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BACKGROUND: There is a growing body of evidence linking residential exposure to transportation noise with several nonauditory health outcomes.
However, auditory outcomes, such as tinnitus, are virtually unexplored.
OBJECTIVES:We aimed to investigate the association between residential transportation noise and risk of incident tinnitus.

METHODS: We conducted a nationwide cohort study including all residents in Denmark age ≥30 y, of whom 40,692 were diagnosed with tinnitus.
We modeled road traffic and railway noise at the most (Ldenmax) and least (Ldenmin) exposed façades of all Danish addresses from 1990 until 2017.
For all participants, we calculated 1-, 5-, and 10-y time-weighted mean noise exposure and retrieved detailed information on individual- and area-
level socioeconomic covariates. We conducted analyses using Cox proportional hazards models.

RESULTS:We found positive associations between exposure to road traffic noise and risk of tinnitus, with hazard ratios of 1.06 [95% confidence inter-
val (CI): 1.04, 1.08] and 1.02 (95% CI: 1.01, 1.03) per 10-dB increase in 10-y Ldenmin and Ldenmax, respectively. Highest risk estimates were found
for women, people without a hearing loss, people with high education and income, and people who had never been in a blue-collar job. The associa-
tion with road Ldenmin followed a positive, monotonic exposure–response relationship. We found no association between railway noise and tinnitus.
DISCUSSION: To our knowledge, this is the first study to show that residential exposure to road traffic noise may increase risk of tinnitus, suggesting
noise may negatively affect the auditory system. If confirmed, this finding adds to the growing evidence of road traffic noise as a harmful pollutant
with a substantial health burden. https://doi.org/10.1289/EHP11248

Introduction
Transportation noise is increasingly recognized as harmful to
human health, being a growing source of concern among the gen-
eral population. In Europe, more than 100million people are
exposed to transportation noise above the Environmental Noise
Directive threshold of 55 dB.1 Noise is defined as unwanted
sound, being often unpleasant and/or disruptive to the listener.
Transportation noise exposure is believed to be detrimental to
human health through stress reactions with activation of the
hypothalamic–pituitary–adrenal axis, followed by increased lev-
els of stress hormones.2,3 In addition, nighttime noise exposure
can impact sleep quality and duration, which are crucial for phys-
iological and mental restoration.2,3

In an extensive review of health effects of transportation noise,
the World Health Organization (WHO) concluded that there is
high-quality evidence for an association between road traffic noise
and ischemic heart diseases.4 Since the WHO review, several obser-
vational studies have provided evidence suggesting that road traffic
noise is also a risk factor for diabetes, stroke, and cardiovascular
mortality.5–11 Despite emerging knowledge, the extent of health

impacts from transportation noise is still not clear; e.g., the WHO
stated in 2018 that there was a lack of studies investigating transpor-
tation noise and hearing-related outcomes, such as tinnitus, even
though these are considered critical outcomes for the development
of guidelines regarding health effects of noise.4

Tinnitus is a very common disorder characterized by the
perception of sound in the ears or head in the absence of an exter-
nal sound source.12 Epidemiological studies worldwide have
reported the tinnitus prevalence to range between 5% and 43%.13

However, there is no standard criterion for tinnitus diagnosis, and
the heterogeneity of the disease in terms of severity and impact is
substantial.13 Although many people can habituate to it, others
are severely affected by the disorder even after seeking medical
treatment.12,14

Hearing loss and other otological conditions affecting the mid-
dle ear are main risk factors for tinnitus. However, although coch-
lear damage is often the origin of tinnitus, the central nervous
system is believed to play an important role in the onset and persist-
ence of the disorder.12,15 Tinnitus is considered a stressor per se,
leading to increased physiological arousal and psychological dis-
tress.14,16 Nevertheless, several studies also suggest a reverse
mechanism, where stressful situations and sleep disturbances pre-
cede tinnitus occurrence and contribute to the transition from mild
to severe symptoms.14,15,17 As stress and sleep disturbance are pro-
posed key mechanisms behind the harmful effects of noise,2–4 we
hypothesize that transportation noise can affect onset and severity
of tinnitus. However, to the extent of our knowledge, no longitudi-
nal studies have investigated the effect of residential transportation
noise on tinnitus or other auditory outcomes.

This nationwide cohort study aimed to investigate the associa-
tion between residential road traffic and railway noise exposure,
measured both at the least and the most exposed façades, and risk
of incident tinnitus. The study was based on individual-level
information on hearing-related diagnoses, address history, and
socioeconomic factors.
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Methods

Study Design and Participants
We performed a nationwide cohort study, including all residents
age ≥30 y living in Denmark between 1 January 2000 and 31
December 2017, and born after 1920. All Danish residents were
followed across health and administrative registers using the
Danish unique personal identification number.18 We identified all
Danish addresses in the Building and Housing Register,19 and, by
linking them with the Civil Registration System,20 we retrieved
address history for all study participants from 10 y before enroll-
ment until censoring.

The study was conducted in accordance with principles of
the Declaration of Helsinki and approved by the local author-
ities (record number: 2018-DCRC-0055). Because the study was
entirely based on data from the Danish national registers, it did not
require patients’ consent and approval from ethical committees.

Outcome
We followed all cohort members up for an incident diagnosis of
tinnitus by linking their personal identification numbers to the
Danish National Patient Register (DNPR).21 Tinnitus was defined
as a primary (i.e., main cause of the visit) or secondary (i.e.,
coexisting) diagnosis for outpatient records according to the
International Classification of Diseases (ICD) 8 code 781.31 or
ICD10 code H93.1. Cohort members with a diagnosis of tinnitus
before baseline were excluded.

Noise Exposure Assessment
We calculated road traffic and railway noise at the center of all
façades of all residential buildings in Denmark, using precise
geocoded data for location and floor (corresponding to the
address height) of each address.22 We further selected the lowest
and highest noise level for each address, which corresponded to
noise at the least and most exposed façade, respectively. Noise
levels were calculated as the equivalent continuous A-weighted
sound pressure level (LAeq) for day, evening, and night and repre-
sented as Lden. An A-weighted scale aims to mimic human hear-
ing responses by emphasizing the main frequencies perceived by
the human ear when sound pressure levels are calculated. All
noise values below 35 dB were set to 35 dB, because transporta-
tion noise levels below this threshold are likely not perceived,
due to other noise sources. Road traffic noise was modeled for
the years 1995, 2000, 2005, 2010, and 2015 using the Nordic pre-
diction method.23 Input variables included annual average daily
traffic, vehicle distribution, road type, and travel speed.24
Railway noise was modeled for the years 1997 and 2012 for all
addresses within 1,000 m of a rail line, using the Nord2000 mod-
els.25 Input variables included annual average daily train lengths,
travel speed, and train types. Both models considered screening
from terrains, noise barriers, berms, and buildings, as well as
ground absorption and noise reflections. We used linear interpo-
lation to quantify exposure in intermediary years.

Covariates
We retrieved information on a variety of covariates available on
registers at Statistics Denmark, which were selected with basis on
the current literature and a review of plausible mechanisms. These
included yearly individual-level information on: a) civil status:
married/cohabiting/registered partnership; widowed; divorced;
single; b) highest attained education: mandatory; secondary, voca-
tional, or other short further education after high school; medium
or long-term higher education (Bachelor’s, Master’s, or PhD
degree); c) occupational status: blue-collar (employment that

requires low-level skills); low-level white-collar (managers with
0–4 employees or with employment that requires intermediate-
level skills); high-level white-collar (managers/directors with ≥5
employees or with employment that requires high-level skills);
unemployed; retired; d) disposable income (in quintiles, based on
the yearly distribution among Danish adults between 25 and 70 y
of age and standardized by calendar year and sex-specific catego-
ries); and e) country of origin: Denmark; immigrant or descendent
of individuals from other Western country (i.e., European Union
country, Andorra, Australia, Canada, Iceland, Liechtenstein,
Monaco, New Zealand, Norway, San Marino, Switzerland, United
States, and Vatican City State); immigrant or descendent of indi-
viduals from a non-Western country (all other countries).

We also collected address-level data on population density and
generated neighborhood (parish) socioeconomic status variables
by aggregating national data for the 2,160 parishes of Denmark
(i.e., the proportion of inhabitants in each parish with low income
(lowest quartile), who were unemployed, with manual labor, with
only basic education, with a criminal record, and who belonged to
single-parent families).26 Given potential beneficial health effects
when living close to green areas (e.g., stress reduction and restora-
tion),27,28 we also considered “access to green areas” as a covariate
in the present study. For each address, we calculated the proportion
of forests, recreational areas, and open nature areas within a 150-m
and 1,000-m radius buffer (hereinafter referred as high-quality
green areas), based on land-use categories extracted from a nation-
wide land-use and land-covermap for Denmark.29

Last, we retrieved from the DNPR all participants who had
been referred to hospital examinations and treatment for hearing
loss, other hearing loss–related diseases, and outer and middle
ear diseases during and before the study period. Hearing loss di-
agnosis was defined according to the following ICD10 codes:
H80, H810, H833, H838, H839, H90, H91, H93 (excluding
H931, H932, H933B), and DH94. Outer and middle ear diseases
were defined by the following ICD10 codes: H60, H61, H62,
H65, H66, H67, H68, H69, H70, H71, H72, H73, H74, and H75.

Statistical Analyses
Hazard ratios (HR) were estimated using Cox regression models
with age as underlying time scale. Participants were enrolled on 1
January 2000 or when they turned 30 y of age, whichever came
last, and censored at age of tinnitus diagnosis, death, migration,
missing address, or end of follow-up (31 December 2017),
whichever came first. We included road traffic and railway noise
exposures as time-weighted means calculated for running 1-, 5-,
and 10-y periods, taking into consideration the full address his-
tory for each study participant.

We calculated linear associations between road traffic and
railway noise at the most (Ldenmax) and least (Ldenmin) exposed
façades (per 10 dB) and incident tinnitus, using: a) a basic model,
adjusted by age (underlying time scale), sex, and calendar year;
and b) a fully adjusted model, including all covariates. All covari-
ates, apart from sex and region of origin, were included in the
model as a time-varying variables. Individual-level covariates
were updated yearly, whereas area-level covariates were changed
every time a person changed address. In a sensitivity analysis, we
calculated adjusted HRs considering only primary diagnoses of
tinnitus and excluding all persons with a previous diagnosis for
outer and middle ear diseases.

Using the fully adjusted model and a total of nine exposure cate-
gories, we explored the joint effect of 10-y mean road traffic Ldenmax
(<55, 55–60, and ≥60 dB) and Ldenmin (<40, 40–50, and ≥50 dB)
in relation to tinnitus. The lowest exposure categorywas used as refer-
ence. Additionally, we investigated exposure–response associations
between road traffic and railway noise and tinnitus, using 3 dB
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categories of 10-y mean Ldenmax and Ldenmin. Reference categories
were <45 dB for road traffic Ldenmax and <40 dB for road traffic
Ldenmin, railway Ldenmax, and railway Ldenmin. Reference catego-
ries were chosen based on the distribution of the exposure variables
and tomaintain consistencywith previous studies.10,30

We evaluated possible modification of the association between
10-y mean road traffic Ldenmax and Ldenmin and risk of tinnitus by
including interaction terms between the exposure variable and dif-
ferent covariates: sex, education, blue-collar occupation, income,
high-quality green space in 150 m, previous hearing loss diagnosis
recorded in the DNPR, and previous diagnosis of cardiovascular
comorbidity (stroke, hypertension, and ischemic heart diseases).

The assumption of linearity of road traffic and railway noise in
relation to tinnitus was tested by log likelihood ratio tests compar-
ing models with and without a quadratic term. We observed no
deviation from linearity (p=0:08 and 0.58 for road traffic Ldenmax
and Ldenmin, respectively).We used Pearson coefficients to inspect
correlation between road traffic and railwayLdenmax and Ldenmin.

Analyses were performed in SAS (version 9.4; SAS Institute
Inc.). All participants with incomplete address history and/or miss-
ing information on covariates were excluded from the analyses.

Results
The study base included 4:1million Danish residents. Of those,
we excluded 12,476 individuals with prevalent tinnitus, 496,241
with incomplete address history, and 71,387 with incomplete

information on covariates. The study population consisted of
3,520,926 individuals with a mean follow-up of 14.1 y and
40,692 incident cases of tinnitus.

Baseline sociodemographic characteristics for people exposed
to road traffic Ldenmax above and below 55 dB are presented in
Table 1 and Table S1. The histograms for road traffic and railway
Ldenmax and Ldenmin at baseline are shown in Figure S1 and
Figure S2. Road traffic Ldenmax ranged from 35.0 to 90.1 dB,
with median, mean, and interquartile ranges (IQR) of 57.6, 56.6,
and 10.8 dB, respectively. For road traffic Ldenmin, the values
ranged from 35.0 to 81.7 dB, with median of 45.2 dB, mean of
45.5 dB, and IQR of 8.3 dB. Railway Ldenmax among exposed
persons ranged from 35.0 to 86.0 dB, with median of 54.5 dB,
mean of 54.1 dB, and IQR of 11.8 dB; railway Ldenmin among
exposed ranged from 35.0 to 81.5 dB, with median, mean, and
IQR of 41.1, 44.8, and 8.5 dB, respectively. Road traffic and rail-
way noise were correlated with each other, with Pearson correla-
tion coefficients between road traffic Ldenmax and road traffic
Ldenmin and railway Ldenmax and railway Ldenmin of 0.49, 0.28,
and 0.22, respectively (Table S2).

Road traffic noise was positively associated with tinnitus for all
exposure windows, with substantially higher HRs for Ldenmin in
comparison with Ldenmax. With the fully adjusted model, a 10-dB
increase in 10-y mean Ldenmin and Ldenmax was associated with a
6% (HR=1:06; 95% CI: 1.04, 1.08) and 2% (HR=1:02; 95% CI:
1.01, 1.03) higher risk of tinnitus, respectively (Table 2). When

Table 1. Baseline characteristics of the study population (Denmark, 2000–2017) according to road traffic noise exposure at the most exposed façade.

Baseline characteristics
Entire population
(N =3,520,926)

>55 dB road traffic noise
(n=2,164,287)

≤55 dB road traffic noise
(n=1,356,639)

Sex [% (men)] 49.1 49.5 48.5
Age (mean± standard deviation) 46:5± 14:7 43:8± 14:7 50:7± 13:7
Country of origin (%)
Denmark 99.0 98.9 99.2
Other Western country 0.4 0.4 0.4
Non-Western country 0.6 0.7 0.4
Civil status (%)
Married or cohabiting 73.2 69.7 78.9
Widow(er) 4.6 4.1 5.5
Divorced 5.9 6.1 5.4
Single 16.3 20.1 10.2
Individual income (%)a

Q1 20.3 20.8 19.4
Q2 21.0 21.9 19.7
Q3 21.0 21.9 19.6
Q4 19.8 19.5 20.3
Q5 17.9 15.9 21.0
Occupational status (%)
Blue-collar 40.0 40.9 38.5
Low-level white-collar 17.7 18.4 16.6
High-level white-collar 12.4 12.8 11.7
Unemployed 6.0 6.9 4.7
Retired 23.9 21.0 28.5
Highest attained education (%)
Mandatory education 32.8 30.9 36.0
Secondary or vocational education 47.4 47.7 46.8
Medium or long education 19.8 21.4 17.3
High-quality green space
≥15% in 150-m radius 19.6 18.5 21.3
≥20% in 1,000-m radius 24.3 22.6 26.9

Area-level factors (mean± standard deviation)b

% of population with low income (1st quartile) 4:7± 2:3 5:0± 2:5 4:2± 1:9
% unemployed in population 1:6± 0:6 1:6± 0:6 1:6± 0:6
% of population in manual labor 14:7± 4:0 13:9± 4:1 15:9± 3:5
% of population with only basic education 12:1± 3:8 11:6± 3:9 13:0± 3:5
% population with criminal record 0:5± 0:3 0:5± 0:4 0:5± 0:3
% single-parent families 5:2± 1:8 5:2± 1:8 5:1± 1:8

Note: Data were complete for all variables. The corresponding number of persons for each category is shown on Table S1. dB, decibel.
aIndividual income quintiles were standardized by calendar year and sex.
bBased on the 2,160 parishes available in Denmark.
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only primary tinnitus diagnoses were considered, HRs per 10 dB
were 1.07 and 1.06 for road Ldenmin and Ldenmax, respectively
(Table S3). The HRs were nearly the same when individuals with a
previous diagnosis for outer andmiddle ear diseases were excluded
(Table S3). No association was found between railway noise and
tinnitus (Table 2; Table S4; Figure S3).

We found that the association between road Ldenmin and tinni-
tus followed a monotonic exposure–response relationship across
the entire exposure range, whereas for Ldenmax an increase in risk
was observed only in the low-exposure range, followed by a level-
ing off in risk at higher exposures (Figure 1; Table S4).
Accordingly, when investigating combined exposure to road
Ldenmax and Ldenmin, we observed higher HRs as Ldenmin expo-
sure increased, whereas no clear tendencies were found across
higher Ldenmax categories (Table 3).

As shown in Figure 2, the positive associations between road
traffic noise and tinnitus were present only among persons with no
previous diagnosis of hearing loss. In contrast, we found negative

associations among people with hearing loss. The association was
only observed for women, and we found stronger associations
among people with higher vs. lower education and income, among
people who had never worked in a blue-collar occupation vs. those
who had, and among people without vs. with cardiovascular comor-
bidity. We found no modification of the noise–tinnitus association
in relation to surrounding green space (Figure 2 andTable S5).

Discussion
In this large cohort study, we found residential exposure to road
traffic noise to be associated with increased risk of tinnitus, espe-
cially noise at the least exposed façade (Ldenmin). Highest risk esti-
mates were found for women and for people without a hearing loss,
people with high education and income, and people who had never
been in a blue-collar job. Associations between road Ldenmin and
tinnitus followed a monotonic exposure–response relationship
throughout the exposure range. Railway noise was not associated
with increased risk of tinnitus.

We are not aware of previous studies investigating associa-
tions between residential exposure to transportation noise and tin-
nitus. Several epidemiological studies, however, have looked at
occupational and leisure noise in relation to tinnitus and consis-
tently shown increased risk of tinnitus following repeated noise
exposure.31,32 Noise levels of 85 dB over an 8-h period is typi-
cally considered the threshold of which noise can damage the au-
ditory system, likely causing permanent hearing loss and
tinnitus.31 Residential exposure to road traffic and railway noise
is not likely to reach this level for such a long period of time
(hours) and therefore not expected to cause permanent changes in
the cochlea. However, transportation noise is a known environ-
mental stressor.3 A recent scoping review concluded that stress
increases the distress caused by and the loudness of tinnitus,33
and studies have indicated that stress may play a major role in the
development, maintenance, and worsening of tinnitus, especially
among people who have a strong negative emotional reaction to-
ward the condition.14,33 In support, we found stronger noise–
tinnitus associations when considering only primary diagnoses of
tinnitus, which likely represent the more severe cases because
these patients have been referred for additional treatment or coun-
seling. One of the most discussed mechanistic models posits that
high levels of arousal or stress sustain negative thoughts in rela-
tion to tinnitus, therefore reducing the ability of the individual to
habituate to the symptoms.34 Also, increased levels of stress hor-
mones may affect the limbic, reticular, and auditory systems, pos-
sibly causing or worsening the disorder.35 These are therefore
potential underlying mechanisms behind the observed noise–tin-
nitus associations.

Table 2. Associations between 1-, 5-, and 10-y averaged residential exposure
to road traffic and railway noise (linear, per 10 dB) at the most (Ldenmax)
and least (Ldenmin) exposed façade and risk of incident tinnitus (40,692
cases, including both primary and secondary tinnitus diagnoses). Results
were derived from cox proportional hazards models.

Noise exposure per 10 dB
Basic modela

HR (95% CI)
Fully adjusted modelb

HR (95% CI)

Road traffic, Ldenmax
1-y exposure 1.02 (1.01, 1.03) 1.01 (1.00, 1.02)
5-y exposure 1.03 (1.01, 1.04) 1.02 (1.00, 1.03)
10-y exposure 1.03 (1.02, 1.04) 1.02 (1.01, 1.03)
Road traffic, Ldenmin
1-y exposure 1.05 (1.04, 1.07) 1.04 (1.03, 1.06)
5-y exposure 1.06 (1.04, 1.07) 1.05 (1.03, 1.07)
10-y exposure 1.06 (1.05, 1.08) 1.06 (1.04, 1.08)
Railway, Ldenmax
1-y exposure 1.03 (1.00, 1.06) 1.01 (0.98, 1.04)
5-y exposure 1.03 (1.00, 1.06) 1.00 (0.98, 1.03)
10-y exposure 1.02 (0.99, 1.04) 0.99 (0.97, 1.02)
Railway, Ldenmin
1-y exposure 1.08 (1.04, 1.12) 1.02 (0.98, 1.06)
5-y exposure 1.06 (1.02, 1.10) 1.00 (0.96, 1.04)
10-y exposure 1.05 (1.02, 1.09) 0.99 (0.96, 1.03)

Note: CI, confidence interval; dB, decibel; HR, hazard ratio.
aAdjusted for age (underlying time scale, sex, and calendar year).
bAdjustment for age (underlying time scale), sex, calendar year, civil status, income,
country of origin, occupational status, education, proportion of high-quality green areas
within 150 and 1,000 m buffers, and a number of area-level socioeconomic variables:
percentage of population with low income, with only basic education, who are unem-
ployed, with manual labor, who are single-parent and with a criminal record, as well as
mutual road traffic and railway noise adjustment. All covariates, apart from sex and
region of origin, were included in the model as time-varying variables.

Figure 1. Associations between 10-y mean exposure to road traffic noise at the most (A) and least (B) exposed façades and risk of tinnitus using the fully
adjusted model. The vertical bars show hazard ratios with 95% confidence interval at the median of the exposure categories compared with the reference cate-
gory. Reference category was <45 dB for Ldenmax and <40 dB for Ldenmin. Risk estimates and number of cases for each exposure category are shown in
Table S3.
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Most studies on transportation noise and health are based on
noise estimations at the most exposed façade. However, assessing
noise at the least exposed façademay be of significant relevance and
a proxy for nighttime exposure, because buildings usually have a
quiet side where people in noisy conditions would likely place a
bedroom.36 In the present study, we observed higher risk estimates
when noise wasmodeled for the least exposed façade in comparison
with the most exposed façade, and we found a clear exposure–
response relationship for Ldenmin. Having difficulties in initiating
andmaintaining sleep is one of the most frequent reports by tinnitus
patients, often originating as a reaction to the annoyance experi-
enced by tinnitus patients.32 However, studies have also shown
sleeping difficulties to precede tinnitus distress, therefore aggravat-
ing tinnitus symptoms.37 The bidirectional relationship between
tinnitus and sleeping problems may be explained by a common

neurobiological mechanism related to hyperarousal of the sympa-
thetic nervous system, which can be reinforced by a vicious cycle,
where sleep disturbance would worsen tinnitus symptoms andmore
severe symptoms would contribute to impaired sleep.38 In agree-
ment, tinnitus has been found to be louder and more distressing dur-
ing the night and in the early morning.39 It is therefore possible that
noise-induced stress arousals in the middle of the night, together
with sleep interruptions, may increase tinnitus patients’ awareness
of tinnitus and subsequent level of distress when they try to resume
sleep. These people may consequently be more prone to seek medi-
cal help, enabling us to identify them in theDanish health registers.

Most tinnitus sufferers are also hearing impaired.12,40,41 In
our study only 19% of the identified cases were not previously
diagnosed with hearing loss. We observed a positive association
between road traffic noise and tinnitus only among people with-
out a hearing loss diagnosis. We found higher risk estimates
when considering only primary diagnoses of tinnitus, which
likely correspond to people without hearing loss, who would
approach the ear, nose, throat (ENT) doctor solely due to their
tinnitus symptoms when the symptoms become bothersome to
them. In contrast, tinnitus for many hearing loss patients will
likely be registered as a secondary diagnosis (in the hospital
registry) when they attend a hearing clinic for investigation of
their original hearing problem. When hearing loss is present, the
cause of tinnitus and hearing loss is usually the same, unless
stated otherwise.42,43 In addition, König et al. observed a clear
relation between tinnitus intensity and the degree of hearing
loss.44 We therefore speculate that the severity of tinnitus among
individuals with hearing impairment would probably be much
more related to their degree of hearing loss and therefore not be
as affected by noise-induced stressful events in comparison with
the individuals with other causal onsets of tinnitus. Furthermore,
individuals with hearing impairment hear sounds with a reduced
acuity and may be likely less disturbed by transportation noise.

Another interesting finding of our study was a negative asso-
ciation between road traffic noise and tinnitus among people who

Table 3. Associations between categories combining residential exposure to
road traffic at the most and least exposed façade and risk of incident tinnitus
(40,692 cases, including both primary and secondary tinnitus diagnoses).
Results were derived from cox proportional hazards models.

Road traffic noise, Ldenmax

Road traffic noise,
Ldenmin <55 dB 55–60 dB ≥60 dB
<40 dB n cases = 6,213 n cases = 1,477 n cases = 1,461

Ref 0.99 (0.94, 1.05) 0.97 (0.92, 1.03)
40–50 dB n cases = 11,205 n cases = 4,797 n cases = 6,400

1.03 (1.00, 1.07) 1.02 (0.98, 1.06) 1.05 (1.01, 1.09)
≥50 dB n cases = 1,425 n cases = 3,184 n cases = 4,530

1.04 (0.98, 1.10) 1.07 (1.03, 1.12) 1.08 (1.03, 1.12)

Note: Results are given in hazard ratio (95% confidence interval) and were based on the
fully adjusted model, i.e., adjusted for age (underlying time scale), railway noise, sex,
calendar year, civil status, income, country of origin, occupational status, education,
proportion of high-quality green areas within 150 and 1,000 m buffers, and a number of
area-level socioeconomic variables: percentage of population with low income, with
only basic education, who are unemployed, with manual labor, who are single-parent
and with a criminal record. All covariates, apart from sex and region of origin, were
included in the model as time-varying variables. dB, decibel; Ref, reference.

Figure 2. Effect modification analysis of associations between 10-y mean road traffic noise (continuous, per 10 dB, using the fully adjusted model) at the most
and least exposed façade and risk of tinnitus by: hearing loss diagnosis, sex, education, income, green space (150 m), occupation, and comorbidity. Risk esti-
mates and number of cases in each modifier subgroup are shown in Table S5.
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were previously diagnosed with hearing loss. A potential expla-
nation is that external low-level noise may mask tinnitus
sounds.41,45,46 This masking is possibly the case for individuals
with mild to moderate hearing impairment who may still be able
to hear the noise but with not such high intensity to cause stress
reactions and/or wake them up, especially at night when no hear-
ing aid is used.

We found the association between road traffic noise and tinni-
tus to be present only among women and to be higher among peo-
ple with high income and education and among people who have
never been in a blue-collar job, generally indicating socioeconomic
status as an important effect modifier of tinnitus–noise associa-
tions. Women and people of higher socioeconomic position may
be more likely to seek a doctor with their medical problems, and
they may be more persistent in demanding examination and treat-
ment.47,48 These characteristics would make them more likely to
be captured as cases in the hospital register. Furthermore, these are
groups that were likely less exposed to occupational noise during
their life courses.49,50 These findings may also be explained by a
much lower proportion of hearing loss diagnoses in these groups
and the fact that we observed associations only among peoplewith-
out a hearing loss diagnosis, therefore drawing the risk estimates
toward the null. In agreement, the effect modification analysis
showed higher HRs among individuals without cardiovascular
comorbidity, which generally consists of younger individuals who
also are less likely to have a hearing loss. Additionally, previous
research revealed higher degrees of tinnitus distress, tension, and
perceived stress among female patients,51 which may also explain
higher risk estimates amongwomen in comparisonwithmen.

We did not find railway noise to be associated with tinnitus.
Railway noise is usually perceived as less annoying than road
traffic noise,4,52 which could explain why this noise source is not
sufficient to aggravate tinnitus symptoms. Besides, the Danish
railway system consists mostly of passenger trains, which usually
do not operate during the night, thus not causing sleep disturban-
ces to the same extent as road traffic sources.

The use of high-quality Danish registers enabled us to identify
many tinnitus cases and conduct a nationwide prospective study
with a long follow-up time, which is a major strength of the study.
Besides a very large study population, we had access to detailed
and time-varying individual- and area-level sociodemographic
and socioeconomic information, as well as precise address loca-
tion and history for each study participant. Our analysis relied on
validated exposure models to estimate noise from two transporta-
tion sources at both the most and least exposed façade, the latter
better reflecting nighttime exposure.22,23

Diagnosing tinnitus imposes many challenges, because there is
no objective test to confirm the occurrence of the disorder.
Moreover, tinnitus intensity and severity are highly heterogeneous,
with some people being much more affected by the condition than
others.12 Because our study is based on register-based diagnoses,
we believe our analyses are rather limited to more severe and both-
ersome tinnitus cases, because these patients would be more likely
to seek medical help for their tinnitus (i.e., primary diagnosis) and/
or complain about the condition even if tinnitus was not the pri-
mary cause of the visit (i.e., secondary diagnosis). Therefore, we
expect our population to have a large number of people with an
undiagnosed tinnitus, especially those who are not significantly
bothered by the condition and possibly those of lower socioeco-
nomic position. This outcome misclassification is believed to be
nondifferential with regard to noise exposure and would thus in
most situations drive the risk estimates toward the null.

Our study presents other limitations. The exposure assessment
was limited to home addresses and did not consider individual
preventive measures regarding, e.g., window quality and bedroom

disposition, therefore hindering the estimation of indoor noise
exposure, and other noise sources (e.g., from neighbors, commu-
nity life, and construction sites). We also lacked detailed infor-
mation on occupational noise exposure, such as type and
exposure duration, which is a well-known risk factor for tinnitus
and potentially a confounder on the exposure–disease pathway.
Even though our models were adjusted for occupational status,
we were not able to differentiate the available classes (i.e., blue-
collar, low- and high-level white-collar, unemployed, and
retired) into different job functions, or to capture the full picture
of current and past exposure history. Similarly, although we used
detailed socioeconomic information, measured by individual
(e.g., disposable income and highest attained education) and
address-level covariates, we cannot rule out potential residual
confounding. Finally, our findings were limited to the Danish
population, which represents specific characteristics related to
ethnicity, genetics, and the presence and distribution of various
noise sources. Therefore, our findings should be generalized with
caution, and more studies are needed to test the consistency of
our results in other study settings, including different population
characteristics and geographical locations.

To the best extent of our knowledge, this is the first study
investigating the association between residential exposure to
transportation noise and risk of tinnitus. Our study, which cov-
ered an entire country, showed consistent associations between
road traffic noise and tinnitus, especially when noise was meas-
ured at the least exposed façade. No association was found for
railway noise. The hypothesized underlying mechanisms behind
the observed associations include noise-induced stress reactions
and disturbance of sleep, which would increase people’s aware-
ness of tinnitus, likely exacerbating the condition. Further mecha-
nistic studies, preferably including information on indoor
exposure, are needed to confirm the noise–tinnitus pathways
hereby proposed. Although causality remains uncertain, these
findings suggest that transportation noise may also affect the au-
ditory system. Last, this study adds to the evidence of road traffic
noise as a harmful pollutant with a growing health burden.
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