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Background: Few studies have examined the relationship between traﬃc noise and depression providing
inconclusive results. This large case-control study is the ﬁrst to assess and directly compare depression risks by
aircraft, road traﬃc and railway noise.
Methods: The study population included individuals aged ≥40 years that were insured by three large statutory
health insurance funds and were living in the region of Frankfurt international airport. Address-speciﬁc
exposure to aircraft, road and railway traﬃc noise in 2005 was estimated. Based on insurance claims and
prescription data, 77,295 cases with a new clinical depression diagnosis between 2006 and 2010 were compared
with 578,246 control subjects.
Results: For road traﬃc noise, a linear exposure-risk relationship was found with an odds ratio (OR) of 1.17
(95% CI=1.10–1.25) for 24-h continuous sound levels ≥70 dB. For aircraft noise, the risk estimates reached a
maximum OR of 1.23 (95% CI=1.19–1.28) at 50–55 dB and decreased at higher exposure categories. For
railway noise, risk estimates peaked at 60–65 dB (OR=1.15, 95% CI=1.08–1.22). The highest OR of 1.42 (95%
CI=1.33–1.52) was found for a combined exposure to noise above 50 dB from all three sources.
Conclusions: This study indicates that traﬃc noise exposure might lead to depression. As a potential
explanation for the decreasing risks at high traﬃc noise levels, vulnerable people might actively cope with
noise (e.g. insulate or move away).

1. Introduction
Traﬃc noise is an environmental risk factor for various diseases. A
report of the World Health Organization (WHO) estimates that yearly
at least one million disability adjusted life years (DALY) are lost from
diseases (ischemic heart disease, cognitive impairment of children,
sleep disturbance, tinnitus, annoyance) related to traﬃc noise in
Western Europe (WHO, 2010). One illness that might be aﬀected by
traﬃc noise is depression: previous research shows that traﬃc noise
induces various stress reactions and insomnia, and these factors as well
as chronic noise itself have been shown to aﬀect mental health and
particularly depression (Stansfeld and Matheson, 2003; Baglioni et al.,
2011). Depression is one of the most common mental disorders, and a
leading cause of disability worldwide (WHO, 2015). However, the
relation between traﬃc noise and depression is unclear. Early evidence
for a relation between airport noise exposure and an increased
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submission to psychiatric units of hospitals in London (AbeyWickrama et al., 1969) and Los-Angeles (Meecham and Smith, 1977)
could not be conﬁrmed in two later studies producing inconclusive
evidence (Jenkins et al., 1981; Tarnopolsky et al., 1980). However, for
residents living close to a military air base a positive dose-response
relationship between aircraft noise and depressiveness was found
(Hiramatsu et al., 1997). Furthermore, while Stansfeld et al. (1996)
found no relation between road traﬃc noise and psychiatric disorders,
Halpern (2014) reported a weak association. Some studies ﬁnd positive
relations between aircraft noise exposure and the prescription frequency and amount of tranquilizing, and sleep-inducing drugs, as well
as antidepressants (Floud et al., 2011; Greiser et al., 2007).
Additionally, two recent studies support a link between higher traﬃc
noise exposure and higher depression risks: while Greiser and Greiser
(2010) only found an association between aircraft noise and depression
for women, Orban et al. (2016) reported a generally increased risk of
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hospital and ambulatory diagnostic data (ICD-10 codes) and prescription data according to the Anatomical Therapeutic Chemical/Deﬁned
Daily Dose Classiﬁcation (ATC) for each reporting year between 2005
and 2010. Traﬃc noise data and individuals’ address data were linked
by a Data Linkage Oﬃce in Bremen, or for one insurance fund by the
health insurer. These data were then pseudonymized by substituting
address data with the study ID and forwarded to the Data Linkage
oﬃce in Dresden that linked the diagnostic data and the traﬃc noise
data using the study ID. For a more detailed description see Seidler
et al. (2016a, 2016b, 2016c).

depressive symptoms for road traﬃc noise. Moreover, there are several
studies examining the relationship between traﬃc noise and selfreported mental health (e.g., Sygna et al., 2014; Kishikawa et al.,
2009). Overall, the evidence pointing towards a positive relation
between road and aircraft traﬃc noise and depressive disorders –
mostly stemming from relatively small studies – is still inconclusive
and requires further research. To date, there has been no study that
speciﬁcally examined the relation between railway traﬃc noise and
depression. More conclusive and thorough evidence on the relation
between traﬃc noise and depression is of high interest to both the
scientiﬁc community and policy makers: it could provide insights to the
common mental illness depression by examining a potential environmental risk, as well as informing public debates about necessary
measures to protect residents. With equal noise levels, a much larger
proportion of people state to be highly annoyed by aircraft noise than
by railway noise and road traﬃc noise. This might be partly explained
by diﬀerences in the sound characteristics: While road traﬃc is
accompanied by rather continuous background noise, aircraft and
railway traﬃc noise are both characterised by more irregular, disruptive, louder single noise events. We therefore regard a separate analysis
of the health eﬀects of diﬀerent types of traﬃc noise as important.
The aim of this study was to assess the relation between depressive
disorders and all traﬃc noise combined as well as separately for
aircraft, road, and railway traﬃc noise, in a large secondary-data based
case-control study.

2.4. Deﬁnition of cases and control subjects
Patients with at least two ambulant or at least one hospital
diagnosis of unipolar depressive disorder in the study period who
had been insured for more than twelve continuous months were
deﬁned as cases with clinically diagnosed depression (Table 1).
Diagnoses were coded according to the international classiﬁcation of
diseases (ICD-10). Following the evidence-based national disease
management guidelines (DGPPN et al., 2015), only unipolar depressive
disorders, that is depressive episodes (F32), recurrent depressive
disorder (F33), persistent mood [aﬀective] disorders (only dysthymia,
F34.1), and mixed anxiety and depression disorders (F41.2) were
included as cases. Other aﬀective disorders were not included in the
case deﬁnition. Furthermore, only patients who received a new
diagnosis of a depressive disorder between 2006 and 2010 were
included as cases (i.e. that did not get diagnosed with depression in
at least four quarters before the newly diagnosed depressive disorder).
The case deﬁnition criteria were fulﬁlled by 85,180 individuals. Of
these, 77,295 individuals (90.5%) could be linked to traﬃc noise data
and were included as cases in the analysis. Individuals without
depression diagnosis between 2005 and 2010 and who had been
insured for more than twelve continuous months fulﬁlled the criteria
for control subjects (n=637,487). Of these, 578,246 individuals
(90.7%) could be linked to traﬃc noise data and were included in the
analysis as control subjects.

2. Methods
2.1. Study region and population
The study region of the NORAH (Noise-related Annoyance,
Cognition, and Health) case-control study was located around the
Frankfurt international airport (see Fig. 1). The study population
consisted of all individuals living in the study area aged 40 years or
older in 2010 and insured by one of three large statutory health
insurance funds in the period between 2005 and 2010 (n=1,026,670).
The study population includes about 23% of all people aged ≥40 living
in the study region.

2.5. Statistical analyses
Logistic regression analysis was performed to calculate odds ratios
(ORs) and 95% conﬁdence intervals for each type of traﬃc noise
separately, and in a combined model. The continuous sound levels for
each traﬃc noise source were grouped in 5 dB categories, with sound
level exposure below 40 dB as the reference category. For aircraft noise,
individuals with continuous sound levels below 40 dB but at least six
maximum nightly levels above 50 dB formed a separate exposure
category. The exposure-risk relationship was examined, applying a
linear (included traﬃc noise term: B1×LpAeq,24h) or third-degree
polynomial
model
(included
traﬃc
noise
term:
B1×LpAeq,24h+B2×LpAeq,24h2+B3×LpAeq,24h3) to the 24-h continuous
sound levels (LpAeq,24h) with a starting point of 35 dB. In case of a
diﬀerence between linear and third-degree model Akaike Information
Criteria (AIC) of 5 or less, a linear model was regarded as statistically
adequate.
In an additional analysis, exposure to diﬀerent combinations of
traﬃc noise sources was examined against a reference group with no
exposure of 40 dB or more to traﬃc noise of any source.
We calculated interaction terms between sex and the single continuous traﬃc noise variables. In case of signiﬁcant sex-noise interaction, the results were stratiﬁed by sex.

2.2. Noise exposure assessment
Acoustic exposure was estimated separately for each type of traﬃc
noise (aircraft, railway and road traﬃc) for each individual residential
address. For aircraft noise, average and maximum sound levels were
calculated using historical radar data from the German ﬂight safety
operator (DFS) according to the guidelines for calculations of noise
abatement zones (AzB) (Bundesregierung, 2008).These values were
then veriﬁed by comparing them to measurements of local monitoring
stations. For railway and road traﬃc noise, the sound levels were
calculated by using estimates of traﬃc exposure and estimating sound
reductions between the source of sound and the immission sites
according to the methods for calculation (VBUS, VBUSCH) used for
EU noise mapping (Bundesregierung, 2006; European Union, 2002).
Traﬃc exposure at the source was measured through road traﬃc counts
and information by the Federal Railway Authority and the German
Railway environmental department. Sound reduction calculations were
based on a digital landscape model including information on the
landscape and the footprint of buildings, and on information regarding
the position of noise barriers and walls along roads and railways. More
detailed information on the acoustic models, exposure calculations,
uncertainties and plausibility checks can be found elsewhere (Möhler
et al., 2015, 2016).

2.6. Confounders

2.3. Data linkage

All analyses were adjusted for age, sex, urban living environment,
and the local proportion of people receiving unemployment beneﬁts as
an indicator of socio-economic status (SES). When available, the

The participating health insurance funds provided pseudonymized
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Fig. 1. Map of the study area* (surrounded by a grey line), and contours of continuous sound levels for nighttime aircraft noise exposure in 2005. *The study area included the
administrative region Darmstadt, the districts Mainz-Bingen and Alzey-Worms, and the cities Mainz and Worms. Areas with nighttime (22–06 h) sound levels below 40 dB are shaded
white.

ments (Peen et al., 2010).

Table 1
Definition of a depressive disorder
ICD-10 Classiﬁcation

Depressive disordera

F32

Depressive episode

F33

Recurrent depressive
disorder
Dysthymia
Mixed anxiety and
depressive disorder

1× hospital discharge diagnosis F32.-, F33.-,
F34.1 or F41.2
2× ambulatory secure diagnosis F32.-, F33.-,
F34.1 or F41.2 (“g”=secure diagnosis) in two
consecutive quarters

F34.1
F41.2

3. Results
The characteristics of cases with clinically diagnosed depression
and control subjects are given in Table 2. There was no statistically
signiﬁcant sex-noise interaction on depression risk for any of the traﬃc
noise sources (no table), we therefore did not stratify for sex. Fig. 2
shows results for each separate type of traﬃc noise (for the case
numbers and for the risks of nightly traﬃc noise see Table 3); Fig. 3
gives the results restricting the analysis to individuals with known SES
(for the case numbers and for the risks of nightly traﬃc noise see
Table 4).

a
To fulﬁl the case deﬁnition of a depressive disorder, at least one of the criteria (line 1
and/or line 2) must be fulﬁlled.

analyses were further adjusted for individuals’ socio-economic status
(education and job title). We aimed to take into account potential
confounding by SES, as low socioeconomic status in childhood and
adolescence has been found to be associated with a higher risk of
depressive symptoms in adulthood (Elovainio et al., 2012, 2015).
However, for 60% of the cases and 59% of control subjects this
information was not available, mainly due to retirement or coinsurance with a family member. In an additional subgroup analysis,
we therefore included only individuals with available individual socioeconomic information (i.e. education or occupation). We included
urban living environment (urban municipalities and suburban/rural
districts as a dichotomous variable) as a potential confounder in our
regression models, as a meta-analysis found that mood disorders are
considerably more frequent in urban compared to rural living environ-

3.1. Aircraft noise and depression
Including noise as a third-degree polynomial increased the model
ﬁt, thus, the relation between aircraft noise and depression does not
seem to be adequately represented by a linear model. Instead, the
exposure-risk relation observed in the categorical analysis can be
described as a reversed U-shape. For noise levels between 40 and
45 dB, the depression risk was already elevated to OR=1.13 (95% CI
1.10–1.15). The OR increased further for noise levels between 45 and
50 dB (OR=1.18; 95% CI 1.16–1.21) and peaked at 1.23 (95% CI 1.19–
1.28) for noise between 50 and 55 dB. The OR then dropped to 1.09
(95% CI 1.02–1.16) for the 55 to 60 dB category, and further to 0.71
(95% CI 0.38–1.31) for > 60 dB, however, case numbers were low for
this category. For the night time period (22–06 h) a comparable
265
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1.43) in the 50 to < 55 dB noise category and 1.37 (95% CI 0.65–2.91)
for noise levels above 60 dB.

Table 2
Characteristics of cases with depression and control subjects
Cases

Total
Sex
Males
Females
Age [yrs.]
35 to < 45
45 to < 50
50 to < 55
55 to < 60
60 to < 65
65 to < 70
70 to < 75
75 to < 80
80 to < 65
≥85
Urban-rural living environment
Urban
Rural
Education
Primary/secondary education, no
vocational education
Primary/secondary education with
vocational education
Graduated from high school, no
vocational education
Graduated from high school and
vocational education
College degree
University degree
Education unknown
Occupation according to Blossfeld
AGR Agricultural occupations
EMB Unskilled manual occupations
QMB Skilled manual occupations
TEC Technicians
ING Engeneers
EDI Simple services
QDI Qualiﬁed services
SEMI Semiprofessionals
PROF Professionals
EVB Simple commercial and
administrative occupations
QVB Qualiﬁed commercial and
administrative occupations
MAN Managers
SONS Other
Unknown
Local proportion of persons receiving
unemployment beneﬁts (SGBII;
quintiles)a
≤6.7%
> 6.7 to ≤7.5%
> 7.5 to ≤8.7%
> 8.7 to ≤12.7%
> 12.7%

Control
subjects
n

3.2. Road traﬃc noise and depression

n

%

%

77,295

100.0

578,246

100.0

24,914
52,381

32.2
67.8

292,239
286,007

50.5
49.5

9,486
10,003
9,965
10,210
7,225
7,585
7,492
6,170
4,897
4,262

12.3
12.9
12.9
13.2
9.3
9.8
9.7
8.0
6.3
5.5

93,554
68,556
59,127
56,189
52,716
67,815
64,420
45,080
35,587
35,202

16.2
11.9
10.2
9.7
9.1
11.7
11.1
7.8
6.2
6.1

28,062
49,233

36.3
63.7

190,331
387,915

32.9
67.1

6,811

8.8

45,556

7.9

12,618

16.3

102,748

17.8

344

0.4

3,272

0.6

1,261

1.6

10,276

1.8

1,038
983
54,240

1.3
1.3
70.2

7,083
8610
400,701

1.2
1.5
69.3

189
3,232
2,440
383
131
6,221
1,392
2,603
183
2,700

0.2
4.2
3.2
0.5
0.2
8,0
1.8
3.4
0.2
3.5

2,426
26,513
26,563
4,151
1,842
43,895
7,714
12,332
1,694
16,450

0.4
4.6
4.6
0.7
0.3
7.6
1.3
2.1
0.3
2.8

5,676

7.3

40.977

7.1

387
692
51,006

0.5
0.9
66.1

4,564
5,306
383,819

0.8
0.9
66.4

24,311
12,675
8,434
23,998
7,877

31.4
16.4
10.9
31.0
10.2

198,610
91,422
65,525
166,747
55,942

34.4
15.8
11.3
28.8
9.7

In the categorical analysis, an almost monotone risk increase was
observed with increasing road traﬃc noise levels. For a continuous
sound level of 40 to < 45 dB, the depression risk was 1.02 (95% CI
1.00–1.06), increasing up to 1.17 (95% CI 1.10–1.25) for the loudest
road traﬃc noise category (≥70 dB). The exposure-risk relation was
adequately represented by a linear model; thus, a risk increase of 3.7%
(95% CI 2.8–4.6) per 10 dB road traﬃc noise was estimated. The ORs
for the night time period (Table 3) were comparable to the ORs for 24h continuous sound levels, increasing almost monotonically with
increasing noise levels.
When only including cases with available SES information
(Table 4), the ORs were substantially higher, with an OR of 1.25
(95% CI=1.17–1.33) for noise levels between 65 and < 70 dB. The
continuous risk increased to 5.2% per 10 dB.
3.3. Railway traﬃc noise and depression
In the categorical analysis, we found the highest OR of 1.15 (95%
CI=1.08–1.22) for 60 to < 65 dB continuous railway noise levels. For
higher noise levels, the OR decreased again, with an OR of 0.93 (95%
CI=0.82–1.06) for ≥70 dB. Including a third-degree polynomial improved the model ﬁt, indicating non-linearity of risk. For the night time
period a comparable reversed U-shape was found (Table 3).
In the sub-analysis with available SES information (Table 4), the
exposure-risk relation was comparable to the one in the main analysis
resembling a reversed U-shape. Just as for aircraft and road traﬃc
noise, the ORs were higher than in the main analysis, reaching a
maximum of 1.19 (95% CI=1.08–1.31) in the noise category 60 to <
65 dB.
3.4. Combined traﬃc noise exposure
When all types of traﬃc noise were included in one model, similar
but slightly lower ORs and similar exposure-risk relations across the
diﬀerent exposure categories were found (no table).
Exposure to diﬀerent combinations of traﬃc noise sources (Table 5)
was examined against a reference group without any type of traﬃc
noise exposure of 40 dB or more (and excluding maximum nightly
aircraft noise of 50 dB or more). Resulting risk estimates were higher
than for any of the separate traﬃc noise exposure categories: Combined
exposure to all three types of traﬃc noise resulted in an OR of 1.42
(95% CI=1.33–1.52).
4. Discussion
This large case-control study is the ﬁrst to assess and directly
compare depression risks by aircraft, road traﬃc and railway noise. We
observed a positive relation between “cross-sectional” 2005-traﬃc
noise exposure and the risk of a newly diagnosed depression. The
highest risk estimates were observed for individuals simultaneously
exposed to high levels of all three types of traﬃc noise.

a

Calculation of quintiles: frequent duplication of SGB II-values led to an uneven
distribution.

reversed U-shape was found, with a signiﬁcantly decreased OR of 0.72
(95% CI=0.56–0.93) in the highest exposure category (Table 3). In the
analysis of nightly aircraft noise, a signiﬁcantly increased risk
(OR=1.07, 95% CI=1.05–1.09) was observed for individuals with
nightly maximum sound levels above 50-dB (NAT 6) and continuous
noise levels below 40-dB.
When the analysis was restricted to individuals with available
individual SES information (Table 4), the reversed U-shape of the
exposure-risk relation disappeared in the analysis of 24 h sound levels,
but remained – albeit less distinct – in the analysis of the night time
periods. The ORs were generally higher, reaching 1.35 (95% CI=1.28–

4.1. Strengths and limitations
This study uses individual traﬃc noise estimates and health-claims
data to provide risk estimates for diﬀerent noise levels of aircraft, road
and railway traﬃc noise. It is the ﬁrst study worldwide to directly
compare the risk of depressive disorders for diﬀerent sources of traﬃc
noise. Traﬃc noise data was estimated precisely for each participant’s
address using state-of the art calculations and digital landscape
models. Our main analyses were based on “cross-sectional” 2005
266
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Fig. 2. Dose-response relationship between 24 h sound levels of traﬃc noise and depression. OR: Odds Ratio; adjusted for age, sex, education, and job title (when available), local
proportion of persons receiving unemployment beneﬁts; 95%-CI: 95%-conﬁdence intervals.

90% of the population is covered by the statutory health insurance. As a
fundamental disadvantage of epidemiologic studies based on health
insurance data, these data are not collected for research purposes, but
for the billing of medical services; therefore, these data only contain
billing-relevant data, and persons with private health insurance were
not included in the study. By far not all individuals that suﬀer from
“typical” depressive symptoms seek medical help: in a large Norwegian
survey including 92,000 individuals aged 20 to 89 years (Roness et al.,
2005), only 13% of the individuals having clinical depression according
to a self-rating scale (hospital depression and anxiety scale HADS) had
sought professional help. Elevated depression “risks” in urban compared with rural living environments might at least partly reﬂect a
higher proportion of “depressive people” seeking medical or psychological help. In principle, potential underdiagnosis or misdiagnosis of
clinical depression might be regarded as a weakness of our case
acquirement procedure based on physicians' diagnoses. However,
potential socioeconomic and regional diﬀerences in health-seeking
should not have inﬂuenced our results, as we adjusted our analyses
for regional and individual SES status and for urban versus rural living

exposure. Therefore, moves might have inﬂuenced the accuracy of
exposures assessment and might have biased the results. For one
health insurance company, the insurees' “address history” was known.
If only individuals were included in the analysis that had not moved for
5 years or that had not moved for 10 years, this did not have a
substantial eﬀect on the risk estimations.
The use of secondary health-claim data reduced the possibility of a
selection bias, since all insurees of the three participating health
insurance funds were included in the analysis. In contrast, epidemiological studies based on primary data often achieve rather low response
rates, being therefore open to substantial selection bias. As a further
advantage, health insurance data are collected and stored on a legal
basis, ensuring information about consultations, medication, diagnosis,
date and duration of hospital stays in a comparable data structure.
Therefore, secondary health insurance data allow for the monitoring of
diagnosis, medical treatment and course of disease.
Complete longitudinal data are not available for individuals switching to other health insurance companies. However, in Germany rather
few older people change their health insurance company, and about

Table 3
Traffic noise (LpAeq,24h, LpAeq,night) and depression
Aircraft noise
Exposure

24 h sound levels
< 40 dB, Max. < 50 dB
< 40 dB, Max. ≥50 dB
≥40 to < 45 dB
≥45 to < 50 dB
≥50 to < 55 dB
≥55 to < 60 dB
≥60 to < 65 dB
≥65 to < 70 dB
≥70 dB
Continuous (per 10
dB)*

Cases

Road traﬃc noise

Control
subjects

OR

95%-CI

28,687
4,647
24,081
13,231
5,243
1,395
11
–
–

233,178
37,668
170,171
90,227
35,784
11,043
155
–
–

1.00
1.01
1.13
1.18
1.23
1.09
0.71
–
–

–
0.98–1.04
1.10–1.15
1.16–1.21
1.19–1.28
1.02–1.16
0.38–1.31
–
–

Night time period 22–06 h
< 40 dB, Max. < 50 dB
33,828
< 40 dB, Max. ≥50 dB
20,990
≥40 to < 45 dB
13,819
≥45 to < 50 dB
6,358
≥50 to < 55 dB
2,234
≥55 to < 60 dB
66
≥60 dB
0

268,290
152,047
94,846
44,856
17,352
855
0

1.00
1.07
1.16
1.16
1.06
0.72
–

–
1.05-1.09
1.13–1.18
1.13–1.20
1.01–1.12
0.56-0.93
–

Cases

Railway noise

Control
subjects

OR

95%-CI

Cases

Control
subjects

OR

95%-CI

7,728

62,733

1.00

–

40,213

314,545

1.00

–

15,885
18,694
14,103
8,359
6,648
4,540
1,338

124,699
138,625
101,549
62,994
46,826
31,955
8,865

1.02
1.06
1.09
1.05
1.12
1.12
1.17
1.037

1.00–1.06
1.03–1.09
1.06–1.12
1.01–1.08
1.08–1.16
1.08–1.17
1.10–1.25
1.028–
1.046
p < 0.001

9,652
12,929
8,925
3,362
1,371
556
287

71,811
89,372
61,695
24,862
9,371
4,129
2,461

1.03
1.11
1.13
1.06
1.15
1.07
0.93

1.00–1.05
1.09–1.14
1.10–1.15
1.02–1.10
1.08–1.22
0.98–1.17
0.82–1.06

30,420

236,396

1.00

–

39,834

312,270

1.00

15,822
12,407
8,912
6,445
3,289

117,229
90,574
65,645
45,856
22,546

1.03
1.04
1.03
1.07
1.11

1.01–1.05
1.01–1.06
1.01–1.06
1.04–1.10
1.06–1.15

9,565
12,582
9,101
3,840
2,373

70,989
85,965
63,277
28,287
17,458

1.03
1.12
1.12
1.06
1.07

1.00–1.05
1.09–1.14
1.09–1.15
1.02–1.10
1.02–1.17

OR: Odds Ratio; adjusted for age, sex, urban living environment, education, and job title (when available), local proportion of persons receiving unemployment benefits; 95%-CI: 95%confidence intervals; Max.: maximum nightly aircraft noise (for the analysis of aircraft noise; for the analysis of road and railway traffic noise, the reference category included all
individuals with 24 h continuous sound levels < 40 dB).
*
ORs per 10 dB increase are only given if the linear model is statistically adequate.
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Fig. 3. Dose-response relationship between 24 h sound levels of traﬃc noise and depression, analysis restricted to persons for whom the individual socioeconomic status was known
from the health insurance data (40% of cases, 41% of control subjects). OR: Odds Ratio; adjusted for age, sex, education, and job title (when available), local proportion of persons
receiving unemployment beneﬁts; 95%-CI: 95%-conﬁdence intervals.

diﬀered considerably between the participating health insurance funds,
particularly with respect to socioeconomic status. Despite these large
diﬀerences in socioeconomic status, no systematic diﬀerences were
found when data of the health insurance funds were analyzed
separately. This supports the external validity of our results.
Considerable eﬀort was made to test for undetected or residual
confounding. An analysis including all three types of traﬃc noise was
conducted to ensure there was no confounding through multiple traﬃc
noise exposure. Furthermore, the analyses were repeated including
only cases with available SES-information. The results in this subanalysis were even more pronounced than in the main analysis,
rendering an overestimation of the traﬃc noise risk by residual SESconfounding improbable. Some studies ﬁnd diﬀerent rates of depression among diﬀerent cultural or ethnical groups. We had no information about cultural background and ethnicity in our dataset, so
confounding in this respect cannot be totally excluded.
This study included precise information on exterior sound levels,

environment. Moreover, physicians' depression diagnoses might reﬂect
more “objective” and more severe diseases than depression diagnoses
according to self-rated scales. Furthermore, a physician's depression
diagnosis is the precondition for sickness absence at work for more
than three days. We consider our case deﬁnition more appropriately
reﬂecting the (socioeconomic) consequences of depressive disorders
than depression diagnoses according to self-rated scales would do.
Inclusion criteria for cases were rigid to avoid false positive
diagnoses: only individuals who received at least two secure ambulant
diagnoses or one hospital discharge diagnosis were included as cases.
The utilization of health insurance data and secure diagnoses, determined without knowledge of the exposure-status, prevented the overreporting of traﬃc-noise related outcomes often observed in selfreported studies (Stansfeld and Matheson, 2003).
The insurees included in our study represent about 23% of the
population aged 40 or above in the study area, so external validity of
the results might be questioned. We found that the insured clienteles

Table 4
Traffic noise (LpAeq,24h, LpAeq,night) and depression, analysis restricted to persons for whom the individual socioeconomic status was known from the health insurance data (40% of cases,
41% of control subjects)
Aircraft noise
Exposure

24 h sound levels
< 40 dB, Max. < 50 dB
< 40 dB, Max. ≥50 dB
≥40 to < 45 dB
≥45 to < 50 dB
≥50 to < 55 dB
≥55 to < 60 dB
≥60 to < 65 dB
≥65 to < 70 dB
≥70 dB
Continuous (per
10 dB)*

Cases

Road traﬃc noise

Control
subjects

OR

95%-CI

10,072
1,676
9,102
4,951
2,053
550
8
–
–

86,378
14,350
64,971
34,294
13,690
4,167
62
–
–

1.00
1.02
1.17
1.23
1.35
1.22
1.37
–
–

–
0.96–1.08
1.13–1.21
1.18–1.28
1.28–1.43
1.11–1.35
0.65–2.91
–
–

Night time period 22–06 h
< 40 dB, Max. < 50 dB
12,021
< 40 dB, Max. ≥50 dB
7,951
≥40 to < 45 dB
5,064
≥45 to < 50 dB
2,512
≥50 to < 55 dB
831
≥55 to < 60 dB
33
≥60 dB
0

99,859
57,879
35,918
17,303
6,588
365
0

1.00
1.11
1.18
1.27
1.11
0.90
–

–
1.08–1.15
1.14–1.22
1.21–1.34
1.02–1.20
0.63-1.30
–

Cases

Railway noise

Control
subjects

OR

95%-CI

Cases

Control
subjects

OR

95%-CI

2,675

23,386

1.00

–

14,593

118,928

1.00

–

5,731
6,900
5,315
3,019
2,485
1,789
498

46,494
51,965
38,738
23,680
18,074
12,167
3,408

1.07
1.12
1.15
1.08
1.18
1.25
1.21
1.052

1.02–1.12
1.06–1.17
1.09–1.21
1.02–1.14
1.11–1.25
1.17–1.33
1.09–1.34
1.038–
1.068
p < 0.001

3,659
4,743
3,402
1,189
501
213
112

27,097
33,425
23,161
9,284
3,464
1,595
958

1.07
1.13
1.19
1.05
1.19
1.11
0.98

1.03–1.12
1.09–1.18
1.14–1.24
0.99–1.12
1.08–1.31
0.96–1.28
0.80–1.20

10,949

88,017

1.00

–

14,476

118,220

1.00

–

5,868
4,583
3,313
2,472
1,227

44,590
34,145
24,948
17,623
8,589

1.03
1.04
1.05
1.11
1.12

0.99–1.06
1.01–1.08
1.00–1.09
1.05–1.16
1.05–1.20

3,628
4,655
3,357
1,440
856

26,806
32,230
23,499
10,602
6,555

1.07
1.14
1.16
1.11
1.07

1.03–1.11
1.20–1.18
1.11–1.20
1.05–1.18
0.99–1.16

OR: Odds Ratio; adjusted for age, sex, urban living environment, education, and job title (when available), local proportion of persons receiving unemployment benefits; 95%-CI: 95%confidence intervals; Max.: maximum nightly aircraft noise (for the analysis of aircraft noise; for the analysis of road and railway traffic noise, the reference category included all
individuals with 24 h continuous sound levels < 40 dB).
*
ORs per 10 dB increase are only given if the linear model is statistically adequate.
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supported by the diﬀerent steepness of increase in risk estimates: for
road traﬃc noise, the increase of risk with exposure increments is
comparably smaller in the lower exposure categories. Depression risk
in the highest exposure category of road traﬃc noise (≥70 dB) is
comparable to the risk for aircraft noise at 50 to < 55 dB (the exposure
category with the highest risk estimates). Moreover, there are several
acoustic and psychosocial variables that inﬂuence peoples' perceptions
of and reactions to noise beyond amplitude (Marquis-Favre et al.,
2005). Two of these factors are ﬂuctuation strength and regularity of
noise (Fastl, 1997). More regular, continuous sounds such as road
traﬃc noise lead to stronger habituation, and are experienced as less
disruptive compared to railway and aircraft noise, both characterised
by more irregular, disruptive events. Each new train or plane coming
along might create a new, consciously perceived disturbance (MarquisFavre et al., 2005; Fastl, 1997; Namba et al., 1996). This is supported
by the ﬁnding of increased risk estimates for the subcategory of
individuals with a continuous nightly aircraft noise exposure below
40 dB, but more than ﬁve single noise events above 50 dB at night
time: in this category the exposure to few, disruptive events leads to
higher risk estimates.
Another potential explanation for the decreasing risks at high traﬃc
noise levels is that vulnerable people might start to actively react to
noise exposure at higher noise levels (Stansfeld and Matheson, 2003).
Thus, there might be a threshold of noise exposure at which people
aﬀected in ways that might lead to depression (e.g. who suﬀer from
insomnia or higher annoyance and stress levels) choose active strategies to minimise their exposure to this noise. These active strategies
could be measures such as reducing the interior noise through better
insulation, or even moving away from highly noise-exposed areas or
not moving there in the ﬁrst place. This might be called a “healthy
resident eﬀect”, similar to the healthy worker eﬀect that has frequently
been reported in occupational medicine (Checkoway et al., 2004): only
people who are not overly sensitive to noise and not prone to
experience noise-induced stress, annoyance and insomnia remain in
the highest-noise exposure areas. Avoiding negative outcomes by active
coping might be less common for road noise for two reasons. Firstly,
the threshold beyond which an individual choses to actively cope might
be higher since the quality of road traﬃc noise might be perceived as
less disturbing. Secondly, disruptions through road traﬃc noise might
be less noticeable due to its continuous qualities (Marquis-Favre et al.,
2005).

Table 5
Combined exposure to different sources of traffic noise
24 h sound levels
Exposure
Aircraft, road and railway
traﬃc noise
< 40 dB traﬃc noise and Max.
aircraft noise < 50 dB
≥40 dB at least one source of traﬃc
noise or Max. aircraft noise
≥50 dB
≥50 dB aircraft traﬃc noise, other
sources < 50 dB
≥50 dB road traﬃc noise, other
sources < 50 dB
≥50 dB railway traﬃc noise, other
sources < 50 dB
≥50 dB aircraft noise and ≥50 dB
road traﬃc noise
≥50 dB aircraft noise and ≥50 dB
railway noise
≥50 dB road traﬃc noise and ≥50 dB
railway noise
≥50 dB aircraft noise and ≥50 dB
road traﬃc noise and ≥50 dB
railway noise

Cases

Controls

OR

95%-CI

3,994

33,632

1.00

–

29,408

225,394

1.09

1.05–1.13

2,092

15,428

1.15

1.08–1.22

25,227

185,502

1.12

1.08–1.16

5,737

44,365

1.08

1.04–1.13

2,073

15,772

1.12

1.06–1.19

1,076

6,280

1.28

1.19–1.38

6,280

42,371

1.21

1.16–1.26

1,408

8,544

1.42

1.33–1.52

OR: Odds Ratio; adjusted for age, sex, urban living environment, education, and job title
(when available), local proportion of persons receiving unemployment benefits; 95%-CI:
95%-confidence intervals; Max. aircraft noise: maximum nightly aircraft noise.

however, “real” personal noise exposure does not only depend on
exterior sound levels, but also on noise insulation, window opening
practices, and daily duration and time of stays at home as well as
occupational and leisure time noise. While this might limit the
assessment of direct eﬀects of traﬃc noise on health, the exterior noise
levels are more easily inﬂuenced by public noise protection measures,
and, vice versa, establishment of new traﬃc noise sources such as
airport runways, motorways, or railways.
In the literature, there is some evidence for an eﬀect of ambient air
pollution on depression (Tzivian et al., 2015; Kim et al., 2016; Pun
et al., 2016). Unfortunately, in our study we had no information about
air pollution; we therefore were not able to adjust for it. However, while
air pollution is considerably associated with road traﬃc, this is rarely
the case for aircraft and railway traﬃc. We therefore regard lack of
adjustment for air pollution as an improbable explanation for our
elevated depression risks for aircraft noise and railway traﬃc noise.
Our dataset did not include any lifestyle variables. Recently
published results of the Women's Health Study (Chang et al., 2016)
found (in accordance with other studies) an association of depression
risks with smoking, lack of activity, and (less clearly) body mass index.
However, to constitute a confounder, risk factors must have a causal
inﬂuence on the exposure level. It is, for example, rather improbable
that smoking behavior should have considerably inﬂuenced the choice
of the home area. Moreover, pre-depressive symptoms as well as
previous depressive episodes might have had an inﬂuence on lifestyle,
so adjustment for these lifestyle factors could have introduced a “causeand-eﬀect” bias: Adjustment for these consequences of disease could
lead to an attenuation of real eﬀects.

4.3. Combination of diﬀerent types of traﬃc noise
The highest risk estimates were found for a combined exposure to
diﬀerent sources of traﬃc noise. This is very relevant for public health,
since many people are exposed to a combination of diﬀerent sources of
traﬃc noise. These results are also relevant with respect to “environment justice”: only 0.3% of individuals in the areas with the lowest
unemployment rates, but 3.9% of individuals in the “poorest” areas
were simultaneously exposed to high levels (≥50 dB) of all three types
of traﬃc noise. According to our study results, people simultaneously
exposed to high levels of aircraft, road and railway traﬃc noise have a
considerably increased risk of depression. This disproportionate exposure to combined traﬃc noise, may be exposing an already vulnerable population (due to their limited socioeconomic resources) at
further risk of depression.
This result also raises the issue of autocorrelation which so far has
not been examined extensively in environmental noise studies, including our work. Even though limitations of the approach have been
described (Paciorek, 2010; Lee and Sarran, 2015), future studies
should aim to employ methods to account for spatial autocorrelation
as this may help to reduce residual confounding. As our dataset was
anonymized after linking individual health insurance data with address-speciﬁc noise data, we were not able to control for spatial
autocorrelation.

4.2. Comparing diﬀerent types of traﬃc noise
While the risk-exposure relation for aircraft and railway noise is
shaped like a reversed U, the risk estimates for road traﬃc noise follow
a linear trend. This might at least partly be explained by diﬀerent
acoustic qualities of road traﬃc noise that may only start to have a
comparable eﬀect at a higher exposure level – a reversed U-shape
might have been found for even higher exposure categories. This is
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2014) and Rhineland-Palatinate (AZ: 6.08.22.002; reply of 7 May
2012; amendments 4 February 2014) approved the study concept.
These authorities conﬁrmed, that the research project is, in principle,
in accordance with data protection regulations.

4.4. Potential pathophysiological pathways
There are several potential pathways that could explain the
observed association between traﬃc noise exposure and risk of an
incident depressive disease. One possible mechanism is a reduction in
quantity and quality of sleep. Traﬃc noise has previously been linked to
insomnia symptoms (i.e., diﬃculties falling asleep, waking up frequently, waking up too early, nonrestorative sleep) and physiological
symptoms of decreased sleep quality (Halonen et al., 2012), and sleep
disturbance has been linked to depression risks (Franzen and Buysse,
2008). Additionally, there is ample evidence showing that traﬃc noise
exposure causes annoyance and heightened biological stress reactions
(Marquis-Favre et al., 2005; Vallet et al., 1983; Babisch, 2002). These
outcomes in turn have been linked to depression (Wager-Smith and
Markou, 2011; Anisman and Merali, 2002). Particularly stress that is
perceived as non-controllable (which is the case for stress caused by
traﬃc noise) might have aversive eﬀects on mental health (Johnson
and Sarason, 1978; Ghorbani et al., 2008).
For aircraft noise, we considered maximum nightly sound pressure
levels separately from continuous sound pressure levels. This is in line
with the hypothesis of sleep disturbance constituting an important
pathophysiological link between aircraft traﬃc noise and depression
risk. Analyzing the night time period, we found a signiﬁcantly increased
depression risk (OR=1.07; 95% CI 1.05–1.09; Table 3) in this newly
formed category. The depression risk further increased to 1.11 (95%
1.08–1.15; Table 4) when the analysis was restricted to individuals
with known socioeconomic status. These results suggest that –
comparable to our results for heart failure and hypertensive heart
disease (Seidler et al. 2016c) – nightly maximum sound pressure levels
exceeding 50 dB lead to increased depression risks from aircraft noise
even if continuous sound pressure levels are below 40 dB.
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