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BACKGROUND: Transportation noise is increasingly acknowledged as a cardiovascular risk factor, but the evidence base for an association with stroke
is sparse.

OBJECTIVE:We aimed to investigate the association between transportation noise and stroke incidence in a large Scandinavian population.
METHODS:We harmonized and pooled data from nine Scandinavian cohorts (seven Swedish, two Danish), totaling 135,951 participants. We identified
residential address history and estimated road, railway, and aircraft noise for all addresses. Information on stroke incidence was acquired through link-
age to national patient and mortality registries. We analyzed data using Cox proportional hazards models, including socioeconomic and lifestyle con-
founders, and air pollution.
RESULTS: During follow-up (median= 19:5 y), 11,056 stroke cases were identified. Road traffic noise (Lden) was associated with risk of stroke, with a
hazard ratio (HR) of 1.06 [95% confidence interval (CI): 1.03, 1.08] per 10-dB higher 5-y mean time-weighted exposure in analyses adjusted for indi-
vidual- and area-level socioeconomic covariates. The association was approximately linear and persisted after adjustment for air pollution [particulate
matter (PM) with an aerodynamic diameter of ≤2:5 lm (PM2:5) and NO2]. Stroke was associated with moderate levels of 5-y aircraft noise exposure
(40–50 vs. ≤40 dB) (HR=1:12; 95% CI: 0.99, 1.27), but not with higher exposure (≥50 dB, HR=0:94; 95% CI: 0.79, 1.11). Railway noise was not
associated with stroke.

DISCUSSION: In this pooled study, road traffic noise was associated with a higher risk of stroke. This finding supports road traffic noise as an important
cardiovascular risk factor that should be included when estimating the burden of disease due to traffic noise. https://doi.org/10.1289/EHP8949
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Introduction
Stroke is a leading cause of morbidity and mortality worldwide,
and identification of new, modifiable risk factors is a crucial step
in prevention (Zhang et al. 2019). Transportation noise is increas-
ingly acknowledged as a risk factor for cardiovascular disease
(Münzel et al. 2018). Noise is thought to act through an indirect
pathway, with cognitive perception of noise followed by cortical
activation, with sympathetic activation and release of corticoids,
as well as via disturbance of sleep (Babisch 2002). This may
result in oxidative stress, endothelial dysfunction, and low-grade
inflammation, all of which are involved in the etiology of cardio-
vascular disease (Münzel et al. 2018). In addition, transportation
noise has been associated with known cardiovascular risk factors
such as obesity (Christensen et al. 2015; Pyko et al. 2017) and di-
abetes (Zare Sakhvidi et al. 2018).

When examining the epidemiological evidence for the role of
transportation noise in developing cardiovascular disease, a 2018
World Health Organization (WHO) review concluded that there
was an association between road traffic noise and ischemic heart dis-
ease {relative risk ðRRÞ=1:08 [95% confidence interval (CI): 1.01,
1.15] Lden}, whereas for all other cardiovascular diseases, the evi-
dence was insufficient to draw a conclusion (van Kempen et al.
2018). For stroke, theWHO identified only five prospective studies:
One found road traffic noise to be associated with higher risk of
stroke incidence, whereas the four other studies, all on cerebrovas-
cular mortality, observed no association (van Kempen et al. 2018).
Since the WHO review, a few additional studies on incidence, or
mortality, or both, have been published (Andersson et al. 2020; Cai
et al. 2018; Halonen et al. 2015; Héritier et al. 2017; Pyko et al.
2019; Seidler et al. 2018). Studies on stroke incidence have reported
mixed results, with three suggesting a positive association with road
traffic noise (Andersson et al. 2020; Halonen et al. 2015; Seidler
et al. 2018), whereas two studies observed no association (Cai et al.
2018; Pyko et al. 2019). For railway noise, one study reported a
slightly higher stroke risk (Seidler et al. 2018), whereas another
study reported no association (Pyko et al. 2019), and for aircraft
noise, two studies reported no association (Pyko et al. 2019; Seidler
et al. 2018). Two very large registry-based studies in London and
Switzerland reported potential associations between stroke mortal-
ity and road noise, and (in Switzerland) aircraft noise (Halonen et al.
2015; Héritier et al. 2017). The evidence base for stroke is, there-
fore, still limited, with discrepant results for different transportation
noise sources, aswell as for morbidity vs. mortality.

Because >20% of the European population is exposed to trans-
portation noise exceeding the Environmental Noise Directive
threshold of Lden 55 dB (European Environment Agency 2020),
assessing the risk of stroke associated with transportation noise is
important for future guiding of public health risk assessments.
Hence, further large, prospective studies, with well-validated ex-
posure and outcome data, are necessary to determine whether, and
by howmuch, transportation noise increases stroke risk.

We aimed to investigate in a large, pooled study of nine
Scandinavian cohorts, the association between transportation
noise and stroke incidence and to explore the exposure–response
function. Six of the nine cohorts have previously reported on
associations between road traffic noise and stroke incidence, but
the length of follow-up has been extended 5–7 y for four of these
cohorts, thereby increasing the number of incident stroke cases.

Methods

Study Population
The present study was based on the Nordic Studies on Occupational
and Traffic Noise in Relation to Disease (NordSOUND) project
(https://www.cancer.dk/nordsound/). We pooled data from nine

Scandinavian cohorts (seven Swedish, two Danish) after coding
according to a common codebook. Harmonization and data checks
were performed after data pooling.

Four of the cohorts were based in Stockholm County
(Table S1): the Swedish National Study of Aging and Care in
Kungsholmen (SNAC-K) (Lagergren et al. 2004), Stockholm
Screening Across the Lifespan Twin Study (SALT) (Magnusson
et al. 2013), Stockholm 60 years old study (Sixty) (Wändell et al.
2007), and the Stockholm Diabetes Prevention Program (SDPP)
(Eriksson et al. 2008). These cohorts used identical methodology
for environmental exposure assessment and harmonized covariate
information within the Cardiovascular Effects of Air pollution
and Noise Study (CEANS) (Pyko et al. 2019). The remaining
cohorts were the Swedish Primary Prevention Cohort (PPS)
(Wilhelmsen et al. 1986) and the Multinational Monitoring of
Trends and Determinants in Cardiovascular Diseases cohort
(GOT-MONICA) cohort (Wilhelmsen et al. 1997), both from
Gothenburg, Sweden; the Malmö Diet and Cancer study (MDC;
Malmö, Sweden) (Berglund et al. 1993); the Diet, Cancer and
Health cohort (DCH; Copenhagen and Aarhus, Denmark)
(Tjønneland et al. 2007); and the Danish Nurses Cohort (DNC)
(Hundrup et al. 2012). All cohorts had registry-based residential
address histories for participants (with addresses registered annu-
ally for the Swedish cohorts and exact dates of changes in resi-
dence for the Danish cohorts) and transportation noise exposure
estimates for each address. Follow-up for the NordSOUND pro-
ject was delayed if needed to ensure that each participant had 5 y
of transportation noise data prior to the start of follow-up (the
NordSOUND baseline).

Data collection and analysis for all cohorts were conducted in
accordance with local and ethical requirements and followed the
Helsinki Declaration. All participants provided informed consent.

Exposure Assessment
Noise levels at each address were calculated as the equivalent
continuous A-weighted sound pressure level (LAeq) at the most-
exposed façade for day (0700–1900 hours), evening (1900–2200
hours), and night (2200–0700 hours), expressed as Lden. Road
and railway noise were estimated annually for the Gothenburg
cohorts (PPS and GOT-MONICA), every 5 y for the Danish
(DCH and DNC) and Stockholm cohorts (SDPP, Sixty, SNAC-
K, and SALT), and every 10 y for the Malmö cohort (MDC). For
the Danish, Stockholm, and Malmö cohorts, linear interpolation
was used to estimate address-specific noise levels for intervening
years and to calculate annual mean exposures for each year, from
5 y before enrollment to the end of follow-up.

Road traffic noise.All cohorts modeled road traffic noise using
the Nordic prediction method for road traffic noise (Bendtsen
1999). See Table S2 for further details. Input variables for each res-
idence included geocodes, screening by terrain and buildings, and
information on annual average daily traffic, distribution of light/
heavy traffic, travel speed, and road type for all major road links.
Furthermore, all cohorts but the Stockholm cohorts included traffic
information fromminor roads (i.e., roads with <1,000 vehicles/d),
and the Danish and Gothenburg cohorts additionally included in-
formation on noise barriers. Ground absorption was considered in
all estimations.

Railway noise. Railway noise was estimated for all cohorts
using either the Nordic prediction method for railway noise or
Nord2000, the updated version of this method (Plovsing andKragh
2006). Noise was calculated for all addresses located within a
1,000-m buffer around railway (all cohorts), tram (Stockholm and
Gothenburg), and metro lines (Stockholm and Copenhagen). Input
variables included geocodes, screening by terrain and buildings,
average number of trains per period (day/evening/night), train
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types, and travel speed. Residences located >1,000 m from rail-
way, tram, and metro lines were classified as unexposed to railway
noise. Cohorts from Denmark and Gothenburg included informa-
tion on noise barriers. Ground absorption was considered in all
estimations.

Aircraft noise. For the Danish cohorts (DCH and DNC), air-
craft noise was estimated in 5-dB categories based on noise maps
generated by local authorities for individual airports and airfields
using the Danish Airport Noise Simulation Model (Plovsing and
Svane 1990) and the Integrated Noise Model (Boeker et al.
2008). For the four Stockholm cohorts, aircraft noise was esti-
mated in 1-dB categories based on noise maps generated by
Swedavia using the Integrated Noise Model (Boeker et al. 2008).
Aircraft noise maps were updated at varying time intervals.
Because aircraft noise was modeled in 5-dB intervals in the
Danish cohorts and because of variations in modeling over time
and between airports/airfields, aircraft noise was operationalized
as a categorical variable with three categories: ≤40, 40.1–50,
>50 dB. Aircraft noise was not estimated for participants in the
Malmö (MDC) and Gothenburg (PPS and GOT-MONICA)
cohorts because few residences were exposed.

Outcome
Information on stroke was based on linkage to the nationwide
Danish and Swedish Patient and Mortality registries. The Danish
and Swedish registers are very similar and known to have high va-
lidity and completeness with regard to cardiovascular diagnoses
(Ludvigsson et al. 2011; Schmidt et al. 2015). Participants diag-
nosed with a stroke before their NordSOUND baseline were
excluded. The main outcome was incident stroke [categorized
according to the International Classification of Disease, Eighth
Revision (ICD 8; WHO 1966), the International Classification of
Diseases, Ninth Revision, Clinical Modification (ICD-9-CM; CDC
2013), or the International Statistical Classification of Diseases and
Related Health Problems, Tenth Revision (ICD-10; WHO 2016) as
ICD-8 and ICD-9 codes 431–434 and 436 and ICD-10 codes I61–
I64]. In subtype analyses, we defined ischemic stroke as ICD-8
codes 432–434, ICD-9 codes 433–434, or ICD-10 code I63; hemor-
rhagic stroke as ICD-8 code 431, ICD-9 codes 431–432, or ICD-10
codes I61–I62; and unspecified stroke as ICD-8 and ICD-9 code
436 and ICD-10 code I64. In subtype analyses, we combined unspe-
cified strokes with ischemic strokes. Secondary analyses also
addressed stroke-fatality, with a fatal stroke defined as an incident
stroke resulting in deathwithin≤28 d.

Covariates
Covariates were selected a priori. This was done based on a
review of existing literature (indicating association with both ex-
posure and outcome) and the availability of homogeneous varia-
bles or data that could be harmonized across cohorts.

At enrollment into the original cohorts, all participants com-
pleted questionnaires concerning dietary and lifestyle characteris-
tics, including smoking status (never, former, current), smoking
intensity (in grams tobacco per day; not available for PPS), alcohol
consumption (daily, weekly, seldom, never; not available for PPS),
leisure-time physical activity, and body mass index (BMI, meas-
ured by trained staff at enrollment in all cohorts except DNC and
SALT, where it was self-reported). Data on educational level (low,
medium, high) andmarital status (married/cohabiting, single) were
obtained from national registries or questionnaires, and area-level
income data (the percentage of residents in each national income
quartile within small socioeconomically homogeneous areas with
∼ 1,000–2,000 inhabitants) were obtained from national registries.

Annual address-specific mean concentrations of particulate
matter (PM) with an aerodynamic diameter of ≤2:5 lm (PM2:5)
and nitrogen dioxide (NO2) were estimated for all addresses (5 y
before baseline to the end of follow-up) using dispersion models
with high spatial resolution (see Table S3 for details). Briefly, for
all cohorts, the exposure was estimated as a sum of local, regional
and long-range contributions, using input data on local sources
(e.g., road traffic, residential heating, shipping, industry), meteor-
ology, and monitoring station measurements.

Statistical Methods
We used Cox proportional hazards models, with age as the under-
lying timescale, to estimate stroke hazard ratios (HRs), using
separate models for overall stroke, stroke subtypes (ischemic, hem-
orrhagic, and ischemic/unspecified) and stroke-fatality (informa-
tion not available for MDC). We followed each cohort member
from their NordSOUNDbaseline until a) stroke; b) death (obtained
through linkage with Swedish and Danish nationwide registers); c)
emigration or loss to follow-up [information on emigration and
loss to follow-up (no residential address recorded) was obtained
through linkage with Swedish and Danish nationwide registers]; or
d) end of follow-up (31December 2011–31December 2017 for the
different cohorts), whichever occurred first.

HRs were estimated for each 10-dB increase in road and rail-
way noise, modeled as time-weighted means (energy-weighted)
over 1- and 5-y periods preceding stroke onset, taking all addresses
in these periods into account. All road and railway noise values
<40 dBwere set to 40 dB because of the high risk of imprecision of
low-level noise estimates. In addition, all models of railway noise
as a continuous variable also included a categorical indicator vari-
able for any exposure >40 dB vs. none (i.e., if all residences were
>1,000 m from a railway line). We also used separate models to
estimate HRs for 5-y mean road and railway noise exposures cate-
gorized into 5-dB intervals, using Lden 40 to<45 dB as the refer-
ence for both exposures. Aircraft noise was included only as a
categorical variable with three categories: ≤40, 40.1–50, >50 dB.
Participants in the three cohorts that lacked information on aircraft
noise (PPS, GOT-MONICA, and MDC) were assigned to the
≤40-dB category when estimating associations with road or rail-
way noise adjusted for aircraft noise but were excluded when esti-
mating associationswith aircraft noise.

We analyzed the association between transportation noise and
stroke in four models with increasing adjustment. Model 1 was
adjusted for age (by design), cohort, sex, and calendar year (5-y
categories). Model 2, which was selected as the primary model
a priori, was additionally adjusted for educational status (low, me-
dium, high), marital status (married/cohabiting, single), area-level
income (quartiles), and other transportation noise sources. In
Model 3, we further included lifestyle factors: smoking status
(never, former, current), physical activity (low, medium, high),
and BMI (in kilograms per meter squared). In Model 4, we added
time-weighted exposure to PM2:5 (1- or 5-y mean) to Model 2.
Because the present analysis was limited to cohort participants
with complete data for all covariates inModels 1–3 (other than air-
craft noise), Models 1–3 were based on the same observations. In
contrast, Model 4 was performed as a complete case analysis lim-
ited to participants with PM2:5 exposure data (10,349 total cases).
Therefore, we repeated Model 2 after excluding participants with-
out PM2:5 data to further assess the influence of PM2:5 adjustment.

The assumption of linearity of continuous variables in Model 3
with all strokes as outcome [road traffic noise (5-y), railway noise
(5-y), and BMI] was evaluated using smoothed splines with 4
degrees of freedom (df) (Figures S1 and S2). Deviation from linear-
ity was observed for BMI, which was therefore included as a linear
spline with a cut point at 22 kg=m2. The proportional hazards
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assumption was tested by a correlation test between scaled
Schoenfeld residuals and the rank order of event time. Deviation
from the assumption was detected for sex, educational level,
smoking, physical activity, and BMI ≥22 kg=m2 (p<0:01; Table
S4). Sex, educational level, smoking, and physical activity were,
therefore, included as strata, whereas BMI was kept in the model
as a linear variable to avoid loss of information from categoriza-
tion. All models were stratified by cohort, thereby allowing dif-
ferent baseline hazards across cohorts.

We investigated cohort-specific associations between traffic
noise and stroke by running the primary model (Model 2) for
each cohort separately and by running leave-one-out analyses,
omitting the cohorts one by one.

We investigated effect modification of the association
between road traffic noise and stroke by sex (male/female), BMI
(<25 or ≥25 kg=m2), physical activity (low/medium/high),
smoking status (never/former/current), educational level (low/
medium/high), calendar year (<2005 or ≥2005), and PM2:5
(<12:5 or ≥12:5 lg=m3) by including interaction terms between
the potential effect modifiers and the 5-y mean noise exposure,
and we tested interaction by the Wald test. Last, we estimated
associations between road traffic noise and stroke among persons
<70 and ≥70 years of age. We focused on 5-y mean road traffic
noise in these analyses because almost all participants were
exposed to this noise source, giving high statistical power to the
analyses.

In sensitivity analyses, we additionally adjusted Model 3 for
smoking intensity (in grams tobacco per day; continuous) and
alcohol intake (daily, weekly, seldom, never) in cohorts with data
available (excluding PPS), and, for comparison, repeated the
model without adjustment among those with complete data for
both variables (9,493 total cases). Prior to this analysis, we eval-
uated the assumption of linearity for smoking intensity using
smoothed splines with 4 df (Figure S2). In addition, we repeated
Model 2 with and without additional adjustment for NO2 in anal-
yses limited to participants with complete NO2 exposure data
(10,558 total cases).

Analyses were performed in SAS (version 9.4; SAS Institute)
and R (version 3.2.3; R Development Core Team).

Results
Of the 149,894 persons included in the original cohorts, we
excluded 1,720 with stroke before the NordSOUND baseline,
1,594 with missing noise exposure data for the 5 y preceding the
baseline, and 10,629 with missing data for covariates included in
Models 2 and 3, leaving 135,951 persons for the study. Of these,
11,056 were classified as incident stroke cases during a median
follow-up of 19.5 y.

Table 1 presents baseline characteristics across cohorts. Most
cohorts included middle-aged adults, the majority of whom had a
secondary school degree or equivalent, were married/cohabiting,
and practiced little leisure-time physical activity. There was a
fairly even distribution of smoking status and area-level income.
However, for most variables, there was some variation between
cohorts.

Table 2 presents baseline exposure to transportation noise and
air pollution across cohorts. Median 5-y road traffic noise was
54.5 dB, with cohort-specific medians ranging from 40.3 to 57.5
dB. There was large variation across cohorts with regard to rail-
way and aircraft noise. Baseline road traffic noise (all partici-
pants) and aircraft noise (among those with any exposure)
showed a close-to-normal distribution, whereas railway noise
(among those with any exposure) was skewed to the left (Figure
S3). The correlation between 5-y road traffic noise and 1-y road
traffic noise was 0.96, and correlations between 5-y road trafficT
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and 5-y railway noise, PM2:5, and NO2 were 0.12, 0.39, and 0.65,
respectively (Table S5).

Road traffic noise was associated with stroke, with an estimated
HR=1:06 (95% CI: 1.03, 1.08) per 10-dB increase in 5-y expo-
sure based on the main model (Model 2, Table 3). The association
followed a close-to-linear exposure–response relationship when
modeled as a categorical variable (Figure 1A; Table S6) and using
smoothed splines (Figure S1). Adjustment for lifestyle factors
(Model 3) and PM2:5 (Model 4) resulted in only marginal changes
in the association. Model 4 was calculated among persons with
PM2:5 data available. However, Model 2 rendered the same HR
when run only in this subset of the study population (Table S7).

Cohort-specific analyses indicated that road traffic noise was
associated with a higher risk of stroke in DCH, DNC, SDPP,
Sixty, and PPS, whereas no associations were found in SNAC-K,
SALT, MDC, and GOT-MONICA (Table S8). One-by-one
exclusion (leave-one-out analyses) of the three largest cohorts
(DCH, MDC, and DNC) in analyses of 5-y road traffic noise and
stroke resulted in HRs of 1.03 (95% CI: 1.00, 1.07), 1.06 (95%
CI: 1.03, 1.09), and 1.05 (95% CI: 1.03, 1.08), respectively.
Leave-one-out analyses for the remaining cohorts had little influ-
ence on the risk estimates (1.05–1.06 for all; Table S9).

Railway noise was not associated with stroke, regardless of
the exposure time window or adjustment level (Table 3), and
analyses did not support a monotonic exposure–outcome relation-
ship (Figure 1B; Table S6). For aircraft noise, Model 2 HRs were
1.12 (95% CI: 0.99, 1.27) and 0.94 (95% CI: 0.79, 1.11) for those
exposed to 40.1–50 dB and >50 dB, respectively, compared with
≤40 dB (Table 3).

We found no suggestion of effect modification of the associa-
tion between road traffic noise and stroke by BMI, education, or
calendar year, but stronger associations were suggested among
persons exposed to ≥ vs. <12:5 lg=m3 PM2:5 (pInteraction = 0:11),
current smokers compared with former and never smokers
(pInteraction = 0:21), and potentially those with low or medium
physical activity compared with high physical activity
(pInteraction = 0:30) (Figure 2; Table S10). Model 2 HRs for a 10-
dB increase in 5-y road traffic noise and stroke before and after
70 years of age were 1.08 (95% CI: 1.04, 1.12) and 1.04 (95% CI:
1.00, 1.07), respectively.

In analyses concerning stroke-fatality, Model 2 HRs for nonfa-
tal and fatal strokes with a 10-dB increase in 5-y road traffic noise
were 1.07 (95% CI: 1.03, 1.10) and 1.03 (95% CI: 0.95, 1.12),
respectively (Table 4). Corresponding HRs for subtypes of stroke
were 1.03 (95% CI: 0.95, 1.11) for hemorrhagic strokes, 1.03
(95% CI: 0.99, 1.06) for ischemic strokes, and 1.06 (95% CI: 1.03,
1.09) for the combined group of ischemic and unspecified strokes.
The Danish cohorts accounted for 82% of the unspecified strokes.
Railway noise was not associated with any of the stroke subtypes.

In sensitivity analyses adjusted for smoking intensity and
alcohol consumption, estimates were similar to Model 2 esti-
mates based on participants with available data (Table S7). In
analyses adjusted for NO2, the associations were still present,
with HR=1:04 (95% CI: 1.00, 1.07) for a 10-dB increase in 5-y
road traffic noise exposure.

Discussion
In this pooled study of nine Scandinavian cohorts, 1- and 5-y res-
idential exposures to road traffic noise were associated with an
increased risk of incident stroke, with a monotonic exposure–out-
come relationship. Associations were robust to adjustment for
socioeconomic and lifestyle factors and adjustment for air pollu-
tion (PM2:5 and NO2), and there were no clear differences accord-
ing to gender, calendar year, or baseline educational level,
physical activity, or BMI. We found suggestions of an interactionT
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with smoking and PM2:5. The association with road traffic noise
seemed to be stronger for nonfatal strokes than fatal strokes.
Railway noise was not associated with stroke, and although mod-
erate exposure to aircraft noise was positively associated with
stroke (relative to little or no exposure), there was no evidence of
an increase in risk among those with higher exposure.

These findings add to the relatively limited and inconsistent
evidence base on transportation noise and stroke. Similar to our
results, two large registry-based studies of road traffic noise, one
with 1million residents around Frankfurt Airport, and one with
8:6million London residents, reported an increased risk of incident
stroke, with estimates of OR=1:02 (95% CI: 1.00, 1.03) per 10 dB
(Seidler et al. 2018) and RR 1.05 (95% CI: 1.02, 1.09) for >60 dB
vs. <55 dB, respectively (Halonen et al. 2015). However, these
studies had limited information on potential confounders, and
Halonen et al. (2015) estimated noise levels at the postal-code
level, which increases the likelihood of exposure misclassification
(Vienneau et al. 2019). In general, findings from studies with more
detailed questionnaire-based information on confounders have
been inconsistent: A pooled analysis of three cohorts from
Norway/UK (n=355,732) found no association between road traf-
fic noise and stroke (Cai et al. 2018), but 85% of cases came from
Norway (cohort with mean follow-up of 14.1 y), where road traffic

noise was relatively low (median= 49 dB). In addition, noise was
estimated at the baseline address only, in contrast with our time-
varying exposure estimates based on all residences during follow-
up. Findings for road traffic noise and stroke have also previously
been reported for six of the nine cohorts in the present study. A pos-
itive association was reported for the Swedish PPS cohort based on
the same cases included the present analysis (Andersson et al.
2020) and for the Danish DCH cohort based on 1,881 cases
(Sørensen et al. 2011), which in the present study was expanded to
5,048 DCH cases owing to 7 additional years of follow-up. A
pooled analysis of the four Stockholm cohorts (SDPP, Sixty,
SNAC-K, and SALT) indicated no association overall, but a posi-
tive association for the SDPP in cohort-specific analyses was sug-
gested (Pyko et al. 2019). Follow-up time for the present analysis
was extended 5–6 y for the Sixty, SNAC-K, and SALT cohorts,
resulting in 1,472 cases for the four cohorts combined (vs. 902 in
the previous analysis), and we estimated a positive association
for the Sixty cohort, as well as for the SDPP, whereas HRs
remained null for SNAC-K and SALT. Similar to the Norwegian
cohort included in the analysis by Cai et al. (2018), the
Stockholm cohorts were characterized by low levels of traffic
noise (mean= 47 dB). Thus, with the exception of studies con-
ducted in populations with low exposures, previous findings have

Figure 1. Exposure–outcome relationship between 5-y exposure to (A) road traffic noise and (B) railway noise and risk for stroke in models adjusted for age,
sex, calendar year, educational level, marital status, area income, and other noise sources. The vertical whiskers show HRs with 95% CIs positioned at the me-
dian of each exposure category, compared with the reference category [see Table S6 for HRs (95% CIs), and numbers of cases]. Note: CI, confidence interval;
HR, hazard ratio, Lden, 24-h annual average noise level of road traffic noise.

Table 3. Association between traffic noise exposure and stroke incidence.

Exposure Cases (N) Model 1 [HR (95% CI)]a Model 2 [HR (95% CI)]b Model 3 [HR (95% CI)]c Model 4 [HR (95% CI)]d

Road traffic noise [years exposure, per 10 dB (Lden)]
1 11,056 1.07 (1.04, 1.09) 1.05 (1.03, 1.08) 1.05 (1.02, 1.07) 1.06 (1.03, 1.08)
5 11,056 1.07 (1.04, 1.10) 1.06 (1.03, 1.08) 1.05 (1.02, 1.07) 1.06 (1.03, 1.09)
Railway noise [years exposure, per 10 dB (Lden)]
1 11,056 0.97 (0.92, 1.02) 0.96 (0.91, 1.01) 0.96 (0.92, 1.01) 0.96 (0.91, 1.01)
5 11,056 0.97 (0.92, 1.02) 0.96 (0.91, 1.01) 0.96 (0.91, 1.01) 0.96 (0.91, 1.01)
Aircraft noise {dB [5-y exposure (Lden)]}

e

≤40 7,347 1.00 (Ref) 1.00 (Ref) 1.00 (Ref) 1.00 (Ref)
40.1–50 396 1.11 (0.98, 1.26) 1.12 (0.99, 1.27) 1.14 (1.00, 1.30) 1.12 (0.99, 1.28)
>50 158 0.91 (0.77, 1.08) 0.94 (0.79, 1.11) 0.98 (0.82, 1.17) 0.93 (0.78, 1.11)

Note: BMI, body mass index; CI, confidence interval; GOT-MONICA, Multinational Monitoring of Trends and Determinants in Cardiovascular Diseases cohort (Gothenburg); HR,
hazard ratio; Lden, 24-h annual average noise level of road traffic noise; MDC, Malmö Diet and Cancer Study; PM2:5, particulate matter with an aerodynamic diameter of ≤2:5 lm
(fine particulate matter); PPS, Primary Prevention Study cohort; Ref, reference.
aModel 1: adjusted for age, cohort (strata), sex (strata), and calendar year (in 5-y periods); and in analyses of railway noise: railway noise (yes/no).
bModel 2: Model 1 plus adjustment for educational level (strata; low, medium, high), marital status (married/cohabiting, single), area income (quartiles), and other noise sources (road
and rail (continuous), railway noise (yes/no), aircraft noise (≤40, 40–50, >50 dB; for the three cohorts without aircraft noise information, all cohort members were assigned to the
≤40-dB group).
cModel 3: Model 2 plus adjustment for smoking status (strata; never, former, current), physical activity (strata; low, medium, high), and BMI (kg=m2, continuous).
dModel 4: Model 2 plus adjustment for time-weighted PM2:5 exposure (1- or 5-y). PM2:5 exposure history available for 10,349 cases.
eAmong cohorts with estimation of aircraft noise exposure (thus excluding MDC, PPS, and GOT-MONICA), including 7,901 cases (7,735 in analyses including PM2:5; for aircraft
noise analyses in Model 4, there were 7,182 cases exposed to ≤40 dB, 396 cases exposed to 40.1–50 dB, and 157 cases exposed to >50 dB).
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Figure 2. HRs (95% CI) for 10-dB increases in 5-y road traffic noise exposure and stroke incidence according to strata of potential effect modifiers based on
separate models with interaction terms between road traffic noise and each potential modifier, adjusted for age, sex, calendar year, educational level, marital
status, area income, and other noise sources (see Table S10 for numeric data) p-Values are Wald pInteraction terms. Note: BMI, body mass index; CI, confidence
interval; HR, hazard ratio.

Table 4. Association between 5-y exposure to road traffic and railway noise (per 10 dB) and stroke subtypes and fatality.

Road/Railway noise exposure
and disease subgroups Cases (N) Model 2 [HR (95% CI)]a Model 3 [HR (95% CI)]b Model 4 [HR (95% CI)]c

Road traffic noise
All strokes 11,056 1.06 (1.03, 1.08) 1.06 (1.02, 1.07) 1.06 (1.03, 1.09)
Fatalityd

Fatal strokes 1,084 1.03 (0.95, 1.12) 1.02 (0.94, 1.11) 1.04 (0.95, 1.13)
Non-fatal strokes 7,927 1.07 (1.03, 1.10) 1.06 (1.02, 1.09) 1.06 (1.03, 1.10)
Stroke subtypes
Hemorrhagic stroke 1,232 1.03 (0.95, 1.11) 1.02 (0.95, 1.11) 1.05 (0.97, 1.14)
Ischemic stroke 6,308 1.03 (0.99, 1.06) 1.02 (0.98, 1.05) 1.05 (1.01, 1.09)
Ischemic+ unspecified stroke 9,824 1.06 (1.03, 1.09) 1.05 (1.02, 1.08) 1.06 (1.03, 1.09)
Railway noise
All strokes 11,056 0.96 (0.91, 1.01) 0.96 (0.92, 1.01) 0.96 (0.91, 1.01)
Fatalityd

Fatal strokes 1,084 0.93 (0.79, 1.09) 0.92 (0.78, 1.08) 0.92 (0.78, 1.09)
Non-fatal strokes 7,927 0.97 (0.91, 1.03) 0.97 (0.91, 1.03) 0.97 (0.91, 1.03)
Stroke subtypes
Hemorrhagic stroke 1,232 0.92 (0.79, 1.07) 0.93 (0.80, 1.08) 0.88 (0.75, 1.03)
Ischemic stroke 6,308 0.95 (0.90, 1.01) 0.96 (0.90, 1.02) 0.95 (0.89, 1.01)
Ischemic+ unspecified stroke 9,824 0.96 (0.92, 1.02) 0.96 (0.92, 1.01) 0.97 (0.92, 1.02)

Note: BMI, body mass index; CI, confidence interval; HR, hazard ratio; PM2:5, particulate matter with an aerodynamic diameter of ≤2:5 lm (fine particulate matter).
aModel 2: adjusted for age, cohort (strata), sex (strata), calendar year (in 5-y periods), educational level (strata, low, medium, high), marital status (married/cohabiting, single), area
income (quartiles), and other noise sources (road and rail continuous), railway noise (yes/no), aircraft noise (≤40, 40–50, >50 dB; for the three cohorts without aircraft noise informa-
tion, all cohort members were assigned to the ≤40-dB group).
bModel 3: Model 2 plus adjustment for smoking status (strata, never, former, current), physical activity (strata, low, medium, high), and BMI (kg=m2, continuous).
cModel 4: Model 2 plus adjustment for time-weighted PM2:5 exposure (5-y running mean). PM2:5 exposure history available for 10,349 cases.
dData on fatality were not available for the 2,045 cases in the MDC-cohort; defined as incident stroke resulting in death within ≤28 d.
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generally supported an association between road traffic noise and
the risk of stroke.

Particulate air pollution (i.e., PM2:5) increases the risk of cardi-
ovascular disease (Brook et al. 2010), andmutual adjustment is im-
portant because PM2:5 and NO2, correlates with road traffic noise.
We found the association between road traffic noise and stroke to
be robust to adjustment for PM2:5 and NO2, which suggests that
road traffic noise is a risk factor for stroke independent of traffic-
related air pollution, consistent with most previous studies of road
traffic noise and cardiovascular outcomes [as reviewed by
Tétreault et al. (2013)] and noted more recently by Héritier et al.
(2019) for a large Swiss cohort. Interestingly, our results suggested
a possible interaction between PM2:5 and road traffic noise, with an
HR=1:08 (95% CI: 1.04, 1.12) per 10-dB increase in 5-y Lden
among those with higher 5-y PM2:5 exposures (≥12:5 lg=m3)
compared with HR=1:04 (95% CI: 1.00, 1.08) for those with
lower PM2:5 (pInteraction = 0:11). This suggests the possibility of
synergistic effects, consistent with different biologicalmechanisms
for particles and noise (Münzel et al. 2017). The association
between road traffic noise and stroke was also stronger among cur-
rent smokers (HR=1:08; 95% CI: 1.04, 1.12) compared with for-
mer and never smokers [HR=1:03 (95% CI: 0.99, 1.08) for both
subgroups, pInteraction = 0:21]. Previous studies that investigated
combined effects of noise and air pollution in relation to cardiovas-
cular disease have reported inconsistent results, and further evi-
dence on this potentially important interaction is needed (Héritier
et al. 2019; Sørensen et al. 2014; Tétreault et al. 2013).

We found no association between railway noise and stroke
incidence. This is in line with a nationwide Swiss study on stroke
mortality (Héritier et al. 2017) and a Swedish cohort study on
stroke incidence (Pyko et al. 2019), whereas a large German
case–control study reported that railway noise was associated
with stroke incidence (Seidler et al. 2018). Weak and inconsistent
findings for railway noise and stroke may reflect lower perceived
annoyance compared with road traffic noise (Miedema and Vos
1998), as well as substantial regional/national differences in the
amount of railway traffic during the night and the amount of
freight train traffic. We also found no convincing association
between aircraft noise and stroke given that the association was
positive only for the moderate-exposure group (40–50 dB vs. lit-
tle or no exposure). A potential explanation is the installation of
noise-reducing windows and other noise abatement procedures
among persons living close to an airport, which may result in a
leveling off in risk estimates at high exposures, although it seems
unlikely that this could drive the estimates to unity. Findings
from previous prospective studies on aircraft noise and stroke
incidence/mortality have been inconsistent (Hansell et al. 2013;
Héritier et al. 2017; Pyko et al. 2019; Seidler et al. 2018).
However, our results should be interpreted with caution because
we had only 396 and 158 cases with low and high exposure to
aircraft noise, respectively, in our study population.

Ourfinding of an association primarilywith nonfatal strokes sug-
gests that road traffic noise may affect the risk of mild-to-moderate
strokes but not strokes with a more severe course. This might occur
if noise had a greater influence on the risk of ischemic stroke than
hemorrhagic stroke, which often has a more severe course than
ischemic stroke (Andersen et al. 2009). In accordance with this, pre-
vious studies have reported associations primarily between transpor-
tation noise and ischemic strokes, whereas associations have been
weak or null for hemorrhagic strokes (Héritier et al. 2017; Sørensen
et al. 2014).We estimated comparableRRestimates for hemorrhagic
and ischemic stroke. However, in our study population, 32% of the
strokes were unspecified, and, given that ∼ 87% of all strokes are is-
chemic (Go et al. 2013), themajority of the unspecified strokes were
probably ischemic. When ischemic and unspecified strokes were

combined into one group, associations were stronger than for hemor-
rhagic strokes. Therefore, our results do not necessarily contradict
previous findings that suggest that transportation noise is mainly a
risk factor for ischemic stroke. We are not aware of previous studies
of noise and incident fatal stroke, but previous studies on road traffic
noise and stroke mortality have been inconsistent (Beelen et al.
2009;Halonen et al. 2015;Héritier et al. 2017).

The strengths of the present study include a large study popu-
lation with pooling and harmonization of cohort data from nine
Scandinavian cohorts; information on stroke incidence and fatal-
ity from well-validated, national registries on hospitalization and
mortality (Ludvigsson et al. 2011; Schmidt et al. 2015); informa-
tion on a number of potential socioeconomic and lifestyle con-
founders; and complete address histories for all cohort members
from national registries. In addition, all cohorts had information
on modeled long-term exposure to air pollution at the residential
level, estimated using dispersion models. Last, the diverse study
populations from several cohorts allows for a higher generaliz-
ability of our findings than from a single-center study.

Study limitations include the cohort-specific estimation of
noise, which did not follow a standardized protocol. However, all
cohorts estimated both railway and road traffic noise using the
Nordic prediction methods with comparable high-quality input
data on traffic and screening from buildings and terrain. We were
not able to precisely model very low noise exposure, and hence
all road and railway noise exposures <40 dB were set to 40 dB.
Furthermore, aircraft noise was missing for three cohorts, and the
data available for the Danish cohorts were rather crude (5-dB
intervals). Another limitation is that 46% of the cases belonged to
the DCH cohort, which could thus, to some extent, drive the find-
ings. However, cohort-specific analyses showed road traffic noise
to be associated with risk of stroke in five of the nine cohorts,
and one-by-one exclusions of the nine cohorts yielded HRs in the
range of 1.03–1.06, suggesting that the association was not car-
ried by one specific cohort. Last, the inclusion of five covariates
as strata in Model 3 because of deviation from the proportional
hazard assumption resulted in 414 strata of which some had few
or no stroke cases. This may reduce the risk estimates and result
in wider CIs. However, HRs and CI widths are quite consistent
across models with increasing levels of adjustment, which sug-
gests that stratification did not affect model performance.

In summary, in this pooled, multicenter Scandinavian study,
we found residential road traffic noise to be associated with a
higher risk of incident stroke. In contrast, railway noise was not
associated with stroke, and for the few persons exposed to aircraft
noise, stroke was associated with low exposure, but there was no
association among those in the high-exposure group. These find-
ings add to the evidence of road traffic noise as an important car-
diovascular risk factor that should be taken into account in future
assessments of the public health implications of traffic noise.
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