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Summary
Background Air pollution, road traffic noise, and green space are correlated factors, associated with risk of stroke. We
investigated their independent relationship with stroke in multi-exposure analyses and estimated their cumulative
stroke burden.

Methods For all persons, ≥50 years of age and living in Denmark from 2005 to 2017, we established complete
address histories and estimated running 5-year mean exposure to fine particles (PM2.5), ultrafine particles,
elemental carbon, nitrogen dioxide (NO2), and road traffic noise at the most, and least exposed façade. For air
pollutants, we estimated total, and non-traffic contributions. Green space around the residence was estimated
from land use maps. Hazard ratios (HR) and 95% confidence limits (CL) were estimated with Cox proportional
hazards models and used to calculate cumulative risk indices (CRI). We adjusted for the individual and
sociodemographic covariates available in our dataset (which did not include information about individual life
styles and medical conditions).

Findings The cohort accumulated 18,344,976 years of follow-up and 94,256 cases of stroke. All exposures were
associated with risk of stroke in single pollutant models. In multi-pollutant analyses, only PM2.5 (HR: 1.058, 95%
CI: 1.040–1.075) and noise at most exposed façade (HR: 1.033, 95% CI: 1.024–1.042) were independently
associated with a higher risk of stroke. Both noise and air pollution contributed substantially to the CRI (1.103,
95% CI: 1.092–1.114) in the model with noise, green space, and total PM2.5 concentrations.

Interpretation Environmental exposure to air pollution and noise were both independently associated with risk of
stroke.
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Introduction
Stroke is a leading cause of morbidity and death in the
world1 Causes of stroke include genetic, lifestyle, and
environmental factors. Air pollution exposure affects
risk of stroke via vascular dysfunction, plaque forma-
tion, oxidative stress, and systemic inflammation.2 In a
recent meta-analysis, 5 μg/m3 higher exposure to PM2.5

was associated with a 6.3% higher risk of stroke.3
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Meta-analyses on NO2 also indicate a positive associa-
tion though the evidence was too weak to conclude a
causal association.4,5 Studies addressing elemental car-
bon (EC) or the closely related entities black carbon and
PM2.5 absorbance, generally indicate weak or no asso-
ciation with risk of stroke.6–13 Ultrafine particles (UFP),
the particulate matter fraction smaller than 0.1 μm, may
penetrate beyond the respiratory tract and reach the
esearch Center, Strandboulevarden 49, 2100, Copenhagen Ø, Denmark.
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Research in context

Evidence before this study
We searched PubMed using the search string: (“stroke” OR
“brain infarction” OR “cerebrovascular” OR “cerebral
infarction”) AND (“green space” OR “green area” OR “noise”
OR “Air pollution” OR “traffic”) and found recent meta-
analyses on green space, noise, and air pollution. A meta-
analysis from 2022 of studies on green space and
cardiovascular disease (published until January 2022), found
that green space around residence was associated with
reduced incidence or prevalence of stroke. This was based on
five studies. Most of them were of cross-sectional design and
without individual data on green space pointing to the need
for more and better studies. A meta-analysis from 2022 of 7
studies on noise and stroke (published until April 2022). An
umbrella review from 2022, on air pollution and stroke
included 22 meta-analyses (published until January 2022),
found a consistent positive association with PM2.5. The
quality of evidence for NO2 was insufficient and there was a
lack of studies on air pollutants such as ultrafine particles or
elemental carbon and few studies have addressed source-
specific air pollution. The authors of the umbrella review
called for multi-pollutant analyses to disentangle effects of
individual air pollutants. Such studies lack for air pollutants
but even more so for studies simultaneously including all the
correlated exposure domains: air pollution, noise, and green
space. We only identified one such study–a cross-sectional

study where only PM2.5 was associated with self-reported
stroke. Studies simultaneously addressing all three domains
both as confounders and exposures are necessary to resolve
which components are actually contributing to the total
environmental burden. Ascribing risk to individual factors is
important as it will facilitate efficacious regulatory measures
to reduce stroke incidence.

Added value of this study
To our knowledge, our study is the first large prospective
study to simultaneously address air pollution, noise, and
green areas as exposures and try to disentangle which factors
are independent risk factors for stroke and how much they
contribute to the total environmental burden. Our study
confirms that PM2.5 concentration and noise at residence are
independent risk factors for stroke and both contribute to
stroke risk. Green space appears to have little or no impact on
stroke risk when noise and air pollution are sufficiently
accounted for.

Implications of all the available evidence
Our findings suggest that epidemiological studies on noise or
air pollution need to account for the other factor. Preventive
measures targeting both noise and PM2.5 air pollution seem
merited.
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brain.14 They may thus be of particular relevance for risk
of stroke. The few studies investigating long-term UFP
exposure in relation to stroke have indicated a positive
association.11,13,15,16

Most epidemiological studies do not subdivide air
pollution by source, thereby disregarding potential dif-
ferences in chemical particle composition and thus
toxicity by emission source.17–19 We have recently found
that air pollution from non-traffic sources was associ-
ated with risk of stroke, whereas air pollution from
traffic sources was largely unassociated with stroke
risk.13

Noise is believed to affect cardiovascular health
through multiple pathways including sleep disturbance
and stress-induced activation of the hypothalamus-
pituitary-adrenal axis.20 Several recent studies have
found a positive association between noise and
stroke.21–23 Access to green areas may reduce stress and
facilitate physical activity.24 Few studies have investi-
gated green space in relation to stroke,12,25–27 generally
indicating a protective association.

Noise and air pollution are often correlated, due to
shared sources. Also, the presence of green space might
be correlated with air pollution and noise. We are,
however, only aware of one previous multi-pollutant
study simultaneously addressing associations between
air pollution, noise, and green space in relation to risk of
stroke, showing a cross-sectional association between
PM2.5 concentration only and self-reported stroke.28

We hypothesized that estimates of association be-
tween a single exposure and stroke might be affected by
mutual confounding from other exposures within the
environmental domains: air pollution, traffic noise, and
green space. In the present nationwide cohort, we
therefore aimed to unravel independent associations
between air pollution with PM2.5, NO2, EC, and UFP,
noise, and green space in relation to risk of stroke.
Methods
Study population
Since 1968, all Danish citizens have been issued a unique
personal identification number at birth. This allows all
citizens to be traced in health and administrative regis-
ters.29 We obtained the complete address histories of all
persons living in Denmark in 1979, including exact date
of changing address. Address histories ended after >14
consecutive days of incomplete address data or when
people emigrated from Denmark. From these persons we
identified a cohort of all (n = 2,048,282) living in
Denmark on 1st January 2005 and who were ≥50 years of
age any time between this date and 31st December 2017,
www.thelancet.com Vol 31 August, 2023
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when the study ended. Participants were required to be
born after 1920, as educational data were not available for
those born earlier.

By Danish law, entirely register-based studies do not
require ethical approval.

Outcome
We used both the Danish register of death30 and the
Danish national patient register31 to identify cases,
defined as the first occurrence of stroke (International
Classification of Disease (ICD) 8: 431–434, 436, from 1977
to 1993 and ICD10: I61–I64 from 1994) in either reg-
ister recorded as primary cause of death or admission.
To ensure we only included incident cases we excluded
persons diagnosed with stroke between 1977 and study
entry and censored people at first stroke after entry.

Air pollution
For all Danish addresses, we estimated total concentra-
tions of PM2.5, UFP, EC, and NO2 at the front door and
the contributions from traffic and non-traffic by means of
the DEHM/UBM/AirGIS modelling system.32,33 The
system combines air pollution contributions modelled at
three levels: 1) long-range transported regional back-
ground, from the Danish Eulerian Hemispheric Model,34

2) local background at 1 km × 1 km resolution, from the
Urban Background Model with data on Danish air
pollution emissions,35,36 and 3) local street contributions,
from the Operational Street Pollution Model, taking into
account traffic intensity and composition, meteorology,
emission factors, and street and building configura-
tions.32 Validation studies have found Pearson correlation
coefficients between modelled and measured concentra-
tions in the range 0.67–0.85 for PM2.5, 0.77–0.79 for EC,
and 0.60–0.80 for NO2.37,38 Estimation of particle number
concentration has recently been integrated in the
DEHM/UBM/AirGIS system and is used as a measure
of UFP as these quantities are highly correlated.
Modelled UFP correlated well with measurements;
Pearson correlations ranged from 0.86 to 0.95. Further
description and validation can be found elsewhere.39,40

High-quality inventories of Danish emissions enabled
us to model air pollution, both with and without the
emissions from Danish road traffic, in the present paper
denoted as “total air pollution”, and “air pollution from
non-traffic sources”. The former includes contributions
from all national and international sources and the latter
excludes contributions emitted by Danish road traffic. Air
pollution was modelled as hourly concentrations, aggre-
gated as monthly averages (Figures S1–S4). These data
were then linked to the person-specific address histories
to provide time-varying exposure estimates for all partic-
ipants reflecting exact time lived at each address.

Road traffic noise
For all residential addresses we modelled road traffic
noise at the most (LdenMax) and least (LdenMin)
www.thelancet.com Vol 31 August, 2023
exposed façades by means of the Nordic Prediction
Method.41 The model took into account address-specific
geocodes and building floor, as well as information for
all Danish road links on road type, annual average daily
traffic load, travel speed, and light/heavy vehicle distri-
bution. Screening effects from terrain, buildings, and
noise barriers, and 1st and 2nd order reflections were
also taken into account. Exposure was modelled for the
years 2000, 2005, 2010, and 2015 and linear interpola-
tion was used to quantify exposure for all other years
between 2000 and 2017. Values <35 dB were set to
35 dB. Noise was calculated as the equivalent A-
weighted sound pressure level for day, evening, and
night, and expressed as Lden for all residential addresses
(Figure S5). A validation of the Nordic Prediction
Method in the Nordic countries found a mean differ-
ence of 0.3 dB between measured and estimated road
LdenMax.42 As for air pollution, the address specific
noise levels were combined with the person-specific
address histories to obtain time-varying exposure esti-
mates for all participants.

Green space
Basemap uses 36 land-use classes to classify land use
for all of Denmark in 2016 at a 10 m × 10 m resolu-
tion.43 Using these data, we defined two green space
variables: 1) to quantify green space close to home that
might facilitate physical activity, we estimated the
percentage of recreational areas, forests, and open na-
ture areas within 1000 m of the residence. 2) To
quantify potentially stress-reducing green space in
close proximity to the residence, we estimated the
percentage of “low built up” (as a proxy for household
gardens, see Figure S6 and Table S1), “high built up”
(as a proxy for green areas around multi-storage
buildings, see Figure S6 and Table S1), agricultural
areas, recreational areas, forests, and open nature areas
within 150 m of the residence. We used 100% minus
these green space indicators in the analysis and deno-
ted the quantities as “NonGreen1000m” and “Non-
Green150m” to describe the lack of green space within
the two radii. For all participants the green space
metrics followed their address histories and reflected
the changing addresses.

Covariates
Annually updated data on a priori selected potential
confounders were provided by Statistics Denmark on:
civil status (married/cohabiting, other), highest attained
educational level (mandatory, secondary/vocational,
medium/long), occupational status (high-level white
collar, low-level white collar, blue collar, unemployed,
retired), country of origin (“Danish origin” or “Other”),
personal income, and household income (sex and
calendar-year specific quintiles).

The individual covariate data did not include medical
conditions such as hypertension, diabetes, dyslipidemia,
3
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atherosclerosis etc. nor did it include lifestyle factors
such as BMI, physical activity and cigarette smoking.

We also obtained annually updated information for
all Danish parishes (2160 parishes in 2017, mean area
16.2 km2, median population 1032 persons) on the
proportion of inhabitants with only basic education,
with manual labour, with income in the lowest quartile,
living in social housing, living in single-parent house-
holds, with a criminal record, and with non-Western
background. We excluded persons with missing
covariates.

Statistical analysis
Spearman correlations between 5-year averaged pol-
lutants were calculated over the entire study period.
Hazard ratios (HR) and 95% confidence intervals for 5-
year TWA air pollution and stroke were calculated in
Cox proportional hazards models with age as time
scale.

Cohort members were followed from 50 years of age
or 1 January 2005, whichever came last, until stroke, >14
consecutive days of unknown address, emigration,
death or 31 December 2017, whichever came first. As-
sociations were evaluated linearly per interquartile range
(IQR) of exposure. We adjusted for age (by design), sex,
and calendar year (in two-year categories), educational
level, occupational status, civil status, country of origin,
personal and household income, and area-level factors:
proportion of parish inhabitants living in single-parent
households, with only basic education, with manual la-
bour, with income in the lowest quartile, with non-
Western background, living in social housing, and
with a criminal record. Except for sex and country of
origin, all variables were time-dependent. For green
space, only moving address changed exposure. That
means that exposures and covariates changed over time
and that at any point in time during follow-up reflected
the conditions pertaining to that particular moment in
time.

We undertook one-, two-, three-, and four-pollutant
analyses for combinations of the air pollutants (PM2.5,
UFP, EC, and NO2). Separate analyses were performed
for total concentration and for the contribution from
non-traffic sources. We undertook the non-traffic ana-
lyses because we have previously shown that this
contribution was most important for stroke risk.13 For
green space (NonGreen1000m and NonGreen150m)
and road traffic noise (LdenMax and LdenMin),
respectively, we undertook one- and two-pollutant
analysis. These analyses, within each of the three do-
mains of environmental exposure were used to prese-
lect pollutants for the final multi-pollutant models
where we only included pollutants consistently associ-
ated with elevated risk in all domain-specific analyses.
The resulting final multi-pollutant model with total air
pollution concentration included PM2.5, LdenMax,
NonGreen1000m, and NonGreen150m. The final
model with air pollution from non-traffic sources
included PM2.5, NO2, LdenMax, NonGreen1000m, and
NonGreen150m. Assuming additive effects of the
combined exposures on risk of stroke, we calculated a
cumulative risk index (CRI), per IQR of the exposures
for all evaluated Cox models. CRI was defined as:

CRI= exp⎡⎢⎢⎢⎢⎢⎢⎢⎣∑p
p=1

β̂pxp
⎤⎥⎥⎥⎥⎥⎥⎥⎦ ≡ exp(β̂ ′

x′)

where β̂
′ = (β̂1,…β̂p) are the log (HR) from a Cox

model with p exposures estimated at xp concentra-
tions.44 If the exposures are positively correlated, the
CRI will be smaller than sum of single pollutant HRs
indicating that a smaller number of exposures may be
sufficient to describe the total effect of the pollutants.

We used natural cubic splines with three degrees of
freedom (knots at 33rd and 67th percentiles) to evaluate
the shape of the associations between exposures and
stroke. Splines were fitted in single exposure models
and in models including all eight exposures. We used
visual inspection of the spline curves to evaluate if the
shapes approximated linearity or another biological
plausible association, and if the associations were robust
to adjustment for other exposures.

As a sensitivity analysis, we analysed all single
pollutant models with additional adjustment for popu-
lation density as 1st and 2nd degree polynomials.

Statistical analysis was performed in SAS 9.4 (SAS
Institute Inc., Cary, NC, USA).

Role of the funding source
The funder of the study had no role in study design, data
collection, data analysis, data interpretation, or writing
of the report.

Results
We excluded 54,416 persons with stroke before entry
and 22,620 persons with missing information about
covariates from the eligible 2,048,282, leaving a final
cohort of 1,971,246 persons, with 18,344,976 years of
follow-up and 94,256 cases of stroke, i.e. with a crude
incidence rate of 514 cases per 100,000 person years.

Table 1 describes the cohort at baseline. For all pol-
lutants, traffic contributed only a small fraction of total
concentrations. The neighbourhood characteristics of
the study population are detailed in Supplement
Table S2. The Spearman correlations (Rs) between total
pollutant concentrations and their non-traffic compo-
nent ranged from 0.82 for NO2 to 0.96 for PM2.5 and
UFP (Table 2). The correlations between total concen-
trations of the different air pollutants were in the range
0.71–0.93. Correlations ranged from 0.63 to 0.85 be-
tween the four non-traffic contributions. Correlations
between air pollution and noise were weak to moderate
ranging from 0.07 to 0.53. Green area <1000 m was only
www.thelancet.com Vol 31 August, 2023
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Baseline characteristics Percent Median (5–95 percentile)

Women 52

Age (years), median 58 (50–79)

Country of origin

Denmark 98

Other 2

Civil status

Married/Cohabiting 73

Other 27

Education

Mandatory 36

Secondary or vocational 45

Medium or long 19

Occupational status

White collar, high level 10

White collar, low level 15

Blue collar 30

Unemployed 4

Retired 41

Personal income, quintiles

1st (low) 25

2nd–4th 55

5th (high) 20

Household income, quintiles

1st (low) 21

2nd–4th 55

5th (high) 25

Air pollution levels (5-year mean)

PM2.5 (μg/m3)

Total 11.2 (8.7–12.6)

Non-traffic 10.9 (8.52–11.7)

UFP (particles/cm3)

Total 11,099 (7212–17,232)

Non-traffic 9755 (6821–13,061)

EC (μg/m3)

Total 0.7 (0.4–1.1)

Non-traffic 0.5 (0.4–0.7)

NO2 (μg/m3)

Total 15.2 (9.3–27.3)

Non-traffic 11.2 (7.8–14.1)

Road traffic noise (dB)

Most exposed facade (LdenMax) 55 (40–68)

Least exposed facade (LdenMin) 44 (33–56)

Surrounding green space (%)

Green space within 150 ma 58.8 (17.9–87.5)

Publicly accessible green space within 1000 mb 13.1 (2.9–36.3)

a(Green150m) Percentage of areas within 150 m of the residential address, not classified as agricultural areas,
household gardens, recreational areas, forests and open nature areas. For analysis the complementary quantity
NonGreen150m = 100−Green150m was used. b(Green1000m) Percentage of areas within 1000 m of the
residential address that are not publicly accessible green areas (i.e. not classified as recreational areas, forests and
open nature areas). For analysis the complementary quantity NonGreen1000m = 100−Green1000m was used.

Table 1: Baseline individual-level sociodemographic characteristics and 5-year exposure levels
among the study population of 1,971,246 persons.

Articles
weakly related to other factors (Rs: −0.08 to 0.05). Green
areas <150 m was weakly correlated with noise and air
pollution (Rs: 0.19–0.40).

In single pollutant models, all air pollutants were
associated with higher risk of stroke, with the highest
HR for PM2.5, as previously reported.13 Unadjusted HRs
differed little from the fully adjusted estimates (Sup-
plement Table S3). In multi-pollutant models, PM2.5

was the most robust air pollutant, showing increased
HRs in all two-, three-, and four pollutant models. HRs
for UFP, NO2, and EC were all reduced to below 1.00 in
one or more multi-pollutant combinations (Table 3). For
air pollution concentrations from non-traffic sources,
HRs for both PM2.5 and NO2 were consistently above
1.00, whereas UFP and EC showed HRs below 1.00 in
several multi-pollution models (Table 4). For both total
air pollutants and for non-traffic contributions, CRI
analyses indicated PM2.5 as the primary exposure with
only small additional effect on the CRI from including
other pollutants (Table 3, Table 4, Fig. 1a, and
Figure S7).

Noise, both at the least and most exposed façade, was
associated with risk of stroke in single pollutant models,
whereas only LdenMax had an increased HR in a model
including both (Table 5). The CRI for the model with
both noise measures was near identical to the single
pollutant LdenMax HR (Table 5 and Fig. 1b).

Non-green space within 1000 m and within 150 m of
residence, were both associated with a higher risk of
stroke in single pollutant models and when included in
the same model (Table 5). The CRI for the model
including both non-green space measures was similar to
the sum of the two single pollutant estimates (Table 5
and Fig. 1c).

In the multi-pollutant model including total PM2.5,
LdenMax, and non-green space within 150 m and
1000 m, the HRs for the two latter were reduced to just
slightly above 1.00, whereas the association for noise
and PM2.5 persisted, with only minor reductions
(Fig. 2a, Supplement Table S4). The CRI of the four-
pollutant model was 1.108 (95% CI: 1.097–1.120).

In the multi-pollutant model with non-traffic contri-
butions of PM2.5, NO2, LdenMax, and non-green space
within 150 m and 1000 m, both green space metrics
were associated with HRs only slightly above 1.00
(Fig. 2b, Supplement Table S5). The HR for LdenMax
was virtually unchanged compared to the single
pollutant model. Both PM2.5 and NO2 from non-traffic
sources were associated with an elevated risk of stroke,
although the HRs were reduced compared with the
single pollutant models. The CRI of this model was
1.150 (95% CI: 1.144–1.157).

In the spline models, PM2.5 demonstrated a slightly
sigmoid positive association with stroke, which
www.thelancet.com Vol 31 August, 2023 5
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Total
PM2.5

Total
UFP

Total
EC

Total
NO2

Non-traffic
PM2.5

Non-traffic
UFP

Non-traffic
EC

Non-traffic
NO2

Ldenmax
a Ldenmin

b NonGreen150mc NonGreen1000d

Total PM2.5 1 0.77 0.71 0.76 0.96 0.77 0.69 0.80 0.20 0.26 0.23 0.02

Total UFP 0.77 1 0.91 0.92 0.67 0.96 0.86 0.82 0.25 0.44 0.37 −0.06

Total EC 0.71 0.91 1 0.93 0.56 0.80 0.9 0.69 0.34 0.51 0.40 −0.07

Total NO2 0.76 0.92 0.93 1 0.61 0.80 0.78 0.82 0.39 0.53 0.40 −0.05

Non-traffic PM2.5 0.96 0.67 0.56 0.61 1 0.72 0.63 0.77 0.07 0.16 0.13 0.03

Non-traffic UFP 0.77 0.96 0.8 0.80 0.72 1 0.85 0.84 0.12 0.32 0.29 −0.05

Non-traffic EC 0.69 0.86 0.90 0.78 0.63 0.85 1 0.71 0.13 0.37 0.29 −0.07

Non-traffic NO2 0.80 0.82 0.69 0.82 0.77 0.84 0.71 1 0.15 0.31 0.26 −0.00

LdenMaxa 0.20 0.25 0.34 0.39 0.07 0.12 0.13 0.15 1 0.48 0.19 0.05

LdenMinb 0.26 0.44 0.51 0.53 0.16 0.32 0.37 0.31 0.48 1 0.34 −0.08

NonGreen150c 0.23 0.37 0.40 0.40 0.13 0.29 0.29 0.26 0.19 0.34 1 0.01

NonGreen1000d 0.02 −0.06 −0.07 −0.05 0.03 −0.05 −0.07 −0.00 0.05 −0.08 0.01 1

aLdenmax: Traffic noise at most exposed facade. bLdenmin: Traffic noise at least exposed facade. cNonGreen150m: Percentage of areas within 150 m of the residential address, not classified as agricultural
areas, household gardens, recreational areas, forests and open nature areas. dNonGreen1000m: Percentage of areas within 1000 m of the residential address that are not publicly accessible green areas (i.e.
not classified as recreational areas, forests and open nature areas).

Table 2: Spearman rank correlations between 5-year time weighted average residential air pollution concentrations, road traffic noise and surrounding green space at residences of
all cohort members, Denmark, 2005–2017.

Total concentration of a
pollutants

Single pollutant models

PM2.5

UFP

EC

NO2

Two pollutant models

PM2.5 + UFP

PM2.5 + EC

PM2.5 + NO2

UFP + EC

UFP + NO2

EC + NO2

Three pollutant models

PM2.5 + UFP + EC

PM2.5 + UFP + NO2

PM2.5 + EC + NO2

UFP + EC + NO2

Four pollutant model

PM2.5 + UFP + EC + NO

IQR: interquartile range; HR:
income, country of origin, o
non-Western background, w

Table 3: Hazard ratios (H
particles, NO2 and eleme
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approached linearity when disregarding upper and lower
5% of the exposure range, or when adjusted for other
exposures (Fig. 3). UFP was also positively associated
with stroke and the association was near-linear in the
single pollutant model, whereas adjustment for other
exposures introduced more uncertainty for low expo-
sures. EC and NO2 curves with and without adjustment
ir PM2.5 total HR (95% CI)a

per IQR: 1.85 μg/m3
Ultrafine Particles total HR (95%
CI)a per IQR: 4248 #/cm3

Elemental ca
CI)a per IQR:

1.077 (1.061–1.094)

1.039 (1.026–1.052)

1.009 (1.001

1.084 (1.063–1.107) 0.992 (0.975–1.009)

1.119 (1.097–1.142) 0.966 (0.953

1.100 (1.078–1.123)

1.063 (1.043–1.084) 0.979 (0.966

1.034 (1.015–1.053)

0.987 (0.972

1.109 (1.085–1.133) 1.029 (1.008–1.050) 0.954 (0.939

1.098 (1.074–1.123) 1.005 (0.985–1.024)

1.120 (1.095–1.145) 0.966 (0.950

1.053 (1.031–1.076) 0.971 (0.955

2 1.113 (1.088–1.138) 1.032 (1.010–1.055) 0.958 (0.941

hazard ratio; CI: confidence interval. aAll estimates are given per interquartile increase in e
ccupational status, education, and neighborhood-level percentage of population with low
ith criminal record, who are sole-provider, and who live in social housing.

R) and cumulative risk index (CRI) for single-, two-, three- and four-pollutant
ntal carbon in relation to risk of stroke.
for other exposure differed substantially. Noise at most
and least exposed façade were both positively and linearly
associated with stroke in single pollutant models; only
noise at most exposed face was robust to adjustment for
other exposures (Fig. 4). Greenspace within 1000 m
showed a weak, positive, and near-linear association with
risk of stroke in the single exposure model; the
rbon total HR (95%
0.28 μg/m3

NO2 total HR (95% CI)a

per IQR: 7.15 μg/m3
Cumulative risk
index CRI (95% CI)a

1.077 (1.061–1.094)

1.039 (1.026–1.052)

–1.018) 1.009 (1.001–1.018)

1.028 (1.017–1.04) 1.028 (1.017–1.040)

1.075 (1.055–1.095)

–0.978) 1.081 (1.063–1.099)

0.978 (0.963–0.993) 1.076 (1.057–1.096)

–0.992) 1.041 (1.024–1.058)

1.006 (0.990–1.023) 1.040 (1.022–1.058)

–1.002) 1.040 (1.022–1.059) 1.026 (1.009–1.043)

–0.970) 1.089 (1.078–1.100)

0.976 (0.959–0.993) 1.077 (1.066–1.088)

–0.982) 0.999 (0.980–1.019) 1.081 (1.070–1.092)

–0.988) 1.021 (1.001–1.041) 1.044 (1.034–1.054)

–0.975) 0.990 (0.970–1.011) 1.089 (1.067–1.112)

xposure and adjusted for age, sex, calendar-year, civil status, individual and family
income, with only basic education, who are unemployed, with manual labor, with

models of the total concentration of the air pollutants PM2.5, ultrafine
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Non-Traffic contribution
to air pollutants

PM2.5 Non-traffic HR (95%
CI)a per IQR: 1.63 μg/m3

Ultrafine particles Non-traffic HR
(95% CI)a per IQR: 2769 #/cm3

Elemental carbon Non-traffic HR
(95% CI)a per IQR: 0.12 μg/m3

NO2 Non-traffic HR (95%
CI)a per IQR: 2.68 μg/m3

Cumulative risk
index (CRI, 95% CI)a

Single pollutant models

PM2.5 1.091 (1.074–1.108) 1.091 (1.074–1.108)

UFP 1.038 (1.028–1.049) 1.038 (1.028–1.049)

EC 1.005 (1.000–1.009) 1.005 (1.000–1.009)

NO2 1.077 (1.065–1.089) 1.077 (1.065–1.089)

Two pollutant models

PM2.5 + UFP 1.083 (1.063–1.104) 1.008 (0.996–1.021) 1.092 (1.075–1.109)

PM2.5 + EC 1.106 (1.086–1.126) 0.991 (0.984–0.997) 1.096 (1.082–1.110)

PM2.5 + NO2 1.043 (1.023–1.064) 1.058 (1.043–1.072) 1.103 (1.084–1.122)

UFP + EC 1.049 (1.036–1.062) 0.992 (0.986–0.999) 1.041 (1.031–1.051)

UFP + NO2 0.985 (0.971–1.000) 1.088 (1.072–1.105) 1.072 (1.056–1.088)

EC + NO2 0.997 (0.991–1.003) 1.078 (1.066–1.091) 1.075 (1.065–1.085)

Three pollutant models

PM2.5 + UFP + EC 1.093 (1.072–1.114) 1.023 (1.009–1.038) 0.985 (0.978–0.993) 1.101 (1.093–1.109)

PM2.5 + UFP + NO2 1.051 (1.030–1.073) 0.977 (0.963–0.992) 1.072 (1.054–1.090) 1.101 (1.091–1.111)

PM2.5 + EC + NO2 1.056 (1.034–1.079) 0.990 (0.983–0.998) 1.057 (1.042–1.072) 1.105 (1.097–1.113)

UFP + EC + NO2 0.984 (0.967–1.002) 1.001 (0.993–1.008) 1.089 (1.071–1.106) 1.073 (1.065–1.081)

Four pollutant model

PM2.5 + UFP + EC + NO2 1.056 (1.034–1.079) 0.984 (0.967–1.002) 0.994 (0.986–1.002) 1.067 (1.049–1.086) 1.102 (1.068–1.137)

IQR: interquartile range; HR: hazard ratio; CI: confidence interval. aAll estimates are given per interquartile increase in exposure and adjusted for age, sex, calendar-year, civil status, individual and family
income, country of origin, occupational status, education, and neighborhood-level percentage of population with low income, with only basic education, who are unemployed, with manual labor, with
non-Western background, with criminal record, who are sole-provider, and who live in social housing.

Table 4: Hazard ratios (HR) and cumulative risk index (CRI) for single-, two-, three- and four-pollutant models of the non-traffic contribution of PM2.5, ultrafine particles, NO2 and
elemental carbon in relation to risk of stroke.

Articles
association vanished after adjustment for other exposures
(Fig. 4). For green space coverage <150 m from house,
both models showed a maximum for HRs around 50%
green space coverage.

PM2.5 from non-traffic sources was positively asso-
ciated with stroke in the single-pollutant model although
less so after adjustment for other exposures (Supple-
ment Figure S8). Non-traffic NO2 was associated with
stroke in only the middle part of the exposure range in
single exposure models and the association was atten-
uated and more linear after adjustment for other
exposures.

In sensitivity analysis additional adjustment for
population density produced no conspicuous changes in
linear HRs (Supplement Table S6).
Discussion
In this nationwide cohort study with 94,256 cases of
stroke, PM2.5, NO2, UFP, EC, noise, and lack of green
space at the residence were all associated with a higher
risk of stroke in single pollutant models. In multi-
pollutant analyses, only air pollution with PM2.5 and
noise at most exposed façade were independently asso-
ciated with a higher risk of stroke, with both contrib-
uting substantially to the CRI. In a multi-pollutant
analysis restricting air pollution to the contribution from
non-traffic sources, also NO2 was independently asso-
ciated with higher risk and contributed substantially to
www.thelancet.com Vol 31 August, 2023
the CRI. Except for non-green space <150 m, the expo-
sures associated with stroke in our final linear multi-
pollutant model were the same as those robustly
associated with stroke in the non-linear analysis and
they were compatible with a linear representation, at
least for the 5–95th percentile exposure range.

Air pollution
The linear associations between PM2.5, NO2, UFP, and
EC, and risk of stroke in the single pollutant models of
our study agree with the existing literature.6–12 The
existing evidence for single pollutant studies is strongest
for PM2.5 and our two- and multi-pollutant models as
well as our spline analyses suggested PM2.5 as the pri-
mary causative agent. A Dutch study on cerebrovascular
disease (1238 cases) showed associations with UFP,
NO2, PM2.5, and PM2.5 absorbance in single pollutant
models,11 albeit with confidence intervals spanning the
null. In two pollutant models, UFP was the most robust
pollutant, which is in contrast to our results. The pop-
ulation of the Dutch study was mostly urban, which
could lead to a different composition and possibly
higher levels of UFP air pollution than in our nation-
wide study. Furthermore, in the Dutch study, UFP was
modelled differently from the other pollutants; if UFP
was modelled more precisely than the other pollutants,
that could be the reason why UFP was most robust in
multi-pollutant models. Since all confidence intervals
spanned the null, the observed associations could also
7
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Fig. 1: Cumulative risk index (CRI) with 95% confidence intervals (CI) for stroke from fully adjusteda single-, two-, three- and four-pollutant
models of PM2.5, ultrafine particles (UFP), NO2 and elemental carbon (EC) (a), noise at most and least exposed façade (b) and lack of green
space within 150 and 1000 m of the residence (c). aAll estimates are given per interquartile increase in exposure and adjusted for age, sex,
calendar-year, civil status, individual and family income, country of origin, occupational status, education, and neighborhood-level percentage of
population with low income, with only basic education, who are unemployed, with manual labor, with non-Western background, with criminal
record, who are sole-provider, and who live in social housing.

Articles
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Noise, most exposed façade (LdenMax)
HR (95% CI)a per IQR: 10.6 dB

Noise, least exposed façade (LdenMin)
HR (95% CI)a per IQR: 9.5 dB

Cumulative risk index (CRI, 95% CI)a

Single pollutant models

LdenMaxb 1.043 (1.034–1.052) 1.043 (1.034–1.052)

LdenMinc 1.021 (1.011–1.032) 1.021 (1.011–1.032)

Two pollutant model

LdenMax + LdenMin 1.044 (1.033–1.054) 0.998 (0.986–1.009) 1.042 (1.031–1.052)

NonGreen1000mc HR (95% CI)a per IQR: 12.6% NonGreen150mb HR (95% CI)a per IQR: 18.1%

Single pollutant models

NonGreen1000md 1.014 (1.005–1.022) 1.014 (1.005–1.021)

NonGreen150me 1.012 (1.005–1.019) 1.012 (1.005–1.019)

Two pollutant model

NonGreen150m + NonGreen1000m 1.011 (1.003–1.020) 1.010 (1.003–1.017) 1.021 (1.013–1.029)

IQR: interquartile range; HR: hazard ratio; CI: confidence interval. aAll estimates are given per interquartile increase in exposure and adjusted for age, sex, calendar-year, civil status, individual and family
income, country of origin, occupational status, education, and neighborhood-level percentage of population with low income, with only basic education, who are unemployed, with manual labor, with
non-Western background, with criminal record, who are sole-provider, and who live in social housing. bLdenmax: Traffic noise at most exposed facade. cLdenmin: Traffic noise at least exposed facade.
dNonGreen1000m: Percentage of areas within 1000 m of the residential address that are not publicly accessible green areas (i.e. not classified as recreational areas, forests and open nature areas).
eNonGreen150m: Percentage of areas within 150 m of the residential address, not classified as agricultural areas, household gardens, recreational areas, forests and open nature areas.

Table 5: Hazard ratios (HR) and cumulative risk index (CRI) for single- and two-pollutant models of road traffic noise and lack of green space in relation to risk of stroke.

Articles
be a result of chance. Other studies investigating mul-
tiple air pollutants in relation to stroke/cerebrovascular
disease have generally found the strongest association
with PM2.5, but have not investigated UFP. In the Eu-
ropean ELAPSE project, a pooled cohort with 6950
stroke cases, NO2, PM2.5, and BC were associated with
stroke in single pollution models and NO2 dominated in
two pollution models.6 In a recent Spanish study, based
on 10,865 stroke cases, NO2 was also most robust in
models including also PM2.5, BC or green space.12

Similar methodological factors as listed for the Dutch
study may have affected these studies. In the present
study, PM2.5 was the dominant agent in models of total
air pollution, whereas the non-traffic models found an
association with both PM2.5 and NO2. In the same
cohort as used in the present study, we have previously
demonstrated that the stroke risk from a 10 μg/m3

higher NO2 level differed between traffic (HR: 1.001,
95% CI: 0.983–1.020) and non-traffic sources (HR:
1.317, 95% CI: 1.261–1.373) indicating that NO2 acts as
a proxy for correlated exposures rather than being a
causative agent by itself.13 This could also be a possible
explanation for the observed non-linear association of
NO2 and stroke that was highly vulnerable to adjust-
ment for other air pollutants. Altogether, our linear and
spline multi-pollutant results suggest that PM2.5 might
be the most important air pollutant (among those
included) in relation to risk of stroke. The CRI was
higher than the HR for any single pollutant, indicating
that the risk of stroke in association with environmental
exposures cannot be adequately described with any
single pollutant.

Few previous studies on long-term risk of stroke
have separated air pollution by source. In a Swedish
cohort study with 1391 stroke cases, associations with
www.thelancet.com Vol 31 August, 2023
stroke did not differ substantially between air pollution
from different sources, such as traffic, residential heat-
ing, shipping and industry.9 In a German study, the risk
of stroke was much stronger associated with PM2.5 from
traffic than with PM2.5 from industry.16 The difference
between these results and the results of our study may
relate to a different composition of PM in different
countries or regions. In Denmark, the primary national
non-traffic emissions source of PM2.5 are non-industrial
combustion, with residential heating as the main
contributor. We have recently, in the same cohort as in
the present study, found that traffic-related air pollution
was associated with diabetes but not with stroke, and
that air pollution from non-traffic sources was associ-
ated with stroke but not with diabetes.13,45 It should be
investigated if these results showing endpoint-specific
importance of different air pollution sources also apply
to populations at other locations than Denmark.

Noise
Noise exposure at the most exposed façade was associ-
ated with risk of stroke in both linear and spline models
and adjusting for air pollution and green areas only
altered the risk estimates slightly. These results concord
with a recent meta-analysis and subsequent studies.22,23,46

There are, however, also studies not detecting any as-
sociation with noise or where the association was only
apparent prior to adjustment for air pollution.47 Noise is
believed to affect cardiovascular health through multiple
pathways including sleep disturbance and stress-
induced activation of the hypothalamus-pituitary-
adrenal axis.20 Assuming that people in noisy environ-
ments will sleep on the quiet side of their house, the fact
that we found no association between noise at least
exposed façade and risk of stroke suggest that sleep
9
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Fig. 2: Hazard ratios (HR) for stroke in association with interquartile range increase in road traffic noise and lack of green space. a) total
concentration of air pollution. b) Contribution to air pollution from non-traffic sources. Single- (black) and multi-exposure (grey) models.

Articles
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disturbances is not a primary pathway with regard to
stroke. This was also indicated by a large Swiss cohort,
where ischemic stroke mortality was strongest associ-
ated with daytime noise.48

Green space
Green space at the residence is hypothesized to affect
risk of stroke via several pathways, including reduced
stress, increased physical activity and altered
composition or reduced levels of noise and air pollu-
tion.24 We applied two metrics of green space assuming
that seeing and being in green space within 150 m of the
residence could potentially reduce stress, whereas green
space within 1000 m of the residence could rather
indicate areas facilitating and motivating physical
activity.

Both metrics were associated with a slightly reduced
risk of stroke in models including no other pollutants,
www.thelancet.com Vol 31 August, 2023
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Fig. 3: Splines for relationships of pollutants with stroke. Single exposure models (grey) and models including also splines for the other seven
exposures (air pollutants, green space <150 m and <100 m, and noise at most and least exposed façade) (black). All models adjusted for age (by
design), sex, calendar-year, civil status, individual and family income, country of origin, occupational status, education, and neighborhood-level
percentage of population with low income, basic education, being unemployed, with manual labor, with non-Western background, with
criminal record, who are sole-provider, and living in social housing. The plots display the exposure range from 1st to 99th percentile. Vertical
lines show 5th and 95th percentiles.

Articles
which is in accordance to the findings of some previous
studies.12,25,28 In the present study, no discernible asso-
ciation remained after accounting for air pollution and
noise. In agreement with our results, other studies
considering both green space and air pollution have not
found an association with green space28 or found a lower
risk estimate after adjusting for air pollution.12 Thus, it
appears that it is important to consider confounding
from other environmental exposures when analysing
associations between green space near the residence
and the risk of stroke. This may also have influenced our
counterintuitive results for green space within 150 m of
home where the risk of stroke was strongest at around
50% green space coverage. Further studies will be
needed to understand this observation.

Strengths and limitations
A major strength of this study was the nationwide pro-
spective cohort design. We also benefited from the
comprehensive Danish registers providing detailed in-
formation on residential history, stroke diagnoses, and a
comprehensive set of covariates at individual and area
level.29–31,49 The detailed address histories combined with
validated state-of-the-art models with address level
www.thelancet.com Vol 31 August, 2023
resolution, allowed us to model air pollution total con-
centrations and contribution from traffic and non-traffic
sources, and noise at both the least and most exposed
façade.32,43 It was a strength of the present study that we
analysed simultaneously multiple air pollutants and
several measures of green space and noise. We are only
aware of one other study to do so.28 It was an additional
strength that we modelled these exposures time-varying
and with a similar spatial resolution and applied both
linear and spline models. We estimated green space
from a 10 × 10 m resolution map of Denmark and used
validated state-of-the-art models with address level res-
olution to model air pollution and noise.32,43 Any expo-
sure modelling, even of the highest quality, will entail
some degree of uncertainty. We would expect such un-
certainty to introduce non-differential exposure
misclassification in our study, which may affect the size
and precision of risk estimates due to a mixture of
classical and Berkson error. Even though we applied
high-quality modelling to all exposures, it is a general
concern of multi-pollutant models that the most pre-
cisely estimated pollutant may tend to dominate. Addi-
tionally, high correlations between exposures, as seen
for air pollutants in the present study, may render
11
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Fig. 4: Splines for relationship of noise and green space with stroke. Single exposure models (grey) and models including also splines for all air
pollutants, green space <150 m and <100 m, and noise at most and least exposed facade (black). All models adjusted for age (by design), sex,
calendar-year, civil status, individual and family income, country of origin, occupational status, education, and neighborhood-level percentage of
population with low income, basic education, being unemployed, with manual labor, with non-Western background, with criminal record, who
are sole-provider, and living in social housing. The plots display the exposure range from 1st to 99th percentile. Vertical lines show 5th and 95th
percentiles.

Articles

12
results of multi-pollution models statistically unstable
and difficult to interpret.50 We applied a preselection of
exposure variables within each of the three environ-
mental exposure domains, where only pollutants
consistently associated with stroke in two, three, and
four pollution models were entered into our final multi-
pollution model. Nevertheless, we cannot rule out that
correlations between exposures may have affected our
multi-pollutant results. Also, even though we included
the pollutants most consistently associated with stroke
and we endeavoured to measure them to equal stan-
dards we cannot entirely rule out that unmeasured air
pollutants may be associated with risk of stroke. This
could mean that the risk ascribed to PM2.5 may in part
be due to other correlated but unmeasured aspects of air
pollution. It could also mean that the CRI un-
derestimates the total health burden of air pollution,
noise and lack of green space. We did not have infor-
mation on occupational or non-residential exposure.
Also, we had no information on lifestyle factors such as
smoking, BMI or physical activity. This is a potential
limitation of our study. We have, however, in a random
sub-sample of the Danish population with the same
covariates as in the present study, demonstrated that the
association with air pollution was largely unaffected by
further adjustment for smoking diet, physical activity,
and BMI.51 Even though the sub-sample population may
not be entirely representative of our cohort, this in-
dicates that the potential for residual confounding from
lifestyle factors is limited.

Medical conditions such as hypertension and dia-
betes might be on the pathway between environmental
exposures and stroke, and simple adjustment for inter-
mediate factors could mask part of the association be-
tween environmental exposures and stroke. Formal
analysis of possible mediation and effect modification is
beyond the scope of the present study.

For inpatients, the positive predictive value of a
stroke diagnosis based on the Danish National Patient
Register is high (83.5%).52 The data does, however, not
allow reliable identification of stroke subtypes. This was
a limitation of our study, as some previous studies have
suggested stronger associations with air pollution for
ischemic stroke.53

We excluded 1% of the cohort members due to
missing data on covariates, primarily education. Those
excluded did not differ in terms of exposure (Table S6).
We believe that it is unlikely that the exclusion of only
www.thelancet.com Vol 31 August, 2023
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1%, with a representative exposure, have had substantial
impact on the results. Our population was a Western,
largely Caucasian population, aged 50 or older. Differ-
ences in composition and levels of air pollution and noise,
as well as potentially different implications of green areas
in other climatic conditions, should be considered if
generalizing our results to other populations.

Conclusion
This multi-pollutant nationwide cohort study showed
that PM2.5 air pollution and traffic noise at the residence
were independently associated with risk of stroke.
Green space at the residence showed no association
with risk of stroke after adjustment for air pollution and
noise. Both air pollution and noise contributed sub-
stantially to the CRI, suggesting that the cumulative
burden of environmental exposures cannot be quanti-
fied adequately by any single pollutant.
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