(2021) 20:115
Cole‑Hunter et al. Environ Health
https://doi.org/10.1186/s12940-021-00802-2

Open Access

RESEARCH

Long-term exposure to road traffic noise
and stroke incidence: a Danish Nurse Cohort
study
Tom Cole‑Hunter1,2* , Christian Dehlendorff3, Heresh Amini1, Amar Mehta4,5, Youn‑Hee Lim1,
Jeanette T. Jørgensen1, Shuo Li1, Rina So1, Laust H. Mortensen5,6, Rudi Westendorp5,6, Barbara Hoffmann7,
Elvira V. Bräuner8, Matthias Ketzel9,10, Ole Hertel11, Jørgen Brandt9, Steen Solvang Jensen9,
Jesper H. Christensen9, Camilla Geels9, Lise M. Frohn9, Claus Backalarz12, Mette K. Simonsen13,14,
Steffen Loft1 and Zorana J. Andersen1

Abstract
Background: Road traffic noise has been linked to increased risk of ischemic heart disease, yet evidence on stroke
shows mixed results. We examine the association between long-term exposure to road traffic noise and incidence of
stroke, overall and by subtype (ischemic or hemorrhagic), after adjustment for air pollution.
Methods: Twenty-five thousand six hundred and sixty female nurses from the Danish Nurse Cohort recruited in 1993
or 1999 were followed for stroke-related first-ever hospital contact until December 31st, 2014. Full residential address
histories since 1970 were obtained and annual means of road traffic noise (Lden [dB]) and air pollutants (particulate
matter with diameter < 2.5 μm and < 10 μm [PM2.5 and PM10], nitrogen dioxide [NO2], nitrogen oxides [NOx]) were
determined using validated models. Time-varying Cox regression models were used to estimate hazard ratios (HR)
(95% confidence intervals [CI]) for the associations of one-, three-, and 23-year running means of L den preceding
stroke (all, ischemic or hemorrhagic), adjusting for stroke risk factors and air pollutants. The World Health Organization
and the Danish government’s maximum exposure recommendations of 53 and 58 dB, respectively, were explored as
potential Lden thresholds.
Results: Of 25,660 nurses, 1237 developed their first stroke (1089 ischemic, 148 hemorrhagic) during 16 years mean
follow-up. For associations between a 1-year mean of Lden and overall stroke incidence, the estimated HR (95% CI)
in the fully adjusted model was 1.06 (0.98–1.14) per 10 dB, which attenuated to 1.01 (0.93–1.09) and 1.00 (0.91–1.09)
in models further adjusted for PM2.5 or NO2, respectively. Associations for other exposure periods or separately for
ischemic or hemorrhagic stroke were similar. There was no evidence of a threshold association between L den and
stroke.
Conclusions: Long-term exposure to road traffic noise was suggestively positively associated with the risk of overall
stroke, although not after adjusting for air pollution.
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Background
More than 12 million new cases of stroke were reported
worldwide in 2017, of which about half were fatal,
accounting for approximately 11% of all global deaths [1].
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Almost 1 million stroke deaths globally were attributed
to environmental risk factors, with air pollution playing
a major role [1, 2]. Road traffic noise has been suggested
as a contributing environmental risk factor for stroke,
but evidence remains mixed. Several studies from Denmark and the UK have suggested an association between
long-term exposure to road traffic noise and stroke incidence [3–5]. Thacher and colleagues (2020) reported
a statistically significant association between road traffic noise and stroke mortality in the Danish Diet, Cancer
and Health cohort, which corroborates findings from two
earlier studies on road traffic noise and stroke incidence
in the same cohort by Sørensen and colleagues (2011,
2014). However, a larger number of studies, from the
Netherlands, Sweden, and Germany show no association
between road traffic noise and stroke incidence [6–10].
One reason for uncertainty in reported associations
between road traffic noise and stroke incidence is possible confounding by exposure to traffic-related air pollution, which itself has been linked to stroke incidence
and can be moderately correlated at street level with road
traffic noise [11]. Indeed, findings from several previous
analyses have suggested that the association between
road traffic noise and stroke is confounded by trafficrelated air pollutants including nitrogen dioxide ( NO2) [5,
12] and nitrogen oxides ( NOx) [4, 5, 11]. While air quality
within the European Union is generally improving due to
effective regulation, the European Environment Agency
projects that traffic noise will continue to rise in Europe
and is not yet regulated [13]. Therefore, more studies are
required to strengthen the body of evidence associating
traffic noise and stroke, recently rated in quality as low
for the WHO Environmental Noise Guidelines for the
European Region [14].
Stroke is a complex disease that has two major subtypes, ischemic (most prevalent: 80–90%) and hemorrhagic, which differ in etiology and risk-factors [12]. On
the one hand, inflammation and oxidative stress, commonly associated with air pollution exposure, are the
basis of most pathways for the progression of ischemic
stroke. The promotion of atherosclerosis is one long-term
pathway to ischemic stroke [15], but impaired glucose
control [16, 17] and high blood pressure [10] are also promoting factors. Shorter term, increased blood coagulability and cardiac arrhythmias can lead to acute ischemic
stroke events [18]. On the other hand, high blood pressure is the main pathophysiological pathway to hemorrhagic stroke [19]. All of these mechanisms overlap or
can influence each other, and may be relevant for the outcomes of long-term noise exposure.
Only one previous study, by Cai and colleagues (2018)
in the UK, analysed road traffic noise effects by these
specific stroke sub-types, and found a stronger (although
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statistically non-significant) association with ischemic
stroke (remaining robust with adjustment for air pollution, namely particulate matter [PM] and NO2) [9]. Air
pollution studies in Denmark have suggested stronger
(statistically significant) effects with ischemic rather than
hemorrhagic stroke [4, 5, 20, 21], which is in line with the
overall evidence on stroke and air pollution [22] as well
as the established association between air pollution and
ischemic cardiovascular diseases [18]. Here we examine
the association between long-term exposures to road
traffic noise for up to 23 years and incidence of stroke,
overall and by sub-types (ischemic and hemorrhagic),
while adjusting for fine and coarse PM (PM2.5 and PM10,
respectively), NO2, and NOx.

Methods
Cohort description

The Danish Nurse Cohort (DNC) is a nationwide cohort
initiated in 1993 by mailing a questionnaire to 23,170
female nurses who were > 44 years of age, of which 19,898
(86%) responded with a completed questionnaire to begin
participation [23]. In 1999, the DNC recruited 8833 more
nurses, after inviting both non-responding individuals from 1993 (N = 489) and new women aged > 45 years
(N = 8344) [23]. The questionnaire included a detailed
inquiry on individual lifestyle factors, body weight, hormone therapy, reproductive history, health perception,
and psycho-social work environment, which have been
described in detail previously [23].
Using the unique personal identification number, participants were linked to the Civil Registration System
which provides a full residential address history and vital
status from 1970 until 2014 (inclusive) [24].
Stroke definition

Participants were linked to the Danish National Patient
Registry (DNPR) to obtain information on hospital contact due to stroke, using either International Classification of Diseases (ICD) iteration 8 (ICD-8: 431, 432, 433,
434, 436) or ICD-10 (I61, I63, and I64) codes. Stroke
incidence was defined as the first hospital contact (either
inpatient, outpatient, or emergency room admission)
with a stroke diagnosis after cohort baseline (in 1993 or
1999). Participants with a history of stroke at baseline
were excluded. If the sub-type of stroke was coded as
“unknown”, we assumed it to be an ischemic stroke due
to its much higher prevalence compared to hemorrhagic
stroke [1].
Exposure assessment
Road traffic noise at residence

Road traffic noise levels at the residential address from
1970 onwards were modelled using the Nord2000
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model, and expressed as the annual mean of a weighted
24 h average (Lden), adding a 5 dB penalty to the evening
(19:00–22:00 h) noise levels and a 10 dB penalty to the
night-time (22:00–07:00 h) noise levels. The main input
variables of this model are geocodes of the location, polygons of all surrounding buildings and the height of apartments above street level, traffic composition and speed,
road lines with information on yearly average daily traffic,
road type and properties (e.g. rural highway, motorway,
road wider than 6 m, and other roads), and meteorology (air temperature, cloud cover, wind speed, and wind
direction). Further details of the Nord2000 model have
been published previously [20, 25].
Air pollution at residence

Residential PM2.5, PM10, NO2, and N
 Ox levels for the
period 1979–2014 (PM since 1990) were modelled using
the DEHM/UBM/AirGIS, a multi-scale and high-resolution (1 km × 1 km) Danish air pollution modeling system [26]. The system is comprised of three air pollution
dispersion models, which include the Danish Eulerian
Hemispheric Model (DEHM), used to assess the longrange transport components [27, 28], the Danish Urban
Background Model (UBM), to estimate the local background on a 1 km × 1 km resolution grid overlaying Denmark [29], and the Operational Street Pollution Model
(OSPM), which estimates the residential address’ front
door concentrations [30, 31]. The details and performance evaluation of the models are available elsewhere
[32, 33].
Statistical analyses

In this analysis, we considered both residential 1-year
and 3-year mean concentration levels for all of the above
mentioned exposures, preceding stroke event. In addition, as the data for Lden and gaseous air pollutants were
available for longer periods, we analyzed 23-year mean
residential concentrations for N
 O2 and NOx (i.e., 23-year
mean residential concentrations for PM2.5 and PM10 were
not available) preceding stroke event.
Cox proportional hazards regression model with age
as underlying time scale was used to estimate the association between road traffic noise and the incidence of
overall, ischemic, and hemorrhagic stroke, separately.
Hazard ratios (HR) and 95% confidence intervals (CI)
were reported per 10 dB (continuous) and per tertile (categorical) of noise exposure level.
We estimated associations between road traffic noise
and stroke in six models with increasing level of adjustment. Our first model was the ‘crude’ model, adjusted
only for age and calendar year of entry into the cohort
(1993 or 1999). Our second model was additionally (‘fully’) adjusted for stroke risk factors at baseline,
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including leisure-time physical activity (low, medium,
high), alcohol consumption (none [0 drinks/week], moderate [1–14 drinks/week], and heavy [≥15 drinks/week]),
fruit consumption (daily, weekly, rarely), smoking (never,
previous, or current smoker), and marital status (married, separated, divorced, never married, and widowed).
Our third model was considered the main model, additionally adjusted for P
 M2.5 as it is the air pollutant most
convincingly related to stroke. Variations of this third
model were made by substituting P
 M2.5 with P
 M10, NO2
or NOx.
We evaluated the shapes of the exposure-response
functions by: (1) visually inspecting plots of the restricted
cubic splines, and; (2) performing a likelihood ratio test
comparing the model with a restricted cubic spline versus a model assuming a linear relationship.
We then set-out a priori to explore potential L
den
thresholds, according to the World Health Organization
[34] and the Danish government [35] maximum exposure
recommendations of 53 and 58 dB, respectively, by truncating the model input by these dB levels.
Finally, as performed previously [20], we explored
effect modification for the association between Lden and
ischemic stroke by factors that may heighten susceptibility (described in Table 1) including: levels of PM2.5
or NO2, level of physical activity, obesity, presence of
hypertension, acute myocardial infarction, or diabetes mellitus, use of hormone replacement therapy, status of occupation and night-shift work, and degree of
urbanicity.
All statistical analyses were performed in R version
3.6.1 [36], using the following packages: knitr [37], tableone [38], rms [39], epi [40], and survival [41]. Exposure
maps for each pollutant at cohort baseline, to illustrate
spatial variations of exposures, were created using ArcGIS® software by ESRI (Fig. 1).

Results
Out of a total 28,713 participants from both 1993 and
1999 cohorts, we excluded 151 who had stroke-related
hospital contact prior to baseline and 2902 who did not
have exposure or covariate information, leaving a total
of 25,660 participants for final analysis. During a mean
follow-up time of 16 years, 1237 (5%) participants developed stroke, resulting in an incidence rate of 248 per
100,000 person-years (Table 1). Mean age (SD) at cohort
baseline was 52.9 (7.9) years (with stroke: 59.5 [9.2]; without stroke: 52.6 [7.7]) (Table 1).
Of the 1237 stroke cases, 1089 (88%) were ischemic
and 148 (12%) were hemorrhagic. Compared to individuals without stroke, individuals with ischemic stroke
were more likely to have hypertension, be current smokers, perform less physical activity, and be unmarried or
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Table 1 Participant characteristics at baseline (1993/1999) in total and by stroke sub-type
Parameter

Level

Total

By stroke sub-type
No stroke

All stroke

Ischemic

Hemorrhagic

N (%)

25,660 (100)

24,423 (95)

1237 (5)

1089 (4)

148 (1)

Age, baseline, mean (SD)

52.9 (7.9)

52.6 (7.7)

59.5 (9.2)

59.8 (9.3)

57.2 (8.5)

BMI, mean (SD)
Leisure time physical activity, n (%)

Fruit intake, n (%)

Alcoholic drink intake, weekly, n (%)

Smoking status, n (%)

Marital status, n (%)

Low

23.7 (3.5)

23.7 (3.5)

23.8 (3.6)

23.8 (3.6)

23.9 (3.8)

1734 (6.8)

1619 (6.7)

115 (9.5)

107 (10.0)

8 (5.4)

Medium

16,889 (66.5)

16,068 (66.5)

821 (67.5)

723 (67.6)

98 (66.7)

High

6765 (26.6)

6485 (26.8)

280 (23.0)

239 (22.4)

41 (27.9)

Rarely

930 (3.7)

879 (3.7)

51 (4.2)

42 (3.9)

9 (6.3)

Weekly

7244 (28.6)

6911 (28.7)

333 (27.6)

289 (27.1)

44 (30.8)

Daily

17,112 (67.7)

16,288 (67.6)

824 (68.2)

734 (68.9)

90 (62.9)

None (0)

3907 (15.7)

3663 (15.4)

244 (20.4)

227 (21.7)

17 (11.6)

Moderate (1–14)

15,303 (61.4)

14,608 (61.6)

695 (58.2)

598 (57.1)

97 (66.0)

Heavy (≥15)

5713 (22.9)

5458 (23.0)

255 (21.4)

222 (21.2)

33 (22.4)

Never

8574 (34.5)

8239 (34.8)

335 (28.6)

294 (28.5)

41 (29.1)

Former

7474 (30.1)

7134 (30.2)

340 (29.0)

298 (28.9)

42 (29.8)

Current

8783 (35.4)

8285 (35.0)

498 (42.5)

440 (42.6)

58 (41.1)

Married

17,815 (70.1)

17,096 (70.6)

719 (58.7)

632 (58.7)

87 (58.8)

Separated

453 (1.8)

429 (1.8)

24 (2.0)

23 (2.1)

1 (0.7)

Divorced

2987 (11.7)

2820 (11.7)

167 (13.6)

142 (13.2)

25 (16.9)

Never married

2539 (10.0)

2378 (9.8)

161 (13.1)

139 (12.9)

22 (14.9)

Widowed

1635 (6.4)

1481 (6.1)

154 (12.6)

141 (13.1)

13 (8.8)

Hypertension, n (%)

Yes

3253 (12.7)

2960 (12.1)

293 (23.8)

261 (24.1)

32 (21.6)

AMI, n (%)

Yes

179 (0.7)

150 (0.6)

29 (2.4)

28 (2.6)

1 (0.7)

Diabetes mel., n (%)

Yes

311 (1.2)

279 (1.2)

32 (2.6)

30 (2.8)

2 (1.4)

Shift work type, n (%)

Day

12,488 (62.3)

12,086 (62.4)

402 (61.0)

343 (60.5)

59 (64.1)

Urbanicity degree, n (%)

Evening

2028 (10.1)

1947 (10.0)

81 (12.3)

75 (13.2)

6 (6.5)

Night

1124 (5.6)

1069 (5.5)

55 (8.3)

49 (8.6)

6 (6.5)

Rotating

4401 (22.0)

4280 (22.1)

121 (18.4)

100 (17.6)

21 (22.8)

Urban

7798 (30.4)

7384 (30.2)

414 (33.5)

364 (33.4)

50 (33.8)

Suburban

5881 (22.9)

5610 (23.0)

271 (21.9)

233 (21.4)

38 (25.7)

Rural

11,976 (46.7)

11,424 (46.8)

552 (44.6)

492 (45.2)

60 (40.5)

Abbreviations: AMI Acute myocardial infarction, BMI Body mass index, Diabetes mel. Diabetes mellitus, n Absolute number, SD Standard deviation

widowed. Also compared to individuals without stroke,
individuals with hemorrhagic stroke had similar prevalence of these risk factors except for performance of (similar) physical activity levels (Table 1).
Individuals with stroke were exposed to higher levels
of Lden and all air pollutants than those without stroke
(Table 2, Fig. 1). Individuals residing in areas with Lden
above 58 dB showed a larger proportion of ischemic
stroke compared to hemorrhagic or no stroke incidence
(Table 2).
At baseline, the correlation of Lden with P
 M2.5 and PM10
was low (0.36, 0.24, respectively), while correlation with
NO2 and N
 OX was moderate (0.61, 0.50, respectively)
(Table 3).

We found positive, but statistically non-significant
associations for Lden exposure and incidence of overall
stroke. The strongest (most suggestive) association in
our crude model of overall stroke was found with oneyear mean of L
 den for which the HR (95% CI) per IQR
increase of 10 dB was 1.06 (0.99, 1.13) (Table 4). The estimates were robust to adjustment for physical activity,
smoking, marital status, and consumption of fruit and
alcohol (fully-adjusted: 1.06 [0.98, 1.14]), but attenuated
substantially after further adjustment for air pollution:
PM2.5 (1.01 [0.93, 1.09]); P
 M10 (1.03 [0.95, 1.11]); N
 O2
(1.00 [0.91, 1.09]), and; NOx (1.01 [0.92, 1.10]) (Table 4).
Results were similar with 3-year and 23-year mean of Lden
(Supplemental Tables S I and S II, respectively).
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Fig. 1 Spatial variability of annual mean exposure levels at residences of Danish Nurse Cohort participants in the year before cohort enrolment
(1993/1999): (left-to-right, top-to-bottom) Lden, PM2.5, PM10, NO2, and NOx

Cole‑Hunter et al. Environ Health

(2021) 20:115

Page 6 of 12

Table 2 Exposure characteristics at baseline (1993/1999) in total and by stroke sub-type
Parametera

Level

Total

By stroke sub-type
No stroke

All stroke

Ischemic

Hemorrhagic

N (%)

25,660 (100)

24,423 (95.2)

1237 (4.8)

1089 (4.2)

148 (0.6)

Lden [dB]

52.72 (8.17)

52.68 (8.19)

53.52 (7.70)

53.58 (7.65)

53.10 (8.05)

< 48

5788 (22.6)

5539 (22.7)

249 (20.1)

217 (19.9)

32 (21.6)

48–58

13,424 (52.3)

12,785 (52.3)

639 (51.7)

559 (51.3)

80 (54.1)

> 58

6448 (25.1)

6099 (25.0)

349 (28.2)

313 (28.7)

36 (24.3)

Ld [dB]

50.48 (8.21)

50.44 (8.23)

51.33 (7.79)

51.39 (7.74)

50.88 (8.18)

Le [dB]

48.12 (8.12)

48.08 (8.14)

48.94 (7.69)

49.00 (7.63)

48.48 (8.11)

Ln [dB]

44.59 (7.93)

44.55 (7.95)

45.32 (7.49)

45.39 (7.43)

44.83 (7.95)

PM2.5 [μg/m3]

19.77 (3.56)

19.70 (3.56)

21.22 (3.31)

21.27 (3.28)

20.88 (3.48)

Lden, categorical [dB,
tertiles], n (%)

PM10 [μg/m3]

23.64 (3.87)

23.56 (3.87)

25.20 (3.54)

25.21 (3.46)

25.10 (4.04)

NO2 [μg/m3]

12.65 (8.09)

12.57 (8.02)

14.09 (9.31)

14.05 (9.28)

14.37 (9.57)

19.20 (24.38)

19.01 (24.00)

23.09 (30.70)

22.84 (30.48)

24.95 (32.30)

NOx [μg/m3]
3

Abbreviations: dB Decibel, μg/m Microgram per cubic meter, n Absolute number, Lden Annual mean day-evening-night (24-h) road traffic noise level, Ld Annual mean
day-time (07:00–19:00 h) road traffic noise level, Le Annual mean evening (19:00–23:00 h) road traffic noise level, Ln Annual mean night-time (23:00–07:00 h) road
traffic noise level, PM2.5 Particulate matter with an aerodynamic diameter of < 2.5 μm, PM10 Particulate matter with an aerodynamic diameter of < 10 μm, NO2 Nitrogen
dioxide, NOX Nitrogen oxides
a

Parameters are presented as mean (standard deviation), unless noted otherwise (i.e., N/n, %)

Table 3 Correlation (Spearman) matrix of exposure levels at baseline (1993/1999)
Lden

Ld

Le

Ln

PM2.5

PM10

NO2

Lden

1

Ld

0.997

1

Le

0.996

0.998

1

Ln

0.991

0.991

0.996

1

PM2.5

0.360

0.365

0.363

0.357

1

PM10

0.239

0.251

0.246

0.233

0.846

1

NO2

0.606

0.619

0.616

0.601

0.649

0.510

1

NOx

0.496

0.514

0.507

0.489

0.572

0.541

0.922

NOx

1

Abbreviations: Lden Annual mean day-evening-night (24-h) road traffic noise level, Ld Annual mean day-time (07:00–19:00 h) road traffic noise level, Le Annual mean
evening (19:00–23:00 h) road traffic noise level, Ln Annual mean night-time (23:00–07:00 h) road traffic noise level, PM2.5 Particulate matter with an aerodynamic
diameter of < 2.5 μg/m3, PM10 Particulate matter with an aerodynamic diameter of < 10 μg/m3, NO2 Nitrogen dioxide, NOX Nitrogen oxides

We observed a mild non-monotonic exposureresponse relationship for total and ischemic stroke, and
an indication of a threshold above which the effect was
not observed or mildly reversed for L
 den (approximately
55 dB) for both 1-year and 3-year means: however, the
reverse was observed as strong for hemorrhagic stroke
(Fig. 2 and S I, respectively). The likelihood ratio test of
non-linearity showed no statistically significant violation
of linearity for any exposure variable or window except
for the NOx 3-year mean (p = 0.02); an anomaly, considering the 1-year (p = 0.21) and 23-year (p = 0.22) means
(Fig. S II, Table S III). Truncation of Lden values above
the health-indicated thresholds of 53 and 58 dB resulted
in higher HRs for the crude and fully-adjusted models, however not when additionally adjusting for any air

pollutant (Tables S IV and S V). There was no apparent
effect modification of association between road traffic
noise and stroke by any air pollutant, personal characteristic or coinciding environmental characteristic (Table S
VI).

Discussion
In this cohort study of Danish female nurses, we find
weak support for associations between long-term
exposure to road traffic noise and incidence of overall,
ischemic or hemorrhagic stroke. To our knowledge,
this is one of only a few studies that have evaluated this
association separately for both sub-types of ischemic
and hemorrhagic stroke, and adjusted for air pollution [42, 43]. While we observed suggestions of a
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Table 4 Associations between 1-year mean road traffic noise level (continuous and categorical) and all incident stroke
Stroke subtype

Noise variable

All

Lden,
continuousa

Ischemic

Hemorrhagic

N

Model type
Crude

Fully-adj.

Fully-adj. +
PM2.5

1237 1.06 (0.99–1.13) 1.06 (0.98–1.14) 1.01 (0.93–1.09)

Fully-adj. + NOx

1.03 (0.95–1.11)

1.00 (0.91–1.09)

1.01 (0.92–1.10)

[ref ]

[ref ]

[ref ]

1.11 (0.94–1.30)

1.08 (0.91–1.27)

1.10 (0.93–1.29)

[ref ]

Lden, cat:
48–58 dB

639

1.10 (0.95–1.27) 1.12 (0.96–1.31) 1.08 (0.92–1.28)

Lden, cat: > 58 dB 349

1.13 (0.96–1.32) 1.13 (0.95–1.34) 1.02 (0.85–1.23)

1.07 (0.89–1.28)

0.99 (0.80–1.22)

1.02 (0.84–1.24)

1089 1.06 (0.99–1.14) 1.06 (0.98–1.14) 1.00 (0.92–1.09)

1.03 (0.94–1.12)

0.98 (0.89–1.09)

1.00 (0.92–1.10)

[ref ]

[ref ]

[ref ]

1.04 (0.88–1.24)

1.01 (0.85–1.21)

1.03 (0.87–1.23)

Lden, cat: < 48 dB 217

[ref ]

Lden, cat:
48–58 dB

1.04 (0.89–1.22) 1.05 (0.89–1.24) 1.02 (0.86–1.21)

559

[ref ]

[ref ]

Fully-adj. +
NO2

Lden, cat: < 48 dB 249

Lden,
continuousa

[ref ]

Fully-adj. +
PM10

[ref ]

Lden, cat: > 58 dB 313

1.10 (0.93–1.31) 1.10 (0.92–1.32) 0.99 (0.81–1.21)

1.05 (0.86–1.27)

0.95 (0.76–1.19)

1.00 (0.81–1.23)

Lden,
continuousa

1.04 (0.86–1.26) 1.06 (0.87–1.30) 1.05 (0.84–1.31)

1.04 (0.84–1.29)

1.10 (0.84–1.43)

1.03 (0.81–1.30)

Lden, cat: < 48 dB 32

[ref ]

[ref ]

[ref ]

[ref ]

Lden, cat:
48–58 dB

80

1.64 (1.04–2.57) 1.82 (1.10–3.02) 1.69 (1.02–2.82)

1.71 (1.03–2.84)

1.72 (1.03–2.87)

1.69 (1.01–2.80)

Lden, cat: > 58 dB 36

1.33 (0.81–2.18) 1.41 (0.81–2.45) 1.31 (0.74–2.34)

1.30 (0.74–2.30)

1.37 (0.73–2.58)

1.22 (0.67–2.23)

148

[ref ]

[ref ]

Model estimates are hazard ratios and 95% confidence intervals [HR (95% CI)]. Crude model: adjusted for age (calendar year / underlying time) and year of cohort
entry (inclusion year: 1993/1999); Fully-adjusted model: Crude model + physical activity, marital status, alcohol, smoking, and fruit consumption
Abbreviations: cat Categorical (tertiles), dB Decibel, Fully-adj. Fully-adjusted, Lden Annual mean 24-h road traffic noise levels, ref Categorical reference
a

10 dB increments of Lden

positive association between continuous Lden and total
or ischemic stroke, these were generally attenuated
after adjustment for either of the air pollutants. Except
for N O2/NOx, these air pollutants (PM2.5, PM10) were
weakly positively correlated with 
Lden. As such, the
suggestion of an adverse effect of long-term road traffic noise on stroke outcome seems to be at least partly
attributable to coinciding air pollution exposure. Testing for effect modification of the association between
noise and incidence of ischemic stroke showed insignificant interaction between noise and air pollution.
Our finding that ischemic (rather than hemorrhagic)
stroke was more suggestively associated with road traffic noise, based upon direction of hazard ratios and 95%
confidence intervals from continuous exposure models,
supports findings from the one previous noise analysis also using both specific stroke subtypes [9]; however,
that previous analysis’ observation of an association was
robust to adjustment for PM and N
 O2, while ours was
not. Similarly, two studies found a significant positive
association between road traffic noise and specifically
ischemic stroke incidence [5, 44]. Héritier and colleagues
also found significant positive associations between
both road and air traffic noise levels with ischemic but
not hemorrhagic stroke [43]. On the contrary, Seidler
and colleagues investigated short-term exposure (daily

average and maximum noise levels) of different transport sources to find a greater risk for hemorrhagic rather
than ischemic stroke with railway and aircraft but not
road traffic noise, postulating a link to hypertension from
night-time noise events [42]. Other studies, however, do
not specify risk according to stroke subtypes, which may
explain the mixed findings for association with road traffic noise largely seen in the literature [3, 6–8]. Our finding that hemorrhagic stroke is significantly associated
with moderate but not high levels of noise, based upon
categorical exposure models, may be explained by the
larger sample size for the former (N = 80) compared to
the latter (N = 36) category for this diagnosis.
Our finding that the association between road traffic
noise and overall stroke incidence is nullified when considering air pollution agrees with findings reported previously [6, 7, 43], most notably in a meta-analysis giving a
pooled null effect [45]. Some studies, however, have still
found a significant positive association between road
traffic noise and overall stroke incidence after considering air pollution [4, 5, 46]. See supplemental Table S VII
for a full overview of studies on associations between
long-term exposure to road traffic noise and stroke.
Disagreement between studies of road traffic noise
exposure and stroke incidence may be explained by a
high correlation between exposures to emissions from
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Fig. 2 Association (restricted cubic spline) between 1-year mean L den exposures and incident Stroke (all, ischemic, or hemorrhagic) among the
Danish Nurse Cohort

common sources such as motorized traffic [11], previously seen as confounding associations to cardio- and
cerebrovascular outcomes [5, 47]. In the current study,
we observe moderate correlation between road traffic noise and the gaseous traffic-related air pollutants
of N O2/NOx, but not particulate matter (PM2.5/PM10).
When further adjusting noise models for air pollution,
a stronger attenuation of the suggestion for association with stroke was observed for N O2/NOx compared
to PM2.5/PM10. Previous studies have shown that road

traffic noise may confound the association between
stroke incidence and any of these air pollutants: N O2
[5, 12], N Ox [4, 5, 11] and P
 M2.5 [9]. In general, the
literature is much more exhaustive for the analysis of
association between air pollution and stroke incidence,
which challenges the interpretation of our findings.
Danish studies have found no association between
overall stroke incidence and N
 Ox with or without adjustment for road traffic noise [4], or an association between
ischemic stroke and road traffic noise independently of
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NO2; however, fatal stroke was associated with NO2 but
not road traffic noise [5]. A more recent analysis, of the
same cohort as our current study, observed that road
traffic noise did not confound the positive association
between overall stroke and PM2.5 [20]. Similarly, a German study found an association between stroke and P
 M2.5,
which was not confounded by road traffic noise [48]. This
independent effect of long-term PM2.5 exposure on the
incidence of stroke has been highlighted in a recent metaanalysis (of 13 cohorts) [22] and other large cohort studies
[49, 50]. Our suggestion of an association between all or
ischemic stroke and road traffic noise was observed to be
attenuated (confounded) similarly by either pollutant.
Regarding exposure window periods, we observe the
suggestion for a larger effect of road traffic noise on
stroke incidence when using the shortest (1-year) compared to longer (3-, 23-year) windows. However, when
adjusting for air pollution (confounding), this temporal
effect disappears. Moreover, we observe less confounding of air pollution on the association between stroke and
noise in the 23-year window. Few studies have evaluated
the sensitivity of road traffic noise and stroke association
to the temporal scale of exposure assessment, and none
have evaluated exposure windows as long as 23 years. The
closest to achieving this evaluation are two studies also
performed in Denmark, which both looked at 1-, 5- and
10-year exposure windows [5, 46]. Their results on this
were opposing: Sørensen and colleagues found similar
temporal effects to our present study (largest effect for
1-year) while Thacher and colleagues found the largest
effect for 10-year windows.
Shorter term, experimental (laboratory) studies among
humans have shown how increased blood pressure, heart
rate variability and stress hormone release may initiate the pathway from noise exposure to ischemic heart
disease and stroke [51]. The mechanism by which PM2.5
may attenuate the effect of road traffic noise on stroke, as
we observed in the current study, has been alluded to in
previous studies of cerebrovascular diseases. The MultiEthnic Study of Atherosclerosis and Air Pollution (MESA
Air) has found long-term exposure to ambient P
M2.5
to promotes atherosclerosis by significantly decreasing
endothelial function [52] and increasing intima-medial
thickness [53]. Other study findings suggest that exposure
to ambient particles increases formation of peripheral
thrombosis and atherosclerotic lesions through multiple
pathways [54]. The mechanism by which NO2 or other
ambient gases may modify the effect of road traffic noise
on stroke is less known. Toxicological evidence suggests
that NO2 reacts with airway surface fluid constituents to
produce highly reactive protein and lipid oxidation products, subsequently causing inflammation through secondary reactions from damaged epithelial cells [55].
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The strength of our study is that it is based on a nationwide cohort of nurses, with large contrasts in exposure
to noise, information on stroke subtypes, as well as with
detailed information on individual covariates. Since we
only included middle-age female nurses, we have reduced
confounding by socioeconomic status (expected to differ
across age as a proxy for career stage). Taking advantage
of the extensive Danish registers, we could define stroke
incidence by sub-types and across an individual’s entire
residential address history since 1970.
The limitations of our findings include a reduced generalizability (external validity) to younger individuals
(< 44 years of age) and males, as well as populations in
cities of higher air pollution or traffic-related exposure
levels, which are not represented in our study. Previous
studies on noise have generally shown differential effects
in relation to age, sex and socioeconomic status, which
challenges the external validity of our findings. Further,
in general, there are known limitations of sound pressure
level (Lden) as a metric for noise exposure, such as how
sound events are received to trigger a stress response
or not (i.e., annoyance), and potentially depending on
time of day (e.g., Ln exposure may be a more impactful
risk factor for cardiovascular health due to sleep disturbance). Alternative metrics including intermittency ratio
(measuring events) and other psychoacoustic measures,
if available, add value to L
 den in terms of peaks in noise
above background levels and individual noise sensitivities
[43, 56]. Finally, we lacked data on living (indoor) conditions at the residence, including bedroom orientation and
window insulation. All of these factors, which we could
not account for, could have contributed to exposure misclassification and the weak effects we observed.

Conclusions
In conclusion, in a nationwide cohort of Danish nurses
aged 44 years and older, we found a suggestive positive
association between road traffic noise and total or specifically ischemic (but not hemorrhagic) stroke, which was
attenuated when adjusting for air pollution. This attenuation could be explained by potential exposure misclassification, leading to inconclusive results, however is not
necessarily proof of absence of effect of noise on stroke.
Abbreviations
dB: Decibel; DNC: Danish Nurse Cohort; DNPR: Danish National Patient Regis‑
try; HR: Hazard ratio; ICD: International Classification of Diseases; Lden: Annual
mean day-evening-night (24-h) road traffic noise level; Ld: Annual mean
day-time (07:00–19:00 h) road traffic noise level; Le: Annual mean evening
(19:00–23:00 h) road traffic noise level; Ln: Annual mean night-time (23:00–
07:00 h) road traffic noise level; PM2.5: Particulate matter with an aerodynamic
diameter of < 2.5 μm; PM10: Particulate matter with an aerodynamic diameter
of < 10 μm; NO2: Nitrogen dioxide; NOX: Nitrogen oxides; SD: Standard devia‑
tion; μg/m3: Microgram per cubic meter.

Cole‑Hunter et al. Environ Health

(2021) 20:115

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12940-021-00802-2.
Additional file 1: Figure S I. Association (restricted cubic spline) between
3-year mean Lden exposures and incident Stroke (all, ischemic, or hemor‑
rhagic) among the Danish Nurse Cohort. Figure S II. Restricted cubic
spline plots to check linearity in adjusted models. Table S I. Associations
between 3-year mean road traffic noise level (continuous and categori‑
cal) and incident Stroke (all, ischemic, hemorrhagic) among the Danish
Nurse Cohort. Table S II. Associations between 23-year mean road traffic
noise level (continuous and categorical) and incident Stroke (all, ischemic,
hemorrhagic) among the Danish Nurse Cohort. Table S III. Likelihood
ratio tests of significance for non-linear exposures. Table S IV. Associations
between 1-, 3-, and 23-year mean road traffic noise level (53 dB cut-off )
and incident Stroke (all, ischemic, hemorrhagic) among the Danish Nurse
Cohort. Table S V. Associations between 1-, 3-, and 23-year mean road
traffic noise level (58 dB cut-off ) and incident Stroke (all, ischemic, hemor‑
rhagic) among the Danish Nurse Cohort. Table S VI. Effect modification
of the association between Lden (continuous, 1-year mean, per 10 dB
increase) and incidence of ischemic stroke in the Danish Nurse Cohort.
Table S VII. Overview of studies on associations between long-term
exposure to road traffic noise and stroke.
Acknowledgements
We thank the Danish Nurse Cohort (DNC) participants and the DNC steering
group for providing us access to the data.
Authors’ contributions
All authors made substantial contributions to conception and design, analysis,
and interpretation of data, and critical review of the manuscript. ZJA contrib‑
uted with an idea and epidemiological design for the study, and secured fund‑
ing. TCH drafted the initial manuscript. CD and TCH performed the statistical
analyses and contributed to revising of the manuscript. All other authors have
been involved in revising of the manuscript critically for important intellectual
content. All authors read and approved the final manuscript.
Funding
This work was funded by a grant from Danish Council for Independent
Research (DFF-4183-00353) and Novo Nordisk Fonden Challenge Programme
(NNF17OC0027812). The funding sources(s) had no involvement in study
design; in the collection, analysis and interpretation of data; in the writing of
the report; and in the decision to submit the article for publication.
Availability of data and materials
The dataset supporting the conclusions of this article will be archived in the
Danish Data Archive (https://www.sa.dk/en/about-us/danish-national-archives),
from which data can be accessed following the rules of the Danish legislation.

Declarations
Ethics approval and consent to participate
The authors declare that this study has been carried out in accordance with
The Code of Ethics of the World Medical Association (Declaration of Helsinki)
for experiments involving humans. The locally appointed ethics committee
has approved the research protocol and informed consent has been obtained
from the subjects (or their legally authorized representative).
Consent for publication
Not applicable.
Competing interests
The author(s) declare that they have no potential competing interest with
respect to the research, authorship, and/or publication of this article.
Author details
1
Environmental Epidemiology Group, Section of Environmental Health,
Department of Public Health, Faculty of Health and Medical Sciences,

Page 10 of 12

University of Copenhagen, Copenhagen, Denmark. 2 Centre for Air Pollution,
Energy, and Health Research, University of New South Wales, Sydney, NSW,
Australia. 3 Statistics and Data Analysis, Danish Cancer Society Research Center,
Copenhagen, Denmark. 4 Denmark Statistics, Copenhagen, Denmark. 5 Section
of Epidemiology, Department of Public Health, Faculty of Health and Medi‑
cal Sciences, University of Copenhagen, Copenhagen, Denmark. 6 Center
for Healthy Aging, University of Copenhagen, Copenhagen, Denmark. 7 Insti‑
tute for Occupational, Social and Environmental Medicine, Centre for Health
and Society, Medical Faculty, Heinrich-Heine-University of Düsseldorf, Düs‑
seldorf, Germany. 8 Department of Growth and Reproduction, Rigshospitalet,
University of Copenhagen, Copenhagen, Denmark. 9 Department of Envi‑
ronmental Science, Aarhus University, Roskilde, Denmark. 10 Global Centre
for Clean Air Research (GCARE), University of Surrey, Guildford, UK. 11 Depart‑
ment of Bioscience, Aarhus University, Roskilde, Denmark. 12 DELTA Acoustics,
Hørsholm, Denmark. 13 Diakonissestiftelsen, Frederiksberg, Denmark. 14 The
Parker Institute, Copenhagen University Hospital, Bispebjerg and Frederiks‑
berg, Denmark.
Received: 12 February 2021 Accepted: 26 October 2021

References
1. Roth GA, Abate D, Abate KH, Abay SM, Abbafati C, Abbasi N, et al. Global,
regional, and national age-sex-specific mortality for 282 causes of death
in 195 countries and territories, 1980–2017: a systematic analysis for the
global burden of disease study 2017. Lancet. 2018;392(10159):1736–88
Available from: https://linkinghub.elsevier.com/retrieve/pii/S014067361
8322037.
2. Institute for Health Metrics and Evaluation (IHME). GBD compare data
visualization. 2020. Available from: http://ihmeuw.org. Cited 2020 Aug 6.
3. Halonen JI, Hansell AL, Gulliver J, Morley D, Blangiardo M, Fecht D,
et al. Road traffic noise is associated with increased cardiovascular
morbidity and mortality and all-cause mortality in London. Eur Heart J.
2015;36(39):2653–61.
4. Sørensen M, Hvidberg M, Andersen ZJ, Nordsborg RB, Lillelund KG, Jakob‑
sen J, et al. Road traffic noise and stroke: a prospective cohort study. Eur
Heart J. 2011;32(6):737–44.
5. Sørensen M, Lühdorf P, Ketzel M, Andersen ZJ, Tjønneland A, Overvad K,
et al. Combined effects of road traffic noise and ambient air pollution in
relation to risk for stroke? Environ Res. 2014;133:49–55. https://doi.org/10.
1016/j.envres.2014.05.011.
6. Andersson EM, Ögren M, Molnár P, Segersson D, Rosengren A, Stockfelt
L. Road traffic noise, air pollution and cardiovascular events in a Swedish
cohort. Environ Res. 2020;185(March):109446. https://doi.org/10.1016/j.
envres.2020.109446.
7. Klompmaker JO, Janssen NAH, Bloemsma LD, Gehring U, Wijga AH, Van
den Brink C, et al. Associations of combined exposures to surrounding
green, air pollution, and road traffic noise with cardiometabolic diseases.
Environ Health Perspect. 2019;127(8):1–15.
8. Pyko A, Andersson N, Eriksson C, De Faire U, Lind T, Mitkovskaya N, et al.
Long-term transportation noise exposure and incidence of ischae‑
mic heart disease and stroke: a cohort study. Occup Environ Med.
2019;76(4):201–7.
9. Cai Y, Hodgson S, Blangiardo M, Gulliver J, Morley D, Fecht D, et al.
Road traffic noise, air pollution and incident cardiovascular disease: a
joint analysis of the HUNT, EPIC-Oxford and UK Biobank cohorts. Envi‑
ron Int. 2018;114(February):191–201. https://doi.org/10.1016/j.envint.
2018.02.048.
10. Newby DE, Mannucci PM, Tell GS, Baccarelli AA, Brook RD, Donaldson K,
et al. Expert position paper on air pollution and cardiovascular disease.
Eur Heart J. 2015;36(2):83–93 Available from: https://academic.oup.com/
eurheartj/article-lookup/doi/10.1093/eurheartj/ehu458.
11. Davies HW, Vlaanderen JJ, Henderson SB, Brauer M. Correlation between
co-exposures to noise and air pollution from traffic sources. Occup Envi‑
ron Med. 2009;66(5):347–50 Available from: http://oem.bmj.com/cgi/doi/
10.1136/oem.2008.041764.
12. Feigin VL, Krishnamurthi RV, Parmar P, Norrving B, Mensah GA, Ben‑
nett DA, et al. Update on the global burden of ischemic and hemor‑
rhagic stroke in 1990–2013: the GBD 2013 study. Neuroepidemiology.

Cole‑Hunter et al. Environ Health

13.
14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

(2021) 20:115

2015;45(3):161–76 Available from: https://www.karger.com/Article/FullT
ext/441085.
EEA. Environmental noise in Europe. 2020. Available from: https://www.
eea.europa.eu/publications/environmental-noise-in-europe.
van Kempen E, Casas M, Pershagen G, Foraster M. WHO environmental
noise guidelines for the European region: a systematic review on environ‑
mental noise and cardiovascular and metabolic effects: a summary. Int
J Environ Res Public Health. 2018;15(2):379 Available from: http://www.
mdpi.com/1660-4601/15/2/379.
Hennig F, Geisel MH, Kälsch H, Lucht S, Mahabadi AA, Moebus S, et al. Air
pollution and progression of atherosclerosis in different vessel beds—
results from a prospective cohort study in the Ruhr Area, Germany.
Environ Health Perspect. 2020;128(10):107003 Available from: https://ehp.
niehs.nih.gov/doi/10.1289/EHP7077.
Rao X, Patel P, Puett R, Rajagopalan S. Air pollution as a risk factor for type
2 diabetes. Toxicol Sci. 2015;143(2):231–41 Available from: https://acade
mic.oup.com/toxsci/article/1677792/Air.
Ohlwein S, Hennig F, Lucht S, Matthiessen C, Pundt N, Moebus S, et al.
Indoor and outdoor road traffic noise and incident diabetes mellitus.
Environ Epidemiol. 2019;3(1):e037 Available from: http://journals.lww.
com/01984727-201902000-00005.
Franklin BA, Brook R, Arden Pope IIIC. Air pollution and cardiovascular
disease. Curr Probl Cardiol. 2015;40(5):207–38 Available from: https://
www.sciencedirect.com/science/article/pii/S0146280615000043?casa_
token=q3oxmcZ-PGYAAAAA:uX49aUc_TLV_FB-5c4tyqrh_1CiNDtc8Bu
kucbWMGAM27SCkbrlMryF8mv5wIhzluc7oBSl58_U.
Ariesen MJ, Claus SP, Rinkel GJE, Algra A. Risk factors for intracerebral
hemorrhage in the general population: a systematic review. Stroke.
2003;34(8):2060–5 Available from: https://www.ahajournals.org/doi/full/
10.1161/01.STR.0000080678.09344.8D.
Amini H, Dehlendorff C, Lim Y-H, Mehta A, Jørgensen JT, Mortensen LH,
et al. Long-term exposure to air pollution and stroke incidence: a Danish
Nurse cohort study. Environ Int. 2020;142:105891 Available from: https://
linkinghub.elsevier.com/retrieve/pii/S0160412020318468.
Andersen ZJ, Kristiansen LC, Andersen KK, Olsen TS, Hvidberg M, Jensen
SS, et al. Stroke and long-term exposure to outdoor air pollution from
nitrogen dioxide. Stroke. 2012;43(2):320–5 Available from: https://www.
ahajournals.org/doi/10.1161/STROKEAHA.111.629246.
Yuan S, Wang J, Jiang Q, He Z, Huang Y, Li Z, et al. Long-term exposure to
PM2.5 and stroke: a systematic review and meta-analysis of cohort stud‑
ies. Environ Res. 2019;177:108587 Available from: https://linkinghub.elsev
ier.com/retrieve/pii/S0013935119303846.
Hundrup YA, Simonsen MK, Jørgensen T, Obel EB, Jorgensen T,
Obel EB. Cohort profile: the Danish nurse cohort. Int J Epidemiol.
2012;41(5):1241–7 Available from: https://academic.oup.com/ije/article-
lookup/doi/10.1093/ije/dyr042.
Pedersen CB. The Danish civil registration system. Scand J Public Health.
2011;39(7):22–5.
Kragh J, Plovsing B, Storeheier S, Taraldsen G, Jonasson H. Nordic environ‑
mental noise prediction methods, Nord2000. summary report. General
Nordic sound propagation model and applications in source-related
prediction methods; 2001.
McConnell LL, Dachs J, Hapeman CJ, editors. Occurrence, fate and
impact of atmospheric pollutants on environmental and human health.
Washington, DC: American Chemical Society; 2013. (ACS Symposium
Series; vol. 1149). Available from: https://pubs.acs.org/doi/book/10.1021/
bk-2013-1149.
Christensen JH. The Danish eulerian hemispheric model — a threedimensional air pollution model used for the arctic. Atmos Environ.
1997;31(24):4169–91 Available from: https://linkinghub.elsevier.com/retri
eve/pii/S1352231097002641.
Brandt J, Silver JD, Frohn LM, Geels C, Gross A, Hansen AB, et al. An
integrated model study for Europe and North America using the Danish
Eulerian Hemispheric Model with focus on intercontinental transport of
air pollution. Atmos Environ. 2012;53:156–76 Available from: https://linki
nghub.elsevier.com/retrieve/pii/S1352231012000143.
Brandt J, Christensen JH, Frohn LM, Berkowicz R. Air pollution forecasting
from regional to urban street scale––implementation and validation for
two cities in Denmark. Phys Chem Earth, Parts A/B/C. 2003;28(8):335–44
Available from: https://linkinghub.elsevier.com/retrieve/pii/S147470650
3000548.

Page 11 of 12

30. Berkowicz R. OSPM - a parameterised street pollution model. Environ
Monit Assess. 2000;65:323–31 Available from: https://link.springer.com/
article/10.1023/A:1006448321977.
31. Ketzel M, Jensen S, Brandt J, Ellermann T, Olesen H, Berkowicz R, et al.
Evaluation of the street pollution model OSPM for measurements at 12
streets stations using a newly developed and freely available evaluation
tool. J Civ Environ Eng. 2013;01(S1) Available from: https://www.omics
online.org/open-access/evaluation-of-the-street-pollution-model-ospm-
for-measurements-at-12-streets-stations-using-a-newly-developed-and-
freely-available-evaluation-tool-2165-784X.S1-004.php?aid=11235.
32. Khan J, Kakosimos K, Raaschou-Nielsen O, Brandt J, Jensen SS, Ellermann
T, et al. Development and performance evaluation of new AirGIS – A
GIS based air pollution and human exposure modelling system. Atmos
Environ. 2019;198:102–21 Available from: https://linkinghub.elsevier.com/
retrieve/pii/S135223101830726X.
33. Brandt J. Operational air pollution forecasts from European to local scale.
Atmos Environ. 2001;35:91–8 Available from: https://linkinghub.elsevier.
com/retrieve/pii/S1352231000004155.
34. WHO Regional Office for Europe. Environmental noise guidelines for
the European region. Copenhagen: World Health Organization; 2018.
Available from: https://www.euro.who.int/__data/assets/pdf_file/0008/
383921/noise-guidelines-eng.pdf?ua=1.
35. Miljøstyrelsen. Støj fra veje. 2007. Available from: https://www2.mst.dk/
Udgiv/publikationer/2007/978-87-7052-542-8/pdf/978-87-7052-542-8.
pdf.
36. R Core Team. R: a language and environment for statistical computing.
Vienna: R Foundation for Statistical Computing; 2016. Available from:
https://www.r-project.org/.
37. Xie Y. knitr: a general-purpose package for dynamic report generation in
R; 2019.
38. Yoshida K. Tableone: create “Table 1” to describe baseline characteristics.
2019. Available from: https://cran.r-project.org/package=tableone.
39. Harrell FE Jr. rms: regression modeling strategies; 2019.
40. Carstensen B, Plummer M, Laara E, Hills M. Epi: a package for statistical
analysis in epidemiology. 2019. Available from: https://cran.r-project.org/
package=Epi.
41. Therneau T. A package for survival analysis in S; 2015.
42. Seidler AL, Hegewald J, Schubert M, Weihofen VM, Wagner M, Dröge
P, et al. The effect of aircraft, road, and railway traffic noise on stroke results of a case-control study based on secondary data. Noise Health.
2018;20(95):152–61.
43. Héritier H, Vienneau D, Foraster M, Eze IC, Schaffner E, Thiesse L, et al.
Transportation noise exposure and cardiovascular mortality: a nationwide
cohort study from Switzerland. Eur J Epidemiol. 2017;32(4):307–15.
44. Vivanco-Hidalgo RM, Avellaneda-Gómez C, Dadvand P, Cirach M, Ois
Á, Gómez González A, et al. Association of residential air pollution,
noise, and greenspace with initial ischemic stroke severity. Environ Res.
2019;179(August):108725. https://doi.org/10.1016/j.envres.2019.108725.
45. Dzhambov AM, Dimitrova DD. Exposure-response relationship between
traffic noise and the risk of stroke: a systematic review with meta-analysis.
Arh Hig Rada Toksikol. 2016;67(2):136–51.
46. Thacher JD, Hvidtfeldt UA, Poulsen AH, Raaschou-Nielsen O, Ketzel M,
Brandt J, et al. Long-term residential road traffic noise and mortality in a
Danish cohort. Environ Res. 2020;187(January):109633. https://doi.org/10.
1016/j.envres.2020.109633.
47. Héritier H, Vienneau D, Foraster M, Eze IC, Schaffner E, de Hoogh K, et al. A
systematic analysis of mutual effects of transportation noise and air pol‑
lution exposure on myocardial infarction mortality: a nationwide cohort
study in Switzerland. Eur Heart J. 2019;40(7):598–603 Available from:
https://academic.oup.com/eurheartj/article/40/7/598/5144026.
48. Hoffmann B, Weinmayr G, Hennig F, Fuks K, Moebus S, Weimar C, et al.
Air quality, stroke, and coronary events: Dtsch Aerzteblatt Online; 2015.
Available from: https://www.aerzteblatt.de/10.3238/arztebl.2015.0195.
49. Danesh Yazdi M, Wang Y, Di Q, Zanobetti A, Schwartz J. Long-term
exposure to PM2.5 and ozone and hospital admissions of Medicare
participants in the Southeast USA. Environ Int. 2019;130:104879 Available
from: https://linkinghub.elsevier.com/retrieve/pii/S0160412019300364.
50. Huang K, Liang F, Yang X, Liu F, Li J, Xiao Q, et al. Long term exposure to
ambient fine particulate matter and incidence of stroke: prospective
cohort study from the China-PAR project. BMJ. 2019;l6720 Available from:
http://www.bmj.com/lookup/doi/10.1136/bmj.l6720.

Cole‑Hunter et al. Environ Health

(2021) 20:115

51. Basner M, Babisch W, Davis A, Brink M, Clark C, Janssen S, et al.
Auditory and non-auditory effects of noise on health. Lancet.
2014;383(9925):1325–32.
52. Krishnan RM, Adar SD, Szpiro AA, Jorgensen NW, Van Hee VC, Barr RG,
et al. Vascular responses to long- and short-term exposure to fine
particulate matter. J Am Coll Cardiol. 2012;60(21):2158–66 Available from:
https://linkinghub.elsevier.com/retrieve/pii/S0735109712043197.
53. Adar SD, Sheppard L, Vedal S, Polak JF, Sampson PD, Diez Roux AV, et al.
Fine particulate air pollution and the progression of carotid intimamedial thickness: a prospective cohort study from the multi-ethnic
study of atherosclerosis and air pollution. Hales S, editor. PLoS Med.
2013;10(4):e1001430 Available from: https://dx.plos.org/10.1371/journal.
pmed.1001430.
54. Bhatnagar A. Environmental cardiology - studying mechanistic links
between pollution and heart disease. Circ Res. 2006;99(7):692–705

Page 12 of 12

Available from: https://www.ahajournals.org/doi/10.1161/01.RES.00002
43586.99701.cf.
55. Gamon LF, Wille U. Oxidative damage of biomolecules by the environ‑
mental pollutants NO 2 • and NO 3 •. Acc Chem Res. 2016;49(10):2136–45
Available from: https://pubs.acs.org/doi/10.1021/acs.accounts.6b00219.
56. Foraster M, Eze IC, Schaffner E, Vienneau D, Héritier H, Endes S, et al.
Exposure to road, railway, and aircraft noise and arterial stiffness in the
SAPALDIA study: annual average noise levels and temporal noise charac‑
teristics; 2017. p. 1–8.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

