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Road traffic noise and incident ischemic heart 
disease, myocardial infarction, and stroke
A systematic review and meta-analysis

Göran Pershagena,*, Andrei Pykoa,b, Gunn Marit Aasvangc, Mikael Ögrend,e, Pekka Tiittanenf, Timo Lankif,g,h, 
Mette Sørenseni,j

Background:  This systematic review aimed to estimate relative risks for incident ischemic heart disease (IHD), myocardial infarction 
(MI), and stroke in relation to long-term road traffic noise exposure and to evaluate exposure–response functions.
Methods:  We systematically searched databases for longitudinal studies in humans on incident IHD, MI, and/or stroke, including 
quantitative estimates on individual exposure to residential road traffic noise based on validated models or measurements. Risk of bias 
was evaluated in each study based on predefined criteria. Pooled linear exposure–response functions were generated from random- 
effect models in meta-analyses of study-specific risk estimates. Restricted cubic spline models were used to capture potential non-
linear associations.
Results:  Twenty eligible studies were identified based on more than 8.4 million individuals, mostly from Europe, including between 
160,000 and 240,000 cases for each of the outcomes. Pooled relative risk estimates were 1.017 (95% confidence interval [CI]: 0.990, 
1.044) for IHD, 1.029 (95% CI: 1.011, 1.048) for MI, and 1.025 (95% CI: 1.009, 1.041) for stroke per 10 dB Lden in road traffic noise 
exposure. Risk estimates appeared higher in combined analyses of studies with a low risk of exposure assessment bias. Restricted 
cubic spline analyses of these studies showed clear risk increases with exposure for all three cardiovascular outcomes.
Conclusions:  The evidence indicates that long-term exposure to road traffic noise increases the incidence of IHD, including MI, and 
stroke. Given the abundant exposure, traffic noise is a cardiovascular risk factor of public health importance. High-quality assessment 
of noise exposure appears essential for the risk estimation.
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Introduction
Transportation noise is an increasing environmental exposure, 
primarily due to ongoing urbanization and the growth of the 

transport sector. In 2017, it was estimated that at least 20% 
of the population in the European Union (EU) was exposed to 
road traffic noise exceeding 55 dB Lden, which is the indicator 
level set by the European Environment Agency and linked to 
adverse health effects.1 Corresponding exposure to railway 
and aircraft noise affected 4% and 0.7%, respectively.1 Long-
term exposure to environmental noise was estimated to cause 
12,000 premature deaths and contribute to 48,000 new cases 
of ischemic heart disease (IHD) yearly in the EU.1 In addition, 
22 million people were estimated to be highly annoyed and 6.5 
million highly sleep disturbed by transportation noise.1 Most 
of the health impact was related to road traffic noise. The bur-
den of disease from noise was considered the second highest 
in Europe, after air pollution, among evaluated environmen-
tal exposures.2,3 In view of the growing evidence on adverse 
health effects, the World Health Organization (WHO) proposed 
stricter environmental noise guidelines in 2018.4

Current health risk assessments of the cardiovascular 
effects attributable to road traffic noise, such as those carried 
out by the European Environment Agency and the European 
Commission,1,5 are generally based on risk estimates developed 

What this study adds:
The systematic review indicates that long-term exposure to road 
traffic noise increases the incidence of ischemic heart disease 
(IHD), myocardial infarction (MI), and stroke. Risk estimates 
are provided for quantifying the cardiovascular health impacts 
of road traffic noise, valid within the exposure range of 40–80 
dB Lden. It extends risk estimates previously provided by World 
Health Organization to also include MI and stroke and to levels 
below 53 dB Lden, affecting large parts of the population. High-
quality assessment of noise exposure appears essential for the 
risk estimation, as imprecise exposure estimation may result in 
erroneously low risk estimates.
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for the WHO Environmental Noise Guidelines.4,6 For IHD, an 
excess relative risk (RR) of 8% per 10 dB Lden was estimated in 
a meta-analysis of studies published until 2015 and assumed a 
linear increase in risk from 53 dB Lden, which constituted the 
weighted average exposure level in the reference category of 
the included studies. Only European studies were available, and  
the evidence was not considered sufficient to propose a risk esti-
mate for stroke.

Since the WHO Environmental Noise Guidelines, a substan-
tial number of epidemiological studies on transportation noise 
and cardiovascular outcomes have been published, mostly cov-
ering IHD, including myocardial infarction (MI), and stroke. 
The evidence is primarily based on studies from Europe and 
North America and has been evaluated in several systematic 
reviews.7–11 Unfortunately, many of the meta-analyses have 
severe limitations, which may impact the combined risk esti-
mates, including incomplete literature search,9,11 data extraction 
errors,8,11 double counting of cohorts,8,9,11 mixing of ecological, 
cross-sectional, and longitudinal designs,7,9,11 and not separating 
mortality and morbidity outcomes.8 Furthermore, most recent 
meta-analyses did not evaluate exposure–response functions 
(ERFs) in detail, although this is crucial for health risk assess-
ments. Finally, potential confounding by air pollution exposure 
of the association between transportation noise and cardiovas-
cular outcomes was evaluated in one recent systematic review, 
unfortunately mixing evidence from studies with longitudinal 
and cross-sectional design, and those based on incidence and 
mortality.12

The aim of this systematic review was to evaluate the epi-
demiological evidence on the association between road traffic 
noise and the incidence of IHD, MI, and stroke. We focused on 
the estimation of ERFs and evaluation of the influence of several 
quality features on risk estimates, including study design, expo-
sure assessment, bias, and inclusion of air pollution adjustment.

Methods
This review followed the Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses (PRISMA) guidelines.13 
The review and analysis protocols were defined a priori and reg-
istered in the PROSPERO database (CRD42024563176).

Eligibility criteria

Only studies in humans were considered. Quantitative esti-
mates on individual exposure to residential road traffic noise 
had to be available based on validated models or measurements. 
Examples of validated noise prediction methods are provided 
in Table 1, describing our criteria for evaluating bias. Studies 
solely based on subjective noise assessment were excluded. Data 
on incident IHD, MI, or stroke had to be available, and studies 
strictly based on mortality were not included. Only longitudi-
nal studies with individual data were included, that is, cohort 
and case–control studies, whereas cross-sectional and ecological 
studies were excluded. Finally, each publication was required 
to include quantitative estimates on associations between road 
traffic noise exposure and risk of incident IHD, MI, or stroke, 
or detailed data making it possible to calculate such estimates.

Literature search

We performed literature searches in PubMed and Web of Science 
of studies published until 31 December 2023, using the search 
terms shown in Supplement Table 1; https://links.lww.com/EE/
A350. The search results were first screened to remove duplicate 
references. Subsequently, title and abstract of all papers were 
screened independently by two authors (G.P. and G.M.A. for 
IHD/MI, and M.S. and T.L. for stroke) according to the eligi-
bility criteria, and any disagreements regarding inclusion were 

discussed and settled. A final consensus on publications eligible 
for meta-analysis was reached following careful consideration 
by each of the two groups. We focused on studies providing 
original data and scanned reviews to identify studies with origi-
nal data not appearing in the literature searches specified earlier.

Data extraction

Two authors performed independent extraction of data from 
the eligible publications according to a predefined scheme (G.P. 
and G.M.A. for IHD/MI, and M.S. and T.L. for stroke). Some 
articles overlapped since they contained information on both 
IHD and stroke, which meant that data from these articles were 
extracted independently by four authors. Furthermore, an addi-
tional extraction of relevant noise information was performed 
by M.Ö. for all eligible publications. Emphasis was put on the 
assessment of the risk of different types of bias for each study, 
according to criteria described later. When initial disagreements 
occurred in the bias assessment, consensus was reached fol-
lowing discussion among all five authors engaged in the data 
extraction.

Supplement Table 2; https://links.lww.com/EE/A350 provides 
an example of the type of data extracted from each publica-
tion. In some instances, crucial data were lacking in the pub-
lished articles, and the authors were contacted directly to obtain 
supplementary information. Furthermore, efforts were made to 
avoid double counting, by carefully checking that each study 
population only appeared once (for each outcome) in the meta- 
analyses. If a cohort appeared in more than one publication, 
we included data from the one based on the longest follow-up  
of the cohort in our analyses.

Evaluation of bias

We assessed bias in each eligible study based on criteria 
described by van Kempen et al for the WHO Environmental 
Noise Guidelines and by the WHO Global Air Quality 
Guidelines Working Group on Risk of Bias Assessment,4,6,14 but 
with important modifications and specifications. Our ambition 
was to use objective and quantifiable criteria. Four types of bias 
were considered: confounding, selection, exposure assessment, 
and outcome assessment bias. The detailed criteria for evalua-
tion of bias in individual studies are described in Table 1. The 
evaluation resulted in a categorization of either high or low risk 
of bias for each type of bias. In addition, an assessment was 
made of publication bias, as described in detail later.

Statistical analysis

Different noise indicators were used in the included studies, 
such as Lden, LAeq 24 h, and Lnight. As a rule, the studies calculated 
noise exposure at the most exposed facade (the highest facade 
noise level) of the residential building or address. However, 
some studies assigned both the highest (LdenMax) and the lowest 
(LdenMin) facade noise level to the study participants. If results 
for more than one noise measure were present, we prioritized 
as follows:

	 (1)	 Lden > LAeq 24 h > Lday > Lnight
	 (2)	 LdenMax over LdenMin
	 (3)	 The longest exposure time window for which relevant 

risk estimates were available.

We converted the indicators for road traffic noise in all studies 
to Lden according to Brink et al.15 These are empirically derived, 
based on data from Western Europe.

Odds ratios and hazard ratios were treated as estimates of 
RRs (rate ratios) in the meta-analyses. Risk estimates from lin-
ear models were expressed per 10 dB Lden. If nonlinear functions 
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were presented, and risk estimates were not reported or avail-
able otherwise, numeric estimates were generated based on dig-
italization of presented illustrations and expressed per 1 dB Lden 
within the study-specific exposure range using apps.automeris.
io software.16,17 Generation of risk estimates per noise category 

(such as 5 dB intervals) included attribution of such estimates 
to a specific exposure value (e.g., middle point in each category) 
with subsequent linear interpolation between the estimates 
(more details of the procedure are provided in Supplement Table 
3; https://links.lww.com/EE/A350).

Table 1.

Criteria for evaluating bias in studies included in the meta-analyses

Type of 
bias Criteria Risk of bias

A.
Bias due to 
confounding

•  Adjustment by a minimum set of confounders defined as: age, sex, individual SES (education and/or income and/or occupational status), and 
smoking.
Exception: If empirical evidence exists for a specific study showing that after adjustment for age, sex, and individual SES, little or no residual 
confounding by smoking is expected then adjustment for age, sex, and individual SES is accepted as minimum set of confounders.
•  Lack of the above-defined minimum set of confounders.

Low
High

B.
Selection 
bias

•  Loss to follow-up less than 20% in cohort studies and response rate over 80% in recruitment of study subjects in case–control studies. Also, 
less than 20% excluded due to missing confounder information. If information on percentage loss to follow-up is not provided, but evaluation 
reveals that follow-up is conducted using a high-coverage registry, then loss to follow-up is expected to be below 20%.
•  If the above criteria for low risk of bias are not met or if there are indications that loss to follow-up or nonresponse rates are related to both 
exposures and outcomes under study.

Low
High

C.
Bias due to 
exposure 
assessment

•  All the following three criteria are met:
    Better than 100 m spatial resolution on receiver point position.
   � Calculations should be based on detailed traffic flow data, preferably based on measured traffic, alternatively based on high-quality road 

traffic flow modeling.
    Calculations should be performed using validated and standardized noise prediction method, such as CoRTN (UK), TNM (USA), Cnossos-EU 
(EU), Nordic methods 1996 or 2000 (Nordic countries), or similar. Land use regression methods can be considered high quality if they meet 
criteria 1 and 2 and provide similar accuracy as standard methods in validated test cases.
•  If all the three criteria above are not met.

Low
High

D.
Bias due to 
outcome 
assessment

•  Outcome identified in high-quality registries or medical records with full coverage of the study population.
•  Outcome solely relying on self-report.

Low
High

SES indicates socioeconomic status.

Figure 1.  PRISMA 2020 flowchart of assessment of eligible studies on road traffic noise exposure and ischemic heart disease (IHD), including myocardial 
infarction, and stroke.

https://links.lww.com/EE/A350
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We initially generated a pooled linear ERF by conducting a 
meta-analysis of risk estimates from linear models. This anal-
ysis utilized a random effects model to derive pooled RRs, 
accompanied by I2 and Q statistics for evaluating study het-
erogeneity.18 Pooled nonlinear ERFs were produced employ-
ing the dosresmeta package in R. Two estimation methods, 
Maximum Likelihood (ML) and restricted ML, were used to 
evaluate model fit and variance components. The analysis uti-
lized a restricted cubic spline model with three or four knots 
to capture potential nonlinear associations. Models with three 
knots provided a better fit and were used in the analyses. The 
model selection was performed using ML based on Akaike 
information criterion, with subsequent re-estimation using 
restricted ML to obtain unbiased variance estimates. The Wald 
test was applied to assess the deviation from linearity of the 
spline model, allowing comparison between linear and nonlin-
ear model fits.

Additional analyses were conducted by selectively including 
or excluding studies based on risk of bias or other predefined 
criteria. Furthermore, assessment of publication bias was per-
formed using funnel plots, Egger test, and the Trim-and-Fill 
method.

Results
From the literature search, we identified a total of 461 and 403 
publications for IHD/MI and stroke, respectively (Figure 1). 
Following exclusions according to the eligibility criteria, only 
17 publications for IHD/MI and 10 for stroke remained for 
meta-analyses and quality assessment. Seven of these publica-
tions included data on both IHD/MI and stroke. The publication 
by Babisch et al19 included two cohorts from different geograph-
ical areas, for which the results were reported separately, and 
we kept these apart in the analysis. In view of differences in the 
classification of bias, two cohorts in the pooled analysis of Cai 
et al20 were analyzed separately (EPIC-Oxford and HUNT2). 
We used the study by Hao et al9 instead of the third cohort 
(UK-Biobank) in Cai et al,20 because it was based on a longer 
follow-up. All in all, the publications were based on 28 different 
study populations.

One publication on IHD/MI21 and one on stroke22 cov-
ered the entire Danish population, which implied some over-
lap with the two Danish cohorts included in both Pyko et 
al23 and Roswall et al,24 respectively. In all meta-analyses, we 
therefore used reanalyzed data for Pyko et al23 and Roswall et 
al,24 excluding the overlapping population in the two Danish 
cohorts. The studies by Pyko et al23 and Roswall et al24 were 
based on pooled analyses of nine Scandinavian cohorts, for 
which data on road traffic noise and IHD, MI, and/or stroke 
were published earlier for some of the cohorts. However, as 
the populations in Pyko et al23 and Roswall et al24 had longer 
follow-up times than in previous studies, results from these 
two studies were used in our analyses.

The 19 studies on IHD and/or MI included 14 with cohort 
and five with case–control design (Table 2). The total study pop-
ulation comprised more than 7.3 million individuals, includ-
ing 163,843 and 208,464 cases of IHD and MI, respectively. 
Seventeen of the studies were based in Europe and two in 
Canada; 12 included information on lifestyle and other individ-
ual characteristics from questionnaires, while seven were strictly 
based on registry data. Eight studies reported data on IHD and 
14 on MI. The study by Hoffmann et al30 used coronary events 
as outcome and was included in the IHD category because of 
the similarities in International Classification of Diseases (ICD) 
codes. The study by Babisch et al25 only reported separate risk 
estimates for men and women, and these were used in the 
meta-analysis.

Table 3 summarizes the characteristics of the 11 studies 
on road traffic noise and stroke. Ten were cohorts and one 

St
ud

y
Ou

tc
om

e
Lo

ca
tio

n
St

ud
y 

de
si

gn
Po

pu
la

tio
na

Ou
tc

om
e 

as
se

ss
m

en
t

Ad
ju

st
m

en
t i

n 
se

le
ct

ed
 

m
od

el
b

No
is

e 
as

se
ss

m
en

t, 
m

et
ric

, 
an

d 
av

er
ag

e
Ef

fe
ct

 s
iz

e

Ya
nk

ot
y 

et
 a

l35
M

I
Is

la
nd

 o
f 

M
on

tre
al

, 
Ca

na
da

Co
ho

rt
Ad

m
in

is
tra

tiv
e

N:
 1

,0
65

,4
14

N ca
se

s: 
40

,7
18

En
ro

llm
en

t: 
20

00
Ag

e:
 4

5–
64

 y
ea

rs
: 6

4.
1%

, ≥
65

 
ye

ar
s:

 3
5.

9%

IC
D9

: 4
10

; I
CD

10
: I

21
–I

22
He

al
th

 in
su

ra
nc

e,
 m

ed
ic

al
 

se
rv

ic
es

, h
os

pi
ta

l, 
de

at
h,

 
ph

ar
m

ac
eu

tic
al

 re
gi

st
er

s

Ag
e,

 s
ex

, a
re

a-
le

ve
l S

ES
 

(e
du

ca
tio

n,
 in

co
m

e,
 e

m
pl

oy
m

en
t)

No
t r

ep
or

te
d

L Ae
q,

24
 h

M
ea

n:
 5

4.
5 

dB

HR
 (9

5%
 C

I):
 1

.0
1 

(1
.0

0,
 1

.0
2)

 
pe

r 1
0 

dB

a U
nl

es
s 

ot
he

rw
is

e 
sp

ec
ifi

ed
 th

e 
po

pu
la

tio
n 

co
ns

is
ts

 o
f b

ot
h 

m
en

 a
nd

 w
om

en
.

b C
rit

er
ia

 fo
r s

el
ec

tin
g 

th
e 

m
ai

n 
ad

ju
st

m
en

t m
od

el
: (

1)
 m

os
t c

om
pr

eh
en

si
ve

 a
dj

us
tm

en
t m

od
el

 fo
r S

ES
 a

nd
 li

fe
st

yle
 th

ou
gh

, i
f p

os
si

bl
e,

 n
ot

 in
cl

ud
in

g 
BM

I, 
an

d 
(2

) n
o 

ad
ju

st
m

en
t f

or
 a

ir 
po

llu
tio

n 
(in

 B
us

ta
ffa

 e
t a

l27
 ri

sk
 e

st
im

at
es

 w
ith

ou
t a

dj
us

tm
en

t f
or

 N
O 2 w

er
e 

no
t p

ro
vid

ed
).

c T
he

 d
is

tri
bu

tio
n 

re
fe

rs
 to

 th
e 

di
st

rib
ut

io
n 

am
on

g 
co

nt
ro

ls
.

d E
xa

ct
 n

um
be

r n
ot

 g
ive

n.
 T

he
 n

um
be

r, 
th

er
ef

or
e,

 re
pr

es
en

ts
 th

e 
au

th
or

s 
es

tim
at

io
n 

ba
se

d 
on

 a
va

ila
bl

e 
in

fo
rm

at
io

n 
in

 th
e 

pa
pe

r.
e R

es
ul

ts
 p

ro
vid

ed
 a

fte
r c

on
ta

ct
in

g 
th

e 
m

ai
n 

au
th

or
s,

 a
s 

th
e 

re
su

lts
 n

ee
de

d 
fo

r t
he

 p
re

se
nt

 re
vie

w
 w

er
e 

no
t p

ro
vid

ed
 in

 th
e 

or
ig

in
al

 p
ap

er
.

f F
or

 th
e 

Py
ko

 e
t a

l,23
 w

e 
ha

ve
 re

ca
lc

ul
at

ed
 H

Rs
 a

nd
 C

Is
 a

fte
r e

xc
lu

di
ng

 a
ll 

ca
se

s 
di

ag
no

se
d 

af
te

r 2
00

0 
fo

r t
he

 tw
o 

Da
ni

sh
 c

oh
or

ts
 (D

ie
t C

an
ce

r a
nd

 H
ea

lth
 c

oh
or

t a
nd

 D
an

is
h 

Nu
rs

es
 C

oh
or

t) 
to

 a
vo

id
 o

ve
rla

p 
w

ith
 T

ha
ch

er
 e

t a
l.21

 T
he

 re
ca

lc
ul

at
ed

 H
Rs

 w
er

e 
ba

se
d 

on
 1

1,
08

9 
an

d 
50

17
 

ca
se

s 
of

 IH
D 

an
d 

M
I, 

re
sp

ec
tiv

el
y.

BM
I i

nd
ic

at
es

 b
od

y 
m

as
s 

in
de

x;
 C

VD
, c

ar
di

ov
as

cu
la

r d
is

ea
se

; H
R,

 h
az

ar
d 

ra
tio

; I
DW

, i
nv

er
se

 d
is

ta
nc

e 
w

ei
gh

tin
g;

 IQ
R,

 in
te

rq
ua

rti
le

 ra
ng

e;
 O

R,
 o

dd
s 

ra
tio

; P
5–

P9
5,

 5
th

–9
5t

h 
pe

rc
en

til
es

; P
25

–P
75

, 2
5t

h–
75

th
 p

er
ce

nt
ile

s;
 re

f, 
re

fe
re

nc
e;

 S
D,

 s
ta

nd
ar

d 
de

via
tio

n;
 S

ES
, s

oc
io

ec
on

om
ic

 
st

at
us

.

T
a

b
le

 2
.

(C
o

nt
in

ue
d

 )



Pershagen et al.  •  Environmental Epidemiology (2025) 9:e400	 Environmental Epidemiology

8

Table 3.

Characteristics of studies on road traffic noise and incident stroke

Study Outcome Location Study designa Population
Outcome 

assessment
Adjustment in selected  

modelb

Noise 
assessment, 
metric, and 

average Effect size

Bustaffa et al27 Stroke Pisa, Italy Cohort
Administrative

N: 139,710
N

cases
: approximately 

2,450c

Enrollment: 
2001–2013
Age: 0–44 years: 
50.3%, ≥45 years: 
49.7%

ICD9: 434, 
435, 437, 446
Hospital 
registry

Age, area-level socioeconomic 
deprivation index, NO

2

Not reported
L

Aeq,day

Median (IQR): 
56.7 (9.6) dB

HR (95% CI): 
0.999 (0.994, 
1.004) per 1 dB

Cai et al20 Cerebrovascular 
disease

Nord-
Trøndelag, 
Norway

Cohort
Questionnaire

N: 43,267
N

cases
: 1,559

Enrollment: 
1995–1997
Mean age (SD): 45.7 
years (15.3 years)

ICD9: 430–
438, ICD10: 
I60–I69
Hospital and 
mortality 
registries

Age, sex, education, employment, 
smoking status

Cnossos-EU
L

den

Mean (SD): 
49.2 (4.3)

HR (95% CI): 
0.952 (0.890, 
1.019) per IQR 
(6 dB)

Cai et al20 Cerebrovascular 
disease

UK Cohort
Questionnaire

N: 23,909
N

cases
: 169

Enrollment: 
1993–1999
Mean age (SD): 40.2 
years (12.1 years)

ICD9: 430–
438, ICD10: 
I60–I69
Hospital and 
mortality 
registries

Age, sex, education, employment, 
smoking status

Cnossos-EU
L

den

Mean (SD): 
56.3 (4.3) dB

HR (95% CI): 
0.976 (0.853, 
1.118) per IQR 
(3.6 dB)

Carey et al28 Stroke Greater 
London, UK

Cohort
Administrative

N: 207,047
N

cases
: 3,716

Enrollment: 2005
Mean age (min, max): 
55.4 years (40 years, 
79 years)

ICD10: I61, 
I63–I64
GP records 
and hospital 
registry

Age, sex, smoking status, BMI CoRTN/
TRANEX
L

Aeq,16

Mean (SD) 
only given for 
Lnight: 52.1 
(4.6) dB

HR (95% CI): 
0.96 (0.88, 1.04) 
per 10 dB L

Aeq,16
d

Dimakopoulou 
et al29

Stroke Around 
Athens 
airport, 
Greece

Cohort
Questionnaire

N: 420
N

cases
: 5

Enrollment: 
2004–2006
Mean age (SD): 58 
years (9.1 years)

Self-reported Age, sex, education, smoking 
status, physical activity, alcohol, 
salt use, BMI

Not reported 
L

Aeq,24 h

Mean (SD): 
38.7 (12.6) dB

OR (95% CI): 
1.33 (0.59, 3.03) 
per 10 dB

Hao et al9 Stroke Across UK Cohort
Questionnaire

N: 342,566
N

cases
: 6,319

Enrollment: 
2006–2010
Mean age (SD):
Men: 56.2 years (8.2 
years)
Women: 55.8 years 
(8.0 years)

ICD10: 
I60–I64
Hospital 
registry

Age, sex, education, ethnicity, 
smoking, alcohol, physical activity, 
fruit and vegetable intake, sleep 
duration, family history of CVD, 
hypertension, diabetes, and high 
cholesterol

Cnossos-EU
L

Aeq,24 h

Mean (IQR): 
54.9 (3.5) dB

HR (95% CI): 
1.05 (0.99, 1.11) 
per 10 dB

Hoffmann et 
al30

Stroke Ruhr area, 
Germany

Cohort
Questionnaire

N: 4,350
N

cases
: 71

Enrollment: 
2000–2003
Mean age (SD): 59.3 
years (7.8 years)

ICD10: I61, 
I63–I64 
(disease); 
ICD10: I61–
I64 (death)
Medical 
records, death 
certificates

Age, sex, recruitment year, 
education, marital status, 
employment, area-level 
unemployment, smoking status, 
duration, and intensity

Cnossos-EU
Lnight
Mean (SD): 
45.3 (8.6) dB

HR (95% CI): 
1.01 (0.45, 2.24) 
per 26 dB

Magnoni et al32 Ischemic stroke Milan, Italy Cohort
Administrative

N: 1,087,110
N

cases
: 10,419

Enrollment: 
2011–2018
Mean age (SD): 54 
years (17 years)

ICD9: 433.x1, 
434.x1, 436
Hospital 
registry

Age, sex, citizenship, area-level 
deprivation index

NMPB
L

den

Median: ~68 
dBc

HR (95% CI):
<65 dB: 1.00 
(ref)
65–69 dB: 0.995 
(0.946, 1.047)
70–74 dB: 1.048 
(0.994, 1.105)
≥75 dB: 1.032 
(0.976, 1.091)

(Continued )
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Study Outcome Location Study designa Population
Outcome 

assessment
Adjustment in selected  

modelb

Noise 
assessment, 
metric, and 

average Effect size

Roswall et al24,e Stroke Across 
Denmark, 
Stockholm, 
Malmö, 
Gothenburg, 
Sweden

Pooled cohort
Questionnaire

N: 135,951
N

cases
: 11,056

Enrollment: 
1970–2004
Median age (P5–P95): 
55.6 years (45.7 
years–70.3 years)

ICD8, ICD9: 
431–434, 436
ICD10: 
I61–I64
Hospital and 
mortality 
registries

Age, sex, year, education, 
cohabiting status, area-level 
income, smoking status, physical 
activity, BMI, railway and aircraft 
noise, cohort

Nordic 1996
L

den

Median (P5–
P95): 54.5 
(40.0–68.1) dB

HR (95% CI): 
1.05 (1.02–1.07) 
per 10 dB
Recalculated HR 
(95% CI)e: 1.042 
(1.005, 1.081) 
per 10 dB

Seidler et al36 Stroke Around 
Frankfurt 
airport, 
Germany

Case–control
Administrative

N
controls

: 827,601
N

cases
: 25,495

Enrollment: 
2006–2010
Age: 35–60 years: 
49.2%, >60 years: 
50.8%

ICD10: I61, 
I63, I64
Hospital 
diagnoses 
from health 
insurance 
registries

Age, sex, area-level unemployment VBUS
L

Aeq,24 h

Median: ~49 
dBc

OR (95% CI): 
1.017 (1.003, 
1.032) per 10 dB

Sørensen et al22 Stroke All of 
Denmark

Cohort
Administrative

N: 3,616,893
N

cases
: 184,524

Enrollment: 2000
Median (P5–P95): 47 
years (35 years–80 
years)d

ICD8: 
431–434, 
436; ICD10: 
I61–I64
Hospital and 
mortality 
registries

Age, sex, year, education, income, 
civil status, employment status, 
country of origin, area-level SES 
(low income, low education, 
manual labor, unemployment, 
single parent and criminal record, 
railway noise)

Nordic1996
L

den

Mean (SD): 
56.2 (7.9) dBd

HR (95% CI): 
1.039 (1.033, 
1.046) per 10 dB

aAll stroke studies were based on populations consisting of both men and women.
bCriteria for selecting the main adjustment model: (1) most comprehensive adjustment model for SES and lifestyle though, if possible, not including BMI, and (2) no adjustment for air pollution (in Bustaffa et 
al27 risk estimates without adjustment for NO

2
 were not provided).

cExact number not given. The number therefore represents the authors estimation based on available information in the paper.
dResults provided after contacting the main authors, as the results needed were not provided in the original paper.
eFor the Roswall et al study, we have recalculated HR and CI after excluding all cases diagnosed after 2000 for the two Danish cohorts (Diet Cancer and Health cohort and Danish Nurses Cohort) to avoid 
overlap with Sørensen et al.22 The recalculated HR was based on 5408 stroke cases in total.
BMI indicates body mass index; CVD, cardiovascular disease; HR, hazard ratio; IQR, interquartile range; OR, odds ratio; P5–P95, 5th–95th percentiles; ref, reference; SD, standard deviation; SES, 
socioeconomic status.

Table 3.

(Continued )

Table 4.

Risk of bias in studies included in the IHD, MI, and stroke meta-analyses

Study Disease

Risk of biasa

A

Confounding

B

Selection

C

Exposure

D

Outcome

Babisch et al14 MI Low High High Low
Babisch et al, Caerphilly19 IHD Low Low Low Low
Babisch et al, Speedwell19 IHD Low Low Low Low
Babisch et al25 MI Low Low High Low
Bai et al26 MI High Low High Low
Bustaffa et al27 IHD, MI, stroke High Low High Low
Cai et al, EPIC-OXFORD20 IHD, cerebrovascular disease Low High High Low
Cai et al, HUNT220 IHD, cerebrovascular disease Low Low High Low
Carey et al28 MI, stroke High Low High Low
Dimakopoulou et al29 MI, stroke Low High High High
Hao et al9 IHD, MI, stroke Low Low High Low
Hoffmann et al30 Cardiac events, stroke Low Low High Low
Lekavičiūtė31 MI Low High High High
Magnoni et al32 MI, ischemic stroke High Low High Low
Pyko et al23 IHD, MI Low Low Low Low
Roswall et al24 Stroke Low Low Low Low
Seidler et al33 MI High Low Low Low
Seidler et al36 Stroke High Low Low Low
Selander et al34 MI Low High Low Low
Sørensen et al22 Stroke Low Low Low Low
Thacher et al21 IHD, MI Low Low Low Low
Yankoty et al35 MI High Low High Low

aSee Table 1 for a comprehensive description of the criteria used when assessing risk of bias.
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a case–control study. In total, 240,135 stroke cases were 
included in our analyses from a study population of about 
6.3 million individuals. All studies originated from Europe 
and seven included questionnaire data on covariates, while 
four were only based on registry data. The studies focus-
ing on cerebrovascular disease20 (two cohorts) and ischemic 
stroke32 were analyzed together with the studies using stroke 
as outcome.

Our evaluation of potential bias in the 22 studies included in 
the meta-analyses is shown in Table 4. Most studies were con-
sidered to have a high risk of at least one type of bias. The most 
common type was exposure assessment bias, where we consid-
ered that 13 studies had a high risk of bias. Supplement Table 4; 
https://links.lww.com/EE/A350 provides a detailed description 
of the basis for the classification of exposure assessment bias in 
each study. Furthermore, seven studies were classified as having 

Figure 2.  Individual study and combined relative risks calculated in meta-analyses of ischemic heart disease (IHD), myocardial infarction (MI), and stroke per 
10 dB higher (Lden) road traffic noise exposure.

https://links.lww.com/EE/A350
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a high risk of confounding, five of selection bias, and two of 
outcome assessment bias. Only five studies were considered to 
have a low risk of all four types of bias.

Results of the meta-analyses assuming a linear exposure–
response trend for road traffic noise and each of the health 
outcomes are provided in Figure 2. The combined RR estimates 
were 1.017 (95% confidence interval [CI]: 0.990, 1.044) for 
IHD, 1.029 (95% CI: 1.011, 1.048) for MI, and 1.025 (95% CI: 
1.009, 1.041) for stroke, per 10 dB Lden, with substantial hetero-
geneity in estimates between studies, particularly for IHD and MI 
(I2 >50%, P value of chi-squared test <0.001). Strictly registry- 
based studies were most influential for the risk estimates because 
of their larger size.

Positive trends in RRs with noise exposure were suggested for 
the three cardiovascular outcomes in the restricted cubic spline 
models, especially at the highest exposures (Figure 3). However, 
risk estimates were uncertain at the highest noise levels because 
of lower numbers of exposed, and there was no statistically sig-
nificant departure from a linear model for any of the outcomes.

Risk estimates for IHD, MI, and stroke (per 10 dB Lden higher 
road traffic noise exposure) in relation to study type, adjust-
ment for air pollution, and risk of bias are shown in Figure 4 
and Supplement Table 5; https://links.lww.com/EE/A350. No 
consistent pattern of change in risk estimates appeared for type 
of study (questionnaire/strictly registry-based) or with adjust-
ment for NO2. However, adjustment for PM2.5 seemed to lower 
the risk estimates, particularly for IHD. Consistency of the evi-
dence across cardiovascular outcomes according to cohort or 
case–control design could not be evaluated because of too few 
case–control studies. There seemed to be an influence of expo-
sure assessment bias. Studies considered to have a low risk of 
exposure bias showed risk estimates of 1.026 (95% CI: 0.980, 
1.074), 1.040 (95% CI: 1.031, 1.049), and 1.031 (95% CI: 
1.014, 1.048) per 10 dB Lden for IHD, MI, and stroke, respec-
tively. Overall, the lower heterogeneity of the risk estimates for 
stroke than for IHD or MI was confirmed in most of the sub-
group analyses.

Restricting the cubic spline analyses to studies with low risk of 
exposure assessment bias indicated clearer risk increases for all 

three cardiovascular outcomes compared with results of corre-
sponding analyses based on all studies (Figure 5). Furthermore, 
the ERFs for IHD and MI significantly deviated from a linear 
model, which was not the case for stroke.

There was little support for publication bias regarding each 
of the three health outcomes, as suggested by low asymmetry in 
the Funnel plots (Supplement Figure 1; https://links.lww.com/
EE/A350). This was confirmed by the Egger test P values, which 
were 0.68 for IHD, 0.98 for MI, and 0.25 for stroke. The Trim-
and-Fill method estimated one missing study each for IHD and 
MI, and two missing studies for stroke.

Discussion
Our systematic review identified a total of 20 eligible publi-
cations on road traffic noise and IHD, MI, and/or stroke, 
which were based on 28 different study populations, primar-
ily from Europe. Most studies were considered to have a high 
risk of bias, especially related to the exposure assessment. The 
meta-analyses revealed increasing risks with long-term expo-
sure to road traffic noise for all three health outcomes, particu-
larly when studies with a high risk of exposure assessment bias 
were excluded.

In 2018, WHO concluded that there was high-quality epide-
miological evidence supporting an association between expo-
sure to road traffic noise and IHD (no separate assessment was 
made for MI), while the corresponding evidence for stroke was 
considered as being of moderate quality.4 Our review shows 
that substantial new evidence on road traffic noise and IHD, 
MI, and stroke has appeared since the WHO review. The meta- 
analyses assuming a linear exposure–response trend showed 
excess RRs of 1.7, 2.9, and 2.5% per 10 dB Lden in long-term 
road traffic noise exposure for IHD, MI, and stroke, respectively. 
These estimates are in general agreement with those reported 
in recent systematic reviews,7,11 suggesting similar excess risks 
in incidence related to road traffic noise exposure for the three 
cardiovascular outcomes.

Our risk estimates, as well as those in other recent reviews,7,11 
appeared lower than the risk estimate of 1.08 (95% CI: 1.01, 

Figure 2.  Continued

https://links.lww.com/EE/A350
https://links.lww.com/EE/A350
https://links.lww.com/EE/A350
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1.15) per 10 dB Lden reported by WHO for IHD, including MI, 
which was calculated for exposures of 53 dB Lden and above.4 
The reasons behind the discrepancy are unclear. One contrib-
uting explanation may be an influence by exposure assessment 
bias. In our evaluation, only 33% of the studies included in 
the WHO review were classified as having a high risk of expo-
sure assessment bias, compared with 79% of the newer studies 
included in our meta-analyses, which may have led to more 
attenuation of the risk estimates in recent studies. However, 
when restricting our analyses to studies with low risk of expo-
sure assessment bias, our risk estimates seemed lower than 
those calculated by WHO. Heterogeneity in the risk estimates 
between studies, particularly for IHD and MI, also complicates 
the interpretation.

Earlier reviews on transportation noise and cardiovascular 
disease, including the one conducted by WHO,4 have often 

lumped together IHD and MI. However, noise-related risks may 
differ between different subgroups of IHD.23,21 MI generally 
constitutes a minority of the cases of IHD, as evident from the 
studies in our review, and angina pectoris cases often make up 
a larger group. However, the distribution of subtypes depends 
on the source of diagnostic information, age group, sex distribu-
tion, etc.37 An advantage with MI is that the diagnostic validity 
is higher than for other IHD subgroups, and angina pectoris is 
less well captured in national registries compared with other 
IHD diagnoses.38 However, we did not find substantial differ-
ences in the risk estimates related to noise exposure for IHD 
and MI, which suggests that these may be grouped together in 
the risk assessment.

Our evaluation showed that most studies on road traffic noise 
and IHD, MI, and/or stroke had a high risk of at least one type 
of bias. The most common type was bias in the exposure assess-
ment, primarily expected to lead to imprecision of the exposure 
estimates. Coarse geographical resolution was a major con-
tributor to our assessment of high risk of bias in the exposure 
assessment. This can lead to substantial errors in the assessment 
of transportation noise exposure and result in marked attenua-
tion of risk estimates, for example, since the noise level can vary 
substantially over relatively short distances.39 When including 
only studies with low risk of exposure assessment bias in our 
analyses, the risk estimates assuming a linear trend appeared 
higher for all three health outcomes. Furthermore, correspond-
ing analyses of nonlinear ERFs indicated clear risk increases for 
IHD, MI, and stroke, primarily at high exposure levels. There 
was a significant departure from linearity for IHD and MI, lend-
ing some support for a threshold at lower levels, such as used by 
WHO for IHD.4 A higher imprecision in the road traffic noise 
estimates at low levels40 could also have contributed to attenua-
tion of the risk estimates at these levels. Unfortunately, only few 
studies fulfilled the criteria for low exposure assessment bias in 
our meta-analyses, and most of these came from Scandinavia, 
which may affect the generalizability of the findings.

There is ample evidence from experimental studies in ani-
mals and humans on mechanisms for noise-induced effects on 
the cardiovascular system.41 Noise-related stress may induce 
inflammation, oxidative stress, and adverse redox signaling. 
Furthermore, epidemiologic studies have found stress reactions 
and sleep disturbance resulting from transportation noise expo-
sure, which both constitute risk factors for cardiovascular dis-
ease, such as IHD and stroke. Other cardiovascular outcomes 
have also been linked to transportation noise exposure, includ-
ing atrial fibrillation, heart failure, and cardiovascular mortal-
ity.11,42 Furthermore, growing evidence indicates that long-term 
exposure to road traffic noise is associated with overweight/
obesity and type 2 diabetes,43,44 which both increase the risk 
of cardiovascular disease. Overall, the large body of evidence 
on various interrelated cardiovascular and metabolic effects of 
transportation noise strengthens the interpretation of causality 
of individual health outcomes and points to a substantial public 
health burden of this abundant exposure.

The risk estimates for the association between road traf-
fic noise and the three cardiovascular outcomes did not differ 
consistently between administrative studies (strictly based on 
registry data) and corresponding estimates in studies based on 
questionnaires. The risk of confounding bias may be lower in 
questionnaire studies, which also include individual informa-
tion on lifestyle factors.4,45 On the other hand, selection bias is 
expected to be less prominent in administrative studies, which 
generally have a better coverage of the population. Overall, the 
combined risk estimates in our meta-analyses were more influ-
enced by the administrative studies, which were considerably 
larger than the questionnaire-based studies.

Adjustment for PM2.5 consistently reduced the risk esti-
mates for road traffic noise. Long-term exposure to PM2.5 has 
been linked to several cardiovascular outcomes46,47 and could 

Figure 3.  Exposure–response functions expressed as relative risks with 95% 
confidence intervals for ischemic heart disease (IHD), myocardial infarction 
(MI), and stroke in relation to exposure to road traffic noise in combined anal-
yses of the epidemiological studies.
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therefore be a confounder for the road traffic noise-related 
associations, although the excess risk for stroke remained after 
adjustment for PM2.5. However, the results should be interpreted 
with caution since only about half of the studies included data 
on both road traffic noise and air pollution. Furthermore, our 
findings differ from those of Eminson et al,12 who concluded 
that air pollution did not appear to confound associations 
between traffic noise and cardiovascular health, including IHD, 
MI, and stroke. One reason for the discrepancy could be that we 
were more restrictive in the inclusion of studies, for example, by 
exclusion of cross-sectional and mortality studies.

There was little support for publication bias regarding road 
traffic noise and each of the three health outcomes. However, 
only eight studies were available for IHD, which makes the 
Egger test less reliable. Caution is necessary in the interpretation 
of publication bias using funnel plots and symmetry indices, 
since there may be several other reasons for asymmetry than 
publication bias.48 Overall, the funnel plots for each of the out-
comes showed rather unusual patterns with several large, pre-
cise studies and few small, imprecise ones. In addition, two of 
the three smallest studies for each outcome showed point esti-
mates below one, also speaking against publication bias.

Our systematic review has several strengths. We avoided 
some weaknesses in earlier reviews on road traffic noise and 
cardiovascular outcomes, influencing the possibility to draw 
conclusions on how exposure affects disease incidence, such as 
combining results of overlapping studies (populations), mixing 
studies with ecological, cross-sectional, and longitudinal design, 
and/or including studies strictly focusing on mortality.7–11 
Furthermore, we made efforts to include all studies in both the 

meta-analyses, assuming linear and nonlinear ERFs, even if the 
original studies did not provide such data. We also developed 
transparent and objective criteria for the assessment of bias 
and applied these in the meta-analyses to explore the possible 
impact of various types of bias.

One limitation of the evidence is that substantial imprecision 
exists in the estimation of exposure in the included studies, even 
after exclusion of studies with a high risk of bias in the exposure 
assessment. For example, the included studies generally did not 
have information on residential floor or noise levels on the least 
exposed facade, which may affect noise exposure and the cor-
responding risk estimates.21,39 Furthermore, most included stud-
ies were performed in Western Europe, including Scandinavia, 
and it is unclear how generalizable results are to other regions, 
with different building techniques and behavioral patterns, etc. 
Overall, a limitation is the small number of studies, particularly 
in the subgroup analyses, which complicates the interpretation 
of heterogeneity and publication bias. Finally, the exact defini-
tion of outcome varied between the included studies. However, 
the majority of the studies applied very similar outcome defini-
tions, and we therefore expect this to have only a minor influ-
ence on the risk estimates.

Conclusions
Our systematic review showed increased risks of IHD, MI, and 
stroke in relation to long-term exposure to road traffic noise, 
particularly when studies with a high risk of bias in the expo-
sure assessment were excluded. The risk estimates provide a 
basis for quantifying the cardiovascular health impacts of road 

Figure 4.  Relative risks for road traffic noise per 10 dB and ischemic heart disease (IHD), myocardial infarction (MI), and stroke calculated in meta-analyses 
according to study design, adjustment for air pollution, and risk of bias. The numbers in parentheses show the number of studies in each meta-analysis for 
IHD, MI, and stroke, respectively. Air pollution adjusted estimates for the HUNT2 and EPIC-Oxford cohorts in Cai et al20 were obtained after contact with the 
main author.
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traffic noise, such as in terms of disability-adjusted life years. 
The associations appear linear, and the risk estimates are valid 
within the exposure range of 40–80 dB Lden.
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