCore Taam. A Language and Enviranmeni for Statistical Compucting. Vienna,
Austriz B Foundation for Satistal Computing (3020

28 Widkham H, Averide M, Bryan [ Chang W, MoGomean L, Frangois B, =t al
Welcome 10 the Tidyverse. joce (2019) 4{45):1686. doi:10.2110 5§ oes 01686

B, Bumnett R, Chen H., Szysrhowicz M, Fann N, Hubbdl K PopeCA, & al Glohal
Estimates of Mortality Associated with Lang-Term Exposure ta Outdoor fine
Partimlate Mater. Proc Natl Acad Sa ULSA (2018) 1153895927, doildL
1075 pnas 18032115

30 EEA-ETCACM Quantifping the Haalth impact of Ambient Air Pollition:
Methodolagy and Inpur Dara FTC/ACM Technical Raper 2006/5 A Consortim
af Buropean Insthikes imder Confract of the Furopean Bnviranment Agency
(EEA) : RIVM Asther CHMI CSC EMISIA INERIS NILLN QKO- bstacs QR0
Recherche PRL UAR UBA-V VITD £5fera Bilthoven, Netherlands: EEA-ETCS
ACM (2016}

31, WHOL Ambient Air Pollition: 4 (rlabhal Accecement of Prpoare and hurden af
Dizare Geneva, Switzerland: Waorld Health Organization (2016)

32 WHO. WHO Expert Meeting Methods and Tools for A srescing the Mealth Ricks
af Air Polltion ar Local National and Ineemaotonal Leve. Genewa,
Switzerland World Health Organization (3014)

35 Krewski D, Burnett BT, Goldberg ME, Hoover BE, Siemiatycki [, Jarrett M,
et al Overview of the Beanalysis of the Harvard Six Cities Study and
American Cancer Snciety Study of Particulate Air Pallution and Martality.
I Toxicol Environ FMealth & (2003) 66]16-19)1 507 <51, doii0. 1080
1 SR 7F06424

3. Dodeay DW, Pope CA, Xu X, Spangle [D, Ware [H, Fay ME, et al An
Azsodation beheeen Air Pollution and Mortaity in Six US. Cities. N Engl
J Med (19935) 32924175 5-9. doi 101056/ nejm 199 31 2540 1

35 Hoek G, Brunderesf B, Goldhohm 5, Fischer P, van den Brandt PA.
Assodation betwesn Morality and hdicators of TrafficRdated Air
Polhttion in the MNetherands a Cohort Study. The Lameet [300Z)
RO[95A1 1A= 9. dioi 10 101 6720 190-67 3602 )1 1280.3

38 Huang F, Pan B, Wu ], Chen E, Chen L. Rdationship batwesn Exposure to
PMi5 and Lung Cancer Incidence and Mortadiy: A Men-Anaysis
Omcatarget (301 7) S84 53223 1. doi: 10186 S oncotarget 17313

7. Cohen AL Braner M, Bumnsit B, Anderson HR, Frostad ], Esep K, et al
Estimates and 25-year Trends ofthe Glohal burden of Dissase Attributihle to
Ambient Air Polhtion: an Analysis of Data from the Global Burden of
Diseases Study 2015 The Lancer (2017) 589 100521907 <18 doi 1010167
0 14067 3] 171350 5054

Putiic Hesth Redess | Oared by S5PH | Published by Fronies

Agdl 2022 | Volurne 43 | Arfce 1804431

117



Costro of &l

Mathods Matter: Ar Polufion and Heslth

3. Heldsab |, leippert E, Witthrich P, Kiinele T, Sampfl M. PM10 and PML 5
Ambient Concentrations in Switzerland. Mode! resulrs jor (2005) 30103020

. Khomenkn 5, Cirach M, Pereina-Barbora E, Mudler W, Barrera-Ghmez T,
Bojas-Rueda [, et al. Premature Maortality Due o Air Pollution in Europsan
Cities: 2 Health Impact Assessment. Lancer Flaner Mealth (2021) 5(3)
E121=E134. doi: 1L 1016/ 25 42 S196] 200 2722

40 Korhanen A, lehtomdld H, Rumrich L Farwsenaja M. Pauna V-V, Eupiainen
E. 2t al Influence of Spatial Besolution on Papulation P25 Fxposure and
Health Impacs Air Qual Atmes Fealth (2019) 138705 18, doi10.1007/
511869, 019008907

41. Openshne 5 The Modifiable Areal Dinir Problem | 1985)

42 Roddhill B, Newman B, W snberg & Use and Misuse of Fopulation Attritegtahble
Fractions. Am | Public Flealth {1598) £51)15-9. dot 1021052jph 881.15

4% Zapan-Dhiomed B, Barendregt []. Vesman [l Population Attributable
Fraction: Mames, Typs and Issues with Incorrect Interpretation of Reative
Risks. Br [ Sporte Med (30 18) 52{4):212=3. dai:1001 138 /b jsporis-30 1 5095531

44, Winkder M3, Viliani F, Knoblanch AM, Cave B, Divall M, Ramesh G, et .
Health Impact Assecomant Ingernational Best Practice Principles. Fargn, Narth
Dakota, United States Imtermational Assodation for Impact Assessment.
(221} Specid Publication Series Mo 5

45 WHO. Ar Qualiry Guidelines. Geneva, Switeerlind Wordd Heahh
Organiztion (A1)

44 M Holland, editor. Quentifiung Health Impacts of Air Pallidanss: Seven Yaars
on fram HRAFE. 23rd Meeting of the Tack Forez on Health under the UNECE
Convention on Lang Range Tranchoundary Air Pallugon (220}

47. Ssethaler B Meaalth Costs Due o Road Traffic- Related Air Pollieton. An Impact
Asmesment Project af Austris, France and Switarland. Geneva, Switzerland:
‘Waorld Heahth Organization {19990

48, GRD 3019 Resuhts Tool [Intanet]. Institute for Haalth Metries and Pealiration
(THME). 3rhi. Availdhle from: hitpeighds healthdat angfghd: results-anal

49, GRD. Global Burden of Diseace Snudy 2009 ((GRD 2019) Relative Ricks. Relative
Risks: Partiowlate Mareer Air Folliction (20300

50, Omline Database of State of Global Air. Data Source (lobal Burden of [isaace
Study 2009, Headth Effects Instituie (3030)L Avaiable frome hitpafhwens.
staten fglnhalairorg/{ded 11 18, HHa)

51. EEA_ Air Caliy in Europe — 2013 Report. Copenhagen, Denmaric European
Environmental Agency (3013} Contract Mo: No 90301 5

52 EEA_ Air Chality in Furope — 2014 Repart. Copenhagen, Denmaric European
Environmenta Agency (2014} Contrac MNa: Mo 52014

53 EEA_ Air Qualiy in Europe — 2015 Report. Copenhagen, Denmaric Europsan
Environmental Agency (2015} Contract Mo: No 5015

54 EEA_Air Chality in Furope — 2018 Repart. Copenhagen, Denmaric European
Environmenta Agency (3018} Contract Mos Mo 28050 16

25 EEA. Air Chaalify in Esrope — 2007 Report. Copenhagen, Denmaric European
Environmental Agency (3017). Contract Ma: Mo 132017,

5. EEA_ Air Qualiy in Furope — 2018 Report. Coperhagen, Denmaric Europsan
Environmenta Agency (3018). Contract Mos Mo 1202018

57, EEA. Air Chalify in Exrope — 2009 Report. Copenhagen, Denmaric European
Environmenta Agency (3019} Contrac Moz Mo 1002019,

58 EEA_AirCaliy in Europe — 203 Report. Copenhagen, Denmaric European
Environmental Agency (330} Contract Mo: Mo 112050

5. FEA-ETC/ATHNL MHelth Risk Asesonent of Air Pollifiomn  Furope
Methadology Description and 2017 resuli: Furopean Topie Cenfre on Air
Pollugon, Tramsport, Noise and [ndusmial Pallion (ETCATNID of the
Eurapsan  Environmag  Agewy.  Coperhagen, Denmark: Fwopaan
Environmental Agency (B0}

6. WHO. WHO (lobal Ambist Air Chualiy Databace (Update 2018, Geneva,
Switerland: Worll Health Orgnization (2018, Awildble frome hitpsd e
whewintidata igha'data, h mesepic g topic-detaila G O mibient - air- poliution

Coppright © 2022 Coctro, Rodcl, de Moogh, Kappeler, Kuglar Joss, Vienmeau and
Kimdi This is an apen-access article dictribuged wnder the terms of the Creative
Commans Agrbution License (O BY)L The use, distrbufion or reprodiuction in
ather foroms iz permited, provided the ariginal author(s)and the coppri ght oumer(s)
are creditad and that the anginal publisagon in this jowmal is citad, in accordance
with accrpeed academic practice. No use, dismibution ar reproducton is pemnireed
which does nat comply with these ferms.

PHR & adited by the SwissSchool af Public Heal i (SSPH )in a parinership with
the Aseociation af Schools of Public Mealth of e European Region (A SPHER )+

Putdic: Heath Redeas | Crared by S50 | Publiehed by Fronies

118

Apdl 2022 | Wolurme 23 | Arfcie 1804431



4.1 Paper lll - Publication Appendix

SUPPLEMENTARY MATERIAL 1: METHODS

Literature review

We carried out a literature search in January 2021 to identify publications with health impact
assessments of exposure to outdoor air pollution in Switzerland beyond the STEs. For this task,
we used Google Search instead of research-specific searchers to find not only academic but
also “grey” literature. Iteratively the following search terms was used: 1) Switzerland "air
pollution" health burden assessment, 2) Switzerland "air pollution" deaths "years of life lost"
mortality, 3) Switzerland "air pollution" "health impacts", 4) Switzerland "air pollution" "mortality".
We examined the first 50 search results of each iteration.

Additionally, we carried out a specific search for studies using the three majoritarian Swiss local
languages: German, French and lItalian. Thus, we searched the following two word
combinations: 1) Switzerland "air pollution” health and 2) Switzerland "air pollution” health city
(i.e. same search terms just adding the word “city”). Translated into German, French and ltalian:
Schweiz Luftverschmutzung Gesundheit (Stadt), Suisse "pollution de I'air" santé (ville), Svizzera
"inquinamento dell'aria" salute (citta). We examined the first 20 search results of each search in
local language.

Finally, we consulted the Swiss Literature Database on Air Pollution and Health (LUDOK in
German) to confirm that we did not overlook a relevant air pollution health risk assessment (AP-
HRA) (1).

Beyond the selected AP-HRAs, we excluded the following literature based on the inclusion
criteria described. Out of the published STEs, we excluded the STE-2015 (2) and 2017 (3)
because they only show transport-related external costs. Beyond the STEs, from the reviewed
literature reviewed, we excluded some publications because they used results from other AP-
HRAs such as the GBD (e.g. 4, 5) or made only future projections (e.g. 6). Some Swiss-designed
projects were excluded because they assess transport-related (instead of all-source) emissions
(e.g. 7, 8) or focused on some methodological aspects, .such as exposure-response models
(e.g. 9, 10). Furthermore, although the EEA reports were selected for this study, we excluded
those for 2009 and 2010 because they re-use GBD results. The above mentioned results for
2009 were compiled from the EEA report for 2018, which exceptionally included this new
assessment of a past year (11).

In the literature review we additionally identified some local AP-HRAs at regional level, namely
for the canton of Zurich (12, 13), the canton of Basel (14) and the agglomeration of Lausanne-
Morges (15) (Table A 1). We excluded them because their small geographic scale does not
enable a comparison with national scale AP-HRAs. Additionally, some of them re-use STE
results (AP-HRAs in Zurich) or focus on comparing two years without specific result for each
year (AP-HRA in Lausanne-Morges).
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Table A 1 Regional AP-HRAs not selected for the comparison (Switzerland 2021).

AP-HRA Year Swiss area Mortality Morbidity outcomes | Pollutants
outcomes
BASEL 1996 | Canton of e Lung cancer PM1o
Basel deaths
LAUSANNE | 2015 Agglomeration | e Deaths e Asthma attacks PMz.5, NO2
Lausanne- ¢ Bronchitis cases
Morges « Hospital admissions
e Invalidity cases
¢ Restricted activity
person-days
¢ Symptom days
e Work loss days
ZURICH 2005, | Canton of ¢ Deaths e Hospital admissions | PM1o, NO2
2010, | Zurich ¢ Bronchitis cases
2015 « Restricted activity
person-days
¢ Symptom days

[1] Sources: BASEL: R66sli, Kiinzli (14); LAUSANNE: Castro, Kiinzli (15); ZURICH: ECONCEPT (13).

Finally, we selected five AP-HRAs, which met the inclusion criteria and that were compared to

the STEs (Figure A 1).

Google Search results explored
(n=320)

h 4

Air pollution health risk assessments
screened for relevance
(n=15)

k4

Air pollution health risk assessments
meeting the inclusion criteria

(n=3)

k4

Literature excluded:
Lack of relevance

(n = 305)

k4

HIAs excluded:
Not meeting the inclusion criteria

(n = 10)

Figure A 1 Prisma flow chart of the literature review (Switzerland 2021).

Data processing
Data filtering

We collected results and input data from all selected AP-HRAs, including all chosen pollutants,

all years of analysis (whole time series), and the counterfactual scenarios. To show an overview

of the assessed health impacts and the data heterogeneity, we limited the number of variables

(pollutants, years of analysis, and outcomes), enabling a more targeted analysis, as follows.
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For the overview of health impacts, we selected only one AP-HRA and year of analysis. We
prioritized data from the last available STE over other AP-HRAs assuming that STEs have a
better knowledge of local circumstances. If no STE data were available, we selected data from

other AP-HRA prioritizing the most recent ones.

For the heterogeneity of health impacts, we carried out a three-step filtering process. Firstly, we
identified the pollutant with the highest attributed impacts pollutants by comparing AP-HRAs with
more than one pollutant in their most recent overlapping year. In further steps, we focused on
this pollutant. Secondly, we focused on the most relevant years of analysis. We included all
STEs years, but in case of other AP-HRAs with time series, we selected only the first and the
last year. We assumed that the first and last year capture the largest heterogeneity of data,
given that air pollution concentration has decreased in Switzerland over the last decades (16).
Thirdly, we removed the health outcomes that were assessed by only one AP-HRA or not

assessed by a STE, since they do not allow comparability with STEs.
Normalization and re-scale

We normalized the absolute health impact from AP-HRAs by dividing by all-age population
(per 100,000 persons). The normalization mitigates the effect of yearly variation due to
changes in population and increases comparability across AP-HRAs. For population at
national level, we used data from the Swiss Federal Office for Statistics (17), while for cities
and agglomerations we used data from the AP-HRA to avoid discrepancies in the definition of
the agglomeration boundaries. Table A 2 and
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Table A 3 show the population data used for normalizing health impacts of the selected AP-
HRAs. The national values are from Swiss Federal Office for Statistics (17), while the population
for CITIES (ten largest urban areas) are from this AP-HRA. CITIES considered both cities and
when available “greater cities”, which include the whole agglomeration beyond the city

boundaries.

Table A 2 Population in Switzerland on January 1 (17) (Switzerland 2021).

Year Population
1990 6,673,850
1991 6,757,188
1992 6,842,768
1993 6,907,959
1994 6,968,570
1995 7,019,019
1996 7,062,354
1997 7,081,346
1998 7,096,465
1999 7,123,537
2000 7,164,444
2001 7,197,638
2002 7,255,653
2003 7,313,853
2004 7,364,148
2005 7,415,102
2006 7,459,128
2007 7,508,739
2008 7,593,494
2009 7,701,856
2010 7,785,806
2011 7,870,134
2012 7,954,662
2013 8,039,060
2014 8,139,631
2015 8,237,666
2016 8,327,126
2017 8,419,550
2018 8,484,130
2019 8,544,527
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Table A 3 Total (all-age) population in the ten largest Swiss urban areas in 2015 according to

CITIES (18) (Switzerland 2021).

Category of the urban area Name of the urban area Population

Greater City Zurich 618,300
Greater City Geneva 368,188
Greater City Basel 308,348
Greater City Bern 215,216
Greater City Lausanne 228,687
City Winterthur 106,230
City St. Gallen 74,024
Greater City Luzern 152,531
Greater City Lugano 81,929
City Biel/Bienne 59,255
Sum 10 Swiss urban areas 2,212,708

Regarding the input data, conversions were required to make values comparable. Thus, we re-
scaled concentration values from PM, s into PM1, values assuming that PM, s accounts for 73.5%
of PMyg i.e. by dividing PM.s concentrations by a conversion factor of 0.735 (19). Additionally,
we used this conversion factor to re-scale the CRF of the selected AP-HRAs. We converted the
CRF expressed in terms of PM; s into PMso exposure by applying a logarithmic transformation.
Furthermore, most AP-HRAs express the counterfactual scenario as a single value, while some
of them express it as a bound. We calculated the average of the lower and upper limits of these
uniform distributions to make the values comparable with the others.

To compare PMy, with PM. 5 values, we re-scaled PM, s concentrations into a PM+, form using
Equation A 1.

Equation A 1 Re-scale of PM; 5 into PM4, concentration.

Cemio = PMyo concentration.
C _ Cpmzs Crm25 = PM2s concentration.
PM10 = g CF = Conversion factor, i.e. proportion of PM,.5
in PMqo i.e. 73.5% (19, 20)

We compiled these data from the corresponding AP-HRAs. We re-scaled the relative risk
coefficients of the selected studies expressed in terms of PM. s exposure into PM1o exposure by
applying Equation A 2. Thus, EEA used the following PM_ s relative risk for premature deaths in
adults: 1.062 (95%-Cl: 1.04; 1.083). After re-scaling, the PMy, relative risk is 1.0452 (95%-Cl:
1.0292; 1.0604).

Equation A 2 Re-scale of relative risks from PM;s to PM,

RRem10 = Relative risk for PM1o0 exposure
RRem2.5 = Relative risk for PM2.5 exposure
CF = Conversion factor (proportion of PMzsin PM1o)

RRpy10 = em(BRpuz5)*CF
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Ratio and reference value

To measure the heterogeneity of quantitative data (health impacts and input data) across AP-
HRAs, we expressed the values of the AP-HRA as ratios in relation to a reference value. We
assigned the reference value to the most recent STE of the selected AP-HRAs. If a certain health
impact was not assessed in the most recent STE, the value of a previous STE was selected as

reference value.

We calculated the ratios by dividing the value of the AP-HRA by the reference value. Thus, ratios
less than 1 show that the AP-HRA value is lower than the reference value, while ratios higher
than 1 show AP-HRA values higher than reference value. Exceptionally, for CRF, we subtracted
one from both the numerator and denominator before dividing, i.e. we calculated the ratio of the

excess relative risk.
Data preparation and assumptions

Collected data required minor edits as follows. For STE-2000 and STE-2005, we calculated the
YLLs in adults and infants based on the total number of YLLs as follows. The AP-HRAs states
that 96% of the total number refers to adults and 4% to infants. For AP-HRAs with results at city
level, we summed up the health impacts of the cities. For STE-2005, we calculated the reference
value by multiplying the value in 2000 by 1.0289 because STE-2005 only indicates that the value
is 2.89% higher than in STE-2000. For WHO-2012, we assigned the mortality to infants and the
sum of the rest of disease-specific health impacts to adults, as described in the report.

Furthermore, in case of unclear information, we had to make assumptions as follows. Given that
the GBD dataset categorizes lung cancer as “tracheal, bronchus, and lung cancer”, we assumed
that the value is comparable with lung cancer values provided in other AP-HRAs. Concerning
the age ranges that correspond to the population groups (adults vs. children vs. infants) we
made multiple assumptions. STE-2005 (short update of STE-2000) does not provide the age of
the YLLs; thus, we assumed the age of STE 2000. STE-1993 only provided the population group
for premature deaths, acute bronchitis in children and symptom days as well as the age for acute
bronchitis in children; we deduced the missing information based on later STE studies (if
available). Otherwise, we made further assumptions. Thus, we deduced the age of incidence of
chronic bronchitis and invalidity cases in adults for prevalence. We deduced the age of bronchitis
in children for symptom days and the age of asthma attacks for days of medication intake of this
disease. Additionally, we deduced that cases of acute bronchitis in children refer to prevalence
instead of incidence based on next STE.

WHO-2016 presents specific DALY's for lower respiratory infections in children younger than 5
years old, while this value was not available for premature deaths and YLLs. Therefore, we
assumed that it this value was zero, i.e. the whole number of premature deaths and YLLs refer
to people at the age of 25 years or older.
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SUPPLEMENTARY MATERIAL 2: RESULTS

Selected studies

Table A 4 summarizes the health outcomes assessed in the selected air pollution health risk
assessments (AP-HRAs). All selected AP-HRAs assess mortality impacts, while only STEs,
GBD as well as WHO assess both mortality and morbidity impacts. The variety of outcomes for
morbidity is higher than for mortality (see Supplementary Material). Regarding mortality, most
studies assess deaths and years of life lost (YLLs). Regarding morbidity, the STEs assess
multiple health outcomes, while the GBD combines the effects on multiple health outcomes into
one overall indicator, namely years lived with disability (YLDs). GBD and WHO additionally used
disability-adjusted life years (DALYs) as a combined mortality-morbidity indicator, which
condensates the meaning of both YLLs and YLDs (1). The GBD and WHO show cause-specific

health impacts (including lung cancer).

Table A 4 Summary of outcomes assessed in the selected AP-HRAS

Short Year of Summary of outcomes!?IE!
name  analysis "l Mortality Morbidity Mixed
STE 1993, ¢ Deaths (except o Asthma attacks (all years of analysis)

1996, analysis 2005) ¢ Bronchitis cases (all years of

2000, e Lung cancer deaths analysis)

2005, (only analysis 2000) | e Days of medication (only analysis

2010 e YLLs (only analysis 1993)

2000, 2005 & 2010) | e Hospital admissions (only analysis
e Working YLLs (only 1996 & 2010)
analysis 2000&2010) | e Hospital days (except analysis 1996)
o Invalidity cases (only analysis 1993)
* RADs (all years of analysis)
e Symptom days (only analysis 1993)
o Work loss days (only analysis 1993 &

2010)

FCAH 2010 e Lung cancer deaths

GBD 1990-2019 | e Deaths ¢ YLDs (by cause) e DALYs
e YYLs

EEA 2009, ¢ Deaths

2011-2018 | e YLLs (except 2011)

WHO 2012,2016 | e Deaths * DALYs
e YLLs

CITIES | 2015 e Deaths
e YLLs

Abbreviations: STE = Swiss assessment for Transport Externalities. EEA = European Environment Agency. FCAH = Federal Commission for
Air Hygiene. GBD = Global Burden of Disease. WHO = World Health Organization. CITIES = AP-HRA for air pollution in around 1,000 European
urban areas. YLLs = Years of life lost. DALYs = Disability-adjusted life years. RADs = Restricted activity person-days. YLDs = Years lived with
disability.

[1] Single assessment for each year of analysis, except for GBD, which assessed in 2019 the whole time series 1990-2019, and EEA, which
included the assessment of both 2009 and 2018 in the same report from 2020.

[2] GBD and WHO health impacts are stratified by cause and include lung cancer specific results.

[3] The health outcomes assessed by STEs depend from the year of analysis.
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Health impacts

Table A 5 shows the all-cause mortality in adults per 100,000 all-age persons attributed to
exposure to PM, O; and NO- in the most recent overlapping year of analysis of CITIES, EEA
and GBD (i.e. 2015). Premature deaths per 100,000 inhabitants (all ages) attributed to O3 in
2015 were 7% to 14% of those attributed to PM (3.6 vs. 51 for EEA and 2.8 vs. 19.7 for GBD,
respectively). Regarding NO;, the estimates were 1% to 70% of those attributed to PM,
according to CITIES (0.2 vs. 14.4 for high and 30.6 vs. 43.7 for low scenario, respectively) and
25% according to EEA (12.1 vs. 51). Similar proportions can be found for years of life lost (YLLs,
see Supplementary Materials).

Table A 5 Annual all-cause mortality per 100,000 all-age persons attributed to PM, O; and NO;
and ratio in relation to PM (O; and NO; mortality divided by PM mortality) (Switzerland 2021).

Type of impact [ Study Mortality per 100,000 persons-year
PM O3 NO2
CITIES-2015-high 14.4 0.2
CITIES-2015-low 43.7 30.6
Premature deaths EEA2015 51.0 36 12.1
GBD-2015 19.7 2.8
CITIES-2015-high 177.0 2.3
CITIES-2015-low 539.8 377.5
YLLs
EEA-2015 519.6 401 127.5
GBD-2015 294 .9 37.7

Abbreviations: YLLs = Years of life lost.
[1] PM and NO2 for adults, i.e. ages of 30 or older for EEA and GBD and 20 or older for CITIES. O3 for all ages.

Table A 6 and Table A 7 show the absolute annual mortality and morbidity (respectively)
attributed to PM. The choice of health outcomes to be assessed has not been consistent among
STEs. Thus, only one out of 25 health outcomes ever assessed by STEs (4%) are available in
all five STEs (1993, 1996, 2000, 2005 and 2010), six outcomes (24%) are available in four STEs
and two outcomes (8%) in three STEs. Therefore, around two thirds of the health outcomes ever
assessed by STEs were available only in one or two STEs (out the five STEs reviewed).
Although new evidences of health effects may arise in the future and although the capacity to
make assessments for past years might be limited due to lack of data, a higher consistency in
the selection of outcomes in STEs (especially regarding morbidity e.g. including broadly used

outcomes such as DALYs and YLDs) would be desirable to increase comparability.
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Table A 6 Annual absolute mortality attributed to PM across AP-HRAs, years and counterfactual scenarios (including all outcomes, also those that are removed in a
further step because of lack of comparability with a STE) (Switzerland 2021).

Type of Outcome | Population STE| STE| STE| STE| STE| EEA| EEA| FCAH | FCAH| cBD | GBD | wHO| who | C'TE | CITIE
impact disease [ | group [ S S
1993 | 1996 | 2000 | 2005 | 2010 | 2009 | 2018 | 2010 | 2010 | 1990 | 2019 | 2012 | 2016 | 2015| 2015
Low [@ | High & Low [@ | High [
Premature | All causes | Adults 5250 | 3,314 | 3,746 2,827 | 4,900 | 3,500 3,531 | 1,364 | 1,481 | 2,121 968 318
deaths Infants 23 13 17 8 0
Workers 335
Lung Adults 311 357 255 472 240 408 206
cancer
Working All causes | Adults 5,267 2,767
YLLs Infants 346
YLLs Allcauses | Adults 40,751 | 46,232 | 28,138 | 55,500 | 38,900 61,538 | 20,213 | 25,995 | 31,528 | 11,944 | 3,918
Infants 1,698 | 1,926 753 1,523 741 33

Abbreviations: YLLs = Years of life lost.
[1]Age ranges of the population groups differ across AP-HRAs.

[2] FCAH and CITIES, include two assessments — respectively called high and low - because they each use a lower and a higher counterfactual scenario..
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Table A 7 Annual absolute morbidity attributed to PM across AP-HRAs, years and counterfactual scenarios (including all outcomes, also those that are removed in a
further step because of lack of comparability with a STE) (Switzerland 2021).

Type of impact Outcome disease Population STE STE STE STE STE GBD GBD WHO WHO
group M 1993 1996 2000 2005 2010 1990 2019 2012 2012
Adults 3,500,000
Attacks Asthma Children 23637 | 41,073 | 44477 | 44,943
Attacks (person- Asthma Adults 62,593 107,545
days)
Cases (incidence) Acute bronchitis Children 77,500
Chronic bronchitis Adults 4,238 999 1,081 3,078
Cases (prevalence) Acute bronchitis Children 45,446 39,049 41,813 17,302
P Chronic bronchitis Adults 55,000
Adults 69,589 27,332 28,116 34,747
DALYs All causes Infants 1,529 745 41 43
Hospital admissions CVD All 2,979 1,138
P RD All 1,308 1,131
Hospital davs CVD All 14,250 9,780 9,631 10,940
P y RD All 16,250 5858 5873 9,420
Invalidity cases Chronic bronchitis Adults 25
Medication intake Asthma Adults 3,750,000
(person-days)
RADs All causes Adults 6,250,000 | 2,762,682 | 1,773,821 | 1,914,797 | 4,746,089
All 20,000,000
Symptom days RD Children 60,000
Work loss days All causes Workers 1,065,000 1,138,140
YLDs All causes All 8,175 7,196

Abbreviations: DALY = Disability-adjusted life years. CVD = Cardio-vascular diseases. RD = Respiratory diseases. RADs = Restricted activity person-days. YLDs = Years lived with disability.

[1] Age ranges of the population groups differ across AP-HRAs.
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Figure A 2 shows the annual premature deaths, Figure A 3 the YLLs attributed to PM in adults
and Figure A 4 these YLLs per all-age 100,000 persons in Switzerland across AP-HRAs. Of
particular interest is the case of CITIES. The absolute health impacts are lower than for STE-
2010 since the assessment only covers the ten largest urban areas (instead of the whole
country), but when looking at population-normalized impacts the values are higher or lower
depending on the scenario.

Table A 8 and Table A 9 show the values used for the above mentioned figures.
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Premature deaths

Figure A 2 Annual premature deaths in adults (220 years old for CITIES, 225 for WHO, 230 in the
rest) attributed to PM with 95% confidence interval (if available) (Switzerland 2021).
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Figure A 3 Annual years of life lost due to all causes in adults (220 years old for CITIES, 225 for
WHO, 230 in the rest) attributed to ambient PM exposure with 95% confidence interval (if available)
(Switzerland 2021).
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Figure A 4 Annual years of life lost per 100,000 persons in adults (220 years old for CITIES, 225 for
WHO, 230 in the rest) attributed to PM with 95% confidence interval (if available) (Switzerland
2021).
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Table A 8 Annual absolute premature deaths and per 100,000 persons attributed to PM in adults
(age 220 for CITIES, 225 for WHO and 230 for the rest, 95% confidence interval when available)

(Switzerland 2021).
Author - year of analysis Annual deaths Annual deaths per 100,000 persons
CITIES-2015-high 318 [221; 435] 14.4 [10; 19.7]
CITIES-2015-low 968 [677; 1316] 43.7 [30.6; 59.5]
EEA-2009 4900 63.6
EEA-2011 4394 [2876; 5803] 55.8 [36.5; 73.7]
EEA-2012 4300 54 1
EEA-2013 4980 61.9
EEA-2014 4240 52.1
EEA-2015 4200 51
EEA-2016 3700 44 4
EEA-2017 3600 42.8
EEA-2018 3500 41.3
GBD-1990 3531 [1512; 5901] 52.9[22.7; 88.4]
GBD-1991 3482 [1538; 5705] 51.5[22.8; 84.4]
GBD-1992 3382 [1577; 5395] 49.4[23.1; 78.8]
GBD-1993 3282[1568; 5183] 47.5[22.7; 75]
GBD-1994 3200 [1580; 5015] 45.91[22.7; 72]
GBD-1995 3194 [1600; 4997] 455[22.8; 71.2]
GBD-1996 3056 [1560; 4742] 43.3[22.1; 67.1]
GBD-1997 2951 [1524; 4555] 41.7 [21.5; 64.3]
GBD-1998 2835 [1434; 4343] 40 [20.2; 61.2]
GBD-1999 2708 [1358; 4192] 38 [19.1; 58.8]
GBD-2000 2593 [1284; 4038] 36.2 [17.9; 56.4]
GBD-2001 2440 [1300; 3715] 33.9[18.1; 51.6]
GBD-2002 2338 [1299; 3510] 32.2[17.9; 48.4]
GBD-2003 2245 [1297; 3339] 30.7 [17.7; 45.7]
GBD-2004 2108 [1233; 3159] 28.6 [16.7; 42.9]
GBD-2005 2043 [1206; 3022] 27.5[16.3; 40.8]
GBD-2006 2004 [1266; 2810] 26.9 [17; 37.7]
GBD-2007 1988 [1373; 2648] 26.5[18.3; 35.3]
GBD-2008 1972 [1450; 2549] 26 [19.1; 33.6]
GBD-2009 1972 [1488; 2500] 25.6 [19.3; 32.5]
GBD-2010 1934 [1463; 2433] 24.8[18.8; 31.2]
GBD-2011 1884 [1421; 2359] 23.9[18.1; 30]
GBD-2012 1851 [1384; 2337] 23.3[17.4; 29.4]
GBD-2013 1791 [1322; 2277] 22.3[16.4; 28.3]
GBD-2014 1699 [1237; 2180] 20.9[15.2; 26.8]
GBD-2015 1624 [1164; 2102] 19.7 [14.1; 25.5]
GBD-2016 1426 [985; 1887] 17.1[11.8; 22.7]
GBD-2017 1301 [860; 1765] 15.4 [10.2; 21]
GBD-2018 1328 [882; 1804] 15.6 [10.4; 21.3]
GBD-2019 1364 [911; 1857] 16 [10.7; 21.7]
STE-1993 5250 [3750; 6500] 76 [54.3; 94.1]
STE-1996 3314 [1986; 4651] 46.9 [28.1; 65.9]
STE-2000 3746 [1968; 5587] 52.3 [27.5; 78]
STE-2010 2827 36.3
WHO-2012 1481 18.6
WHO-2016 2121 [1541; 2843] 25.5[18.5; 34.1]
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Table A 9 Annual absolute YLLs and per 100,000 persons attributed to PM in adults (age 220 for
CITIES, 225 for WHO and 230 for the rest, 95% confidence interval when available) (Switzerland

2021).

Author - year of analysis

YLLs

Annual YLLs per 100,000 persons

CITIES-2015-high

3918 [2723; 5365]

177 [123.1; 242.4]

CITIES-2015-low

11944 [8361; 16242]

539.8 [377.9; 734]

EEA-2009 55500 720.6
EEA-2012 46500 584.6
EEA-2013 51400 639.4
EEA-2014 43700 536.9
EEA-2015 42800 519.6
EEA-2016 36500 438.3
EEA-2017 37800 449
EEA-2018 38900 458.5
GBD-1990 61538 [26839; 102077] 922.1 [402.1; 1529.5]
GBD-1991 60630 [27548; 98151] 897.3 [407.7; 1452.5]
GBD-1992 58553 [27520; 92899] 855.7 [402.2; 1357.6]
GBD-1993 56209 [27200; 88539] 813.7 [393.8; 1281.7]
GBD-1994 54322 [26796; 85059] 779.5 [384.5; 1220.6]
GBD-1995 53191 [26474; 83035] 757.8[377.2; 1183]
GBD-1996 50118 [25595; 77306] 709.6 [362.4; 1094.6]
GBD-1997 48153 [24913; 73824] 680 [351.8; 1042.5]
GBD-1998 46028 [23492; 70227] 648.6 [331; 989.6]
GBD-1999 43607 [22112; 67046] 612.1 [310.4; 941.2]
GBD-2000 41685 [20848; 65396] 581.8 [291; 912.8]
GBD-2001 39137 [21253; 59763] 543.7 [295.3; 830.3]
GBD-2002 37332 [20919; 56005] 514.5[288.3; 771.9]
GBD-2003 35683 [20497; 53133] 487.9 [280.2; 726.5]
GBD-2004 33531 [19784; 49667] 455.3 [268.6; 674.4]
GBD-2005 32390 [19096; 4794 1] 436.8 [257.5; 646.5]
GBD-2006 31641 [19807; 44436] 424.2 [265.5; 595.7]
GBD-2007 31275 [21459; 41613] 416.5 [285.8; 554.2]
GBD-2008 30870 [22608; 39792] 406.5 [297.7; 524]
GBD-2009 30845 [23414; 39188] 400.5 [304; 508.8]
GBD-2010 30195 [22845; 37963] 387.8 [293.4; 487.6]
GBD-2011 29275 [22134; 36827] 372 [281.2; 467.9]
GBD-2012 28522 [21361; 35945] 358.6 [268.5; 451.9]
GBD-2013 27428 [20321; 34851] 341.2 [252.8; 433.5]
GBD-2014 25802 [18857; 33118] 317 [231.7; 406.9]
GBD-2015 24295 [17473; 31479] 294.9 [212.1; 382.1]
GBD-2016 21321 [14746; 28366] 256 [177.1; 340.7]
GBD-2017 19466 [12887; 26524] 231.2[153.1; 315]
GBD-2018 19748 [13053; 26930] 232.8 [153.9; 317 4]
GBD-2019 20213 [13406; 27577] 236.6 [156.9; 322.7]
STE-2000 40751 [21662; 61087] 568.8 [302.4; 852.6]
STE-2005 46232 623.5
STE-2010 28138 361.4
WHO-2012 25995 326.8
WHO-2016 31528 [23956; 39220] 378.6 [287.7; 471]
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Table A 10 shows the annual morbidity impacts per 100,000 all-age persons attributed to PM in
Switzerland and the ratios of these values in relation to the reference value of the last available
STE. Morbidity outcomes of STEs were not assessed in other AP-HRAs. The ratios STE
morbidity impacts in relation to STE-2010 range from 0.35 to 2.9. The values in STE-1993 are
higher than in STE-2010, while most impacts in STE-2000 and STE-2005 are lower.

Table A 10 Annual morbidity impacts attributed to PM across AP-HRAs and years expressed as

per 100,000 all-age persons and as a ratio in relation to the reference value (most recent STE, in
bold). The ratio is calculated by dividing the AP-HRA value by the reference value (Switzerland

2021).

Type of impact Outcome Population | STE STE STE STE STE
disease group " 1993 1996 | 2000 2005 2010
Morbidity per 100,000 persons
Adults 335 573 600 577
Attacks Asthma Children 886 1,381
Cases Chronic bronchitis | Adults 60 14 15 40
(incidence) Acute bronchitis Children 644 545 564 222
Hospital CVvD All 42 15
admissions RD All 19 15
Hospital days CVD All 206 137 130 141
RD All 235 82 79 121
RADs All causes Adults 90,475 | 39,118 | 24,759 25,823 60,958
Work loss days | All causes Workers 15,417 14,618
Ratio in relation to reference value (last STE) 2

Adults 0.58 0.99 1.04 1
Attacks Asthma Children 064 7
Cases Chronic bronchitis | Adults 1.52 0.35 0.37 1
(incidence) Acute bronchitis Children 2.90 2.45 2.54 1
Hospital CVD All 2.89 1
admissions RD All 1.28 1
Hospital days CVD All 1.47 0.97 0.92 1
RD All 1.94 0.68 0.65 1
RADs All causes Adults 1.48 0.64 0.41 0.42 1
Work loss days | All causes Workers 1.05 1

Abbreviations: CVD = Cardio-vascular diseases. RD = Respiratory diseases. RADs = Restricted activity person-days.

[1] Age ranges of the population groups differ across AP-HRAs.
[2] Examples for interpretation of the ratio: 1.1 = 1.1 times the ref. value = 10% higher. 2.0 = 2 times the ref. value = 100% higher. 0.4 = 0.4
times the ref. value = 60% lower.

135




Population exposure and counterfactual scenario

As Table A 6 shows, the population exposure has decreased over time in Switzerland.
Regarding differences across specific AP-HRAS in overlapping years, the STE population
exposure is higher than the GBD concentration in 2010 and 2005, while it is lower in 2000. The
STE population exposure is higher to the FCAH value in 2010. WHO, EEA and CITIES have no
overlapping year with STEs, but they can be compared with GBD. Thus, the population exposure
for WHO is lower than for GBD in 2016 and lower for CITIES in 2015. EEA values are rather
similar to GBD values, being higher or lower depending on the year. WHO-2012 did not publish
the annual population-weighted mean used in the assessment for Switzerland, but only the
median for a different year. Therefore, WHO-2012 has not been included in the comparison of
population exposures.
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Figure A 5 Annual population-weighted mean PM4, concentration over time in the selected studies
with 95% confidence interval (if available) (Switzerland 2021).

Table A 11, Table A 12, Table A 13 and Table A 14 show the population exposure and
counterfactual scenario for PMio, PM25, O3, NO, respectively.

As metric for O3 concentrations, the GBD uses the daily 8-hour maximum (MDAGS8) in parts per
billion (ppb) during the warm season, defined as the six months with the highest average O3
levels (2), while the EEA reports use the yearly accumulated MDAS8 in ug/m? exceeding 35 ppb
(SOMO35). Since 1 ppb is equivalent to 2.00 ug/m? in the case of O , the 35 ppb are equal to
70 pg/m?® (3).

The difference between population exposure and counterfactual scenarios of NO, in EEA
assessments for 2016, 2017 and 2018 are negative. Therefore, we did not use these values for
normalizing absolute health impacts. EEA aggregated effects of grids inside countries (4). Thus,
the negative value of the exposure difference implies that population exposure is lower or higher
than the counterfactual scenario depending on the grid.
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Table A 11 PM4, concentrations (population-weighted annual mean) in Switzerland (2021).

Author-year | Age Concentration (ug/m3 PM)
of analysis group | population exposure | Counterfactual scenario Difference
FCAH-2010- All 18 7.5 10.5
high
FCAH-2010- All 18 3.3 14.7
low
STE-1993 All 20.9
STE-1996 All 214 7.5 13.9
STE-2000 <15 18.7 7.5 11.2
STE-2000 =30 19.2 7.5 11.7
STE-2000 All 19.1 7.5 11.6
STE-2005 <15 19.2 7.5 11.7
STE-2005 =30 19.8 7.5 12.3
STE-2005 All 19.7 7.5 12.2
STE-2010 <15 194 7.5 11.9
STE-2010 =30 19.5 7.5 12
STE-2010 All 194 7.5 11.9
Table A 12 PM.s concentration (population-weighted annual mean, all ages) in Switzerland
(2021).

Author-year Original concentration (ug/m® Re-scaled concentration (ug/m3 PM1o)
of analysis PM2.5)

Population Counterfactual Population Counterfactual Difference

exposure [l scenario [l exposure scenario
CITIES- 13 10 17.7 13.6 4.1
2015-high
CITIES- 13 37 17.7 5 12.7
2015-low
EEA-2009 14.6 0 19.9 0 19.9
EEA-2011 12.6 0 171 0 171
EEA-2012 12.6 0 171 0 171
EEA-2013 13.9 0 18.9 0 18.9
EEA-2014 11.6 0 15.8 0 15.8
EEA-2015 11.8 0 16.1 0 16.1
EEA-2016 10.9 0 14.8 0 14.8
EEA-2016 9.9 0 13.5 0 13.5
EEA-2018 9.8 0 13.3 0 13.3
GBD-1990 18 [9.3; 31.1] 421[2.4;59] | 24.5[12.7;42.3] 5.6 [3.3; 8] 18.8 [9.4; 34.2]
GBD-1995 16.7 [9.8; 26.7] 4.2[2.4;59] | 22.7[13.3; 36.4] 5.6 [3.3; 8] 17.1 [10; 28.3]
GBD-2000 14.919.2; 22.3] 421[2.4,59] | 20.2[12.5;30.4] 5.6 [3.3; 8] 14.6 [9.3; 22.4]
GBD-2005 13.1[9.6; 17.5] 421[2.4;59] | 17.8[13.1; 23.8] 5.6 [3.3; 8] 12.1[9.8; 15.7]
GBD-2010 13.2[12.8; 13.6] 42[24;59] | 17.9[17.4;18.5] 5.6 [3.3; 8] 12.2[14.1;10.4]
GBD-2011 13.8 [13.4; 14.3] 421[2.4;59] | 18.8[18.2; 19.4] 5.6 [3.3; 8] 13.2[15; 11.4]
GBD-2012 12.7 [12.3; 13.1] 4.2[2.4;59] | 17.3[16.8; 17.8] 5.6 [3.3; 8] 11.6 [13.5; 9.8]
GBD-2013 12.5[12.1; 12.9] 4.212.4;5.9] 17 [16.5; 17.5] 5.6 [3.3; 8] 11.3 [13.2; 9.5]
GBD-2014 10.6 [10.3; 10.9] 4.21[2.4;5.9] 14.4 [14; 14.9] 5.6 [3.3; 8] 8.8 [10.8; 6.8]
GBD-2015 11.6 [11.2; 11.9] 4.2[2.4;59] | 15.8[15.3; 16.3] 5.6 [3.3; 8] 10.1[12; 8.2]
GBD-2016 10.6 [10.3; 10.9] 4.21[2.4;5.9] 14.4 [14; 14.9] 5.6 [3.3; 8] 8.8 [10.7; 6.8]
GBD-2017 9.919.6; 10.2] 4.2[2.4;5.9] 13.4[13; 13.8] 5.6 [3.3; 8] 7.8[9.7;5.8]
GBD-2018 10.2 [9.9; 10.5] 421[2.4;59] | 13.8[13.4;14.2] 5.6 [3.3; 8] 8.2[10.1;6.2]
GBD-2019 9.9[9.6; 10.2] 421[2.4;59] | 135[13.1;13.9] 5.6 [3.3; 8] 7.819.8;5.9]
WHO-2012 7.3[5.9; 8.7] 9.9 [8; 11.8]
WHO-2016 10.2[10; 10.6] 4.2[2.4;59] | 13.9[13.6; 14.5] 5.6 [3.3; 8] 8.2[10.3; 6.4]

[1] Average of the uniform distribution with lower and upper limits of 5.9 and 8.7 pg/m3 PM2.5 for WHO-2012 and between 2.4 and 5.9 for GBD

and WHO-2016.
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Table A 13 Population-weighted O3 concentrations in Switzerland (all ages) (Switzerland 2021).

Author-year of Concentration

analysis Population exposure Counterfactual scenario Metric & unit
EEA-2009 5119 SOMO35 (ug/m3*day)
EEA-2011 5435 SOMO35 (ug/m3*day)
EEA-2012 4990 SOMO35 (ug/m**day)
EEA-2013 4919 SOMO35 (ug/m3*day)
EEA-2014 4417 SOMO35 (ug/m3*day)
EEA-2015 6170 SOMO35 (ug/m**day)
EEA-2016 4842 SOMO35 (ug/m**day)
EEA-2017 5281 SOMO35 (ug/m**day)
EEA-2018 7214 SOMO35 (ug/m**day)
GBD-1990 49.2[48.5; 49.9] 32.4[29.1; 35.7] DMAS (ppb)
GBD-1991 48 [47.2;48.8] 32.4[29.1; 35.7] DMAS (ppb)
GBD-1992 46.9 [46.2; 47.6] 32.4[29.1;35.7] DMAS (ppb)
GBD-1993 45.5[44.8; 46.1] 32.4[29.1;35.7] DMAS (ppb)
GBD-1994 46.3 [45.5; 46.9] 32.4[29.1; 35.7] DMAS (ppb)
GBD-1995 47.5[46.8; 48.1] 32.4[29.1;35.7] DMAS (ppb)
GBD-1996 47.9[47.2; 48.6] 32.4[29.1; 35.7] DMAS (ppb)
GBD-1997 48.7 [48; 49.4] 32.4[29.1; 35.7] DMAS (ppb)
GBD-1998 48.5[47.8; 49.2] 32.4[29.1; 35.7] DMAS (ppb)
GBD-1999 48.3[47.6; 48.9] 32.4[29.1; 35.7] DMAS (ppb)
GBD-2000 47.3 [46.6; 48] 32.4[29.1; 35.7] DMAS (ppb)
GBD-2001 47.3 [46.6; 48] 32.4[29.1; 35.7] DMAS (ppb)
GBD-2002 50.8 [50.1; 51.5] 32.4[29.1; 35.7] DMAS (ppb)
GBD-2003 51.2[50.5; 51.9] 32.4[29.1; 35.7] DMAS (ppb)
GBD-2004 51.4[50.7; 52.1] 32.4[29.1; 35.7] DMAS (ppb)
GBD-2005 49 [48.3; 49.7] 32.4[29.1; 35.7] DMAS (ppb)
GBD-2006 48.2 [47.5; 48.9] 32.4[29.1; 35.7] DMAS (ppb)
GBD-2007 47.6 [47;48.3] 32.4[29.1;35.7] DMAS (ppb)
GBD-2008 46.8 [46; 47 .4] 32.4[29.1; 35.7] DMAS (ppb)
GBD-2009 47.1[46.3; 47.8] 32.4[29.1;35.7] DMAS (ppb)
GBD-2010 47.7 [46.9; 48.4] 32.4[29.1; 35.7] DMAS (ppb)
GBD-2011 47.4[46.7; 48.1] 32.4[29.1; 35.7] DMAS (ppb)
GBD-2012 48 [47.3;48.8] 32.4[29.1;35.7] DMAS (ppb)
GBD-2013 48.2[47.4; 49] 32.4[29.1; 35.7] DMAS (ppb)
GBD-2014 49.4 [48.6; 50.1] 32.4[29.1; 35.7] DMAS (ppb)
GBD-2015 48.3[47.5; 49.1] 32.4[29.1;35.7] DMAS (ppb)
GBD-2016 47.8 [47.1; 48.6] 32.4[29.1; 35.7] DMAS (ppb)
GBD-2017 46.7 [46.2; 47 .2] 32.4[29.1; 35.7] DMAS (ppb)
GBD-2018 48.3[47.5; 49] 32.4[29.1; 35.7] DMAS (ppb)
GBD-2019 48.3[47.5; 49.1] 32.4[29.1; 35.7] DMAS (ppb)
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Table A 14 NO; concentration in Switzerland (population-weighted annual mean, all-ages)
(Switzerland 2021).

Author-year of analysis | Population exposure (ug/m?3) | Counterfactual scenario (ug/m?3)
CITIES-2015-high 27.3 40
CITIES-2015-low 273 3.5
EEA-2009 231 20
EEA-2012 21.6 20
EEA-2013 224 20
EEA-2014 20.9 20
EEA-2015 214 20
EEA-2016 19.7 20
EEA-2017 18.8 20
EEA-2018 17.6 20

Figure A 6 and Figure A 7 show the annual number of premature deaths and YLLs, respectively,
in adults attributed to PM normalized by both population and difference between population
exposure and counterfactual scenario. Differences of these double-normalized mortality impacts
across AP-HRAs (and over time) become smaller than of absolute values or single normalized
values by population. It implies that the difference between population exposure and
counterfactual scenario largely explains the heterogeneity of health impacts.

Looking at the specific comparisons across AP-HRAs, the double-normalized mortality impacts
are higher for STE than for GBD, although the difference is smaller for YLLs than for premature
deaths. There are no overlapping years for STEs and other AP-HRAs such as EEA, WHO or
CITIES. Nevertheless, in close years to STE-2010, WHO and CITIES values seem to be higher
in terms of YLLs and similar in terms of premature deaths. Both impacts are rather similar when
comparing STE-2010 with EEA, while EEA values are rather similar. Double normalized
premature deaths are similar across these AP-HRAs. Anyway, the confidence intervals (when
available) are rather wide. Therefore, differences across AP-HRAs might not be statistically
different.

We normalized the health impacts per 100,000 (all-age) persons by dividing by 10 units of
difference in concentration between population exposure and counterfactual scenario, assuming
a linear relationship. We used concentration data from the selected AP-HRAs. Some of these
concentration data were expressed with Cl. However, the Cl of the normalized health impacts
(when available) only refer to the lower and upper bound of the impacts and not to the
concentration data (we only use mean values of concentration data for normalizing.

Table A 15 and Table A 16 show the values used for the estimation of premature normality
normalized per population and PM concentration. Table A 17 and Table A 18 show all health
outcomes across normalized by population and PM concentration.
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Figure A 6 Annual premature deaths per 100,000 persons and per 10 pg/m?3 PM, in adults (220
years old for CITIES, 225 for WHO, 230 in the rest) attributed to PM with 95% confidence interval
(if available) (Switzerland 2021).
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Figure A 7 Annual years of life lost per 100,000 persons and per 10 pg/m3 PM10 in adults (220
years old for CITIES, 225 for WHO, 230 in the rest) attributed to PM with 95% confidence interval
(if available) (Switzerland 2021).
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Table A 15 Annual premature deaths per 100,000 persons and 10 pg/m?3 PM, attributed to PM in
adults (age 220 for CITIES, 225 for WHO and 230 for the rest, 95% confidence interval when
available) (Switzerland 2021).

Author - year of analysis Annual deaths per 100,000 persons and 10 |1§_jlm3 PM;o
CITIES-2015-high 35.2[24.5;48.2]
CITIES-2015-low 34.6 [24.2; 47]
EEA-2009 32
EEA-2012 32.6 [21.3; 43]
EEA-2013 315
EEA-2014 32.8
EEA-2015 33
EEA-2016 31.8
EEA-2017 30
EEA-2018 31.7
GBD-1990 30.9
GBD-1991 28.1[12; 47]
GBD-1992
GBD-1993
GBD-1994
GBD-1995
GBD-1996 26.6 [13.3; 41.7]
GBD-1997
GBD-1998
GBD-1999
GBD-2000
GBD-2001 24.8 [12.3; 38.6]
GBD-2002
GBD-2003
GBD-2004
GBD-2005
GBD-2006 22.7 [13.4; 33.6]
GBD-2007
GBD-2008
GBD-2009
GBD-2010
GBD-2011 20.3[15.3; 25.5]
GBD-2012 18.2 [13.7; 22.8]
GBD-2013 20[14.9; 25.2]
GBD-2014 19.7 [14.5; 25]
GBD-2015 23.8[17.3; 30.5]
GBD-2016 19.5[14; 25.2]
GBD-2017 19.5[13.5; 25.8]
GBD-2018 19.9 [13.2; 27]
GBD-2019 19.2[12.7; 26]
STE-2000 20.4 [13.6; 27.8]
STE-2005 47.8[34.2; 59.2]
STE-2010 33.8[20.2; 47 4]
WHO-2016 30.9[22.4;41.4]
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Table A 16 Annual YLLs per 100,000 persons and 10 ug/m?3 PM,, attributed to PM in adults (age
220 for CITIES, 225 for WHO and 230 for the rest, 95% confidence interval when available)

(Switzerland 2021).

Author - year of analysis

Annual YLLs per 100,000 persons and 10 |.|g_;lm3 PM 1o

CITIES-2015-high

433.7 [301.5; 593.9]

CITIES-2015-low

426.6 [298.6; 580.1]

EEA-2009 362.8
EEA-2012 341
EEA-2013 338.1
EEA-2014 340.2
EEA-2015 323.6
EEA-2016 295.6
EEA-2017 333.3
EEA-2018 343.9
GBD-1990 490.3 [213.8; 813.2]
GBD-1991
GBD-1992
GBD-1993
GBD-1994
GBD-1995 443.6 [220.8; 692.4]
GBD-1996
GBD-1997
GBD-1998
GBD-1999
GBD-2000 398.5 [199.3; 625.2]
GBD-2001
GBD-2002
GBD-2003
GBD-2004
GBD-2005 360.1[212.3; 533]
GBD-2006
GBD-2007
GBD-2008
GBD-2009
GBD-2010 316.7 [239.6; 398.1]
GBD-2011 282.8 [213.8; 355.7]
GBD-2012 307.8[230.5; 387.9]
GBD-2013 301.3[223.3; 382.9]
GBD-2014 360.7 [263.6; 463]
GBD-2015 291.3 [209.5; 377 5]
GBD-2016 291.6 [201.7; 388]
GBD-2017 297.9 [197.2; 405.9]
GBD-2018 285.1[188.5; 388.8]
GBD-2019 302.2 [200.5; 412.4]
STE-2000 485.7 [258.2; 728 1]
STE-2005 508.3
STE-2010 302.3
WHO-2016 459.2 [348.9; 571.3]
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Table A 17 Annual mortality per 100,000 persons and per 10 ug/m?® PMy, (difference between population exposure and counterfactual scenario)

attributed to PM across AP-HRAs, years and counterfactual scenarios (Switzerland 2021).

Typeof | Outcome | Population | o STE| STE| STE| EEA| EEA| FCAH | FcAH | eBD| GBD| wHo | C'TE| CITE
impact disease | group " S S
1996 2000 2005 | 2010 2009 | 2018 2010 | 2010 1990 2019 | 2016 2015 | 2015
Low 2 | High! Low 2 | Hight
Premature | All Adults 34 45 30 32 31 28 20 31 35 35
deaths causes Infants 0.3 0.1 0.1 0.1
Workers 4
Lung Adults 4 3 3 4 4 3
cancer
Working All Adults 63 30
YLLs causes Infants 4
YLLs All Adults 486 508 302 363 344 490 302 459 427 434
causes Infants 21 22 8 12 11 31

Abbreviations: YLLs = Years of life lost.
[1] Age ranges of the population groups differ across AP-HRAs.

[2] FCAH and CITIES, include two assessments — respectively called high and low - because they each use a lower and a higher counterfactual scenario.
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Table A 18 Annual morbidity per 100,000 persons and per 10 ug/m? PM1, (difference between population exposure and counterfactual scenario)

attributed to exposure to PM across AP-HRAs, years and counterfactual scenarios (Switzerland 2021).

Type of impact Outcome Population STE STE STE STE | GBD GBD WHO
disease group " 1996 2000 2005 2010 | 1990 2019 2016
Adults
Attacks Asthma Children 241 490 489 483
Attacks (person-days) | Asthma Adults 638 1,163
Cases (incidence) Acute bronchitis Children
Chronic bronchitis | Adults 43 12 12 33
Cases (prevalence) Acute .bronchitisl Children 463 487 480 187
Chronic bronchitis | Adults
Adults 554 409 506
DALYs All causes Infants 12 11 7
Hospital admissions CvVD Al 30 12
RD All 13 12
Hospital days CVvD All 118 107 118
RD All 70 65 101
Invalidity cases Chronic bronchitis | Adults
Medication intake Asthma Adults
(person-days)
RADs All causes Adults 28,143 21,143 21,054 50,986
All
Symptom days RD Children
Work loss days All causes Workers 12,227
YLDs All causes All 65 108

Note: DALY = Disability-adjusted life years. CVD = Cardio-vascular diseases. RD = Respiratory diseases. RADs = Restricted activity days YLDs = Years lived with disability.
[1] Age ranges of the population groups differ across AP-HRAs.
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Concentration-response function

Table A 20 shows the CRFs in form of relative risk of both mortality and morbidity impacts
attributed to outdoor PM1o exposure, including the lower and upper bound of the Cl and re-
scaled from PM_ 5 to PMyq (if needed).

Table A 21 shows the excess relative risk (relative risk minus one) and the corresponding ratios
for morbidity outcomes. The prevalence of bronchitis in children and the restricted activity
person-days (RADs) show the largest differences between STE-2000 and STE-2010 (being the
STE-2010 in both cases lower). For bronchitis in children, STE-2000 carried out an own meta-
analysis based on six studies (5-10), while STE-2010 based on a more recent study in nine
countries (11). For RAD, STE-2010 used a different definition and an estimate from an older
study than the one used in STE-2000, following WHO recommendations.

Table A 19 summarizes the main specific methodological differences among AP-HRAs.

Table A 19 Main differences in methodological approaches for the quantification of health
impacts in the AP-HRAs (Switzerland 2021).

Particularities STE | STE | STE | EEA | GBD | WHO | CITIES
2009 | 1990 | 2012
Topic Description 1996 | 2000 | 2010 - - & 2015
2018 | 2019 | 2016
Aggregation of disease- X X
All-cause specific for all-cause mortality
CRF Aggregation of stratified sex-
and/or sex specific mortality X X X X X
Shape of Linear exposure-response X X
exposure- function (instead of log-linear)
response Integrated exposure-response X X
function function for CRF
Different concentrations
PAF across. splatial units of X X X
analysis (instead of single
exposure level)
Life table approach for X
Quantification | premature deaths
of mortality Life table approach for YLLs X X X
impacts Life table approach for YLLs X
with discount rate

Notes: We excluded STE-1993, STE-2005 and FCAH from this table due to the following reasons. No information on these specific aspects of
the methodology is available for STE-1993. We assumed that STE-2005 uses the same methodology as STE-2000, because STE-2005 is an
update of some input data, which mainly replicate the methodology of the STE-2000. FCAH focuses on lung cancer using a very simplified
method (see Supplementary Material).

Health impacts can be calculated as in Equation A 3, by multiplying the reported baseline health
data and the population attributable fraction (PAF). The health data are equal to baseline health
rates (per inhabitant) multiplied by the population at risk at the corresponding age Equation A 4.
The PAF can be calculated for the whole population, when considering only an average
concentration as in as in STE-2010 (only for morbidity), STE-2000 and EEA (Equation A 5).



Alternatively, when considering multiple exposure levels in grids (Equation A 6 and Equation A
7), PAF can be calculated using the Miettinen’s formula (12) and the Levin’s formula (13), but
both are mathematically equivalent (14). GBD, CITIES an WHO use this PAF for multiple
exposure levels (GBD and CITIES based on Miettinen’s and WHO based on Levin's
formulation). It should be noted that PAFs for counterfactual cases different to zero can also be
referred as Potential Impact Factor (PIF) (15).

The exposure-response functions (CRF) enables the estimation of relative risk values for
concentrations different to the one provided in the literature (e.g. normally 10 yg/m?® PM). These
functions can vary depending on the study. Thus, STE-2000 (ARE, BAG et al. 2004) apply
Equation A 8, while STE-2010, EEA, and CITIES use Equation A 9. In contrast, GBD and WHO
applies an integrated exposure response function to derive the relative risk (Equation A 10).
FCAH uses a very simplified method based on excess rates as in Equation A 11.

STE 2010 applies a life table approach for assessing premature deaths and years of life lost
considering separately adult males, adult females and infants. STE-2000 and consequently the
short update for 2005 as well as EEA and CITIES use this life table approach for assessing
years of life lost. This life table approach involve more numerous and more complex calculations
as the general approach presented in the equations above. Therefore, such equations are not
normally published, being EEA an exception.

Equation A 3 Health impact.

| = Assessed health impact of an air pollution
exposure E.

Hg = Baseline health data (e.g. reported annual
hospital days due to respiratory diseases in
Switzerland) including the effect of exposure.
AFe= Attributable fraction for an exposure E. By
definition: 1- Ha/Hg, being Ha the initial baseline
health data without the effect of exposure E.

I:HB *PAFE

Equation A 4 Baseline health data.

Hp = HRg = PR Hg = Baseline health rate.
HRg = Baseline health rate, normalized by
population (at risk).
PR = Population (at risk), i.e. population within a
specific age range determined by the
denominator of the baseline health rate.

Equation A 5 Population attributable fraction for single concentration level as in STE-2010 (for
morbidity) (16), STE-2000 (17) and EEA (18).

1 PAFe = Population attributable fraction for an
PAFg = 1- RR. ox
E posure E.

RRe = Relative risk for an exposure E.
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Equation A 6 Population attributable fraction for multiple concentration levels based on
Miettinen’s formula as in GBD (19) and CITIES (20).

PAFe = Population attributable fraction for an

exposure E.
Ps, = Proportion of the population for a population
exposure i.
PAF, X Pgi*RR;— Y P,;*RR;  P,; = Proportion of the population in the
2.Pp;*RR; counterfactual case at concentration level i

(normally equals to 1 for outdoor air pollution, i.e.
100% of people are exposed to counterfactual
scenario) .

RRi = Relative risk in concentration level i.

Equation A 7 Population attributable fraction for multiple concentration levels based on Levin’s
formula as in WHO (21).

PAFe = Population attributable fraction for an

exposure E.
2P;*(RR;—1) . . .
PAF; = P; = Proportion of the population at concentration
f1+XPix(RRi-1) ovel . PP

RR; = Relative risk in concentration level i.

Equation A 8 Concentration-response function as in STE-2000 (17).

RRe = Relative risk for an exposure E.
RRob = Relative risk for a difference in
concentration D as in the literature.
D = Difference in concentration of the relative risk
RR. =1+ M* (Cg —Cp) as in the literature (e.g. 10 in ug/m?3 for PM).
E B A
D Cs = Population-weighted concentration of the
pollutant (population exposure).
Ca = Minimum considered concentration
(counterfactual scenario).
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Equation A 9 Concentration-response function as in STE-2010 (22), EEA (23), and CITIES (20).

RRp = Relative risk for a concentration D as in

literature.

D = Difference in concentration of the relative risk

In(RRp) (o ¢ as in the literature (e.g. 10 in ug/m? for PM).

RRg=e D 8774 Cs = Population-weighted concentration of the

pollutant (population exposure).

Ca = Minimum considered concentration

(counterfactual scenario).

Equation A 10 Concentration-response function based in integrated exposure-response function
as in GBD (19) and WHO (21).

Cs = Population-weighted concentration of the
pollutant (population exposure).

Ca = Minimum considered concentration
(counterfactual scenario).

X, Y , Z = Parameters estimates of the integrated
exposure-response function.

RRp=1+x+(1— e s-Ca%)

Equation A 11 Health impacts as in FCAH (24).

| = Assessed health impact of an air pollution
exposure E.
HRg = Baseline health rate (i.e. by population)
PR = Population at risk (population within a
specific age range determined by the denominator
of the baseline health rate).

(Cg — C4) RRp = Relative risk for a difference in

D concentration D as in the literature.

D = Difference in concentration of the relative risk
as in the literature (e.g. 10 in ug/m? for PM).
Cs = Population-weighted concentration of the
pollutant (population exposure).
Ca = Minimum considered concentration
(counterfactual scenario).

I=PR=+ HRg * In(RR)) *
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Table A 20 Relative risk coefficients per 10 pg/m?® PM, (including lower and upper bound between squared brackets) across AP-HRAs, years

(Switzerland 2021).
Type of Outcome | Population STE STE STE STE EEA FCAH GBD CITIES
impact disease group [ 1993 1996 2000 & 2005 2010 2009 - 2018 2010 1990 - 2019 2015
1.044 1.043 | 1.059[1.031; | 1.045[1.029; | 1.045[1.029; 1.051
Adults [1.026; 1.088] 1.060] 1.060] [1.029;
Premature All causes 1.061] 1.065]
deaths or Infant 1.056 [1.026; 1.04 [1.02;
YLLs ants 1.088] 1.07]
Lung Adult 1.106 [1.042; 1.060 [1.020; | 1.112[1.063;
cancer utts 1.174] 1.080] 1.129]
1.044 [1.027; | 1.029[1.013; | 1.029 [1.013;
Adults
Attacks Asthma 1.062] 1.045] 1.045]
Children 1.039 [1.019; 1.028 [1.006;
! 1.059] 1.051]
Cases Chronic Adults 1.098 [1.009; 1.051[1; | 1.117 [1.040;
(incidence) | bronchitis u 1.194] 1.150] 1.189]
Cases Acute Children 1.306 [1.135; | 1.353[1.095; | 1.080 [0.980;
(prevalence) | bronchitis 1.502] 1.671] 1.190]
1.012 [1.007; 1.007 [1.001;
Hospital cvD Al 1.019] 1.012]
admissions 1.013 [1.001; 1.014 [0.999;
RD Al 1.025] 1.029]
1.009 1.007 [1.004;
Hospital cvD Al 1.009]
days 1.015 1.008 [1.006;
RD All 1.011]
1.105 | 1.094 [1.079; | 1.094 [1.080; | 1.034 [1.030;
RADs All causes | Adults 1.109] 1.110] 1.038]
Work loss 1.105 1.033 [1.028;
days All causes | Workers 1.038]

Abbreviations: YLLs = Years of life lost. CVD = Cardio-vascular diseases. RD = Respiratory diseases. RADs = Restricted activity person-days.
[1] Age ranges of the population groups differ across AP-HRAs.




Table A 21 Mean excess relative risk of morbidity impacts across AP-HRAs, years expressed as per 10 pg/m® PM and as a ratio in relation to the
reference value (most recent STE, in bold). The ratio is calculated by dividing the AP-HRA value by the reference value (Switzerland 2021).

T fi t Outcome Population | STE STE STE STE EEA FCAH GBD CITIES
ype of impac disease group [ 1993 | 1996 | 200082005 | 2010 | 2009-2018 | 2010 | 19902019 | 2015
Mean excess relative risk per 10 pg/m?3 PM1o
Adults 0.044 0.029 | 0.029
Attacks Asthma Children 0.039 0.028
Cases (incidence) Chronic bronchitis | Adults 0.098 0.051 0.117
Cases (prevalence) Acute bronchitis Children 0.306 0.353 | 0.080
Hospital admissions CVD Al 0.012 0.007
RD All 0.013 0.014
Hospital days CvD All 0.009 0.007
RD All 0.015 0.008
RADs All causes Adults 0.105 0.094 0.094 | 0.034
Work loss days All causes Workers 0.105 0.033
Ratio in relation to reference value (last STE) 12
Adults 1.52 1.00 1
Attacks Asthma Children 139 1
Cases (incidence) Chronic bronchitis | Adults 0.84 0.44 1
Cases (prevalence) Acute bronchitis Children 3.82 4.41 1
Hospital admissions CvD Al 1.71 1
RD All 0.93 1
. CvD All 1.29 1
Hospital days RD Al 187 1
RADs All causes Adults 3.09 2.76 2.76 1
Work loss days All causes Workers 3.18 1

Abbreviations: YLLs = Years of life lost. CVD = Cardio-vascular diseases. RD = Respiratory diseases. RADs = Restricted activity person-days.
[1] Age ranges of the population groups differ across AP-HRASs.
[2] Examples for interpretation of the ratio: 1.1 = 1.1 times the ref. value = 10% higher. 2.0 = 2 times the ref. value = 100% higher. 0.4 = 0.4 times the ref. value = 60% lower.
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Table A 22 shows the CRFs in form of relative risks of the EEA and GBD before and after re-

scaling using the equation above .

Table A 22 Relative risks before and after re-scaling from PM2 s to PM4, (Switzerland 2021).

Author Type of Outcome | Population Relative risk per 10pug/m?
impact disease | group PMz2s PMio (re-scaled)

EEA Premature | All Adults 1.062 [1.04; 1.083] 1.045 [1.029; 1.06]
deaths causes

CITIES Premature | All Adults 1.07 [1.04; 1.09] 1.051 [1.029; 1.065]
deaths causes

GBD Premature | Lung Adults 1.155[1.086; 1.179] 1.112 [1.063; 1.129]
deaths cancer

Baseline health data among population at risk

Table A 23 and Table A 24 show the age ranges of population at risk for mortality and morbidity
outcomes respectively. Regarding morbidity, the previous STEs had higher numbers in the
baseline health data than STE-2010 except for: bronchitis and restricted activity person-days in
STE-2000; asthma and bronchitis in children in STE-1996; and hospital days due to
cardiovascular diseases and restricted activity person-days for STE-1993, which report lower
values than in STE-2010.

Furthermore, the main divergences can be found in the definition of adult and children for asthma
and bronchitis. STE-2010 considered as adults people at the age 18 or older, while the previous
STEs assumed 15 years old or older for asthma and 25 for bronchitis. Children were considered

to be between 5 and 17 years old for STE-2010 and younger than 15 for previous STEs.



Table A 23 Mortality outcomes assessed and age groups assessed in the selected AP-HRAs (empty cells show non-assessed outcomes) (Switzerland 2021).

Type of impact Outcome Population STE STE STE STE STE EEA FCAH GBD [ WHO | CITIES
Gl group 1993 1996 2000 2005 2010 |  2009- 2010 1990- | 2012& | 2015
2018 2019 2016
Adults >30 >30 >30 >30 >30 >30 >25 >20
All causes Infants <1 <1 <1 <5
Premature deaths Workers 3085
Lung cancer | Adults =30 =230 =230 225
. Adults 230 =30
Working YLLs All causes Infants <1
Adults 230 230 230 230 230 225 220
YLLs All causes Infants <1 <1 <1 <1 <5

Abbreviations: YLLs = Years of life lost.

[1] The GBD data set contains assessments for more than 350 causes (diseases) and more than 50 age ranges. This table only shows diseases and ages that are comparable to other selected AP-HRAs.




Table A 24 Morbidity outcomes assessed and ages assessed in the selected AP-HRAs (empty cells show non-assessed outcomes) (Switzerland 2021).

Type of impact Outcome disease | Population STE STE STE STE STE GBD ["! WHO

group 1993 1996 2000 2005 2010 | 19902019 2012 &
2016

Attacks Asthma Adults 215 215 215 218

Attacks Asthma Children <15 5-17

Attacks (person-days) Asthma Adults 215

Cases (incidence) Acute bronchitis Children <15

Cases (incidence) Chronic bronchitis | Adults 225 225 225 218

Cases (prevalence) Acute bronchitis Children <15 <15 <15 5-17

Cases (prevalence) Chronic bronchitis | Adults 225

DALYs All causes Adults =230 225

DALYs All causes Infants <1 <5

Hospital admissions CDV All All All

Hospital admissions RD All All All

Hospital days CbhVv All All All All All

Hospital days RD All All All All All

Invalidity cases Chronic bronchitis | Adults 225

Medication intake Asthma Adults 215

(person-days)

RADs All causes Adults >20 220 220 220 218

Symptom days RD Children <15

Symptom days RD All All

Work loss days All causes Workers 215 215

YLDs All causes All All

Abbreviations: DALY's = Disability-adjusted life years. RADs = Restricted activity person-days. YLDs = Years lived with disability. CVD = Cardio-vascular diseases. RD = Respiratory diseases.
[1] The GBD data set contains assessments for 364 diseases and 58 age ranges. This table only shows diseases and ages that are comparable to other AP-HRAs.
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Table A 25 Morbidity baseline health data expressed as per 100,000 all-age persons and as a ratio in relation to the reference value (most recent STE). The ratio
is calculated by dividing the AP-HRA value by the reference value (Switzerland 2021).

Type of impact Outcome disease | Population group [ STE STE STE STE FCAH | CITIES
1993 1996 2000 2010 2010 | 2015
Baseline health data
Adults 17,337 | 17,471 17,199
Attacks Asthma Children 5,766 42,817
Cases (incidence) Chronic bronchitis | Adults 502 248 319
Cases (prevalence) | Acute bronchitis Children 2,161 1,926 2,545
Hospital admissions CvVD Al 2,471 1,862
RD All 1,033 895
Hospital days CvD All 10,894 17,936 17,897
RD All 7,573 8,361 7,449
RADs All causes Adults 400,134 251,241 | 1,556,074
Ratio in relation to reference value (last STE) 2

Adults 1.01 1.02 1
Attacks Asthma Children 013 r
Cases (incidence) Chronic bronchitis | Adults 1.57 0.78 1
Cases (prevalence) | Acute bronchitis Children 0.85 0.76 1
Hospital admissions CvD Al 1.33 1
RD All 1.15 1
. CVvD All 0.61 1 1
Hospital days RD Al 1.02 112 1
RADs All causes Adults 0.26 0.16 1

Abbreviations: YLLs = Years of life lost. CVD = Cardio-vascular diseases. RD = Respiratory diseases. RADs = Restricted activity person-days.

Note: We did not found baseline health data in EEA, GBD and WHO.

[1] See age ranges of the population groups, which differ across AP-HRAs.

[2] Examples for interpretation of the ratio: 1.1 = 1.1 times the ref. value = 10% higher. 2.0 = 2 times the ref. value = 100% higher. 0.4 = 0.4 times the ref. value = 60% lower.
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5. DISCUSSION

The following discussion on the health effects of traffic-related air pollution regarding diabetes
and stroke and the methods of health risk assessments shall be reflected under consideration
of the initially introduced public health action cycle to show how research should shape policy.

5.1 Public Health Action Cycle

Research and policy-making are interactive and iterative, and policies may change as evidence
evolves (Samet, 2000). Initially, | proposed to use the concept of the Public Health Action Cycle
by Rosenbrock et al. (1995) to illustrate the constant cycle between problem definition or

assessment, strategy formulation, implementation and evaluation (see).

1 [

*Define limit values
to protect health

*Is air pollution from
traffic hazardous for
(cardiometabolic)
health?

Problem
Definition

Strategy
Fomulation

Implementation

Measures to

* Accountability

Studies reduce air
Health Risk pollution
Assessment )

Fig. 5.1: Public Health Action Cycle (own figure).

Kinzli and Perez (2009) have introduced the concept of evidence based public health similar to
the paradigm of evidence based medicine, in 2009. They developed the following steps mirroring
the steps in patient treatment in clinical work: cause(s) (inner Box A) of health problems (B)
result in a doctors’ diagnosis. The assessment of the overall situation of the patient (C)
determines the treatment strategy (D) to positively affect the causes. In public health, some

“exposure” (A) may cause health problems in the population (B). The assessment of its
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relevance (C) may result in a policy (D) to abate the exposure (A) and improve public health (B)
(Fig. 5.2) (KUnzli & Perez, 2009).

Exlposurel Health Effects
e.g. air pollution

A B

Causes for Health Status
Disease (Diagnosis)
Treatment Integrated patient
D Therapy assessment c
Policy Public Health Impact
e.g. air quality standards Assessment

Fig. 5.2: Evidence based public health cycle (own figure adapted from Kiinzli and Perez (2009)).

The concept or cycle is similar to the public health action cycle but differs in the placement order
of the health risk assessment and lacks the explicit step to evaluate effectiveness of measures
taken. In the public health action cycle the last step from the policy to abatement of exposure
and improvement of public health is comprised in the evaluation step, with accountability studies

showing the effect of the measures taken.

The paper of Kinzli and Perez (2009) was only discovered during the course of the thesis. It
appears that health risk assessment serves as a crucial step in comprehending the relevance
of various risk factors to public health. This bridges the gap between problem definition and
strategy formulation by assessing the relevance of the problem. However, the concept is less
refined regarding the policy to action and impact path. Of course, one can argue that health risk
assessments should be part of the problem definition. However, | consider it to be a crucial part

of giving arguments to take action. Therefore, | propose a public health evidence based action
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cycle combining both cycles with six steps to be a good model for public health (air pollution)
policy making (Fig. 5.3).

The former problem definition comprises the study of exposures to a risk factor (1) and their
health effects (2). In a next step the relevance of this risk factor for the health on the population
level is calculated in a health risk assessment (3). This informs policy makers, whether to take
action if the problem is relevant or big enough compared to other risk factors to take action.
Strategies (4) to reduce or abate the risk factor are developed and measures (5) are taken or
implemented. Evaluation (6) should reveal whether the actions taken were successful to reduce

or eliminate the underlying risk factor and whether health improved.

Health Effect

Health Risk
Implementation Assessment

Strategy /
Policy

Fig. 5.3: A new evidence based Public Health Action Cycle for environmental risk policy setting
(own figure).

Following this cycle, the results of the papers comprised in this thesis and its policy implications

are discussed.
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5.2 Relevance of traffic-related air pollution for Public Health

5.2.1 Exposure

Exposure to a specific risk factor is part of the Public Health Action Cycle’s problem definition.
The traffic sector is an important source of air pollution. In 2022, the contribution of traffic to
emissions of PM4o, PM.5, NOy, CO and Black Carbon in Germany were 19.2%, 26.5%. 39.9%,
32.3%, and 47.8% (Umweltbundesamt, 2022) (see Fig. 1.3). In Switzerland the contributions to
emissions of PM;g, PM2s, NO,, CO and Black Carbon were 31%, 23% 56% 43% and 23% in
2021 (Eidgendssische Kommission fur Lufthygiene (EKL), 2023). TRAP emissions from the
transportation sector have declined very substantially during the past several decades in most
high-income countries mainly due to impressive improvements in motor vehicle technologies
and fuels (Public Health Action Cycle: Implementation) as well as aggressive regulatory actions
(Public Health Action Cycle: Policy) to combat TRAP emissions (HEI Panel on the Health Effects
of Long-Term Exposure to Traffic-Related Air Pollution, 2022). Although some countries like
China and also India have made progress in controlling motor vehicle emissions, motor vehicle
emissions in many other low- and middle- income countries are quite high due for example to
lower emission standards and fuel quality standards (e.g. regarding its sulfur content, see Public
Eye (2016)). Additionally, decreases in emissions from individual motor vehicles, while
substantial, do not fully compensate for the rapid growth and increased vehicular congestion of
the motor vehicle fleet due to population growth, urbanization, and economic activity, as well as
to the continued presence of older or malfunctioning vehicles on the roads (HEI Panel on the
Health Effects of Long-Term Exposure to Traffic-Related Air Pollution, 2022).

The adoption of new technologies such as electric vehicles, will certainly reduce local tail-pipe
emissions, however non-tailpipe emissions will not be affected. Thus, brake wear and tire wear,
which are considered especially toxic due to their high content of metals and high oxidative
potential (Piscitello et al., 2021), as well as road wear, will still be emitted with the electrification
of the transport sector (Amato et al., 2014). In high-income countries, non-tailpipe emissions
comprise over half of the PM from traffic (Piscitello et al., 2021). Since electric vehicles tend to
be heavier and the trend still goes towards larger cars, their share is even expected to rise
disproportionally. The overall environmental benefit of electric vehicles is closely tied to the
degree of decarbonization of the electric grid: the more renewable or clean the source of energy
is, the smaller the climate footprint and lastly emissions of electric vehicles will be (HEI Panel
on the Health Effects of Long-Term Exposure to Traffic-Related Air Pollution, 2022).
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Therefore, despite improvements in air quality related to reduced motor vehicle (tail-pipe)
emissions concerns about TRAP and their impact on human health, even at reduced levels, are

likely to continue in the near and medium-term.

5.2.2 Health effects: Traffic-related air pollution and diabetes and stroke

Understanding health effects of a risk factor is part of the Public Health Action Cycle’s problem
definition. Multiple health outcomes are associated with air pollution, as well as source specific
air pollution from traffic as was shown in the overarching systematic review report of selected
health effects of long-term exposure to traffic-related air pollution (Fig. 5.5) (HEI Panel on the
Health Effects of Long-Term Exposure to Traffic-Related Air Pollution, 2022). Paper | and Il have
shown, that traffic-related air pollution is associated with diabetes and stroke with moderate and

low to moderate evidence.

More evidence with particulate matter

Newer studies support these findings. The diabetes paper and updated search and analysis
showed additional to the significantly elevated risk of diabetes prevalence in association with
NO; strengthened associations with PM. s and diabetes incidence (RR 1.09; 95%-Cl: 0.99-1.20)

and reduced confidence intervals in general (Fig. 5.4).

More recent publications of large cohort data support the findings. The UK-Biobank analysis
including over 390,000 adults found significantly increased diabetes incidence risks with PM. 5
HR 1.05 (95%-Cl: 1.01-1.10) per 1.3 yg/m?* and with NO; HR 1.07 (1.02-1.11) per 9.8 ug/m?* (Hu
et al., 2023). These were assessed in land use regression models. The analysis of over 10
million cases of diabetes (incidence) in the US Medicare cohort showed that the risk for first
diabetes occurrence was increased by HR 1.074 (95%-Cl 1.058; 1.089) for 5 ug/m? increase in
PM.s, and 1.055 (95%-Cl 1.050; 1.060) for 5 ppb (9.4 pug/m?3) increase in NO, (Yitshak Sade et
al., 2023). However, the high resolution exposure assessments were aggregated at ZIP code
level and thus for rural areas rather coarse and not as informative on TRAP exposure as the
studies included in the HEI review. Nevertheless, newer studies seem to further strengthen

associations with exposure to PM;s.

Compared to the diabetes analysis, the stroke analysis did not find associations with NO, or
NO,, however elevated risks with EC and PM-measures. In the extended analysis the
association with PM, s and stroke were strengthened as well and became significantly elevated
(RR 1.12; 95%-Cl: 1.03-1.21 per 5 pg/m?*), while the NO, association was slightly strengthened
becoming RR >1.00, but still including unity. Where a distinction between fatal and non-fatal
cases were possible, associations seemed stronger with fatal cases and exposure to NO, and
NOy (Appendix Paper Il Fig. 2 A and B).
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+ Prevalence (HEI Report2022)
= Prevalence (Updated Analysis)

Relative Risk (95% Confidence Interval)

N6 ] 4119 1 1
1.09 : 11.09 :
L | droe bros Fo | groz fros | bros | | 1 Rios ' 4198 hro
# i : i
|
|
Number of studiesin meta-analyses :
! i
05 |
710 7 .4 5 3 4 L4 4 7 3 5
! i
NO, ] NO, EC L PMy PM.

Fig. 5.4: Comparison of meta-analytic results of associations between traffic-related air
pollutants and diabetes incidence (squares) and prevalence (triangles) from original analyses
including studies up to July 2019 (HEI Report filled triangle/square) and the updated analysis
including studies up to May 2022 (Updated Analysis empty triangle/square) (Supplementary
figure from (Kutlar Joss et al., 2023)).

The following increments were used: 10 ug/m3 for NO2, 20 pg/m3 for NOx, 1 pg/m3 for EC, 10 pg/m? for PM1o, and 5 pg/m? for PM2s. Effect
estimates cannot be directly compared across the different traffic-related pollutants because the selected increments do not necessarily
represent the same contrast in exposure. No new studies were added from the update for the prevalence analysis with NO2 and PM1o.

Abbreviations: EC, elemental carbon (soot); NO2, nitrogen dioxide, NOx, nitrogen dioxide and nitric oxide; PM1o, particulate matter with
aerodynamic diameter < 10 um; PMz2s, particulate matter with aerodynamic diameter < 2.5 um; ug/m3; microgram per cubic meter.

The separate analysis of data on stroke mortality within the same review project combining six
studies only showed slightly elevated risks with NO, exposure including unity (RR 1.01; 0.98-
1.04), whereas the association with PM,s was significantly elevated (RR 1.04; 1.01-1.07),
combining three studies (Table 5.1) (Boogaard et al., 2022; HEI Panel on the Health Effects of
Long-Term Exposure to Traffic-Related Air Pollution, 2022). The overall confidence in an
association of stroke mortality with TRAP was judged to be low to moderate whereas mortality
due to all cardiovascular diseases and ischemic heart disease showed high confidence in an
association. Additionally, the quality of the evidence and confidence for an association of
outcomes relating to ischemic heart disease showed a stronger, i.e. moderate, evidence
compared to the stroke analysis, based on consistent associations with PM4, with evidence
suggesting a monotonic exposure-response function, and suggestive evidence for an
association with EC and PM,5 (Table 5.1).
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Table 5.1: Overall confidence assessment and meta-analytical summary estimates with
confidence intervals of associations between long-term exposure to the most common traffic-
related air pollutants and selected cardiometabolic and mortality outcomes adapted from
(Boogaard et al., 2022). (Note: the individual pollutants are considered as indicators of TRAP)

Overall NO, per 10 pyg/m® | EC per 1 pg/m3 PM_ s per 5 pg/m?
confidence
Health outcome assessment
N Relative risk | N Relative risk | N | Relative risk

Stroke Low-to- 7 0.98 6 1.03 4 1.08
events moderate (0.92;1.05) (0.98;1.09) (0.89;1.32)
(incidence)
Ischemic Moderate 5 0.99 5 1.01 4 1.09
heart (0.94;1.05) (0.99;1.03) (0.86;1.39)
disease

2 t

g events

g " Diabetes 7 1.04 3 1.16 4 11.05

g “E’ Incidence (0.96;1.13) (0.57;2.36) (0.96;1.15)

= 0 Moderat

B ¢ | Diabetes cderate 7 11.00 <3 |NA 3 [1.08

O © | Prevalence (1.02;1.17) (0.70;1.67)
All-cause High 11 [1.04 11 [1.02 12 | 1.03

(1.01;1.06) (1.00;1.04) (1.01;1.05)
Circulatory | High 10 [1.04 9 1.02 11 | 1.04
(1.00;1.09) (1.00;1.04) (1.01;1.08)

Ischemic High 6 1.05 6 1.05 7 |11.07
heart (1.03;1.08) (0.99;1.11) (1.04;1.10)

2 disease

©

%’ Stroke Low-to- 6 |1.01 <3 | NA 3 [1.04

= moderate (0.98;1.04) (1.01;1.07)

Abbreviations: m3, cubic meter; pg, microgram; EC, elemental carbon (measure for soot); NOz, nitrogen dioxide; PMzs,
particulate matter with aerodynamic diameter < 2.5 pm; N, number of studies included in meta-analysis; NA, not applicable;
TRAP, traffic-related air pollution.

Possible mechanisms

Both outcomes show more or strengthening evidence for associations with particulate matter.
Several mechanisms that are proposed for environmental exposures to take effect on health
(Peters et al., 2021) are also mentioned for the pathway from exposure to air pollution to the
development of diabetes and stroke. Especially oxidative stress and subclinical inflammation
are discussed in this context (Gorini et al., 2021; Kulick et al., 2023).

Mechanisms described for PM; s linking it to diabetes include inducing oxidative stress due to
increased production of reactive oxygen species (Rajagopalan & Brook, 2012), triggering

systemic oxidative stress (Gangwar et al., 2020), inducing visceral adipose tissue inflammation,
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and further leading to insulin resistance and metabolic dysfunction (Li et al., 2023; Lim &
Thurston, 2019). Other possible mechanisms include a disturbed autonomic nervous system,
endothelial dysfunction (Minzel et al., 2018), alteration of the gut microbiome (Zhao et al.,
2022), and mitochondrial dysfunction (Mudway et al., 2020; Xu et al., 2011).

A link between vascular inflammation and indicators for insulin resistance (e.g. HOMA-IR,
Adiponectin, Leptin) was recently demonstrated in a panel of Chinese adults (Xu et al., 2022).
Up to 66% of the short-term air pollution associated increase of markers for insulin resistance
was mediated by markers of inflammation, such as IL-2, osteoprotegerin. Adiponectin was found
the sole relevant mediator of diabetes incidence and air pollution in a German cohort, suggesting

a relevant role in the pathway to diabetes (Lucht et al., 2020).

For stroke, important intermediate risk factors (Kulick et al, 2023; Minzel et al, 2018) such as
atherosclerosis, hypertension, arrhythmias and a change in blood coagulability are judged to be
causally related with exposure to particulate matter in the US EPA integrated science
assessment for particulate matter (U.S. EPA, 2019). Munzel et al. (2017) describes oxidative
stress and inflammation as underlying mechanisms for these intermediate outcomes that are on
the pathways to stroke. Particle translocation and resulting platelet aggregation and activation,
as well as sensory receptor activation resulting in autonomic nervous system imbalance, are

also reported as underlying possible mechanisms (Kulick et al., 2023).

NOy and possible confounding by noise

While the bulk of mechanistic studies concentrate on possible mechanisms with particulate
matter exposure, mechanistic studies on NO, are scarce (Forastiere & Peters, 2021). It can be
argued that NO, could be an indicator for other highly correlated pollutants or exposures from
the same source. A study with Danish national cohort data and high resolution dispersion
modelling exposure assessment indicated significantly increased diabetes incidence risk with
PM.s, EC, NO, and UFP (PNC 10-10000 nm), and additionally with noise (Sorensen et al.,
2022). The multi-pollutant model including the four air pollution indicators resulted in significantly
elevated risks with UFP and NO, exposure, while the EC and PM;s results were reduced
including unity. When studying the traffic specific contributions in the four-pollutant models, only
traffic UFP remained associated with higher risk of diabetes in all models, whereas traffic NO,
was reduced to unity following adjustment for traffic UFP or traffic EC. The authors concluded,
that this could indicate that for air pollution emitted from local traffic, particulate matter is the
main causative agent. Additionally, the effect estimate for total NO, exposure in multi-pollutant
models including noise and greenspace was markedly reduced. The authors suggest, that “this
lends some support to the hypothesis that NO; is not the main causal agent with regard to
increasing diabetes risk, but rather a proxy of other traffic-related pollutants, e.g. road traffic

noise” (Sorensen et al., 2022).
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Table 5.2: Effect estimates of studies reporting on the association of traffic-related air pollution and diabetes incidence or prevalence in

single- and noise adjusted models.

Incidence or Single pollutant
Reference Study Name Pollutant | Prevalence | Effect measure | Increment results Noise adjusted
Clark, 2017 British ~ Columbia | NO Incidence odds ratio (OR) | 13.13 yg/m3 1.04 (1.01,1.05) | 1.01 (1.00, 1.04)
Diabetes Cohort
Eze, 2014 SAPALDIA NO:2 Prevalence odds ratio (OR) | 10 pg/m?® 1.21 (1.05,1.39) | 1.19(1.03, 1.38)
Eze, 2017 SAPALDIA NO2 Incidence relative risk (RR) | 15 pg/m?® 0.92 (0.67, 1.26) | 0.86 (0.61, 1.22)
Renzi, 2018 Rome Longitudinal | NO2 Incidence hazard ratio | 10 pg/m?3 1.00 (1.00, 1.01) | 1.00 (0.99, 1.01)
(HR)
Renzi, 2018 Rome Longitudinal | NO2 Prevalence odds ratio (OR) | 10 pg/m3 1.00 (1.00, 1.01) | 1.01 (1.00, 1.02)
Renzi, 2018 Rome Longitudinal | NOx Incidence hazard ratio | 20 pyg/m?® 1.01 (1.00,1.01) | 1.01 (1.00, 1.02)
(HR)
Renzi, 2018 Rome Longitudinal | NOx Prevalence odds ratio (OR) | 20 pg/m? 1.01 (1.00,1.01) | 1.02 (1.01,1.02)

Abbreviations: HR, hazard ratio; m, meter; m3, cubic meter; ng, nanogram; NO, nitric oxide; NO2, nitrogen dioxide; NOx, nitrogen dioxide and nitric oxide; OR, odds ratio; PAH (BaP),
polycyclic aromatic hydrocarbon (benzo(a)pyrene); PM1o, particulate matter with an aerodynamic diameter smaller or equal to 10 micrometer mass concentration; PM2s, particulate
matter with an aerodynamic diameter smaller or equal to 2.5 micrometer mass concentration; PM2.savs, light absorption on PM2s (s00t); PMeoarse; particulate matter with an aerodynamic
diameter between 2.5 and 10 micrometer; vs., versus; SAPALDIA, Swiss cohort study on Air Pollution and Lung Disease In Adults; ug/m3, microgram per cubic meter.
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Yet, the results of the studies included in the review on diabetes including noise in multi-pollutant
models with NO, or NO,x showed only some attenuation of the effect estimates upon noise
adjustment. For example the NO, diabetes prevalence results in the SAPALDIA study were
reduced from 1.21 (1.05; 1.39) to 1.19 (1.03, 1.38) when adjusting for noise (Eze et al., 2014)
(Table 5.2). The only noise adjusted stroke analysis of NO, by (Sorensen et al., 2014) showed
strengthened estimates for fatal strokes (IRR 1.47 (1.21-1.80) to 1.90 (1.45-2.47)) but no
association with ischemic strokes after noise adjustment (1.11 (1.03-1.20) to 1.02 (0.92-1.12)).

As Vienneau et al. (2023) discuss in their combined analysis of mortality with noise and air
pollution exposure (note: not diabetes or stroke) in a Swiss administrative cohort, differences in
the quality, specification or resolution of the country specific noise models may play a role
regarding the possibility of effect transfer, i.e. when the effect from the less well measured
exposure is transferred to (or mopped up by) the better measured one. In their analysis with
comparable model quality, air pollution effects modelled with hybrid land-use regression models
were more attenuated upon inclusion of noise than vice versa. The NO. effect estimates reduced
from 1.051 (1.031-1.072) to 1.024 (1.003-1.046) per 10 yg/m*® NO, upon inclusion of total noise
and 1.020 (0.998-1.042) upon inclusion of traffic noise. The corresponding traffic noise effect
estimates where 1.058 (1.045-1.071) in the single pollutant model and 1.053 (1.039-1.067) in
the NO;-adjusted model. Overall, effects with BC and iron in PM,s were still significantly
elevated, indicating independent effects of air pollution and noise exposure on mortality, but the
reduced effect estimates were interpreted as air pollution effects in single pollutant models

partially to be related to noise exposure.

Thus, noise could partially confound effects of TRAP with diabetes and stroke. However, the

available evidence suggests still a role of TRAP in diabetes and stroke morbidity.

Outcome classification

Kulick et al. (2023) discuss challenges of outcome classification especially for stroke morbidity
as stroke can be mild or more severe, while the former is often not diagnosed or misdiagnosed.
Research data based on administrative or register data show this distinctive weakness in
outcome classification (Kulick et al., 2023). It is likely, that different pathophysiologic
mechanisms are more important for different stroke subtypes and that the combination may
underestimate the true association between air pollution and stroke, according to the authors.
However, the results of studies that have tried to disentangle effects on hemorrhagic versus
ischemic stroke have not been entirely consistent. Again, this could be attributed to outcome

misclassification.

Paper | argued similarly regarding the seemingly missing link of TRAP with diabetes incidence.

While there was no significant association in the original meta-analyses, it was pointed out that
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studies with in-depth study center examinations have a much higher sensitivity. This could be
attributed to the long oligosymptomatic prediagnostic phase of diabetes missing cases that rely
on doctor diagnosis or administrative data. Studies using a more rigorous case ascertainment
method tended to show elevated incidence risks with TRAP. Thus bias due to outcome
misclassification was reduced and the updated analysis with PM,s even showed significantly

elevated diabetes incidence risks.

Evidence for inclusion in HRA

The HEI TRAP review and its resulting papers have shown that the evidence for an association
of TRAP is high for various mortality outcomes, the development of asthma and lower respiratory
infections and moderate for health endpoints such as diabetes, ischemic heart disease events
and birth outcomes (Fig. 5.5) (HEI Panel on the Health Effects of Long-Term Exposure to Traffic-
Related Air Pollution, 2022).

In Adults:

All-cause mortality

Circulatory mortality

Ischemic heart disease mortality

Birth outcomes:
Term low birth weight @
Small for gestational age @

In Children: ® Lung cancer mortality

® Asthma onset

@® Respiratory mortality

® |schemic heart disease events
@ Diabetes

Asthma onset @

Acute lower respiratory infections @
Asthma ever @

Active asthma @

Overall confidence in the evidence for an association with long term exposure to traffic-related air pollution:
high @ moderate to high @ moderate

Fig. 5.5: Associations between long-term exposure to ambient TRAP and selected health
outcomes with moderate to high evidence not showing health outcomes for which the overall
confidence in the evidence was low-to-moderate, low or very low (with kind permission HEI
Panel on the Health Effects of Long-Term Exposure to Traffic-Related Air Pollution, 2022)

While evidence for an association of cardiovascular endpoints such as atherosclerosis,
increased blood pressure or changed blood coagulability with particulate matter is solid (U.S.
EPA, 2019), as well as ischemic heart disease and cardiovascular mortality, the weaker
evidence for stroke could be attributed to difficulties in outcome assessment and different
pathophysiological pathways regarding short-term and long-term effects. It seems justified to
calculate air pollution related burden of disease due to stroke in the global burden of disease
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study. However, the evidence base is still too weak to propose stroke incidence or prevalence

in health risk assessments of TRAP.

With more studies showing elevated risks for diabetes, especially with markers of particulate
matter pollution, the case for an association of TRAP with diabetes becomes stronger. It seems
justified to calculate air pollution related burden of disease due to diabetes in the global burden

of disease study as well as in health risk assessments of TRAP.

Evidence Synthesis

The HEI Traffic Review did not embark on studying causality, because it did not conduct
separate, independent systematic assessments of the mechanistic, toxicological, and human
clinical studies relating TRAP to human health (HEI Panel on the Health Effects of Long-Term
Exposure to Traffic-Related Air Pollution, 2022). However, it selected health outcomes that
already show a strong (causal) association with general ambient air pollution to study the links
with TRAP. Using the latest methods developed for evidence synthesis in environmental
epidemiology, the Panel provided a systematic review of the epidemiological evidence and
discussed the strengths and limitations of the evidence. In a more recent paper Boogaard,
Atkinson, et al. (2023), discuss their experiences with the tools used and how they amended

them to fit their purpose to study the health effects of TRAP.

The Panel considered the determination of confidence using a formal rating scheme of up- and
downgrading of certain factors, the treatment of every factor as equally important, and the lower
initial confidence rating of observational studies to be fundamental issues in the OHAT
approach. They argue that some observational studies can offer high-confidence evidence in
environmental health, especially when studying incidence of diseases, when the exposure
precedes the outcome. Heterogeneity in pooled studies, is generally seen as a weakness of
studies especially in a clinical setting as the “true” effect (of an agent) cannot be determined. In
environmental epidemiology, the exact magnitude of the effect is less important than the
understanding whether the exposure is truly harmful. Since epidemiological studies investigate
different populations, in different settings, and exposure mixes far from homogenous clinical
study populations, heterogeneity could be explained by these factors. Therefore, heterogeneity
in magnitude of effect estimates and imprecision of the pooled effect estimate should not
automatically weaken the evidence, unless it cannot be explained or the confidence interval
includes the null even though the studies had enough statistical power to find an association.
Consistency of associations across study designs, populations, and exposure assessment
methods may even strengthen confidence in the evidence. Another, finding relates to publication
bias, which should be explored beyond statistical methods. Especially when there are not many

studies and large and collaborative studies comprise most of the evidence and when accrued

168



over several decades. Finally, the risk of bias assessment should also not automatically result
in downgrading of the level of the quality of the evidence. Rather possible key biases should be
identified as well as their most likely direction, and their potential impacts on the results. The
Panel argues, that true heterogeneity in effect size unrelated to publication bias may also lead
to asymmetrical funnel plots and statistically significant results in statistical publication bias tests.
When effects are still visible in stratified analysis of low risk of bias studies the overall evidence

should not be downgraded due to some high risk of bias studies.

Overall, the Panel concluded 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. Therefore, they proposed a broader narrative evidence
assessment based on the systematic review and considering evidence not entering the meta-
analyses to complement the formal GRADE-type evaluation (Boogaard, Atkinson, et al., 2023).
However, Jonathan M. Samet cautions on such an approach in an invited perspective, as it
relies on expert judgment to a greater degree than the OHAT approach and therefore might
introduce intransparent subjectivity into the synthesis process. According to him, experience
shows that for agencies conducting ongoing reviews, adherence to standardized methods is
requisite to ensure transparency, given the scrutiny that such reviews may receive (Samet,
2023).

5.2.3 Burden of disease or health risk assessment

Health risk assessments, that translate the observed risks into numbers of death or morbidity to
assess the relevance of the problem, are another part of the Public Health Action Cycle’s
problem definition. However, this step could also be interpreted as part of the Public Health
Action Cycle’s strategy and policy formulation to prioritize mitigation of different risks that should
or could be addressed by policy making. It is estimated that 3.2 million incident cases of diabetes
in 2016 (Bowe et al., 2018) and 2.4 million incident cases of stroke worldwide in 2019 were
attributable to ambient PM. s exposure (GBD 2019 Stroke Collaborators, 2021).

While the numbers of health risk calculations are impressive and instrumental in communicating
the health risks of ambient air pollution to the public and policy makers, paper Il highlighted that
the transparent communication of methods and data feeding into such burden calculations are
instrumental. The case study of comparing Swiss health risk assessments revealed that
estimates of deaths attributable to air pollution ranged from 16 in GBD 2019 to 76 per 100,000
inhabitants in STE 1993 — a difference in a factor of 5. Important determinants of such numbers
are the included health endpoints, the counterfactual scenario (TMREL), the year of analysis

and health data and the exposure-risk functions.
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The same has been shown for the numbers in the EU. With 300,000 deaths per year in the EU
(Press Office European Parliament, 2023) or 400,000 across Europe (Taylor & Duncan, 2023),
the burden in Europe is high. In light of growing evidence on morbidity endpoints such as stroke
and diabetes, these outcomes should be included in future health risk assessments. While the
GBD study already incorporates these health endpoints, the widely used AirQ+ software

(available at https://www.who.int/europe/tools-and-toolkits/airg---software-tool-for-health-risk-

assessment-of-air-pollution) has not yet incorporated these outcomes into their calculations
(WHO, 2023b). The AirQ+ software is a tool provided by WHO to conduct health risk

assessments. The health outcomes and related exposure-risk functions incorporated into the

burden calculations are based on recommendations by the Health risks of air pollution in Europe
HRAPIE project in 2013 (WHO, 2013). An update is under way (Holland, 2020) and urgently

expected as a new standard for comparable health risk assessment in Europe.

Boogaard, Andersen, et al. (2023) pointed out that the disease burden regarding mortality is
even underestimated owed to older exposure-response functions applied in the health risk
assessments for Europe. Using the latest results from the European ELAPSE study as proposed
by (Hoffmann et al., 2022), the attributable mortality estimates were 40% higher for PM. s and
more than double for NO, (European Commission & Directorate-General for Environment,
2022).

Thus, air pollution is a non-negligible risk factor for public health and the HEI review (2022) and
papers (Boogaard et al., 2022; Haddad et al., 2023; Kutlar Joss et al., 2023) have shown that
air pollution from the important source of traffic is certainly related to mortality and to other health

endpoints (problem definition).

In view of the reported large differences in estimates for the burden of disease from air pollution,
policy makers and the public could easily dismiss such calculations as uncertainties in the
science and deny need for action. Such denial has been known as a strategy in other topics
such as the harmfulness of tobacco smoke or climate change to prevent (costly) action
(Diethelm & McKee, 2009). This was also shown for the car industry in a newspaper article by
the Union of Concerned Scientists from 2017 citing the American Automobile Manufacturers
Association saying “The effects of ozone are not that serious ... what we’re talking about is a
temporary loss in lung function of 20 to 30 percent. That's not really a health effect.”, and a
Chrysler representative saying “We believe that the potential impact of [fuel economy standards]

on the global issue of planetary warming are [sic] difficult to demonstrate.” (Cooke, 2017).

Nevertheless, differences in calculations should be communicated with the clear message that
the science behind such calculations is sound and that there is urgent need for action to clean

up the air. There is also enough evidence to tackle air pollution from traffic-related sources.
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5.2.4 Strategy / Policy

While air quality has improved tremendously for most pollutants in Germany, Switzerland and
many places in Europe (Public Health Action Cycle: Evaluation), there is still large room for
improvement, especially since the publication of WHO’s new air quality guidelines in 2021. It
calls for stricter air quality standards to protect public health as part of a health policy or strategy
(Public Health Action Cycle: Policy).

While in 2017, only six countries complied with the WHO guideline values for PM. s set in 2005
(Kutlar Joss et al., 2017; United Nations Environment Programme, 2021a), today, none of the
countries comply with the new guideline values (evaluation of policies, Table 5.3). The gap
between what is considered safe by WHO and what countries define as safe or sufficient air

quality (for now) for their populations has widened considerably.
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Table 5.3: Comparison of EU and national air quality standards and proposed standards with the WHO
air quality guideline values 2005 and 2021. References: (World Health Organization. Regional Office for
Europe, 2006) and 2021 (World Health Organization, 2021), EU (European Commission, 2022; European
Parliament & European Council, 2008), Switzerland (Eidgendéssische Kommission fiir Lufthygiene
(EKL), 2023; Schweizerischer Bundesrat, 1985), USA (U.S. EPA, 2023a), China (Wang et al., 2023).

Averaain WHO WHO EU EU Switzer- Swiss USA | China
Pollutant time ging AQG AQG proposal land FCAH
2005 2021 by 2030 proposal
Suspended | Annual 10 5 20 |10 10 5 12 |35
particulates | average
/ particulate
matter 24h mean
(PM23), value 25 15 - 25 - 15 35 75
Hg/m®
Suspended | Annual 20 15 40 |20 20 15 - 70
particulates | average
/ particulate
matter 24h mean | 5 452 50 |45 50 45 150 | 150
(PMho), value
Hg/m®
Summebr i 60 ) ) i 60 i
season
Ozone (), | 8h ~ mean | 4, 100 120 | 100 - 140 | 160
pg/m value objective
'h mean - - 120° 120° 200
value
Nitrogen | Annual 40 10 40 |20 30 10 100 | 40
dioxide average
(NO2), 24h mean a 1h . a 1h
ug/m? value 1h 200 25 200 50 80 25 188 80
S.ulfyr Annual Not. Not. ) 20 309 20 ) 60
dioxide average reviewed | reviewed
(SO2), 24h mean a 1h
ug/m? value 40 125 | (1h 350) | 100 40 197 150
Carbon
monoxide 24h mean a
(CO), value 4 10 4 8 4 103 | 4
mg/m?3

Abbreviations: AQG, air quality guideline; m3, cubic meter; EU, European Union; h, hour; ug, microgram; PM2s, particulate matter with
aerodynamic diameter < 2.5 um; PM1o, particulate matter with aerodynamic diameter < 10 ym, USA, United States of America; WHO,
World Health Organization

a 99th percentile (i.e. limit value may be exceeded three times per year).

b Average of daily maximum 8-hour mean ozone concentration in the six consecutive months with the highest six-month-running-
average ozone concentrations.

¢ Limit value may be exceeded once per year.

d Guideline values set to protect ecosystems from adverse effects
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EU Air Quality Policy

While the first column of the figure below (Fig. 5.6) implies good achievement of the air quality
standards set for the European Union (EU) with less than 1% of the population living in areas
exceeding EU air quality limits for PM.s, 96% live in areas with unhealthy levels of PM.s when
applying the WHO air quality guideline values (EEA, 2020). This is due to the EU standard (20

pg/m?3) being four times higher than the WHO Air Quality Guideline value (5 pg/m?).
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(right) (publicly available from European Environment Agency, 2022).

Abbreviations: BaP, Benzo(a)pyrene; EU, European Union; WHO, World Health Organization.

The EU took note of their short-comings regarding the protection of their populations in the
“Fitness Check” (Public Health Action Cycle: evaluation) and concluded to align the air quality
standards of the Ambient Air Quality Directive (AAQD) —
regarding air quality legislation in the EU — closer with the WHO recommendations (European

Commission, 2019). The new proposal for the Ambient Air Quality Directive includes new

173

the central regulatory instrument



standards (Table 5.3) and addresses shortcomings, in monitoring and assessment among
others (European Commission & Directorate-General for Environment, 2022). Even though the
EU parliament voted for more ambitious air quality standards in September 2023 (Press Office
European Parliament, 2023), they do only comply with WHO air quality standards defined almost
20 years ago for PM and still allow double the level of NO; that is considered safe by WHO
(Table 5.3). The EU council plans to further weaken this proposal by allowing flexibility for EU
countries seeking to delay implementation of air quality standards (Pacheco, 2024). A final vote

is expected in late April 2024.

It seems that achievability of reaching the standards within a given time seems an unofficial
criteria for defining levels of air quality standards in the EU. This is probably due to the actions
taken in case of non-compliance. The European Commission has taken action in multiple
infringement cases related to the breach of pollutant limit values (a total of 14 cases for PMyq
and/or PM,s, 14 for NO, and 1 for SO,) (European Commission & Directorate-General for
Environment, 2022). Therefore, member states, might not be supportive of air quality standards,
that they will not be able to meet and fear the costs of penalties due to non-compliance. It seems,
that air quality standards, that are achievable within a given time frame are preferred over those
that are best for the population and the environment. The German Sachverstandigenrat fir

Umweltfragen also concluded that air quality standards are not ambitious enough (2023).

Moreover, the current policies do not support further improvements once the air quality
standards are reached. For example, the implementation of air quality measures (Public Health
Action Cycle: implementation) defined in German air quality plans (Luftreinhalteplane) are
stopped once air quality standards are complied with. Measures to improve air pollution are only
warranted when air quality standards are exceeded (Landesanstalt fir Umwelt Baden-
Woirttemberg, 2024). This is alarming, since it does not support any further improvements to
safer levels of air pollution; especially in the case when air quality standards are higher than
recommended by the WHO and in absence of safe levels of air pollution as stated by the WHO
(World Health Organization, 2021). At least, the new AAQD proposal shows a promising way by
which an achievement of the WHO recommendations are a “vision” by 2050 (European

Commission, 2022).

Since air pollution from traffic is an important source, strategies to improve air quality must tackle
this sector specifically regarding urban environments where a large share of the population lives

and works and is exposed to harmful levels of air pollution.
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5.2.5 Implementation / Measures

There are various levels to take action against air pollution (Public Health Action Cycle:
implementation). According to Public Health England prevention of air pollution at the source
should always be the first step in mitigating air pollution (2019). The German
Sachverstandigenrat fir Umweltfragen also stresses that policy needs to tackle air pollution
systemically, since individuals have only limited influence on environmental exposures

(Sachverstandigenrat far Umweltfragen, 2023).

Therefore, air pollution from the transportation sector should be tackled with a combination of
measures like lower emission mobility, increased uptake of public transport and active mobility.
The EU directive lists more stringent air pollutant emissions standards for combustion engine
vehicles (in the forthcoming Euro 7 proposal) and the proposal for an alternative fuels
infrastructure regulation. That includes a comprehensive network of recharging and refueling
infrastructure which is needed to facilitate the increased uptake of renewable and low-carbon

fuels, including e-mobility (European Commission, 2022).

Electric cars, vans, trucks and buses will play a key role in reducing some of the negative
impacts of road transport on human health, the environment and climate. Faced with a growing
transport demand, electric vehicles alone cannot be enough to achieve a sustainable road
transport in Europe. Moreover, production of electric vehicles will still require substantial
resources and generate pollution. Electric vehicles will also not solve the problem of growing
transport demand, time spent in traffic or finding a parking spot. They need to be seen within
the wider mobility system, with a focus on mobility need and alternative modes of transport.
(EEA, 2023)

While the electrification of the transport sector will certainly reduce local tail-pipe (combustion
related) emissions, non-tailpipe emissions will not be affected. Since electric vehicles tend to be
heavier and the trend still goes towards larger cars, their share is even expected to rise
disproportionally. No actions are currently in place to reduce the non-exhaust part of emissions
(Amato et al., 2014; Khreis et al., 2020; Timmers & Achten, 2016). Health effects of non-tailpipe
emissions are not well understood yet. They might pose higher health risks, due to their high

metal content and oxidative potential (Amato et al., 2014).

Improving public transport and making it affordable is an important strategy to reduce demand
for individual motorized mobility in cities. Driving restrictions through the implementation of low
emissions zones (LEZs) or congestion charging zones (CCZs) are also measures to reduce
traffic. LEZs charge or ban vehicles that exceed specific exhaust emission standards and aim
to reduce air pollution by encouraging use of lower emission vehicles or physically active forms

of transport. CCZs focus on reducing congestion through charging financial penalties for the
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majority of vehicles, with little or no differentiation by emission standards (Chamberlain et al.,
2023).

According to Public Health England, thinking spatial planning and transport strategy together is
one of the most effective ways of increasing public transport use and active travel and reducing
emissions from existing vehicles over time (Public Health Action Cycle: strategy). Spatial
planning can be used to reduce the need for vehicle use by design, and has a wider role in
reducing emissions from buildings through energy-efficiency measures and use of renewable
energy technologies. Measures include subsidizing public transport, designating new and
priority bus measures, new tram and taxi schemes, providing school buses, providing
infrastructure to enable walking and cycling, and promoting walking and cycling, which provide
significant health benefits associated with physical exercise. Interventions that separate people
from pollution and introduce barriers can reduce people’s exposure to pollutants: they include
changing road and pavement layouts, well-designed urban greening schemes, and providing
active travel routes through green spaces (Public Health England, 2019). Introducing speed
limits also increases safety for non-motorized participants in traffic as well as mitigating
congestion and improving traffic flow in high trafficked roads (Sachverstandigenrat fir
Umweltfragen, 2023).

Co-benefits of such measures include lower air pollution, lower emissions of greenhouse gases
and reduced noise levels as well as a higher quality of life and health promotion regarding the

uptake of walking or cycling (Public Health England, 2019).

5.2.6 Evaluation / Accountability

A vital step to check whether strategies and measures taken were successful in mitigating the
initially identified problem or risk factor (Public Health Action Cycle: problem definition), is policy
evaluation (Public Health Action Cycle: Evaluation). As initially stated, policy makers are often
concerned about the costs of clean air measures, and the demands and hurdles for the local
industry. Regarding costs of cleaning up the air — or better: not polluting it in the first place — in
relation to benefits, the US has calculated a ratio of 1:30, i.e. the costs of air pollution measures
are outweighed by a factor of 30 in comparison to the benefits from 1990 to 2020, including
avoided morbidity, health care costs, premature deaths and crop loss (U.S. EPA, 2011). The
proposed limit values for the EU would result in total gross benefits of 42 billion EUR/year that
outweigh by seven times mitigation costs of 5.6 billion EUR/year, according to Turner et al.
(2023).

The methodology of health risk / impact assessments has also been important in accountability

studies showing that policy measures have led to improvement of air pollution levels which in
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turn translate into lower numbers of death and morbidity attributed to air pollution. This has

helped to clean up the air in many European countries in the last 30 years.

Public health England has evaluated a great variety of interventions in various sectors to
improve outdoor air quality. The evidence was strongest for measures promoting vehicles with
low(er) emissions with a medium evidence rating (Public Health England, 2019). A recent
systematic review also found some prove for the usefulness of low emission zones on improving
health. While low emission zones showed positive effects on cardiovascular health endpoints,

congestion charging zones mainly reported on reduced accidents (Chamberlain et al., 2023).

A few epidemiological studies were also able to show health effects of long-term improved air
quality. The Swiss SAPALDIA study was one of the first studies to show that improved air quality
levels (PM1o) led to a slower age-related decline in lung function parameters (Downs et al.,
2007). A quasi-experimental study in Canada using data from people relocating to areas with
better air quality (PM.s) showed reduced mortality risks, especially for mortality from
cardiometabolic causes (Chen et al., 2021). A Swedish study found that the general
improvement of air quality over the 24 years of the children’s study BAMSE improved lung
function growth, especially during adolescence (Yu et al., 2023). Remarkably air pollution levels
in Sweden did not improve from high levels to low levels but rather from already low levels (on

average 8 ug/m?3) to very low levels (5 ug/m?®) (Yu et al., 2023), still showing gains in health.

Thus air pollution mitigation leads to improved air quality, improved health and lower costs.
Targeting air pollution from the transport sector is important due to its high contribution to air

pollution especially in urban areas and its harmfulness.

5.3 Conclusion and Outlook

Policy in air pollution control has a history in relying on research and being evidence based. This
was discussed for each element of the newly proposed public health evidence based action

cycle.

However, recently the new air quality guidelines by WHO have set new ambitious targets. The
pace, how they will be met, lies in policy making and technological progress. A promising way
forward reflecting the ideas of the public health action cycle, lies in the European Commission’s
plans on the proposal for the new Air Quality Directive to review the air quality standards by
2030 and as frequently as necessary thereafter, to assess whether they need to be updated

based on the latest scientific information (Council of the EU, 2023).

The challenge will be to further reduce emissions in light of ever lower levels. With the expected

electrification of the transport sector non-tailpipe emissions and their health effects will gain in
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importance. While there is more and more evidence of ambient air pollution as well as traffic-
related air pollution on human health, the health effects of non-tailpipe emissions are not yet
well understood. This calls — apart from more research in understanding these effects — for more
integrated mobility policy strategies, that do not only support the use of lower (tail-pipe) emission
vehicles but offer (more healthy) alternatives such as public transport, walking or cycling.
International cooperation to tackle transboundary air pollution, cooperation with industry,
education of the public and advocating for measures taken are warranted to ensure achievability
of the goals for cleaner air. In light of climate change, understanding and communicating co-

benefits of air quality measures could further strengthen air quality policy making.

While the role of TRAP has been shown with reasonable certainty to be at least partly
responsible for various health effects of residency close to high traffic, the role of other traffic-
related exposures needs more attention. There is clear evidence that noise and area-level SES,
and to a lesser degree lack of green space, which are all related to traffic as well, have adverse
health effects on cardiometabolic health and quality of life (Diez Roux et al., 2016; Schultz et al.,
2018; World Health Organization, 2018; Yuan et al., 2021).

Therefore, integrated approaches to improve overall environmental quality are called for.
Following the concept of the Public Health Action Cycle can guarantee constant improvement

of population health.
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