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BACKGROUND: Transportation noise may induce cardiovascular disease, but the public health implications are unclear.
OBJECTIVES: The study aimed to assess exposure–response relationships for different transportation noise sources and ischemic heart disease (IHD),
including subtypes.
METHODS: Pooled analyses were performed of nine cohorts from Denmark and Sweden, together including 132,801 subjects. Time-weighted long-
term exposure to road, railway, and aircraft noise, as well as air pollution, was estimated based on residential histories. Hazard ratios (HRs) were cal-
culated using Cox proportional hazards models following adjustment for lifestyle and socioeconomic risk factors.

RESULTS: A total of 22,459 incident cases of IHD were identified during follow-up from national patient and mortality registers, including
7,682 cases of myocardial infarction. The adjusted HR for IHD was 1.03 [95% confidence interval (CI) 1.00, 1.05] per 10 dB Lden for both road
and railway noise exposure during 5 y prior to the event. Higher risks were indicated for IHD excluding angina pectoris cases, with HRs of
1.06 (95% CI: 1.03, 1.08) and 1.05 (95% CI: 1.01, 1.08) per 10 dB Lden for road and railway noise, respectively. Corresponding HRs for myo-
cardial infarction were 1.02 (95% CI: 0.99, 1.05) and 1.04 (95% CI: 0.99, 1.08). Increased risks were observed for aircraft noise but without
clear exposure–response relations. A threshold at around 55 dB Lden was suggested in the exposure–response relation for road traffic noise and
IHD.

DISCUSSION: Exposure to road, railway, and aircraft noise in the prior 5 y was associated with an increased risk of IHD, particularly after exclusion of
angina pectoris cases, which are less well identified in the registries. https://doi.org/10.1289/EHP10745
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Introduction
Exposure to traffic noise is increasing because of ongoing
urbanization, densification of urban settlements, and growth of
the transport sector. In 2017, 113million Europeans were esti-
mated to be exposed to road traffic noise levels of at least 55 dB
Lden, which is the health-based indicator level used for noise
mapping by the European Environment Agency.1 The World
Health Organization (WHO) has estimated that more than 1 million
healthy years of life are lost annually due to traffic-related noise in
Western Europe, primarily caused by sleep disturbance and annoy-
ance, but cardiovascular disease also contributes.2 The burden of
disease from transportation noise was ranked the second highest in
Europe, after air pollution, among environmental causes, and in
2018 the WHO proposed stricter environmental noise guidelines for
the European Region.

A systematic review on environmental noise exposure and car-
diovascular diseases for the WHO guidelines concluded that the
evidence linking exposure to road traffic noise and incidence of is-
chemic heart disease (IHD) was of high quality.3 Longitudinal epi-
demiological studies on traffic noise and incidence of IHD also
including data on lifestyle factors provide the most compelling in-
formation, and such studies published after those included in the
WHO review provide a mixed picture,4–11 however, mostly report-
ing that transportation noise exposure was associated with IHD
and/or myocardial infarction. Most of the evidence relates to road
traffic noise, and only few of the studies assessed exposure to rail-
way and/or aircraft noise.5,7,9 Moreover, it is not clear whether
risks associated with noise exposure differ between major subtypes
of IHD, primarily myocardial infarction and angina pectoris, or
between nonfatal and fatal IHD. Detailed evaluations of the shape
of the exposure–response relationships were generally not per-
formed; however, two recent studies indicated that there may be
thresholds in the association between road traffic noise and inci-
dence of IHD8 or myocardial infarction,11 which would be crucial
for health impact assessments.

Assessment of interactions between traffic noise exposure and
other risk factors for IHD may be important in prioritization of
preventive action, e.g., for identification of vulnerable groups, as
well as for the understanding of etiological mechanisms. For
example, long-term exposure to air pollution such as fine particu-
late matter (PM2:5 <2:5 lm) increases the risk of cardiovascular
disease, including IHD.12 A growing number of studies on cardi-
ovascular disease have estimated exposure to both road traffic
noise and air pollution,4,6–11,13–17 but the evidence on interactions
is not consistent. Other risk factors of interest include smoking,
physical activity, body mass index (BMI), and socioeconomic
status. However, no clear picture on interactions with traffic noise
in relation to IHD has emerged, partly because of lack of data.18

The aim of this study was to assess exposure–response rela-
tions for long-term exposure to noise from road traffic, railways
and aircraft, and incidence of IHD based on combined analyses
of nine Scandinavian cohorts. In particular, we studied associa-
tions for common subtypes of IHD and whether the noise-related
risks were modified by other risk factors, including air pollution.
This constitutes a major extension of earlier publications based
on the cohorts, including longer follow-up and substantially
increased number of cases, which together with pooled analyses,
enables detailed evaluation of the shape of exposure–response
functions and interactions and for subtypes of IHD.

Methods

Study Population
The study is based on the “Nordic studies on occupational
and traffic noise in relation to disease” (NordSOUND) project

(www.nordsound.dk), and uses pooled data from nine Scandinavian
cohorts.17 Two cohorts were included from Denmark: the
nationwide Danish Nurse Cohort (DNC) and the Diet, Cancer
and Health cohort (DCH) from Copenhagen/Aarhus. The seven
Swedish cohorts originated from Malmö, with the Malmö Diet
and Cancer Study (MDC); Gothenburg, including the Swedish
Primary Prevention Cohort (PPS) and the GOT-MONICA cohort;
and Stockholm County: the Swedish National Study of Aging and
Care in Kungsholmen (SNAC-K), the Stockholm Screening Across
the Lifespan Twin Study (SALT), the Stockholm 60 Years Old study
(Sixty), and the Stockholm Diabetes Prevention Program (SDPP).
The four cohorts from Stockholm used identical methodology for
environmental exposure assessment and harmonized covariate infor-
mation.19 The nine study cohorts are described in detail in Table S1,
including key references. All cohorts had registry-based residential
address history for participants, with estimated transportation noise
exposure for each address. If needed, delayed entry was used for the
study participants, implying that follow-up started when trans-
portation noise data for all relevant sources were available during
the 5 preceding years. This is referred to as the study baseline.

The study was conducted in accordance with the Helsinki
Declaration and approved by relevant ethics review boards for
the included cohorts. Informed consent was obtained from all
cohort participants.

Outcome Assessment
Data on individual IHD events were obtained via linkage to
national patient and mortality registers. Each event was defined
based on the International Classification of Diseases (ICD) ver-
sions 9 or 10 as hospitalization or death with principal diagnosis of
IHD (ICD9: 410–414; ICD10: I20–I25), and the two subgroups
IHD excluding angina pectoris (ICD9: 410, 411, 412, 414; ICD10:
I21–I25) and myocardial infarction (ICD9: 410; ICD10: I21–I23).
The selection of the subgroup IHD excluding angina pectoris was
made to achieve a better comparability between the Danish and
Swedish data because angina pectoris constituted a considerably
larger part of IHD in the Danish cohorts (cf. Table 1). Myocardial
infarction was included because it was the outcome analyzed in
several earlier studies on traffic noise and this diagnosis generally
has a high quality. Supplementary analyses were also performed
focusing on the subgroups angina pectoris (ICD9: 413; ICD10:
I20) and IHD excluding angina pectoris and myocardial infarction
(ICD9: 411, 412, 414; ICD10: I25). Subjects with an IHD diagno-
sis before the study baseline were excluded from the analyses
because they generally receive medical treatment and may change
their lifestyle, which could affect the susceptibility to noise. All
first events (hospitalization or death) of IHD during follow-up
were classified as incident. IHD cases were coded as fatal if they
originated from a mortality registry or if deaths from any cause
occurred within 28 d after hospitalization for IHD.

Noise Exposure Assessment
Noise levels for each address during the study period were calcu-
lated as the equivalent continuousA-weighted sound pressure level
(LAeq) at themost exposed façade for day (07:00–19:00 h), evening
(19:00–22:00 h), and night (22:00–07:00 h), and expressed as Lden,
following penalties of 5 dB and 10 dB for noise occurring during
the evening and night, respectively. For the Gothenburg cohorts,
road and railway noise were estimated yearly, whereas for the
Danish and Stockholm cohorts every fifth year, and for the Malmö
cohort every 10th year. Noise levels for the years between those
with estimates were calculated based on linear interpolation or
other approximationmethods (see Table S2).
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All cohorts modeled road traffic and railway noise using the
Nordic Prediction Method or an update of this method, Nord2000.20

For road traffic noise the input variables included geocodes, screening
by terrain (except MDC) 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 also included traffic information from minor
roads (<1,000 vehicles per day), and the cohorts from Denmark and
Gothenburg additionally included information on noise barriers.
Ground absorption was considered in all estimations. Table S2 pro-
vides further details on the exposure assessment for road traffic noise.

Railway noise was calculated for all addresses within a
1,000 m buffer around all railway tracks, and the methods used
for the different cohorts are described in Table S2. Input variables
included geocodes, screening by terrain (except MDC) and build-
ings, and average number of trains per period (day/evening/
night), train types, and travel speed. In addition, cities with trams
(Gothenburg and Stockholm) and/or metro (Stockholm and
Copenhagen) included these in the calculations. Cohorts from
Denmark and Gothenburg also used information on noise bar-
riers. Ground absorption was considered in all estimations.

Aircraft noise was estimated in the Danish and Stockholm
cohorts using noise maps obtained from local authorities and
Swedavia, respectively (Table S2). For Malmö and Gothenburg,
aircraft noise was not estimated due to very low numbers of
exposed. In Denmark, modeled noise exposure from airports and
airfields was obtained in 5 dB categories using the Danish
Airport Noise Simulation Model and the Integrated Noise Model.
For Stockholm, noise was estimated in 1 dB categories using the
Integrated Noise Model 7.0.

Covariates
Selection of covariateswas done a priori, based on existing literature
and availability of harmonizable variables across cohorts. Cohort
participants filled in questionnaires at recruitment with dietary and
lifestyle variables, including smoking status (current, former, never),
smoking intensity (among current smokers, grams per day; not avail-
able for the PPS cohort), alcohol consumption (daily, weekly, sel-
dom, never; not available for the PPS cohort) and leisure-time
physical activity (“low” as once a month or <1h per week, “me-
dium” as about once a week or approximately 1 h per week, “high”
as 3 times a week or more or >2 h per week), as well as weight and
height. Information on educational level (“low” as primary school or
less, “medium” as up to secondary school or equivalent, or “high” as
university degree and more) andmarital status (“single” as widowed
or nevermarried, or “married,”which also included those livingwith
partner) was obtained from national registers or questionnaires,
and area-level (small socioeconomically homogeneous areas with
∼ 1,000–2,000 inhabitants) mean income from registries, catego-
rized in country-specific quartiles. Harmonization of covariate infor-
mation between cohorts was usually achieved by relying on broad
categories, such as current, former, and never for smoking. In other
instances, the information was not comparable, e.g., with regard to
area-level income, where country-specific distributions were used.
Air pollution levels were estimated at all residential addresses during
the study period using high-resolution dispersion models (see Table
S3 for details). Air pollution exposure was represented by PMwith a
diameter <2:5 lm (PM2:5), which is influenced by both long-range
transport and local emissions and by nitrogen dioxide (NO2), primar-
ily reflecting local emissions, such as from road traffic.21

Statistical Methods
Data from the nine cohorts were harmonized, checked and ana-
lyzed according to a common protocol. In pooled analyses weT
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used Cox proportional hazards models, with age as underlying
timescale, to calculate IHD hazard ratios (HRs) per 10 dB Lden
higher levels of road and railway noise separately for IHD,
IHD excluding angina pectoris, and myocardial infarction.
Aircraft noise was estimated in 5-dB intervals in the Danish
cohorts and analyzed only as a categorical variable. All road,
railway, and aircraft noise values below 40 dB were set to
40 dB, due to imprecision of low-level noise estimates. Each
cohort member was followed from the study baseline until the
IHD outcome of interest or any other incident IHD outcome,
death, emigration, loss to follow-up, or end of follow-up for
the different cohorts (31 December 2011–31 December 2017; see
Table S1), whichever occurred first. Exposure to noise was modeled
as time-weighted means (energy-weighted) over 1- and 5-y periods
preceding the IHD event, taking all addresses during these periods
into account. The time periods for the estimation of air pollution
exposure corresponded to those for transportation noise.

The proportional hazards assumption was tested by a correla-
tion test between scaled Schoenfeld residuals and the rank order
of event time. Deviation from the assumption was detected for
sex, marital status, educational level, smoking, and physical ac-
tivity, which were therefore included as strata (Table S4). All
models were stratified by cohort, thereby allowing different base-
line hazards across cohorts.

The association between transportation noise and IHD or IHD
subtypes was analyzed in four predefined models with increasing
adjustment: Model 1, adjusted for age (by design), cohort, sex, and
calendar year (5 y categories); Model 2 with additional adjustment
for educational status (low,medium, high), marital status (married/
cohabiting, single); area-level income (percentage in national quar-
tiles), and other transportation noise sources (binary indicator for
each noise source with a cutoff at 45 dB Lden). In Model 3 we fur-
ther included lifestyle factors: smoking status (never, former, cur-
rent) and physical activity (low, medium, high), and in Model 4,
we added time-weighted exposure to PM2:5 to Model 2. A priori,
Model 2 was selected as the main model, and subjects lacking in-
formation on any of the covariates in this model were excluded in
all analyses. Lifestyle factors such as smoking and physical activ-
ity were not included in themainmodel because theymay bemodi-
fied by transportation noise exposure and thus included in some
causal pathways.22 Air pollution was not included in the main
model, which was used in complete case analyses, primarily
because we lacked information on PM2:5 and/or NO2 for a sizable
fraction of the study subjects in two cohorts.

Exposure–response relationships for IHD and subtypes in
relation to road traffic and railway noise exposure were explored
using cubic splines with four degrees of freedom. The overall
assumption of linearity was evaluated by comparing models with
linear terms of noise exposure and with smoothed splines using a
chi-square test and the Akaike information criterion (AIC) to
assess the best fit. In case of departure from linearity, we evaluated
the location of potential thresholds in the exposure–response func-
tion by comparing models with binary exposure indicators at dif-
ferent levels as an interaction termwith exposure.

Effect modification of the association between road traffic
noise and IHD was investigated in relation to the risk factors
included in the adjustment models, i.e., age, sex, marital status,
BMI, physical activity, smoking status, educational level, calen-
dar year, PM2:5, and NO2, by incorporating an interaction term
between the potential effect modifier and the 5 y mean noise ex-
posure. The Wald test was used to calculate p-values of interac-
tion. Sensitivity analyses comprised additional adjustment for
BMI, alcohol consumption, and smoking intensity, inclusion of
NO2 instead of PM2:5, fatal IHD as outcome, and exclusion of
each of the three larger cohorts separately. Spearman’s rank

correlation coefficients were used to evaluate relations between
individual exposure to road, railway, and aircraft noise as well as
to PM2:5 and NO2 during 5 y preceding the study baseline.

Analyses were performed in SAS (version 9.4; SAS Institute
Inc.), Stata 14.2 (Stata Corp) and R (version 3.5.1; R Development
Core Team).

Results
Overall, 149,894 persons were included in the original cohorts,
but following exclusion of 5,186 with IHD before the study base-
line, 981 with missing administrative or transportation noise ex-
posure data, and 10,926 with missing covariate data included in
the main model (Model 2) or Model 3, 132,801 persons remained
for the pooled analysis, who were followed for 19.7 y on average
(Table 1; Figure S1). A total of 22,459 incident cases of IHD
were diagnosed during follow-up, including 7,682 cases of
myocardial infarction. Angina pectoris accounted for more than
50% of the IHD cases in the Danish cohorts (DCH and DNS),
whereas it was 40% or less in the Swedish cohorts. On the other
hand, the fraction of fatal IHD cases was lower in the Danish
cohorts. One of the cohorts was restricted to women (DNC) and
another to men (PPS), whereas the other cohorts included both
sexes. The median age at study baseline varied from 47.9 to
72.2 y, and the distribution of some risk factors also differed
between the cohorts, such as for smoking, physical activity,
educational level, and area-level income.

The median road traffic noise exposure at baseline ranged
from 40.2 to 58.3 dB Lden in the different cohorts, with upper
95th percentiles from 54.2 to 72.4 dB Lden (Table 2). The distri-
bution of road traffic noise exposure in the cohorts is further illus-
trated in Figure S2, showing that some cohorts contributed only
marginally to exposures above 60 dB Lden, such as most cohorts
from Stockholm. Overall, railway and aircraft noise exposure
tended to be lower than road traffic noise exposure, with fewer
exposed to 40 dB Lden and higher (Table 2). The PM2:5 levels
showed a downward gradient from south to north with highest
estimated concentrations in the Danish cohorts (the order of the
cohorts in Table 2 generally is from south to north). NO2 levels
tended to be higher in the cohorts based in urban areas (DCH,
MDC, PPS, GOT-MONICA, and SNAC-K, Table S1). In gen-
eral, there were low to moderate correlations between the differ-
ent exposures; however, for road traffic noise exposure and NO2,
the correlation coefficient was 0.62 (Table S5).

Table 3 shows HRs for IHD and subtypes in relation to esti-
mated exposure 5 y prior to the event to noise from road traffic
and railways, analyzed as continuous variables. Based on the
main Model 2, a HR of 1.03 (95% CI: 1.00, 1.05) per 10 dB Lden
was observed for both road traffic and railway noise exposure.
For IHD excluding angina pectoris, the corresponding HRs were
1.06 (95% CI: 1.03, 1.08) and 1.05 (95% CI: 1.01, 1.08), respec-
tively. Excess risks persisted after further adjustment for lifestyle
factors (Model 3) or PM2:5 (Model 4), however, with some sug-
gestion of positive confounding. Results for myocardial infarc-
tion generally pointed in the same direction but with weaker
associations. Supplementary analyses focusing on angina pectoris
showed HRs per 10 dB Lden based on Model 2 of 0.99 (95% CI:
0.96, 1.02) for road traffic noise and 1.01 (95% CI: 0.97, 1.04) for
railway noise. Corresponding results for the category IHD
excluding angina pectoris and myocardial infarction, primarily
comprising “chronic IHD” (ICD9: 414 and ICD10: I25), were
1.12 (95% CI: 1.08, 1.17) and 1.05 (95% CI: 1.02, 1.07) for road
and railway noise, respectively. For aircraft noise, increased HRs
were noted for the IHD subgroups in Table 3 among those
exposed at 40 dB Lden and above but without clear exposure–
response relations. Results were quite similar for the different
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transportation noise sources and IHD groups when a 1-y expo-
sure window was used instead of 5 y prior to the event (Table
S6). Cohort-specific data focusing on IHD excluding angina pec-
toris suggested weaker associations for road traffic noise in the
Stockholm cohorts, but a less coherent picture occurred for rail-
way noise (Figure S3). Corresponding data for aircraft noise sug-
gested some heterogeneity in exposure category specific risk
estimates between cohorts, with the clearest exposure–response
trend in the SDPP cohort (Figure S4).

Analyses based on noise as a continuous variable using cubic
splines indicated particularly strong exposure–response trends for
both road traffic and railway noise in the subgroup IHD excluding
angina pectoris (Figure 1). Departure from linearity was indicated
for the exposure–response function regarding road traffic noise and
IHD by a better fit of the cubic spline than the linearmodel (p=0:02
and lower AIC) but not for the two subgroups. A threshold was sug-
gested at 54 dBLden with a HR and 95%CI based on themainmodel
of 1.05 (95% CI: 1.02, 1.08) per 10 dB Lden for IHD at exposure
above this level. Exposure–response relations were more uncertain
for railway noise because fewer were exposed, particularly at higher
levels. However, no apparent departure from linearity was sug-
gested for any of the three outcome categories.

Analyses of interactions focused on exposure to road traffic
and railway noise in relation to HR of IHD excluding angina pec-
toris (Figure 2). For road traffic noise the strongest interaction
was observed in relation to BMI, where those below 25 kg=m2

had a higher HR than those with BMI above this level (p-value
for interaction <0:001). A BMI of 25 kg=m2 is commonly used
to define overweight and is close to the overall median in our
study population (cf. Table 1). There was also an interaction with
BMI for railway noise. No consistent interactions were noted

between other covariates and road traffic or railway noise. In par-
ticular, those with PM2:5 exposure above or equal to the median
had a higher HR for IHD excluding angina pectoris related to
road traffic noise exposure, whereas those with exposure below
this level had a higher HR associated with exposure to railway
noise. Interactions for all IHD largely confirmed the results for
IHD excluding angina pectoris (Figure S5).

Sensitivity analyses focusing on IHD excluding angina pecto-
ris are presented in Figure S6. Further adjustment for covariates
had limited effects on HRs for road traffic and railway noise, with
the exception that adjustment for NO2 instead of PM2:5 tended to
weaken the association for road traffic noise. Exposure to both
road traffic and railway noise was related to an increased risk of
fatal IHD excluding angina pectoris. We also calculated HRs for
fatal IHD, which were 1.06 (95% CI: 1.01, 1.12) and 1.08 (95%
CI: 1.02, 1.15) per 10 dB Lden for road traffic and railway noise,
respectively, as well as for fatal myocardial infarction with corre-
sponding risk estimates of 1.02 (95% CI: 0.95, 1.09) and 1.08
(95% CI: 0.99, 1.17). In analyses sequentially leaving out one of
the three larger cohorts, exclusion of the Danish DCH cohort
tended to reduce the HR for road traffic noise, and exclusion of
the Swedish MDC cohort had the same effect for railway noise
(Figure S6). The influence was only marginal following exclu-
sions of other cohorts.

Discussion
In this large study based on Danish and Swedish cohorts we
observed increased risks of IHD associated with long-term expo-
sure to road traffic and railway noise. Higher risks were indicated
following exclusion of angina pectoris cases. Associations were

Table 3. HRs for IHD, IHD excluding angina pectoris, and myocardial infarction in relation to transportation noise exposure during 5 y prior to the event in
pooled data of nine Scandinavian cohorts (n=132,801).

Model 1a Model 2b Model 3c Model 4d

Exposure/outcome Cases Person-years HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI)

Road traffic noise, per 10 dB Lden
IHD 22,459 2,263,290 1.04 (1.02, 1.06) 1.03 (1.00, 1.05) 1.02 (0.99, 1.04) 1.02 (1.00, 1.04)
IHD excluding angina pectoris 12,399 2,263,290 1.09 (1.06, 1.11) 1.06 (1.03, 1.08) 1.05 (1.02, 1.07) 1.04 (1.01, 1.07)
Myocardial infarction 7,682 2,263,290 1.04 (1.00, 1.07) 1.02 (0.99, 1.05) 1.01 (0.97, 1.04) 1.00 (0.96, 1.04)

Railway noise, per 10 dB Lden
IHD 22,459 2,263,290 1.05 (1.02, 1.07) 1.03 (1.00, 1.05) 1.02 (1.00, 1.05) 1.03 (1.00, 1.05)
IHD excluding angina pectoris 12,399 2,263,290 1.07 (1.04, 1.10) 1.05 (1.01, 1.08) 1.04 (1.00, 1.07) 1.05 (1.01, 1.08)
Myocardial infarction 7,682 2,263,290 1.06 (1.01, 1.10) 1.04 (0.99, 1.08) 1.02 (0.98, 1.06) 1.04 (0.99, 1.08)

Aircraft noise (Lden)
e

IHD
≤40 dB Lden 14,714 1,614,380 1 ref 1 ref 1 ref 1 ref
40.1–50 dB Lden 501 60,863 1.04 (0.94, 1.16) 1.06 (0.96, 1.18) 1.07 (0.96-1.19) 1.07 (0.96, 1.19)
>50 dB Lden 234 32,856 0.92 (0.80, 1.05) 0.95 (0.83, 1.09) 0.94 (0.82-1.08) 0.95 (0.83, 1.09)

IHD without angina pectoris
≤40 dB Lden 7,344 1,614,380 1 ref 1 ref 1 ref 1 ref
40.1–50 dB Lden 326 60,863 1.14 (1.00, 1.30) 1.17 (1.02, 1.34) 1.18 (1.03-1.35) 1.18 (1.02, 1.35)
>50 dB Lden 151 32,856 1.03 (0.87, 1.23) 1.09 (0.91, 1.29) 1.08 (0.91-1.28) 1.10 (0.92, 1.31)

Myocardial infarction
≤40 dB Lden 3,843 1,614,380 1 ref 1 ref 1 ref 1 ref
40.1–50 dB Lden 192 60,863 1.08 (0.90, 1.28) 1.11 (0.93, 1.32) 1.12 (0.94-1.33) 1.11 (0.93, 1.33)
>50 dB Lden 90 32,856 1.02 (0.82, 1.28) 1.06 (0.85, 1.33) 1.06 (0.84-1.32) 1.07 (0.86, 1.34)

Note: The HRs are estimated using Cox proportional hazards models with age as underlying timescale. BMI, body mass index; CI, confidence interval; HR, hazard ratio; IHD, ische-
mic heart disease; PM2:5, particulate matter with an aerodynamic diameter of ≤2:5lm (fine particulate matter); Lden, day-evening-night noise level based on energy equivalent noise
level over a whole day with a penalty of 10 dB(A) for nighttime noise (23.00–7.00) and a penalty of 5 dB(A) for evening noise (i.e., 19.00–23.00); ref, reference.
aAdjusted for age (by design), cohort (strata), sex (men/women), and calendar year (in 5 y periods).
bModel 1 plus adjustment for educational level (low/medium/high), marital status (single/married), area-income (quartiles), and other noise sources (yes/no: road, railway, and aircraft
noise indicators; for the three cohorts without aircraft noise information, all cohort members were assigned as no exposure).
cModel 2 plus adjustment for smoking status (current/former/never) and physical activity (low/medium/high).
dModel 2 plus adjustment for time-weighted PM2:5 exposure; 20,825 IHD, 11,245 IHD excluding angina pectoris, and 6,846 myocardial infarction cases during 2,120,816 person-
years. Because the first year of PM2:5 modeling was 1990 but was 1975 for noise, relevant air pollution data for the model including both noise and PM2:5 were missing at baseline for
most of the PPS cohort.
eOnly among cohorts with aircraft noise exposure (thus excluding MDC, PPS, and GOT-MONICA) with remaining 15,499 IHD cases, 7,821 IHD without angina pectoris cases, and
4,125 myocardial infarction cases.

Environmental Health Perspectives 017003-7 131(1) January 2023



also observed for aircraft noise but without clear exposure–
response relations. Particularly strong associations appeared for
both road traffic and railway noise among those with BMI below
25 kg=m2.

We found a HR for IHD of 1.03 (95% CI: 1.00, 1.05) per 10
dB Lden of exposure to road traffic noise. A recent meta-analysis
calculated an overall relative risk for IHD of 1.02 (95% CI: 1.00,
1.04) per 10 dB Lden,23 which is consistent with our estimate.
The meta-analysis was based on 16 studies, including six of the
cohorts in our study, but mostly with shorter follow-up and a
mixture of outcomes (IHD/myocardial infarction). Our results
suggest that exposure to road traffic noise below around 55 dB
Lden is not associated with an increased risk of IHD. This find-
ing is somewhat different from results regarding stroke in the
same study population, where no such “threshold” was
observed.17 Our risk estimate of 1.05 (95% CI: 1.02, 1.08) for
IHD per 10 dB Lden at exposures above 54 dB Lden appears

comparable to the estimate of 1.08 (95% CI: 1.02, 1.15) based on a
meta-analysis in the systematic review for the WHO Environmental
Noise Guidelines, where the weighted lower exposure level across
studies was 53 dB Lden.3 One cohort (DCH) was included in both
our analysis and the WHO meta-analysis; however, it contributed
only 1,600 cases of myocardial infarction to the meta-analysis based
on a shorter follow-up.24 Furthermore, two recent studies sug-
gested thresholds in the exposure–response relation for road
traffic noise and incidence of IHD8 or myocardial infarction.11
A threshold in the exposure–response relation could contribute
to explaining the absence of association between road traffic
noise and IHD in the cohorts from Stockholm in our study,
where three out of four had comparatively low exposures, with
few exposed over 60 dB Lden. Assessment of exposure–
response relationships is crucial for health impact assess-
ments. In particular, the shape of the exposure–response func-
tion at low exposure levels is influential, where most of the

Figure 1. HR and 95% CI for IHD, IHD excluding angina pectoris, and myocardial infarction in relation to road traffic and railway noise exposure during 5 y
prior to the event in restricted cubic spline analyses of nine cohorts from Denmark and Sweden. All results are adjusted for age (by design), cohort (strata), sex
(men/women), calendar year (in 5 y periods), educational level (low/medium/high), marital status (single/married), area-income (quartiles), and other noise
sources indicator (yes/no: road, railway, and aircraft noise; for the three cohorts without aircraft noise information, all cohort members were assigned as no ex-
posure). Note: Corresponding numeric data are available in the Supplementary Excel file “Numeric data for Figures EHP10745.” CI, confidence interval; HR,
hazard ratio; IHD, ischemic heart disease; Lden, day-evening night noise level based on energy equivalent noise level over a whole day with a penalty of 10 dB
(A) for nighttime noise (23.00–7.00) and a penalty of 5 dB(A) for evening noise (i.e., 19.00–23.00).
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population is exposed. There is a need for further studies
assessing exposure–response relations at low but common lev-
els of traffic noise exposure.

We observed an increased risk of IHD related to exposure to
railway noise, particularly following exclusion of angina pectoris
cases. Besides two studies on cohorts included in our analysis,7,9
only a pair of longitudinal studies strictly based on registry data
analyzed risks of myocardial infarction25 or mortality of IHD and
myocardial infarction6 in relation to railway noise exposure. The
risk estimates in these studies were 1.023 (95% CI: 1.005, 1.042),
1.012 (95% CI: 1.005, 1.020) and 1.020 (95% CI: 1.007, 1.033),
respectively, per 10 dB Lden of exposure to railway noise. These
estimates appear lower than the corresponding estimates in our
study of 1.04 (95% CI: 0.99, 1.05) for incidence of myocardial in-
farction and 1.08 (95% CI: 1.02, 1.15) for fatal IHD and 1.08
(95% CI: 0.99, 1.17) for fatal myocardial infarction; however, the
wide confidence intervals complicate a detailed quantitative com-
parison. Railway noise is a relatively rare exposure, which means
that population-based epidemiological studies must be quite large
to achieve a reasonable study power. Alternatively, studies may
be conducted in areas where railway noise exposure is more com-
mon. For example, the cohort with the fewest participants in our
study (SNAC-K), which had a considerably higher fraction of
people exposed to railway noise than any of the other cohorts,

showed an increased risk of IHD excluding angina pectoris
related to railway noise exposure (Figure S3).

Our results indicated an association between aircraft noise
and IHD, particularly when angina pectoris cases were excluded,
but without an exposure–response relation. The clearest exposure–
response trend was suggested in the SDPP cohort, with many sub-
jects living near the major international airport in Stockholm,
which also has nighttime traffic (Figure S4).26 There are few other
studies on aircraft noise and IHD or myocardial infarction,6,23
including some of ecological design or strictly based on registry
data. Although some of the studies showed increased risks related
to aircraft noise exposure, no consistent picture emerged. A recent
study suggests that short-term aircraft noise exposure may be of
importance for the cardiovascular risks.27 Population studies on
aircraft noise exposure are complicated by the fact that houses are
more often noise insulated in the most heavily exposed areas near
the airports. Such insulation may have affected the exposure–
response relation in our study, but we lacked information on noise
insulation of individual dwellings.

Knowing whether subtypes of IHD are differentially related to
transportation noise exposure is important for the risk assessment
and understanding of etiological mechanisms. We found consistent
associations between road traffic noise exposure and IHD for dif-
ferent adjustment models in the pooled analyses, particularly when
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Figure 2. HR and 95% CI for ischemic heart disease excluding angina pectoris in relation to exposure to noise from road traffic (left) and railways (right) per
10 dB Lden during 5 y prior to the event according to covariates and air pollution exposure. p-Values are Wald pInteraction terms. Results are presented according
to strata of potential effect modifiers based on separate models with interaction terms between transportation noise and each potential modifier, adjusted for age
(by design), cohort (strata), sex (men/women), calendar year (in 5 y periods), educational level (low/medium/high), marital status (single/married), area-income
(quartiles), and other noise sources indicator (yes/no: road, railway, and aircraft noise; for the three cohorts without aircraft noise information, all cohort mem-
bers were assigned as no exposure). Note: Corresponding numeric data is available in the Supplementary Excel file “Numeric data for Figures EHP10745.”
BMI, body mass index; CI, confidence interval; HR, hazard ratio; IHD, ischemic heart disease; Lden, day-evening-night noise level based on energy equivalent
noise level over a whole day with a penalty of 10 dB(A) for nighttime noise (23.00–7.00) and a penalty of 5 dB(A) for evening noise (i.e. 19.00–23.00); NO2,
nitrogen dioxide; PM2:5, particulate matter with an aerodynamic diameter of ≤2:5 lm (fine particulate matter).
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those with the diagnosis based on angina pectoris were excluded.
It is compelling that the stronger association for IHD without an-
gina pectoris was confirmed also for railway and aircraft noise,
although exposure to the three noise sources showed low correla-
tion. Furthermore, the risks of fatal IHD, which is generally not
based on angina pectoris, appeared higher than those for incident
IHD, where angina pectoris is more prominent. Angina pectoris
constituted a larger part of IHD in the Danish studies, partly
because outpatient data were included already from 1995 in the
Danish National Patient Register but only from 2001 in the
Swedish National Patient Register. We found no association
between road or railway noise exposure and angina pectoris,
which is less well captured in the national registries than other
IHD diagnoses,28 but a particularly strong association between
road traffic noise and chronic IHD. Traffic noise exposure has
been linked to several cardiovascular outcomes, such as IHD/myo-
cardial infarction, stroke, heart failure, and atrial fibrillation,18 but
we are not aware of earlier studies on risks for angina pectoris or
chronic IHD.

We observed an interaction in relation to IHD risk between
road traffic noise and BMI, with a stronger association among
study participants having a BMI below 25 kg=m2, which was simi-
lar for railway noise. No comparable interaction between road traf-
fic noise exposure and BMI in relation to stroke was noted in the
same study base.17 Several cohort studies have found an associa-
tion between traffic noise exposure and obesity markers.26,29–32

This finding opens the possibility that BMI or other obesity
markers may be mediators of the association between traffic noise
and IHD; however, our results suggest that there are causal path-
ways not involving BMI. It is not clear why excess risks related to
traffic noise exposure would be higher among those with lower
BMI, but it may be speculated that other risk factors could be more
influential for subjects with higher BMI. A similar absolute risk
increase related to noise exposure in both BMI categories would
also tend to generate a lower rate ratio among those with high BMI
because of the higher IHD incidence in this group. We are not
aware of other studies on noise exposure and IHD assessing inter-
actions with BMI, and our results should be interpreted with cau-
tion in view of the exploratory nature of these analyses.

Our results did not point to effect modification by other cova-
riates, which was consistent between road traffic and railway
noise exposure. In particular, those with PM2:5 exposure above or
equal to the median had a higher risk of IHD and of IHD exclud-
ing angina pectoris related to road traffic noise, whereas those
with exposure below this level had a higher risk associated with
exposure to railway noise. The reasons behind this apparent
inconsistency are unclear, but one contributing factor is the low
PM2:5 levels in the Stockholm cohorts, where the association
between road traffic noise and IHD risk was weak. On the other
hand, the association between railway noise and IHD was weak
in the Danish cohorts, particularly for IHD excluding angina pec-
toris, where the PM2:5 levels were higher. Several studies on car-
diovascular disease have estimated exposure to both road traffic
noise and air pollution;4,6–11,13–17 however, no clear picture of
interaction has emerged for IHD or myocardial infarction or for
other cardiovascular end points.

Our study has several strengths. It is the largest study to date
on transportation noise and IHD containing detailed information
on socioeconomic and lifestyle risk factors, enabling a high sta-
tistical power and careful confounding control also in subgroup
analyses. The study constitutes a major extension of earlier publi-
cations based on the cohorts, including longer follow-up and sub-
stantially increased number of cases, which together with pooled
analyses, enables detailed evaluation of the shape of exposure–
response functions and interactions, also for subtypes of IHD.

We estimated transportation noise and air pollutant levels at resi-
dential addresses over time, using validated methods with very
high spatial resolution. The study included the five major metro-
politan areas in Denmark and Sweden, as well as less urbanized
regions, contributing to a substantial contrast in traffic noise ex-
posure. However, the exposure assessment still has uncertainties
because only residential addresses were considered and no infor-
mation was available on indoor noise levels, which depend on
façade sound insulation of the building as well as to what extent
windows are open or closed. Furthermore, the results may have
been influenced by calendar year because exposure was assessed
during a period of more than five decades, with differences
between cohorts, and changes in noise exposure patterns occurred
during that period. The generalizability of our findings may be
affected by different building techniques, regulations for noise
insulation, and behavioral characteristics in Scandinavian coun-
tries and in other countries.33 The health outcome information
was obtained from high quality national patient and mortality
registers; however, some diagnoses are less well captured in such
registers, including angina pectoris.27 Residual confounding must
also be considered in the interpretation, particularly because posi-
tive confounding was often indicated when adjusting for covari-
ates, such as air pollution. Including data from several cohorts
and countries in the analyses has advantages; however, interpre-
tation of results from combined analyses may be complex if
cohorts differ substantially in exposures, background risks of
IHD, and distribution of covariates. Our results suggest that dif-
ferences in risk estimates between cohorts to some extent were
related to noise exposure distributions, but specifics in the expo-
sure assessment methodologies may also have contributed.

In conclusion, our results showed that long-term exposure to
road traffic noise and railway noise was associated with an
increased incidence of IHD, especially for those with a diagnosis
not based on angina pectoris. A threshold of around 55 dB Lden
was suggested in the exposure–response relation for road traffic
noise and IHD. Excess risks related to aircraft noise were also
observed but without clear exposure–response relations. Our find-
ings underscore the importance of transportation noise as a public
health problem and highlight several aspects that can contribute
to the understanding of causal pathways and influence the popu-
lation attributable risks of IHD related to traffic noise exposure.
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