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Zusammenfassung

Luftverschmutzung ist ein wichtiger umweltbedingter Risikofaktor für kardiovaskuläre
Erkrankungen und Mortalität. Während eine kurzfristige Exposition akute Ereignisse
auslösen kann, kann eine langfristige Exposition Atherosklerose begünstigen. Der
Co-Exposition Lärm wird eine ähnliche Rolle zuteil. Im Ruhrgebiet in Deutsch-
land leben etwa 5 Millionen Menschen, die einer ständigen Luftverschmutzung und
möglicherweise Lärmbelastung, ausgesetzt sind, die nicht nur durch lokale, sondern
auch umliegende Verkehrs-und Industriequellen hervorgerufen werden. Feinstaub mit
einem aerodynamischen Durchmesser von ≤ 10 𝜇𝑚 (𝑃𝑀10), ≤ 2, 5 𝜇𝑚 (𝑃𝑀2.5),
und Stickstoffdioxid (𝑁𝑂2) wird dort routinemäßig an ausgewählten Stationen
gemessen, von denen eine Station zusätzlich, die möglicherweise besonders schädlichen,
ultrafeinen Partikel (UFPs) misst. Um die langfristige Luftschadstoffkonzentration
flächendeckend abzuschätzen, wurden zwei Modelle eingesetzt: Das zeitliche- und
räumliche EURAD-Modell (European Air Pollution Dispersion) und das statische,
aber räumliche Landnutzungs-Regressionsmodell (LUR). Hauptziele dieser Disserta-
tion waren der Vergleich des EURAD- und des LUR-Modells im Studiengebiet; die
Untersuchung von Assoziationen zwischen kurzfristiger Luftverschmutzungsexposition
und kardiovaskulärer Mortalität; das Zusammenspiel von Luftverschmutzung und
Lärm; und die Untersuchung der Assoziation zwischen langfristiger Luftverschmutzung-
sexposition und Progression der Atherosklerose. Kurzfristige Auswirkungen von
Luftschadstoffen, insbesondere UFPs, auf die kardiovaskuläre Mortalität, wurden im
Rahmen eine Zeitreihe mit denen vom zentralen Statistik- und IT-Dienstleister des
Landes Nordrhein-Westfalen erhobenen Daten (2009-2014), untersucht. Langfristige
Auswirkungen von Luftverschmutzung auf die Progression der Atherosklerose, d.h.
koronarer Verkalkung (CAC), thorakaler Verkalkung (TAC) und der Intima-Media-
Dicke der Halsschlagader (cIMT), wurden mit Daten der prospektiven (𝑡0: 2000-2003,
𝑡1: 2006-2008) Heinz Nixdorf Recall-Kohortenstudie (Bochum, Mülheim und Essen),
bestehend aus 4814 zufällig ausgewählten Männern und Frauen im Alter von 45-75
Jahren, untersucht. Die Übereinstimmung zwischen den mit dem EURAD-CTM und
dem LUR-Modell geschätzten langfristigen Luftschadstoffkonzentrationen war schwach
bis mäßig, wobei beide Modelle ihre Berechtigung haben. Kurzzeitige Exposition
zeigte ähnliche, unmittelbare und verzögerte, Assoziationen für 𝑃𝑀10 und UFPs mit
kardiovaskulärer Mortalität. Luftverschmutzung war in der Gesamtpopulation nicht mit
dem Fortschreiten der Atherosklerose (CAC, TAC und cIMT) assoziiert. Jedoch wurde
eine konsistente Assoziation bei Teilnehmern mit keiner oder geringer atherosklero-
tischer Ausgangsbelastung beobachtet, die für 𝑃𝑀2.5 und CAC am konsistentesten
war. Beobachtete Assoziationen waren robust gegenüber Lärmexposition und zeigten
keine synergistische Wirkung. Ergebnisse für unterschiedliche Modellierungen für
Luftverschmutzungskonzentrationen waren ähnlich. Zusammenfassend lässt sich sagen,
dass Luftverschmutzung, insbesondere 𝑃𝑀2.5, sowohl mit akuten kardiovaskulären
Ereignissen als auch mit chronischen Entwicklungen, wie Atherosklerose, assoziiert
ist. Diese Ergebnisse ergänzen die epidemiologische Evidenz für die Notwendigkeit
strengerer Vorschriften zur Reduzierung der Luftverschmutzung, um insbesondere in
Ballungsräumen wie dem Ruhrgebiet die kardiovaskuläre Krankheitslast zu senken.
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Summary

Air pollution is a major environmental risk factor for cardiovascular diseases (CVDs)
and mortality (CVM). While short-term exposure to air pollution can trigger acute
cardiovascular events, long-term exposure can contribute to atherosclerosis, the main
underlying pathology of CVDs. Noise, a co-exposure of air pollution, has been shown
to play a similar role regarding CVDs. The Ruhr Area is a metropolitan living and
working environment in Western Germany, where roughly 5 million people are consis-
tently exposed to air pollution and potentially noise, emitted not only from local, but
also from surrounding traffic and industry. Air pollution, i.e. particulate matter with
an aerodynamic diameter of ≤ 10 𝜇𝑚 (𝑃𝑀10), ≤ 2.5 𝜇𝑚 (𝑃𝑀2.5), nitrogen dioxide
(𝑁𝑂2), is routinely measured at selected traffic and urban background stations in the
Ruhr Area, of which one station additionally measures ultrafine particles (UFPs), which
are hypothesized to be particularly harmful for human health. In order to estimate long-
term air pollution concentration in the whole Ruhr Area, two models were applied to
estimate concentration levels at study participants residences: the temporal and spatial
European Air Pollution Dispersion chemistry transport model (EURAD-CTM) and the
temporally static but spatially variable land-use regression (LUR) model. The main
objectives of this dissertation were to compare the EURAD and the LUR model; to
investigate associations between short-term air pollution exposure and cardiovascular
mortality; to evaluate the role of noise in the context of air pollution; and to evaluate
the association between long-term exposure to air pollution and progression of atheroscle-
rosis in different vessel beds. To study short-term effects of air pollution, particularly
UFPs, cause-specific mortality, including CVM, was collected (2009-2014) from the cen-
tral statistical and IT services provider of North Rhine-Westphalia for the three adjacent
cities of Essen, Mülheim, and Oberhausen. Investigating effects of long-term exposure
to air pollution on progression of atherosclerosis, namely coronary calcification (CAC),
thoracic calcification (TAC), and carotid intima media thickness (cIMT), data of the
prospective (𝑡0: 2000-2003, 𝑡1: 2006-2008) Heinz Nixdorf Recall cohort study, located in
the center of the Ruhr Area (Bochum, Mülheim, and Essen) was used, consisting of 4814
randomly selected males and females aged 45-75 years. Agreement between long-term air
pollutant concentrations estimated with the EURAD-CTM and LUR model was weak
to moderate, while both models have their justification. Short-term exposure showed
immediate and delayed associations with with CVM, although UFPs were not shown to
yield stronger effects. Air pollution was not associated with progression of atheroscle-
rosis (CAC, TAC and cIMT) in the full population. However, a consistent association
was observed in participants with no or minor initial atherosclerotic burden, which were
most consistent for 𝑃𝑀2.5 and CAC. Observed associations were robust with regard to
noise exposure and no synergistic effects of air pollution and noise exposure could be
found. Overall associations between long-term exposure to air pollution and progression
of atherosclerosis were fairly similar regarding air pollution modelling. In conclusion, air
pollution, in particular 𝑃𝑀2.5, has shown to be associated with acute CV events, as well
as with chronic developments, like atherosclerosis. These results add to the epidemio-
logical evidence supporting the need for stricter regulations in air pollution reduction to
lower CVDs and CVM, especially in metropolitan areas, like the Ruhr Area.
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List of Abbreviations

Abbreviation Definition
AAC Abdominal aortic calcification
ATAC Ascending thoracic aortic calcification
ATC Anatomical Therapeutic Chemical classification system
BC Black carbon
BImSchV Verordnung zur Durchführung des

Bundes-Immissionsschutzgesetzes (Federal Immission Control Act)
BMI Body mass index
BS Black smoke
CAC Coronary calcification
CAD Coronary artery disease
CCA Common carotid artery
CHD Coronary heart disease
CI Confidence interval
cIMT Carotid intima media thickness
CO Carbon monoxide
CRP C-reactive protein
CT Computed tomography
CTM Chemistry transport model
CV Cardiovascular
CVD Cardiovascular disease
CVM Cardiovascular mortality
DCTM Dispersion chemistry transport model
DM Diabtes Mellitus
DTAC Descending thoracic aortic calcification
EBCT Electron beam computer tomography
EC Elemental carbon
EEA Europpean Environment Agency
ELAPSE Effects of Low-Level Air Pollution: A Study in Europe
ESCAPE European Study of Cohorts for Air Pollution Effects
ETS Environmental tobacco smoke
EU European Union
EURAD European Air Pollution Dispersion
GIS Geographic information system
GUAN German Ultrafine Aerosol Network
HDL High-density lipoprotein
HEI Health Effects Institute
HNR Heniz Nixdorf Recall
ICD-10 International Classification of diseases, 10th Revision
IND Industry (industry-specific)
IQR Interquartile range
IUTA Institut für Energie- und Umwelttechnik (Institute of Energy and

Environmental Technology)
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(continued)
Abbreviation Definition
LANUV Landesamt für Natur, Umwelt und Verbraucherschutz

Nordrhein-Westfalen (State Agency for Nature, Environment, and
Consumer Protection)

𝐿𝐷𝐸𝑁 Day-and-evening noise
LDL Low-density lipoprotein
𝐿𝑁𝑖𝑔ℎ𝑡 Night-time noise
LOOCV Leave one out cross validation
LUR Land use regression
MESA Multi-Ethnic Study of Atherosclerosis
𝑁𝐻3 Ammonia
NM Natural mortality
NMVOCs Non-methane volatile organic compounds
NO Nitric oxide
𝑁𝑂2 Nitrogen dioxide
NRW North Rhine-Westphalia
NSAM Nanoparticle surface area monitor
nSES Socioeconomical status within the neighbourhood
𝑂3 Ozone
OR Odds Ratio
PM Particulate matter
𝑃𝑀1 Particulate matter with an areodynamic diameter ≤ 1 𝜇𝑚
𝑃𝑀10 Particulate matter with an areodynamic diameter ≤ 10 𝜇𝑚
𝑃𝑀2.5 Particulate matter with an areodynamic diameter ≤ 2.5 𝜇𝑚
𝑃𝑁𝑎𝑐𝑐 PNC of accumulation mode particles
PNC Particle number concentration
PSC Particle surface concentration
Recall Risk factors, Evaluation of coronary calcium and lifestyle
RM Respiratory Mortality
RR Relative Risk
SD Standard deviation
SNAP-97 Selected Nomenclature for Sources of Air Pollution
𝑆𝑂2 Sulfur dioxide
STYR Mülheim Styrum Measurement station
𝑡0 Baseline examination
𝑡1 Follow-up examination
T2DM Type-2 Diabetes Mellitus
TAC Thoracic calcification
TRA Traffic (traffic-specific)
UBA Umweltbundesamt (Federal Environmental Agency)
UFPs Ultrafine particles
VIF Varicance inflation factor
WHO World Health Organization
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1 Introduction

1.1 Role of Air Pollution regarding Public Health

Air pollution is not only the biggest environmental health risk in Europe, it has also
been shown to be a major risk factor for chronic non-communicable diseases (WHO
European Centre for Environment and Health 2013) and has been identified as a leading
contributor to global morbidity and premature mortality (Gakidou et al. 2017). In
particular, cardiovascular diseases (CVDs), combing disorders of the heart and blood
vessels, do not only define the leading cause of death worldwide, but have also been
ranked first among the causes of death from air pollution (Estol 2020). In fact, ambient
air pollution is the fifth most common risk factor of (cardio-) vascular disease, following
hypertension, smoking, diabetes, and obesity (Johnson et al. 2019).

Origins of epidemiological studies on health effects of air pollution date back to the 1930s
in Meuse Valley, Belgium; 1952 in London, United Kingdom; and or 1962 in the Ruhr
Area, Germany where increased mortality rates occurred during episodes of extreme ele-
vations in urban pollution (“Smog”) (Brook et al. 2004; Bruckmann et al. 2014). After
the first legislation to fund air pollution studies in 1955, the “Clean Air Act” legislation
of 1970 marked the beginning of governmental involvement reducing air pollution for a
cleaner air and a healthier environment in the United States. Likewise, the first “Act
on Air Pollution Control, Noise and Vibration Abatement” of the German state North
Rhine-Westphalia (NRW) from April 1962 marked a big step toward governmental con-
trol of air pollution. In addition, the European Union (EU) has worked to reduce air
pollution levels since the early 1970s by integrating environmental protection require-
ments into the transport and energy sectors (European Environment Agency (EEA)
2013). The first major instrument was the Air Quality Framework Directive 96/62/EC
and its daughter Directives establishing standards for a range of air pollutants in the
period up to the year 2004 (European Commission 2021).

Yet, despite consistent monitoring of air pollution concentrations (European Environ-
mental Agency (EEA) 2017) and observed improvements in air quality over the past few
decades, air pollution concentrations are partially still exceeding European standards
(Kelly and Fussell 2015). Moreover, associations between current ambient pollution lev-
els and elevated morbidity and mortality have consistently been detected (Brunekreef
and Holgate 2002), such that today’s environment is not considered safe with respect to
the pathogenic role for vascular diseases (Estol 2020).

1.2 Air Pollution Exposure and Assessment

1.2.1 Air Pollutants and Sources

Air pollution is used as a general term for a heterogeneous mixture of gases, particu-
late matter (PM), and biological molecules from both natural and human-made sources.
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Natural sources include emissions from volcanic eruptions, sea salt, forest fires, organic
compounds, dust, or pollen, while human-made sources include road traffic, power and
district heating plants, waste incineration plants, stoves and heaters in residential build-
ings or industrial processes. In metropolitan areas, road traffic defines the most mean-
ingful source for particulate emissions. For example, particles are released by engines,
primarily diesel engines, by brake and tire abrasion, or by dust swirled up from road
surfaces (Umweltbundesamt 2009). Moreover, air pollutants can be transmitted over
wide areas, which is known as long-range transmission of air pollutants. The term PM
refers to solid and liquid aerosol particles with various chemical compositions, occurring
in many sizes and shapes, which can either be directly emitted from anthropogenic or
natural sources, or be formed in the atmosphere from emissions of sulfur dioxide (𝑆𝑂2),
nitrogen oxides (𝑁𝑂𝑥), ammonia (𝑁𝐻3) or non-methane volatile organic compounds
(NMVOCs). 𝑃𝑀10 refers to particles with an aerodynamic diameter equal to or less
than 10 𝜇𝑚, of which 𝑃𝑀2.5 defines a subset of finer particles with an aerodynamic
diameter equal to or less than 2.5 𝜇𝑚 (European Environmental Agency (EEA) 2013).
The smallest particles are called ultrafine particles (UFPs) and have an aerodynamic
diameter of less than 0.1 𝜇𝑚. Other air pollutants include 𝑆𝑂2, 𝑁𝑂𝑥 (nitrogen dioxide
(𝑁𝑂2) and nitrogen monoxide (𝑁𝑂)), ozone (𝑂3), 𝑁𝐻3, NMVOCs, carbon monoxide
(CO), or methane. 𝑆𝑂2 emissions can be assigned to the electricity generation sector,
𝑁𝑂𝑥 and 𝐶𝑂 are emitted from industrial facilities and the road transport sector, 𝑁𝐻3
and methane emissions can be predominantly assigned to the agricultural sector, while
𝑂3 is not directly emitted. Among different sources of air pollution, traffic-related air
pollution has not only been considered as the most detectable form of air pollution, but
also as the most substantial with regard to the global burden of disease (HEI Panel
on the Health Effects of Traffic-Related Air Pollution 2009). The most prominently
used surrogates for traffic-related pollution are 𝐶𝑂, 𝑁𝑂2, benzene, particulate matter
(𝑃𝑀10, 𝑃𝑀2.5), UFPs, elemental carbon (EC) and black carbon or smoke (BC or BS).
However, pollutants originating from traffic may not be easily distinguished from pollu-
tants that contribute to ambient air pollution by other sources than traffic (HEI Panel
on the Health Effects of Traffic-Related Air Pollution 2009). Furthermore, the impact
of traffic-related pollutants on ambient air quality is defined on a broad spatial scale,
ranging from roadside to urban and regional background, defining a major challenge to
assess traffic-related air pollution in the context of epidemiological studies.

1.2.2 Assessment of Air pollution

While measured air pollution concentrations at central or stationary monitors have been
used to link short-term air pollution exposure to acute events on a daily scale, they lack
spatial resolution. Moreover, such time series analysis are able to capture air-pollution-
related cases that are timely connected, while reduced life-expectancy, due to long-term
morbidity enhanced by air pollution, may not be captured with this approach (Künzli
et al. 2000). Hence, surrogates had to be developed to model air pollution exposure on
a broader spatial scale in order to capture air pollution exposure on a population-based
level (Hoek et al. 2008). The most common approaches for this are proximity-based,
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land-use regression, dispersion, and hybrid approaches, including ambient and individual
exposure. However, the latter has not prevailed in epidemiological research because of
the cost. Although, proximity-based approaches are still used as an indicator for traffic
in population-based cohorts (e.g. in Hoffmann et al. (2006), Künzli et al. (2010) or Lanki
et al. (2015)), usage seems to be on a downward trend. This is likely due to legitimate
concerns about exposure misclassification justified by the rapid decline of pollution with
distance and the presence of upwind compared to downwind (HEI Panel on the Health
Effects of Traffic-Related Air Pollution 2009) or the fact that it cannot be used as a basis
for regulation. Moreover, model-based approaches have increasingly become available,
aiming to capture air pollution exposure more accurately to study health effects of long-
term exposure. The latter has especially become important in debates on air quality
guidelines with respect to the protection of health (Künzli et al. 2000). Nevertheless,
assessment of long-term exposure to air pollution remains a challenging task (Hoek et al.
2008) and until today, a gold standard method has not been identified. The two most
common modelling approaches applied in epidemiological studies are land use regression
model and dispersion (chemistry-transport) models.

Land-use regression defines a linear prediction model, developed using measured annual
air pollution concentrations based on actual measurements at a small number of selected
locations and a variety of land-use variables, obtained through geographic information
systems (GIS), serving as predictor variables (features). The final prediction model is
then applied to specific locations in the study area, for example participants’ residences,
to predict annually air pollution concentration based on land-use features (Hoek et al.
2008). The greatest advantage of this approach is its simplicity as well as its low costs
of application. As a result, land-use regression is commonly applied in epidemiological
studies, although its most common criticism is the lack of temporal variability.

Dispersion chemistry-transport models, on the other hand, assume a varying spatial
distribution of air pollution concentrations over time due to changes in atmospheric con-
ditions, land use or transport conditions. In contrast to statistical land-use regression
models, dispersion models are based on mathematical formulations to characterize the
atmospheric processes that disperse a pollutant emitted by a source. Taking into account
emissions, meteorological conditions, atmospheric processes that lead to pollutant dis-
persion, transport, chemical conversion and removal from the atmosphere by deposition,
air pollution concentration can be predicted at ground level.

With a growing body of knowledge about the environmental burden of air pollution
on public health, especially in industrialized regions, air quality and hence air quality
modelling have become important, not only for the sake of environmental research but
also for policy questions (Jakobs et al. 2005). The EURAD (European Air Pollution
Dispersion) chemistry-transport model (CTM) is an example of a sophisticated disper-
sion and chemistry transport model, which has been developed for the simulation of air
quality in Europe (Memmesheimer et al. 2004).
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1.3 Air Pollution and Cardiovascular Health

1.3.1 Biological Mechanisms

The mechanisms of action of air pollutants on the cardiovascular system are central to
the relationship between air pollution and cardiovascular disease. Not only does the
size of the particles play a role, but also their mass and duration of exposure. While
short-term exposure to air pollution can trigger acute cardiovascular events, longer-term
exposure can contribute to cardiovascular risk to an even greater extent (Brook and
Rajagopalan 2010). Brook and Rajagopalan (2010), revised by Franklin et al. (2015)
have summarized three potential biological pathways, by which chronic inhalation of
particles may lead to the development of CVDs: after inhalation, particles or components
deposit in pulmonary tissues, from where they (1) spill-over to the systemic circulation
by inducing pro-inflammatory or oxidative stress responses, (2) may cause an autonomic
imbalance in the nervous system, or (3) penetrate directly into cardiovascular tissues,
including endothelial cells. While none of these pathways are exclusive and complete
knowledge about the interplay with respect to time, composition, and dose of particle
inhalation can not be provided, air pollution-related inflammation can trigger the rupture
of atherosclerotic plaques and promote tissue injury, potentially leading to myocardial
infarction (Libby 2012). Biomarkers of inflammation, such as C-reactive protein (CRP)
or interleukin-6, have not only been used for risk prediction of cardiovascular events,
but they have also been shown to respond to inhalation of air pollution in European
populations (Rückerl et al. 2007). Therefore, the activation of inflammatory mechanisms
forms a major mediating pathway of air pollution-related cardiovascular effects.

Although, most robust evidence has been reported for cardiovascular effects of 𝑃𝑀2.5
(Franklin et al. 2015), epidemiological interest in health effects of UFPs has risen. Not
only have UFPs received increased attention over the past decades due to their anthro-
pogenic sources (e.g. motor vehicles powered by diesel engines), but they also have been
considered to be more toxic. Due to their small size, UFPs can penetrate into the blood
and lymph circulation more easily, and hence potentially reach sensitive targets, includ-
ing the heart, more easily than larger particles. Moreover, the greater surface area per
mass compared with larger-sized particles of the same chemistry was hypothesized to
be responsible for greater biological activity, including inflammation (Oberdörster et al.
2005). Recently, there have been a growing number of studies investigating health effects
of UFPs, suggesting that UFPs affect both, cardiovascular and respiratory health (HEI
Review Panel on Ultrafine Particles 2013; Ohlwein et al. 2019).

In contrast to hypothesized mechanisms of particle exposure and cardiovascular disease,
the role of 𝑁𝑂2 seems less well explored. Although a systemic vascular oxidative stress
reaction causing vascular damage as a consequence of an oxidative reaction in the lung (1)
could be related to 𝑁𝑂2 (Bourdrel et al. 2017), and 𝑁𝑂2 has been linked to increased
cardiovascular mortality in epidemiological studies, a remaining research question is
whether 𝑁𝑂2 is directly responsible for these observed adverse health effects or whether
𝑁𝑂2 serves only an indicator of other pollutants, e.g., PM (Faustini et al. 2014).
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1.3.2 Atherosclerosis

Atherosclerosis is considered the major pathology regarding the development of CVDs
and has also been hypothesized to play a major role in the causal chain of effects for car-
diovascular events in the context of air pollution (Franklin et al. 2015). Atherosclerosis
is an asymptomatic condition in which artery walls develop abnormalities, potentially
leading to calcification or plaque and arterial congestion, causing myocardial infarction,
stroke or peripheral artery disease. The biological function of arteries is the transport
of oxygenated blood: coronary arteries, for example supply the heart muscle with oxy-
genated blood, the thoracic artery supplies the anterior chest wall and the breasts, while
the common carotid arteries supply the head and neck. For the assessment of atheroge-
nesis non-invasive imaging techniques can be used to directly capture the narrowing of
arteries in terms of calcification, plaque or thickness. Common subclinical markers of
atherosclerosis are coronary calcification (CAC), thoracic calcification (TAC) or carotid
intima media thickness (cIMT). Due to the location within the human body, computed
tomography (CT) is used to detect CAC and TAC, while ultrasound is used to capture
the thickness of walls (intima media thickness) in the common carotid arteries, which lie
superficially under the skin. Due to the ease of application and potentially lower costs,
epidemiological studies investigating the association of air pollution and atherosclerosis
have most often used cIMT as a surrogate for atherosclerosis. A meta-analysis, consisting
of eight cross-sectional and three longitudinal studies, suggested evidence of a positive
association between cIMT and long-term exposure to particulate air pollution (Provost
et al. 2015).

1.3.3 Co-Exposure of Noise

Similar to air pollution exposure, epidemiological studies have shown adverse health ef-
fects from environmental noise regarding arterial hypertension, myocardial infarction,
heart failure, and stroke (Münzel et al. 2018; World Health Organization 2011). More-
over, a growing body of evidence with regard to understanding the pathophysiological
mechanisms of noise and the development of CVDs has shown that noise is associated
with oxidative stress, vascular dysfunction, autonomic imbalance, and metabolic abnor-
malities, and may potentially contribute not only to cardiovascular risk factors, such as
arterial hypertension and diabetes, but also to the progression of atherosclerosis (Münzel
et al. 2018).

1.3.4 The Heinz-Nixdorf Recall Study

The Heinz Nixdorf Recall (Risk Factors, Evaluation of Coronary Calcium and Lifestyle)
(HNR) study is a prospective cohort study executed to study cardiovascular disease and
lifestyle in the general population (Schmermund et al. 2002). Participants were ran-
domly selected from residents’ registration offices of the three adjacent cities of Bochum,
Mülheim, and Essen, located in the center of the Ruhr Area in Germany. All partici-
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pants (or their legally authorised representative) provided written informed consent to
undergo a program of examinations assessing preclinical atherosclerotic disease, an in-
depth assessment of cardiovascular risk factors, including biomarkers (e.g. markers of
inflammation), traditional risk factors (e.g. blood pressure, diabetes), as well as demo-
graphics (Schmermund et al. 2002). The HNR study complies with the Declaration of
Helsinki and the study was approved by the institutional ethics committees (reference
number: 99-69-1200).

Motivated by consistently high cardiovascular morbidity and mortality rates in an in-
creasingly aging society, the HNR study has been part of international efforts to improve
risk prediction in order to allow preventive treatment targeted at high-risk individuals.

In addition and motivated by the growing body of epidemiological and clinical evidence
on adverse health effects of ambient air pollution and its relation to heart disease and
stroke (Brook et al. 2004), the HNR study has also become a pioneering study regarding
investigations on cardiovascular effects of air pollution in the general population in Ger-
many and Europe. The first study in the HNR study investigating long-term exposure to
traffic and coronary heart disease (coronary artery disease), which is the most common
form among CVDs, was published in 2006, reporting adverse health effects (Hoffmann
et al. 2006). In line, cross-sectional investigations have shown associations between
particulate matter and atherosclerosis, in regard to CAC (Hoffmann et al. 2007), TAC
(Kälsch et al. 2014), and cIMT (Bauer et al. 2010).

1.4 Air pollution in the Study Area

1.4.1 Air Quality in the Ruhr Area

The Ruhr Area, located in NRW, Germany, is a metropolitan living environment in
Europe, which is not only affected by local rush-hour traffic and industrial hot spots,
but also by traffic, industry, and shipping outside of the Ruhr Area or even outside of
Germany. The Ruhr Area occupies an area of approximately 4,435 km2, including four
counties and 11 independent cities, of which Dortmund, Essen, Duisburg and Bochum
are considered the core cities. As in many other major European cities, the air quality in
the cities of the Ruhr Area is significantly affected by 𝑃𝑀10 and 𝑁𝑂2 (Bezirksregierung
Arnsberg 2011). Hence, the cities and the State Office for Nature, Environment and
Consumer Protection (LANUV) have been carrying out measurements of air pollution
concentrations for many years in order to monitor the air pollution situation. The
legal foundation for binding air quality objectives is determined by the Air Quality
Directive from 2008 of the European Union (EU) (European Union 2008). In Germany,
a new directive was transposed into German law with effect from August 6, 2010 by
amending the Federal Immission Control Act and by introducing the 39th Ordinance to
the Federal Immission Control Act (39th BImSchV) (Bundesministerium der Justiz und
für Verbraucherschutz 2010). With this, limit values for 𝑁𝑂2 and 𝑃𝑀10 were confirmed,
while first limit values were introduced for 𝑃𝑀2.5 (European Union 2008). 𝑃𝑀10 mean
concentration should not exceed 50 𝜇𝑔/𝑚3 (daily mean) or 40 𝜇𝑔/𝑚3 (annual mean).
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For 𝑁𝑂2 concentrations, the 1-hour mean should not exceed 200 𝜇𝑔/𝑚3, and the annual
mean should not exceed 40 𝜇𝑔/𝑚3. Mean annual 𝑃𝑀2.5 concentrations should not
exceed 25 𝜇𝑔/𝑚3.

On the basis of these federal regulations, the air quality in the area of NRW has to be
consistently monitored by measurement or model calculations. NRW is hence provided
with 175 measurement locations of air quality monitoring by the LANUV (LANUV 2021).
Of these, 15 stations are located in Essen (10 traffic station, 3 industry station, and 2
background stations), 4 traffic stations are located in Bochum, and one background as
well as one traffic station is located in Mülheim. Among others, routinely monitored air
pollutants are 𝑁𝑂2, 𝑃𝑀10 and 𝑃𝑀2.5.

In addition, the German Ultrafine Aerosol Network (GUAN) was funded (Birmili et al.
2016) to continuously measure UFPs in selected areas of Germany, including the Ruhr
Area, aiming to improve the understanding of atmospheric aerosol particles with regard
to human particle exposure and climate effects. In cooperation with the Institute for
Energy and Environmental Technology (IUTA), UFPs are continuously measured at the
urban background station in Mülheim Styrum (STYR).

1.4.2 Air Pollution Modelling for the HNR Study Area

Based on a collaboration with the Rhenish Institute for Environmental Research (RIU) at
the University of Cologne, it was possible to use the previously mentioned EURAD-CTM
model (cf. Section 1.2.2) to estimate air pollution concentrations for several pollutants
(𝑃𝑀10, 𝑃𝑀2.5, 𝑃𝑀1, 𝑁𝑂, 𝑁𝑂2, 𝑁𝐻3, 𝑂3, and 𝑆𝑂2) within the HNR study area, based
on a resolution of one 1×1 km2 (Nonnemacher et al. 2014). Using ArcView 9.2, location
of residences were assigned to a 1 × 1 km2-grid and then matched to the corresponding
grid-based air pollutant concentration, including short-term (daily mean concentrations)
and long-term (annual mean concentrations) exposure concentrations. Model runs for
the EURAD-CTM within the Ruhr Area were executed for the examination periods of
the HNR study (2000–2003, 2006–2008, and also 2011-2014).

Taking part in a large collaboration to generate epidemiological evidence with regard to
air pollution within Europe, namely the European Study of Cohorts for Air Pollution
Effects (ESCAPE), a new air pollution model was developed for selected European re-
gions, including the HNR study area. The ESCAPE study was funded by the European
Commission to investigate multiple European studies simultaneously using a harmonized
approach with respect to exposure assessment, definition of outcomes and covariates, as
well as statistical modelling. As one result, LUR models were developed for annual con-
centrations of 𝑁𝑂2 and 𝑁𝑂𝑥 (Beelen et al. 2013), and 𝑃𝑀10, 𝑃𝑀2.5, 𝑃𝑀2.5absorbance,
and 𝑃𝑀coarse (Eeftens et al. 2012) based on a standardized model approach in each area
in which the original studies was located. Resulting prediction models were then applied
to participants’ residences, to estimate annual concentrations of respective air pollutants
at the residences.
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1.5 Aims of Thesis

1.5.1 Comparison of EURAD-CTM and LUR

The HNR study was provided with two modelling approaches to estimate long-term ex-
posure to selected air pollutants at participants’ residences. Within the scope of the
ESCAPE study, a brief comparison showed only partial agreement, especially regarding
total 𝑃𝑀10 and 𝑃𝑀2.5 concentrations (Hoogh et al. 2014). Moreover different health
effects have been detected in the HNR study: Bauer et al. (2010) reported a 4.9% (95%
CI: 2.0%, 7.7%) difference in cIMT per 5 𝜇𝑔

𝑚3 change in annual-mean concentration of
𝑃𝑀2.5 estimated using the EURAD-CTM model, whereas Perez et al. (2015) reported
a 0.57% (95% CI: –1.95%, 3.14%) difference in the same outcome per 5 𝜇𝑔/𝑚3 change
in annual-mean concentration of 𝑃𝑀2.5 estimated using the LUR-model. Aiming for
an in-depth comparison, the first publication includes quantitative and qualitative com-
parison between the EURAD-CTM and the LUR model with respect to air pollution
concentrations in the HNR study area.

1.5.2 Effects of UFPs on Cardiovascular Mortality

The number of epidemiological studies investigating UFPs is still small compared to
studies on 𝑃𝑀10 and 𝑃𝑀2.5, limiting knowledge and evidence. Since UFPs are rarely
measured, data collected within the GUAN (Birmili et al. 2016) provided a great chance
to contribute to closing this knowledge gap. Because data on mortality is collected by
the central statistical and IT services provider of North Rhine-Westphalia on a routine
basis, it was possible to study short-term effects of UFPs on natural, cardiovascular and
respiratory mortality. The second publication studied the effects of daily variations of
different air pollution metrics, namely particle number concentrations (PNC) of particles
in different sizes, including UFPs, and particle surface concentration (PSC), as well as
the commonly used metrics PM10 and NO2 on cause-specific daily mortality in the Ruhr
Area between 2009 and 2014.

1.5.3 Air Pollution and Noise Exposure

Since both, environmental air pollution and environmental noise contribute to cardio-
vascular disease, and traffic have been identified as an important common source, noise
defines a potential confounder in observational air pollution studies and vice versa. Prior
investigations in the HNR study, however, have shown that long-term exposure to fine
PM and noise exposure were both associated with subclinical atherosclerosis and re-
mained associated after mutual adjustment (Kälsch et al. 2014). Aiming to investigate
a potential synergism of air pollution and noise exposure that has not been investigated
yet, the third paper studied the association of traffic-related air pollution, modelled us-
ing the EURAD-CTM and the co-exposure noise on progression of atherosclerosis in the
thoracic aorta, concentrating on synergistic effects of simultaneous exposure.
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1.5.4 Air Pollution and Atherosclerosis

In line with most epidemiological studies, cross-sectional findings within the HNR study
were reported on one marker of subclinical atherosclerosis at a time. Considering that
the HNR study is a population-based prospective cohort study with, to date, three
examination periods (2000-2003, 2006-2008, 2011-2014), it not only seemed natural to
confirm cross-sectional findings with longitudinal investigations but also use longitudinal
observations in order to get a better understanding of atherogenesis, with regard to mul-
tiple markers of atherosclerosis. In addition, the applicable air pollution models, namely
EURAD-CTM and LUR, had previously yielded different results regarding associations
with cIMT (Perez et al. 2015). In order to investigate this observation in more depth,
both model approaches were considered in this study. Therefore, the fourth publication
examined the effects of long-term exposure to air pollution, using the EURAD-CTM as
well as the LUR model, on progression of atherosclerosis in different vessel beds, namely
TAC, CAC, and cIMT.
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Abstract: Two commonly used models to assess air pollution concentration for investigating health
effects of air pollution in epidemiological studies are Land Use Regression (LUR) models and
Dispersion and Chemistry Transport Models (DCTM). Both modeling approaches have been applied
in the Ruhr area, Germany, a location where multiple cohort studies are being conducted. Application
of these different modelling approaches leads to differences in exposure estimation and interpretation
due to the specific characteristics of each model. We aimed to compare both model approaches by
means of their respective aims, modeling characteristics, validation, temporal and spatial resolution,
and agreement of residential exposure estimation, referring to the air pollutants PM2.5, PM10, and
NO2. Residential exposure referred to air pollution exposure at residences of participants of the
Heinz Nixdorf Recall Study, located in the Ruhr area. The point-specific ESCAPE (European Study
of Cohorts on Air Pollution Effects)-LUR aims to temporally estimate stable long-term exposure to
local, mostly traffic-related air pollution with respect to very small-scale spatial variations (ď100 m).
In contrast, the EURAD (European Air Pollution Dispersion)-CTM aims to estimate a time-varying
average air pollutant concentration in a small area (i.e., 1 km2), taking into account a range of
major sources, e.g., traffic, industry, meteorological conditions, and transport. Overall agreement
between EURAD-CTM and ESCAPE-LUR was weak to moderate on a residential basis. Restricting
EURAD-CTM to sources of local traffic only, respective agreement was good. The possibility of
combining the strengths of both applications will be the next step to enhance exposure assessment.

Keywords: air pollution; Land use regression; chemistry-transport dispersion-model
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1. Introduction

A large number of epidemiological studies have shown associations between short-and/or
long-term exposure to outdoor air pollution and adverse health effects [1]. Traditionally, adverse
health effects of air pollution have been divided into effects of short-term variations in air pollution
concentrations, mainly influenced by meteorology, and effects of long-term exposure to air pollution,
where contrasts rely on spatial variation of air pollution concentrations. Early approaches on assessing
exposure to air pollution used average air pollution concentrations of the nearest monitoring station as
a surrogate of personal exposure, assuming homogeneity among air pollution concentrations within
the area surrounding the monitoring station, or even within the whole city [2]. Considering short-term
health effects in ecological time-series studies on air pollution and mortality, it seems reasonable
to assume such a spatially-uniform temporal elevation or reduction in air pollution concentration
because they are dependent on the underlying meteorological conditions. When considering long-term
health effects on an individual basis, however, the spatial and spatio-temporal variations are of great
importance given that outdoor air pollution concentrations vary on a small spatial scale, e.g., within
100 m of a busy road [3]. More recent epidemiological studies have, thus, approached such small-scale
intra-urban variation of air pollution concentrations by using different types of models, such as Land
Use Regression (LUR) models, Dispersion Models (DM), chemistry Transport Model Models (CTM), a
combination of DM+CTM (DCTM), hybrid models, or other alternatives [4,5].

The LUR method, first developed by Briggs et al. [6] in the Small Area Variations In Air quality
and Health (SAVIAH study), uses linear (least squared) regression models to predict monitoring air
pollution data with Geographic Information System (GIS)-based data reflecting pollutant conditions.
Compared to other approaches, LUR models were built to predict temporally-stable long-term air
pollution concentrations applicable to the smallest spatial scale (point-specific), e.g., home residences.

DMs are in general mathematical simulation models to estimate air pollution concentrations by
means of numerical descriptions of deterministic (physical, chemical, and fluid dynamical) processes
of the dispersion of air pollutants in the ambient atmosphere, and typically include data on emissions,
meteorological conditions, and topography [3].

CTMs model the variability in space and time of chemical concentrations in the atmosphere,
using three-dimensional numerical models to simulate processes of emission, transport, chemical
transformation, diffusion and deposition, using emissions, meteorological information, and land use
as input. Most often DMs and CTMs (DCTM) are combined in practice, resulting in spatio-temporal
estimations. Usually DMs and CTMs estimate air pollution concentrations on a coarser spatial scale
compared to the point-specific LUR, e.g., a grid of 1 or 5 km2.

LUR models were developed to estimate exposure concentration at the finest spatial resolution
and have been increasingly used in epidemiological studies due to their relatively low cost and easy
implementation, developed either on the basis of purpose-designed monitoring campaigns or routine
monitoring measurements and appropriate geographic predictors of sources [7]. In contrast, DCTMs
have been developed for air quality, i.e., prediction, regulation and management, putting high demands
on data requirements, costs and the complexity of modeling [6].

So far, only a few studies compared the performance of LUR and dispersion modeling for
estimating exposure to nitrogen dioxide (NO2). While some studies suggested that LUR models
explained small-scale variations in air pollution concentrations as well or even better than various
dispersion models [8–10], Beelen et al. [11] showed that the dispersion models performed better than
LUR models regarding monitored and modeled concentrations on several validation sites. Most
recently, de Hoogh et al. [12] investigated agreement between LUR and DM modeling approaches
aiming to estimate residential exposure to NO2 and particulate matter (PM) with an aerodynamic
diameter ď10 µm and ď2.5 µm (PM10, PM2.5) within the European Study of Cohorts for Air Pollution
Effects (ESCAPE). Comparisons across 4–13 cohorts, including the Heinz Nixdorf Recall (Risk Factors,
Evaluation of Coronary calcium and Lifestyle) (HNR) study, located in the Ruhr area in Germany,
yielded moderate to good correlations between LUR and DM (or DCTM) for NO2 (0.39–0.90) and for
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PM10 and PM2.5 (0.23–0.81). However, single correlation coefficients for the HNR study were below
0.4 for all three pollutants [12], raising the question of comparability of the two different exposure
modelling approaches. So far, most studies on the comparison of different modeling strategies focused
on the residential agreement of estimated exposure concentrations, disregarding the potential reasons
for the disagreement between different modelling approaches, as well as respective strengths and
limitations. Although all exposure metrics are equally used as a surrogate of personal exposure
in epidemiological studies, exposure modeling is strongly influenced by the spatial and temporal
variation of exposure and exposure sources [5]. Furthermore, aims, application, input data but also the
complexity of models might differ, yielding not only different exposure estimates but consequently
different health effect estimates in terms of magnitude and/or statistical significance [5,13].

In the Ruhr area in Germany, the location of multiple epidemiological studies, e.g., the Heinz
Nixdorf Recall study, air pollution concentrations have been modeled with a LUR model as part of the
European Study of Cohorts for Air Pollution Effects (ESCAPE-LUR), as well as with a European Air
Quality and Dispersion Model which is a DCTM (EURAD-CTM) as part of several research projects
investigating health effects of residential air pollution exposure. In this article, we aim to compare
the ESCAPE-LUR model and the EURAD-CTM model focusing on their respective strengths and
limitations. To do so, we compare model approaches by means of their respective aim, application
characteristics, validation, temporal, and spatial resolution and by means of residential agreement.
In addition, we evaluated the agreement of modeled air pollution concentrations by EURAD-CTM
and measured air pollution concentrations at ESCAPE-LUR monitoring sites for overlapping time
windows. Air pollutants of interest are PM2.5, PM10, and NO2.

2. Methods

2.1. Study Area

The Heinz Nixdorf Recall (Risk Factors, Evaluation of Coronary calcium and Lifestyle) (HNR)
study area covers a region of approximately 600 km2 and is located in the highly urbanized Ruhr
Area in the west of Germany, including the cities of Mülheim, Essen, and Bochum. In addition to that
the HNR study area is located within N3, one of the smallest sequential nests developed for the air
pollution modelling purposes of EURAD-CTM. We used locations (x,y) (Gauss–Krüger coordinates) of
4809 residences, located within the HNR study area. According to the Ruhr Regional Association, land
use in the area can be roughly divided into agricultural (~40%), built-up (~40%), and forest and other
regions (e.g., water) (~20%) [14]. The population density of the Ruhr area is about 2100 inhabitants per
1 km2, and in terms of traffic density the area is one of the densest in the whole of Europe (Figure 1). As
an urban area, almost one fifth of the working population is occupied in the industrial sector. Among
many industrial areas, the majority of steel and coal industry is located in Duisburg, in the west of the
Ruhr area, including the biggest steelwork in Europe. Furthermore, Europe’s largest inland harbor is
located directly west of the study area in Duisburg. Intensive shipping takes place on the Rhine, which
flows through Duisburg from south to north.
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Figure 1. Study area, residences, and monitoring sites.

2.2. Exposure Assesment

2.2.1. EURAD-CTM

The EURAD-CTM model [15] is a validated time dependent three-dimensional chemistry
transport model [16–19] developed to predict daily concentrations of air pollutants on a horizontal
grid resolution of 1 km2 (Table 1). The EURAD-CTM model system is a multi-layer, multi-grid
model system for the simulation of transport, chemical transformation, and deposition of tropospheric
constituents [20], and consists of five major parts (Figure S1): (1) the meteorological driver version 3
(MM5V3) [21]; (2) two pre-processors for preparation of meteorological fields and observational data;
(3) the EURAD Emission Model EEM [22], and (4) the Chemistry Transport Model (CTM); including
(5) a model for aerosol dynamics in Europe (MADE) [16,18,23,24]. An additional procedure includes
data assimilation on an hourly basis, using routine measurement data of monitoring sites in North
Rhine-Westphalia (NRW) provided by the local environmental agency: State Agency for Nature,
Environment, and Consumer Protection (LANUV-NRW) [25–27] (intermitted 3d-var) (Figure S1).
EURAD-CTM calculations are performed using a one-way nesting scheme to take long-range transport
into account. Nested grid domains ranged from a European scale (N0: 125 km), to central Europe (N1:
25 km), to NRW (N2: 5 km) in Germany, to the Ruhr area (N3: 1 km), while the vertical resolution is
the same for all model domains (40 m) ([18,20]). In addition to long-range transport, the formation of
atmospheric gases and PM is also included in the model, i.e., the formation of secondary particles in
the atmosphere from primary emitted gaseous pollutants from NO2, sulfur dioxide (SO2), ammonia
(NH3), and Volatile Organic Compounds (VOC) during the transport [19]. Long-range transport
and formation of secondary particles in the atmosphere can contribute considerably to the particle
mass concentration in NRW and the Ruhr area, e.g., more than 50% [28]. The EURAD-CTM is driven
by emissions due to anthropogenic and biogenic sources [29]. Anthropogenic emissions are taken
from officially-available databases as EMEP-grid [30] for Europe and from the LANUV-NRW. The
EURAD-CTM emission input is further structured with respect to different source categories according
to the Selected Nomenclature for Sources of Air Pollution (SNAP-97) [31], including traffic, industry,
and other source categories.
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Table 1. Characteristics of the ESCAPE-LUR and EURAD-CTM approaches to estimate air
pollution concentrations.

- Land use regression (ESCAPE-LUR)
European Air Quality and Dispersion Chemistry Transport Model
(EURAD-CTM)

Model Type

Linear regression model, to predict
annual averages derived from
selected monitored concentrations
with land use data

Mesoscale chemistry transport model involving emissions, transport,
diffusion, chemical transformation, wet and dry deposition, and
sedimentation of gases and aerosols

Aim & Application

Estimation of long-term traffic-related
air pollution for population-based
exposure studies and epidemiological
health outcome analyses

1) Air pollution modeling (forecasts, episode analysis, trend analysis,
reduction scenarios) and Chemical data assimilation studies for
Europe, Central Europe and several German States;

2) Exposure estimation in population-related exposure studies

Model Input

1) Data:
‚ Annual mean AP concentration

(for details see Table S1);
‚ Land use density in 100, 300,

500, 1000, and 5000 m buffers:

˝ Industry
˝ Seaport
˝ urban green
˝ semi-natural
˝ forested areas
˝ number of inhabitants

‚ Traffic data in 25, 50, 100, 300,
500, and 1000 m buffers:

˝ distance
˝ (heavy) traffic intensity

on the nearest road
and nearest major road

˝ (heavy) traffic load on
all roads and
major roads)

1) Data:

‚ Model area projection topography
‚ Land use
‚ Meteorological initial and boundary values
‚ Anthropogenic emission data (according to the Selected

Nomenclature for Sources of Air Pollution (SNAP-97))
‚ Chemical initial and boundary values,
‚ Long-range transport,
‚ Photolysis frequencies.

2) Procedures (Figure S3):

‚ Mesoscale meteorological model (MM5) driven by global
meteorological fields provided by NCEP
(http://www.ncep.noaa.gov/),

‚ EPC, anthropogenic and non-anthropogenic emission modules
(EEM-A, EEM-B),

‚ Aerosol dynamics module (MADE),
‚ Data assimilation a

Modelled Air Pollutants
PM2.5, PM10, NO2

(additional pollutants: PM2.5
absorbance, PM coarse, NO, NOx)

PM2.5, PM10, NO2

(additional pollutants: PM1, O3, SO2, CO, PNC, NH4, NO3, SO4, BC, EC)

Temporal Resolution
(Output)

Yearly mean concentration
(October16, 2008 until October 15,
2009)

Any temporal resolution > day within October 2000
until December 2003 and January 2006 until December 2008 is possible;
e.g., 7-,14-, 21-,28-,91-,182-, and 365-day mean concentration

Model Validation

a) Goodness of fit (cf. Table S2):
PM2.5 (R2 = 0.85),
PM10 (R2 = 0.66),
NO2 (R2 = 0.88)
b) Leave-one-out cross-validation:
PM2.5 (R2 = 0.74),
PM10 (R2 = 0.59),
NO2 (R2 = 0.82)

Validation for daily mean concentration in N3 area with routine
measurements (mean bias, correlation); year:
a) Before data assimilation:
PM10 (´6.5, 0.45); 2006
NO2 (4.0, 0.39); 2007
b) After data assimilation
PM10 (´0.9, 0.93); 2006
NO2 (0.6, 0.95); 2007

Spatial Resolution Point-specific 1 km ˆ 1 km grid

Additional Features

1) XRF-Model for air
pollutant constituents

2) Back-extrapolating back in
time and for specific
time windows

Source-specific air pollutant concentrations (only local traffic (TRA), only
local industry (IND))

a only for PM10 and NO2 for the considered time period.

Output of the EURAD-CTM calculations consists of chemical compounds, such as atmospheric
particle mass, number density, and particle size distribution, as well as concentration of atmospheric
gases, photo oxidants, and a set of volatile organic compounds on an hourly basis for each grid.
EURAD-CTM estimates of PM10 and NO2 concentrations are assimilated using measurements from
all available routine monitoring sites within the region of interest. For the Ruhr area there exists a
maximum of ten monitoring sites, including different air pollution data bases [25]. Using ArcView
9.2, location of residences were assigned to a 1 ˆ 1 km2-grid and then matched to the corresponding
grid-based air pollutant concentration, allowing both short-term (daily mean concentrations) and
long-term (annual mean concentrations) assignment of exposure. The basis of daily mean concentration
allows us to calculate exposure for any temporal resolution with a minimum of one day. Model runs
for the EURAD-CTM within N3 were done for the examination periods of the HNR study (2000–2003
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and 2006–2008). Thus, we are able to assign exposure concentrations of yearly-mean concentrations for
the years 2001, 2002, 2003, 2006, 2007, and 2008 and personalized exposure concentrations of 1-, 7-, 28-,
91-, 182-, and 365-day mean concentrations prior to the date of examination.

As an add-on feature it was possible to model source-specific Air Pollution (AP) concentration
with EURAD-CTM [28]. Briefly, within EURAD-CTM we estimated AP concentration suppressing
local sources within the smallest grid domain (N3), such as traffic and industry by setting to them to
zero (APnoTRA or APnoIND respectively). We then calculated local traffic-specific or industry-specific
AP by taking the difference APTRA = AP ´ APnoTRA or APIND = AP ´ APnoIND, respectively. In earlier
studies, we applied this method to compare the health effects of PM, emitted from local traffic and
local industrial sources within the Ruhr area on levels of highly-sensitive C-reactive protein, a marker
of systemic inflammation [32].

2.2.2. ESCAPE-LUR

LUR models were developed to estimate temporally-stable spatial-variant concentrations of
long-term exposure to traffic-related air pollutants as part of the ESCAPE study (Table 1). Following
the definition of LUR describes a standardized model building procedure developed within the
ESCAPE study, here the ESCAPE-LUR. The ESCAPE-LUR defines a linear prediction model for an air
pollutant concentration, including annual mean air pollution concentrations as a dependent variable
and geographic data on traffic, industry, and population density as potential predictors (independent
variables). Predictor data were collected in a Geographical Information System (GIS), based on
CORINE 2000 definitions [33]. The procedure of model development was standardized within the
ESCAPE study and included a forward selection of predictors based on the incremental improvement
in R2 [34–36]. A predictor was added if addition of the predictor yielded an improvement of R2 by more
than 1%, if the coefficient conformed to the pre-specified direction, and if the direction of previously
selected predictors did not change. In addition, predictors with a p-value > 0.1 were removed, while
predictors with a variance inflation factor (VIF) > 3 and Cook’s Distance (Cook’s D) >1 were further
investigated. To avoid extrapolation, estimated concentrations were truncated at the highest observed
value. Annual air pollution concentrations were based on a measurement campaign in the study
area of interest, including three periods of a 14-day measurement to cover all seasons (cold, warm,
and one intermediate temperature season) from October 2008 until October 2009. The reason for the
choice of 14-days was the settings design of the ESCAPE-LUR measurement campaign, which was
conducted with discontinuous particle measurement devices (Harvard impactors). Measurements
were conducted at 20–40 monitoring sites, placed at locations which were characteristic of traffic and
background pollutant concentrations to measure PM (at 20 sites) and NO2 (at 40 sites) (Figure 1, Table
S1). One additional background reference site was chosen to measure PM and NO2 continuously
during a complete year (starting in October 2008) so that all discontinuous site-specific measurements
could be adjusted to derive a long-term annual average. Measurement data from the reference site
was only used for adjustment and not for ESCAPE-LUR model development. A separate LUR model
was developed for each air pollutant and validated via Leave-One-Out Cross Validation (LOOCV),
excluding one monitoring site at a time. Other choices of model validation are possible, e.g., hold-out
cross validation, which has recently been proposed to perform better [37]. However, in this manuscript
we hold onto the ESCAPE-LUR.

Since ESCAPE included two cohorts located within NRW, namely the HNR study and the Study
on the influence of air pollution on lung function, inflammation, and aging (SALIA), the ESCAPE-LUR
measurement campaign was combined for both studies and ranged from the urban Ruhr area to the
more rural city of Borken (Figure 1) [34,36]. ESCAPE-LUR for PM2.5 included heavy traffic load (1 km
buffer), industry (5 km buffer), population density (1 km buffer), and the x-coordinate of the location
of interest as predictors with an explained variance of R2 = 0.85 (LOOCV-R2 = 0.74) (Table S2) [34].
ESCAPE-LUR for PM10 included heavy traffic load (1 km buffer) and population density (1 km buffer)
with an explained variance of R2 = 0.66 (LOOVC-R2 = 0.59) (Table S1) [34], ESCAPE-LUR for NO2
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included industry (5 km buffer), population density (100 m buffer), inland or seaport (5 km buffer) and
traffic load (100 m buffer) with an explained variance of R2 = 0.88 (LOOVC-R2 = 0.82) (Table S1) [36].
(Heavy) traffic load referred to total (heavy-duty) traffic load of all roads in a buffer (sum of (traffic
intensity ˆ length of all segments)), industry referred to industrial, commercial, and transport units
in a certain buffer; inland or seaport referred to the respective area within a buffer and population
density to the number of inhabitants in a certain buffer. Uncertainty was evaluated as residuum’s mean
squared error in the LOOCV-approach, which was 0.61 for PM2.5, 1.44 for PM10, and 3.19 for NO2.

Based on the coordinates of residence, located within the study area, annual mean concentrations
were estimated using the ESCAPE-LUR prediction models and the relevant GIS predictors. In order
to estimate AP concentration back in time, LUR modeling offers the method of back-extrapolation
using a ratio or absolute difference method. Briefly, routine monitoring data should be available in
order to account for differences of AP concentrations back in time [38]. Within the ESCAPE study,
back-extrapolated AP estimations referred to a two year average (˘ 365 days of the examination
day) in order to avoid any time-specific outliers. An additional feature offered by ESCAPE-LUR is
the possibility to estimate exposure concentration as an average per month or trimester, e.g., before
pregnancy, which might be of interest when investigating birth cohorts.

2.3. Statistical Analysis

Conducted statistical analysis referred to air pollutants PM2.5, PM10, and NO2, estimated using
the EURAD-CTM and the ESCAPE-LUR model. First, we described EURAD-CTM grid-based
concentrations for the whole HNR study area for the years 2001–2003 and 2006–2008 by mean and
standard deviation (mean ˘ SD) as well as minimum and maximum (Min, Max). Secondly, we
described residence-based exposures derived from the EURAD-CTM and from the ESCAPE-LUR
by mean ˘ SD (Min, Max) and Person’s correlation coefficients for the most closely matched annual
time-window: year 2008 for EURAD-CTM vs. annual mean ESCAPE-LUR (i.e., based on measurements
from October 2008 until October 2009). Considered air pollutants were PM2.5, PM10, and the gas
NO2. In addition, we calculated Spearman’s correlation coefficient between 14-day mean air pollution
concentrations measured at ESCAPE measurement sites (traffic and background) and 14-day mean
air pollution concentrations calculated by EURAD-CTM for the grid cells that included an ESCAPE
measurement site within the time period of October 2008–December 2008.

To evaluate an overall agreement between routinely measured air pollution concentrations, we
compared annual mean concentrations of three routine monitoring stations provided by LANUV,
located within the Ruhr area, and thus within EURAD specific grid cells (gc), with annual estimated
air pollution concentrations estimated by EURAD-CTM and ESCAPE-LUR. Details of routine
measurement stations are given in Table S3. Referred monitoring sites are the above mentioned
reference site in Mülheim-Styrum (STYR) (gc: 679), an additional background site, located in
Essen-Vogelheim (EVOG) (gc: 942), and one traffic site, located at a highly trafficked road in
Essen (VESN) (gc: 690). For the comparison with the EURAD-CTM we considered annual mean
concentrations from January 1, 2008 until December 31, 2008, while for the comparison with the
ESCAPE-LUR we considered annual means from October 16, 2008 until October 15, 2009 in order to
match the time window of the ESCAPE measurement campaign. Annual mean concentrations modeled
by the ESCAPE-LUR referred to the location (coordinate points) of monitoring sites. In addition to that
we calculated Pearson’s correlation coefficients between daily measurements of LANUV monitoring
sites and daily estimations by EURAD-CTM for the year 2008.

With regard to different temporal resolution, we compared EURAD-CTM air pollution
concentration estimates to measured air pollution concentrations on a monthly basis to yearly mean
concentrations (2006, 2007, and 2008) estimated by EURAD-CTM in two of the above mentioned grid
cells (679 and 690). In contrast we visualized time-dependent measurements of the two corresponding
routine monitoring sites (STYR and VESN) on a monthly basis as well as the temporally stable air
pollution concentration estimated by ESCAPE-LUR for the specific locations of routine monitoring
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sites. For ESCAPE-LUR values we used the original, not back-extrapolated values, since during
the study period of 2006–2008, no substantial changes of long-term air pollutant concentrations
were observed at the routine monitoring sites, therefore not having a meaningful influence on the
back-extrapolated values.

With respect to the additional feature of source-specific estimation of air pollution concentrations,
we further investigated the correlation of traffic-specific and industry-specific EURAD-CTM
(EURAD-CTMTRA and EURAD-CTMIND, respectively) and ESCAPE-LUR concentrations at residence
as well as at locations of specific ESCAPE measurement sites.

Statistical analysis were carried out with the statistical software R version 3.1.3 (2015-03-09) [39].

3. Results and Discussion

3.1. Comparison of Residence-Based EURAD-CTM and ESCAPE-LUR

Residence-based air pollution concentrations (for 4809 residences within the HNR study area)
estimated by EURAD-CTM as yearly-mean air pollution concentrations for the years 2001–2003 (not
including 2000 since modeling did not start before October 2000), 2006–2008 and estimated yearly
mean air pollution concentrations by ESCAPE-LUR as well as back-extrapolated ESCAPE-LUR air
pollution concentration estimates are presented in Table 2 for PM2.5, PM10, and NO2 and visualized in
Figure 2 for the year 2008 (EURAD-CTM) and October 2008–October 2009 (ESCAPE-LUR), respectively.

Table 2. Description of residence-based air pollutant exposure estimates PM2.5, PM10, and NO2 from
EURAD-CTM and ESCAPE-LUR for 4809 residences within the HNR study area.

– PM2.5 PM10 NO2

Mean ˘ SD (Min, Max) Mean ˘ SD (Min, Max) Mean ˘ SD (Min, Max)

EURAD-CTM (µg/m3)

2001 year-mean 16.6 ˘ 1.5 (14.0, 21.6) 21.2 ˘ 2.9 (17.0, 30.1) 42.2 ˘ 4.2 (28.2, 55.4)
2002 year-mean 16.8 ˘ 1.4 (14.3, 21.2) 20.4 ˘ 1.9 (16.7, 27.0) 39.3 ˘ 3.8 (27.5, 50.2)
2003 year-mean 18.2 ˘ 1.4 (15.5, 22.7) 22.4 ˘ 3.3 (17.8, 32.4) 42.7 ˘ 4.1 (30.1, 56.1)
2006 year-mean 16.2 ˘ 1.3 (13.9, 21.2) 21.0 ˘ 3.7 (16.5, 34.2) 40.0 ˘ 4.8 (27.1, 57.2)
2007 year-mean 15.7 ˘ 1.3 (13.4, 20.3) 19.8 ˘ 2.9 (15.7, 30.8) 37.7 ˘ 4.5 (26, 53.7)
2008 year-mean 14.6 ˘ 1.1 (12.5, 19.0) 18.0 ˘ 2.3 (14.9, 25.1) 37.5 ˘ 3.9 (26.3, 47.9)

ESCAPE-LUR (µg/m3)

back-extrapolated
(2-year averages)

– 30.3 ˘ 2.1 (25.5, 38.7) 30.5 ˘ 5.0 (19.3, 62.0)

Year 2008–2009 18.4 ˘ 1.0 (16.0, 21.4) 27.7 ˘ 1.8 (23.9, 34.7) 30.1 ˘ 4.9 (19.8, 62.4)

Difference (µg/m3)

∆ESCAPE-LUR (2008–09)
EURAD-CTM (2008)

3.7 ˘ 1.3 (´0.7, 7.0) 9.8 ˘ 2.4 (0.9, 16.5) ´7.4 ˘ 4.9 (´26.8, 18.9)

On a residential basis, estimated PM2.5 and PM10 concentrations revealed a consistent decline
since 2006 (Table 2). Considering the back-extrapolated ESCAPE-LUR and ESCAPE-LUR, we also
observed a decline over time. Observed declines are accounted for by ongoing nation- and state-wide
air quality regulations.

Comparing EURAD-CTM (2008) and ESCAPE-LUR (2008–09), however, we saw that the
overall mean of the ESCAPE-LUR was considerably higher compared to the overall yearly-mean
of EURAD-CTM (∆PM2.5 = 3.7 ˘ 1.3 µg/m3 and ∆PM10 9.8 ˘ 2.4 µg/m3, respectively). Ranges
for PM2.5 estimated by EURAD-CTM were slightly smaller than estimated by ESCAPE-LUR (5.4 vs.

6.5 µg/m3), while ranges for PM10 were more similar for both models (10.8 vs. 10.0 µg/m3). Smaller
ranges of air pollution concentrations from EURAD-CTM are not unexpected due to the smoothing
pattern within 1 km2.

Explanations for the difference in mean concentrations for PM might be a consequence of the finer
spatial resolution of the ESCAPE-LUR, since high exposure peaks in a very close proximity to busy
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roads are better captured with this model than with the EURAD-CTM, especially considering that
residences are usually located close to the roads and not randomly distributed across a certain area.

∆ESCAPE –
3.7 ± 1.3 (−0.7, 7.0) −7.4 ± 4.9 (−26.8, 18.9)

 

–

–

CTM (∆PM 1.3 µg/m³ and ∆PM

Figure 2. Spatial distribution of EURAD-CTM (1 km2, yearly mean 2008, (A)) and ESCAPE-LUR
(yearly mean October 2008–October 2009, (B)) at 4809 residences within the HNR study area for PM10.

Pearson’s correlation coefficients between models were rather weak for both, PM2.5 and PM10,
with 0.33. This rather weak correlation has been reported earlier [12] and is not unexpected due to the
different spatial resolution but also due to the different spatial distribution of PM concentrations
for the two modelling approaches within the study area (Figure 2 and Figure S2): while we
observed a west-to-east gradient for EURAD-CTM with higher concentrations in the west, estimated
concentrations of ESCAPE-LUR revealed only a slight west-to-east gradient, which was prominently
overlapped by an additional decreasing north-to-south and local hot spots, e.g., in Essen at a motorway
intersection. In our study area the decreasing west-to-east gradient mirrors the distribution of industrial
locations, e.g., metallurgical-industry and Europe’s largest inland harbour in Duisburg, located to the
west of the study area (Figure 1), as well as transported emissions from other countries in the west
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of study area, e.g., the Netherlands or Great Britain. The decreasing north-to-south gradient on the
other hand is consistent with the population density and the location of major arterial roads within
our study area [32].

NO2 concentrations estimated by EURAD-CTM showed an overall decrease between 2001
with 42.2 µg/m3 and 2008 with 37.7 µg/m3, while a change between the ESCAPE-LUR and the
back-extrapolated ESCAPE-LUR was not observed. Yet, in contrast to PM, temporally-stable NO2

concentrations estimated by ESCAPE-LUR were systematically lower than estimated by EURAD-CTM
(∆NO2 = ´7.4 ˘ 4.9 µg/m3). One explanation for this difference could be a misrepresentation
of industrial sources within the ESCAPE modeling approach: “industry” referred to industrial,
commercial and transport units in a certain buffer, giving no information of the emission of such
sources. Ranges of concentrations, however, were twice as big for the ESCAPE-LUR compared to
the EURAD-CTM (42.4 vs. 21.9 µg/m3), probably driven by greater small-scale variations due to
point-specific estimates and the consideration of traffic load within a buffer of 100 m. Unlike spatial
gradients for PM2.5 and PM10, we observed a more pronounced northwest-to-southeast-gradient for
EURAD-CTM for NO2, while the distribution of NO2 by ESCAPE-LUR did not reveal a clear gradient,
but local hot spots near major roads or motorway intersections (Figure S2). Similar to PM, correlation
between EURAD-CTM NO2 and ESCAPE-LUR NO2 was rather weak with a correlation coefficient
of 0.4.

3.2. Comparison of Estimated and Measured Air Pollution Concentrations

3.2.1. Comparison between 14-Day Mean ESCAPE-LUR Measurements and EURAD-CTM Estimates

In order to evaluate EURAD-CTM estimates we compared estimated 14-day mean AP
concentrations by EURAD-CTM to available 14-day measurements taken during the ESCAPE
measurement campaign. Descriptive statistics and correlation coefficients of these 14-day mean
measured air pollution concentrations at ESCAPE measurement sites (background, traffic (cf. Table
S2), and both) and the respective 14-day mean air pollution concentrations estimated by EURAD-CTM
in the corresponding grid cells are shown in Table 3 for air pollutants PM2.5, PM10, and NO2.

Table 3. Description of 14-day mean measured air pollution concentrations at ESCAPE measurement
sites (background and/or traffic) and 14-day mean air pollution concentration estimations of
EURAD-CTM in the corresponding grid cells for PM2.5, PM10, and NO2.

Background
ESCAPE Site (µg/m3) EURAD-CTM (µg/m3)

Spearman Correlation Coefficient (r)
Mean ˘ SD Mean ˘ SD

PM2.5 (N = 9) 17.78 ˘ 2.40 19.80 ˘ 5.80 0.34
PM10 (N = 9) 26.12 ˘ 4.70 23.29 ˘ 5.98 0.93
NO2 (N = 16) 37.85 ˘ 6.21 50.82 ˘ 10.07 0.34

traffic

PM2.5 (N = 6) 19.75 ˘ 3.75 21.78 ˘ 6.96 0.43
PM10 (N = 6) 29.26 ˘ 4.95 26.97 ˘ 7.68 0.37
NO2 (N = 13) 50.43 ˘ 9.83 58.04 ˘ 10.33 0.60

Background + traffic

PM2.5 (N = 15) 18.57 ˘ 3.05 20.59 ˘ 6.13 0.45
PM10 (N = 15) 27.37 ˘ 4.89 24.77 ˘ 6.71 0.77
NO2 (N = 29) 43.49 ˘ 10.13 54.06 ˘ 10.65 0.55

Overall, 14-day mean EURAD-CTM estimates for PM2.5 are slightly higher than mean of 14 daily
measurements at the ESCAPE sites, while EURAD-CTM estimates for PM10 are slightly lower and
EURAD-CTM estimates for NO2 are considerably higher, especially regarding the ESCAPE background
site (Table 3).
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The highest correlation coefficient (r) was observed for PM10 between EURAD-CTM and ESCAPE
background sites (r = 0.93), while the lowest correlation was observed for PM10 between EURAD-CTM
and ESCAPE traffic sites (r = 0.37). This finding is not unexpected, regarding the aim, input,
and construction of the two modeling approaches (Table 1): the EURAD-CTM aims to assess an
average concentration in a 1 km2 grid cell, taking into account long-range transport rather than
locally-emitted pollution, in contrast to the ESCAPE-LUR, which was specifically designed to assess
mostly traffic-related differences in exposure concentration. For PM2.5, however, we did not observe a
clear distinction between background and traffic sites, whereas correlation coefficients for NO2 were
higher between EURAD-CTM and ESCAPE traffic sites (r = 0.60) than between EURAD-CTM and
ESCAPE background sites (r = 0.34). One reason for the low to moderate correlation between PM2.5

modeled by EURAD-CTM and PM2.5 measured at ESCAPE sites could be the lack of the assimilation
procedure within EURAD-CTM, since PM2.5 has only been measured at routine monitoring sites since
2009. So, for the considered period of time, estimated PM2.5 was only assimilated indirectly taking a
(constant) proportion of PM10 and PM2.5 into account.

Overall, correlations between EURAD-CTM estimates and measured concentrations at all ESCAPE
measurement sites were moderate for PM2.5 (r = 0.45) and NO2 (r = 0.55), and high for PM10 (r = 0.77)
and, therefore, slightly better than comparing residence-based modeled air pollution concentrations
between EURAD-CTM and ESCAPE-LUR.

3.2.2. Comparison between Routinely-Monitored and Estimated Air Pollution Concentrations

Overall correlations between daily measurements at routine monitoring sites and EURAD-CTM
estimations over one year (2008) were strong for PM10 and NO2 (>0.8) and moderate for PM2.5

(0.66–0.74) for both, background and traffic monitoring site (Table 4). This finding is a consequence of
the assimilation procedure within EURAD-CTM for PM10 and NO2.

Taking into account absolute annual values, we observed several findings: annual averages for
January 2008 until December 2008 differ considerably from annual averages from 16 October 2008
to 15 October 2009 (ESCAPE measurement period), for PM (Table 4). Generally, PM concentrations
throughout Germany were at a minimum in 2008, as reported by the Federal Environment Agency [40].
This finding points to the importance of a fine temporal resolution even in medium- and long-term
exposure estimations.

Considering uncertainty, the EURAD-CTM estimations underestimated PM and overestimated
NO2 at background monitoring sites, while the ESCAPE-LUR estimations agreed well for PM2.5

(all sites) and PM10 (background sites), but tended to underestimate NO2 concentrations considerably
(Table 4). The latter is supported by mean squared errors of the LOOCV, which were remarkably
higher for NO2 than for PM. Furthermore, we observed considerable disagreement between predicted
ESCAPE-LUR PM10 and measured PM10 at the routine monitoring traffic-site. This finding might be
a consequence of the disagreement between PM10 measured at the routine monitoring site and the
measured PM10 at the closest ESCAPE site (26.64 vs. 32.70 µg/m3), which were located only 2.2 m
away from each other.
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Table 4. Yearly mean air pollution concentrations measured at routine monitoring sites (background (BG) and traffic (TRAFFIC)), provided by LANUV, modeled by
EURAD-CTM (for the respective grid cell), modeled by ESCAPE-LUR (at the location of the routine monitoring sites) and measured adjusted yearly mean at the
closest ESCAPE site plus Pearson’s correlation coefficient between LANUV daily measurements and EURAD-CTM daily estimations for PM2.5, PM10, and NO2.

Air Pollutant (µg/m3) LANUV Monitor (2008) EURAD-CTM (2008)
Pearson Correlation Coefficient

(LANUV*EURAD-CTM)
LANUV Monitor (October

2008–October 2009)
ESCAPE-LUR Prediction

(October 2008-October 2009)
Closest

ESCAPE-Measurement Site

Mülheim-Styrum (BG) (grid cell: 679)

PM2.5 17.90 16.33 0.66 20.71 19.50 19.00 a

PM10 25.24 23.21 0.88 28.20 28.86 29.00 a

NO2 34.17 39.33 0.80 34.67 31.42 33.00 a

Essen-Vogelheim (BG) (grid cell: 942)

PM2.5 22.08 16.21 0.74 20.18 19.31 18.50 b

PM10 27.66 23.79 0.81 27.32 26.64 26.40 b

NO2 35.17 41.56 0.76 35.70 28.75 53.30 c

Essen-Ost city (TRAFFIC) (grid cell: 690)

PM2.5 20.08 14.72 0.69 20.51 21.05 20.90 d

PM10 26.61 23.77 0.81 26.64 33.38 32.70 d

NO2 46.36 44.97 0.87 47.65 42.01 43.50 d

a 6.7 m; b 2665.0 m; c 4060.1 m, d 2.2 m.
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3.3. Temporal Resolution of Air Pollution Concentrations

Regarding different years (2006–2008) we saw a weak time-dependent decline in PM
concentrations (Table 2), in line with the observed overall decline in PM concentrations from the
year 2001 to 2008 within the HNR study area [29]. To examine the temporal resolution on a monthly
basis, Figure 3 and Figure S3 present monthly distributions of EURAD-CTM estimated air pollution
concentrations of PM10, PM2.5, and NO2 respectively, in two grid cells, including one background grid
cell (679) and one traffic routine monitoring site grid cell (690), presenting spatial variation. For the
purpose of comparison, yearly mean air pollution concentrations estimated with EURAD-CTM for the
two grid cells as well as the temporally-stable ESCAPE-LUR air pollution concentrations estimated
at the locations of the monitoring sites, and monthly-based measured air pollution concentration at
routine monitoring sites are presented as lines. Overall, we observed strong seasonal variation (high in
winter and low in summer) for estimated EURAD-CTM air pollution concentrations and measured air
pollution concentrations, which cannot be detected when using the temporally stable ESCAPE-LUR
estimates. While ESCAPE-LUR estimates are primarily designed to yield long-term exposure estimates
without temporal resolution, the integration of other measurements (i.e., from routine monitoring
sites), or other measurement periods (e.g., three month instead of one year), can be used to derive
LUR-data for the analysis of medium-term health effects [41], although not covered in this manuscript.

–

 

Figure 3. Box plots of air pollution concentrations of PM10 over time for two grid cells (gc), representing
background (gc: 679) and traffic (gc: 690), estimated by EURAD-CTM on a monthly and yearly basis,
long-term ESCAPE-LUR estimation and measured at monitoring sites on a monthly basis (median
per month).

The seasonal patterns differed slightly across years and air pollutants (Figure 3 and Figure S3).
Reasons for such differences might be specific meteorological conditions during the observation period
as well as different chemical processes differentially influencing the concentration of the examined
air pollutants, e.g., regarding transport, deposition or physical and chemical aging. These observed
seasonal changes underscore the importance of time-dependent air pollution models for the analysis of
short- and medium-term health effects. When using a LUR for short- and medium-term exposures, a
finer temporal resolution can be achieved using back-extrapolation based on routine monitoring sites,
as has been applied for birth outcomes in the framework of ESCAPE [41]. Furthermore, estimated
PM2.5 by EURAD-CTM, although following the seasonal pattern of measured PM2.5, was considerably
under-estimated, reflecting the lack of data assimilation within this modeling procedure. In contrast to
the temporal variation over the considered time period, the spatial variation, presented by the two
locations of a background and traffic site, is considerably smaller. This finding is in line with earlier
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findings, indicating a slightly higher temporal, than spatial, variation of particle number concentrations
within the Ruhr area [42].

3.4. Source-Specific EURAD-CTM

Estimated local traffic-specific (TRA) and local industry-specific (IND) air pollution concentrations
take up only a small amount of all sources: for PM2.5 local traffic takes up 3.4% and local industry
9.6%; for PM10 it is 2.7% and 10.5%, respectively, and for NO2 it is 21.4% and 2.4%, respectively.
Correlation coefficients between PM concentrations, including all sources and including only local
traffic, were weak (0.34–0.43), while all-sources PM and industry-specific PM correlated well (0.73–0.96)
(Figure 4). Correlation coefficients for NO2 were, in contrast to PM, higher between all sources
and local-traffic (0.63) and lower for industry-specific (0.44). The rather small amount of local
traffic-and industry-specific concentrations is not surprising considering that long-range transport and
formation of secondary particles in the atmosphere can contribute considerably to the particle mass
concentration in North-Rhine-Westphalia and the Ruhr area, sometimes more than 50% depending
on the meteorological situation [28]. The spatial distribution within the study area, represented
by quintiles of respective PM10 distributions (Figure 4), illustrates that the agreement between all
sources and industry-specific sources is better than between all sources and traffic-specific PM. Due to
substantial industrial emissions from the Duisburg inland harbor and the adjacent industrial area west
of the study region, a strong west-east gradient can be observed for industry-specific PM and for all
sources PM. The spatial distribution traffic-specific PM follows closely the population-density in the
study area, with a strong north-to-south gradient.

The associations between residence-based exposure estimates derived from EURAD-CTMTRA

and ESCAPE-LUR are relatively high (PM2.5: 0.69, PM10: 0.58, and NO2: 0.45), while they are
expectedly considerably lower for EURAD-CTMIND and ESCAPE-LUR (PM2.5: 0.16, PM10: 0.0, and
NO2: 0.25) (Table 5). Such patterns are displayed for PM10 in the spatial distribution of traffic-specific
EURAD-CTM and ESCAPE-LUR and industry-specific EURAD-CTM and ESCAPE-LUR, respectively
(Figure 4). A similar pattern is observed taking into account correlations for 14-day mean measurements
at ESCAPE monitoring stations (background and traffic) and estimated 14-day mean EURAD-CTMTRA

within respective grid cells (Table 5).

Table 5. Spearman correlation coefficients between 14-day series of measurements at ESCAPE-LUR-
monitoring stations and 14-day mean estimations of EURAD-CTMTRA in respective grid cells.

EURAD-CTMTRA (Traffic-Specific) ESCAPE Background Sites ESCAPE Traffic Sites All ESCAPE Sites

PM2.5 0.69 (n = 9) 0.88 (n = 6) 0.77 (n = 15)
PM10 0.02 (n = 9) 0.83 (n = 6) 0.32 (n = 15)
NO2 0.57 (n = 16) 0.79 (n = 13) 0.63 (n = 29)

These observations indicate that EURAD-CTM and ESCAPE-LUR do not represent identical
aspects of air pollution: while EURAD-CTM represents an area average similar to urban background
concentrations, the ESCAPE-LUR was designed to predominantly estimate variability in local
traffic-related air pollution, leading to a comparatively high correlation with local traffic-specific
air pollution concentrations modeled by EURAD-CTM. The very low correlation with local
industry-specific air pollution concentration at the residences indicates, that ESCAPE-LUR represents
industry rather poorly compared to EURAD-CTM, where the overall spatial distribution (Figure 3) is
mainly driven by industrial sources as has been observed in a previous study [32].
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Figure 4. Residence-based spatial distribution of PM10 concentrations from EURAD-CTM: all-sources
(A); local traffic (B) and local industry (C); and ESPCAPE-LUR (D).

4. Conclusions

Based on the comparison between air pollution concentrations modeled by ESCAPE-LUR and
EURAD-CTM within the HNR study area, we showed that both model types have different input data
as well as different temporal and spatial resolutions, driven by their different aims and application.
While the point-specific ESCAPE-LUR primarily aims to estimate temporally stable and spatial variable
long-term exposure to locally-emitted (mostly traffic-related) air pollution with a very high spatial
resolution, the EURAD-CTM aims to estimate a spatio-temporal average air pollutant concentration in a
small area (i.e., 1 km2), taking into account a range of major sources, e.g., traffic, industry, meteorological
condition, and transport. While the observed weak to moderate overall agreement between the
ESCAPE-LUR and the EURAD-CTM supports earlier findings [12], our analysis showed that the
agreement between the two models improved considerably after restricting the EURAD-CTM to local
traffic only. This finding was further supported by results comparing 14-day mean concentrations
estimated by EURAD-CTM and measured at purpose-specific ESCAPE monitoring sites, yielding the
highest correlations for traffic-specific EURAD-CTM estimates and measurements at traffic sites.

One of the principal strengths of the point-specific ESCAPE-LUR is to capture very small-scale
variations in air pollution. Yet, this accuracy may be more error-prone than the coarser spatial
resolution of 1 km2 used by EURAD-CTM, regarding exposure assignment in cases of high personal
mobility within small distances, like daily chores around the residence. The biggest strength of an
LUR approach in general is the wide-ranging applicability, like the relatively small requirements on
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measurement sites (low cost), the individual location of measurement sites, the easy assessment of land
use data, and the straight forward model building procedure, based on linear regression modeling. In
contrast, the EURAD-CTM, or chemical transport and dispersion modeling approaches in general, are
less accessible to changes by the user due to the highly complex underlying mathematical, physical,
and chemical modelling procedures. These complex procedures are, however, accompanied with
benefit of including chemical transport actions, which allow modeling air pollution components that
have not been measured. The LUR, on the other hand, is limited to modelling measured air pollutants.
Moreover, CTMs enable the investigation of the role of meteorology and the prediction of air pollutant
concentrations under hypothetical emission situations.

The comparatively easy applicability of LUR modeling and statistical model building procedure
may come along with potential costs of wrong decisions: the initial choice of locations of the
measurement sites limits the specificity of the model to capture those emission sources, whose
concentration gradients are well captured by the chosen sites and may fail to capture all important
source-specific concentration gradients across a study area, especially if important sources change
over time. Restricting predictors to land use data might neglect important predictors of air pollution
concentrations from other sources and processes, like chemical interaction and transport. Similarly,
CTMs are only valid if based on a comprehensive and detailed emission database. To overcome
limitations of each of the models and optimally make use of the respective strengths, we propose to
combine the two approaches into a hybrid model [43,44]. These hybrid models are usually based on
the LUR model since LURs are by design much easier to modify.

To conclude, our results show that ESCAPE-LUR and the EURAD-CTM are constructed to estimate
complementary aspects of air pollution and both approaches have respective strengths and limitations,
which need to be considered especially when investigating health effects. The possibility of combining
the strengths of both, e.g., using hybrid models will be the next step to enhance exposure assessment.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4433/7/3/48/s1.
Figure S1: Flowchart of the EURAD model system containing the meteorological driver MM5, the pre-processors
ECP and PREP, the emission model EEM and the chemistry transport model EURAD (input parameters are
shaded in blue, output parameters are shaded in yellow and procedural parts are shaded in green or magenta),
Figure S2: Spatial distribution of EURAD-CTM (1 km2, yearly mean 2008) and ESCAPE-LUR (point-specific yearly
mean October 2008–October 2009) at 4809 residences within the HNR study area for PM10 (A+C) and NO2 (B+D),
Figure S3: Boxplots of air pollution concentrations of monthly-mean PM10 and NO2 concentrations over three
year for a traffic-specific (grid cell: 690), and a background-specific location (grid cell: 679) with annual mean
ESCAPE-LUR estimates and annual measurements at LANUV monitoring sites, Table S1: Time and locations
of the ESCAPE-measurement campaign, Table S2: ESCAPE-LUR for PM2.5, PM10 and NO2, Table S3: Time and
Location of routine monitoring sites, provided by LANUV, within the HNR study area.
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Figure S1. Flowchart of the EURAD model system containing the meteorological driver MM5, the 
pre-processors ECP and PREP, the emission model EEM and the chemistry transport model EURAD 
(input parameters are shaded in blue, output parameters are shaded in yellow and procedural parts 
are shaded in green or magenta) [1]. 
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Figure S2. Spatial distribution of EURAD-CTM (1 km2, yearly mean 2008) and ESCAPE-LUR (point-specific yearly mean October 2008–October 2009) at 4809 residences 
within the HNR study area for PM10 (A+C) and NO2 (B+D). 
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Figure S3. Boxplots of air pollution concentrations of monthly-mean PM10 and NO2 concentrations 
over three year for a traffic-specific (grid cell: 690), and a background-specific location (grid cell: 679) 
with annual mean ESCAPE-LUR estimates and annual measurements at LANUV monitoring sites. 
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Table S1. Time and locations of the ESCAPE-measurement campaign. 

Time of measurements 

Autumn: 
• 16 October 2008–30 October 2008 
• 3 November 2008–17 November 2008 
• 19 November. 2009–3 December 2008 
• 5 December 2008–19 December 2008 
Winter: 
• 7 January 2009–21 January 2009 
• 26 January 2009–9 Febuary 2009 
• 11 Febuary 2009–25 Febuary 2009 
• 27 Febuary 2009–13 March 2009 
Spring/summer: 
• 24 June 2009–8 July 2009 
• 10 July 2009–24 July 2009 
• 28 Jul. 2009–11 August 2009 
• 13 August 2009–27 August 2009 

Characteristics of site 

Background: 
• No influence by sources in the “direct vicinity” of site 
• No more than 3000 vehicles per day in a 50 m-buffer 
• No important sources of PM or NOx within a 100 m-buffer (combustion source, 
construction works, small industries, district heating plant, parking areas) and 
• Distance to large industries > 100 m. 
Traffic: 
• Traffic intensity > 10,000 vehicles per day at site location 
• Absence of other sources (preferable) 
• Ground level or first floor measurements (2–3 m). 

Filter type of 
measurement sites 

NO2: Ogawa badges 
PM: Harvard Impactors 

Table S2. ESCAPE-LUR for PM2.5, PM10 and NO2. 

Air 
Pollutant 

Linear Model Predictors Adj. R2 LOOCV-R2 

PM2.5 

81.73 + 5.61 × 10−8 × 
HEAVYTRAFLOAD_1000 + 1.20 × 

10−7 × INDUSTRY_5000 + 1.04 × 10−4 × 
POP_1000 − 2.57 × 10−5 × XCOORD 

Heavy traffic load in a 1000 m-buffer, 
Industry in a 5000m-buffer, 

Population in a 1000m-buffer, 
X-Coordinate of residential address 

0.85 0.74 

PM10 
23.86 + 1.47 × 10−7 × 

HEAVYTRAFLOAD_1000 + 2.44 × 
10−4 × POP_1000 

Heavy traffic load in a 1000m-buffer, 
Population in a 1000m-buffer 

0.66 0.59 

NO2 

19.66 + 3.48 × 10−7 × INDUSTRY_5000 
+ 0.022 × POP_100 + 4.1 × 10−6 × 

PORT_5000 + 1.31 × 10−6 × 
TRAFLOAD_100 

Industry in a 5000m-buffer, Population in a 
100 m-buffer, inland sea-ports in a 5000 
m-buffer, traffic load in a 100 m-buffer 

0.88 0.82 

Table S3. Time and Location of routine monitoring sites, provided by LANUV, within the HNR study area [2]. 

Name and Adress of Monitoring Site Air Pollutant and Time of Monitoring Frequency of Monitoring

Mülheim-Styrum (STYR) 
Neustadtstraße, 45476 Mülheim 

NO2 (since 1981) 
PM10 (since 2002) 
PM2.5 (since 2007) 

Daily 
Daily 

2-day-basis 

Essen-Vogelheim (EVOG) 
Hafenstraße, 45356 Essen 

NO2 (since 1985) 
PM10 (since 2002) 
PM2.5 (since 2008) 

Daily 
Daily 

2-day-basis 

Essen-Ost (VESN) 
Steelerstraße, 45138 Essen 

NO2 (since 1986) 
PM10 (since 2003) 
PM2.5 (since 2003) 

Daily 
Daily 
Daily 
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BACKGROUND: Although epidemiologic studies have shown associations between particle mass and daily mortality, evidence on other particle metrics
is weak.
OBJECTIVES:We investigated associations of size-specific particle number concentration (PNC) and lung-deposited particle surface area concentration
(PSC) with cause-specific daily mortality in contrast to PM10.
METHODS: We used time-series data (March 2009–December 2014) on daily natural, cardiovascular, and respiratory mortality (NM, CVM, RM) of
three adjacent cities in the Ruhr Area, Germany. Size-specific PNC (electric mobility diameter of 13:3–750 nm), PSC, and PM10 were measured at an
urban background monitoring site. In single- and multipollutant Poisson regression models, we estimated percentage change (95% confidence interval)
[% (95% CI)] in mortality per interquartile range (IQR) in exposure at single-day (0–7) and aggregated lags (0–1, 2–3, 4–7), accounting for time trend,
temperature, humidity, day of week, holidays, period of seasonal population decrease, and influenza.
RESULTS: PNC100–750 and PSC were highly correlated and had similar immediate (lag0–1) and delayed (lag4–7) associations with NM and CVM, for
example, 1.12% (95% CI: 0.09, 2.33) and 1.56% (95% CI: 0.22, 2.92) higher NM with IQR increases in PNC100–750 at lag0–1 and lag4–7, respectfully,
which were slightly stronger then associations with IQR increases in PM10. Positive associations between PNC and NM were strongest for accumula-
tion mode particles (PNC 100–500 nm), and for larger UFPs (PNC 50–100 nm). Associations between NM and PNC<100 changed little after adjust-
ment for O3 or PM10, but were more sensitive to adjustment for NO2.
CONCLUSION: Size-specific PNC (50–500 nm) and lung-deposited PSC were associated with natural and cardiovascular mortality in the Ruhr Area.
Although associations were similar to those estimated for an IQR increase in PM10, particle number size distributions can be linked to emission sour-
ces, and thus may be more informative for potential public health interventions. Moreover, PSC could be used as an alternative metric that integrates
particle size distribution as well as deposition efficiency. https://doi.org/10.1289/EHP2054

Introduction
Increases of daily fine particulate matter [PM ≤2:5 lmand
≤10 lm, respectively, in aerodynamic diameter (PM2:5 and
PM10)] have been shown to be associated with natural mortality
(NM) in several North American and European cities (HEI
2010; Katsouyanni and Samet 2009; Samoli et al. 2008).
Epidemiological studies have further shown that PM is associ-
ated with adverse health effects, such as short- and long-term
cardiovascular morbidity and mortality, diseases of the central
nervous system, respiratory morbidity, and lung cancer (WHO
2013). Toxicological studies suggest that inhaled ultrafine par-
ticles (UFPs) might be particularly harmful, because they can
pass the lung epithelium more easily and translocate into
the blood to be transported to other organs (Oberdörster et al.
2005). However, epidemiological evidence on pathogenic health
effects of UFPs is still limited and inconclusive (HEI Review
Panel on Ultrafine Particles 2013; WHO 2013), mainly due to the

lack of routinely monitored UFP data and few dedicated measure-
ment campaigns in the framework of specific research projects.
UFPs are commonly measured as particle number concentration
(PNC), representing more than 85% of the total PM2:5 particle
number (Hinds 1999) while contributing little to the PM con-
centration. The latter is usually the only regulated ambient air
particle metric worldwide. Although PM is a mixture compos-
ited by different particle sizes and numbers, particles of differ-
ent size and number concentration are usually generated by
different sources (Morawska et al. 1999) such that size and
number distribution may provide a better understanding to
identify sources as a potential basis for an intervention mea-
sure. The commonly used UFPs, defined as particles with an
electric diameter <100 nm, for example, combine nucleation
and Aitken mode particles (<30 nm and 30–100 nm respec-
tively), whereas combustion-generated particles (from vehicle
emissions) range from 30 nm to 500 nm (Vu et al. 2015). UFP
concentration alone therefore does not inform about the differ-
ent sources of the particles.

Another potentially important metric is the integrated measure
of lung-deposited surface area concentration of airborne particles
(PSC), which takes into account the surface area as well as the
size-dependent deposition efficiency of respective particles in
the respiratory system. This metric thus constitutes a proxy of
the particle’s reactivity, which is related to surface area, as well
as its capacity to carry adsorbed chemical species, both possibly
promoting oxidative stress, a precursor of inflammatory effects
(Hussain et al. 2009). Besides PM, PNC in different size frac-
tions and particle surface area may hence provide a better mea-
surement regarding the toxicity of PM exposure (Noël et al.
2016; Oberdörster 2000) as well as the identification of sources
(Morawska et al. 1999).
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In a European multicenter analysis on health effects of UFP
number on natural and cardiorespiratory mortality including
Finland, Sweden, Denmark, Germany, Italy, Spain, and Greece
(Stafoggia et al. 2017), a weak delayed effect of UFP was esti-
mated (>lag5). However, this multicenter study was limited by
the heterogeneity of its exposure assessment methodology such
as instrumentation capturing slightly different size ranges of par-
ticles or placement of monitors (background vs. traffic location)
as well as by different measurement periods (time and duration)
(Stafoggia et al. 2017). A slight difference in the size ranges of
measured UFPs due to the use of different instruments has a great
impact on the measured overall PNC because the number concen-
tration of particles increases remarkably in the smallest size frac-
tions. Moreover, the location of the monitoring equipment
(height and placement of monitors with respect to local sources
and the location of the study population) also substantially influ-
ence the representativeness of the exposure measurements and
might introduce bias as a consequence of differential exposure
measurement error (Stafoggia et al. 2017).

In this study we tried to overcome the aforementioned limita-
tions by focusing on one large single study, located in the densely
populated German Ruhr Area (Essen, Mülheim, and Oberhausen).
Being part of the German Ultrafine Aerosol Network (GUAN)
(Birmili et al. 2016), this time-series study benefits from a compa-
ratively long measurement period of almost 6 y and an in-depth
characterization of ultrafine (electric mobility diameter <100 nm,
including the size ranges 13.3–30, 30–50, and 50–100 nm) and
fine (electric mobility diameter 100–750 nm, including the size
ranges 100–250, 250–500, and 500–750 nm) particles, including
number concentration and lung-deposited PSC, a metric that has
rarely been investigated in epidemiological studies to date. In addi-
tion, the measurement site is co-located with a central urban back-
ground monitoring station of the regional air quality network
(Mülheim Styrum), enabling us to also make use of monitored
PM10, nitrogen dioxide (NO2), and ozone (O3), which potentially
confound or modify ultrafine or fine particle effects on health. In a
recent meta-analysis, NO2 and PM2:5 both were associated with
mortality in multipollutant analyses (Faustini et al. 2014), whereas
O3 is highly correlated with temperature and sunlight, and hence
might be an additional or even independent risk factor (Levy et al.
2012). Considering that multiple air pollutants originate from com-
mon sources, multiple air pollutants may interact with or confound
each other. Results of the European study indicated that associa-
tions between UFPs and mortality were confounded by NO2,
PM2:5, and PM2:5–10; whereas adjusting for PM10 or O3 had little
influence on effect estimates (Stafoggia et al. 2017).

The objective of this study was to investigate the associations
of size-specific PNC as well as lung-deposited PSC on natural,
cardiovascular, and respiratory mortality in the Ruhr Area, based
on a time-series study from March 2009 to December 2014. In
addition to the toxicologically important novel particle metrics,
we investigated the role of copollutants such as PM10, NO2,
and O3.

Methods

Mortality Data
We collected daily mortality counts based on the primary cause
of death, defined as natural [International Classification of
Diseases, 10th Revision (ICD-10) A00–R99], cardiovascular
(ICD-10 I00–I99) and respiratory (ICD-10 J00–J99) mortality
in the three adjacent cities of Essen, Mülheim, and Oberhausen
between January 2008 and December 2014 from the central statisti-
cal and IT services provider of North Rhine-Westphalia. The three
adjacent cities (in an area of ∼ 379 km2) with a total of nearly

1 million inhabitants [Essen, ∼ 580,000 (210 km2); Mülheim,
∼ 170,000 (91 km2); and Oberhausen, ∼ 211,000 (77 km2)] are
located in the western part of the metropolitan Ruhr Area. As re-
spective outcomes, we used the sum of city-specific natural and
cause-specific deaths per day. The primary cause of deaths was
assigned based on the underlying disease instead of the immediate
cause of death.

Air Pollution Data
Exposure data was collected at the project-specific measurement
site (i.e., GUAN) provided by the Institute of Energy and
Environmental Technology (IUTA), co-located to an urban back-
ground monitoring site of the regional air quality network (code
“STYR”) operated by the North Rhine-Westphalia State Agency
for Nature, Environment and Consumer Protection [Landesamt
für Natur, Umwelt und Verbraucherschutz (LANUV) North Rhine-
Westphalia (NRW), Essen, Germany] from March 2009 until
December 2014. A detailed description of the measurement site
and respective measurement techniques can be found elsewhere
(Birmili et al. 2016). The measurement site is located close to the
administrative border of the cities of Mülheim and Oberhausen.
Within a 1-km buffer, the site is surrounded by highways with
channel-like cross-sections (∼ 10 m below site level) and traffic of
approximately 50,000 vehicles/day (∼ 250 m north), a railway
yard (south/southwest), and a medium-trafficked street and its junc-
tion with a highway exit (west/northwest). Main wind directions
are south/southwest and northeast. The mixed residential-, indus-
trial-, and traffic-influenced character of the site is typical for many
urban areas in the Ruhr Area and hence believed to be representa-
tive for a large part of the population living in the adjacent cities of
Mülheim and Oberhausen, including their eastern neighbor Essen.

Measured particle characteristics included size-specific PNC
of ultrafine, fine, and coarse particles (as well as their PSC) that
deposit in the alveolar or tracheobronchial region of the lung
(short: lung-deposited PSC). PNCs [number per cubic centimeter
(n=cm3)] were measured with a scanning mobility particle sizer
(TSI Inc.) in the size ranges of 13:3–750 nm electrical mobility
diameter (Wang and Flagan 1990). In an effort to understand the
health effects of different particle sizes, potentially generated by
different emission sources and reaction processes, we investi-
gated six particle size fractions, including particles size ranges of
13:3–30 nm (reflecting the nucleation mode: <30 nm), 30–50 nm,
50–100 nm (reflecting the Aitken mode: 30–100 nm), 100–250 nm,
250–500 nm, and 500–750 nm (reflecting the accumulation mode:
100–1,000 nm). The PSC of lung-deposited particles with a diame-
ter of 20–1,000 nm was measured in micrometers squared per cubic
centimeter every second using a nanoparticle surface area monitor
(NSAM; model 3550, TSI Inc.) (Asbach et al. 2009). The NSAM
uses an opposed flow unipolar diffusion charger followed by an ion
trap to remove excess ions. Particles >1 lm are withheld by means
of an impactor located at the NSAM entrance. The voltage in the
ion trap can be adjusted to manipulate the particle size distribution
and therefore the response function; that is, if the ion trap voltage is
set to 200 V, the NSAM delivers the surface area deposited in the
alveolar region, whereas it delivers the surface area of particles de-
posited in the tracheobronchial region when the voltage is set to
100 V. In our study, alveolar-deposited particles were monitored.
The accuracy of surface determination decreases substantially for
particle diameters below 20 nm and above 400 nm (Asbach et al.
2009). However, typical outdoor aerosol particles <20 nm in diame-
ter and >400 nm in aerodynamic diameter contribute little to the
total surface area.

Routinely monitored air pollutants at the central state-run
(LANUV) monitoring site (STYR) included PM10 (b-attenuation),
NO2 (chemiluminescence method), and O3 (ultraviolet absorption).

Environmental Health Perspectives 027008-2



Covariates
Daily temperature [in degrees Celsius (°C), daily mean] and relative
humidity were measured according to standardized protocols (VDI-
guidelines 3786, parts 3 and 4; Verein Deutscher Ingenieure 2009,
2012) at a state-run monitoring site (Duisburg-Walsum), located
11 km northeasterly from the study site. External information on
periods of influenza was collected from the central statistical and in-
formation technology services provider of North Rhine-Westphalia.
In addition, we defined an indicator for population decrease during
summer, following the definition in Stafoggia et al. (2017): namely
a three-level variable assuming value “1” for the time of school hol-
idays in North Rhine-Westphalia (6 wk within July and September;
e.g., 9 July until 21 August in 2012 or 22 July until 3 September in
2013), and “2” in the 4-wk period around the school holidays; all
other days stood for reference days and were assigned to “0”).
Further variables included day of week (six indicator variables, with
Sundays as the reference category), holiday (an indicator variable
identifying the main bank holidays in North Rhine-Westphalia),
and season (fall = September–November; spring=March–May,
summer= June–August; and winter =December–February).

Statistical Analysis
The basic description of particle metrics, mortality, and meteoro-
logical data included visualizations of the time series, median
[interquartile range (IQR)], and Spearman’s correlation coeffi-
cients between respective exposure variables.

To estimate associations between exposures and daily cause-
specific mortality, we used Poisson regression models allowing
for overdispersion. Regression models included penalized regres-
sion splines as a smoothing function for time trend. We further
included potential confounders based on a review of current liter-
ature (Stafoggia et al. 2017). Adjusted models included mean air
temperature [day of death (lag0) and a moving average of 1–3 d
prior to the observed death (lag1–3)], relative humidity, and indi-
cator variables for day of the week, holidays, influenza epidem-
ics, and the presence of a population decrease in the respective
cities during the summer vacation period. Air temperature was
modeled by fitting a natural cubic regression spline to allow for
nonlinear confounder adjustment.

We investigated single-lags from the same day of death (lag0)
up to 7 d prior to death (lag7). Moreover, we investigated aggre-
gated lags, representing immediate effects (0–1 d prior to the
death; lag0–1), medium-term effects (lag2–3), and delayed effects
(lag4–7). We chose single-lag models as well as aggregated 2- to
4-d lags over distributed lag-models because of multiple missing
data in the PNC series and the respective loss of power, espe-
cially in the underlying small study population. By ending up
with 11 models per investigated pollutant, we aimed to look for a
general pattern of associations rather than identifying adverse
health effects based on single-day lags that could be observed in
such a multiple testing situation.

The main exposure metrics of interest were size-specific PNC,
aggregated as ultrafine (PNC<100) and fine particles (PNC100–750),
as well as PSC and PM10. In addition, we also investigated size-
specific PNC in finer resolved size fractions (PNC13:3–30, PNC30–50,
PNC50–100, PNC100–250, PNC250–500, and PNC500–750). All health
effect estimates are presented as mean percentage increase [95%
confidence interval (CI)] [% (95% CI)] in mortality per IQR of the
respective exposure.

We calculated two-pollutant models in order to investigate
whether results for UFPs (PNC<100) were independent of other
pollutants or metrics: a) PNC<100 and PM10, b) PNC<100 and NO2,
c) PNC<100 and O3, d) PNC<100 and PNC100–750, and e) PNC<100
and PSC. In addition we investigated two-pollutant models

including a) PNC100–750 and PM10, b) PNC100–750 and NO2,
c) PNC100–750 and O3, and d) PNC100–750 and PSC.

Furthermore, we investigated effect modification of UFPs and
particles (PNC100–750) by cold and warm periods of the year
(October–March vs. April–September), and by high or low con-
centration of PM10, O3, NO2 and PSC by including interaction
terms between the potential effect modifier and the exposure of
interest. High levels of PM10, O3, NO2, and PSC referred to con-
centrations above the 75th percentile of the respective distribu-
tion. Effect modification was checked based on a 5% significance
level regarding the coefficient of the respective interaction term.

Results
Because particle metrics (PNC and PSC) were only measured be-
ginning in March 2009, our analysis was based on the time period
from March 2009 until December 2014 (2,132 d). We observed
different missing patterns among exposures ranging from 266
missing days for PNC, 125 d for PSC, 110 d for O3, and 91 d for
NO2 to 29 d for PM10. The majority of missing exposure data for
PNC resulted from a sampling pump failure of the scanning mo-
bility particle sizer during specific time windows (data not shown)
and hence was assumed to be missing at random. Because of differ-
ent missing patterns, the number of observations slightly changed
between the analysis for each metric and lag.

Medians (IQRs) of daily cause-specific mortality per approxi-
mately 946,000 inhabitants in Essen, Mülheim, and Oberhausen
were 32 (8) death/day for natural, 12 (5) for cardiovascular (cor-
responding to 37.5% of the overall deaths), and 3 (2) for respira-
tory mortality (corresponding to 9.4% of the overall deaths)
(Table 1 and Figure 1). The city of Essen contributed most to the
observed mortality (approximately 60%). Median (IQR) PNC of
UFPs (PNC<100) was 9,871 n=cm3 (4,900), with the smallest size
fraction (PNC13:3–30) contributing the most to PNC (4,623
n=cm3; 2,438). Median PSC was 36:1 lm2=cm3 (21.7) and PM10
was 20:2 lg=m3 (13.3), which is well below the European annual
limit value of 40lg=m3. In total, the PM10 24-h limit (50lg=m3;
EU 2008) was exceeded on 108 d (Figure 1). The median for

Table 1.Median (IQR) daily mortality, particle metrics, and meteorology in
the Ruhr Area (Essen, Mülheim, and Oberhausen) between March 2009 and
December 2014 (2,132 days).

Variable Median (IQR) Days (n)a

Mortality
Naturalb 32.0 (8.0) 2,132
Cardiovascularc 12.0 (5.0) 2,132
Respiratoryd 3.0 (2.0) 2,132

Exposure PNC (n=cm3)
PNC13:3–30 4,623.1 (2438.2) 1,866
PNC30–50 2,673.1 (1492.5) 1,866
PNC50–100 2,368.7 (1608.7) 1,866
PNC<100 (UFP) 9,870.6 (4900.2) 1,866
PNC100–250 1,209.7 (903.2) 1,866
PNC250–500 195.8 (180.8) 1,866
PNC500–750 9.0 (14.0) 1,866
PNC100–750 (FP) 1,437.3 (1060.9) 1,866

PSC (lm2=cm3) 36.1 (21.7) 2,007
PM10 (lg=m3) 20.2 (13.3) 2,103
NO2 (lg=m3) 29.2 (16.2) 2,041
O3 (lg=m3) 54.0 (37.0) 2,022

Meteorology
Temperature (°C) 11.9 (9.9) 2,124
Relative humidity 78.8 (18.5) 2,124

aThe number of days differs because of inconsistencies in measurements.
bEssen: 19.0 (6.0); Oberhausen 7.0 (4.0); Mülheim: 5.0 (3.0).
cEssen: 7.0 (4.0); Oberhausen 2.0 (3.0); Mülheim: 2.0 (2.0).
dEssen: 2.0 (2.0); Oberhausen 0.0 (1.0); Mülheim: 0.0 (1.0).
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NO2 was 29:2 lg=m3 (16.2), which was also below the annual
limit value of 40lg=m3. The median temperature was 11:9�C
(9.9), and relative humidity 78.8% (18.5).

Spearman correlation (r) between air pollutants ranged from
−0:39 (for NO2 and O3) to 0.99 (PNC100–250 and PNC100–750)
(Table 2; based on data for 1,669 d with complete measurement
data for all exposure metrics and pollutants.). PNC<100 (UFPs)
generally correlated moderately with PSC and NO2 (r=0:63

and r=0:42), and correlated considerably more weakly with
PM10 and O3 (r=0:26 and r=0:14). The smallest size fraction
(PNC13:3–30) correlated weakly with other particle metrics and
pollutants (0:00≤ r≤ 0:28). PNC100–750 revealed overall high
correlations with the particle metrics PSC (r=0:94) and PM10
(r=0:74). PNC100–750 correlated slightly weaker with NO2 than
PNC<100 (r=0:65), whereas no correlation was observed between
PNC100–750 and O3.

Figure 1. Time series of daily cause-specific mortality (top left panel: natural mortality is shown in black, cardiovascular mortality is shown in gray, and respi-
ratory mortality is shown in dark gray), PNC<100, PNC100–750, PSC, PM10 (top right panel: the dashed horizontal line indicates the 24-h limit of 50 lg=m3),
NO2, O3, and temperature in the Ruhr Area. Note: NO2, nitrogen dioxide; O3, ozone; PM10, particulate matter ≤10 lm in aerodynamic diameter; PNC<100,
size-specific particle number concentration of particles <100 nm electrical mobility diameter; PNC100–750, PNC of particles with 100–750 nm electrical mobil-
ity diameter; PSC, particle surface area concentration.

Table 2. Correlation coefficients (Spearman r) between exposure metrics and pollutants (n=1,669) in the Ruhr Area between March 2009 and December 2014
based on daily-based complete case data for all exposures, n=1,669.

PNC<100 PNC100–750 PNC13:3–30 PNC30–50 PNC50–100 PNC100–250 PNC250–500 PNC500–750 PSC PM10 NO2

PNC<100 1
PNC100–750 0.56 1
PNC13:3–30 0.86 0.25 1
PNC30–50 0.92 0.53 0.67 1
PNC50–100 0.79 0.85 0.43 0.82 1
PNC100–250 0.60 0.99 0.28 0.57 0.87 1
PNC250–500 0.27 0.82 0.03* 0.26 0.56 0.74 1
PNC500–750 0.21 0.71 −0:01* 0.21 0.49 0.64 0.9 1
PSC 0.63 0.94 0.28 0.66 0.90 0.93 0.76 0.68 1
PM10 0.26 0.74 0.00* 0.28 0.55 0.69 0.82 0.81 0.73 1
NO2 0.42 0.65 0.22 0.41 0.57 0.63 0.59 0.58 0.70 0.63 1
O3 0.14 −0:01* 0.15 0.13 0.06 0.03* −0:19 −0:25 −0:04* −0:12 −0:39

*p>0:05, all other p≤ 0:05.
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Main Effects
Estimated associations of exposure with mortality showed differ-
ent patterns for the different particle metrics and causes of mor-
tality (Figure 2). Overall patterns of PNC100–750 and PSC were
similar and comparable to those of PM10, showing immediate
(lag0–1) and delayed (lag4–7) associations for NM and cardio-
vascular mortality (CVM) (Figure 2). Point estimates for immedi-
ate associations (lag0–1) of PNC100–750 were 1.12% (95% CI:
−0:09, 2.33) for NM and 1.63% (95% CI: −0:40, 3.71) for CVM
(see Table S1), and for more delayed associations (lag4–7) 1.56%
(95% CI: 0.22, 2.92) for NM and 0.89% (95% CI: −0:43, 3.27)
for CVM (see Table S1). These effect estimates were slightly
stronger than those of PM10 on an IQR basis with an immediate
(lag0–1) increase in NM and CVM of 0.67% (95% CI: −0:29,
1.64) and 0.99% (95% CI: −0:63, 2.65) or a more delayed (lag4–
7) increase in NM and CVM of 0.97% (95% CI: −0:13, 2.09) and
0.75 (95% CI: −1:13, 2.67) (Figure 2; see also Table S1). We did
not observe clear associations between PNC<100 (UFP) and NM
or CVM, although the observed pattern suggested a more delayed
association (lag4–7) with a slightly higher point estimate of 2.01%
(95% CI: −1:41, 5.55), yet estimated less precisely (Figure 2; see
also Table S1). For respiratory mortality (RM) we observed com-
paratively strong single-day associations at lag2 and lag6 with
PNC<100 of 3.50% (95% CI: −0:77, 7.95) and 4.51% (95% CI:
0.37, 8.81), respectively. However, there were no conclusive pat-
terns linking RM with aggregated lag-exposures of the considered
pollutants.

When looking at size-specific associations in more detail
(Figure 3; see also Table S2), we observed immediate inverse
associations of PNC13:3–30 with NM and CVM (−1:81% (95% CI:
−3:30, −0:30) and −1:63% (95% CI: −4:16, 0.97), respectively;

whereas for lag4–7, the estimate for NM moved close to the null
and that for CVM was positive (95% CI: −0:55% (−2:40, 1.34)
and 1.43% (95% CI: −1:86, 4.83) respectively). In contrast, pat-
terns for PNC with an electric diameter >50–500 nm pointed to
positive immediate (lag0–1) and delayed (lag4–7) associations
with NM and CVM, similar to associations of PNC100–750, PSC
and PM10. Clearest associations were observed for particles of
100–250 and 250–500 nm size and NM. For RM, patterns were
less conclusive, yet somewhat different from NM and CVM, indi-
cating only delayed associations with larger particles (electric di-
ameter >250 nm).

Adjustment for Copollutants
Effect estimates for NM and CVM in association with PNC<100
and PNC100–750 were similar after adjustment for O3 (Figure 4).
In general, effect estimates were mostly robust towards adjust-
ment for PM10, though associations between lag 4–7 PNC<100
and NM became more negative. Adjustment for NO2 on the other
hand showed a slightly different pattern: Although effect esti-
mates for UFP on CVM were unaffected by NO2 adjustment,
effect estimates for PNC<100 and NM became more negative over
all considered lags. Effect estimates for PNC100–750 on both NM
and CVM were essentially unchanged after NO2 adjustment.
After adjustment for PSC or PNC100–750, associations for
PNC<100 and NM or CVM were similar to those adjusted for
NO2. Associations between PNC100–750 and both outcomes at
lag0–1 became more positive with adjustment for PSC, whereas
the association between PNC100–750 and CVM at lag4–7 became
negative, although confidence intervals were wide.

Associations between PNC13:3–30 and mortality remained
unchanged after adjustment for other metrics (see Figure S1),

Figure 2. Short-term associations per IQR increase of air pollutant concentration and daily natural and cause-specific mortality in the Ruhr Area between
March 2009 and December 2014, estimated for different particle metrics (PNC<100, PNC100–750, PSC, and PM10) at single-day lags (lag0–lag7) and for aggre-
gated lags (lag0–1, lag2–3, lag4–7) in Poisson regression models, adjusted for time trend, temperature, humidity, day of week, holidays, period of seasonal
population decrease, and influenza. (Corresponding numeric data are provided in Table S1.) Note: IQR, interquartile range; NO2, nitrogen dioxide; PM10, par-
ticulate matter ≤10 lm in aerodynamic diameter; PNC<100, size-specific particle number concentration of particles <100 nm electrical mobility diameter;
PNC100–750, PNC of particles with 100–750 nm electrical mobility diameter; PSC, particle surface area concentration.
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consistent with expectations given the weak correlations with
other pollutants (Table 2).

Effect Modification
Effect modification of associations between fine or ultrafine PNCs
and natural or CV mortality were significant only for NM in asso-
ciation with O3 and PNC<100 at lag4–7 (interaction p=0:03),
where PNC<100 was positively associated with NM when O3 was
below the 75th percentile (1.31%; 95% CI: −0:46, 3.11), and nega-
tively associated with NM when O3 was high (−1:94%; 95% CI:
−4:63, 0.83) (Figure 5; see also Table S3). A similar pattern was
observed for CVM in association with high or low O3 and
PNC<100 at lag0–1 (interaction p=0:03). We did not observe sig-
nificant (defined as interaction p<0:05) effect modification by
season or higher levels of co-exposure (PM10, NO2, or PSC)
regarding associations between fine or ultrafine PNCs and NM or
CVM. However, at lag4–7, point estimates for PNC<100 were posi-
tive among those with lower levels of PM10, NO2, and PSC, but
closer to the null among those with higher levels of co-exposure
(interaction p: 0.17–0.67). Similarly, for NM and CVM, associa-
tions with PNC100–750 at lag0–1 were stronger for those with
higher versus lower levels of PM10, NO2, and PSC co-exposure
(interaction p=0:15–0:72). The effect estimate between lag2–3
PNC<100 and CVM was positive during the warmer season (April–
September, 2.30%; 95% CI: −1:28, 6.06) but negative during
colder months (October–March, −2:07%; 95% CI: −5:44, 1.43;
interaction p=0:08).

Discussion
Our findings suggest that short-term exposures to lung-deposited
PSC and PNC in the ultrafine (electric mobility diameter <100 nm)
and fine (100–750 nm) particle size ranges (especially PNC
50–500 nm), are associated with small increases in daily NM and
CVM. Associations suggested immediate (lag0–1) and slightly
delayed (lag4–7) effects, and effect estimates were more precise
for all NM than for the smaller subset of deaths due to cardiovas-
cular disease. Associations of size-specific PNC were mostly ro-
bust to the adjustment for PM10 and O3, and slightly changed
when adjusted for NO2. Effect estimates for PNC100–750 and PSC
were similar to those observed for PM10, suggesting immediate
as well as delayed effects on NM and CVM. Based on an IQR
increase in respective exposure concentration, positive associa-
tions for PNC in the 50–500 nm range were stronger than posi-
tive associations for PM10.

In this study, we were able to investigate size-dependent PNC,
including three size fractions in the UFP size range (13.3–30,
30–50, 50–500 nm) and three size fractions in the fine range
(100–250, 250–500, 500–750 nm), aiming to identify the most
pathogenic size fraction. We observed that the PNC of the
smallest size ranges (13:5–50 nm) was inversely associated with
natural and cause-specific mortality. This immediate inverse
association of UFPs with natural and cause-specific mortality
has been observed before in a German time-series study, show-
ing inverse associations at lag1 and lag2, mainly driven by the
smallest particle size, yet less pronounced than shown in our
results (Stölzel et al. 2007). In contrast to the inverse association

Figure 3. Short-term associations (lag0–1, lag2–3, lag4–7) per IQR increase of size-specific particle number concentrations and daily natural and cause-specific
mortality in the Ruhr Area between March 2009 and December 2014, estimated in Poisson regression models, adjusted for time trend, temperature, humidity,
day of week, holidays, period of seasonal population decrease, and influenza and presented as percentage differences (95% confidence interval) [% (95% CI)]
in mortality. (Corresponding numeric data are provided in Table S2.) IQR, interquartile range.
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of the smallest size fraction, we observed positive immediate and
delayed associations between UFP with an electric mobility diam-
eter of 50–100 nm and daily mortality, which were similar to asso-
ciations of other fine particle metrics (PNC100–750, PSC, and
PM10). Among the fine to submicrometer particle size fractions
(PNC100–750), particles with an electric mobility diameter from 100
to 250 and 250 to 500 nm revealed the clearest health effect esti-
mates. Moreover, and in contrast to the inverse immediate associa-
tions, UFPs indicated delayed associations with CVM, as has been
reported by others (Lanzinger et al. 2016; Stafoggia et al. 2017).

Typically, specific size ranges are related to major emission
sources. Particles in the nucleation mode (<30 nm) reflect mainly
new particles formed by gas-to-particle conversion, including
particles originating from gaseous precursors in vehicle exhaust
such as NO2 (Vu et al. 2015). Particles in the Aitken (30–100 nm)
and accumulation (100 nm–1 lm) mode with an electric mobility
diameter of 30–500 nm contain soot particles from combustion
processes, including coal burning power plants, oil combustion,
and combustion-engine powered vehicles (Vu et al. 2015). The
modal size of vehicle-generated soot particles is in the size
range of 100–250 nm (Harrison et al. 2010). Moreover, the par-
ticle size fraction 50–250 nm contains diesel exhaust particles,
which have been shown to be specifically pathogenic in experi-
mental settings (Mills et al. 2007). Particles from gasoline-
powered engines, on the other hand, are typically smaller than
diesel soot and mainly form particles <80 nm (Vu et al. 2015).
Particles from mechanical abrasion processes such as brake, tire,
and road wear are larger and can be found in the accumulation
and coarse (>1 lm) mode (Vu et al. 2015). Moreover, accumula-
tion mode particles encompass mostly long-range transported
aerosols, whereas nucleation and Aitken mode particles usually
have short lifetimes. From a biologic point of view, particles
below 50 nm have the highest deposition efficiency, whereas

Aitken and specifically accumulation mode particles deposit less
efficiently (Kreyling et al. 2006). Moreover, particles below
50 nm contain a higher amount of soluble constituents.

Based on our findings, which show the largest associations for
particles sized 50–500 nm, we concluded that primary combustion-
generated soot particles might be more harmful than secondary par-
ticles formed via nucleation and condensation. This poses the ques-
tion of whether the PNC in the size range from 50 to 500 nm might
actually be a more important metric than the commonly used UFPs,
which are defined as particles with a diameter <100 nm.

The repeatedly observed inverse associations for UFP
(PNC<100) in temperature- and humidity-adjusted models seemed
to be driven by the smallest particle size fraction (13:5–30 nm)
and remained striking. From a biologic point of view, it seems im-
plausible that the particles contained in the nucleation mode have
a true protective effect on mortality. Associations with PNC<100 at
lag0–1 remained inverse when additionally adjusted for NO2 and
O3 in separate models, and they could not be explained through
any investigated effect modification. In fact, point estimates became
even more negative when O3 was below the 75th percentile.

Most time-series studies on short-term mortality effects of
UFPs today have conducted single pollutant analyses. The impor-
tant question remains, whether the observed effects of ultrafine or
any other specific particle size fraction act independently of other
pollutants considering that they are sharing potential sources. The
answer to this question is of great interest with regard to the regu-
lation of exposure and prevention of adverse health effects. In our
study, inverse associations between UFP and natural and cause-
specific mortality were robust to adjustment for O3 or PM10, but
tended to move further from the null (i.e., became more negative)
with adjustment for NO2, PNC100–750, or PSC. Similar patterns of
for UFP-associations have been observed after adjustment for
NO2, and also for PM2:5 before (Stafoggia et al. 2017), whereas

Figure 4. Effect estimates for percentage differences (95% confidence interval) [% (95% CI)] in natural and cardiovascular-specific mortality in the Ruhr Area
between March 2009 and December 2014 per IQR increase in (A) ultrafine particles (PNC<100) and (B) fine particles (PNC100–750, short: PNC>100) for averaged
lags (lag0–1, lag2–3, lag4–7), estimated in Poisson regression models, adjusted for time trend, temperature, humidity, day of week, holidays, period of seasonal
population decrease, and influenza with additional adjustment for PM10, NO2, O3, PNC>100 (PNC<100), and PSC. Note: IQR, interquartile range; NO2, nitrogen
dioxide; O3, ozone; PM10, particulate matter ≤10 lm in aerodynamic diameter; PNC<100, size-specific particle number concentration of particles <100 nm
electrical mobility diameter; PNC100–750, PNC of particles with 100–750 nm electrical mobility diameter; PSC, particle surface area concentration.
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others reported associations between prolonged exposure to UFP
independent of particle mass exposures (Lanzinger et al. 2016).
These contrary findings probably reflect important differences
across studies caused by the different mixture of particles and
sources due to the region of interest.

The rarely investigated lung-deposited PSC showed similar
results as PNC100–750 or PM10, namely immediate and delayed
associations with NM and CVM. Moreover, PSC correlated
highly (>0:7) with PNC of particles sized 50–500 nm, which
were the size-classes revealing the most clearly observed (im-
mediate and delayed) health effect estimates.

Despite a strong correlation between PNC100–750, PM10 and
PSC, PSC constitutes an integrated measure of reactive particle
surface and deposition efficiency, which serve as a better marker
understanding effect mechanisms between the inhalation of par-
ticles and health outcomes than solely mass-based or number-
based metrics. It has been discussed that particle area surface
plays a greater role in oxidative stress and pro-inflammatory
effects than particle mass or particle number because the surface
is the relevant location for oxidative processes (Hussain et al.
2009). Within this study, however, we were not able to disentan-
gle biological effects of the mass, the number, and the surface of
particles.

Season did not affect effect estimates of UFPs in the Ruhr
Area consistently in terms of lag-time and cause of mortality,
although season clearly affected effect estimates of UFPs on natu-
ral and cause-specific mortality and hospital admissions in other
European regions (Samoli et al. 2016; Stafoggia et al. 2017).
However, in comparison with the Mediterranean climate, the
Ruhr Area has a more temperate climate with cool summers and

mild and rainy winters, not displaying the strong seasonal pattern
observed in Italy or Greece. Overall, we did not observe a con-
sistent pattern among selected effect modifiers regarding associa-
tions between fine or ultrafine PNCs and natural or CV mortality.

Overall, our results are in line with results of other time-series
studies, showing immediate (lag 0–1) and delayed effects
(≥lag 4) of fine particles, while observing more delayed effects of
UFPs on natural and cause-specific mortality (Breitner et al.
2009; Ibald-Mulli et al. 2002; Lanzinger et al. 2016; Stafoggia
et al. 2017; Stölzel et al. 2007; Wichmann and Peters 2000). One
of the first studies on UFPs reported the largest associations
between UFPs and nonaccidental mortality for delayed (lag4)
exposures in Erfurt, Germany (Wichmann et al. 2000). These
results were confirmed in a reanalysis of an extended data base
(Breitner et al. 2009; Stölzel et al. 2007). A European study
including five cities (Augsburg, Chernovtsy, Dresden, Ljubljana,
and Prague) reported an increase in respiratory mortality after 6 d
(lag0–5) (Lanzinger et al. 2016). Another European study includ-
ing eight cities (Helsinki, Stockholm, Copenhagen, Ruhr Area,
Augsburg, Rome, Barcelona, and Athens) observed weak delayed
associations (lag5–7) with NM and cardiovascular and respiratory
mortality (Stafoggia et al. 2017). In contrast, several large multicen-
ter time-series studies on fine particle mass showed primarily imme-
diate effects on daily mortality (HEI 2010; Katsouyanni and
Samet 2009; Samoli et al. 2008). Possible biological explanations
for these different temporal patterns between size-specific particles
could be local inflammation induced by fine particles in the bronchi
and lung tissue, which may lead to immediate effects on mortality.
In contrast, smaller particles such as UFPs may partly escape
pulmonary clearing mechanisms, translocate across biologic

Figure 5. Estimated effect modification by season and copollutants for short-term (lag0–1, lag2–3, lag4–7) percentage differences in natural and cardiovascular
mortality based on an IQR increase in the ultrafine particle concentration (PNC<100) in the Ruhr Area between March 2009 and December 2014 using Poisson
regression models, adjusted for time trend, temperature, humidity, day of week, holidays, period of seasonal population decrease, and influenza.
(Corresponding numeric data are provided in Table S3.) Note: IQR, interquartile range; PNC<100, size-specific particle number concentration of particles
<100 nm electrical mobility diameter; PNC100–750, PNC of particles with an electrical mobility diameter between 100 and 750 nm.
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membranes, and gain access to the vasculature and systemic
circulation, stimulating systemic inflammatory mechanisms.
This process can lead to an increased risk for cardiovascular
events after several days. The overall reported delayed associa-
tions of UFPs and cardiovascular health seem plausible from
this biological perspective. Supporting our findings, Stölzel
et al. (2007) reported slightly higher delayed effect estimates
with CVM than with NM for the UFPs.

Several limitations should be acknowledged in our study. The
most obvious one is the small number of mortality events, limit-
ing the statistical power of our results, especially regarding
cause-specific mortality. Moreover, we have fitted several models
to estimate adverse health effects of multiple pollutants regarding
multiple lags and time windows, yielding a higher possibility of
rejecting a null effect. However, in this study we aimed to iden-
tify a temporal pattern of different sized particles on the different
causes of death instead of focusing on associations of single-day
lags. In addition, this study used only one monitor as the refer-
ence exposure for three adjacent cities. Although PM10 and
PM2:5 tend to be more homogeneously distributed over wider
spatial regions with daily changes primarily dependent on mete-
orology, daily UFP concentration changes might differ consider-
ably depending on location and local sources, especially in
proximity to major roads or highways (Cyrys et al. 2008;
Pekkanen and Kulmala 2004). For our study we assumed that the
central monitor, placed at an urban background station, properly
captured the day-to-day variability relevant for the surrounding
population, as was assumed by others as well (Cyrys et al. 2008).
Moreover, the high correlation of several exposure metrics lim-
ited our power to disentangle individual metric effects. Another
limitation includes the lack of daily measurements of PM2:5,
which has been shown to confound health effects of UFPs
(Stafoggia et al. 2017).

The main strength of this study is the consistent exposure
assessment throughout the study period of approximately 6 y.
Furthermore, the study benefits from an in-depth characterization
of particles, with the aim to specifically capture toxicologically im-
portant particle characteristics, including size-specific PNC and
total lung-deposited PSC, a metric that has rarely been investigated
in epidemiological studies to date. Moreover, the measurement
site was located next to a routine monitoring site, enabling us to
make use of monitored copollutants such as PM10, NO2, or O3,
which can potentially confound or modify UFP effects on health.

Conclusions
Size-specific PNC (50–500 nm) and lung-deposited PSC indi-
cated an association with NM and CVM in the Ruhr Area, show-
ing immediate (lag0–1) and delayed (lag4–7) effect estimates
revealing slightly higher point estimates than these of PM10 based
on an IQR increase of exposure concentration. Although results
from PM, PNC, and PSC could not be disentangled, it might be
beneficial to investigate particle number size distributions, which
can be linked to emission sources, in addition to the particle mix-
ture captured by the measurement of PM10 only. Moreover, PSC
could be used as an alternative metric that integrates particle size
distribution as well as deposition efficiency. Further investiga-
tions are needed to establish the different temporal patterns
among different particles sizes and surfaces.
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Outcome Lag PNC≤100 

IQR=4900.2 
PNC100-750 

IQR=1060.9 
PSC 
IQR=21.7 

PM10 

IQR=13.3 
lag0 -0.49 (-1.75, 0.79)  0.99 (-0.05, 2.05)  0.60 (-0.52, 1.73)  0.37 (-0.47, 1.22) 
lag1 -0.59 (-1.83, 0.67)  0.72 (-0.32, 1.77)  0.69 (-0.43, 1.82)  0.60 (-0.22, 1.43) 
lag2 -0.02 (-1.27, 1.24) -0.17 (-1.22, 0.89)  0.16 (-0.95, 1.29)  0.12 (-0.70, 0.95) 
lag3 -1.00 (-2.24, 0.24)  0.26 (-0.76, 1.29)  0.22 (-0.87, 1.33)  0.37 (-0.45, 1.20) 
lag4 -0.07 (-1.28, 1.15)  0.98 ( 0.00, 1.98)  0.85 (-0.19, 1.91)  0.53 (-0.27, 1.34) 
lag5  0.75 (-0.46, 1.98)  0.91 (-0.05, 1.89)  0.79 (-0.25, 1.85)  0.24 (-0.56, 1.05) 
lag6  0.43 (-0.76, 1.64)  0.92 (-0.04, 1.90)  1.14 ( 0.11, 2.17)  0.74 (-0.04, 1.54) 
lag7 -0.28 (-1.46, 0.92)  0.35 (-0.61, 1.32)  0.51 (-0.51, 1.54)  0.53 (-0.25, 1.32) 
lag0-1 -0.78 (-2.36, 0.83)  1.12 (-0.09, 2.33)  0.84 (-0.45, 2.16)  0.67 (-0.29, 1.64) 
lag2-3 -0.75 (-2.29, 0.82)  0.06 (-1.13, 1.26)  0.23 (-1.06, 1.54)  0.27 (-0.67, 1.22) 
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lag4-7  0.44 (-1.51, 2.43)  1.56 ( 0.22, 2.92)  1.56 ( 0.12, 3.03)  0.97 (-0.13, 2.09) 

lag0 -0.58 (-2.72, 1.61)  1.41 (-0.36, 3.21)  0.64 (-1.25, 2.57)  0.52 (-0.91, 1.97) 
lag1 -0.77 (-2.85, 1.36)  0.98 (-0.78, 2.78)  0.82 (-1.06, 2.74)  1.02 (-0.40, 2.45) 
lag2 -0.07 (-2.18, 2.09) -0.68 (-2.43, 1.11) -0.33 (-2.21, 1.58) -0.02 (-1.42, 1.40) 
lag3  0.72 (-1.41, 2.90)  0.47 (-1.27, 2.24)  0.61 (-1.22, 2.48)  0.24 (-1.14, 1.64) 
lag4  1.13 (-0.97, 3.27)  0.63 (-1.05, 2.34)  0.54 (-1.24, 2.35) -0.11 (-1.47, 1.27) 
lag5  0.90 (-1.15, 3.00)  0.35 (-1.31, 2.04)  0.54 (-1.20, 2.31) -0.25 (-1.59, 1.11) 
lag6  0.42 (-1.62, 2.51)  0.62 (-1.02, 2.29)  1.36 (-0.39, 3.14)  0.80 (-0.53, 2.16) 
lag7  0.37 (-1.67, 2.46)  0.20 (-1.44, 1.86)  0.69 (-1.03, 2.44)  1.04 (-0.30, 2.39) 
lag0-1 -0.72 (-3.37, 2.00)  1.63 (-0.40, 3.71)  0.94 (-1.25, 3.18)  0.99 (-0.63, 2.65) 
lag2-3  0.33 (-2.33, 3.06) -0.30 (-2.31, 1.75)  0.00 (-2.17, 2.22)  0.04 (-1.55, 1.66) C

ar
di

ov
as

cu
la

r 
M

or
ta

lit
y 

lag4-7  2.01 (-1.41, 5.55)  0.89 (-1.43, 3.27)  1.61 (-0.87, 4.15)  0.75 (-1.13, 2.67) 

lag0  0.27 (-3.96, 4.69)  0.04 (-3.37, 3.57) -0.21 (-3.82, 3.54) -0.82 (-3.52, 1.96) 
lag1  0.07 (-4.10, 4.42)  0.19 (-3.26, 3.77)  0.90 (-2.73, 4.67)  0.56 (-2.10, 3.30) 
lag2  3.50 (-0.77, 7.95) -1.60 (-5.05, 1.98) -1.17 (-4.80, 2.60) -1.08 (-3.76, 1.67) 
lag3 -2.76 (-6.83, 1.48) -2.64 (-6.00, 0.83) -3.47 (-6.98, 0.17) -1.76 (-4.40, 0.95) 
lag4 -2.28 (-6.32, 1.92)  0.57 (-2.69, 3.94) -0.35 (-3.78, 3.21)  0.97 (-1.64, 3.66) 
lag5 -1.48 (-5.47, 2.68)  0.22 (-2.99, 3.53) -0.07 (-3.46, 3.44)  0.21 (-2.39, 2.88) 
lag6  4.51 ( 0.37, 8.81)  2.06 (-1.17, 5.39)  2.08 (-1.34, 5.62)  0.25 (-2.35, 2.92) 
lag7 -0.21 (-4.23, 3.98)  1.40 (-1.85, 4.75)  0.74 (-2.65, 4.26)  0.61 (-1.96, 3.25) 
lag0-1  0.04 (-5.17, 5.54)  0.02 (-3.84, 4.04)  0.39 (-3.73, 4.69) -0.11 (-3.12, 2.99) 
lag2-3  1.20 (-4.06, 6.74) -2.53 (-6.42, 1.53) -3.00 (-7.10, 1.27) -2.17 (-5.17, 0.93) 

R
es

pi
ra

to
ry

 M
or

ta
lit

y 

lag4-7 -0.68 (-7.06, 6.15)  1.67 (-2.73, 6.28)  1.23 (-3.58, 6.27) 1.10 -2.45, 4.77) 

 
 

 

 

 



Table S2: Estimated %-differences in daily natural and cause-specific mortality per IQR increase in size-specific particle number concentrations (PNC13.3-30, PNC30-

50,  PNC50-100,  PNC100-250,  PNC100-250, PNC250-500,  PNC500-750) at aggregated (lags 0-1, 2-3, and 4-7) in the Ruhr area between March 2009 and December 2014, using 
Poisson regression models, adjusted for time trend, temperature, humidity, day of week, holidays, period of seasonal population decrease and 
influenza. (Corresponding results are visualized in Figure 3.) 

Outcome Lag PNC13.3-30 

IQR=2438.2 
PNC30-50 

IQR=1492.5 
PNC50-100 

IQR=1608.7 
PNC100-250 

IQR=903.2 
PNC250-500 

IQR=180.8 
PNC500-750 

IQR=14.0 
lag0-1 -1.81 (-3.30, -0.30) -0.60 (-2.24, 1.07)  1.03 (-0.45,  2.52)  1.11 (-0.10, 2.32)  0.85 (-0.33, 2.05)  0.28 (-0.60, 1.17) 

lag2-3 -1.20 (-2.66,  0.28) -0.16 (-1.79, 1.50) -0.09 (-1.57,  1.41) -0.02 (-1.21, 1.18)  0.40 (-0.75, 1.57)  0.28 (-0.58, 1.15) 

Natural 
Mortality 

lag4-7 -0.55 (-2.40,  1.34)  0.56 (-1.54, 2.71)  1.46 (-0.31,  3.27)  1.52 ( 0.18, 2.88)  1.49 ( 0.15, 2.85)  0.75 (-0.27, 1.78) 

lag0-1 -1.63 (-4.16,  0.97) -0.86 (-3.62, 1.98)  1.06 (-1.43,  3.60)  1.52 (-0.51, 3.59)  1.71 (-0.28, 3.75)  1.01 (-0.49, 2.52) 

lag2-3 -0.08 (-2.59,  2.50)  1.05 (-1.75, 3.92)  0.22 (-2.28,  2.79) -0.28 (-2.29, 1.77) -0.36 (-2.31, 1.63)  0.18 (-1.28, 1.66) 

Cardiovascular 
Mortality 

lag4-7  1.43 (-1.86,  4.83)  2.06 (-1.63, 5.89)  1.75 (-1.32,  4.90)  0.84 (-1.48, 3.22)  0.96 (-1.34, 3.33)  0.75 (-1.03, 2.57) 

lag0-1 -0.28 (-5.25,  4.95) -0.68 (-6.06, 5.01)  0.99 (-3.83,  6.07)  0.36 (-3.50, 4.37) -1.45 (-5.24, 2.49) -1.51 (-4.36, 1.43) 

lag2-3  2.59 (-2.41,  7.85)  1.50 (-3.98, 7.29) -1.89 (-6.71,  3.18) -2.52 (-6.39, 1.52) -1.88 (-5.65, 2.04) -1.06 (-3.87, 1.83) 

Respiratory 
Mortality 

lag4-7 -3.05 (-9.05,  3.34)  1.14 (-5.83, 8.62)  1.71 (-4.13,  7.92)  1.40 (-3.01, 6.01)  2.62 (-1.73, 7.17)  1.42 (-1.88, 4.84) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
Figure S1: Effect Estimates for %-differences (95%-CI) in Natural-and Cardiovascular-specific 
mortality in the Ruhr area between March 2009 and December 2014 per IQR increase in ultrafine 
particles (PNC13.3-30), estimated in Poisson regression models, adjusted for time trend, temperature, 
humidity, day of week, holidays, period of seasonal population decrease and influenza with additional 
adjustment for PM10, NO2, O3, PNC>100, and PSC. 
 
 

 
 
 
 
 
 

 

 



Table S3: Estimated %-differences in daily natural and cause-specific mortality per IQR increase in particle 
number concentrations (PNC<100 and PNC100-750)  at aggregated (lags 0-1, 2-3, and 4-7) in the Ruhr area between 
March 2009 and December 2014 considering effect modification presented at group-specific exposure effect 
estimate [95%-CI] (p-value of the interaction term). (Corresponding results are visualized Figure 5). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Effect Modifier  Natural Mortality    Cardiovascular Mortality   

  PNC<100  PNC100‐750  PNC<100  PNC100‐750 

Lag0‐1 

Season         

Oct‐Mar  ‐0.25 [‐2.30; 1.84] (p=0.53)   1.46 [‐0.08; 3.02] (p=0.67)  ‐1.04 [‐4.49;  2.53] (p=1.00)   1.37 [‐1.20; 4.01] (p=0.97) 

Apr‐Sep  ‐1.17 [‐3.24; 0.94] (p=0.53)   0.94 [‐0.86; 2.78] (p=0.67)  ‐1.03 [‐4.50;  2.56] (p=1.00)   1.29 [‐1.74; 4.41] (p=0.97) 

PM10         

>75th  ‐0.40 [‐2.81; 2.07] (p=0.70)   1.06 [‐0.69; 2.83] (p=0.33)  ‐1.28 [‐5.32;  2.93] (p=0.85)   0.60 [‐2.31; 3.60] (p=0.15) 

≤ 75th  ‐0.93 [‐2.66; 0.84] (p=0.70)   2.30 [ 0.37; 4.26] (p=0.33)  ‐0.85 [‐3.78;  2.17] (p=0.85)   3.73 [ 0.45; 7.12] (p=0.15) 

NO2         

>75th  ‐2.22 [‐4.70; 0.32] (p=0.26)   0.92 [‐0.94; 2.82] (p=0.61)  ‐2.25 [‐6.40;  2.07] (p=0.55)   0.55 [‐2.55; 3.75] (p=0.36) 

≤ 75th  ‐0.59 [‐2.44; 1.30] (p=0.26)   1.53 [‐0.07; 3.16] (p=0.61)  ‐0.79 [‐3.93;  2.45] (p=0.55)   2.39 [‐0.32; 5.17] (p=0.36) 

O3         

>75th  ‐2.20 [‐4.54; 0.21] (p=0.12)   0.55 [‐1.42; 2.56] (p=0.42)  ‐4.63 [‐8.49; ‐0.60] (p=0.03)   0.74 [‐2.58; 4.18] (p=0.72) 

≤ 75th  ‐0.08 [‐1.77; 1.64] (p=0.12)   1.52 [ 0.14; 2.92] (p=0.42)   0.49 [‐2.38;  3.45] (p=0.03)   1.46 [‐0.88; 3.85] (p=0.72) 

PSC         

>75th  ‐0.23 [‐2.85; 2.47] (p=0.61)   1.38 [‐0.49; 3.28] (p=0.34)  ‐2.95 [‐7.21;  1.51] (p=0.38)   0.77 [‐2.36; 4.00] (p=0.31) 

≤ 75th  ‐1.00 [‐2.88; 0.93] (p=0.61)   2.70 [ 0.64; 4.79] (p=0.34)  ‐0.75 [‐3.92;  2.54] (p=0.38)   3.14 [‐0.32; 6.72] (p=0.31) 

Lag2‐3 

Season         

Oct‐Mar  ‐1.05 [‐3.07; 1.00] (p=0.31)   0.28 [‐1.26; 1.85] (p=0.91)  ‐2.07 [‐5.44;  1.43] (p=0.08)   0.38 [‐2.20; 3.03] (p=0.60) 

Apr‐Sep   0.45 [‐1.67; 2.62] (p=0.31)   0.42 [‐1.24; 2.11] (p=0.91)   2.33 [‐1.28;  6.06] (p=0.08)  ‐0.64 [‐3.42; 2.23] (p=0.60) 

PM10         

>75th  ‐0.84 [‐3.14; 1.52] (p=0.58)  ‐0.52 [‐2.12; 1.11] (p=0.13)  ‐1.09 [‐4.99;  2.96] (p=0.43)  ‐2.23 [‐4.94; 0.54] (p=0.02) 

≤ 75th  ‐0.09 [‐1.82; 1.67] (p=0.58)   1.08 [‐0.40; 2.57] (p=0.13)   0.72 [‐2.21;  3.75] (p=0.43)   1.86 [‐0.65; 4.42] (p=0.02) 

NO2         

>75th  ‐0.09 [‐2.55; 2.43] (p=0.78)   0.82 [‐0.88; 2.56] (p=0.45)   0.59 [‐3.56;  4.92] (p=0.77)  ‐0.23 [‐3.08; 2.71] (p=0.85) 

≤ 75th  ‐0.48 [‐2.16; 1.23] (p=0.78)   0.02 [‐1.36; 1.42] (p=0.45)  ‐0.12 [‐2.98;  2.82] (p=0.77)   0.11 [‐2.24; 2.51] (p=0.85) 

O3         

>75th  ‐0.22 [‐2.71; 2.34] (p=0.94)  ‐0.87 [‐2.83; 1.14] (p=0.15)   0.18 [‐4.01;  4.55] (p=0.99)  ‐1.89 [‐5.18; 1.51] (p=0.20) 

≤ 75th  ‐0.33 [‐1.98; 1.34] (p=0.94)   0.78 [‐0.51; 2.10] (p=0.15)   0.15 [‐2.64;  3.02] (p=0.99)   0.60 [‐1.58; 2.83] (p=0.20) 

PSC         

>75th  ‐0.70 [‐3.10; 1.77] (p=0.69)   0.34 [‐1.53; 2.25] (p=0.98)  ‐0.33 [‐4.40;  3.92] (p=0.82)  ‐0.63 [‐3.73; 2.58] (p=0.64) 

≤ 75th  ‐0.16 [‐1.81; 1.52] (p=0.69)   0.37 [‐0.94; 1.70] (p=0.98)   0.21 [‐2.60;  3.10] (p=0.82)   0.23 [‐1.98; 2.50] (p=0.64) 

Lag4‐7 

Season         

Oct‐Mar   0.35 [‐1.98; 2.74] (p=0.88)   0.65 [‐0.93; 2.26] (p=0.26)   2.32 [‐1.69;  6.49] (p=0.94)   0.72 [‐1.95; 3.46] (p=0.82) 

Apr‐Sep   0.61 [‐1.53; 2.80] (p=0.88)   2.00 [ 0.26; 3.77] (p=0.26)   2.52 [‐1.15;  6.33] (p=0.94)   1.20 [‐1.73; 4.22] (p=0.82) 

PM10         

>75th  ‐0.27 [‐3.08; 2.63] (p=0.52)   1.95 [‐0.01; 3.95] (p=0.41)   1.56 [‐3.26;  6.62] (p=0.67)   1.05 [‐2.25; 4.45] (p=1.00) 

≤ 75th   0.73 [‐1.03; 2.53] (p=0.52)   0.98 [‐0.39; 2.38] (p=0.41)   2.76 [‐0.28;  5.89] (p=0.67)   1.05 [‐1.28; 3.43] (p=1.00) 

NO2         

>75th  ‐0.37 [‐3.29; 2.64] (p=0.49)   1.46 [‐0.53; 3.49] (p=0.83)   1.45 [‐3.57;  6.73] (p=0.65)  ‐0.17 [‐3.52; 3.29] (p=0.40) 

≤ 75th   0.77 [‐0.99; 2.57] (p=0.49)   1.21 [‐0.15; 2.59] (p=0.83)   2.78 [‐0.26;  5.91] (p=0.65)   1.53 [‐0.77; 3.89] (p=0.40) 

O3         

>75th  ‐1.94 [‐4.63; 0.83] (p=0.03)   0.45 [‐1.75; 2.70] (p=0.39)  ‐0.47 [‐5.04;  4.32] (p=0.13)   1.19 [‐2.55; 5.07] (p=0.92) 

≤ 75th   1.31 [‐0.46; 3.11] (p=0.03)   1.56 [ 0.22; 2.92] (p=0.39)   3.51 [ 0.43;  6.68] (p=0.13)   0.96 [‐1.31; 3.29] (p=0.92) 

PSC         

>75th  ‐1.07 [‐3.77; 1.70] (p=0.17)   0.88 [‐1.31; 3.12] (p=0.68)   1.16 [‐3.51;  6.05] (p=0.51)   1.52 [‐2.19; 5.37] (p=0.76) 

≤ 75th   1.04 [‐0.75; 2.85] (p=0.17)   1.40 [ 0.08; 2.74] (p=0.68)   2.95 [‐0.13;  6.13] (p=0.51)   0.87 [‐1.36; 3.15] (p=0.76) 
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Abstract

Aims: Air pollution and noise are potential risk factors for subclinical atherosclerosis. Longitudinal analyses, especially

on the interplay of these environmental factors, are scarce and inconsistent. Hence we investigated long-term traffic-

related exposure to air pollution and noise with the development and progression of thoracic aortic calcification,

a marker of subclinical atherosclerosis.

Methods: We used baseline (2000–2003) and follow-up (2006–2008) data from the German Heinz Nixdorf Recall

cohort study, including 4814 middle-aged adults. Residence-based air pollution (PM2.5 (aerodynamic diameter� 2.5mm),

PM10, nitrogen dioxide and particle number), and noise was assessed with dispersion models. Thoracic aortic calcification

was quantified from non-contrast enhanced electron beam computed tomography. The presence and extent of thoracic

aortic calcification progression were analysed with multiple logistic and linear regression models, respectively, adjusting

for age, sex, lifestyle variables, socioeconomic status and respective co-exposure.

Results: We observed no association in the full study sample (n¼ 3155, mean age 59.1 (�7.6) years, 52.8% women).

While an interquartile range in particle number and night-time noise yielded odds ratios of 1.20 (1.03, 1.40) and 1.21

(1.00, 1.46) for binary thoracic aortic calcification progression, and 0.02 (–0.01, 0.05) and 0.04 (0.00, 0.07) higher growth

rates of thoracic aortic calcification in participants with baseline thoracic aortic calcification less than 10, negative findings

were observed in those with baseline thoracic aortic calcification of 10 or greater. Results were similar for other

pollutants and daytime noise.

Conclusion: Our study shows no overall associations. Subgroup analyses suggest independent associations of traffic-

related air pollution and noise with the development and progression of subclinical atherosclerosis in participants with no

or minor thoracic aortic calcification at baseline, in contrast to negative findings in those with advanced calcification.
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Introduction

Environmental factors like air pollution and noise are
associated with a higher risk of cardiovascular disease
(CVD).1–4 Moreover, noise was identified as an inde-
pendent contributor to health risks in the context of air
pollution,5 while partly sharing similar sources and
health effect mechanisms. One potential pathway link-
ing both exposures to CVD includes a stress response
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inducing inflammatory cascades, followed by vascular
dysfunction or damage,1,3 potentially developing into
atherosclerosis, the underlying pathology for most
CVD.6 Another pathway specifically important for
noise is sleep disturbance, which can influence cardio-
metabolic functions through decreased leptin secretion,
potentially increasing appetite, obesity and impaired
glucose tolerance.7

Correlating well with other markers of subclinical
atherosclerosis, thoracic aortic calcification (TAC) inde-
pendently predicts cardiovascular events and has a
higher prevalence among middle-aged adults than cor-
onary artery calcification (CAC).8,9 It is therefore well
suited for quantitative longitudinal analyses in middle-
aged populations. Current epidemiological evidence on
the association of traffic-related environmental expos-
ures and the atherosclerotic burden remains inconclusive
and is almost exclusively limited to air pollution effects.
The majority of cross-sectional studies reported positive
associations of air pollution on various markers of ath-
erosclerosis, including carotid intima media thickness,
CAC, abdominal aortic calcification (AAC), TAC and
the ankle–brachial index;10–14 however, evidence from
longitudinal analysis is scarce. While a linear exposure-
response for PM2.5 (aerodynamic diameter� 2.5mm)
and the progression of CAC was observed in the pro-
spective Multi-Ethnic Study of Atherosclerosis (MESA)
cohort,13 the analysis of the Framingham Study did not
support associations of living close to a major road or
PM2.5 exposure with the presence or extent of CAC,
TAC or AAC progression.15,16

Road traffic noise has rarely been investigated in the
context of air pollution and our previous cross-sec-
tional investigation supported independent associations
of air pollution and noise on TAC.17 However, it
remains unclear whether high air pollution exposure
enhances the effect of noise on the cardiovascular
system and vice versa.

Therefore, we expanded our previous work, investi-
gating potential synergistic associations of long-term
exposure to air pollution and noise, on the development
and progression of TAC in a German, well-charac-
terised, population-based cohort.

Methods

Study design

We used data from the baseline (t0: 2000–2003) and first
follow-up (t1: 2006–2008) examination of the Heinz
Nixdorf Recall (Risk Factors, Evaluation of Coronary
Calcification, and Lifestyle; HNR) study, a population-
based cohort study, initially including 4814 participants
between 45 and 75 years of age, selected randomly from
the mandatory population registries (age-stratified

sampling), from three adjacent cities (Mülheim, Essen
and Bochum) in the metropolitan Ruhr area, Germany,
of which 4157 participated in the t1 examination.
Traditional cardiovascular risk factors, demographics
and addresses were assessed at both examinations using
self-administered questionnaires, face-to-face interviews,
clinical examinations and comprehensive laboratory tests
according to standard protocols.18 This study complies
with the Declaration of Helsinki, all participants (or their
legally authorised representative) provided written
informed consent and the study was approved by the
institutional ethics committees. The study design has
been described in detail elsewhere.19

Thoracic aortic calcification

Computed tomography (CT) scans were performed for
quantification of TAC at both examinations, using a C-
100 (t0) and C-150 (t1) scanner (GE, Imatron, South
San Francisco, CA, USA), following a standardised
methodology for acquisition and interpretation of the
scans, which has been reported previously.18,19

The CT was operated in the single-slice (3mm) mode
with an image acquisition time of 100ms. Based on the
Agatston algorithm,20 TAC was quantified, including
at least four contiguous pixels with a CT density
of 130 or greater Hounsfield units for identifying
calcified lesions. TAC was assessed by summation of
all calcified lesions in the ascending (ATAC) and
descending (DTAC) thoracic aorta visible in the CT
scan.9 While the aortic root was included, the aortic
arch and the intrarenal abdominal aorta were excluded
in the scan. TAC progression (yes/no) was operationa-
lised as TACt1 – TACt0> 0. Due to its exponential
nature, the extent of TAC progression was
operationalised as a growth rate of TAC, defined as
logðTACt1þ1Þ�logðTACt0þ1Þ

years of follow-up

� �
.21,22

Air pollution

Long-term exposure to ambient air pollution, including
PM with an aerodynamic diameter less than 10 or
2.5 mm (PM10 and PM2.5 (mg/m3)), particle number of
accumulation mode particles (PNacc (#/mL)) and nitro-
gen dioxide (NO2 (mg/m3)), was estimated using the
validated European air pollution dispersion chemistry
transport model (EURAD-CTM).23,24 The EURAD-
CTM uses input data from official emission inventories
(i.e. traffic, industry, agriculture, energy production,
etc.),25 data on meteorology and regional topography,
in combination with input on the dispersion of emis-
sions, chemical reactivity and mass transport between
horizontal strata and deposition to calculate daily
exposure concentrations in a 1� 1 km2 grid24 during
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the examination years (2000–2003 and 2006–2008),
which were assigned to participant’ baseline and
follow-up addresses using a geographical information
system. Since exposure data from 2004–2005 was not
available, long-term exposure was calculated as the
mean of all daily values over both examination periods,
reflecting long-term spatial exposure differences within
our study area.

Road traffic noise

Long-term road traffic noise was modelled for the year
2007 according to the European Union Directive 2002/
49/EC26 and the validated national calculation method
VBUS/RLS-902,7 for the year 2007 (supplied from the
city administrations) considering small-scale topog-
raphy of the area, dimensions of buildings, noise bar-
riers, first order reflections, street axis, measured or
estimated vehicle type-specific traffic density for all
roads, speed limit and type of street surface. Average
traffic noise values (A-weighted dB(A)) day-evening-
night (24 hour) noise (Lden) and night-time noise
(Lnight, 22:00–06:00 hours) were estimated using the
most exposed façade of participants’ residences with a
resolution of 0.1 dB.

Covariates

We classified education according to the international
standard classification of education as total years of
formal education grouped into four categories (<11,
11–13, 13–17 and> 17 years). Neighbourhood socioe-
conomic status was assessed as the unemployment rate
(%). Smoking status defined current smoker (during
the past year), ex-smoker and never-smoker. Lifetime
cumulative smoking was assessed in pack-years at base-
line. Exposure to environmental tobacco smoke (ETS)
referred to ETS at home, at work or in other places.
Body mass index (BMI; kg/m2) was calculated using
standardised height and weight measurements.
Regular physical activity (yes/no) and alcohol intake
(0, 1–3, 4–6,> 6 drinks per week) was assessed by
questionnaire. High-density lipoprotein (HDL) and
low-density lipoprotein (LDL) cholesterol, and high
sensitivity C-reactive protein (hs-CRP) (all mg/dL)
were measured with standard methods at the central
laboratory of the University Hospital of Essen.
Current medications were coded according to the ana-
tomical therapeutic chemical classification index.28

Blood pressure values were calculated as the mean of
the second and third measurement of three measure-
ments, using an oscillometric method according to a
standard protocol. Hypertension was defined as systolic
or diastolic blood pressure of 140mmHg or greater or
90mmHg or greater, respectively, or the use of

antihypertensive medication. Diabetes mellitus was
defined as a prior physician diagnosis of diabetes,
anti-diabetic drug intake, a random blood glucose of
200mg/dl or greater, or a fasting blood glucose of
126mg/d or greater. Coronary artery disease (CAD)
was defined by coronary artery bypass surgery and/or
interventional revascularisation procedures and/or a
history of prior myocardial infarction.

Statistical analyses

To assess the association between traffic-related con-
tinuous exposures and TAC progression we estimated:
(a) odds ratios (ORs) (95% confidence intervals (CIs))
for having more TAC after 5 years using logistic regres-
sion; and (b) the change of growth rate in TAC (to be
interpreted as a yearly change in percentage points, pre-
sented as a decimal number) using linear regression
with respect to an interquartile range (IQR) of expos-
ure. Because prior analyses have shown stronger asso-
ciations of environmental risk factors and early
atherosclerosis,27,29,30 and our prior analysis has iden-
tified 10 as a cut-point for CAC,30 we stratified the
study population by baseline TAC value (TACt0< 10
vs. TACt0� 10). In a sensitivity analysis, we estimated
ORs for incident TAC and change in growth rate
among participants with TACt0> 0. Because prior ana-
lysis on TAC progression has shown a different suscep-
tibility of segments of the thoracic aorta with regard to
risk factors,22 we also investigated ATAC and DTAC
separately. The confounder-adjusted (main) model
included age, sex, smoking status, pack-years of smok-
ing, ETS, physical activity and follow-up time.

To investigate the interplay of air pollution and
noise, we (a) estimated exposure effects adjusting for
the respective co-exposure to evaluate potential con-
founding; (b) investigated effect modification including
interaction terms between exposure and dichotomised
co-exposure at the 75th percentile (low/high); and (c)
investigated possible synergisms between co-exposures
categorising participants into four groups based on the
75th percentile of each exposure: high air pollution and
low noise, low air pollution and high noise, high expos-
ure to both, and low exposure to both as a reference.

Sensitivity analysis

We evaluated the robustness of our main results with
regard to additional covariates (neighbourhood
unemployment rate, city and intake of statin or lipid-
lowering medication). Moreover, we adjusted for
hypothesised intermediates (systolic blood pressure,
hypertension, hs-CRP and type 2 diabetes mellitus)1

and (BMI and LDL-cholesterol/HDL-cholesterol
(ratio), which have recently been discussed as potential
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intermediates, especially regarding the health effects of
noise).31 We estimated ORs for TAC progression,
defined as an absolute change greater than 10% and
greater than 20% of the baseline value considering a
potential mean interscan variability of 9.7%.32 In this
context, we also repeated the main analysis, excluding
extreme outliers of TAC change (growth rate-
>medianþ 3 IQR or<median – 3 IQR). Moreover,
we restricted our sample to those less prone to exposure
misclassification, namely those that have not moved
within 5 years prior to the baseline examination and
those that did not work full time. In addition, we
repeated the analysis in never-smokers and those with-
out incident statin medication. Finally, we investigated
baseline and follow-up exposure separately.

Results

The study sample consisted of 3155 (52.8% women)
participants, after excluding subjects with prior CAD,
missing data on exposure, TAC measurements and cov-
ariates (Supplementary Figure 1). Participants were on
average 59.1 (�SD 7.6) years old at baseline, well edu-
cated, mostly never smokers and slightly overweight
(Table 1). Participants with TACt0< 10 (n¼ 1433)
included more women, drank less alcohol and had a
lower cardiac risk profile (overall Framingham risk
score and its components) than those with TACt0� 10
(n¼ 1722).

TAC progression was observed in 53.0% with a
mean (exponential) annual growth rate of 0.1� SD
0.5 (equivalent to a 10% annual increase) (Table 1,
Supplementary Figure 2), based on a median
Agatston score of 15.5 (IQR 0.0–108.4) at t0 and 28.9
(0.0–306.5) at t1. Incident TAC was observed in 42.5%
of 1171 participants.

Exposure concentrations were approximately nor-
mally distributed (Supplementary Figure 3) with mean
(�SD) concentrations of 20.2 (�2.6) mg/m3 PM10, 16.7
(�1.2) mg/m3 PM2.5, 3399 (�382) #/mL PNacc, 39.4
(�4.0) mg/m3 NO2, 53.9 (�9.3) dB(A) Lden and 45.0
(�9.1) dB(A) for Lnight. Air pollution and noise corre-
lated weakly (Table 2).

Association of traffic-related exposures with TAC
progression

While observing no associations of PM10, PM2.5, PNacc,
NO2 or noise with the presence or extent of TAC pro-
gression in the full study sample, results from partici-
pants with TACt0< 10 suggested exposure-related
effects on the presence and degree of TAC progression
(Figure 1, Supplementary Tables 1 and 2). In contrast,
associations were negative for participants with
TACt0� 10 (Figure 1).

Associations with the presence of TAC progression
were strongest for PNacc and Lnight. For example, a
520 #/mL (IQR) increase in PNacc yielded estimated
ORs (95% CIs) of 1.03 (0.92, 1.14) for all participants,
1.20 (1.03, 1.40) for participants with TACt0< 10
and 0.90 (0.77, 1.04) for participants with TACt0

� 10. Similarly, a 13.7 dB(A) increase in Lnight, yielded
estimated ORs (95% CIs) of 0.96 (0.85, 1.08),
1.15 (0.97, 1.37) and 0.80 (0.67, 0.95) for all partici-
pants, participants with TACt0< 10 and TACt0� 10
respectively (Figure 1, Supplementary Table 1).
Defining TAC progression as a 10% or 20% change
from TACt0 did not affect the results (Supplementary
Figure 4).

A similar pattern was observed for the TAC growth
rate with strongest associations for IQR increases in
PM2.5 and Lnight, yielding changes in TAC growth
rates of 0.03 (0.00, 0.07) and 0.04 (0.00, 0.07) in partici-
pants with TACt0< 10, whereas negative associations
were observed in those with TACt0� 10 (–0.06 (–0.08,
–0.03) and –0.04 (–0.06, –0.01)) (Figure 1,
Supplementary Table 2). For a subject with TACt0¼ 5
and an expected growth rate of 0.3, a 0.03 estimated
increase in growth rate translates to a TAC score of
26.03¼ 5� exp(0.33� 5) instead of 22.41¼ 5�
exp(0.30� 5).

Estimated ORs (95% CIs) for incident TAC were
1.19 (1.00, 1.41) and 1.21 (1.00, 1.46) for PNacc and
for Lnight, respectively (Supplementary Table 1), while
negative changes in the growth rate were observed in
participants with TACt0� 0 (–0.01 (–0.04, 0.01) and –
0.03 (–0.06, –0.01)) (Supplementary Table 2).

The results were overall robust with regard to the
extended adjustment and to potential intermediates
such as hypertension, BMI or diabetes mellitus
(Supplementary Figure 5). The only exception was
adjustment for city enhancing effect estimates.
Although not observing a clear pattern for separate
segments of the thoracic aorta, noise seemed to be
more strongly related to ATAC, while air pollutants
seemed slightly more strongly related to DTAC
(Supplementary Tables 1 and 2). Excluding outliers
and further subgroup-specific sensitivity analysis over-
all supported our main results (Supplementary Tables 3
and 4). Restriction to never-smokers yielded slightly
stronger effect estimates, particularly regarding PNacc.
Investigations of single baseline and follow-up air pol-
lution exposure revealed similar results.

Interplay of air pollution and noise

Associations between air pollutants and TAC progres-
sion were not confounded or modified by co-exposure
to noise and vice versa (Figure 2, Supplementary Table
5). Overall, we also did not find evidence for synergetic
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Table 1. Baseline characteristics (mean� SD, N (%)) of the full study sample (n¼ 3155) and stratified in subgroups of TACt0< 10

(n¼ 1433) and TACt0� 10 (n¼ 1722).

Variable All TACt0< 10 TACt0� 10 P valuea

TAC (t0) (Agatston score)b 15.5 (108.4) 0.0 (0.0) 90.5 (239.8) <0.001

TAC (t1) (Agatston score)b 28.9 (306.5) 0.0 (34.5) 168.1 (743.2) <0.001

Incident TACc 498 (42.5%) 498 (42.5%)

TAC progression 1672 (53%) 594 (41.5%) 1078 (62.6%) <0.001

TAC growth (rate) 0.1� 0.5 0.3� 0.5 –0.1� 0.4 <0.001

Age (years) 59.1� 7.6 56.4� 7.0 61.4� 7.4 <0.001

Sex 0.001

Male 1490 (47.2%) 631 (44.0%) 859 (49.9%)

Female 1665 (52.8%) 802 (56.0%) 863 (50.1%)

Education 0.003

�10 years 302 (9.6%) 111 (7.7%) 191 (11.1%)

11–13 years 1795 (56.9%) 820 (57.2%) 975 (56.6%)

14–17 years 701 (22.2%) 319 (22.3%) 382 (22.2%)

�18 years 357 (11.3%) 183 (12.8%) 174 (10.1%)

Neigbourhood unemploymentrate (%) 12.4� 3.4 12.5� 3.4 12.4� 3.4 0.501

Smoking status 0.354

Never smoker 1411 (44.7%) 651 (45.4%) 760 (44.1%)

Ex-smoker 1043 (33.1%) 455 (31.8%) 588 (34.1%)

Current smoker 701 (22.2%) 327 (22.8%) 374 (21.7%)

Packyears (years) 19.5 (28.3) 17.0 (26.0) 21.0 (29.4) <0.001

ETS 1099 (34.8%) 541 (37.8%) 558 (32.4%) 0.002

Regular physical activity 1379 (43.7%) 606 (42.3%) 773 (44.9%) 0.153

BMI (kg/m2) 27.6� 4.3 27.2� 4.4 28.0� 4.2 <0.001

LDL (mg/dl) 146.3� 35.7 141.3� 34.4 150.5� 36.2 <0.001

HDL (mg/dl) 59.3� 17.3 60.1� 17.4 58.6� 17.2 0.014

Alcohol consumption 0.049

Never 1519 (48.1%) 683 (47.7%) 836 (48.5%)

1–3 drinks/week 490 (15.5%) 246 (17.2%) 244 (14.2%)

>3–6 drinks/week 348 (11%) 166 (11.6%) 182 (10.6%)

>6–14 drinks/week 412 (13.1%) 182 (12.7%) 230 (13.4%)

>14 drinks/week 386 (12.2%) 156 (10.9%) 230 (13.4%)

Intake of statins at baselinec 213 (7.2%) 59 (4.5%) 154 (9.3%) <0.001

Incident statin usec 348 (11.8%) 114 (8.7%) 234 (14.2%) <0.001

Incident lipid-lowering medsc 375 (12.7%) 131 (10.0%) 244 (14.8%) <0.001

Framingham riskc <0.001

Low 1713 (54.6%) 931 (65.5%) 782 (45.7%)

Medium 1014 (32.3%) 392 (27.6%) 622 (36.3%)

High 408 (13%) 99 (7.0%) 309 (18.0%)

Prevalent hypertensionc 1677 (53.2%) 631 (44.1%) 1046 (60.7%) <0.001

Incident hypertensionc 524 (35.5%) 241 (30.1%) 283 (41.9%) <0.001

Type 2 diabetes 364 (11.5%) 125 (8.7%) 239 (13.9%) <0.001

Incident type 2 diabetes 240 (8.6%) 103 (7.9%) 137 (9.2%) 0.225

Incident CADc 99 (3.1%) 25 (1.7%) 74 (4.3%) <0.001

at-test: Wilcoxon test or �2 independence test.
bMedian (interquartile range).
cAdditional missing observations.
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effects of air pollution and noise levels (Supplementary
Figure 6, Supplementary Table 6).

Discussion

In the full study sample our study shows no association
of long-term exposure to both air pollution and road

traffic noise, with the development and progression of
TAC. However, a subgroup analysis of participants
with no or only minor calcification at baseline suggests
independent associations of long-term exposure to both
air pollution and road traffic noise with the develop-
ment and progression of TAC, while a lower risk was
observed in those with advanced baseline calcification.

All TACt0 < 10 TACt0 ≥ 10 All TACt0 < 10 TACt0 ≥ 10
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Figure 1. Crude and main effect estimates (95% confidence interval) per interquartile range (IQR) exposure increase on thoracic

aortic calcification (TAC) progression in the Heinz Nixdorf Recall study sample and stratified by TACt0, adjusted for age, sex, smoking,

physical activity, alcohol consumption, education and follow-up years. (a) Odds ratios (ORs) for TAC progression; (b) change of TAC

growth rate. Complementing numbers are presented in Supplementary Tables 1 and 2.

Table 2. Summary statistics and Pearson correlation coefficients for traffic-related long-term exposures for 3155 participants of the

Heinz Nixdorf Recall Study.

Exposure Mean� SD IQR PM2.5 PNacc NO2 Lden Lnight

PM10 (mg/m
3)a 20.2� 2.6 3.8 0.81 0.76 0.57 0.21 0.23

PM2.5 (mg/m
3)b 16.7� 1.2 2.0 0.69 0.69 0.10 0.14

PNacc (#/mL)c 3399� 382 520 0.69 0.20 0.21

NO2 (mg/m
3)d 39.4� 4.0 5.3 0.18 0.21

Lden (dB(A))
e 53.9� 9.3 14.4 0.99

Lnight (dB(A))
f 45.0� 9.1 13.7 1.00

PMx: particulate matter with an aerodynamic diameter< x mm; PNacc: particle number of accumulation mode particles; NO2: nitrogen dioxide; Lden:

day-evening-night noise; Lnight: night-time noise; IQR: interquartile range.
aPM10: particulate matter with an aerodynamic diameter <10 mm.
bPM2.5: particulate matter with an aerodynamic diameter < 2.5 mm.
cPNacc: particle number of accumulation mode particles.
dNO2: nitrogen dioxide
eLden: day-evening-night noise.
fLnight: night-time noise; IQR: interquartile range.
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In this study, we were able to expand our previous
investigation with a longitudinal design enabling us to
analyse the development and progression of athero-
sclerosis. Moreover, we were able to investigate differ-
ent traffic-related air pollutants, such as particle mass,
particle number and NO2, in the context of traffic-
related noise.

The clearest effect estimates for the development,
presence and extent of TAC progression were seen for
particle number concentrations and noise exposure,
which are also the most accurate surrogates of environ-
mental pollution from road traffic. While road traffic
has been shown to be related to numerous cardiovas-
cular health effects,33 most studies were not able to dif-
ferentiate between air pollution and noise effects due to
missing information on both exposures. This study fills
this gap by showing independent associations of two
traffic-related exposures on the development of subclin-
ical atherosclerosis, the underlying pathology for most
CVDs. In contrast, our study shows counterintuitive
results in those participants with already advanced
atherosclerosis.

There are two pathological processes leading to the
formation of vascular calcifications, which often occur
simultaneously,34 yet can be affected differently by dif-
ferent environmental factors. Noise has been postulated
to act on the cardiovascular system primarily by caus-
ing a stress reaction with the secretion of corticoster-
oids, accompanied by elevated blood pressure,
dyslipidemia, elevated blood glucose and vascular dys-
function, which may all contribute to the progression of

atherosclerosis.3 Next to a sympathetic arousal that can
be noted already within hours after the rise of air pol-
lution concentrations, air pollutants have been shown
to increase blood pressure and systemic inflammatory
responses, which may also contribute to atherogenesis.1

Previous studies observed cardiovascular-related health
effects, like subclinical changes in left ventricular per-
formance, most likely caused by decreased ventricular
function in response to PM2.5 exposure.

35

Although still lacking a complete understanding of
the health effect mechanisms, our findings can be linked
to the public health risk of air pollution and road traffic
noise on cardiovascular health.36 Lacking safe levels of
air pollutants, large parts of the population may be
subjected to these adverse environmental effects on
the vasculature, especially when not given personal
risk (e.g. smoking). Importantly, associations were
observed at air pollution levels below the European
limit values,26 while mean noise levels were also at or
only slightly above the current World Health
Organization (WHO) recommendations of 53 dB for
Lden and 45 dB for Lnight,

37 indicating that these regu-
lations and recommendations may not sufficiently pro-
tect the European population.

Our results show negative associations in partici-
pants with a more advanced atherosclerosis burden.
Negative findings were also observed in the
Framingham Heart Study, investigating associations
of traffic proximity and PM2.5 with abdominal or
thoracic aortic calcification.15,16 However, other
recent studies reported that pathological subjects are
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Figure 2. Effect estimates (95% confidence intervals) per interquartile range (IQR) exposure increase on thoracic aortic calcification

(TAC) progression in participants with TACt0< 10: co-exposure adjustment (dark grey) and effect modification (black). (a) TAC

progression; (b) change of TAC growth rate. Models are adjusted for age, sex, smoking, alcohol consumption, physical activity,

education and follow-up time. Complementing numbers are presented in Supplementary Table 7.
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more vulnerable to the environmental effects, such as
an increased risk of cancer induced by long-term
exposure to traffic-related air pollution in myocardial
infarction survivors reported by Cohen et al.38 From
a statistical point of view random variations in TAC
measurements may have caused regression to the
mean at the second examination time, leading to coun-
terintuitive findings. A possible biological explanation
for this finding is that subjects with a higher extent of
TAC are more likely to be symptomatic. They
will therefore more likely be diagnosed with cardiovas-
cular risk factors and will consequently receive aggres-
sive cardio-protective interventions such as statin
therapy, antihypertensive therapy and tight control of
blood glucose. Indeed, in our study participants with a
higher TAC at baseline had higher incidences of cardi-
ovascular-related mortality, as well as higher rates of
incident statin medication. Although air pollution
exposure may contribute more to the development of
early soft plaque than to progression to arterial calcifi-
cation,15 which is in line with results from our prior
analysis of second-hand smoke and CAC in the Heinz
Nixdorf Recall study,30 negative associations remain to
be explained.

In line with our previous cross-sectional investiga-
tion17 and results from a recent review,5 air pollution
and noise revealed independent health effect estimates.
Moreover, our results did not indicate that the associ-
ation of air pollutants on TAC progression was
enhanced in those with high noise exposure or vice
versa. This is different to a prior analysis of cognitive
function in the same study population, in which suscep-
tibility to adverse associations with air pollution was
increased in those with high levels of noise exposure
and vice versa, and the associations were over-additive
in those with high levels of both exposures.39 The lack
of effect modification in the present analysis suggests
that air pollution and noise action affect atherosclerosis
through biological pathways which do not potentiate
each other.1,3,5

The major strengths of this analysis include standar-
dised measurements of classic cardiovascular risk fac-
tors, as well as of TAC. The CT scans were repeated
with the same scanner technology and identical scan-
ning protocols, so that we avoided the use of any cor-
rection factors. Moreover, a potential bias by therapy
was eradicated because participants and their phys-
icians were blinded to the results of the calcification
scoring at the baseline examination. The detailed infor-
mation on lifestyle factors, socioeconomic status and
potential cardiovascular risk factors allowed an appro-
priate control of confounding.

Limitations were the relatively short time of follow-
up (5 years) with respect to a life-time exposure and
atherosclerotic changes. Moreover, measurement of

TAC progression can suffer from unsystematic meas-
urement error due to an underestimation of TAC
burden at the slice border of each 3mm CT slice,
which most likely biases the effects towards the null.
Unfortunately, we do not have repeated measures to
assess study-specific interscan variability. Exposure
assessment to noise and air pollution was conducted
by modelling at participants’ addresses, leading to
exposure measurement error. Moreover, grid-based
exposure estimation is more prone to measurement
error for air pollutants with greater small-scale vari-
ation (NO2 and PNacc) than the more homogeneous
PM10 and PM2.5.

Conclusion

While our study does not show overall associations,
subgroup analyses suggest independent associations of
traffic-related air pollution and road traffic noise with
the development and progression of subclinical athero-
sclerosis in participants with no or only minimal thor-
acic aortic calcification at baseline that may contribute
to the development of environmentally caused CVD.
The observed lower risk of the development and pro-
gression of TAC in participants with advanced calcifi-
cation remains to be explained.
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19. Schmermund A, Möhlenkamp S, Stang A, et al.

Assessment of clinically silent atherosclerotic disease
and established and novel risk factors for predicting myo-
cardial infarction and cardiac death in healthy middle-

aged subjects: rationale and design of the Heinz
Nixdorf RECALL Study. Am Heart J 2002; 144:
212–218.

20. Agatston AS, Janowitz FWR, Hildner FJ, et al.
Quantification of coronary artery calcium using ultrafast
computed tomography. J Am Coll Cardiol 1990; 15:
827–832.

21. Lehmann N, Erbel R, Mahabadi AA, et al. Value of pro-
gression of coronary artery calcification for risk predic-
tion of coronary and cardiovascular events result of the

HNR Study (Heinz Nixdorf Recall). Circulation 2018;
137: 665–679.
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location of atherosclerotic lesions in thoracic aorta and
their prognostic significance in relation to the risk of car-

diovascular events. Polish J Radiol 2013; 78: 38–42.
35. Yang W, Zhang Z, Thijs L, et al. Left ventricular func-

tion in relation to chronic residential air pollution in a

general population. Eur J Prev Cardiol 2017; 24:
1416–1428.

36. Van Kempen E, Casas M, Pershagen G, et al. WHO

Environmental Noise Guidelines for the European
Region: a systematic review on environmental noise and
cardiovascular and metabolic effects: a summary. Environ

Res Public Health 2018; 15: 1–59.
37. World Health Organization. Environmental noise guide-

lines for the European Region. Copenhagen, Denmark:
World Health Organization, Regional Office for

Europe, 2018.
38. Cohen G, Levy I, Kark JD, et al. Long-term exposure to

traffic-related air pollution and cancer among survivors

of myocardial infarction: a 20-year follow-up study. Eur J
Prev Cardiol 2017; 24: 92–102.

39. Tzivian L, Dlugaj M, Winkler A, et al. Long-term air

pollution and traffic noise exposures and mild cognitive
impairment in older adults: a cross-sectional analysis of
the Heinz Nixdorf Recall Study. Environ Health Perspect
2016; 124: 1361–1368.

10 European Journal of Preventive Cardiology 0(00)



Investigation of air pollution and noise on progression of thoracic 

aortic calcification – Results of the Heinz Nixdorf Recall Study 

Short title: Traffic-related exposures and progression of thoracic aortic calcification 

Frauke Hennig1, Susanne Moebus2, Nico Reinsch3,4, Thomas Budde3, Raimund Erbel, 2, Karl-Heinz 
Jöckel2, Nils Lehmann2 , Barbara Hoffmann1 and Hagen Kälsch3,4, on behalf of the Heinz Nixdorf Recall 

Study Investigative Group. 

 
1. Institute of Occupational, Social and Environmental Medicine, Centre for Health and Society, Medical Faculty, 

Heinrich-Heine University Düsseldorf, Germany 
2. Institute of Medical Informatics, Biometry and Epidemiology, University of Duisburg-Essen, Essen, Germany 
3. Alfried Krupp Hospital Essen, Department of Cardiology, Essen, Germany 
4. University Witten/Herdecke, Witten, Germany 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
Figure S1: Flowchart visualizing the sample size reduction of the Heinz Nixdorf Recall Study 

cohort for the analysis samples investigating the association of air pollution and noise 
exposure on TAC-progression. 

 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 

 
 
Figure S2: Distribution of TAC-progression for the study sample of the Heinz Nixdorf Recall 

Study cohort (n=3,155).visualized as A: Boxplot of absolute TAC-change according 
to baseline TAC categories; B: Barplot of TAC progression stratified by TAC=10, C: 
Histogram of TAC growth rates.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
Figure S3: Residence-based modelled exposure distribution visualized as histogram for the study 

sample of the Heinz Nixdorf Recall Study cohort (n=3,155). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 

 
 
Figure S4: Main effect estimates (95%-CI) per IQR exposure increase on TAC-progression, using a 

cutpoint of 0 compared to 10% and 20% from baseline TAC value. Effects are estimated 
in the Heinz Nixdorf Recall study sample (n=3,155) and stratified by TACt0 (TACt0<10, 
n=1,433 and TACt0≥10, n=1,722), adjusted for age, sex, smoking, physical activity, 
alcohol status, education and follow-up years. 

 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
Figure S5: Exposure effect estimates per IQR increase in exposure (here PM10 and LDEN) on TAC-

progression after adding respective covariates to the main adjustment set (age, sex, 
smoking status, physical activity, and education), estimated in all participants of the Heinz 
Nixdorf Recall Study feasible for this analysis (n=3,125) and in participants with low 
baseline TAC (n=1,433). A: OR (95%-CI) for a TAC-progression, B: Change (95%-CI) 
of growth rate of TAC. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
 
Figure S6: Synergism of co-exposure. Effect estimates of high and/or low co-exposure of air 

pollution (AP) and noise on TAC-progression in participants of the Heinz Nixdorf Recall 
Study with minimal/no baseline (TACt0 <10; n=1,417). A: RR (95%-CI) for a TAC-
progression, B: Change (95%-CI) of growth rate of TAC. Models are adjusted for age, 
sex, smoking status, physical activity, BMI, LDL/HDL, education, and follow-up time. 
Complementing numbers are described in Table S6. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table S1: Odds Ratios (95%-CI) per IQR increase in exposure on TAC-progression (TAC, ATAC 
and DTAC) in participants of the Heinz Nixdorf Recall Study (All, n=3,155; TACt0<10, 
n=1,433; TACt0≥10, n=1,722; TACt0=0, n=1,158) in crude and main models (adjustment: 
age, sex, smoking status, physical activity and education). Complementing Figure is 
Figure 1 (A) in the main text. 

 
 
Exposure IQR Outcome Model All TACt0<10 TACt0≥10 TACt0=0 

PM10 3.8 TAC crude 0.97 (0.87, 1.07) 1.13 (0.97, 1.32) 0.81 (0.70, 0.93) 1.18 (0.99, 1.41) 
 µg/m

3
  Main 0.93 (0.83, 1.04) 1.11 (0.94, 1.31) 0.78 (0.66, 0.92) 1.12 (0.92, 1.36) 

  ATAC crude 0.91 (0.81, 1.01) 0.99 (0.82, 1.19) 0.82 (0.71, 0.95) 1.06 (0.87, 1.30) 
   Main 0.88 (0.79, 0.99) 0.97 (0.80, 1.17) 0.81 (0.70, 0.95) 1.00 (0.81, 1.24) 
  DTAC crude 1.01 (0.91, 1.12) 1.14 (0.96, 1.34) 0.89 (0.77, 1.03) 1.17 (0.98, 1.41) 
   Main 0.97 (0.87, 1.10) 1.09 (0.91, 1.31) 0.89 (0.75, 1.04) 1.08 (0.89, 1.33) 

PM2.5 2.0 TAC crude 0.91 (0.81, 1.01) 1.13 (0.95, 1.33) 0.72 (0.62, 0.84) 1.16 (0.97, 1.39) 
 µg/m

3
  Main 0.90 (0.80, 1.02) 1.13 (0.95, 1.35) 0.72 (0.61, 0.86) 1.14 (0.94, 1.39) 

  ATAC crude 0.90 (0.80, 1.01) 1.01 (0.83, 1.23) 0.81 (0.69, 0.94) 1.08 (0.88, 1.34) 
   Main 0.90 (0.80, 1.02) 1.00 (0.82, 1.22) 0.83 (0.71, 0.97) 1.06 (0.85, 1.32) 
  DTAC crude 0.95 (0.85, 1.06) 1.08 (0.90, 1.28) 0.83 (0.71, 0.97) 1.07 (0.89, 1.30) 
   Main 0.95 (0.83, 1.07) 1.06 (0.88, 1.28) 0.86 (0.73, 1.02) 1.03 (0.83, 1.27) 

PNacc 520 TAC crude 1.03 (0.94, 1.14) 1.18 (1.02, 1.36) 0.92 (0.81, 1.05) 1.18 (1.00, 1.38) 
 #/mL  Main 1.03 (0.92, 1.14) 1.20 (1.03, 1.40) 0.90 (0.77, 1.04) 1.19 (1.00, 1.41) 
  ATAC crude 0.99 (0.89, 1.09) 1.02 (0.86, 1.20) 0.96 (0.84, 1.09) 1.05 (0.87, 1.26) 
   Main 0.97 (0.87, 1.08) 1.02 (0.86, 1.21) 0.94 (0.82, 1.07) 1.04 (0.86, 1.25) 
  DTAC crude 1.05 (0.96, 1.16) 1.13 (0.97, 1.31) 1.00 (0.88, 1.14) 1.11 (0.94, 1.31) 
   Main 1.05 (0.94, 1.17) 1.13 (0.96, 1.34) 1.00 (0.86, 1.16) 1.09 (0.91, 1.31) 

NO2 5.3 TAC crude 0.97 (0.89, 1.07) 1.10 (0.96, 1.26) 0.85 (0.75, 0.97) 1.07 (0.92, 1.25) 
 µg/m3  Main 0.97 (0.87, 1.08) 1.13 (0.97, 1.31) 0.83 (0.72, 0.96) 1.09 (0.93, 1.29) 
  ATAC crude 1.00 (0.91, 1.10) 1.05 (0.90, 1.24) 0.95 (0.84, 1.08) 1.08 (0.91, 1.29) 
   Main 1.00 (0.90, 1.11) 1.07 (0.91, 1.26) 0.95 (0.83, 1.09) 1.09 (0.91, 1.31) 
  DTAC crude 0.98 (0.89, 1.08) 1.07 (0.93, 1.24) 0.90 (0.79, 1.02) 1.02 (0.87, 1.20) 
   Main 0.98 (0.88, 1.09) 1.09 (0.93, 1.28) 0.89 (0.77, 1.03) 1.02 (0.85, 1.22) 

LDEN 14.4 TAC crude 1.02 (0.91, 1.13) 1.19 (1.01, 1.40) 0.84 (0.72, 0.98) 1.21 (1.01, 1.45) 
 dB(A)  Main 0.96 (0.85, 1.08) 1.15 (0.97, 1.37) 0.80 (0.67, 0.95) 1.18 (0.97, 1.43) 
  ATAC crude 1.05 (0.94, 1.18) 1.23 (1.02, 1.49) 0.91 (0.79, 1.06) 1.27 (1.03, 1.56) 
   Main 1.01 (0.90, 1.14) 1.21 (1.00, 1.47) 0.88 (0.75, 1.03) 1.24 (1.00, 1.54) 
  DTAC crude 1.00 (0.89, 1.11) 1.15 (0.97, 1.36) 0.85 (0.74, 0.99) 1.16 (0.96, 1.40) 
   Main 0.93 (0.82, 1.06) 1.08 (0.90, 1.30) 0.82 (0.69, 0.97) 1.10 (0.89, 1.36) 

LNight 13.7 TAC crude 1.02 (0.92, 1.13) 1.20 (1.03, 1.41) 0.84 (0.72, 0.97) 1.22 (1.03, 1.46) 
 dB(A)  Main 0.97 (0.86, 1.09) 1.17 (0.99, 1.39) 0.80 (0.67, 0.94) 1.21 (1.00, 1.46) 
  ATAC crude 1.05 (0.94, 1.17) 1.24 (1.03, 1.49) 0.90 (0.78, 1.04) 1.29 (1.05, 1.57) 
   Main 1.01 (0.90, 1.14) 1.22 (1.01, 1.48) 0.88 (0.75, 1.02) 1.27 (1.02, 1.56) 
  DTAC crude 1.00 (0.90, 1.11) 1.15 (0.98, 1.36) 0.85 (0.73, 0.98) 1.17 (0.97, 1.41) 
   Main 0.94 (0.83, 1.06) 1.10 (0.92, 1.32) 0.82 (0.69, 0.97) 1.13 (0.92, 1.38) 

 
 
 
 
 
 
 
 
 



 
 
Table S2: Change (95%-CI) in growth rate of TAC (ATAC and DTAC) per IQR increase in 

exposure in participants of the Heinz Nixdorf Recall Study (all: n=3,155; TACt0<10, 
n=1,433; TACt0≥10, n=1,722). Models are adjusted for age, sex, smoking status, physical 
activity, and education. Complementing Figure is Figure 1 (B) in the main text. 

 
 
Exposure IQR Outcome Model All TACt0<10 TACt0≥10 TACt0>0 

PM10 3.8 TAC crude -0.02 (-0.04, 0.01) 0.03 (-0.01, 0.06) -0.04 (-0.07, -0.01) -0.03 (-0.06, -0.01) 
 µg/m

3
  Main -0.02 (-0.05, 0.00) 0.02 (-0.02, 0.05) -0.03 (-0.06, -0.01) -0.03 (-0.06, -0.01) 

  ATAC crude 0.01 (-0.02, 0.03) 0.03 (0.00, 0.06) -0.01 (-0.06, 0.03) -0.01 (-0.05, 0.03) 
   Main 0.00 (-0.03, 0.03) 0.02 (-0.01, 0.05) -0.01 (-0.05, 0.04) 0.00 (-0.04, 0.04) 
  DTAC crude -0.02 (-0.05, 0.01) 0.03 (-0.01, 0.06) -0.05 (-0.08, -0.01) -0.04 (-0.07, -0.01) 
   Main -0.03 (-0.05, 0.00) 0.01 (-0.02, 0.05) -0.04 (-0.08, -0.01) -0.04 (-0.07, -0.01) 

PM2.5 2.0 TAC crude -0.03 (-0.05, 0.00) 0.04 (0.00, 0.08) -0.07 (-0.10, -0.04) -0.06 (-0.09, -0.03) 
 µg/m

3
  Main -0.03 (-0.05, 0.00) 0.03 (0.00, 0.07) -0.06 (-0.08, -0.03) -0.05 (-0.08, -0.03) 

  ATAC crude 0.00 (-0.04, 0.03) 0.03 (-0.01, 0.06) -0.03 (-0.08, 0.02) -0.02 (-0.06, 0.03) 
   Main 0.00 (-0.03, 0.03) 0.02 (-0.01, 0.05) -0.02 (-0.06, 0.03) -0.01 (-0.05, 0.03) 
  DTAC crude -0.04 (-0.06, -0.01) 0.03 (-0.01, 0.06) -0.08 (-0.12, -0.05) -0.07 (-0.11, -0.04) 
   Main -0.04 (-0.06, -0.01) 0.02 (-0.01, 0.06) -0.07 (-0.10, -0.03) -0.06 (-0.09, -0.03) 

PNacc 520 TAC crude 0.00 (-0.02, 0.02) 0.02 (-0.01, 0.06) -0.02 (-0.04, 0.01) -0.01 (-0.04, 0.01) 
 #/mL  Main -0.01 (-0.03, 0.02) 0.02 (-0.01, 0.05) -0.02 (-0.04, 0.01) -0.01 (-0.04, 0.01) 
  ATAC crude 0.01 (-0.02, 0.03) 0.02 (-0.01, 0.05) 0.00 (-0.04, 0.04) 0.00 (-0.03, 0.04) 
   Main 0.00 (-0.02, 0.03) 0.01 (-0.01, 0.04) 0.00 (-0.04, 0.04) 0.01 (-0.03, 0.04) 
  DTAC crude 0.00 (-0.03, 0.02) 0.02 (-0.02, 0.05) -0.02 (-0.05, 0.01) -0.01 (-0.04, 0.02) 
   Main -0.01 (-0.03, 0.01) 0.01 (-0.02, 0.04) -0.02 (-0.05, 0.01) -0.02 (-0.04, 0.01) 

NO2 5.3 TAC crude -0.01 (-0.03, 0.02) 0.03 (0.00, 0.06) -0.03 (-0.06, -0.01) -0.03 (-0.05, 0.00) 
 µg/m3  Main -0.01 (-0.03, 0.01) 0.03 (0.01, 0.06) -0.03 (-0.06, -0.01) -0.03 (-0.05, 0.00) 
  ATAC crude -0.01 (-0.03, 0.02) 0.02 (-0.01, 0.05) -0.03 (-0.07, 0.01) -0.02 (-0.06, 0.02) 
   Main -0.01 (-0.03, 0.02) 0.02 (-0.01, 0.04) -0.03 (-0.07, 0.01) -0.02 (-0.06, 0.02) 
  DTAC crude -0.02 (-0.04, 0.01) 0.03 (0.00, 0.05) -0.05 (-0.08, -0.02) -0.04 (-0.07, -0.01) 
   Main -0.02 (-0.04, 0.00) 0.02 (0.00, 0.05) -0.05 (-0.08, -0.02) -0.04 (-0.07, -0.01) 

LDEN 14.4 TAC crude -0.01 (-0.03, 0.02) 0.04 (0.01, 0.08) -0.03 (-0.06, 0.00) -0.03 (-0.05, 0.00) 
 dB(A)  Main -0.02 (-0.04, 0.01) 0.03 (0.00, 0.07) -0.03 (-0.06, -0.01) -0.03 (-0.06, 0.00) 
  ATAC crude 0.00 (-0.03, 0.03) 0.03 (0.00, 0.06) -0.02 (-0.07, 0.02) -0.02 (-0.06, 0.02) 
   Main -0.01 (-0.04, 0.02) 0.02 (-0.01, 0.05) -0.02 (-0.07, 0.03) -0.02 (-0.06, 0.02) 
  DTAC crude -0.02 (-0.05, 0.01) 0.03 (0.00, 0.07) -0.05 (-0.09, -0.02) -0.04 (-0.08, -0.01) 
   Main -0.03 (-0.06, -0.01) 0.02 (-0.01, 0.05) -0.05 (-0.09, -0.02) -0.05 (-0.08, -0.02) 

LNight 13.7 TAC crude -0.01 (-0.03, 0.02) 0.05 (0.01, 0.08) -0.04 (-0.07, 0.00) -0.03 (-0.06, 0.00) 
 dB(A)  Main -0.02 (-0.04, 0.01) 0.04 (0.00, 0.07) -0.04 (-0.06, -0.01) -0.03 (-0.06, -0.01) 
  ATAC crude 0.00 (-0.03, 0.03) 0.03 (0.00, 0.06) -0.03 (-0.07, 0.02) -0.02 (-0.06, 0.02) 
   Main -0.01 (-0.04, 0.02) 0.02 (-0.01, 0.05) -0.02 (-0.07, 0.02) -0.02 (-0.06, 0.02) 
  DTAC crude -0.02 (-0.05, 0.01) 0.04 (0.00, 0.07) -0.06 (-0.09, -0.02) -0.05 (-0.08, -0.01) 
   Main -0.03 (-0.06, -0.01) 0.03 (-0.01, 0.06) -0.06 (-0.09, -0.02) -0.05 (-0.08, -0.02) 

 
 
 
 
 
 
 
 



Table S3:  Odds Ratios (95%-CI) per IQR increase in exposure on TAC-progression in participants 
of the Heinz Nixdorf Recall Study (All, n=3,155; TACt0<10, n=1,433; TACt0≥10, 
n=1,722; TACt0=0, n=1,158), estimated in specific subgroup (adjustment: age, sex, 
smoking status, physical activity and education).  

 
Exposure Subgroup n All n TAC<10 n TAC≥10 

PM10 Main (no CAD) 3155 0.93 (0.83; 1.04) 1435 1.11 (0.94; 1.31) 1720 0.78 (0.66; 0.92) 

 with CAD 3347 0.92 (0.83; 1.04) 1472 1.10 (0.93; 1.31) 1875 0.78 (0.67; 0.91) 

 non-movers 2752 0.95 (0.84; 1.08) 1234 1.13 (0.95; 1.36) 1518 0.81 (0.69; 0.96) 

 non-employees 1882 0.86 (0.75; 1.00) 683 1.17 (0.92; 1.47) 1199 0.70 (0.58; 0.85) 

 Never-Smoker 1411 0.94 (0.79; 1.11) 652 1.29 (1.00; 1.67) 759 0.70 (0.55; 0.90) 

 No incident Statin 2610 0.94 (0.83; 1.06) 1194 1.09 (0.91; 1.31) 1416 0.80 (0.67; 0.95) 

 excluding outliers 3065 0.96 (0.85; 1.07) 1403 1.10 (0.93; 1.30) 1662 0.83 (0.71; 0.97) 

PM2.5 Main (no CAD) 3155 0.90 (0.80; 1.02) 1435 1.12 (0.95; 1.34) 1720 0.73 (0.62; 0.86) 

 with CAD 3347 0.91 (0.81; 1.02) 1472 1.12 (0.94; 1.32) 1875 0.74 (0.63; 0.87) 

 non-movers 2752 0.93 (0.82; 1.06) 1234 1.16 (0.97; 1.39) 1518 0.76 (0.64; 0.91) 

 non-employees 1882 0.84 (0.72; 0.98) 683 1.12 (0.88; 1.43) 1199 0.69 (0.57; 0.85) 

 Never-Smoker 1411 0.92 (0.77; 1.10) 652 1.27 (0.98; 1.65) 759 0.68 (0.53; 0.88) 

 No incident Statin 2610 0.91 (0.80; 1.04) 1194 1.11 (0.92; 1.34) 1416 0.76 (0.64; 0.91) 

 excluding outliers 3065 0.94 (0.84; 1.06) 1403 1.10 (0.92; 1.30) 1662 0.81 (0.68; 0.96) 

PNacc Main (no CAD) 3155 1.03 (0.92; 1.15) 1435 1.21 (1.03; 1.41) 1720 0.89 (0.77; 1.04) 

 with CAD 3347 1.03 (0.93; 1.15) 1472 1.20 (1.02; 1.40) 1875 0.90 (0.78; 1.05) 

 non-movers 2752 1.04 (0.93; 1.17) 1234 1.21 (1.03; 1.43) 1518 0.92 (0.79; 1.07) 

 non-employees 1882 0.94 (0.82; 1.08) 683 1.09 (0.87; 1.37) 1199 0.86 (0.72; 1.03) 

 Never-Smoker 1411 1.08 (0.92; 1.27) 652 1.43 (1.13; 1.82) 759 0.85 (0.68; 1.06) 

 No incident Statin 2610 1.05 (0.93; 1.18) 1194 1.18 (0.99; 1.40) 1416 0.94 (0.80; 1.11) 

 excluding outliers 3065 1.06 (0.95; 1.19) 1403 1.21 (1.03; 1.42) 1662 0.95 (0.82; 1.11) 

NO2 Main (no CAD) 3155 0.97 (0.87; 1.08) 1435 1.13 (0.97; 1.31) 1720 0.83 (0.72; 0.96) 

 with CAD 3347 0.98 (0.88; 1.08) 1472 1.12 (0.97; 1.30) 1875 0.85 (0.74; 0.98) 

 non-movers 2752 0.98 (0.88; 1.09) 1234 1.15 (0.98; 1.34) 1518 0.84 (0.72; 0.97) 

 non-employees 1882 0.92 (0.80; 1.05) 683 1.07 (0.86; 1.32) 1199 0.82 (0.69; 0.98) 

 Never-Smoker 1411 0.98 (0.85; 1.15) 652 1.16 (0.93; 1.44) 759 0.83 (0.66; 1.03) 

 No incident Statin 2610 0.98 (0.88; 1.09) 1194 1.12 (0.95; 1.32) 1416 0.85 (0.72; 0.99) 

 excluding outliers 3065 1.01 (0.91; 1.12) 1403 1.11 (0.96; 1.29) 1662 0.91 (0.78; 1.05) 

LDEN Main (no CAD) 3155 0.96 (0.85; 1.08) 1435 1.15 (0.97; 1.37) 1720 0.80 (0.67; 0.95) 

 with CAD 3347 0.97 (0.86; 1.09) 1472 1.15 (0.97; 1.36) 1875 0.82 (0.69; 0.97) 

 non-movers 2752 0.99 (0.87; 1.12) 1234 1.14 (0.95; 1.38) 1518 0.87 (0.72; 1.04) 

 non-employees 1882 0.97 (0.83; 1.13) 683 1.21 (0.94; 1.56) 1199 0.83 (0.68; 1.02) 

 Never-Smoker 1411 0.97 (0.81; 1.17) 652 1.21 (0.93; 1.58) 759 0.78 (0.60; 1.01) 

 No incident Statin 2610 1.00 (0.88; 1.15) 1194 1.20 (0.99; 1.45) 1416 0.85 (0.70; 1.02) 

 excluding outliers 3065 0.98 (0.87; 1.11) 1403 1.15 (0.97; 1.37) 1662 0.83 (0.70; 0.98) 

LNight Main (no CAD) 3155 0.97 (0.86; 1.09) 1435 1.18 (0.99; 1.40) 1720 0.79 (0.67; 0.94) 

 with CAD 3347 0.97 (0.87; 1.10) 1472 1.17 (0.99; 1.39) 1875 0.81 (0.69; 0.96) 

 non-movers 2752 0.99 (0.87; 1.13) 1234 1.16 (0.96; 1.40) 1518 0.86 (0.72; 1.03) 

 non-employees 1882 0.97 (0.83; 1.13) 683 1.25 (0.98; 1.61) 1199 0.81 (0.67; 0.99) 

 Never-Smoker 1411 0.97 (0.81; 1.17) 652 1.24 (0.95; 1.62) 759 0.76 (0.59; 0.98) 

 No incident Statin 2610 1.01 (0.89; 1.15) 1194 1.22 (1.01; 1.47) 1416 0.84 (0.70; 1.01) 

 excluding outliers 3065 0.99 (0.88; 1.11) 1403 1.18 (0.99; 1.40) 1662 0.82 (0.70; 0.98) 



Table S4: Change (95%-CI) in TAC growth rate per IQR increase in exposure in participants of the 
Heinz Nixdorf Recall Study (All, n=3,155; TACt0<10, n=1,433; TACt0≥10, n=1,722; 
TACt0=0, n=1,158), estimated in specific subgroup (adjustment: age, sex, smoking status, 
physical activity and education).  

 
Exposure Subgroup n All n TAC<10 n TAC≥10 

PM10 Main (no CAD) 3155 -0.02 (-0.05; 0.00) 1435 0.02 (-0.02; 0.05) 1720 -0.03 (-0.06; -0.01) 

 with CAD 3347 -0.02 (-0.05; 0.00) 1472 0.02 (-0.01; 0.05) 1875 -0.03 (-0.06; -0.01) 

 non-movers 2752 -0.02 (-0.04; 0.01) 1234 0.02 (-0.01; 0.06) 1518 -0.03 (-0.06; 0.00) 

 non-employees 1882 -0.02 (-0.05; 0.01) 683 0.03 (-0.02; 0.09) 1199 -0.04 (-0.07; -0.01) 

 Never-Smoker 1411 -0.01 (-0.05; 0.02) 652 0.05 (0.00; 0.10) 759 -0.04 (-0.08; 0.00) 

 No incident Statin 2610 -0.03 (-0.06; -0.01) 1194 0.01 (-0.03; 0.04) 1416 -0.04 (-0.06; -0.01) 

 excluding outliers 3065 -0.01 (-0.03; 0.01) 1403 0.01 (-0.02; 0.05) 1662 -0.01 (-0.04; 0.01) 

PM2.5 Main (no CAD) 3155 -0.03 (-0.05; 0.00) 1435 0.03 (0.00; 0.07) 1720 -0.05 (-0.08; -0.03) 

 with CAD 3347 -0.03 (-0.05; 0.00) 1472 0.03 (0.00; 0.07) 1875 -0.05 (-0.08; -0.03) 

 non-movers 2752 -0.02 (-0.04; 0.01) 1234 0.04 (0.01; 0.08) 1518 -0.05 (-0.08; -0.02) 

 non-employees 1882 -0.03 (-0.06; 0.00) 683 0.04 (-0.02; 0.09) 1199 -0.05 (-0.08; -0.02) 

 Never-Smoker 1411 -0.03 (-0.06; 0.01) 652 0.05 (0.00; 0.10) 759 -0.07 (-0.11; -0.02) 

 No incident Statin 2610 -0.03 (-0.06; -0.01) 1194 0.02 (-0.01; 0.06) 1416 -0.05 (-0.08; -0.02) 

 excluding outliers 3065 -0.01 (-0.03; 0.01) 1403 0.02 (-0.01; 0.06) 1662 -0.02 (-0.05; 0.00) 

PNacc Main (no CAD) 3155 -0.01 (-0.03; 0.02) 1435 0.02 (-0.01; 0.05) 1720 -0.02 (-0.04; 0.01) 

 with CAD 3347 -0.01 (-0.03; 0.02) 1472 0.02 (-0.01; 0.05) 1875 -0.02 (-0.04; 0.01) 

 non-movers 2752 0.00 (-0.02; 0.02) 1234 0.03 (0.00; 0.07) 1518 -0.01 (-0.04; 0.01) 

 non-employees 1882 -0.01 (-0.04; 0.01) 683 0.01 (-0.04; 0.06) 1199 -0.02 (-0.05; 0.01) 

 Never-Smoker 1411 0.00 (-0.03; 0.04) 652 0.05 (0.01; 0.10) 759 -0.02 (-0.06; 0.02) 

 No incident Statin 2610 -0.01 (-0.03; 0.01) 1194 0.01 (-0.02; 0.04) 1416 -0.01 (-0.04; 0.01) 

 excluding outliers 3065 0.01 (-0.01; 0.03) 1403 0.02 (0.00; 0.05) 1662 0.00 (-0.02; 0.02) 

NO2 Main (no CAD) 3155 -0.01 (-0.03; 0.01) 1435 0.03 (0.01; 0.06) 1720 -0.03 (-0.06; -0.01) 

 with CAD 3347 -0.01 (-0.03; 0.01) 1472 0.03 (0.01; 0.06) 1875 -0.03 (-0.05; -0.01) 

 non-movers 2752 0.00 (-0.02; 0.02) 1234 0.05 (0.01; 0.08) 1518 -0.03 (-0.06; -0.01) 

 non-employees 1882 -0.02 (-0.04; 0.01) 683 0.03 (-0.02; 0.08) 1199 -0.03 (-0.06; 0.00) 

 Never-Smoker 1411 -0.01 (-0.04; 0.02) 652 0.04 (0.00; 0.08) 759 -0.04 (-0.07; 0.00) 

 No incident Statin 2610 -0.01 (-0.03; 0.01) 1194 0.03 (0.00; 0.06) 1416 -0.03 (-0.06; 0.00) 

 excluding outliers 3065 0.00 (-0.02; 0.02) 1403 0.03 (0.00; 0.06) 1662 -0.01 (-0.03; 0.01) 

LDEN Main (no CAD) 3155 -0.02 (-0.04; 0.01) 1435 0.03 (0.00; 0.07) 1720 -0.03 (-0.06; -0.01) 

 with CAD 3347 -0.02 (-0.04; 0.01) 1472 0.03 (0.00; 0.06) 1875 -0.03 (-0.06; 0.00) 

 non-movers 2752 -0.02 (-0.04; 0.01) 1234 0.03 (-0.01; 0.07) 1518 -0.02 (-0.05; 0.01) 

 non-employees 1882 -0.01 (-0.04; 0.02) 683 0.04 (-0.02; 0.09) 1199 -0.02 (-0.05; 0.01) 

 Never-Smoker 1411 -0.02 (-0.06; 0.02) 652 0.04 (-0.01; 0.09) 759 -0.04 (-0.08; 0.00) 

 No incident Statin 2610 -0.01 (-0.04; 0.01) 1194 0.04 (0.00; 0.08) 1416 -0.02 (-0.05; 0.01) 

 excluding outliers 3065 -0.01 (-0.03; 0.01) 1403 0.03 (0.00; 0.06) 1662 -0.02 (-0.05; 0.00) 

LNight Main (no CAD) 3155 -0.02 (-0.04; 0.01) 1435 0.04 (0.00; 0.07) 1720 -0.04 (-0.07; -0.01) 

 with CAD 3347 -0.02 (-0.04; 0.01) 1472 0.04 (0.00; 0.07) 1875 -0.03 (-0.06; -0.01) 

 non-movers 2752 -0.02 (-0.04; 0.01) 1234 0.04 (0.00; 0.07) 1518 -0.02 (-0.05; 0.00) 

 non-employees 1882 -0.01 (-0.04; 0.02) 683 0.04 (-0.01; 0.10) 1199 -0.02 (-0.05; 0.01) 

 Never-Smoker 1411 -0.02 (-0.06; 0.02) 652 0.05 (0.00; 0.10) 759 -0.05 (-0.09; 0.00) 

 No incident Statin 2610 1.01 (0.89; 1.15) 1194 1.22 (1.01; 1.47) 1416 0.84 (0.70; 1.01) 

 excluding outliers 3065 0.99 (0.88; 1.11) 1403 1.18 (0.99; 1.40) 1662 0.82 (0.70; 0.98) 

 



Table S5:  Effect estimates per IQR increase in exposure on TAC-progression with regard to the interplay of 
air pollution   and noise exposure (OR (95%-CI) for a TAC-progression and Change (95%-CI) of 
growth rate of TAC). Models are estimated participants with TACt0<10 (n=1,433), adjusted for 
age, sex, smoking status, alcohol consumption, physical activity, education, and follow-up time. 
Complementing Figure is Figure 2. 

 
 

Exposure Model OR (95%-CI) Change (95%-CI) 
PM10 Main 1.11 (0.94; 1.32) 0.02 (-0.01; 0.05) 
 +LDEN 1.09 (0.92; 1.29) 0.01 (-0.02; 0.05) 
 LDEN (high) 1.11 (0.93; 1.31) 0.02 (-0.02; 0.05) 
 LDEN (low) 1.12 (0.94; 1.33) 0.02 (-0.01; 0.05) 
 +LNight 1.08 (0.91; 1.29) 0.01 (-0.02; 0.04) 
 LNight (high) 1.10 (0.93; 1.31) 0.02 (-0.02; 0.05) 
 LNight (low) 1.12 (0.95; 1.33) 0.02 (-0.01; 0.05) 
PM2.5 Main 1.13 (0.95; 1.35) 0.04 (0.00; 0.07) 
 +LDEN 1.12 (0.94; 1.34) 0.03 (0.00; 0.07) 
 LDEN (high) 1.13 (0.94; 1.35) 0.03 (0.00; 0.07) 
 LDEN (low) 1.14 (0.95; 1.36) 0.04 (0.00; 0.07) 
 +LNight 1.11 (0.93; 1.33) 0.03 (0.00; 0.07) 
 LNight (high) 1.13 (0.94; 1.35) 0.03 (0.00; 0.07) 
 LNight (low) 1.14 (0.96; 1.37) 0.04 (0.00; 0.07) 
PNacc Main 1.20 (1.03; 1.41) 0.02 (-0.01; 0.05) 
 +LDEN 1.18 (1.01; 1.39) 0.02 (-0.01; 0.05) 
 LDEN (high) 1.20 (1.02; 1.40) 0.02 (-0.01; 0.05) 
 LDEN (low) 1.21 (1.03; 1.42) 0.02 (-0.01; 0.05) 
 +LNight 1.18 (1.01; 1.38) 0.02 (-0.01; 0.05) 
 LNight (high) 1.19 (1.02; 1.40) 0.02 (-0.01; 0.05) 
 LNight (low) 1.22 (1.04; 1.42) 0.02 (-0.01; 0.05) 
NO2 Main 1.13 (0.97; 1.31) 0.03 (0.00; 0.06) 
 +LDEN 1.11 (0.95; 1.29) 0.03 (0.00; 0.06) 
 LDEN (high) 1.12 (0.97; 1.30) 0.03 (0.00; 0.06) 
 LDEN (low) 1.13 (0.97; 1.31) 0.03 (0.01; 0.06) 
 +LNight 1.10 (0.95; 1.28) 0.03 (0.00; 0.06) 
 LNight (high) 1.12 (0.96; 1.30) 0.03 (0.00; 0.06) 
 LNight (low) 1.13 (0.98; 1.32) 0.04 (0.01; 0.06) 
LDEN Main 1.15 (0.96; 1.36) 0.03 (0.00; 0.07) 
 +PM10 1.13 (0.94; 1.35) 0.03 (-0.01; 0.06) 
 PM10 (high) 1.13 (0.94; 1.34) 0.03 (0.00; 0.07) 
 PM10 (low) 1.17 (0.98; 1.40) 0.03 (0.00; 0.07) 
 +PM2.5 1.14 (0.95; 1.35) 0.03 (0.00; 0.06) 
 PM2.5 (high) 1.14 (0.96; 1.36) 0.03 (0.00; 0.06) 
 PM2.5 (low) 1.17 (0.97; 1.40) 0.04 (0.00; 0.08) 
 +PN 1.11 (0.93; 1.33) 0.03 (-0.01; 0.06) 
 PN (high) 1.11 (0.93; 1.33) 0.03 (-0.01; 0.06) 
 PN (low) 1.20 (1.00; 1.43) 0.04 (0.00; 0.07) 
 +NO2 1.12 (0.94; 1.34) 0.03 (-0.01; 0.06) 
 NO2 (high) 1.14 (0.96; 1.36) 0.03 (0.00; 0.06) 
 NO2 (low) 1.15 (0.96; 1.38) 0.04 (0.00; 0.07) 
LNight Main 1.17 (0.99; 1.38) 0.04 (0.00; 0.07) 
 +PM10 1.15 (0.96; 1.37) 0.03 (0.00; 0.07) 
 PM10 (high) 1.15 (0.96; 1.36) 0.04 (0.00; 0.07) 
 PM10 (low) 1.19 (1.00; 1.42) 0.04 (0.00; 0.07) 
 +PM2.5 1.15 (0.97; 1.37) 0.03 (0.00; 0.07) 
 PM2.5 (high) 1.16 (0.98; 1.38) 0.03 (0.00; 0.07) 
 PM2.5 (low) 1.19 (0.99; 1.42) 0.05 (0.01; 0.08) 
 +PN 1.13 (0.95; 1.35) 0.03 (0.00; 0.07) 
 PN (high) 1.13 (0.95; 1.34) 0.03 (0.00; 0.07) 
 PN (low) 1.23 (1.03; 1.46) 0.04 (0.01; 0.08) 
 +NO2 1.14 (0.96; 1.36) 0.03 (0.00; 0.06) 
 NO2 (high) 1.17 (0.98; 1.39) 0.03 (0.00; 0.07) 
 NO2 (low) 1.17 (0.98; 1.40) 0.04 (0.01; 0.07) 



 
 

Table S6:  Effect estimates for indicator variables of co-exposure levels on TAC-progression (OR (95%-CI) 
for a TAC-progression and Change (95%-CI) of growth rate of TAC). Models are estimated 
participants with TACt0<10 (n=1,433), adjusted for age, sex, smoking status, alcohol 
consumption, physical activity, education, and follow-up time. Complementing Figure is Figure 
S7. 

 
 

    
AP Noise AP+Noise OR (95%-CI) Change (95%-CI) 
PM10 LDEN low + high 1.14 (0.84; 1.55) 0.03 (-0.03; 0.09) 
  high + low 1.26 (0.92; 1.72) 0.01 (-0.05; 0.07) 
  high + high 1.22 (0.75; 1.98) 0.03 (-0.06; 0.13) 
 LNight low + high 1.28 (0.94; 1.74) 0.04 (-0.02; 0.10) 
  high + low 1.28 (0.94; 1.76) 0.01 (-0.05; 0.08) 
  high + high 1.29 (0.81; 2.07) 0.04 (-0.05; 0.13) 
PM2.5 LDEN low + high 1.20 (0.88; 1.62) 0.04 (-0.02; 0.10) 
  high + low 1.24 (0.92; 1.67) 0.06 (0.00; 0.11) 
  high + high 1.03 (0.62; 1.72) 0.05 (-0.05; 0.15) 
 LNight low + high 1.35 (1.00; 1.84) 0.06 (0.00; 0.12) 
  high + low 1.27 (0.94; 1.72) 0.06 (0.01; 0.12) 
  high + high 1.08 (0.66; 1.78) 0.05 (-0.05; 0.14) 
PNacc LDEN low + high 1.08 (0.79; 1.48) 0.03 (-0.03; 0.09) 
  high + low 1.31 (0.97; 1.78) 0.04 (-0.02; 0.09) 
  high + high 1.47 (0.92; 2.37) 0.07 (-0.03; 0.16) 
 LNight low + high 1.19 (0.87; 1.62) 0.04 (-0.02; 0.10) 
  high + low 1.30 (0.96; 1.77) 0.04 (-0.02; 0.10) 
  high + high 1.65 (1.03; 2.65) 0.07 (-0.02; 0.16) 
NO2 LDEN low + high 1.37 (1.01; 1.87) 0.07 (0.01; 0.13) 
  high + low 1.39 (1.03; 1.88) 0.07 (0.02; 0.13) 
  high + high 0.80 (0.49; 1.29) -0.01 (-0.10; 0.08) 
 LNight low + high 1.49 (1.09; 2.03) 0.07 (0.01; 0.13) 
  high + low 1.36 (1.01; 1.85) 0.06 (0.01; 0.12) 
  high + high 0.91 (0.57; 1.46) 0.02 (-0.07; 0.11) 
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OBJECTIVES: Due to inconsistent epidemiological evidence on health effects of air pollution on progression of atherosclerosis, we investigated several
air pollutants and their effects on progression of atherosclerosis, using carotid intima media thickness (cIMT), coronary calcification (CAC), and tho-
racic aortic calcification (TAC).

METHODS:We used baseline (2000–2003) and 5-y follow-up (2006–2008) data from the German Heinz Nixdorf Recall cohort study, including 4,814
middle-aged adults. Residence-based long-term air pollution exposure, including particulate matter (PM) with aerodynamic diameter ≤2:5 lm
(PM2:5), (PM10), and nitrogen dioxide (NO2) was assessed using chemistry transport and land use regression (LUR) models. cIMT was quantified as
side-specific median IMT assessed from standardized ultrasound images. CAC and TAC were quantified by computed tomography using the
Agatston score. Development (yes/no) and progression of atherosclerosis (change in cIMT and annual growth rate for CAC/TAC) were analyzed with
logistic and linear regression models, adjusting for age, sex, lifestyle variables, socioeconomic status, and traffic noise.

RESULTS: While no clear associations were observed in the full study sample (mean age 59.1 ( ± 7:6) y; 53% female), most air pollutants were mar-
ginally associated with progression of atherosclerosis in participants with no or low baseline atherosclerotic burden. Most consistently for CAC, e.g.,
a 1:5 lg=m3 higher exposure to PM2:5 (LUR) yielded an estimated odds ratio of 1.19 [95% confidence interval (CI): 1.03, 1.39] for progression of
CAC and an increased annual growth rate of 2% (95% CI: 1%, 4%).

CONCLUSION: Our study suggests that development and progression of subclinical atherosclerosis is associated with long-term air pollution in middle-aged par-
ticipantswith no orminor atherosclerotic burden at baseline, while overall no consistent associations are observed. https://doi.org/10.1289/EHP7077

Background
Outdoor air pollution defines a global environmental risk factor
for mortality (WHO Regional Office for Europe 2013; WHO
2009), and has been identified as leading contributor to the bur-
den of disease worldwide (Gakidou et al. 2017). In particular, air
pollution exposure contributes to the development of cardiovas-
cular diseases (CVD) (Franklin et al. 2015; Rückerl et al. 2011).
Although short-term exposure to particulate matter (PM) can trig-
ger acute cardiovascular events, long-term exposure to PM was
linked to the development of underlying chronic cardiovascular
pathologies (Franklin et al. 2015), of which atherosclerosis is
considered the major one (Künzli et al. 2011). Although experi-
mental animal studies provide strong evidence for air pollution
causing atherosclerosis through oxidative stress and systemic
inflammation (Araujo et al. 2008; Soares et al. 2009; Sun et al.
2005), epidemiological evidence on air pollution effects on the

development and progression of atherosclerosis along the path-
way to cardiovascular endpoints is less consistent (Adar et al.
2013; Gan et al. 2014; Hennig et al. 2019; Kaufman et al. 2016;
Künzli et al. 2010; Wilker et al. 2013).

In epidemiological studies, the degree of atherosclerosis can
be quantified by medical imaging [e.g., computed tomography
(CT) or ultrasound] of the arteries, measuring coronary artery cal-
cification (CAC), thoracic aortic calcification (TAC), and intima
media thickness of the common carotid artery, which have all
been identified as predictors of cardiovascular and cerebrovascu-
lar events (Defilippis et al. 2011; Den Ruijter et al. 2012; Erbel
et al. 2010; Folsom et al. 2008; Geisel et al. 2017; Kälsch et al.
2017; Nair et al. 2012; Polak et al. 2011).

Due to ease of assessment, most epidemiological studies on air
pollution and progression of atherosclerosis studied the change in
cIMT (Adar et al. 2013; Gan et al. 2014; Kaufman et al. 2016;
Künzli et al. 2010; Wilker et al. 2013). A meta-analysis, including
three longitudinal studies, reported a positive association between
particulate matter with an aerodynamic diameter less or equal than
2:5 lm (PM2:5) and carotid intima media thickness (cIMT)
(Provost et al. 2015), in line with a single longitudinal study report-
ing a positive association between black carbon and cIMT (Wilker
et al. 2015). The most recent analyses conducted in the North
American Multi-Ethnic Study of Atherosclerosis only found an
association of ozone with cIMT (Wang et al. 2019), but not
between PM2:5 or NO2 and cIMT progression (Kaufman et al.
2016). In contrast, the investigators observed positive association
of PM2:5 and NO2 with CAC progression (Kaufman et al. 2016),
but others did not (Dorans et al. 2016). TAC progression has been
shown to be related to air pollution only in early stages of thoracic
calcification, but not in more advanced stages of atherosclerosis
(Hennig et al. 2019).
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Although all existing studies provide considerable sources of
heterogeneity (outcome definitions, air pollutants and exposure
modeling, study populations and statistical methods) that could
explain inconsistent epidemiological findings, we aimed to com-
prehensively investigate effects of air pollution on the development
and progression of atherosclerosis. To that end, we investigated
progression of atherosclerosis in three different vessel beds (coro-
nary circulation, thoracic aorta, and carotid arteries) applying dif-
ferent imaging methods (CT and ultrasound) in participants from
the Heinz Nixdorf Recall (HNR) cohort study. To investigate pos-
sible reasons for heterogeneity between studies due to selection of
study populations, and motivated by our prior findings of stronger
associations at lower baseline levels of atherosclerosis, we investi-
gated subgroup effects based on atherosclerosis burden at baseline
(t0) and explored individual susceptibility factors. Furthermore,
wemade use of two complementary air pollution exposure models,
yielding a) point-specific estimates [land use regression (LUR)
modeling], which capture small-scale differences in air pollution
exposure specifically related to traffic, and b) urban background
exposure [chemistry transport modeling (CTM)], which captures
changes over time. Finally, we took ambient noise exposure into
account, a potential confounder within the air pollution and cardio-
vascular framework (Münzel et al. 2018).

Methods

Study Design

TheHNR (Risk Factors, Evaluation of Coronary Calcification, and
Lifestyle) study is a population-based prospective cohort study,
including 4,814 randomly selected participants of 45 to 75 years of
age at baseline (t0: 2000–2003) from three large adjacent cities
(Mülheim, Essen, and Bochum) in the metropolitan Ruhr area of
Germany [recruitment efficacy proportion: 55.8%; (Stang et al.
2005)]. The study design has been described in detail elsewhere
(Schmermund et al. 2002). The study was approved by the institu-
tional ethics committees of the University of Duisburg-Essen and
the University Hospital of Essen and adhered to strict internal and
external quality assurance protocols. The follow-up examination
(t1: 2006–2008) had a response of 86.4% (n=4,157). Assessment
for both examinations included a self-administered questionnaire,
face-to-face interviews for personal risk factor assessment and
clinical examinations, and comprehensive laboratory tests accord-
ing to standard protocols. All participants gave informed consent.

Exposure Assessment

Long-term exposure to residential ambient air pollution was
assessed using concentrations of particulate matter (PM) with an
aerodynamic diameter ≤2:5 lm [PM2:5 (lg=m3)], and ≤10 lm
[PM10 (lg=m3)], the number of accumulation mode particles
PNacc (#/mL), PM2:5 absorbance [PM2:5 abs (lg=m

3)], and nitrogen
dioxide [NO2 (lg=m3)]. To reflect long-term urban background
exposure differences within our study area, we estimated mean
long-term air pollution concentrations for PM2:5, PM10, PNacc, and
NO2 in a spatial grid of 1× 1 km2 assigned to participant’s
addresses (Nonnemacher et al. 2014), using the European Air pol-
lution Dispersion chemistry transport model (EURAD-CTM, short:
CTM). The EURAD-CTM uses input data from official emission
inventories (i.e., traffic, industry, agriculture, energy production,
etc.) (European Environment Agency 2011) data on meteorology
and regional topography, in combination with modeling the disper-
sion, chemical reactivity, and mass transport between horizontal
strata and deposition to calculate daily exposure concentrations in a
1× 1 km2 grid (Memmesheimer et al. 2004). The EURAD-CTM
includes data assimilation on an hourly basis for routinely measured

air pollutants (PM10, NO2), using routine monitoring data in North
Rhine-Westphalia (NRW) provided by the local environmental
agency (State Agency for Nature, Environment, and Consumer
Protection, LANUV-NRW). For this study, daily concentrations
were assessed during the examination years (2000–2003 and 2006–
2008), which were assigned to participants’ baseline and follow-up
addresses using a geographic information system. Because model
data from 2004 to 2005 were not available, long-term exposure was
calculated as the mean of all daily values over both examination
periods (2000–2003 and 2006–2008).

In addition, annual exposure to PM2:5, PM10, PM2:5abs, and
NO2 at point of participants’ residences was estimated using land
use regression (LUR) models that were locally developed as part
of the European Study of Cohorts on Air Pollution Effects using
a standardized protocol (Beelen et al. 2013; Eeftens et al. 2012).
Each LUR model was locally cross-validated with the leave-one-
out-cross-validation (LOOCV). Resulting explained variances
(adjusted R2) (and LOOCV-R2) within the Ruhr Area were 85%
(79%) for predicting PM2:5, 66% (59%) for predicting PM10, 97%
(95%) for predicting PM2:5abs, and 88% (82%) for predicting NO2

(Beelen et al. 2013; Eeftens et al. 2012). The overall agreement
between long-term urban background concentrations (estimated
with the EURAD-CTM) and point-specific concentrations (esti-
mated with the ESCAPE LUR) was moderate to low (Spearman
correlations <0:45), reflecting different aspects of the air pollu-
tion exposure conditions within a densely populated and industri-
alized urban area (de Hoogh et al. 2014; Hennig et al. 2016).

Assessment of the Outcomes

CIMT was assessed by B-mode ultrasound (Vivid FiVe, GE
Ultrasound Europe), using a linear array 10-MHz scan head, at the
left and right common carotid artery (Bauer et al. 2009). The semiau-
tomatic computer-based software Artery Measurement (AMS) II
(version 1.151; Chalmers University of Technology) (Wendelhag
et al. 1997)was used to determinemedian cIMTper ultrasound image
(exported offline as bitmap file) at the far wall within the first 10 mm
proximal to the bulb. To reduce measurement error, images were
grouped into work packages of approximately 200 images, including
10 repeated images each, to monitor intrareader variability. If mean
intrareader variability was >0:03 mm, the respective reader was
trained again and the corresponding work package had to be remeas-
ured to achieve high qualitymeasurement data. Offlinemeasurements
were performed by six certified readers according to a standardized
operation procedure.

Mean side-specific cIMT value (millimeters) for baseline
and 5-y follow-up was calculated based on the median values
of all available images for each examination. Progression (yes/
no) was operationalized as cIMTt1 − cIMTt0 >0, and the extent
of progression was assessed as annual lm-change in cIMT:
DCIMT = ðcIMTt1 − cIMTt0Þ=follow-up time for the left and
right body side. An early stage (no/minor) vs. a more advanced
stage of atherosclerotic burden at baseline was defined by
dichotomizing at a cut point of 0:7 mm (≤0:7 vs. >0:7 mm),
which was identified as the upper value of a normal cIMT
range for middle-aged adults (O’Leary et al. 1999).

Participants underwent cardiac CT as part of the primary
study aim of the HNR Study. CAC and TAC were derived from
non–contrast-enhanced electron-beam CT scans, using a C-100
(t0) and C-150 (t1) scanner (GE, Imatron), following a standar-
dized methodology for acquisition and interpretation of the scans,
which has been reported previously (Erbel et al. 2010;
Schmermund et al. 2002). The CTs were operated in the single-
slice (3 mm) mode with an image acquisition time of 100ms.
The Agatston algorithm was used for quantification of calcifica-
tion, identifying a calcified lesion as at least 4 contiguous pixels
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with a CT density ≥130 Hounsfield (Agatston et al. 1990).
Analyses were performed using a Virtuoso workstation (Siemens
Medical Solutions). The total CAC score was calculated, com-
prising all calcified lesions in the coronary system. A reassess-
ment of CAC scoring was implemented as quality control when
extreme progression or regression was observed (Lehmann et al.
2018). The total TAC score was calculated, comprising all calci-
fied lesions, including segments of the ascending and descending
portion of the thoracic aorta that were visible in the CT scan
(Kälsch et al. 2013b). Progression (yes/no) of CAC and TAC was
operationalized as CACt1 −CACt0 >0 and TACt1 − TACt0 >0,
respectively. Due to its exponential nature, extent of progres-
sion was assessed as the annual growth rate in Agatston
score: ðlog ðCACt1 +1Þ − log ðCACt0 +1ÞÞ=years of follow-up
(Lehmann et al. 2018) and ðlog ðTACt1 +1Þ − log ðTACt0 +1ÞÞ=
years of follow-up respectively (Kälsch et al. 2017). A beta-
coefficient of 0.01 in the linear regression model can be inter-
preted as an exposure-related 1% increase in annual growth
rate. An early stage (no/minor) vs. a more advanced stage of
atherosclerotic burden at baseline was defined by dichotomizing
at cut point 10 (no/minor calcification 0–9 Agatston score units
vs. more extensive calcification ≥10 Agatston score units).

Definition of Covariates

Long-term road traffic noise was modeled for the year 2006
according to the European Union Directive 2002/49/EC (EU
2008) and the validated national calculation method VBUS/RLS-
90 (28) for the year 2006 (supplied from the city administrations),
considering small-scale topography of the area, dimensions of
buildings, noise barriers, first order reflections, street axis, meas-
ured or estimated vehicle-type specific traffic density for all
roads, speed limit, and type of street surface. Average traffic
noise values [A-weighted dB(A)] day–evening–night (24 h) noise
(Lden) at the participant’s residence was estimated at a height of
4± 0:2 m selecting the highest estimated noise level within a
buffer of 10 m from the residence.

Individual socioeconomic status (SES) was defined as years of
education in four categories (≤10, 11–13, 14–17, ≥18 y) accord-
ing to the International Standard Classification of Education
(UNESCO 1997). Neighborhood SES (nSES) was assessed by
unemployment rate (%) for each administrative neighborhood (me-
dian size: 11,263 inhabitants) obtained from local census author-
ities for t0 (2000–2003) (Dragano et al. 2009). Smoking status was
defined as current, ex- (>1 y since quitting), and never-smoker.
Lifetime cumulative smoking was assessed in pack-years at base-
line. Exposure to environmental tobacco smoke (ETS) referred to
ETS at home, at work, or in other places. Physical activity (yes/no)
was assessed as regular sporting activities at least once a week for a
minimum of 30 min. Alcohol consumption was operationalized as
drinks per week. Anthropometric measurements (height, weight)
were conducted according to standardized protocols to calculate
the body mass index [BMI (kg=m2)]. Diabetes mellitus (DM) was
defined as prior physician diagnosis of diabetes or taking an anti-
diabetic drug or having a blood glucose ≥200 mg=dL or having a
fasting blood glucose ≥126 mg=dL. High-density lipoprotein
(HDL), low-density lipoprotein (LDL) cholesterol, and high sensi-
tivity C-reactive protein (hs-CRP) (all mg/dL) were measured with
standard methods at the central laboratory of the University
Hospital of Essen. In the analysis, we used quotient of LDL-C and
HDL-C (LDL-C/HDL-C). Confirmed medication taken in the pre-
vious 7 d was assigned using the WHO Anatomical Therapeutic
Chemical classification system (ATC) (WHO 2013). Blood pres-
sure was calculated as the mean of the second and third of three
measurements, using an oscillometric method according to a stand-
ard protocol. Hypertension was defined as systolic or diastolic

blood pressure of 140mmHg or greater or 90mmHg or greater,
respectively, or use of antihypertensive medication. Incident coro-
nary heart disease (CHD)was based on self-reported incident coro-
nary events that met predefined study criteria (Schmermund et al.
2002) and which were adjudicated with medical records by a study
end point committee (Erbel et al. 2010). Updated information on
all baseline characteristics were obtained at the first follow-up ex-
amination, with the exception of neighborhood unemployment
rate, education, and cumulative smoking exposure, which were
only obtained at baseline. Traffic was assessed as distance (in
meters) to high-traffic roads [i.e., roads with a traffic count of
>26,000 vehicles/day (upper quintile of traffic density)], using offi-
cial digitized maps with a precision of at least 0:5 m and the me-
dian strip between the oncoming traffic lanes as reference.

Analytic Strategies

The statistical analysis was conducted in the study sample with
participants of the baseline and first follow-up examination, free
of CHD at baseline (n=3,907), available exposure data for the
complete follow-up (n=3,753), nonmissing data on progression
of atherosclerosis for at least one marker (n=3,625) and non-
missing covariate data (n=3,480) (Figure S1). Due to different
sample sizes for atherosclerosis markers, the main analysis was
conducted in marker-specific subsamples. For the analysis of
cIMT, 2,116 participants had nonmissing information on left
cIMT, 2,197 had nonmissing data on right cIMT, 3,220 had non-
missing data on CAC, and 3,126 had nonmissing data on TAC.

We a) used logistic regression models to estimate odds ratios
[OR; and 95% confidence intervals (CI)] for progression (yes/no)
per interquartile range (IQR) increase in air pollutant concentration;
and b) estimated the effect of an IQR increase in concentrations of
air pollution on annual change of atherosclerosis (wall thickening
and growth rate of calcification), using linear regressionmodels. All
models were estimated for each marker separately in the total study
population and in subgroups of participants with no/minor vs.
advanced atherosclerotic burden at baseline. Subgroup effects were
estimated by adding the subgroup indicator and an interaction term
between the continuous exposure and the subgroup indicator. c) We
estimated the 5-y risk of incident calcification in the coronaries and
the thoracic aortawith logistic regression.

Confounder adjustment was based on a hypothesized directed
acyclic graph (DAG; Figure S2), a qualitative method empha-
sized by Greenland et al. (1999), complemented with a quantita-
tive evaluation of suggested minimal sufficient adjustment sets
and covariate extensions (Figures S3 and S4). Our main model
included age, sex, BMI, smoking status and quantity, environ-
mental tobacco smoke (ETS), LDL-C/HDL-C, physical activity,
education, traffic noise, and for dichotomous outcomes addition-
ally years of follow-up. Moreover, we investigated extended
models including nSES and city.

In a separate step, we added potentially mediating covariates
along the hypothesized pathway linking air pollution to athero-
sclerosis as covariates to the analysis. These covariates included
baseline atherosclerosis, incident intake of statins during follow-
up, hs-CRP, blood pressure, prevalent and incident hypertension,
and prevalent and incident DM.

We also investigated effect modification by categorized perso-
nal risk factors, including sex (male vs. female), age (≤65 y old
vs. >65 y old), BMI (≤30 vs. >30), DM (yes vs. no), incident
statin intake (yes vs. no), low education (≤10 y vs. >10 y),
smoking (current vs. ex- and never-smoker), and high cardiovas-
cular risk defined using Framingham risk score. Effect modifica-
tion was investigated using interaction terms between categorical
characteristics as described above and the respective continuous
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exposure in the main model. Effect estimates were evaluated vis-
ually based on 95% CIs.

Sensitivity analyses included a more conservative cut point to
identify progression (yes/no) in subclinical markers, namely 10%
and 20% instead of 0. We conducted Poisson regression as an al-
ternative approach to logistic regression to prevent overestima-
tion of the relative risk (RR) in the highly frequent outcome.
Moreover, we investigated an alternative metric of CAC progres-
sion, namely faster progression compared with internal expected
reference values, defined by the percentile of CAC at baseline
[CACexpected t1–CACobserved t1 <0 (Lehmann et al. 2018)], which
was based on the hypothesis that the individual’s CAC progresses
exponentially with time, similar to CAC percentiles with age. We
also investigated mean cIMT progression considering the mean
of both (left and/or right) side.

In addition, we investigated whether a different time window
of exposure (namely, baseline exposure (2001–2003), as well as
mean exposure between 2006 and 2008, estimated by the
EURAD-CTM), affected our main results. We also estimated ex-
posure effect estimates for subgroups less likely affected by expo-
sure misclassification due to mobility using employment status
(nonemployees or part-time employees working ≤15 h=wk vs.
full-time employees), and due to change of residence prior to
baseline (nonmovers vs. movers).

Results
Out of 3,480 participants free of CAD at baseline with two valid
measurements (one at baseline and one at follow-up examination)
for at least one marker of subclinical atherosclerosis, complete
exposure information and nonmissing covariate data, marker-
specific subsamples were quite homogeneous with regard to per-
sonal characteristics (BMI, smoking status, education, or physical
inactivity) (Table 1), including roughly 53% women and a mean
age ∼ 59:0 [standard deviation (SD) 7.6] years of age at baseline.

Air pollutant concentrations at baseline were below current
European air quality limit values, but clearly higher than World
Health Organization recommendations (Table 2). Correlations
between air pollutants were mostly moderate to high (Table 2).
LUR modeling estimated higher long-term particle concentra-
tions, but lower NO2 concentrations than CTM (Figure S5).
Mean air pollutant concentrations estimated by CTM decreased
for all pollutants (Figure S6) during the follow-up period with
overall high correlations between examination periods (>0:87)
(Table S1).

Mean baseline cIMT (left) was 710.9 ð172:1Þ lm with a cal-
culated annual change of 21.1 ð31:9Þlm, resulting in 78% partic-
ipants with positive progression after 5 y (Table 1, Figure S7).
Mean baseline cIMT (right) was 693.3 ð168:9Þlm with a calcu-
lated annual change of 21.5 ð29:8Þ lm, resulting in 81% partici-
pants with progression after 5 y. Median baseline CAC was 7.2
(IQR 0.0–88.2) Agatston Score units with an observed annual
growth rate of 0.106 (SD 0.225) and 60% progression after
5 years of follow-up. Incident CAC was observed in 25.7% par-
ticipants with no CAC add baseline (n=1,154). Median baseline
TAC was 16.0 (IQR 0.0–108.3) Agatston Score units with an
observed annual growth rate of 0.091 (SD 0.470) and 53% pro-
gression after 5 years of follow-up. Incident TAC was observed
in 42.2% participants with no TAC add baseline (n=1,161). In
all four markers, overall progression was more pronounced in
participants with no or minor atherosclerotic burden (Figure S8).

Air Pollution and Progression of Atherosclerosis

In the full sample analysis, we observed no clear pattern of an
association between any of the air pollutants and progression or

degree of progression of atherosclerosis. Although most effect
estimates for the crude and main (noise-adjusted) were positive,
CI were wide and included the null effect (Figure 1, with comple-
menting numbers in Table S2). Additional covariate adjustment
(residence and nSES) as covariates did not substantially change
effect estimates (Figures S3 and S4), nor did including potential
mediating factors (Figures S9 and S10).

Baseline level of subclinical atherosclerosis had an impact on
the association of air pollutants with progression of atherosclero-
sis (Figure 1 with complementing numbers in Tables S3). Most
consistently, PM10, PM2:5, PNacc, and NO2 modeled by CTM
were related to progression of left cIMT, CAC, and TAC in par-
ticipants with no or minor burden of atherosclerosis at baseline
(e.g., an estimated OR of 1.12 [0.96, 1.31] for progression of
CAC per 3:8 lg=m3 increase in PM10). PM10 and PM2:5 modeled
by LUR were associated with left cIMT and CAC [e.g., a
1:5 lg=m3 higher exposure to PM2:5 (LUR) yielded an estimated
OR of 1.19 (95% CI: 1.03, 1.39) for progression of CAC and an
increased annual growth rate of 2% (95% CI: 1%, 4%)]. On the
other hand, effect estimates for participants with more advanced
atherosclerotic burden yielded inverse or null findings, most nota-
bly for TAC. For right cIMT, we observed no consistent associa-
tions across pollutants and outcome definition with regard to
atherosclerotic burden at baseline. Supporting findings in partici-
pants with no or minor atherosclerotic burden, long-term air pol-
lution exposure was consistently related to incident CAC,
whereas CI for incident TAC were elevated but most often
included the null (Table 3).

We did not observe clear and consistent effect modification
by personal characteristics (Figure S11). In general, we found a
pattern of stronger associations in participants who had diabetes,
participants who were obese, and less-educated participants,
whereas the analysis of cIMT suggests possible inverse associa-
tions in participants with a high baseline Framingham Risk Score
and participants with incident statin intake during the follow-up
period.

Sensitivity Analyses

Results of evaluating progression with a more conservative cut
point of 10% change (and 20%) did not differ notably from the
main results (Table S4). The alternative approach of applying a
Poisson regression to estimate RR instead of OR, as expected,
yielded smaller point estimates yet did not change our main con-
clusions (Table S4). Investigating progression of mean of left
and/or right cIMT as expected yielded less consistent findings,
and evaluating whether CAC progressed faster than following the
expected percentile did not change the observed main findings
(Table S5).

Inspecting different time windows of air pollutant exposures
separately did not differ from the main approach of combining
exposure time windows to one long-term exposure measure
(Table S6). Exploring exposure misclassification based on varia-
bles of personal mobility and relocation prior to baseline showed
that estimated effects were quite stable in the group of nonem-
ployees and nonmovers (Figure S13).

Discussion
In this study of middle-aged adults in Germany, our analysis
shows no consistent associations of long-term exposure to ambi-
ent particulate and gaseous air pollutants with the development
and progression of atherosclerosis in different vessels beds in the
full sample over a follow-up time of roughly 5 y. However, in
those participants with no or only minor atherosclerotic burden at
baseline, we observed associations of long-term exposure to
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particulate air pollution with progression of atherosclerosis,
whereas estimated effects in the group with more advanced athe-
rosclerotic burden at baseline were null or inverse.

Long-term air pollution has been shown to be associated with
cerebrovascular and cardiovascular events in multiple studies
(U.S. EPA 2019; WHO 2013), including prior analyses of the
HNR Study (Hoffmann et al. 2015). Therefore, our findings are
important regarding the underlying hypothesis that ambient air
pollution may lead to atherosclerosis on the pathway to CVD,
possibly explaining the higher incidence and prevalence of cardi-
ovascular and cerebrovascular disease observed in people with

higher air pollution exposure. Our findings of associations limited
to earlier stages of atherosclerosis point to a higher susceptibility
to air pollution in the development of atherosclerosis, which has
also been observed in our prior analysis of environmental tobacco
smoke and CAC (Peinemann et al. 2011). In contrast, our find-
ings did not support a susceptibility to air pollution exposure in
people with a higher cardiac risk profile based on personal char-
acteristics or with an advanced burden of atherosclerosis. These
findings are in line with investigations based on the Framingham
Heart Study, which also found null or inverse estimates in analy-
ses of participants with apparent calcifications at baseline

Table 1. Summary statistics for outcome-specific subpopulations within the Heinz-Nixdorf Recall Study sample at baseline unless otherwise indicated.
Continuous variables with a symmetric distribution are displayed using mean± standard deviation ðSDÞ, continuous variables with a skewed distribution are
displayed using median (Q1, Q3), and categorical variables are displayed by absolute and relative frequencies [n (%)].

Variable Value cIMT (left) n=2,116 cIMT (right) n=2,197 CAC n=3,220 TAC n=3,126

cIMT, t0 (lm) — 710:9± 172:1 693:3± 168:9 — —

cIMT, t1 (lm) — 817:2± 185:4 801:9± 161:1 — —

Change in cIMT (lm) — 21:1± 31:9 21:5± 29:8 — —

cIMT progression No 465 (22.0%) 426 (19.4%) — —

Yes 1,651 (78.0%) 1,771 (80.6%) — —

Calcification, t0 (Agatston score) — — — 7.2 (0.0, 88.2) 16.0 (0.0, 108.3)
Calcification, t1 (Agatston score) — — — 26.8 (0.0, 193.9) 29.5 (0.0, 307.1)
Change in calcification (growth rate) — — — 0:106± 0:225 0:091± 0:470
Calcification progression No — — 1,291 (40.1%) 1,466 (46.9%)

Yes — — 1,929 (59.9%) 1,660 (53.1%)
Incident calcificationa No — — 857 (26.6%) 671 (21.5%)

Yes — — 297 ( 9.2%) 490 (15.7%)
Age (y) — 58:9± 7:5 58:9± 7:6 59:0± 7:6 59:1± 7:6
Sex Female 1,109 (52.4%) 1,156 (52.6%) 1,726 (53.6%) 1,663 (53.2%)

Male 1,007 (47.6%) 1,041 (47.4%) 1,494 (46.4%) 1,463 (46.8%)
Education ≤10 y 204 (9.6%) 208 (9.5%) 318 (9.9%) 310 (9.9%)

≥18 y 256 (12.1%) 266 (12.1%) 363 (11.3%) 349 (11.2%)
11–13 y 1,169 (55.2%) 1,215 (55.3%) 1,821 (56.6%) 1,767 (56.5%)
14–17 y 487 (23.0%) 508 (23.1%) 718 (22.3%) 700 (22.4%)

Unemployed rate (2001) (%) — 12:5± 3:4 12:4± 3:4 12:4± 3:4 12:4± 3:4
Smoking status Current smoker 481 (22.7%) 500 (22.8%) 729 (22.6%) 698 (22.3%)

Ex-smoker 688 (32.5%) 717 (32.6%) 1,036 (32.2%) 1,026 (32.8%)
Never smoker 947 (44.8%) 980 (44.6%) 1,455 (45.2%) 1,402 (44.8%)

Cumulative smoking (pack-years) — 2.4 (0.0, 21.0) 2.7 (0.0, 21.8) 2.2 (0.0, 22.0) 2.4 (0.0, 22.0)
ETS (any exposure) No 1,389 (65.6%) 1,437 (65.4%) 2,084 (64.7%) 2,039 (65.2%)

Yes 727 (34.4%) 760 (34.6%) 1,136 (35.3%) 1,087 (34.8%)
Physical inactivity No 1,196 (56.5%) 1,241 (56.5%) 1,809 (56.2%) 1,756 (56.2%)

Yes 920 (43.5%) 956 (43.5%) 1,411 (43.8%) 1,370 (43.8%)
BMI (kg=m2) — 27:4± 4:4 27:4± 4:4 27:4± 4:4 27:6± 4:3
LDL-C (mg/dL) — 146:5± 36:5 146:7± 35:8 146:2± 35:6 146:4± 35:7
HDL-C (mg/dL) — 59:7± 17:4 59:5± 17:4 59:3± 17:1 59:3± 17:3
Statin medicationa No 1,902 (89.9%) 1,983 (90.3%) 2,805 (87.1%) 2,719 (87.0%)

Yes 160 (7.6%) 152 (6.9%) 216 (6.7%) 215 (6.9%)
Incident statin usea No 1,846 (87.2%) 1,896 (86.3%) 2,723 (84.6%) 2,603 (83.3%)

Yes 216 (10.2%) 239 (10.9%) 298 (9.3%) 331 (10.6%)
Hs-CRP (mg/dL)a — 0.1 (0.1, 0.3) 0.1 (0.1, 0.3) 0.1 (0.1, 0.3) 0.1 (0.1, 0.3)
Framingham Riska High 237 (11.2%) 244 (11.1%) 399 (12.4%) 398 (12.7%)

Low 1,197 (56.6%) 1,229 (55.9%) 1,802 (56.0%) 1,715 (54.9%)
Mediate 680 (32.1%) 723 (32.9%) 1,019 (31.6%) 1,012 (32.4%)

Hypertensiona No 1,034 (48.9%) 1,079 (49.1%) 1,515 (47.0%) 1,464 (46.8%)
Yes 1,080 (51.0%) 1,117 (50.8%) 1,705 (53.0%) 1,661 (53.1%)

Incident hypertensiona No 688 (32.5%) 699 (31.8%) 988 (30.7%) 951 (30.4%)
Yes 345 (16.3%) 380 (17.3%) 526 (16.3%) 512 (16.4%)

Diabetes No 1,895 (89.6%) 1,954 (88.9%) 2,853 (88.6%) 2,764 (88.4%)
Yes 221 (10.4%) 243 (11.1%) 367 (11.4%) 362 (11.6%)

Incident type 2 diabetesa No 1,740 (82.2%) 1,798 (81.8%) 2,617 (81.3%) 2,529 (80.9%)
Yes 155 (7.3%) 156 (7.1%) 236 (7.3%) 235 (7.5%)

Developed coronary heart disease No 2,056 (97.2%) 2,126 (96.8%) 3,205 (99.5%) 3,051 (97.6%)
Yes 60 (2.8%) 71 (3.2%) 15 (0.5%) 75 (2.4%)

Lden [dB(A)] — 53:9± 9:4 53:8± 9:4 53:9± 9:3 53:9± 9:3
Distance to highly trafficked road (m) — 1,018:0± 808:7 1,033:2± 817:2 1,023:7± 811:3 1,025:5± 818:4
aIncluding additional missing values. For subpopulation of cIMT (left): Statin medication (n=54), Incident statin use (n=54), Hs-CRP [mg/dl] (n=5), Framingham Risk (n=2),
Hypertension (n=2), Incident hypertension (n=1,083), Incident type 2 diabetes (n=221). For subpopulation of cIMT (right): Statin medication (n=62), Incident statin use (n=62),
Hs-CRP (mg/dl) (n=6), Framingham Risk (n=1), Hypertension (n=1), Incident hypertension (n=1,118), Incident type 2 diabetes (n=243). For subpopulation of CAC: Statin medi-
cation (n=199), Incident statin use (n=199), Hs-CRP (mg/dL) (n=8), Incident hypertension (n=1,706), Incident type 2 diabetes (n=367), Incident calcification (n=2,066). For
subpopulation of TAC: Statin medication (n=192), Incident statin use (n=192), Hs-CRP (mg/dL) (n=8), Framingham Risk (n=1), Hypertension (n=1), Incident hypertension
(n=1,663), Incident type 2 diabetes (n=362), Incident calcification (n=1,965). —, no data.
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(Dorans et. al 2016, 2017). One explanation for inverse associa-
tions in participants with advanced atherosclerosis at baseline
could be the dominating effect of cardioprotective therapy, which
is more common in participants with advanced atherosclerosis.

However, not all vessel beds and their markers of subclinical
atherosclerosis were equally susceptible to the effects of long-
term exposure to air pollution. We observed the most consistent
associations for progression of CAC (dichotomous progression,
annual growth rate, and incidence) and for the left cIMT.
Although side-specific differences in cIMT have been mentioned
in literature before (Foerch et al. 2003; Luo et al. 2011), we

cannot explain the observed differences between left and right
cIMT with regard to air pollution exposure, but we speculate that
there could be different turbulence patterns leading to a higher
susceptibility of the left common carotid vessel wall. Overall,
results for cIMT vary greatly across studies (Perez et al. 2015).
Only a few studies have investigated the association of air expo-
sure with progression of cIMT, and these studies find striking dif-
ferences in annual progression—from a mean of 1–5 lm=y in a
selected group of participants in atherosclerosis prevention trials
(Künzli et al. 2010), 10–13 lm=y in the MESA cohort (Wang
et al. 2019), and 22 lm=y in general population of the HNR
Study reported here. In addition to biological characteristics and
medical interventions, assessment methods regarding location,
technique, and inclusion of plaque, as well as different considera-
tion of body side (using mean of left and right cIMT or only right
cIMT), contribute to these differences and possibly mask associa-
tions with air pollution.

Fewer but also inconsistent results can be found for investiga-
tions of long-term air pollution exposure and development and
progression of CAC or aortic calcification. Kaufman et al. (2016)
and Wang et al. (2019) both observed associations of PM2:5 and
NO2 with CAC progression. Wang et al. (2019) found similar
results for long-term exposure to high levels of ozone. Two anal-
yses of the Framingham Heart Study investigating progression of
coronary and aortic calcification do not find any association with
roadway proximity or PM2:5 (Dorans et al. 2016, 2017), whereas
we had already observed associations restricted to participants
with no or only minor manifestation of TAC at baseline in our
prior study (Hennig et al. 2019).

Despite the fundamental differences in the applied exposure
models, we observed generally similar patterns of associations
with subclinical atherosclerosis for both models, strengthening
the fact that our findings are not dependent on a specific air

Table 2. Summary statistics [mean± standard deviation ðSDÞ] of air pollutant concentrations (CTM during enrollment periods 2001–2003 and 2006–2008 and
LUR) and pairwise Spearman correlation coefficients, estimated in 3,480 participants of the Heinz Nixdorf Recall Study population.

Exposure Mean± SD IQR PM10 (LUR) PM2:5 (CTM) PM2:5 (LUR) PNacc (CTM) PM2:5abs (LUR) NO2 (CTM) NO2 (LUR)

PM10 (CTM) (lg=m3) 20:3± 2:6 3.8 0.33 0.86 0.56 0.79 0.35 0.62 0.5
PM10 (LUR) (lg=m

3) 27:8± 1:9 2.1 0.18 0.89 0.46 0.9 0.34 0.55
PM2:5 (CTM) (lg=m3) 16:7± 1:3 2.0 0.38 0.72 0.14 0.69 0.4
PM2:5 (LUR) (lg=m

3) 18:4± 1:1 1.5 0.73 0.89 0.46 0.66
PNacc (CTM) (#/mL) 3,408:4± 387:6 527.5 0.55 0.74 0.56
PM2:5abs (LUR) (0.0001/m) 1:6± 0:4 0.4 0.34 0.63
NO2 (CTM) (lg=m3) 39:5± 4:0 5.4 0.41
NO2 (LUR) (lg=m

3) 30:2± 4:9 6.2

Note: CTM, chemistry transport modeling; IQR, interquartile range; LUR, land use regression.

Figure 1.Main effect estimates for the associations between different air
pollutants and progression of atherosclerosis in subpopulations of the Heinz
Nixdorf Recall Study based on the marker of atherosclerosis, investing
all participants (cIMT ðleftÞ=2,116, cIMTðrightÞ=2,197, CAC=3,220,
TAC=3,126), participants with no/minor atherosclerotic burden at baseline
(t0) (cIMTðleftÞ=1,054, cIMTðrightÞ=1,017, CAC=1,527, TAC=1,761),
and participants with advanced atherosclerotic burden at t0 (cIMTðleftÞ=1,203,
cIMTðrightÞ=1,317, CAC=1,693, TAC=1,469). Main model is adjusted for
age, sex, BMI, smoking status and quantity, ETS, LDL-C/HDL-C, physical ac-
tivity, education, traffic noise and for dichotomous outcomes additionally years
of follow-up. (A) This panel displays OR (95% CI) for any progression in ather-
osclerosis based on an IQR in exposure. (B) This panel displays change in
thickness (lm) for cIMT and change in growth rate for CAC and TAC (com-
plementing numbers are in Tables S2 and S3). Note: BMI, body mass index;
CAC, coronary artery calcification; CI, confidence interval; cIMT, carotid
intima media thickness; ETS, environmental tobacco smoke; HDL-C, high-den-
sity lipoprotein cholesterol; IQR, interquartile range; LDL-C, low-density lipo-
protein cholesterol; OR, odds ratio; TAC, thoracic aortic calcification.

Table 3. Estimated odds ratio (95% CI) for incident CAC and TAC dis-
played per interquartile ranges of exposure based on participants of the
Heinz-Nixdorf Recall Study sample (n=1,154 for CAC, n=1,161 for
TAC).

Exposure Incident CAC Incident TAC

PM10 (CTM) 1.23 (1.00, 1.52) 1.09 (0.90, 1.33)
PM10 (LUR) 1.20 (1.02, 1.42) 0.98 (0.84, 1.13)
PM2:5 (CTM) 1.06 (0.85, 1.33) 1.15 (0.94, 1.40)
PM2:5 (LUR) 1.31 (1.06, 1.61) 1.06 (0.88, 1.28)
PNacc (CTM) 1.15 (0.95, 1.41) 1.15 (0.96, 1.37)
PM2:5abs (LUR) 1.11 (0.96, 1.29) 1.03 (0.91, 1.18)
NO2 (CTM) 1.10 (0.91, 1.33) 1.08 (0.91, 1.28)
NO2 (LUR) 1.21 (1.00, 1.47) 1.01 (0.84, 1.21)

Note: Main model is adjusted for age, sex, BMI, smoking status and quantity, ETS,
LDL-C/HDL-C, physical activity, education, traffic noise and for dichotomous out-
comes additionally years of follow-up; BMI, body mass index; CAC, coronary artery
calcification; CI, confidence interval; CTM, chemistry transport modeling; ETS, envi-
ronmental tobacco smoke; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-
density lipoprotein cholesterol; LUR, land use regression; TAC, thoracic aortic
calcification.
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quality model. The CTM models average daily concentration of
air pollutants in a 1 km2 grid cell, based on emission factors, daily
meteorology, and the distribution and chemical transformation of
emissions (Hennig et al. 2016), reflecting long-term urban back-
ground concentrations taking changes in emission into account.
In contrast, the LUR model estimates time-stable long-term air
pollution concentrations, using a linear regression model. Urban
background air pollution in a highly industrialized area close to
coal-burning power plants and neighboring areas characterized
by intensive livestock farming is expected to differ from air pol-
lution at hot spots close to heavily trafficked roads, possibly con-
tributing to differences in health effect estimates. Moreover,
depending on the individual mobility of the participants, models
reflecting urban background concentrations might lead to less ex-
posure misclassification than point-specific models, specifically if
emission patterns change during a long observation period.
However, similar patterns of associations with subclinical athero-
sclerosis for both models remained, even when investigating par-
ticipants less vs. more likely to exposure misclassification.

The estimated air pollution concentrations in this study were
well below current European regulatory limits (EU 2008), sug-
gesting that, even at current air pollution levels, adverse effects
on the underlying pathology of CVD cannot be ruled out. In addi-
tion, observed results were robust with regard to adjustment for
road traffic noise, a coexposure that has been shown to affect
blood pressure (Kempen et al. 2018; Münzel et al. 2018), a major
risk factor for the development of atherosclerosis. This finding
was observed for all markers and in line with earlier studies that
investigated thoracic calcification only (Hennig et al. 2019;
Kälsch et al. 2013a). However, residual confounding of air pollu-
tion and noise cannot be ruled out due to possible noise exposure
misclassification when using façade values and lack of personal
exposure measures. Moreover, noise annoyance, which might
play an additional role with regard to CVD, was not taken into
account.

Our study has several limitations. For the measurement of
TAC, no remeasurements for assessment of reliability were con-
ducted, and the size of the measured area varied according to ana-
tomical conditions, resulting in potentially large measurement
error and imprecision of health effect estimation. cIMT ultra-
sound measurements were conducted by different examiners and
followed two slightly different measurement protocols at t0 and
t1, preventing the reader to identify the same location for cIMT
reading at both time points. These differences increased random
outcome measurement error and thereby contributed to imprecise
health effect estimation. In addition, the relatively short time pe-
riod between baseline and follow-up measurements (roughly 5 y)
may have limited power to detect associations between air pollu-
tion exposure and progression of atherosclerosis. Exposure mea-
surement error may have biased our estimates. First, long-term
prebaseline exposure, which probably contributes most to the de-
velopment of atherosclerosis during the follow-up period, was
not available, and we used exposure during the examination peri-
ods (CTM) and time-stable estimates (LUR) as a surrogate for
long-term air pollution exposure. Second, for assessing personal
mobility, we had information only on employment status and on
relocations within 5 y prior to baseline.

An important strength of our study is the relatively large
study population with a comprehensive assessment of markers of
subclinical atherosclerosis, in-depth covariate data. In addition,
we applied two different commonly used air pollution models for
estimating long-term air pollution exposure, reflecting urban
background and point-specific exposure. Moreover, we consid-
ered traffic and noise, and we conducted comprehensive sensitiv-
ity analysis.

Conclusions
Our study suggests that development and progression of subclini-
cal atherosclerosis are associated with long-term air pollution in
middle-aged participants with no or minor atherosclerotic burden
at baseline, whereas overall no consistent associations are
observed.
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Figure S1: Flowchart visualizing the sample size reduction of the Heinz Nixdorf Recall Study 
cohort for the analysis sample investigating the association of air pollution on progression of 
atherosclerosis in different vessel beds/Markers (carotid intima media thickness cIMT (left); 
cIMT (right), coronary artery calcification (CAC); thoracic aortic calcification (TAC) in 
respective subpopulations. 



 

Figure S2: Directed acyclic graph describing hypothesized causal relationship between exposure, 
outcome and considered covariables. 

 



 

Figure S3: Estimated Odds Ratios (OR) (95%-CI) for progression of atherosclerosis measured 
using different markers (cIMT (left), cIMT (right), CAC, TAC) per IQR increase in air pollution 
concentration based on participants of the Heinz Nixdorf Recall cohort study (cIMT (left): 
n=2116; cIMT (right): n=2197; CAC: n=3220; TAC: n=3126) comparing different DAG-based 
adjustment sets. The first MSAS included personal characteristics, while the second and third 
included education or place of residence in combination with co-exposures noise or traffic. For 
each MSAS, variables were added subsequently. Main model combined 2 MSAS, before 
extended adjustment was applied.



 

 

Figure S4: Estimated change (95%-CI) in intima media thickness (μm) and calcification (growth 
rate) per IQR increase in air pollution concentration based on participants of the Heinz Nixdorf 
Recall cohort study (cIMT (left): n=2116; cIMT (right): n=2197; CAC: n=3220; TAC: n=3126) 
comparing different DAG-based adjustment sets. The first MSAS included personal 
characteristics, while the second and third included education or place of residence in 
combination with co-exposures noise or traffic. For each MSAS, variables were added 
subsequently. Main model combined 2 MSAS, before extended adjustment was applied. 



 

 

 

Figure S5: Histograms and Scatterplots between long-term exposure concentration for PM10, 
PM2.5, and NO2 modelled via CTM and LUR. 



 

Figure S6: Histograms and Scatterplots of CTM air pollutant concentrations (PM10, PM2.5, 
PNacc, and NO2) at baseline (2001-2003) and follow-up (2006-2008). 

 
Table S1: Spearman correlation coefficients for CTM-modelled air pollutant concentrations 
PM10, PM2.5, PNacc, and NO2 between baseline (2001-2003) and follow-up (2006-2008). 

Variable 1 Variable 2 cor 

PM10 (2001-2003), µg/m³ PM10 (2006-2008), µg/m³ 0.93 

PM2.5 (2001-2003), µg/m³ PM2.5 (2006-2008), µg/m³ 0.98 

PNacc (2001-2003), #/mL PNacc (2006-2008), #/mL 0.95 

NO2 (2001-2003), µg/m³ NO2 (2006-2008), µg/m³ 0.87 

 
 
 

 

 
	



 

Figure S7: Histograms of outcome distributions at baseline and follow-up in all four subclinical 
markers of atherosclerosis (cIMT (left), cIMT (right), CAC, and TAC in participants of the 
Heinz-Nixdorf-Recall Study. 

 

 

 

 

Figure S8: Histograms of change in markers of atherosclerosis (cIMT (left), cIMT (right), CAC, 
and TAC) in participants of the Heinz-Nixdorf-Recall Study. 

 
 



 

Table S2: Estimated Odds Ratio [95%-CI] for progression of atherosclerosis and estimated 
change [95%-CI] in cIMT (µm) and calcification (growth rate) displayed per interquartile ranges 
of exposure based on participants of the Heinz-Nixdorf Recall Study sample (N = 2116 for cIMT 
(left), N = 2197 for cIMT (right), N = 3220 for CAC, and N = 3126 for TAC). 

Marker	 Exposure	 Model	 OR [95%-CI]	 Change [95%-CI]	

Crude	  1.07 [0.92, 1.25]	  0.86 [-1.13, 2.84]	PM10 (CTM)	
Main	  1.09 [0.93, 1.27]	  0.82 [ -1.20, 2.85]	

Crude	  1.02 [0.91, 1.15]	 -0.18 [-1.72, 1.36]	PM10 (LUR)	
Main	  1.02 [0.90, 1.16]	 -0.52 [ -2.13, 1.10]	

Crude	  1.05 [0.89, 1.23]	  1.10 [-1.01, 3.21]	PM2.5 (CTM)	
Main	  1.06 [0.90, 1.25]	  1.12 [ -0.99, 3.24]	

Crude	  1.03 [0.90, 1.20]	 -0.11 [-2.01, 1.79]	PM2.5 (LUR)	
Main	  1.04 [0.89, 1.21]	 -0.55 [ -2.55, 0.45]	

Crude	  1.02 [0.88, 1.17]	  0.14 [-1.73, 2.01]	PNacc (CTM)	
Main	  1.02 [ 0.88, 1.19]	 -0.08 [ -2.00, 1.84]	

Crude	  1.06 [0.96, 1.17]	  0.13 [-1.06, 1.33]	PM2.5abs (LUR)	
Main	  1.06 [ 0.95, 1.19]	 -0.25 [ -1.59, 1.10]	

Crude	  0.99 [0.86, 1.14]	 -0.02 [-1.86, 1.82]	NO2 (CTM)	
Main	  0.99 [ 0.86, 1.15]	 -0.04 [ -1.90, 1.83]	

Crude	  1.14 [1.00, 1.30]	  1.14 [-0.54, 2.82]	

cIMT (left)	

NO2 (LUR)	
Main	  1.17 [1.00, 1.35]	  0.83 [ -1.05, 2.71]	

Crude	  1.05 [0.90, 1.23]	  0.02 [-1.81, 1.86]	PM10 (CTM)	
Main	  1.03 [0.87, 1.21]	 -0.19 [-2.07, 1.69]	

Crude	  1.09 [0.96, 1.23]	  0.51 [-0.92, 1.95]	PM10 (LUR)	
Main	  1.07 [0.94, 1.23]	  0.32 [ -1.20, 1.85]	

Crude	  1.03 [0.87, 1.21]	 -0.33 [-2.27, 1.61]	PM2.5 (CTM)	
Main	  1.01 [0.85, 1.19]	 -0.45 [-2.41, 1.50]	

Crude	 1.10 [0.95, 1.29]	  0.37 [-1.41, 2.14]	PM2.5 (LUR)	
Main	  1.08 [0.92, 1.27]	  0.01 [ -1.89, 1.91]	

Crude	  1.03 [0.89, 1.19]	 -0.34 [-2.06, 1.37]	PNacc (CTM)	
Main	  0.99 [0.85, 1.15]	 -0.75 [-2.53, 1.04]	

Crude	  1.01 [0.92, 1.12]	 -0.37 [-1.53, 0.80]	PM2.5abs (LUR)	
Main	  0.98 [0.88, 1.10]	 -0.77 [-2.09, 0.55]	

Crude	  1.03 [0.90, 1.19]	 -0.08 [-1.76, 1.59]	NO2 (CTM)	
Main	  1.01 [0.88, 1.17]	 -0.23 [-1.94, 1.48]	

Crude	  1.16 [1.01, 1.33]	  0.36 [-1.23, 1.94]	

cIMT (right)	

NO2 (LUR)	
Main	  1.15 [0.98, 1.34]	 -0.04 [-1.81, 1.74]	

Crude	 1.04 [0.94, 1.15]	 0.00 [-0.01, 0.01]	PM10 (CTM)	
Main	 1.04 [0.92, 1.16]	  0.01 [-0.01, 0.02]	

Crude	 1.07 [0.99, 1.16]	 0.00 [ 0.00, 0.01]	

CAC	

PM10 (LUR)	
Main	 1.07 [0.97, 1.18]	  0.01 [ 0.00, 0.02]	



Marker	 Exposure	 Model	 OR [95%-CI]	 Change [95%-CI]	

Crude	 0.98 [0.88, 1.10]	 0.00 [-0.01, 0.01]	PM2.5 (CTM)	

Main	 0.98 [0.87, 1.11]	  0.00 [-0.01, 0.01]	

Crude	 1.08 [0.98, 1.19]	 0.01 [ 0.00, 0.02]	PM2.5 (LUR)	
Main	 1.08 [0.97, 1.22]	  0.01 [ 0.00, 0.02]	

Crude	 1.03 [0.94, 1.14]	 0.00 [-0.01, 0.01]	PNacc (CTM)	
Main	 1.03 [0.93, 1.15]	  0.00 [-0.01, 0.02]	

Crude	 1.00 [0.94, 1.07]	 0.00 [-0.01, 0.00]	PM2.5abs (LUR)	
Main	 1.01 [0.93, 1.10]	  0.00 [-0.01, 0.01]	

Crude	 1.02 [0.93, 1.13]	 0.00 [-0.01, 0.01]	NO2 (CTM)	
Main	 1.03 [0.92, 1.15]	  0.00 [-0.01, 0.01]	

Crude	 1.05 [0.96, 1.15]	 0.00 [-0.01, 0.01]	NO2 (LUR)	
Main	 1.03 [0.92, 1.15]	  0.00 [-0.01, 0.02]	

Crude	 0.96 [0.87, 1.07]	 -0.02 [-0.04, 0.01]	PM10 (CTM)	

Main	 0.92 [0.82, 1.04]	 -0.02 [-0.05, 0.00]	

Crude	 1.06 [0.98, 1.14]	  0.02 [ 0.00, 0.04]	PM10 (LUR)	
Main	 1.02 [0.93, 1.12]	  0.01 [-0.01, 0.03]	

Crude	 0.91 [0.82, 1.02]	 -0.03 [-0.05, 0.00]	PM2.5 (CTM)	
Main	 0.90 [0.79, 1.02]	 -0.03 [-0.05, 0.00]	

Crude	 1.08 [0.98, 1.20]	  0.02 [ 0.00, 0.04]	PM2.5 (LUR)	
Main	 1.04 [0.92, 1.17]	  0.01 [-0.01, 0.04]	

Crude	 1.03 [0.93, 1.13]	 0.00 [-0.02, 0.02]	PNacc (CTM)	
Main	 1.02 [0.91, 1.14]	 -0.01 [-0.03, 0.02]	

Crude	 1.03 [0.97, 1.10]	 0.00 [-0.01, 0.02]	PM2.5abs (LUR)	
Main	 1.02 [0.95, 1.11]	  0.00 [-0.01, 0.02]	

Crude	 0.97 [0.88, 1.06]	 -0.01 [-0.03, 0.01]	NO2 (CTM)	
Main	 0.97 [0.87, 1.08]	 -0.01 [-0.03, 0.01]	

Crude	 1.03 [0.94, 1.13]	 0.00 [-0.02, 0.02]	

TAC	

NO2 (LUR)	

Main	 0.96 [0.86, 1.07]	 -0.01 [-0.04, 0.01]	

Note: Main model is adjusted for age, sex, BMI, smoking status and quantity, environmental tobacco 
smoke (ETS), LDL-C/HDL-C, physical activity, education, traffic noise and for dichotomous outcomes 
additionally years of follow-up.	



 

 

Figure S9: Estimated Odds Ratios (OR) (95%-CI) for progression of atherosclerosis measured 
using different markers (cIMT (left), cIMT (right), CAC, TAC) per IQR increase in air pollution 
concentration based on participants of the Heinz Nixdorf Recall cohort study evaluating 
adjustment by potential mediating variables. 



 

Figure S10: Estimated change (95%-CI) in carotid intima media thickniss (μm) (cIMT (left) and 
cIMT (right)) and calcification (growth rate) (CAC and TAC) per IQR increase in air pollution 
concentration based on participants of the Heinz Nixdorf Recall cohort study evaluating 
adjustment by potential mediating variables. 

 

 



Table S3: Odds Ratio [95%-CI] for progression and change [95%-CI] in cIMT (µm) and 
calcification (growth rate) displayed per interquartile ranges of exposure estimated in participants 
of the Heinz-Nixdorf Recall Study with no/minor atherosclerotic burden at baseline (t0) (cIMT 
(left)=1054, cIMT (right)=1017, CAC=1527,TAC=1761) and participants with advanced 
atherosclerotic burden at t0 (cIMT (left)=1203, cIMT (right)=1317, CAC=1693,TAC=1469).  

Marker	 Exposure	
Atherosclerotic 

burdena	
OR [95%-CI]	 Change [95%-CI]	

No/Minor	 1.42 [1.04, 1.94]	  2.43 [ -0.23, 5.09]	PM10 (CTM)	
Advanced	 1.02 [0.84, 1.24]	  -0.36 [ -3.08, 2.37]	
No/Minor	 1.16 [0.91, 1.48]	  -0.30 [ -2.39, 1.80]	PM10 (LUR)	

Advanced	 0.98 [0.84, 1.14]	  -0.52 [ -2.68, 1.63]	
No/Minor	 1.30 [0.95, 1.78]	  2.15 [ -0.58, 4.88]	PM2.5 (CTM)	

Advanced	 0.99 [0.81, 1.22]	  0.07 [ -2.91, 3.04]	
No/Minor	  1.37 [1.02, 1.84]	  0.62 [ -1.96, 3.20]	PM2.5 (LUR)	

Advanced	 0.96 [0.80, 1.16]	  -1.08 [ -3.75, 1.60]	
No/Minor	 1.41 [1.06, 1.88]	  1.93 [ -0.54, 4.39]	PNacc (CTM)	

Advanced	 0.94 [0.78, 1.13]	  -1.51 [ -4.15, 1.12]	
No/Minor	  1.03 [0.86, 1.24]	  -0.93 [ -2.50, 0.65]	PM2.5abs (LUR)	

Advanced	 1.06 [0.92, 1.23]	  0.40 [ -1.49, 2.29]	
No/Minor	 1.24 [0.95, 1.61]	  1.49 [ -0.88, 3.86]	NO2 (CTM)	

Advanced	 0.93 [0.78, 1.12]	  -1.13 [ -3.76, 1.49]	
No/Minor	  1.14 [0.88, 1.48]	  -0.43 [ -2.71, 1.84]	

cIMT (left)	

NO2 (LUR)	
Advanced	 1.18 [0.98, 1.42]	  2.14 [ -0.39, 4.68]	
No/Minor	 0.88 [0.64, 1.21]	  0.64 [ -1.65, 2.93]	PM10 (CTM)	

Advanced	  1.08 [0.88, 1.33]	  -1.40 [ -4.04,1.23]	
No/Minor	  0.93 [0.72, 1.20]	  -1.05 [ -2.94, 0.83]	PM10 (LUR)	

Advanced	  1.12 [0.95, 1.32]	  1.59 [ -0.42, 3.60]	
No/Minor	  0.88 [0.63, 1.22]	  0.74 [ -1.66, 3.13]	PM2.5 (CTM)	

Advanced	  1.09 [0.88, 1.35]	  -1.69 [ -4.45, 1.07]	
No/Minor	  0.92 [0.67, 1.26]	  -0.64 [ -2.94, 1.66]	PM2.5 (LUR)	

Advanced	  1.12 [0.91, 1.37]	  0.29 [ -2.26, 2.83]	
No/Minor	 0.85 [0.64, 1.14]	  0.71 [ -1.42, 2.84]	PNacc (CTM)	

Advanced	  1.01 [0.83, 1.23]	  -3.40 [ -5.92, -
0.89]	

No/Minor	 0.86 [0.72, 1.02]	  -1.15 [ -2.70, 0.39]	PM2.5abs (LUR)	
Advanced	  1.03 [0.90, 1.19]	  -0.65 [ -2.41, 1.10]	
No/Minor	 0.92 [0.69, 1.22]	  0.93 [ -1.12, 2.97]	NO2 (CTM)	

Advanced	  1.08 [0.89, 1.31]	  -1.62 [ -4.08, 0.84]	
No/Minor	 0.88 [0.67, 1.16]	  -0.99 [ -3.10, 1.12]	

cIMT (right)	

NO2 (LUR)	
Advanced	  1.23 [1.02, 1.49]	  0.44 [ -1.89, 2.76]	
No/Minor	  1.12 [0.96, 1.31]	  0.01 [ 0.00, 0.03]	PM10 (CTM)	

Advanced	 0.93 [0.74, 1.17]	  0.00 [-0.02, 0.01]	
CAC	

PM10 (LUR)	 No/Minor	  1.13 [1.00, 1.28]	  0.01 [ 0.00, 0.03]	



Marker	 Exposure	
Atherosclerotic 

burdena	
OR [95%-CI]	 Change [95%-CI]	

Advanced	 0.98 [0.82, 1.17]	  0.00 [-0.01, 0.01]	
No/Minor	  1.06 [0.90, 1.25]	  0.01 [-0.01, 0.02]	PM2.5 (CTM)	

Advanced	 0.84 [0.66, 1.07]	 -0.01 [-0.03, 0.01]	
No/Minor	  1.19 [1.03,1.39]	  0.02 [ 0.01, 0.04]	PM2.5 (LUR)	

Advanced	 0.96 [0.77, 1.19]	  0.00 [-0.02, 0.01]	
No/Minor	  1.13 [0.97, 1.30]	  0.02 [ 0.00, 0.03]	PNacc (CTM)	

Advanced	 0.88 [0.71, 1.09]	 -0.01 [-0.02, 0.01]	
No/Minor	 1.00 [0.90, 1.12]	  0.00 [-0.01, 0.01]	PM2.5abs (LUR)	

Advanced	 0.99 [0.86, 1.14]	  0.00 [-0.01, 0.01]	
No/Minor	  1.07 [0.93, 1.24]	  0.01 [-0.01, 0.02]	NO2 (CTM)	

Advanced	 0.90 [0.72, 1.11]	 -0.01 [-0.02, 0.01]	
No/Minor	  1.13 [0.98, 1.31]	  0.01 [ 0.00, 0.03]	NO2 (LUR)	

Advanced	 0.90 [0.74, 1.10]	  0.00 [-0.02, 0.01]	
No/Minor	 1.09 [0.92, 1.29]	  0.01 [-0.02, 0.05]	PM10 (CTM)	

Advanced	 0.78 [0.66, 0.91]	 -0.04 [-0.06, -0.01]	
No/Minor	 1.02 [0.89, 1.16]	  0.00 [-0.02, 0.02]	PM10 (LUR)	

Advanced	 1.03 [0.91, 1.17]	  0.01 [-0.01, 0.03]	
No/Minor	  1.13 [0.95, 1.36]	  0.03 [ 0.00, 0.07]	PM2.5 (CTM)	

Advanced	 0.72 [0.61, 0.85]	 -0.06 [-0.09, -0.03]	
No/Minor	 1.11 [0.94, 1.30]	  0.01 [-0.02, 0.04]	PM2.5 (LUR)	

Advanced	 0.99 [0.85, 1.16]	  0.00 [-0.02, 0.03]	
No/Minor	 1.18 [1.00, 1.39]	  0.01 [-0.02, 0.04]	PNacc (CTM)	

Advanced	 0.89 [0.77, 1.04]	 -0.02 [-0.05, 0.01]	
No/Minor	 1.06 [0.95, 1.18]	  0.00 [-0.02, 0.02]	PM2.5abs (LUR)	

Advanced	 1.00 [0.90, 1.11]	  0.00 [-0.02, 0.02]	
No/Minor	  1.13 [0.96, 1.32]	  0.03 [ 0.00, 0.06]	NO2 (CTM)	

Advanced	 0.84 [0.72, 0.97]	 -0.03 [-0.06, -0.01]	
No/Minor	 1.04 [0.89, 1.22]	 -0.01 [-0.04, 0.02]	

TAC	

NO2 (LUR)	

Advanced	 0.90 [0.78, 1.04]	 -0.02 [-0.04, 0.01]	
Note: Main model is adjusted for age, sex, BMI, smoking status and quantity, environmental tobacco 
smoke (ETS), LDL-C/HDL-C, physical activity, education, traffic noise and for dichotomous outcomes 
additionally years of follow-up.	
a. No/minor atherosclerotic burden is defined by baseline cIMT <=0.7mm and CAC/TAC <= 10 Agatston 
score units; Advanced atherosclerotic burden is defined by baseline cIMT > 0.7mm and CAC/TAC > 10 
Agatston score units.	



 

 
Figure S11: Subgroup effect estimates for the associations between different air pollutants and 
progression of atherosclerosis in subpopulations of the Heinz Nixdorf Recall Study based on the 
marker of atherosclerosis (cIMT (left)=2116, cIMT (right)=2197, CAC=3220, TAC=3126). 
Model is adjusted for age, sex, BMI, smoking status and quantity, environmental tobacco smoke 
(ETS), LDL-C/HDL-C, physical activity, education, traffic noise and for dichotomous outcomes 
additionally years of follow-up Panel A displays Odds Ratios (OR) (95%-CI) for any progression 
in atherosclerosis based on an interquartile range (IQR) in exposure. Panel B displays change in 
thickness (µm) for cIMT and change in growth rate for CAC and TAC. 



 

 

Table S4: Estimated Odds Ratio (95%-CI) for progression of atherosclerosis in different markers 
defined by 10% increase (first column) and Relative Risks (95%-CI) for progression of 
atherosclerosis estimated using Poisson regression (second column) displayed per interquartile 
ranges of exposure based on participants of the Heinz-Nixdorf Recall Study sample (N = 2116 
for cIMT (left), N = 2197 for cIMT (right), N = 3220 for CAC, and N = 3126 for TAC). 

Marker	 Exposure	 OR (95%-CI), 10%	 RR (95%-CI)	

PM10 (CTM)	  1.06 [ 0.93, 1.21]	 1.02 [0.95, 1.09]	
PM10 (LUR)	  1.00 [ 0.90, 1.11]	 1.00 [0.95, 1.06]	

PM2.5 (CTM)	  1.06 [0.92, 1.21]	 1.01 [0.94, 1.09]	
PM2.5 (LUR)	  0.99 [ 0.87, 1.13]	 1.01 [0.94, 1.08]	
PNacc (CTM)	  1.02 [ 0.90, 1.15]	 1.01 [0.94, 1.08]	

PM2.5abs (LUR)	  1.01 [ 0.93, 1.11]	 1.01 [0.97, 1.06]	
NO2 (CTM)	  0.99 [ 0.87, 1.11]	 1.00 [0.93, 1.07]	

cIMT (left)	

NO2 (LUR)	  1.04 [ 0.92, 1.18]	 1.03 [0.97, 1.10]	
PM10 (CTM)	  0.97 [0.85, 1.10]	 1.01 [0.94, 1.08]	
PM10 (LUR)	  0.95 [0.86, 1.06]	 1.01 [0.96, 1.07]	

PM2.5 (CTM)	  0.94 [0.82, 1.08]	 1.00 [0.93, 1.08]	
PM2.5 (LUR)	  0.94 [0.82, 1.07]	 1.01 [0.95, 1.09]	
PNacc (CTM)	  0.98 [0.87, 1.11]	 1.00 [0.93, 1.07]	

PM2.5abs (LUR)	  0.99 [0.90, 1.08]	 1.00 [0.95, 1.05]	
NO2 (CTM)	  0.96 [0.85, 1.08]	 1.00 [0.94, 1.07]	

cIMT (right)	

NO2 (LUR)	  1.03 [0.91, 1.16]	 1.03 [0.96, 1.10]	
PM10 (CTM)	 1.02 [0.91, 1.15]	 1.01 [0.94, 1.08]	
PM10 (LUR)	 1.08 [0.99, 1.19]	 1.03 [0.98, 1.08]	

PM2.5 (CTM)	 0.96 [0.85, 1.08]	 0.99 [0.93, 1.07]	
PM2.5 (LUR)	 1.10 [0.98, 1.23]	 1.03 [0.97, 1.10]	
PNacc (CTM)	 1.02 [0.92, 1.14]	 1.01 [0.95, 1.07]	

PM2.5abs (LUR)	 1.03 [0.95, 1.11]	 1.00 [0.96, 1.05]	
NO2 (CTM)	 1.00 [0.90, 1.11]	 1.01 [0.95, 1.07]	

CAC	

NO2 (LUR)	 1.04 [0.93, 1.16]	 1.01 [0.95, 1.08]	
PM10 (CTM)	 0.92 [0.82, 1.03]	 0.96 [0.90, 1.04]	

PM10 (LUR)	 1.02 [0.93, 1.12]	 1.01 [0.95, 1.07]	
PM2.5 (CTM)	 0.91 [0.81, 1.03]	 0.95 [0.88, 1.03]	
PM2.5 (LUR)	 1.04 [0.93, 1.17]	 1.01 [0.94, 1.09]	
PNacc (CTM)	 1.02 [0.92, 1.14]	 1.00 [0.94, 1.07]	

PM2.5abs (LUR)	 1.01 [0.94, 1.10]	 1.01 [0.96, 1.06]	
NO2 (CTM)	 0.97 [0.87, 1.08]	 0.99 [0.92, 1.06]	

TAC	

NO2 (LUR)	 0.96 [0.86, 1.07]	 0.98 [0.92, 1.05]	



Marker	 Exposure	 OR (95%-CI), 10%	 RR (95%-CI)	

Note: Main model is adjusted for age, sex, BMI, smoking status and quantity, 
environmental tobacco smoke (ETS), LDL-C/HDL-C, physical activity, education, traffic 
noise and for dichotomous outcomes additionally years of follow-up; changing the 
cutpoint to 20% did not differ from using a cut point of 10%.	

 
Table S5: Estimated Odds Ratio (95%-CI) for progression of atherosclerosis in different markers 
as a sensitivity analysis investigating mean of left and/or right cIMT, faster progression of CAC 
based on personal percentile, displayed per interquartile ranges of exposure based on participants 
of the Heinz-Nixdorf Recall Study sample (N = 2594 for cIMT (left/right), N = 3220 for faster 
CAC). 

Marker	 Exposure	 OR [95%-CI]	 Change [95%-CI]	

PM10 (CTM)	  1.04 [ 0.90, 1.22]	  0.34 [ -1.23, 1.90]	
PM10 (LUR)	  1.06 [0.93, 1.20]	  0.28 [ -0.98, 1.54]	

PM2.5 (CTM)	  1.01 [0.86, 1.18]	  0.19 [ -1.45, 1.82]	
PM2.5 (LUR)	  1.04 [0.89, 1.21]	  0.05 [ -1.51, 1.62]	
PNacc (CTM)	  0.96 [ 0.84, 1.11]	 -0.40 [-1.87, 1.08]	

PM2.5abs (LUR)	  1.04 [ 0.93, 1.17]	 -0.26 [-1.33, 0.81]	
NO2 (CTM)	  1.00 [ 0.87, 1.14]	 -0.26 [-1.70, 1.17]	

cIMT (left or right)	

NO2 (LUR)	  1.11 [ 0.96, 1.28]	  0.45 [-1.01, 1.92]	
PM10 (CTM)	 1.04 [0.91, 1.19]	 	

PM10 (LUR)	 1.08 [0.97, 1.19]	 	

PM2.5 (CTM)	 0.95 [0.83, 1.09]	 	

PM2.5 (LUR)	 1.10 [0.97, 1.25]	 	

PNacc (CTM)	 1.05 [0.93, 1.19]	 	

PM2.5abs (LUR)	 1.02 [0.93, 1.12]	 	

NO2 (CTM)	 0.99 [0.88, 1.12]	 	

faster CAC	

NO2 (LUR)	 1.05 [0.93, 1.19]	 	

Note: Main model is adjusted for age, sex, BMI, smoking status and quantity, environmental 
tobacco smoke (ETS), LDL-C/HDL-C, physical activity, education, traffic noise and for dichotomous 
outcomes additionally years of follow-up.	
 

 

 

 



Table S6: Estimated Odds Ratio [95%-CI] for progression of atherosclerosis and estimated 
change [95%-CI] in cIMT (µm) and calcification (growth rate) displayed per interquartile ranges 
of exposure with regard to different time windows of exposure, modelled using the EURAD 
chemistry-transport model (CTM). Estimation are based on the main model and participants of 
the Heinz-Nixdorf Recall Study sample (N = 2116 for cIMT (left), N = 2197 for cIMT (right), N 
= 3220 for CAC, and N = 3126 for TAC). 

Marker	 Exposure	 OR [95%-CI]	 Change [95%-CI]	

PM10 (CTM)	  1.09 [0.93, 1.27]	  0.82 [ -1.20, 2.85]	
PM10 (CTM, 2000-2003)	  1.10 [0.93, 1.31]	  1.21 [ -1.01, 3.42]	
PM10 (CTM, 2006-2008)	  1.07 [0.93, 1.24]	  0.46 [ -1.40, 2.31]	

PM2.5 (CTM)	  1.06 [0.90, 1.25]	  1.12 [ -0.99, 3.24]	
PM2.5 (CTM, 2000-2003)	  1.07 [0.91, 1.26]	  1.34 [ -0.80, 3.48]	
PM2.5 (CTM, 2006-2008)	  1.04 [0.89, 1.23]	  0.87 [ -1.25, 2.99]	

PNacc (CTM)	  1.02 [ 0.88, 1.19]	 -0.08 [ -2.00, 1.84]	
PNacc (CTM, 2000-2003)	  1.04 [0.89, 1.21]	  0.21 [ -1.78, 2.21]	
PNacc (CTM, 2006-2008)	  1.01 [ 0.86, 1.17]	 -0.40 [ -2.39, 1.59]	

NO2 (CTM)	  0.99 [ 0.86, 1.15]	 -0.04 [ -1.90, 1.83]	
NO2 (CTM, 2000-2003)	  1.00 [ 0.87, 1.14]	  0.14 [ -1.62, 1.90]	

cIMT (left)	

NO2 (CTM, 2006-2008)	  0.99 [ 0.86, 1.13]	 -0.25 [ -2.02, 1.52]	
PM10 (CTM)	  1.03 [0.87, 1.21]	 -0.19 [-2.07, 1.69]	

PM10 (CTM, 2000-2003)	  1.01 [0.85, 1.20]	 -0.41 [-2.47, 1.65]	
PM10 (CTM, 2006-2008)	  1.04 [0.90, 1.21]	  0.00 [-1.72, 1.73]	

PM2.5 (CTM)	  1.01 [0.85, 1.19]	 -0.45 [-2.41, 1.50]	
PM2.5 (CTM, 2000-2003)	  1.01 [0.85, 1.20]	 -0.37 [-2.34, 1.60]	
PM2.5 (CTM, 2006-2008)	  1.01 [0.85, 1.19]	 -0.54 [-2.50, 1.42]	

PNacc (CTM)	  0.99 [0.85, 1.15]	 -0.75 [-2.53, 1.04]	
PNacc (CTM, 2000-2003)	  0.99 [0.85, 1.16]	 -0.71 [-2.55, 1.14]	
PNacc (CTM, 2006-2008)	  0.98 [0.84, 1.15]	 -0.88 [-2.72, 0.97]	

NO2 (CTM)	  1.01 [0.88, 1.17]	 -0.23 [-1.94, 1.48]	
NO2 (CTM, 2000-2003)	  1.00 [0.87, 1.15]	 -0.24 [-1.85, 1.38]	

cIMT (right)	

NO2 (CTM, 2006-2008)	  1.02 [0.89, 1.18]	 -0.18 [-1.80, 1.44]	
PM10 (CTM)	 1.04 [0.92, 1.16]	  0.01 [-0.01, 0.02]	

PM10 (CTM, 2000-2003)	 1.03 [0.90, 1.17]	  0.01 [-0.01, 0.02]	
PM10 (CTM, 2006-2008)	 1.04 [0.93, 1.16]	  0.01 [-0.01, 0.02]	

PM2.5 (CTM)	 0.98 [0.87, 1.11]	  0.00 [-0.01, 0.01]	
PM2.5 (CTM, 2000-2003)	 0.98 [0.86, 1.11]	  0.00 [-0.01, 0.01]	
PM2.5 (CTM, 2006-2008)	 0.99 [0.88, 1.12]	  0.00 [-0.01, 0.01]	

PNacc (CTM)	 1.03 [0.93, 1.15]	  0.00 [-0.01, 0.02]	
PNacc (CTM, 2000-2003)	 1.02 [0.91, 1.15]	  0.00 [-0.01, 0.02]	
PNacc (CTM, 2006-2008)	 1.05 [0.93, 1.17]	  0.01 [ 0.00, 0.02]	

NO2 (CTM)	 1.03 [0.92, 1.15]	  0.00 [-0.01, 0.01]	

CAC	

NO2 (CTM, 2000-2003)	 1.01 [0.91, 1.12]	  0.00 [-0.01, 0.01]	



Marker	 Exposure	 OR [95%-CI]	 Change [95%-CI]	

NO2 (CTM, 2006-2008)	 1.04 [0.94, 1.16]	  0.00 [-0.01, 0.01]	
PM10 (CTM)	 0.92 [0.82, 1.04]	 -0.02 [-0.05, 0.00]	

PM10 (CTM, 2000-2003)	 0.91 [0.80, 1.04]	 -0.02 [-0.05, 0.01]	
PM10 (CTM, 2006-2008)	 0.93 [0.84, 1.04]	 -0.02 [-0.05, 0.00]	

PM2.5 (CTM)	 0.90 [0.79, 1.02]	 -0.03 [-0.05, 0.00]	
PM2.5 (CTM, 2000-2003)	 0.90 [0.79, 1.02]	 -0.03 [-0.05, 0.00]	
PM2.5 (CTM, 2006-2008)	 0.90 [0.80, 1.02]	 -0.03 [-0.05, 0.00]	

PNacc (CTM)	 1.02 [0.91, 1.14]	 -0.01 [-0.03, 0.02]	
PNacc (CTM, 2000-2003)	 1.02 [0.91, 1.15]	  0.00 [-0.03, 0.02]	
PNacc (CTM, 2006-2008)	 1.02 [0.91, 1.14]	 -0.01 [-0.03, 0.02]	

NO2 (CTM)	 0.97 [0.87, 1.08]	 -0.01 [-0.03, 0.01]	
NO2 (CTM, 2000-2003)	 0.99 [0.90, 1.10]	  0.00 [-0.02, 0.02]	

TAC	

NO2 (CTM, 2006-2008)	 0.95 [0.86, 1.06]	 -0.02 [-0.04, 0.01]	
Note: Main model is adjusted for age, sex, BMI, smoking status and quantity, environmental tobacco 
smoke (ETS), LDL-C/HDL-C, physical activity, education, traffic noise and for dichotomous outcomes 
additionally years of follow-up.	

 

		

	

	

	

	

 



 

 

Figure S12: Subgroup effect estimates for the associations between different air pollutants and 
progression of atherosclerosis in subpopulations of the Heinz Nixdorf Recall Study based on the 
marker of atherosclerosis with respect to exposure misclassification (cIMT (left)=2116, cIMT 
(right)=2197, CAC=3220, TAC=3126). Movers within subsamples: cIMT (left) = 13.3%; cIMT 
(right) = 12.8%; CAC = 12.9%; TAC = 12.8%. Non-Employees within subsamples: cIMT (left) = 
57.9%; cIMT (right) = 58%; CAC = 58.8%; TAC = 59.9%. Panel A displays Odds Ratios (OR) 
(95%-CI) for any progression in atherosclerosis based on an interquartile range (IQR) in 
exposure. Panel B displays change in thickness (µm) for cIMT and change in growth rate for 
CAC and TAC. 



6 Discussion

Overall, the achievements of this thesis are its contributions to epidemiological evidence
on associations between ambient short- as well as long-term air pollution exposure and
cardiovascular disease in the Ruhr Area, representing a metropolitan living environment
in Europe, which is not only affected by local rush-hour traffic and industrial hot spots,
but also by traffic, industry, and shipping outside of the Ruhr Area or even outside of
Germany.

6.1 Air Pollution Exposure Assessment

6.1.1 EURAD-CTM versus LUR

Long-term air pollution was characterized by concentrations of different air pollutants, in-
cluding fine particulate matter (𝑃𝑀2.5), mass of coarser particles (𝑃𝑀10), 𝑃𝑀2.5abs (ab-
sorbance), particle number concentration of particles in the accumulation mode (0.035−
0.14 𝜇𝑚 (Nonnemacher et al. 2014)), as well as 𝑁𝑂2, which were modelled using the
EURAD-CTM and/or land-use regression models, developed within the ESCAPE study
[Beelen et al. (2013); Eeftens2012]. Short-term air pollution was characterized by daily
particle number concentrations of different sized particles, including UFPs, particle sur-
face concentration (PSC), 𝑃𝑀10, 𝑁𝑂2, and 𝑂3, at a single measurement site as part of
the German Ultrafine Aerosol Network (Birmili et al. 2016). The EURAD-CTM was
originally implemented to operationalize daily forecast air pollution concentrations in
Germany, and was part of an extensive model comparison and evaluation study over a
whole decade modelling air quality data (Colette et al. 2011). The cooperation with the
RIU institute forecasting air quality in Europe, was a big milestone for studying health
effects of air pollution studies in the general population, namely the HNR study, enabling
a flexible exposure assessment with regard to time and space. The LUR model, on the
other hand, has specifically been developed to estimate air pollution concentration on
a population-based level, taking into account features of land-use within certain buffers
and a statistical modelling approach to predict air pollution concentration. Reported
investigations in Hennig et al. (2016) have shown that different approaches to estimate
concentration for the same air pollutants (here 𝑃𝑀2.5, 𝑃𝑀10, and 𝑁𝑂2) in the same
geographical area expectedly lead to different air pollution concentration due to the mod-
elling design, aim, and strategy. Despite these differences, neither of the applied models
is considered as wrong or as being better than the other. In fact, these two approaches
can complement each other. While the the EURAD-CTM is a spatial and temporal
approach, considering long-range transport on a broader scale (1 × 1 km2), the LUR
estimates static point-specific concentrations based on local land-use predictors. As has
been pointed out in Hennig et al. (2016), agreement, for example, improved when the
EURAD-CTM was restricted to sources of regional traffic. However, long-range trans-
port and formation of secondary particles in the atmosphere can contribute considerably
to the particle mass concentration in NRW and the Ruhr Area, e.g., more than 50%
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(Hebbinghaus et al. 2014). Also, the 𝑁𝑂2 concentration can be attributed to long-range
transportation by approximately 25%.

Moreover, an accurate population-representative estimation of air pollution exposure
does not only depend on ambient exposure levels but also on the mobility and where-
abouts of the population of interest. Yet, while a broader scale seemed more promising
in terms of exposure misclassification, included sensitivity analyses with regard to em-
ployment and changes of residence, have not shown to noticeably change the reported
main effects for both exposure models.

Motivated by the question of whether to use one or the other approach, a suggestion
to use a hybrid model combining both modelling approaches was discussed in Hennig
et al. (2016). A first approach to combine the EURAD-CTM with the LUR modelling
has been performed in the Ruhr Area, improving the performance for 𝑃𝑀2.5 based
on explained variation from 85% to 93% (Hennig et al. 2018a). However, despite a
considerably better performance of the hybrid LUR compared to the original ESCAPE
LUR model, more research is needed. In an additional European collaboration hybrid
LUR models for 𝑃𝑀2.5, 𝑁𝑂2, 𝑂3 and 𝐵𝐶 were developed in West-Europe to provide
exposure assessment for 35 million participants from 18 European cohorts participating
in the ELAPSE study (Effects of Low-Level Air Pollution: A Study in Europe), including
the HNR cohort (Hoogh et al. 2018). They developed LUR models for monitored air
pollution data based on satellite observations, dispersion model estimates, land use and
traffic data, reaching an overall performance of 72% for 𝑃𝑀2.5 and 69% for 𝑁𝑂2 based
on explained spatial variation in the measured concentrations.

6.1.2 Air Pollution Assessment and Health Effects

While in population-based studies there is often only one modelling approach available,
the Ruhr Area benefited from two commonly used modelling approaches, enabling a
direct comparison of health effects. While earlier findings pointed to inconsistent con-
clusions, the newer longitudinal investigation, including a re-assessment of cIMT mea-
surement in order to follow a standardized approach for repeated measures, yielded only
slightly different point estimates with largely overlapping confidence intervals (Hennig et
al. 2020). Overall, slightly stronger associations were reported with the EURAD-CTM
compared to the LUR with respect to point estimates.
An investigation in the Netherlands comparing the earlier mentioned hybrid LUR model
developed within the ELAPSE study, with an LUR model and an dispersion model
have reported an overall moderate agreement (Klompmaker et al. 2021). Nevertheless,
although air pollution was overall positively associated with natural cause and cause-
specific mortality, the strength of the associations differed between the three exposure
models. Continued efforts to overcome potential inconsistencies between different expo-
sure models, or at least transparently report respective strength and limitations, may
reduce scientific uncertainties, which may hamper policy interventions to protect public
health.
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6.1.3 Future Perspectives

Although, CTMs and LURs both have their justification, hybrid approaches are gaining
popularity and seem promising with regard to performance and application in population-
based air-pollution studies. Due to their ease of use, hybrid models are predominantly
based on the LUR modeling strategy. For example, EURAD-CTM estimates are used as
an additional predictor to predict annual air pollutant concentrations based on the LUR
model. However, a general concern regarding LUR models has rarely been discussed: it’s
own ambiguity. The LUR approach comes with a number of variables that have to be
chosen a priori, possibly having an impact on the outcome performance. These variables
include the choice of locations, as well as the duration and time of air pollution measure-
ments on the one hand, and the choice of features (predictors), the selection strategy,
and the statistical model assumption on the other hand. While a linear regression model
has been the statistical model of choice, mostly due to its simplicity of understanding and
application, overfitting, especially in the presence of only few monitoring sites to train
a model based on a large number of potential predictor variables, is just one concern
that has arisen (Basagaña et al. 2012). Methods of supervised machine learning, such as
random forests (Breiman 2001), have become more popular over the last years and have
often been shown to outperform linear regression regarding predictive performance, even
in air pollution applications (Brokamp et al. 2017). Possible reasons for this are the
avoidance of a predefined selection strategy and less strong assumptions (i.e. linearity)
about the relationship between features and the respective outcome. With data from
the EURAD-CTM, continuously monitored concentrations, as well as land-use data at
hand, application of machine learning algorithms could provide more accurate estimates
for air pollution exposure in the Ruhr Area.

6.2 Air Pollution and Cardiovascular Health

6.2.1 Cardiovascular Mortality and Cardiovascular Outcomes

Short-term levels of air pollution have been shown to be associated with acute natural
and cardiovascular mortality within a few days in the Ruhr Area as outlined in Hennig et
al. (2018b). In addition, long-term exposure to air pollution has previously been shown
to be associated with events of stroke and a potentially increased risk of coronary events
within the HNR study population and a follow-up time of roughly 8 years (Hoffmann et
al. 2015). Results for stroke were confirmed in a study considering a follow-up time of 14
years, while associations with events of coronary heart disease were not observed (Rodins
et al. 2020). An additional finding, however, was that stronger effects were observed for
traffic-specific air pollution concentrations compared to all or industrial sources. Com-
plementing results on cardiovascular mortality and cardiovascular events, associations
between long-term ambient air pollution exposure (estimated using the EURAD-CTM)
have been frequently reported for several cardiovascular-related outcomes in the HNR
study, including biomarkers of systemic inflammation (Hennig et al. 2014; Hoffmann et
al. 2009; Viehmann et al. 2015), hypertension (Fuks et al. 2016a), diabetes (Lucht et
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al. 2018; Lucht et al. 2020; Weinmayr et al. 2015), and atherosclerosis [Hoffmann et al.
(2007); (Bauer et al. 2010; Kälsch et al. 2014).

In addition to these local findings, the HNR study was part of the earlier introduced
ESCAPE study, and hence contributed to observed cardiovascular health effects of air
pollution on an European level: Fuks et al. (2016b) supported associations between
annual air pollution exposure and noise and incident arterial hypertension; Cesaroni et al.
(2014) reported that long term exposure to particulate matter is associated with incidence
of coronary events, e.g. myocardial infarction; and Stafoggia et al. (2014) suggested an
association between fine particles and the incidence of cerebrovascular events, i.e. strokes.
While Perez et al. (2015) only indicated weak cross-sectional associations between long-
term air pollution exposure and atherosclerosis, measured as cIMT, Lanki et al. (2015)
was not able to support associations between particulate matter and markers of systemic
inflammation (i.e. CRP or fibrinogen) but indicated weakly adverse effects for those living
close to highly trafficked roads.

All these results reflect partial aspects of the causal chain between exposure to long-term
air pollution and the occurrence of cardiovascular events hypothesized by Franklin et al.
(2015). Yet, except the investigation of incident CV events, incident hypertension or
incident diabetes, most of the mentioned results were based on cross-sectional findings.

6.2.2 Air pollution and Atherosclerosis

New results on air pollution and progression of atherosclerosis, reported in Hennig et
al. (2019) and Hennig et al. (2020), widely supported cross-sectional findings, which
reported that higher levels of air pollution or traffic-proximity are associated to higher
levels of CAC (Hoffmann et al. 2007), TAC (Kälsch et al. 2014) and cIMT (Bauer et al.
2010). Although a direct relationship between air pollution and progression of markers
has not been observed in the full study population, analyses in all three markers suggested
associations with multiple air pollutant concentrations in participants with no or only
minor atherosclerotic burden at baseline (Hennig et al. 2020, 2019). This supports the
hypothesis that particle inhalation is associated with the development of atherosclerosis
(Franklin et al. 2015). Associations between air pollution and CAC were the most
consistent among those considered, and in line with results from Multi-Ethnic Study of
Atherosclerosis (MESA), suggesting air-pollution induced progression of CAC (but not
with cIMT) (Kaufman et al. 2016). The MESA study is a population-based cohort
comparable to the HNR cohort, studying characteristics of subclinical cardiovascular
disease, risk prediction and progression of the subclinical disease initiated in the year
2000 in the United States. Non air pollution studies have identified advanced CAC (CAC
>100 Agatston score units) as a strong predictor for cardiovascular events in the HNR
study and MESA study (Budoff et al. 2013; Erbel et al. 2010). Hence, an air pollution-
related shift in the distribution of CAC is likely to have an impact on the occurrence of
cardiovascular events.

In Hennig et al. (2020), the natural progression of CAC over time was taken into ac-
count by using a mathematical prediction equation, developed in Lehmann et al. (2018).
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However, a faster progression, namely deviating upwards from the predicted value, was
not observed for increased levels of air pollution, considering the whole population un-
der study. Nevertheless, subgroup analyses in participants starting off with a smaller
atherosclerotic burden, which was not reported in the published analyses, indicated a
faster progression of CAC based on an 1.5 𝜇𝑔/𝑚3 increase in 𝑃𝑀2.5 (LUR) with an
estimated Odds Ratio (OR) of 1.27 [95%-Confidence interval: 1.05; 1.54] in participants
with no or minor atherosclerotic burden at baseline compared to participants with an
advanced atherosclerotic burden at baseline with an estimated OR of 1.00 [0.83; 1.20].
These findings strengthen the reported findings on air pollution and incident CAC, and
further support the cardiovascular burden of air pollution exposure.

One limitation is the relatively short follow-up time of only five years, hampering to study
progression in such a non-symptomatic lifelong-changing condition like atherosclerosis.
Hence, future investigations taking the 10-year follow-up examinations into account,
could provide additional insight about air pollution-related progression of atherosclerosis.

6.2.3 Different Markers of Atherosclerosis and Challenges

While atherosclerosis is often used as a general term, without specifically differentiating
between multiple surrogate measures, the majority of epidemiological studies on health
effects of air pollution have made use of cIMT due to the low costs and an easy imple-
mentation of measurement. However, in the HNR study, as well as in the MESA study,
more consistent effect estimates were observed between air pollution and CAC compared
to air pollution and cIMT. TAC, probably due to its location and the subordinate clinical
role compared to CAC, has rarely been studied in epidemiological studies.
Compared to the subclinical markers TAC and CAC, cIMT is more prone to measure-
ment error. This may not only lead to confusion in the literature but also to somewhat
inconsistent epidemiological findings (Touboul et al. 2012). While an agreement has
been made to choose the common carotid artery (CCA) over the external and internal
carotid artery because the CCA is less affected by the anatomical topography or the
sonographer’s expertise (Touboul et al. 2004), there are several important issues to con-
sider. Compared to the thoracic artery or the coronary arteries, which are located in the
center of the body, the CCAs are paired and located on the left and right body side, with
different anatomic origins. While the left CCA arises from the arch of aorta, the right
CCA arises from the brachiocephalic trunk, potentially leading to different flow patterns
and turbulences. Luo et al. (2011) investigated left and right cIMT, reporting signifi-
cantly thicker cIMT on the left compared to the right side, as well as a faster thickening
by age. In addition, different side-specific correlations were observed between cIMT and
haemodynamic parameters, including maximal velocity, which were stronger for right
cIMT. In contrast, correlations between cIMT and biochemical indices, including pulse
pressure, cholesterol or blood glucose, were stronger for left cIMT. A comparison of left
and right cIMT focusing on their relationship with CVD has been carried out by Loizou
et al. (2015), supporting a slightly higher left cIMT for the group with CVD. Although
their collection of findings, taking into account multiple studies, did not yield strong
evidence for side-specific differences, Loizou et al. (2015) suggested further research in
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order to estimate differences and similarities between left and right cIMT regarding their
complex structure, morphology, as well as their different vulnerability with respect to
CVDs. Because epidemiological studies on air pollution often focus on only right cIMT
measurements (Künzli et al. 2010) or an average of both sides (Bauer et al. 2010; Perez
et al. 2015), they fail to enlighten differences with respect to side. The reported side-
specific findings in Hennig et al. (2020) on the other hand contributed to the research
on site-specific differences with respect to cIMT. While bigger values for cIMT on the
left side compared to the right side for both examination time points were observed, in
line with Luo et al. (2011) and Loizou et al. (2015), observed annual progression in
cIMT did not support side-specific differences. In contrast, side-specific differences were,
again, observed with respect to air pollution, especially in the subgroup analysis strati-
fying on the initial atherosclerotic burden: the association between air pollution and left
cIMT showed a similar pattern to that of CAC and TAC, but with more variability. In
contrast, the association between air pollution and right cIMT showed no such pattern
(Hennig et al. 2020).
While sonography of the carotid arteries is readily available and comes at low cost and
effort, correct and reliable measurement of cIMT is challenging. cIMT can be measured
in offline ultrasound pictures manually or with the help of semi-automatic software, al-
though semi-automatic tools have been used more widely lately. However, regarding
cIMT measurements in the HNR study, a switch from manual to semi-automated mea-
surements had to be conducted in order to guarantee reproducible, but mostly compa-
rable measurements between baseline and follow-up measurements in order to calculate
progression. Although Touboul et al. (2012) provided guidance on cIMT measurements
based on a standard ultrasound image, independent of manual or semi-automatic tech-
nique, the choice of statistic metric (minimum, quartiles, median, mean or maximum)
with respect to elemental measurements within a recommended length of 10 mm per
longitudinal section, or with respect to the number of available images per side and with
respect to an average over both sides remains to be chosen by the investigator. Therefore,
re-measurements of cIMT at baseline, as well as new measurements of cIMT at the follow-
up examination were conducted in alignment with the standardized procedure described
in Hennig et al. (2020). Beyond the described technical difficulties, one has to carefully
distinguish between the two phenotypes cIMT and plaque. While it is appropriate to
use a 2-dimensional image to capture thickening of the intima-media-thickness, an appro-
priate capture of plaque requires demonstration from 2 different angles of intonation in
longitudinal and cross-sectional views (Touboul et al. 2012). Maybe it is because of the
complicated measurement that plaque has rarely been used in epidemiological studies
on air pollution, as there has been only one study linking traffic-related air pollutants
(𝑁𝑂2) to carotid plaque (Johnson et al. 2020). However, from a clinical perspective,
cIMT without plaque defines a significant marker of an increased risk of vascular events,
with the potential to predict plaque occurrence (Touboul et al. 2012). In the HNR study,
cIMT measurements did not include plaque formations. Occurrence of plaque formation
(yes/no) in the bulb, external and internal carotid artery was recorded by the respective
examiner, yet the data was too limited to be investigated in the conducted air pollution
study.
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6.2.4 Future Perspectives

While all of the reported studies mainly focussed on multiple air pollution exposures and
one outcome at a time within the cardiovascular framework, investigations connecting the
dots could yield a better understanding of reported associations and disease development
with respect to the causal chain hypothesized by Franklin et al. (2015). Mediation
analyses, like Lucht et al. (2020) performed for investigating the causal pathway between
long-term exposure to air pollution and 10 year incidence of diabetes, are needed to
investigate whether hypothetical mechanisms linking long-term air pollution exposure
to cardiovascular morbidity and mortality, proposed by Franklin et al. (2015), can also
be seen in observational data. Such information could add to the assessment of the
cardiac health burden regarding air pollution.

6.3 Air Pollutants, Concentrations, and Particle Sizes

Of all reported estimated effects, associations were observed for coarser particles (𝑃𝑀10),
finer particles (𝑃𝑀2.5), and quasi-UFPs (𝑃𝑁𝑎𝑐𝑐), as well as for 𝑁𝑂2, of which 𝑃𝑀2.5
has shown the most consistent findings. This is consistent with previous research show-
ing that the rather unspecific metric 𝑃𝑀2.5 is most commonly associated with CVD
hospitalization and mortality (Franklin et al. 2015). In addition, the observed weaker
but consistent indications for adverse health effects of 𝑁𝑂2, provide a contribution to
the epidemiological evidence that is less well studied in relation to cardiovascular events.
While 𝑁𝑂2 can be attributed to industrial facilities and the road transport sector and
is a commonly used surrogate for traffic, 𝑃𝑀 can be emitted from many anthropogenic
sources, including both combustion and non-combustion sources and hence, cannot be
assigned to a single source (European Environmental Agency (EEA) 2013). As outlined
in Hennig et al. (2018b) using other or additional particle metrics to PM, e.g. PSC or
PNC for different particle sizes, could help to identify emission sources. This might be
beneficial in order to tackle the problem of air pollution at the root cause.

Nevertheless, a remarkable finding from all reported analyses was that the majority of
estimated adverse health effects were observed for air pollution levels below European
standards (40 𝜇𝑔/𝑚3 for annual concentrations of 𝑃𝑀10 and 𝑁𝑂2, and 25 𝜇𝑔/𝑚3 for
annual concentrations of 𝑃𝑀2.5), which were defined in the European Union Air Quality
Directive in 2008 (European Union 2008). Despite an overall achieved improvement in
air quality (European Commission 2019; Hoffmann et al. 2020), which has also been
observed within the Ruhr Area with consistently decreasing levels of air pollution (Hen-
nig et al. 2020, 2016), the current European legislation regarding air pollution control
has not fully succeeded in protecting the health of European citizens. Moreover, new
studies have shown strong associations with health effects at levels below current legal
standards in the general population, with no observable thresholds protecting human
health (Papadogeorgou et al. 2019; Pope et al. 2020), despite a decline in air pollution
levels and in the air pollution-attributable burden of disease in most European countries.
In addition, the Health Effect Institute (HEI) has invested in studies to specifically ad-
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dress adverse health effects of low levels of air pollution USA, Canada, and Europe. First
studies have supported air pollution-associated mortality at low levels in the USA (Do-
minici et al. 2019) and Canada (Brauer et al. 2019), and associations between low-level
air pollution and respiratory events, i.e. lung cancer or chronic obstructive pulmonary
disease, in Europe (Hvidtfeldt et al. 2021; Liu et al. 2021). For Europe, however, it has
to be said that the politically agreed currently applicable European standards for an-
nual concentrations of 𝑃𝑀 are less stringent than the currently applicable target values
suggested by the WHO (20 𝜇𝑔/𝑚3 for annual concentrations of 𝑃𝑀10 and 10 𝜇𝑔/𝑚3

for annual concentrations of 𝑃𝑀2.5), which have explicitly been proposed to protect
public health (World Health Organization 2005). Considering that air pollution travels
across national boundaries, coordination at EU level is important for the health of Euro-
peans, which cannot be guaranteed with the measures currently in force. Since the last
implementation of target values took place in 2008 (European Union 2008), there are
already plans in the EU to reach the values recommended by the WHO for particulate
matter in large parts of the EU within ten years (European Commission 2019). In line,
a promising European action is the European Green Deal, aiming for zero pollution with
respect to air, water and soil and hence, a toxic-free environment in Europe (European
Environmental Agency (EEA) 2020).

Alongside the pathogenic low levels of air pollution, UFPs have been given an increasingly
important role due to their potential of not only getting deeper into the lungs but also into
the bloodstream and the brain. Recent reviews concluded that particularly short-term
exposures to UFPs contribute to respiratory, cardiovascular and nervous system health
effects (HEI Review Panel on Ultrafine Particles 2013; Ohlwein et al. 2019; Schraufnagel
2020). The study on UFPs in the Ruhr Area, reported in Hennig et al. (2018b), could
not attribute a greater role to UFPs compared to 𝑃𝑀10 regarding acute (and slightly
delayed) cause-specific mortality. However, this finding could be a result of the single-
site measurement, which was related to mortality of three surrounding cities. 𝑃𝑀10
concentrations have a higher spatial homogeneity than UFPs, such that health effects can
be captured more accurately on a broader spatial scale. In addition, several strong indoor
sources of UFPs, i.e. domestic cooking, complicate a precise exposure assessment. Time
series analysis can only capture temporally connected air-pollution-related events instead
of long-term morbidity, and few models for long-term concentrations of UFPs have been
developed yet. This study can hence only contribute to the limited epidemiological
evidence on acute health effects of UFPs.

6.4 Air Pollution and Noise

In addition to air pollution, traffic-related noise has been identified as an environmental
risk factor for cardiovascular diseases (Münzel et al. 2018; World Health Organization
2011). Due to the potential common source of traffic, it is important to consider noise
exposure in the context of air pollution studies whenever available. In line with most
epidemiological studies on cardiovascular health taking into account simultaneous ex-
posure to air pollution and noise (Tétreault et al. 2013), mutual confounding was not
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observed in the HNR study regarding markers of atherosclerosis. However, confounding
implies a reasonable correlation, which was not observed in the HNR study as reported
in Hennig et al. (2019). While noise and air pollution did not confound each other, both
exposures were almost equally associated with early development of TAC based on the
population-based inter-quartile ranges with no signal of a synergistic effect. In contrast,
investigations on mild cognitive impairment in the HNR study reported slightly stronger
effects from noise compared to air pollution and observed an additive interaction of both
exposures (Tzivian et al. 2016). Yet, there are uncertainties regarding the synergistic
associations of air pollution and noise, as well as independent associations of noise with
respect to mental health that remained to be investigated (Hahad et al. 2020). However,
despite a non-additive effect, noise was shown to be associated with TAC progression
and hence contributing to the importance of noise regarding cardiovascular risk, which
has not been sufficiently studied in epidemiological studies up to date. Nevertheless,
environmental is noise considered a health risk that affects quality of life and can lead
to significant levels of stress, sleep disturbance and adverse health effects, including
cardiovascular problems. Mainly as a result of increasing traffic volumes, intensifying
industrial and recreational activities environmental noise levels are rising in urban areas.
It is estimated that approximately 20% of the European population are subjected to
noise levels that are considered unacceptable (Kurrer 2021). Hence, simultaneously to
air pollution, preventive measures are needed to protect the population from the harmful
effects of noise on health (Hahad et al. 2019).

6.5 Conclusion

Overall, the achievements of this thesis are its contributions to epidemiological evidence
on associations between environmental short-, as well as long-term air pollution exposure
and cardiovascular morbidity and mortality in the Ruhr Area. Besides the overall weak
associations with long-term concentrations from major air pollutants (𝑃𝑀10, 𝑃𝑀2.5,
and 𝑁𝑂2) regarding atherosclerotic progression, sub-group findings for those with no or
only minor atherosclerotic burden were more consistent and supported adverse findings
from cross-sectional investigations. These results provide biological plausibility of long-
term adverse effects of air pollution on the cardiovascular system. Moreover, challenges
with regard to population-based air pollution modelling were addressed, discussed, and
transparently reported, as well as the role of simultaneous noise exposure. All studies
presented in this thesis were conducted in the German Ruhr Area and used population-
based data. As the home for roughly 5 million people, who are consistently exposed not
only to rush-hour traffic and industrial hot spots, but also to air pollution from general
traffic, industry, shipping, and agriculture within and outside of the Ruhr Area, even
weak adverse health effects from air pollution exposure will have a strong impact on
public health in this region.
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