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BACKGROUND: Long-term exposure to particulate matter (PM) in ambient air has been associated with cardiovascular mortality, but few studies have
considered incident disease in relation to PM from different sources.

OBJECTIVES: We aimed to study associations between long-term exposure to different types of PM and sources, and incident ischemic heart disease
(IHD) and stroke in three Swedish cities.

METHODS: Based on detailed emission databases, monitoring data, and high-resolution dispersion models, we calculated source contributions to PM
with aerodynamic diameter ≤10 lm (PM10), PM with aerodynamic diameter ≤2:5 lm (PM2:5), and black carbon (BC) from road wear, traffic
exhaust, residential heating, and other sources in Gothenburg, Stockholm, and Umeå. Registry data for participants from four cohorts were used to
obtain incidence of IHD and stroke for first hospitalization or death. We constructed time windows of exposure for same-year, 1- to 5-y, and 6- to 10-
y averages preceding incidence from annual averages at residential addresses. Risk estimates were based on random effects meta-analyses of cohort-
specific Cox proportional hazard models.

RESULTS: We observed 5,166 and 3,119 incident IHD and stroke cases, respectively, in 114,758 participants. Overall, few consistent associations
were observed between the different air pollution measures and IHD or stroke incidence. However, same-year levels of ambient locally emitted BC
(range: 0:01− 4:6 lg=m3) were associated with a 4.0% higher risk of incident stroke per interquartile range (IQR), 0:30 lg=m3 [95% confidence inter-
val (CI): 0.04, 7.8]. This association was primarily related to BC from traffic exhaust. PM10 (range: 4:4− 52 lg=m3) and PM2:5 (range:
2:9− 22 lg=m3) were not associated with stroke. Associations with incident IHD were observed only for PM2:5 exposure from residential heating.

DISCUSSION: Few consistent associations were observed between different particulate components and IHD or stroke. However, long-term residential
exposure to locally emitted BC from traffic exhaust was associated with stroke incidence. The comparatively low exposure levels may have contrib-
uted to the paucity of associations. https://doi.org/10.1289/EHP4757

Introduction
Long-term particulate air pollution exposure has been associated
with all-cause mortality in several studies, and the strongest asso-
ciations have been repeatedly reported for cardiovascular causes
(Hoek et al. 2013). Cardiovascular disease is the leading cause of
death in a majority of countries and represents a substantial pub-
lic health threat. Consequently, health effects of particulate air

pollution on cardiovascular disease are of particular value for
health risk assessment. Ischemic heart disease (IHD) and stroke
constitute the major diagnoses contributing to the cardiovascular
disease burden and contribute to both increased morbidity and
mortality. Long-term exposure to particulate matter with aerody-
namic diameter ≤2:5 lm (PM2:5) has previously been associated
with progression in atherosclerosis (Kaufman et al. 2016), the
pathophysiological process behind IHD and a large share of
strokes. Efforts to concomitantly investigate strengths of associa-
tions between different types of particulate air pollution and inci-
dence in ischemic heart disease and stroke are warranted and are
so far relatively limited (Hime et al. 2018). In addition, research is
needed to identify which source emissions are especially important
to monitor and regulate as a basis for adequate prevention.

Available studies of long-term exposure to PM with aerody-
namic diameter of ≤10 lm (PM10) or PM2:5 and associations
with IHD and stroke incidence have employed different methods
of exposure assessment with variable spatial resolution. Associa-
tions have been reported between PM10 and PM2:5 and incident
IHD (Miller et al. 2007; Tonne et al. 2009; Madrigano et al.
2013; Cesaroni et al. 2014), although other large-cohort studies
have not confirmed associations (Puett et al. 2009; Gan et al.
2011; Lipsett et al. 2011; Hoffmann et al. 2015). Only one study
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of long-term black carbon (BC) exposure reported associations
with IHD but considered few individual-level covariates (Gan
et al. 2011). Exposure metrics highly related to BC (Jeong et al.
2004), such as elemental carbon, PM absorbance, black smoke,
etc., may also convey similar risk, and some studies have investi-
gated PM absorbance and incident IHD with associations indicat-
ing increased risk but were statistically nonsignificant (Puett
et al. 2011; Cesaroni et al. 2014; Hoffmann et al. 2015). In rela-
tion to stroke incidence, there are no previous studies investigat-
ing long-term BC exposure, and studies of PM absorbance have
not consistently demonstrated associations with stroke incidence
(Stafoggia et al. 2014; Hoffmann et al. 2015). A meta-analysis of
20 studies, some of them on incident stroke, indicated positive
and stronger associations for PM2:5 than PM10 (Scheers et al.
2015). Importantly, few studies of long-term air pollution expo-
sure and incident IHD or stroke have attempted to address sour-
ces of PM exposure or relevant time periods of exposure. This is
despite that studies focusing on IHD mortality suggest differences
in associations depending on PM source. Stronger associations
were demonstrated between long-term levels of fossil fuel–
related PM2:5 than overall PM2:5 mass concentrations, indicating
greater health effects from combustion sources, particularly from
coal burning (Thurston et al. 2016). There are also studies indi-
cating stronger associations in low-level exposure settings such
as Sweden (Stafoggia et al. 2014). Previous studies in Stockholm
and Gothenburg have demonstrated associations between PM ex-
posure and stroke and coronary events (Korek et al. 2015;
Stockfelt et al. 2017), including source-specific analyses in
Gothenburg that were inconclusive possibly due to sample size.
In summary, the current sparsity of long-term studies with
detailed source-specific PM exposure investigating incident IHD
and stroke warrants further attention. Differences in associations
between particulate air pollution and incident stroke and IHD
based on particle size fraction and source emissions may have
important policy-relevant implications even in low-level pollu-
tion environments such as in Swedish cities.

We aimed to use detailed high-resolution dispersion model-
ing, specifically designed to identify PM source contributions, to
study associations between PM10, PM2:5, BC, and their sources
with incident IHD and stroke, leveraging a meta-analysis of large
cohorts from Gothenburg, Stockholm, and Umeå. We hypothe-
sized that traffic exhaust sources would demonstrate the strongest
associations with incident IHD and stroke.

Materials and Methods

Study Cohorts

Our study period ranged from 1 January 1990 to 31 December
2011 and included individuals in two cohorts from Gothenburg,
four pooled cohorts from Stockholm, and one cohort from Umeå.
Cohorts were selected based on study designs incorporating data
collection of cardiovascular risk factors at recruitment from ques-
tionnaires and examinations.

The study population in Gothenburg has been described pre-
viously in more detail (Stockfelt et al. 2017). Briefly, it consisted
of two general population cohorts: the Primary Prevention Study
(PPS) cohort and the GOT-MONICA (Multinational Monitoring
of Trends and Determinants in Cardiovascular Diseases) cohort.
The PPS cohort consists of a random third of all men in
Gothenburg born between 1915 and 1925 screened in 1970–1973
to study predictors of cardiovascular disease (Wilhelmsen et al.
1986). At baseline, the participants filled out questionnaires on
background data and cardiovascular risk factors and were exam-
ined by health care professionals. The GOT-MONICA cohort is
part of the MONICA project, an international multicohort study

of risk factors for cardiovascular diseases (WHO MONICA
Project Principal Investigators 1988). Recruitment and character-
istics of the cohort have been described previously (Wilhelmsen
et al. 1997). Briefly, participants recruited via random selection
from all residents in Gothenburg aged 25–64 y at the time of
inclusion, at baseline in 1985, 1990, or 1995, filled out question-
naires on background data and cardiovascular risk factors and
were examined by health care professionals.

Four subcohorts from Stockholm County were pooled to
form the Cardiovascular Effects of Air pollution and Noise
Study (CEANS) cohort (Korek et al. 2015). One of these was
a population-based prospective cohort, Stockholm Diabetes
Prevention Program (SDPP), that recruited 3,128 men between
1992 and 1994 and 4,821 women between 1996 and 1998 in five
municipalities in Stockholm County. Participants were 35–56 y of
age and free of diabetes at recruitment. Approximately half (53%)
had a first- or second-degree relative with a history of diabetes,
and the remaining recruits were matched on age and sex. The sec-
ond subcohort, the Cohort of 60-y-olds (60YO), included a
population-based random sample of 60-y-olds constituting about
one-third (n=4,232) of all men and women who turned 60 and
were living within Stockholm County between August 1997 and
March 1999. In the third subcohort, the Stockholm Screening
Across the Lifespan Twin study and TwinGene (SALT), twins
born before 1958 across Sweden were recruited between 1998 and
2002 and screened for complex diseases, particularly cardiovascu-
lar diseases. Only SALT participants residing in Stockholm
County at recruitment were included (n=7,043). The fourth sub-
cohort included the Swedish National Study on Aging and Care in
Kungsholmen (SNAC-K) with randomly sampled participants
among prespecified age cohorts from 60–100 y old between March
2001 and June 2004 and living in a central area in Stockholm city
(n=3,363). Descriptive data comparing the four subcohorts in
CEANS are provided in Table S1.

The Västerbotten Intervention Programme (VIP) was
launched in 1985 in Västerbotten County in northern Sweden,
including the city of Umeå. Recruitment and follow-up have
been described in detail (Norberg et al. 2010). Briefly, all inhabi-
tants were invited to their local primary health care center for
health examination and counseling during their 40th, 50th, and
60th y of age with a gradual scale-up within the county to include
primary health centers in all of the municipalities by 1992 and
totaling 117,710 individuals, of which 81,821 residents of the
Umeå municipality were included for the present study.

For the four cohorts, we obtained residential address history,
updated yearly by linking personal identification numbers with
mandatory records of residential addresses at Statistics Sweden
or the Swedish Taxation Authority. Residential addresses were
geocoded by automatically matching against the Swedish
Mapping Cadastral and Land Registration Authority databases.
Addresses were then manually checked and corrected for incon-
sistencies and assigned geographical coordinates.

Health Outcomes

Hospitalization and cause-specific mortality for stroke and IHD
were determined by linkage of national personal identification
numbers to the well-validated in-patient and death registries of
the Swedish National Board of Health and Welfare (https://www.
socialstyrelsen.se/en/statistics-and-data/registers/) (Ludvigsson et al.
2011). We used the International Classification of Diseases,
Ninth Revision (ICD-9) codes 410–414 and ICD-10 I20-25 codes
to define IHD and ICD-9 codes 431–436 and ICD-10 codes I61–
I65 to define stroke (WHO 2015). We excluded prevalent cases
at baseline identified by linkage to registries 5 y prior to recruit-
ment in the current study. For stroke, in addition to the codes
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above, we also excluded individuals with diagnosis of late effects
of previous stroke (ICD-9 code 438; ICD-10 codes I69.1–I69.8)
at baseline.

Exposure Assessment

Details of exposure assessment have been published elsewhere
(Segersson et al. 2017). In brief, high-resolution dispersion mod-
eling of locally generated PM10, PM2:5, and BC was performed
based on local emission inventories for the years 1990, 2000, and
2011 in Gothenburg and Umeå and the years 1990, 1995, 2000,
2005, and 2011 in Stockholm. For Gothenburg and Umeå, annual
mean levels of the simulated contribution from local sources
were linearly interpolated between 1990, 2000, and 2011 and cor-
rected with a year-specific ventilation index calculated from air
dispersion modeling over the two cities for each year from 1990
to 2011. For Stockholm, the annual levels were obtained from
linear interpolation over the 4 y between each model simulations
1990, 1995, 2000, 2005, and 2011.

Most of the long-range transported PM10 consists of PM2:5, and
comparisons of measurements from several regional background
sites in Sweden have shown small spatial variations on the regional
scale (Forsberg et al. 2005). Thus, we assumed geographically ho-
mogeneous levels of transported PM2:5 and PM10 for each city.
Annual averaged long-range contributions were taken from re-
gional background stations outside the cities for Stockholm and
Umeå, whereas in Gothenburg, due to lack of time series of meas-
ured concentrations of rural background air pollution,we indirectly
calculated the long-range transport contribution by subtracting,
frommonitored urban background stations, the simulated contribu-
tions from local sources at the same location.

Due to the low availability of monitored BC, and noting low
year-to-year variability in existing data of the related metric black
smoke, the long-range transport contributions of BC were
assumed constant over the period 1990–2011.

Emission factors for traffic exhaust were calculated for par-
ticles using geographically assigned inventory data on different ve-
hicle types, speeds, and driving conditions based on Handbook on
Emission Factors for Road Traffic version 3.1 (Hausberger et al.
2009) and for BC based on TRANSPHORM (Ilias et al. 2013).
Nonexhaust emissions took into account road wear, and some con-
tributions from brake and tire wear and contributions relative to
exhaust emissions were estimated by methods previously
described in detail (Omstedt et al. 2005; Denby et al. 2013a,b).
Small-scale residential heating emissions in Gothenburg and
Stockholm were determined using household energy consump-
tion data from Statistics Sweden gridded to 100× 100 m accord-
ing to proxy data such as number of stoves or boilers per
municipality, living space of small houses per km2, population
density per 100m2, and availability of district heating. In Umeå,
estimates for particle emissions from residential heating used a
detailed inventory of individual stoves and boilers with data
from chimney sweepers and interviews about amount of wood
burning (Segersson et al. 2017). Large industrial sources and
energy production facilities were included as point sources,
based on information from the Swedish national emission inven-
tory (Andersson et al. 2015), or using information from environ-
mental permits and emission reports. Shipping emissions were
described using a methodology described elsewhere (Jalkanen
et al. 2012). Other emission sources, e.g., off-road machinery
and diffuse emissions related to agriculture, were also based on
the national Swedish inventory (Andersson et al. 2015).

The dispersion models ultimately provided impact of locally
emitted pollutants with spatiotemporal contrasts (50 m, annual
averages) for the three study areas, either collapsed into one vari-
able (local PM10, local PM2:5, and local BC) or as separate

contributions for PM10 (traffic road wear, traffic exhaust, residen-
tial heating, shipping, industry, or a combined group of other
sources) and BC (traffic exhaust, residential heating, or a com-
bined group of other sources). Although PM contributions to traf-
fic exhaust and residential heating are almost exclusively
contained within ≤2:5 lm (consequently, PM2:5), other source
contributions may contain some fraction of larger particles, and
thus, we homogeneously broke down the sources for PM10 for
simplicity. Validation of estimated total concentrations against
measured levels showed r2 values of 0.87, 0.65, and 0.93 for
PM10, PM2:5, and BC, respectively (Segersson et al. 2017).

In a second step, we indirectly estimated the contribution of
long-range transport pollutants for PM10, PM2:5, and BC by the
difference between total concentrations measured at monitoring
stations and modeled local particle concentrations at the same
location, taking into account hourly meteorological data. The
city-specific annual averages of the long-range contributions
were then added to the dispersion model estimates of local emis-
sions to obtain total PM10, total PM2:5, and total BC at every grid
point, whereby each estimate had a spatiotemporal contrast for
the local component and a purely temporal contrast for the long-
range transport component.

In a final step, we assigned the modeled annual averages for total
and local PM10, PM2:5, and BC, as well as source-specific averages,
to each study participant’s home address. Each participant’s average
exposure was weighted according to time living at each address reg-
istered during the study period; thus, we accounted for any changes
in residential address history in our exposure assessment.

Statistical methods. We employed Cox proportional hazard
models to estimate hazard ratios (HRs) in cohort-specific analy-
ses after covariate adjustment and, in the case of the Stockholm
CEANS study, used a stratified Cox regression. The stratified
Cox regression in CEANS allowed us to estimate hazard func-
tions adjusted for subcohort in CEANS and reduced the risk of
violating the proportional hazards assumption across the geo-
graphically and temporally somewhat differently sampled subco-
horts in Stockholm County. We expected age to be a more
important confounder than calendar time, and thus, age was used
as the time scale, consistent with previous studies (Thiébaut and
Bénichou 2004; Beelen et al. 2014). Covariates were collected at
recruitment, and exposure was modeled yearly. We separately
modeled incident IHD and stroke based on first hospitalization or
cause-specific death, whichever came first. We censured individ-
uals at death for other causes at the end of study period or at time
of permanent emigration from the study areas. Cohort-specific
models were adjusted for potential confounders based on their
expected association with place of residence and studied out-
come. When covariate definitions varied slightly across cohorts
we strived to use as similar definitions as possible for compara-
bility. Final cohort-specific models included: sex, calendar year,
subcohort (in Stockholm), smoking status (current, former, never
smoker), alcohol consumption in Stockholm and Umeå (daily,
weekly, seldom, never), physical activity (sedentary, moderate,
intermediate, or vigorous in Gothenburg and Umeå and once a
month or less/<1 h per week, about once a month/1 h per week,
3 times a week or more/>2 h per week in Stockholm), marital
status (single, married or living with partner, no answer), socioe-
conomic index by occupation (blue-collar, low and intermediate
white-collar and self-employed, high-level white-collar and self-
employed, professionals with academic degrees, no answer), edu-
cation level (primary school or less, up to secondary school or
equivalent, university degree or more, no answer), occupation sta-
tus (gainfully employed, unemployed/not gainfully employed,
retired, no answer), and mean neighborhood individual income in
persons of working age by Small Areas for Market Statistics
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(SAMS) provided by Statistics Sweden for years 1994 in
Gothenburg and Stockholm and 2012 in Umeå. We used a later
year for SAMS data in Umeå so that the average socioeconomic
levels better reflected the growth of the city during the study pe-
riod. Research regarding the pathophysiological mechanisms for
cardiovascular effects of long-term PM exposure have indicated
pathways linked to inflammation, atherosclerosis, and metabolic
changes (Brook et al. 2010). Therefore, cardiovascular risk factors
such as body mass index (BMI), diabetes, lipids, and hypertension
were considered potential mediators on the causal pathway and
were thus not adjusted for.

To explore the relevant induction period, we used three different
time windows of exposure: exposure during the year of event, mean
exposure during 1–5 calendar years preceding the event, and,
finally, mean exposure 6–10 y preceding the event. We required
individuals to have at least 80% available exposure data for the time
windows. We expressed hazard ratios and 95% confidence intervals
(CIs) per fixed increment of air pollution based on the mean of the
interquartile ranges (IQRs) across the three study areas.

A meta-analysis of cohort-specific estimates was performed
assuming random effects (DerSimonian and Laird 1986). We
assessed presence of heterogeneity across estimates by applying the
X2 test from Cochran’s Q statistic and then quantifying the I2 statis-
tic (Higgins and Thompson 2002). Cohort-specific effect estimates
were considered significantly heterogeneous if either the I2 was
greater than 50% or the p-value of the X2 test was less than 0.05.

We performed analyses with total PM10, total PM2:5, and total
BC for each outcome and time window. Models of total pollu-
tants demonstrating positive associations were further explored in
models restricted to local emissions. Finally, we employed two-
pollutant models of specific sources relevant to the associations
seen in the main models and not hampered by high collinearity.

We performed sensitivity analyses, including modeling Cox
regressions adjusting for BMI and BMI-squared, as well as
excluding the Gothenburg PPS cohort, which included exclu-
sively males and was recruited earlier than the other cohorts.

Finally, we performed exploratory interaction analyses for pol-
lutants demonstrating associations in main analyses, including
potential modifiers such as sex, smoking status (ever vs. never
smokers), BMI (≤25, 25–30, ≥30 kg=m2), and education level (up
to secondary school or equivalent vs. university degree or more,
excluding the Gothenburg PPS cohort, for which we lacked this
covariate). These analyses were first modeled as multiplicative
interaction terms in cohort-specific analyses including the main
effects of exposure and effect modifier as well as their product. We
then meta-analyzed each stratum of the effect modifier across
cohorts. A p-value to test the difference in st2ratum specific results
of the effect modifier was derived by calculating the difference in
betas (b-diff) across stratum and dividing it by the square root of
the sum of the squared standard errors (SEs) for each level
{b-diff=½SEðdiffÞ=pðSE stratum 1+SE stratum 2Þ�}. This gave
us a normal standard that was then checked against standard per-
centiles to arrive at a p-value. Age was not included since study
start and recruitment age varied by cohort, making interpretation
of results difficult in relation to time trends in exposures.

The study was reviewed and approved by the Ethical
Review Boards of Gothenburg (references T800-08 and T547-
13), Stockholm (reference 2018/2064-32), and Umeå (reference
2015/16-31Ö).

Results

Participant Characteristics

In total, 114,758 individuals were included from all study areas
(Table 1). The total numbers of incident IHD and stroke were

5,166 and 3,119, respectively. The cohorts covered a wide range
of age intervals, the youngest cohort being the Umeå VIP cohort
and the eldest the Gothenburg PPS cohort. The Gothenburg PPS
cohort was a male cohort by design, whereas the other cohorts
had a slightly higher percentage of women compared with men.
The proportion of current smokers varied from 21% in the
Stockholm CEANS cohort to 39% in the Gothenburg PPS cohort.
Physical activity was registered differently in the Stockholm
CEANS cohort compared with the other cohorts, but overall, it
all showed a majority of participants having low frequency of
participation or intensity of physical activity. Alcohol consump-
tion was only registered in Stockholm CEANS and Umeå VIP,
with a greater frequency of alcohol consumption in CEANS.
Less than one-third of participants had a university education in
all cohorts, ranging from 20% in the Gothenburg MONICA
cohort to 31% in the Stockholm CEANS cohort. Individuals in
the PPS cohort were more likely to have blue-collar occupations
compared with other cohort members.

Air Pollution Characteristics

Long-range transport particles accounted for 62–65, 75, and 81%
of the average yearly exposure to PM10; 66–67, 78, and 77% of
PM2:5; and 20–21, 45, and 54% of BC in Gothenburg, Stockholm,
and Umeå, respectively. Distributions of total pollutants and local
pollutants and sources for each participants’ residential histories
are provided in Table 2. Traffic and road wear particles were the
largest local contributor to PM10 in all cohorts except Umeå VIP,
and ranged up to 67% in Stockholm CEANS (Figure S1).
Combustion particles from residential heating were the second
largest local contributor to PM10 in Gothenburg and Stockholm
and the largest in the Umeå VIP cohort, where contributions
from local sources were generally the lowest (1:91lg=m3).
Traffic exhaust particles contributed to between 5–10% of local
PM10 across cohorts, and mean person-year levels during
follow-up ranged from 0:1 lg=m3 in Umeå VIP to 0:51 lg=m3

in the Gothenburg PPS cohort. Traffic exhaust was the largest
local contributor to BC, constituting 64–66% in Gothenburg,
52% in Umeå VIP, and 81% of local BC in Stockholm CEANS
(Figure S2). Residential heating contributed to 20–21%, 48%,
and 16% of BC in Gothenburg, Umeå, and Stockholm,
respectively.

PM10 contributions from road wear and from traffic exhaust
were highly correlated (Pearson coefficients ranging from 0.95 to
0.97 across cohorts), prohibiting two-pollutant models including
both sources (Table S2). However, PM10 contributions from traf-
fic exhaust and residential heating were weakly correlated
(Pearson’s coefficients: −0:13,− 0:15 across cohorts), and contri-
butions to BC from traffic exhaust sources and from residential
heating were similarly weakly correlated (r: −0:13, –0:09), per-
mitting two-pollutant, source-specific models.

Associations with Ischemic Heart Disease

An IQR (1:94lg=m3) of total PM2:5 at residency in the preceding
1- to 5-y time window was associated with a 6.5% (95% CI: −0:5,
14) higher risk of incident IHD (Figure 1). Other time windows, as
well as total PM10 and total BC, did not demonstrate associations
with IHD incidence. City-specific results are provided in Figures
S3–S5. The Gothenburg PPS cohort was the main driver of the
overall meta-analyses estimate for the PM2:5 association for the 1-
to 5-y exposure time window, but this was not consistently the
case for 0-y and 6- to 10-y time windows, and the I2 statistics and
p-values of the overall meta-analysis estimates did not indicate sig-
nificant heterogeneity (Figure S4). Results from analysis of total
PM2:5 for 1- to 5-y averages were not corroborated in models of
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locally emitted PM2:5, which demonstrated no associations for any
time window (Figure 2). In two-pollutant models, we observed no
associations for traffic exhaust particles but a 5.1% (95% CI: 0.5,
10) higher risk of incident IHD per IQR increase (0:52lg=m3) of
same-year averaged PM emitted from residential heating (Figure
2). City-specific estimates of same-year levels of PM emitted from
residential heating and incident IHD indicated no clear heterogene-
ity between the cities (Figure S6).

Associations with Stroke

Total BC exposure in the concurrent calendar year was associated
with a 4.1% per 0:31mg=m3 (95% CI: 0.4, 8) higher risk of inci-
dent stroke (Figure 3). Similar point estimates were observed for
1- to 5-y and 6- to 10-y time windows. Residential PM10 and
PM2:5 levels were not associated with incident stroke, irrespec-
tive of exposure time window. City-specific estimates indicated
no clear heterogeneity (Figures S7–S9).

In source-specific analyses of BC exposure during the same
year as stroke incidence, we included BC from traffic exhaust and

BC from residential heating in a two-pollutant model. We observed
stronger and more precise estimates for BC from traffic sources
(4.1% per 0:26lg=m3; 95% CI: 1.0, 7.4) and no associations for
residential heating sources (Figure 4). City-specific estimates for
residential levels of BC from traffic sources during the same year
as incident stroke indicated no heterogeneity (Figure S10).

In sensitivity analyses, results from statistical models includ-
ing BMI and BMI2 were very similar, with a significant associa-
tion observed for 1- to 5-y averages of PM2:5 and incident IHD
(Tables S3 and S4). Meta-analyses, excluding the Gothenburg
PPS cohort, demonstrated wider CIs but similar results as the
main analyses (Table S5 and S6). We did not observe differen-
ces in associations according to sex, smoking status, BMI, and
education level in stratified analyses of BC and incident stroke
(Table S7).

Discussion
In a meta-analysis of long-term particulate air pollution exposure
and incidence of IHD and stroke in four Swedish cohorts from

Table 1. Participant characteristics.

Characteristic Variable level Gothenburg PPS Gothenburg MONICA Stockholm CEANS Umeå VIP

Participants (n) — 5,850 4,500 22,314 81,821
Baseline data collection
(calendar years)

— 1970–1977 1985, 1990, 1995 1992–2004 1990–2013

Age in 1990 [median
(range)]

— 69 (64–75) 46 (25–64) 48 (31–92) 39 (9–60)

Women (%) — 0 52 58 53
Body mass index {g=m2

[mean (SD)]}
— 25.2 (3.0) 24.9 (3.8) 25.5 (4.0) 25.4 (4.0)

Smoking status (%) Current smoker 39 29 21 22
Former smoker 33 N/A 36 29
Never smoker 27 66a 40 48

Leisure time physical
activity (%)

Sedentary 24 17 61b 40
Moderate 58 63 26c 43
Intermediate and vigorous 17 18 8d 15

Alcohol consumption (%) Daily N/A N/A 7 7
Weekly N/A N/A 55 20
Seldom N/A N/A 31 50
Never N/A N/A 6 5e

Married/living with
partner

Yes 86 47 70 81

Education level (%)g Primary school or less N/A 13 30 43
Up to secondary school or
equivalent

N/A 32f 36 29

University degree and more N/A 20 31 27
Occupation Gainfully employed N/A N/A 66 84

Unemployed/not gainfully
employed

N/A N/A 6 6

Retired N/A N/A 27 5
Socioeconomic index by
occupation (%)

Blue-collar 48 N/A 27 N/A
Low and intermediate
white-collar and
self-employed

41 N/A 51 N/A

High-level white-collar and
self-employed professio-
nal with academic degrees

11 N/A 18 N/A

Mean income by SAMS
in 1994 (SEK)

— 150,181 155,328 303,910 122,000

Ischemic heart disease
events (n)

— 1,640 405 1,327 1,794

Stroke events (n) — 1,016 238 864 1,001

Note: Missing information for variables ≤5% not specified. —, no data; CEANS, Cardiovascular Effects of Air Pollution and Noise Study; MONICA, Multinational Monitoring of
Trends and Determinants in Cardiovascular Diseases; N/A, not available; PPS, Primary Prevention Study; SAMS, Small Areas for Market Statistics; SEK, Swedish Krona; VIPS,
Västerbotten Intervention Programme.
aDid not distinguish between former and never smokers. Missing data for 15% of participants.
bOnce a month or less/<1 h per week.
cAbout once a month/∼ 1 h per week.
dThree times a week or more/>2 h per week.
eMissing data for 19% of participants.
fIncludes technical training.
gMissing data for 35% of Gothenburg Monica participants, since question was not included in the 1985 questionnaire.
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Gothenburg, Stockholm, and Umeå, we observed no associations
between total levels of air pollutants and incident IHD but posi-
tive associations between BC exposure and incidence of stroke.
Associations between BC and stroke incidence were most appa-
rent for exposure averaged over the same year as disease inci-
dence and from local traffic sources. Intriguingly, source-specific
analyses of PM suggested positive associations between residen-
tial heating sources and same-year incident IHD.

Air Pollution and Ischemic Heart Disease

We observed results suggestive of a positive association between
1- to 5-y averages of PM2:5 and incident IHD; however, CIs

spanned the null. The effect seemed driven by one cohort in
Gothenburg where an increased risk of coronary heart disease has
previously been reported among local transit and taxi drivers
(Rosengren et al. 1991).We did not observe significant heterogeneity
of cohort-specific results, but given the low observation counts
(four cohorts), this test has low power. In addition, locally emitted
PM2:5 was not associated with incident IHD, providing further rea-
son for cautious interpretation. The positive association observed
for total PM2:5 might be argued to be a result of long-range trans-
port particles; however, our study was not designed for investigat-
ing spatial contrasts of long-range transport, using meta-analyses
of city-specific estimates, and only included temporal contrasts for
long-range transport contributions.
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Figure 1. Long-term exposure to total levels of particulate matter with aerodynamic diameter ≤10 lm (PM10), PM with aerodynamic diameter ≤2:5 lm
(PM2:5), and black carbon (BC) and incident ischemic heart disease based on meta-analyses of four cohorts from Gothenburg, Stockholm, and Umeå. Hazard
ratios (HRs) and 95% confidence intervals (CIs) for same year, 1–5 y, and 6–10 y preceding hospitalization or mortality for ischemic heart disease per inter-
quartile range of PM10 (3:28 lg=m3), PM2:5 (1:94 lg=m3), and BC (0:31mg=m3).

Table 2. Distributions of air pollutants at residential addresses for each cohort. All units in lg=m3

Exposure

Gothenburg PPS Gothenburg MONICA Stockholm CEANS Umeå VIP Total

Mean Range IQR Mean Range IQR Mean Range IQR Mean Range IQR Meana IQRb

Total
PM10 13.2 4.8–33 3.9 13.1 4.4–37 4.5 12.3 7.4–42 2.7 9.9 6.9–52 2 12.1 3.3
PM2:5 9.2 2.9–17 2.4 8.6 2.9–16 2.7 7.3 4.7–19 1.5 5.8 3.6–22 1.12 7.7 1.9
BC 1.0 0.3–4.6 0.39 0.9 0.2–4.3 0.40 0.67 0.31–4.9 0.3 0.46 0.2–7.8 0.13 0.76 0.3
Local
PM10 5.1 0.4–22 2.2 4.6 0.4–30 2.4 3.0 0.09–32 2.6 1.9 0.2–38 0.9 3.7 2.0
PM2:5 3.1 0.2–9.6 1.3 2.8 0.2–9.3 1.5 1.6 0.07–12.7 1.2 1.3 0.08–15 0.6 2.2 1.1
BC 0.8 0.05–4.3 0.39 0.7 0.04–4.1 0.4 0.37 0.007–4.6 0.3 0.21 0.01–4 0.1 0.52 0.3
PM10

Residential heating 1.4 0.09–6.7 0.6 1.3 0.07–4.3 0.7 0.71 0.04–12.6 0.4 0.8 0.09–6.7 0.3 1.1 0.5
Wear 2.4 0.1–16 1.4 2.2 0.2–25 1.5 2.0 0.01–28 2.2 0.6 0.07–30 0.5 1.8 1.4
Traffic exhaust 0.5 0.04–3.6 0.3 0.4 0.03–3.2 0.3 0.24 0.0008–3.8 0.2 0.1 0.01–7 0.08 0.32 0.2
Industry 0.4 0.01–5.2 0.3 0.2 0.01–5.2 0.2 — — — 0.1 0.01–3 0.05 0.23 0.1
Shipping 0.04 0–0.5 0.03 0.04 0–0.5 0.03 0.01 0.0003–0.12 0.01 0.01 0–0.4 0 0.03 0.02
Other 0.4 0.02–0.8 0.19 0.3 0.01–0.8 0.23 0.05 0.002–0.53 0.04 0.3 0–0.6 0.22 0.26 0.2
BC
Traffic exhaust 0.53 0.03–4.0 0.32 0.45 0.02–3.7 0.32 0.3 0.001–4.5 0.3 0.11 0.01–7.4 0.08 0.35 0.3
Residential heating 0.16 0.01–1.05 0.07 0.15 0.01–0.7 0.07 0.06 0.003–1.1 0.04 0.1 0.01–0.85 0.04 0.12 0.05

Note: —, no data; BC, black carbon; CEANS, Cardiovascular Effects of Air Pollution and Noise Study; IQR, interquartile range; MONICA, Multinational Monitoring of Trends and
Determinants in Cardiovascular Diseases; PM2:5, particulate matter with aerodynamic diameter ≤2:5 lm; PM10, PM with aerodynamic diameter ≤10 lm; PPS, Primary Prevention
Study; VIPS, Västerbotten Intervention Programme.
aMean across study mean values.
bMean of IQRs across cities.
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In more exploratory analyses, we observed an association
between same-year averaged PM from residential heating and
incident IHD. Up to 98% of the emissions from residential heat-
ing in our study were from combustion of solid fuels from wood
logs or pellets. However, the uncertainty of these emissions was
much higher than for traffic exhaust, especially in Stockholm and
Gothenburg, where we lacked the detailed inventory of stoves
and boilers from chimney sweeps obtained in Umeå (Segersson
et al. 2017). The relative uncertainty of the underlying data for
residential heating sources warrants cautious interpretation of
observed associations from these sources. Interestingly though,

the observed associations between PM from residential heating
sources and incident IHD were apparent in the Umeå cohort, with
the most reliable exposure assessment, and in the Gothenburg
PPS cohort, and showed consistency over several time windows
of exposure. PM from residential heating accounted for about a
third of the local PM10 emissions and 10% or less of the total
PM10 levels, possibly representing a risk for IHD independent of
traffic and long-range sources of PM10.

In previous literature, long-term exposure to PM2:5 was asso-
ciated with higher risk of myocardial infarction incidence in two
analyses of the Worcester Heart Attack Study in Massachusetts,
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Figure 2. Long-term exposure to local particulate matter (PM) emissions and incident ischemic heart disease based on meta-analyses of four cohorts from
Gothenburg, Stockholm, and Umeå. Estimates for PM with aerodynamic diameter ≤2:5 lm (PM2:5) include all local sources in a single-pollutant model, and
estimates for components of local sources [PM with aerodynamic diameter ≤10 lm (PM10) traffic exhaust and PM10 residential heating] are derived from two-
pollutant models. Although the components of local PM are derived from PM10, the particle sizes of traffic exhaust and residential heating are almost exclu-
sively ≤2:5 lm in diameter. Hazard ratios (HRs) and 95% confidence intervals (CIs) for same year, 1–5 y, and 6–10 y preceding hospitalization or mortality
for ischemic heart disease per interquartile range of PM2:5 local (1:12lg=m3), PM10 traffic exhaust (0:23 lg=m3), and PM10 residential heating (0:52mg=m3).
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Figure 3. Long-term exposure to total levels of particulate matter with aerodynamic diameter ≤10 lm (PM10), PM with aerodynamic diameter ≤2:5 lm
(PM2:5), and black carbon (BC) and incident stroke based on meta-analyses of four cohorts from Gothenburg, Stockholm, and Umeå. Hazard ratios (HRs) and
95% confidence intervals (CIs) for same year, 1–5 y, and 6–10 y preceding hospitalization or mortality for stroke per interquartile range of PM10 (3:28lg=m3),
PM2:5 (1:94 lg=m3), and BC (0:31mg=m3).
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United States, modeling exposure both by use of satellite-derived
data or a latent variable regression of rotating-site monitoring
data collection to construct 18-month averaged exposure (Tonne
et al. 2009, Madrigano et al. 2013). The latent variable regression
captured traffic particle contrasts on a spatial scale of kilometers
and did not include temporal variability, similar to the limitation
of land-use regression models. Both of these studies reported
stronger associations for regional PM2:5 compared with local traf-
fic particles. This lack of association between local PM2:5 and
myocardial infarction is consistent with the lack of positive asso-
ciations between local PM2:5 emissions and incident IHD in our
study. Other large studies of PM2:5 exposure and IHD incidence
did not demonstrate significant associations, such as the Nurses’
Health Study (Puett et al. 2009), the California Teachers Study
(Lipsett et al. 2011), the population-based Vancouver study (Gan
et al. 2011), and the Heinz Nixdorf Recall Study (Hoffmann et al.
2015). However, The Women’s Health Initiative study used a
cruder exposure assessment than ours, based on residential dis-
tance to nearest monitors, and used the annual average of a single
year (2000) to represent spatial contrast in exposure, disregarding
any temporal component. Nevertheless, they reported a 21%
increased risk of coronary heart disease per 10 lg=m3 overall
PM2:5 and stronger associations for contrasts within rather than
between cities (HR: 1.21; 95% CI: 1.04, 1.42) (Miller et al.
2007). Similar nonsignificant associations were reported in a
meta-analysis of 11 European cohorts demonstrating a 13%
higher risk of incident IHD per 5lg=m3 PM2:5 (95% CI: −2, 30)
but this primarily used land-use regression models to assess an-
nual PM2:5 exposure at recruitment and consequently ignored any
change in exposure between recruitment and disease incidence
(Cesaroni et al. 2014).

Cesaroni et al. 2014 also observed associations between PM10

and incidence of acute coronary events in the meta-analysis of 11
European cohorts [European Study of Cohorts for Air Pollution
Effects (ESCAPE)] [12% (95% CI: 1, 25) increased risk per
10lg=m3 PM10 residential average at study recruitment].
However, several other studies of PM10 and incidence of IHD are
more in line with our findings and have not affirmatively

demonstrated associations (Puett et al. 2008; Lipsett et al. 2011;
Atkinson et al. 2013; Katsoulis et al. 2014; Hoffmann et al. 2015).

Long-term exposure to coarse particles and PM2:5 absorbance,
a metric similar to BC, has not been associated with IHD inci-
dence in earlier studies (Puett et al. 2009; Cesaroni et al. 2014;
Hoffmann et al. 2015). A large administrative cohort study from
Vancouver lacking many individual-level confounders, but with
a similarly low-pollution setting as ours, reported positive associ-
ations between BC exposure assessed by land-use regression and
incident IHD, in contrast to our results (Gan et al. 2011).

In summary, long-term exposure to total levels of PM10,
PM2:5, and BC in our study were not significantly associated with
IHD incidence, and therefore, we were unable to confirm findings
in some previous literature. We observed an interesting associa-
tion for a component of PM from residential heating and IHD
incidence, possibly implicating a role for combustion particles
from solid fuels. Studies have used different exposure assess-
ments and applied different time windows of exposure that may
influence the discrepancies observed. Our results for IHD inci-
dence are in contrast to studies of long-term exposure and IHD
mortality, where many studies report positive associations with
PM10, PM2:5, and BC (Puett et al. 2008, 2009; Lipsett et al. 2011;
Thurston et al. 2016; Turner et al. 2016; Hvidtfeldt et al. 2019).
However, several of these studies observed weaker or no associa-
tions with IHD incidence, possibly indicating that individuals
with IHD who later die of the disease may be more susceptible to
long-term air pollution preceding death when they are presum-
ably older with greater disease severity and higher prevalence of
comorbidities. This would indicate that PM exposure is a weak
risk factor for IHD incidence but contributes more to IHD
mortality.

Air Pollution and Stroke Incidence

We observed consistent associations between BC levels esti-
mated at the home address and risk of stroke incidence, with the
strongest association suggested for same-year exposure. BC was
mostly from local sources where traffic was the dominant source.

0.8

0.9

1

1.1

1.2

H
R

 (
9

5
%

 C
I)

BC
Local

BC BC
residential heating

Same year 1-5 years 6-10 years

Figure 4. Long-term exposure to local black carbon (BC) emissions and incident stroke based on meta-analyses of four cohorts from Gothenburg, Stockholm,
and Umeå. Estimates for BC include all local sources in single-pollutant models, and estimates for components of local sources (BC traffic exhaust and BC res-
idential heating) are derived from two-pollutant models. Hazard ratios (HRs) and 95% confidence intervals (CIs) for same year, 1–5 y, and 6–10 y preceding
hospitalization or mortality for stroke per interquartile range of pollutant (BC local: 0:30lg=m3, BC traffic exhaust: 0:26lg=m3, and BC residential heating:
0:05 lg=m3).
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Consistently with this, we observed the strongest associations
with BC from traffic sources. PM and BC from traffic exhaust
assessed in our study used a high level of detail for measured traf-
fic flows separated by vehicle type as well as modeled traffic flow
in areas without measurements (Segersson et al. 2017). The emis-
sion factors were estimated by vehicle type, speed, and driving
conditions. We did not, however, observe associations between
BC from residential heating sources and risk of incident stroke,
which, if true, possibly indicates that these combustion sources
are less relevant to stroke risk. The contributions of BC from
long-range transport were difficult to estimate, and therefore, a
constant was used for all modeling years, leading to similar
results for total and local BC.

Although other studies of long-term BC exposure and stroke
incidence are lacking, previous studies of other metrics of long-
term ambient particulate air pollution and incident stroke have
been conducted using land-use regression (Puett et al. 2011;
Katsoulis et al. 2014; Hoffmann et al. 2015), inverse density
weighting of residential distance to monitors (Johnson et al. 2010;
Lipsett et al. 2011), satellite-derived models (Lin et al. 2017; Qiu
et al. 2017), and dispersion models (Atkinson et al. 2013; Korek
et al. 2015; Crichton et al. 2016; Stockfelt et al. 2017) to assess ex-
posure to PM10 and PM2:5. In contrast to our findings of no associ-
ations between PM10 or PM2:5 and stroke incidence, positive
associations between PM10 and incident stroke have generally
been reported in these studies but without demonstrated statistical
significance. Compared with PM10, studies that included long-term
exposure to PM2:5 have, to a higher degree, reported statistically
significant associations with incident stroke. A meta-analysis that
included 20 studies of long-term exposure of PM10 and PM2:5 and
incident stroke reported significant associations for both pollutants
with stronger effects observed for PM2:5 [relative risk (RR): 1.06
per 5 lg=m3 PM2:5 (95% CI: 1.02, 1.11)] than PM10 [RR: 1.06 per
10 lg=m3 PM10 (95% CI: 1.02, 1.11)] (Scheers et al. 2015). Our
results from long-term BC exposure and incident stroke fill an im-
portant knowledge gap and add to the evidence supporting the role
of combustion particles from traffic exhaust in stroke incidence.

Other Considerations

Our study was designed to study associations between spatiotem-
poral contrasts in locally emitted particle pollution within cities
and not between cities. Across our cities, there are known gra-
dients of cardiovascular and cerebrovascular risk (Socialstyrelsen
2015), as well as in levels of pollutants (Segersson et al. 2017).
In addition, for both air pollution and risk of IHD and stroke,
there are concordant reductions over time (EEA 2013; Modig
et al. 2013). In other words, there are independent temporal as
well as spatial differences in both regional exposure and our out-
comes of interest that need to be controlled for in order to analyze
associations specific to long-range transported particle pollution.
Since we only had citywide temporal data for long-range trans-
port particles without geographical variation and a staggered
recruitment of cohorts, as a consequence, we were not able to
assess the contribution to risks of IHD and stroke incidence from
long-range transport particles. Some of the inconsistencies across
studies of long-term exposure to particle pollution and incident
IHD or stroke may also be due to different toxicities of source
components to total levels.

The literature concerning long-term air pollution exposure
from particle fractions and incidence in IHD and stroke is more
limited and heterogeneous than for mortality (Hoek et al. 2013).
Our study, like others, only considered associations between pol-
lutant exposure and first hospitalization or death, whichever came
first. Compared with mortality studies, this also includes out-
comes in healthier individuals. It is possible that air pollution

exposures have stronger effects in populations who already have
overt disease, which may partly explain differences between mor-
tality and incidence studies of air pollution.

Limitations

Our study grew out of an ambitious effort to more closely under-
stand how long-term exposure to components and sources of par-
ticulate air pollution might affect incidence in IHD and stroke,
yet several limitations should be acknowledged. We aimed to dis-
entangle associations by specific PM sources, including road
wear and traffic exhaust, but we were limited in this study aim by
the high correlation in their spatial dispersion due to their com-
mon generation from vehicular traffic. We could not include the
effect of having a wood stove indoors, which may be important
according a study from Umeå (Oudin et al. 2018). In addition,
the contributions of other sources to local emissions from, for
example, industry and shipping, were too small to meaningfully
address in analyses. While we were able to validate the total lev-
els of pollutants against monitoring data, we were unable to con-
duct validations of source components, which we recognize as a
potential limitation that may have contributed to our varying esti-
mates for source specific analyses. However, encouragingly, we
did see a good agreement between modeled total levels and meas-
ured levels at monitoring stations in close proximity to traffic
where emission sources are clearly dominated by traffic
(Segersson et al. 2017). Although we adjusted for calendar year
in our statistical models, we cannot exclude the possibility that
expected time trends in PM air pollution during the study period
may have affected our results. We included several cohorts in our
study with a fair amount of heterogeneity regarding when they
were recruited, what covariate data was collected, and distribu-
tions of characteristics such as age and sex. Some covariate data
was missing entirely for some cohorts such as alcohol consump-
tion, education, occupation, and socioeconomic index by occupa-
tion. This potentially increased the possibility for different levels
of residual confounding by cohort, but the alternative approach,
settling for the same set of confounders, would, as whole, most
likely have introduced more confounding in the meta-analytical
estimates. We created cohort-specific models to adjust for con-
founding, and although we tried to harmonize these to the best of
our ability and used a meta-analyses methodology with random
effects for cities, we cannot exclude that cohort differences may
have influenced our results. We tested for heterogeneity in city-
specific estimates using both the I2 statistic and the p-value of the
chi-squared test, but their power to detect heterogeneity across
the four cohorts was relatively low. While we characterized inci-
dent IHD and stroke according to the first hospitalization event or
death, whichever came first in our high-coverage registries, we
recognize that, in some cases, the clinical debut may have
occurred at an earlier date. This is expected to contribute to some
nondifferential misclassification of outcome but not likely bias
results substantially, since this misclassification would be
expected to be largely independent of air pollution. Finally, we
did not consider possible differences in associations across sub-
types of stroke due to the reduced power to detect such differen-
ces and the concerns in registry data of diagnostic specificity of
stroke etiology.

Several strengths should also be mentioned. We had
uniquely detailed exposure data including source and compo-
nents of PM and BC. We were able to acquire a large number
of participants by combining several cohorts and had detailed
data concerning their address history, including being able to
account for any relocation during the study period. We used
high-quality and comprehensive national patient and death
registries, minimizing loss to follow-up for our outcomes of
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interest (Ludvigsson et al. 2011). We also conducted our study
in a low-pollutant environment with annual averages ranging
from 5.8 to 9:2lg=m3 PM2:5, well within the current World
Health Organization (WHO) air quality guideline of 10lg=m3

and considerably lower than current European Union standard
of 25 lg=m3. Although we did not observe associations with
total levels of PM10 and PM2:5, we did observe associations for
BC and stroke, shedding some doubt on the efficacy of these
standards.

Conclusions
In a low-pollution-level setting, long-term exposure to BC, more
specifically from local traffic exhaust sources, was associated with
increased risk of incident stroke. However, we did not observe
associations between total levels of PM10, PM2:5, and IHD or
stroke incidence. There was some evidence of an association
between PM2:5 specifically from local emissions of residential
heating and incidence of IHD that warrant further investigation.
BC may be an important air pollution metric to further guide air
quality control policy and likely has broader implications than traf-
fic particles in other environments with contributions from com-
bustion sources such as oil or coal.
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