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BACKGROUND: Although plausible from a pathophysiological point of view, robust evidence for effects of transportation noise on mental health
remains scarce. Meanwhile, psychiatric diseases are among the most prevalent noncommunicable diseases worldwide, and suicide as a mortality out-
come highly connected to mental disorders presents a pressing public health issue. The aim of this study was to investigate the association between
source-specific transportation noise, particulate matter (PM) air pollution, residential greenness, and suicide by means of a nationwide cohort study.
METHODS: Road traffic, railway and aircraft noise exposure as well as exposure to air pollution [PM with aerodynamic diameter ≤2:5 lm (PM2:5)]
and greenness [normalized difference vegetation index (NDVI)] were linked to 5.1 million adults (age 15 y and older) in the Swiss National Cohort,
accounting for their address history. Mean noise exposure in 5-y periods was calculated. Individuals were followed for up to 15 y (2001–2015).
Time-varying Cox regression models were applied to deaths by suicide (excluding assisted suicide). Models included all three noise sources, PM2:5,
and NDVI plus individual and spatial covariates, including socioeconomic status. Effect modification by sex, age, socioeconomic indicators, and
degree of urbanization was explored.
RESULTS: During the follow-up, there were 11,265 suicide deaths (10.4% poisoning, 33.3% hanging, 28.7% firearms, 14.7% falls). Road traffic and
railway noise were associated with total suicides [hazard ratios: 1.040; 95% confidence interval (CI): 1.015, 1.065; and 1.022 (95% CI: 1.004, 1.041)
per 10 dB day-evening-night level (Lden)], whereas for aircraft noise, a risk increase starting from 50 dB was masked by an inverse association in the
very low exposure range (30–40 dB). Associations were stronger for females than males. The results were robust to adjustment for residential green-
ness and air pollution.
CONCLUSION: In this longitudinal, nationwide cohort study, we report a robust association between exposure to road traffic and railway noise and risk
of death by suicide after adjusting for exposure to air pollution and greenness. These findings add to the growing body of evidence that mental health
disorders may be related to chronic transportation noise exposure. https://doi.org/10.1289/EHP11587

Introduction
Mental health disorders represent a pressing public health issue. In
2019, the prevalence of mental health disorders globally was esti-
mated to be 13% [95% confidence interval (CI): 12.1, 14.0%], which
translates to almost 1 billion people affected. In Switzerland, the esti-
mated prevalence was slightly higher with 17.3% (95% CI: 15.9,
18.8%), translating to about 1.4 million people affected.1 Although
most mental health disorders primarily lead to morbidity and
decreased quality of life, a mortality outcome closely related to men-
tal illness is suicide.2,3 Suicide is a complex, multicausal phenom-
enon, involving psychological, social, biological, and environmental
factors. A study on suicide in the Swiss National Cohort confirmed
that mental and behavioral problems were by far the most prevalent
comorbidities in suicide victims across all professions, age groups,
and genders.4 Only recently research has started to also explore and
identify possible environmental risk factors for suicide, with reported
associations of an increased suicide risk with heat,5 air pollution.6
and noise.7 On the other hand, residential greenness and urban green
space have been recognized as environmental factors with protective

properties.8 Although suicide rates have decreased worldwide and in
Switzerland in the last 20 y, the decline is not yet on course to reach
the Sustainable Development Goal (SDG) aim of a reduction by one-
third by 2030. The World Health Organization (WHO) report,
“Suicide Worldwide in 2019,” published in 2021, estimated that
703,000 people died from suicide in 2019 worldwide, which corre-
sponds to 1.3% of all yearly deaths.9 On the grounds of such num-
bers, reducing the occurrence of mental illnesses is a primary public
health interest. Hence, understanding risk factors for the develop-
ment ofmental disorders and therefore for suicide is of utmost impor-
tance. In light of the growing urbanization worldwide, studying the
role of urban environmental stressors as such potential risk factors
can potentially yield insights of consequential importance concern-
ing the promotion of mental health and prevention of psychiatric
morbidity andmortality.

In recent years, noise has been recognized as one of the most
impactful environmental stressors on health and well-being.10

Among the sources of environmental noise, transportation noise
and especially road traffic noise have emerged as the most prevalent
and harmful. According to a European Environmental Agency
(EEA) report, 20% of the European population (139 million people)
in 2017 were estimated to live in areas with transportation noise lev-
els that are considered harmful [>55 dB day-evening-night level
(Lden)].10 A more recent study investigating noise exposure in 700
cities in Europe estimated that 42% of the adult urban population
are exposed to such harmful levels.11 Due to this widespread
occurrence, noise is the second most important driver of the
environmental burden of disease in Europe, behind fine particu-
late matter (PM) air pollution. In numbers, exposure to trans-
portation noise is estimated to be responsible for 400–1,500
disability adjusted life years lost each year per million people in
Western Europe.12 However, because more evidence including
more outcomes has emerged since 2014, and, for example,
effects on mental health were not included in the above-
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mentioned calculations, these numbers might actually represent
an underestimation.

Concerning negative health effects related to noise exposure,
there is growing evidence for diverse nonauditory effects, such as
arterial hypertension, cardiovascular and metabolic diseases such
as type 2 diabetes,13–16 sleep disturbance,17 annoyance,18 as well as
reduced quality of life and well-being19—and mental health and
neurological disorders.20 Although the exact pathways of the influ-
ences of noise on health remain somewhat unclear, there is evi-
dence that noise causes physiological stress reactions involving
heightened amygdalar activity,21 allostatic overload,13,15 and
disturbed sleep.22 Because these are all established risk factors
for multiple mental health disorders, including depression,23–27

an association of noise with poor mental health seems plausible
from a pathophysiological perspective. However, the systematic
review on noise-related mental health outcomes used for the
2018 WHO guidelines resulted in a judgment of very low-
quality evidence for aircraft noise effects on depression and
anxiety and a judgment of low-quality evidence for a null effect
of road traffic or railway noise.28 The review included 29 pre-
dominantly cross-sectional studies. Hence, the poor quality of
evidence was attributed to a lack of robust studies investigating
the mental health effects of different noise sources. A more
recent meta-analysis of five studies found an increased risk of
12% (95% CI: 2%, 23%) for depression per 10 dB Lden of air-
craft noise exposure.29 The same study29 also suggested a 2%–
3% increased risk for depression per 10 dB Lden for railway
noise based on three studies and for road traffic noise based on
eleven studies. Another review and meta-analysis including
nine studies showed an association between transportation noise
and anxiety [odds ratio ðORÞ=1:09; 95% CI: 0.97, 1.23 per
10 dB], while also rating the quality of evidence as low.30

Since the publication of this meta-analysis, a Swiss prospec-
tive cohort study (SAPALDIA) reported a 7% increased risk
for the incidence of depression per 10 dB Lden road traffic
noise [relative risk ðRRÞ=1:07; 95% CI: 0.93, 1.22] and a 20%
increased risk per 10 dB Lden aircraft noise (RR=1:20; 95%
CI: 0.92, 1.55). So far, only one study investigating the associa-
tions between long-term exposure to environmental noise and
suicide has been conducted.7 The authors examined the risk for
death by suicide in relation to average nighttime noise exposure
(including noise caused by transportation and industrial and rec-
reational activities) in adults in Korea and reported an increased
risk per interquartile range (IQR=2:67 dB) of nighttime noise
of 32% (95% CI: 2%, 70%) in younger adults and 43% (95% CI:
1%, 102%) in older adults. A time-series study from Spain
investigating short-term effects of traffic noise exposure on sui-
cides and emergency admission for depression and anxiety
reported an increased risk for both outcomes.31

In comparison, the effects of air pollution on mental health
have received more attention and have been studied more thor-
oughly. Air pollutants have been shown to cause oxidative stress
and neuroinflammation and to trigger stress responses with stress
hormone release, which are the major hypothesized mechanisms
linking air pollution and adverse mental health outcomes.32,33 A
systematic review and meta-analysis published in 2022 including
39 studies reported significant associations between long-term
exposure to various air pollutants (PM2:5, NO2, SO2, CO) and
risk of depression. The largest risk increase was observed for PM
with aerodynamic diameter ≤10 lm (PM10) [RR=1:092 (95%
CI: 0.988, 1.206) per 10-lg=m3 increase in exposure]. Smaller
effects were also reported per 10-lg=m3 increase of short-term
exposure to PM2:5 [RR=1:009 (95% CI: 1.007, 1.011)], PM10
[RR=1:009 (95% CI: 1.006, 1.012)], O3 [RR=1:011 (95% CI:
0.997, 1.026)], NO2 [RR=1:022 (95% CI: 1.012, 1.033)] and

SO2 [RR=1:024 (95% CI: 1.010, 1.037)].34 Another systematic
review and meta-analysis from 2019 found similar results for
depression, and also reported associations between short-term
PM10 exposure and suicide risk [RR=1:02 (95% CI: 1.00, 1.03)
per 10lg=m3 at lag 0–2 d, including four studies].6 These results
were compiled in a more recent systematic review and meta-
analysis from 2021 that included 10 studies, reporting a 2% (95%
CI: 1%, 3%) risk increase for suicide per 10lg=m3 PM2:5 expo-
sure.35 One limitation of these reviews is that most of the
included studies have not adjusted for exposure to possible con-
founders such as transportation noise. A recent large cross-
sectional study from the UK Biobank studying PM2:5 and road
traffic noise exposure, however, reported an increased risk for
depression associated with PM2:5 exposure, but no association
with road traffic noise exposure was found.36

Residential greenness or green space is another exposure of in-
terest in environmental epidemiology as a protective factor for
health and well-being. For example, higher levels of greenness
[normalized difference vegetation index (NDVI)] around people’s
place of residence have been associated with a lower risk of
natural-cause mortality [HR=0:94 (95% CI: 0.93, 0.95) per IQR
(0.14 NDVI in a 500-m buffer)] in a large Swiss cohort study.37

Concerning mental health, a Dutch study found a decreased risk
for death by suicide in communities with high green space propor-
tion (>85%) in comparison with communities with little (<25%)
green space [RR=0:879 (95% CI: 0.779, 0.991)].38 Beyond sui-
cide, a systematic review from 2020 suggested several beneficial
effects of access to green space on adolescents’ mental health,
including fewer depressive symptoms and improved general
mental health.39 Multiple pathways are posited for this positive
association, including that greener living environments or green
space availability encourage healthy behavior, and that such fac-
tors can aid in stress relief.40

This study investigates the association between exposure to
road traffic, railway, and aircraft noise and the risk of death by sui-
cide in a longitudinal, nationwide research cohort in Switzerland.
We hypothesized that people exposed to higher levels of transpor-
tation noise are more likely to develop mental health disorders
such as depression and therefore have a higher risk of death by sui-
cide, independent of coexposure to air pollution and residential
greenness as well as socioeconomic position. By using suicide as a
surrogate, we aimed to add to the understanding of whether trans-
portation noise exposure affects mental health.

Methods

Study Population
The Swiss National Cohort (SNC) is a longitudinal, population-
based research cohort. It links births, mortality, and emigration
registries with the former national decennial census and, since
2010, with the annual Registry Based Census.41,42 The linkages
in the SNC from 2010 onward are deterministic using a personal
identifier, whereas earlier linkages were performed probabilisti-
cally based on variables such as date of birth, sex, civil status,
nationality, religion, and place of residence. No validation of the
probabilistic linkage is available, but comparison with the deter-
ministic linkages from 2010 and onward allows the discovery
and exclusion of mismatches. Close to complete representation of
the whole population is ensured by compulsory census participa-
tion, which is reflected in 98.6% of the population being included
in the 4 December 2000 census.43 The SNC was approved by the
ethics committees of the Cantons of Zurich and Berne.

For the current study, we used the SNC as a closed cohort
that included data from 1 January 2001 to 31 December 2015 for
a total of 7.28 million individuals. After excluding individuals
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below 15 y of age at baseline (17.5% of the full population), data
with a mismatch between probabilistic and deterministic SNC
linkage (i.e., incorrect probabilistic linkage, 8.2%), missing resi-
dential coordinates or individuals living in an institution (5.4%),
missing information on covariates (i.e., education or socioeco-
nomic position) (2.5%), or missing exposure data (0.2%), the final
sample used for analysis consisted of 5.1 million observations
(See Supplement Table S1). No imputations were performed.

Outcome
The outcome of interest was defined as all intentional self-harm
[i.e., total suicides; International Statistical Classification of
Diseases and Related Health Problems, 10th Revision (ICD-10):
X60–84, excluding X61.8, X61.9, and X81–82] as cause of
death. The SNC contains records from all deaths occurring in
Switzerland from 1991 up to 2019 that included cause of death as
ICD codes. Regarding exclusions, ICD-Codes X61.8 (right-to-die
organization on death certificate) and X61.9 (Poisoning with pen-
tobarbital; the drug used by right-to-die organizations) have been
used to indicate assisted suicide since 1998.44 Additionally, we
suspected suicides involving vehicles (ICD-10: X81–82) to be spu-
riously associated with railway noise, due to confounding by prox-
imity and therefore availability of the method. Because preliminary
analysis confirmed this suspicion (see Figure S1), these outcomes
were also excluded from themain analysis. The specific suicide sub-
classes Poisoning (ICD10: X60–69, excluding X61.8 and X61.9),
Hanging (ICD-10: X70), Firearms (ICD-10: X72–75) and Jumping
(ICD-10:X80)were also investigated separately.

Noise Exposure Data
The same noise exposure data used in a previous publication
investigating cardiovascular disease and transportation noise in
the SNC was used in our study.45 These data were originally
developed for the Short and Long Term Effects of Transportation
Noise Exposure (SiRENE) project and were available for census
years 2001 and 2011.46,47 The database contains modeled noise
exposure levels for the three main sources of transportation noise,
using the following calculation methods: road traffic (source
model sonROAD48 and propagation model StL-8649) railways
(source model sonRAIL50 and propagation model SEMIBEL51)
and aircraft (FLULA252,53). Concerning aircraft noise, the model
included estimates based on air traffic data of the three interna-
tional civil airports (Zurich, Geneva, and Basel), as well as for
the largest military airfield situated in Payerne.

The main noise metric used was the source-specific Lden,
which is a weighted logarithmic mean of daily noise exposure
with a penalty of 5 dB for evening (1900–2300 hours) and 10 dB
for nighttime (2300–0700 hours) noise. The intermittency ratio
(IR)54 during the night was also available. This noise metric
describes how impactful single noise events are in contrast to
background noise. The values of IR range from 0%, meaning sin-
gle events do not substantially exceed long-term average noise,
to 100%, meaning that all noise exposure is produced by individ-
ual noise events. Additionally, the number of nighttime noise
events (i.e., events 3 dB louder than background noise) was
available. Both nighttime IR and number of events were not source-
specific but calculated considering all three noise sources. Source-
specific Lden at the most exposed façade and corresponding IR as
well as the number of events were assigned to participants based on
residential location (geocode and floor of residence, using a default
middle floor of the building if exact floor was not known55,56). To
account for background noise from various sources, Lden values
were left censored at 35 dB for road traffic noise and 30 dB for rail-
way and aircraft noise.56

Noise Exposure Assignment
As described in Vienneau et al.,45 the follow-up was divided into
three 5-y periods (2001–2005, 2006–2010, 2011–2015) to sup-
port time-varying analysis accounting for potential time trends
and changes of residence.57 Both residential geocodes and noise
estimates were available for 2001 and 2011. Hence, the 2001
noise exposure estimates were assigned for the first period
(2001–2005) and the 2011 noise exposure estimates to the third
period (2011–2015), based on the residential address at the begin-
ning of the period. Using the 2010 census question “living in the
same community 5 years before” and moving dates, the exposure
assignment for the middle period was constructed as follows. For
people who had not moved or moved after 2006, the 2001 noise
data was used for the middle period (2006–2010) because these
participants were believed to still be living at the same residence
that they lived at in 2001. For people who moved before 2006,
the 2011 noise data and updated residential geocodes were used
for the middle period (2006–2010).

Covariates
A directed acyclic graph (DAG) was drawn to identify potentially
confounding factors (Figure S2). This led to the identification of
the following factors: degree of urban, air pollution, green space,
civil status, and socioeconomic position. The following individ-
ual sociodemographic variables available from the SNC were
included to represent socioeconomic position: education level
(compulsory education or less, upper secondary level education,
tertiary level education), mother tongue (German and Rhaeto-
Romansh, French, Italian, other language), nationality (Swiss,
non-Swiss), and local index of socioeconomic position (local
SEP in quartiles). The local-SEP index used is calculated for a
small local area of 50 nearest neighbors and considered median
rent per living space, education level and type of occupation of
the household head and number of inhabitants per room.58

Additionally, civil status (single, married, widowed, divorced)
and degree of urban (urban, peri-urban, rural) were included as
potential confounders and sex (female, male) as a covariate. The
definition of degree of urban was performed for every community
by the Swiss Federal Office for statistics based on morphological
criteria such as population number and density as well as func-
tional criteria such as commuter flows59 and is part of the SNC
data set. Because socioeconomic status was identified as one of
the most important possible confounders in this study, area-level
SEP and unemployment rate were also calculated at community
(n=2,896 in 2001, n=2,585 in 2011) and cantonal (n=26) level
to reflect different aspects of SEP on different levels. The com-
munity- and cantonal-level SEP variables were derived by aver-
aging the local-SEP index of all individuals within the respective
area. Unemployment rates were available from the SNC and
defined as percentage of the working-age population (20–65 y)
unemployed. All covariates were available at baseline in 2001,
whereas some covariates were also available at the start of the
third period coinciding with the 2011 census. Those updated
included civil status, nationality, local SEP, area SEP, and unem-
ployment rate, whereas for other variables the baseline values
were retained.

Concerning potentially confounding environmental exposures,
PM2:5 concentration (micrograms per cubic meter) was selected as
marker for air pollution in the main model, whereas NO2 concen-
trations (micrograms per cubic meter) were used for sensitivity
analyses. Maps for both pollutants for the year 2010 were avail-
able from validated European 100 m×100 m hybrid land use
regression models developed based on AirBase routine monitor-
ing data, satellite observations, dispersion model estimates, and
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land use and traffic data. The model predictions for 2010 corre-
lated highly with predictions in other years60; thus the 2010 esti-
mates were considered relevant for all three 5-y periods. Air
pollution exposure was updated according to residence history at
the beginning of each of the three time periods.

As a possible confounder, greenness measured as mean
NDVI with a 500-m buffer around participants’ addresses was
included as a covariate in the main model. NDVI exposure
derived from a data set for 2014 previously constructed for and
used in the SNC (using 30× 30 m resolution, cloud-free Landsat
scenes from summer months).37 NDVI exposure was applied to
the geocodes at the beginning of each of the three time periods
(2001, 2006, and 2011), thus updating residential greenness for
individuals who moved during our study period.

Statistical Analysis
The Cox proportional hazards model was applied to assess associa-
tions between death by all intentional self-harm (ICD-10: X60–84,
excluding X61.8, X61.9, and X81–82) as well as the specific out-
come subclasses [Poisoning (ICD10: X60–69, excluding X61.8
and X61.9), Hanging (ICD-10: X70), Firearms (ICD-10: X72–75),
and Jumping (ICD-10: X80)] and exposure to each transportation
noise source, air pollution, and NDVI, with age as timescale and
stratified by sex. Adherence to the proportional hazards assump-
tion was tested by calculating covariate-specific Schoenfeld resid-
uals over time. Sex, time period, local SEP, civil status, and
education level were included as strata because these covariates
violated the proportional hazards assumption. To consider residen-
tial history and adjust for time trends in noise exposure andmortal-
ity, calendar time was adjusted for by dividing follow-up into three
periods of 5 y each (2001–2005, 2006–2010, 2011–2015). Follow-
up was continued until failure (i.e., death by suicide) or censoring
(i.e., death by any other cause; emigration) or end of the follow-up
period on 31 December 2015. Because some participants have ex-
posure to more than one transportation noise source, we included
road traffic, railway, and aircraft noise as well as air pollution and
NDVI in a single model. As done previously,55 this approach
allows identification of mutually independent associations of any
single exposure with the outcome. Results were calculated and
reported as hazard ratio (HR) and 95% CIs per 10-dB increase in
Lden for each transportation noise source, per 10-lg=m3 increase
in PM2:5 concentration and per 0.1 increase in NDVI.

E-values were calculated for the main findings. The e-value is
a measure for the potential effect of residual confounding, which
is interpreted as the strength of association that an unmeasured
confounder would need to have with both the exposure and the
outcome, conditional on the measured covariates in the model, to
be fully responsible for the observed exposure–outcome associa-
tion.61 The absolute excess risk for the main findings was calcu-
lated by multiplying the suicides/100,000 person-years (PY) by
the excess risk (HR-1). Natural splines with 3 degrees of freedom
(df) were used to assess the exposure–response relationship.

Incremental model adjustments were applied. Model 0, or the
base model, included the Lden variables for the three noise sour-
ces, age as time scale, strata sex, and 5-y period. In model 1, the
individual sociodemographic covariates (civil status, education,
mother tongue, nationality, local-SEP index) were added. Model
2 added to model 1 the area-SEP and unemployment variables.
Model 3 additionally adjusted for air pollution measured as con-
tinuous PM2:5 exposure and NDVI. As a sensitivity analysis,
Model 3b included continuous NO2 exposure instead of PM2:5.
Two additional models also included noise eventfulness at night,
parameterized in model 4a as quartiles of IR and in model 4b as
quartiles of number of events. Variance inflation factor (VIF<5)
was used a posteriori to evaluate multicollinearity between the

three Lden variables, IR, number of events, and the air pollution
variables.62,63 Pearson correlation coefficient was calculated to
describe correlation between the different exposures.

Themain analysis was conducted for the full cohort, combining
both sexes and all ages. Separate HRs were also calculated for
males and females, and for three separate age groups (15–29, 30–
65, over 65 y). Effect modification by SEP was explored by strati-
fying the analysis by quartiles of the local-SEP index. Additional
analyses included stratified analysis by degree of urban and civil
status (married vs. single/divorced/widowed). Interaction between
air pollution and road traffic noise was investigated using a model
with categorical exposures corresponding to quartiles. Likelihood-
ratio testing was applied to test whether the interaction term
improved model fit. A separate analysis was conducted that inves-
tigated the risk in groups exposed to one, two, or three noise sour-
ces above 50 dB Lden in comparison with that of participants with
exposure to all sources below 50 dB (= reference group). This cut-
off was determined based on the shape of the exposure–response
functions we derived in this study, as well as the distribution of
noise in our sample. This last analysis was adjusted for PM2:5,
NDVI, and the same individual sociodemographic and regional
covariates as in themain analysis.

Analyses were conducted in Stata 16 (StataCorp LLC), and
plots and splines were developed in R (version 4.0; R Development
Core Team).

Results

Study Population
A total of 5,084,838 individuals living in Switzerland and age
15 y or older at baseline (1 January 2001) were included (Table 1).
Follow-up lasted until 31 December 2015, resulting in 69,440,133
PY. Our sample consisted of slightly more females (51.6%), indi-
viduals with mostly Swiss nationality (81.4%), and predominantly
speaking German (or Rhaeto-Romansh) as native language
(65.1%). A majority were married (60.3%) and had more than
compulsory education (71.7%). Almost half of the study popula-
tion lived in peri-urban settings (45%), with more similar propor-
tions living in urban (29.1%) and rural (25.9%) areas.

During the 15-y follow-up period, 11,265 deaths from inten-
tional self-harm (excluding assisted suicide and suicide involving
vehicles) occurred. Of these, 14.0% concerned people between
15 and 30 y of age, 64.8% people between 31 and 65 y, and
21.2% people older than 65 y. Roughly three-quarters (74.1%) of
the deceased by suicide were males.

The mean exposure for road traffic noise was highest (54.4
dB Lden), followed by railway noise (38.6 dB) and aircraft noise
(34.5 dB) (Table 2). Correlations between the different noise
sources were low (Pearson r=0:04–0:13). Both PM2:5 and NO2
concentrations were somewhat correlated with aircraft noise
(r=0:41 and 0.40, respectively), although only NO2 showed
some correlation with road traffic noise (r=0:42; r=0:24 for
PM2:5). Correlation between the two air pollutants was high
(r=0:70). See Figure S3 for the full correlation matrix.

Main Findings
Road traffic noise was associated with an increased risk of death
by suicide in all of the models, with an HR of 1.040 (95% CI:
1.015, 1.065) per 10-dB increase in noise exposure in the full
model (Model 3) adjusting for SEP, PM2:5 exposure, and NDVI
at place of residence (Figure 1; Table 3). Railway noise exposure
was also associated with an increased risk of death by intentional
self-harm, but it was of a smaller magnitude (HR=1:022; 95%
CI: 1.004, 1.041). For aircraft noise, no linear association was
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observed (HR=0:997; 95% CI: 0.965, 1.029). These results were
robust across models, with smaller effect estimates mainly for
road traffic noise after adding individual sociodemographic cova-
riates (Model 0 to Model 1), but otherwise no major changes in
the tendencies of the observed associations (Table S2). The
observed increased risks translate to an absolute excess risk of
0.63 additional suicide deaths/100,000 PY for each 10-dB
increase in road traffic noise and 0.36 additional suicide deaths/
100,000 PY for each 10-dB increase in railway noise.

The observed tendencies were consistent across all outcome
subgroups, with the exception of intentional self-harm involving
guns, where no associations with transportation noise from any
source were observed (Figure S4). The strongest associations
were observed for poisoning, which is also referred to as a non-
violent suicide method [road traffic: HR=1:106 (95% CI: 1.025,
1.193), railway: HR=1:053 (95% CI: 0.997, 1.111)]. See Table
S3 for all HRs and CIs. No association was found between meas-
ures for eventfulness of noise at night (number of events or IR)
and risk for death by suicide (Table S4). In the analysis consider-
ing the number of noise sources above 50 dB Lden as exposure, a
notable upward trend in risk was observed [One: HR=1:053
(95% CI: 1.006, 1.102), Two: HR=1:118 (95% CI: 1.049,
1.192), Three: HR=1:252 (95% CI: 0.969, 1.619); Figure S5].

For air pollution, the main results (from Model 3) indicated a
negative association of PM2:5 exposure with death by intentional
self-harm with large CIs [All individuals: HR=0:900 (95% CI:
0.811, 0.998), Males: HR=0:899 (95% CI: 0.798, 1.012),
Females: HR=0:918 (95% CI: 0.740, 1.137)] after adjustment
for the sources of transportation noise and NDVI (Table 3).

Investigation of an interaction between road traffic noise and
PM2:5 exposure using a categorical model (quartiles as exposure
categories) did not indicate an interaction between these two
exposures (see Table S5). Likelihood-ratio testing revealed that
adding the interaction term did not significantly improve model
fit (p=0:160).

After adjusting for the three transportation noise sources and
PM2:5, residential greenness at the place of residence, measured
as NDVI with a 500-m buffer, showed a negative association
with risk of death by suicide in females, whereas no clear associ-
ations where observed in males or the total sample [All individu-
als: HR=0:999 (95% CI: 0.978, 1.020), Males: HR=1:016 (95%
CI: 0.992, 1.041), Females: HR=0:946 (95% CI: 0.908, 0.986)]
(Table 3).

Exposure–Response Relationship
Based on the main Model 3, natural splines with 3 df showed a
near linear association between intentional self-harm mortality
and exposure to road traffic noise starting at around 50 dB Lden
(Figure 2). For railway noise, a linear risk increase was observed
beginning below 35 dB. Similarly, the risk started to increase lin-
early from just below 45 dB Lden for aircraft noise; however,
below this value, where most of the observations were located,
the exposure–response association was inverse.

Sensitivity Analysis
For all outcomes, adjusting for NO2 instead of PM2:5 did not
change the associations with exposure to the different noise sour-
ces (see Figure S6). Not adjusting for transportation noise in the
sensitivity analysis did not influence the null air pollution associ-
ations found in the main model 3, which included copollutant
adjustment (Figure S7).

Effect Modification
The observed increased risk of death by suicide in the main
model (Model 3) for road traffic and railway noise was higher in
females [road traffic: HR=1:058 (95% CI: 1.007, 1.112), rail-
way: HR=1:028 (95% CI: 0.992, 1.066)] than in males [road
traffic: HR=1:034 (95% CI: 1.006, 1.063), railway: HR=1:021
(95% CI: 1.000, 1.043)] (Table 3). These tendencies were robust
across all outcome subcategories, with an association also seen in
females among suicides using firearms (see Table S3; Figure S8).

Concerning age groups, the effect of road traffic noise was
comparable in the two younger age groups [15–30 y: HR=1:079
(95% CI: 1.011, 1.152), 30–65 y: HR=1:050 (95% CI: 1.019,
1.082)], whereas no effect was observed for individuals older
than 65 y [HR=0:994 (95% CI: 0.944, 1.047)]. For railway
noise, associations were observed only in the two older age
groups [30–65 y: HR=1:027 (95% CI: 1.004, 1.051), >65 y:
HR=1:037 (95% CI: 0.998, 1.077)], whereas again no

Table 2. Levels of the different environmental exposures of the eligible
participants from the Swiss National Cohort at baseline (2001).

Exposure Mean (SD)

Road traffic noise [Lden (dB)] 54.4 (8.2)
Railway noise [Lden (dB)] 38.6 (11.1)
Aircraft noise [Lden (dB)] 34.5 (7.8)
PM2:5 concentration (lg=m3) [mean (SD)] 15.9 (2.4)
NO2 concentration (lg=m3) [mean (SD)] 23.7 (7.5)
NDVI exposure (no unit) [mean (SD)] 0.57 (0.11)

Note: dB, decibel; ICD, International Statistical Classification of Diseases and Related
Health Problems, 10th Revision; Lden, day-evening-night level; NDVI, normalized dif-
ference vegetation index; SD, standard deviation.

Table 1. Population characteristics of the eligible participants from the
Swiss National Cohort at baseline (2001).

Characteristic 2001 (Baseline)

Number of participants 5,084,838
Sex [% (n)]
Female 51.6% (2,624,262)
Male 48.4% (2.460,576)
Age [% (n)]
15–29 y 18.7% (948,618)
30–64 y 62.2% (3,163,489)
≥65 19.1% (972,731)

Mother tongue [% (n)]
German and Rhaeto-Romansh 65.1% (3,312,465)
French 19.7% (999,495)
Italian 7.1% (360,538)
Other 8.1% (412,340)
Education [% (n)]
Compulsory education or less 27.5% (1,398,715)
Upper secondary level 51.8% (2,633,811)
Tertiary level education 19.9% (1,011,479)
Child/unknown 0.8% (40,833)
Urbanization [% (n)]
Urban 29.1% (1,478,470)
Peri-urban 45% (2,289,923)
Rural 25.9% (1,316,445)
Marital status [% (n)]
Single 26% (1,321,024)
Married 60.3% (3,066,705)
Divorced 7% (355,994)
Widowed 6.7% (341,115)
Nationality [% (n)]
Swiss 81.4% (4,137,934)
Non-Swiss 18.6% (946,904)
Local-SEP [mean (SD)] 63.0 (10.6)
Area SEP region [mean (SD)] 62.8 (4.2)
Area SEP community-region [mean (SD)] 0.04 (5.2)
Area unemployment community [%, mean (SD)] 3.5 (0.7)
Area unemployment community-region [%, mean (SD)] 0 (1.2)

Note: SD, standard deviation; SEP, socioeconomic position.
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association was observed for aircraft noise in any age group
(see Table 3; Figure S9).

Looking at effect modification by local-SEP index, an
increased risk for both road traffic and railway noise was
observed across all local-SEP quartiles, with the largest associa-
tion with road traffic noise in the second quartile (HR=1:085;
95% CI: 1.035, 1.138) and with railway noise in the third quartile
(HR=1:033; 95% CI: 0.996, 1.071). There were no indications
of a trend toward lower or higher SEP categories (Figure S10;
Table S6). No relevant differences were observed according to
civil status (Table S7).

Stratified analysis according to urbanization revealed larger
risk increases for suicide deaths associated with road traffic noise
in urban (HR=1:050; 95% CI: 1.004, 1.098) and peri-urban
(HR=1:045; 95% CI: 1.005, 1.087) areas than in rural settings
(HR=1:022; 95% CI: 0.979, 1.066). For railway noise, the larg-
est risk increase was seen in the peri-urban setting (HR=1:043;
95% CI: 1.014, 1.072). NDVI showed a negative association with
risk of death by suicide in the urban setting (HR=0:942; 95%
CI: 0.912, 0.973), whereas no association was observed in the
peri-urban setting and a positive association in the rural areas
(HR=1:072; 95% CI: 1.027, 1.119) (Table S8; Figure S11).

Discussion
Our findings suggest an association between exposure to trans-
portation noise at the place of residence and the risk of death by
intentional self-harm. Risk started to increase at levels of 50 dB
or even lower, i.e., below the current WHO guideline levels for
all noise sources. The observed associations were stronger in
females than in males. We did not find any evidence for an
increased risk of death by intentional self-harm due to air

pollution. An inverse association with residential greenness was
observed in females and in the urban setting.

There is hardly any research investigating long-term exposure
to transportation noise and risk of suicide. The only previous
study that investigated long-term noise exposure and suicide was
conducted in Korea using environmental noise measurement data
from a nationwide noise monitoring system, and not differentiat-
ing the exposure by noise source (e.g., noise caused by transpor-
tation and industrial and recreational activities). Mean monthly
nighttime noise levels from the closest measurement stations
were used as exposure. The authors reported a significantly
increased risk for death by suicide per IQR increase of nighttime
noise of 32% (95% CI: 2%, 70%) in younger adults (20–54 y,
n=124,994) and 43% (95% CI: 1%, 102%) in older adults
(≥55 y, n=30,498).7 Although these results are difficult to
directly compare to ours, it is notable that both suggest a risk
increase for death by suicide in relation to noise exposure.

Overall, however, we believe our results should not be inter-
preted as suggesting that transportation noise has a direct influence
on suicide or suicidal behavior, but rather that suicide as a surro-
gate for underlying mental health disorders is associated with
transportation noise exposure. There is conclusive evidence that
mental and behavioral disorders are the predominant comorbidities
in suicide victims.2,64 Hence, we reasoned to use suicide as a sur-
rogate for underlying mental health disorders. The advantage of
this approach is that it enables the use of the extensive mortality
data in the SNC to study mental disorders. However, it is clear
that there are also some limitations. For example, deaths by suicide
represent only the “tip of the iceberg.” Estimations suggest that
worldwide, there are ∼ 20 suicide attempts for every death by sui-
cide,9 and a Swiss study even noted 32 attempts for each death.65

Additionally, suicide is a highly complex issue with many influ-
encing factors, however, with psychiatric diseases and especially
depressive disorders representing an important factor.64

When comparing our results on associations of transportation
noise with suicide to existing literature on transportation noise
and mental health, there is mixed agreement. For example, a sys-
tematic review and meta-analysis from 2020 reported an associa-
tion between exposure to road traffic noise and anxiety [odds
ratio ðORÞ=1:08; 95% CI: 1.01, 1.15 per 10 dB Lden], whereas
no effect was found for railway and aircraft noise.30 Another sys-
tematic review and meta-analysis from the same year, in contrast,
reported an association of aircraft noise exposure with risk for
depression [12% (95% CI: 2%, 23%) increased risk per 10 dB
Lden], whereas smaller risk increases were found for road traffic
[3% (95% CI: −1%, 6%) per 10 dB Lden] and railway noise [2%
(95% CI: −5%, 8%) per 10 dB Lden].29 A more recent longitudi-
nal study reported an association of road traffic noise and psycho-
logical ill health.66 A study from Switzerland, also published after
the above-mentioned reviews, found an association between inci-
dence of depression and noise annoyance, whereas no significant
association was found with noise exposure of any source.67 An
interesting observation is that results from a 2022 UK Biobank
study suggested the opposite of the results in our study. In their
large cross-sectional study, the authors reported an increased risk
for major depression associated with PM2:5 exposure but not an
association with transportation noise exposure.36 Although numer-
ous studies report associations of transportation noise and mental
health, the quality of evidence is considered low due to study
design (mostly cross-sectional) and small sample sizes.28,68,69

Additionally, heterogeneity in exposure assessments, outcome def-
initions and effect measures complicate a conclusive comparison
of results. The consensus from the existing literature, however, is
that an impact of transportation noise on mental health is highly
probable,70 which our findings further support.

Figure 1. Association (HR and 95% CI) between transportation noise source
(Lden) and mortality from all intentional self-harm (Main Model 3). Results
from main model (M3) including noise exposures (road traffic noise, railway
noise, and aircraft noise), PM2:5 exposure, NDVI, age as timescale, sex as
strata, individual sociodemographic covariates (civil status, education, mother
tongue, nationality, urbanization, local SEP) and area covariates (area SEP-
Index and unemployment rate). Outcome is mortality from intentional self-
harm (ICD-10: X60–84, excl. ICD-10 X61.8, X61.9, X81–82). The numerical
values of the results displayed in this figure can be found in Table 3. Note: CI,
confidence interval; HR, hazard ratio; ICD-10, International Statistical
Classification of Diseases and Related Health Problems, 10th Revision; NDVI,
normalized difference vegetation index; SEP, socioeconomic position.
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One difference in our results from existing evidence is that
we did not find a clear association between aircraft noise and
death by intentional self-harm. This finding in particular contra-
dicts the results from the previously mentioned meta-analysis
by Hegewald et al.,29 which reported a rather large increased
risk of depression per 10 dB aircraft noise. These results are
mainly driven by one study by Seidler et al.71 (Weight 98%),
which was set around the airport of Frankfurt before the night
flying ban was established in 2011. In contrast, in Zurich, the
largest airport in Switzerland, a ban had already been estab-
lished in 1972.72 Hence, an interpretation of this contrasting
result could be that noise (and specifically aircraft noise) during
the night is the main contributor of negative effects on mental
health. This finding is in agreement with the study by Min and
Min,7 which reported an increased risk of suicide with increas-
ing nighttime environmental noise exposure. Additionally, this
conclusion is supported by psychiatric literature judging sleep
disturbances as an independent risk factor for most psychiatric
disorders.73 Alternatively, the absence of an association between
aircraft noise and risk for death by suicide might also be due to
residual confounding and exposure distribution, because aircraft
noise in our study area (Switzerland) is mostly concentrated
around larger cities (Basel, Geneva, Zurich), areas for which a
2016 mortality atlas of Switzerland showed average to lower sui-
cide rates.74 Additionally, the exposure–response curve for air-
craft noise showed an inverse association in the very low
exposure. Areas with low aircraft noise exposure are also more
likely very rural, which might contribute to confounding. This
theory is supported by results from another SNC study by Guseva
Canu et al.75 that identified men working in agriculture, hunting,
and forestry, who tend to live in more rural settings, to be at an
increased suicide risk in comparison with the risk found for men
working in other professions.

Concerning effect modification, we consistently saw stronger
associations of transportation noise and suicide risk in females
than in males and also a protective effect of greenness exclusively
in females in the main analysis. Because gender differences in sui-
cide are well known, these associations are not surprising. In gen-
eral, women make more suicide attempts, but suicide mortality is
generally higher in men.76 Accordingly, in our nationwide sample,
74.1% of the suicide victims were male. This discrepancy is often
referred to as the “gender paradox of suicide.” Among other fac-
tors, differences in psychopathology have been proposed as possi-
ble reasons for these gender differences.77 Already in 2004,
differences in underlying psychiatric disorders in male and female
suicides were reported: although diagnoses with personality, child-
hood, and alcohol or substance disorders were more common in
males, females had more often been diagnosed with depressive or
affective disorders.2 This underlying psychopathology may partly
explain the observed effect modification in our results. The sus-
pected mechanisms linking transportation noise exposure with
mental health (prolonged stress reactions,21 allostatic overload,15

and sleep disturbances22) are thought to mostly increase the risk
for affective disorders such as depression and anxiety disor-
ders,24,25,27 whereas effects on personality disorders and other psy-
chiatric disorders such as schizophrenia seem less plausible. This
evidence is also consistent with the existing, albeit limited, evi-
dence investigating transportation noise exposure and mental
health outcomes.28 Hence, we interpret our results indicating a
stronger effect of road traffic noise exposure on suicide risk in
females as suggesting that such associations are mostly mediated
through an increased risk for affective and anxiety disorders.
Because reliable data on psychiatric diagnosis or medication pre-
scription were not available, this hypothesis could not be tested
withmediation analysis. Further studies are needed to elucidate theT
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pathways through which transportation noise influences mental
health.

Another interesting finding from our study concerns those on
greenness. We observed a substantial risk reduction [HR=0:942
(95% CI: 0.912, 0.973) per 0.1 NDVI] in the urban setting. This
finding is in line with the findings of a Dutch longitudinal case–
control study,8 which also reported a reduced risk for suicide
associated with more residential green space in urban but not ru-
ral regions. Conversely, however, we saw a strong association of
higher NDVI with increased risk of suicide in the rural setting.
We argue that this association might be spurious, because those
areas with the highest NDVI in the rural setting are probably very
rural areas, where a higher percentage of the population are agri-
cultural workers. As mentioned above, this population is among
the most at-risk professional groups in Switzerland.75 Also,
remote regions showed above-average suicide mortality in a
2016 mortality atlas.74

Regarding air pollution, we found no association between ei-
ther PM2:5 or NO2 and suicide mortality. The lack of association
was found in models both with and without adjusting for transpor-
tation noise (Figure S6). This lack of association is in contrast to
many studies reporting an association between long-term and
short-term exposure to air pollution and an increased risk for
depression, as well as effects on suicides.6,34–36 Most of these stud-
ies, except for the UKBiobank study,36 however, did not adjust for
exposure to transportation noise. It may thus also be that some of
these previous results on air pollution have been confounded by
transportation noise. Future studies exploring either the effects of
air pollution or transportation noise exposure on mental health
should consider that both exposuresmay play a role.

Strengths and Limitations
To our knowledge, this is the first study investigating long-term ex-
posure to source-specific transportation noise and suicide mortal-
ity. The use of the Swiss National Cohort enabled following more
than 5 million Swiss residents over 15 y of age in combination with
high-quality noise models providing energy-based metrics is a
strength of this study. This, in combination with adjustment for air
pollution exposure using data from a validated land use regression
model as well as NDVI, is a further asset.

Even though this study is based on very comprehensive data
and noise exposure assessment, some exposure misclassifica-
tion is unavoidable, for instance, for individuals who have
moved during the study period. To minimize this, we imple-
mented an approach to account for this spatial change using
census data and address history to update the estimated noise
exposure at the beginning of each 5-y period. Additionally, as
is always the case when using noise exposure estimates at par-
ticipants’ home addresses, our estimated exposures do not
reflect the exposure the participants experienced when away
from home.78

Some residual confounding, mostly by SEP, can also not be
dismissed. To diminish this, we adjusted for SEP on different lev-
els. The rationale behind this approach was that some levels
might better correspond to different types of possible confound-
ers. For example, regional markers might better reflect the quality
of health services, community markers contribute information
about the population mix, and the near-individual local-SEP
index plus actual individual covariates (e.g., civil status and edu-
cation) would correspond best with health behavior. However,
this probably still did not result in a perfect reflection of individ-
ual participants’ SEP. Another possible source of residual
confounding is urbanization. However, considering the spatial
pattern of suicide in Switzerland, urban/rural differences mostly
occur in specific age groups, vary across language regions,74 and
might also partially be related to religion.79 We do not assume
that such patterns are systematically correlated with transporta-
tion noise. One exception could be in the very rural setting, where
noise (and air pollution) exposure is typically very low, but sui-
cide risk might be higher. Such confounding would, however,
have led to an underestimation of our effect estimates. Looking at
the e-value of 1.24 for our main findings, we conclude that it is
unlikely that uncaptured features of urbanization or SEP could be
that strongly correlated with both transportation noise and suicide
across our sample of more than 5 million individuals.

Additional limitations are the lack of data on medical records
regarding psychiatric diagnoses and medication intake as well as
lifestyle factors such as smoking or alcohol consumption in the
SNC. Knowledge about suicide attempts as an additional out-
come reflective of underlying severe mental health disorders
would have further improved our study.

Figure 2. Exposure–response relationships for the association between transportation noise source [Lden (dB)] and mortality from intentional self-harm (ICD-
10: X60–84, excl. ICD-10 X61.8, X61.9, X81–82). Natural splines (3 df, knots placed at tertiles of noise distribution) for the association between road traffic,
railway, or aircraft noise (Lden, dB) and mortality from all intentional self-harm (ICD-10: X60–84, excluding ICD-10 X61.8, X61.9, X81–82). Same adjust-
ments as in main model (M3), including noise exposures (road traffic noise, railway noise, and aircraft noise), PM2:5 exposure, NDVI within 500 m around the
residence, age as timescale, sex as strata, individual sociodemographic covariates (civil status, education, mother tongue, nationality, urbanization, local SEP,
area SEP, and unemployment rate) were used. Vertical dashed red lines show source-specific WHO guideline levels: road traffic = 53 dB, railway= 54 dB,
aircraft = 45 dB. (For interpretation of the references to color in this figure legend, see the web version of this article.) Internal knots placed at the following
values (tertiles of respective noise distribution): road traffic noise: 50.64 dB, 57.84 dB; railway noise: 30 dB (lower bound and first tertile), 39.66 dB; aircraft
noise: 30 dB (lower bound and first tertile), 32.62 dB. Mean and SD of the noise distribution can be found in Table 2. HR and 95% CI at Lden values indicated
on the x-axis can be found in Table S9A–C. Note: CI, confidence interval; dB, decibel; df, degrees of freedom; HR, hazard ratio; ICD, International Statistical
Classification of Diseases and Related Health Problems, 10th Revision; Lden, day-evening-night level; NDVI, normalized difference vegetation index; SD
standard deviation; SEP, socioeconomic position; WHO, World Health Organization.
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Conclusion
In this nationwide administrative cohort study, we found a robust
association of exposure to transportation noise and the risk for
death by intentional self-harm. Though information on mental
health status was not available, these findings suggest that suicide
as a surrogate for mental health disorders may be related to trans-
portation noise, adding to the growing body of evidence for such
effects. Further research is needed to solidify the understanding
of the complex relationship between noise exposure, other envi-
ronmental stressors such as air pollution, socioeconomic factors,
and mental health. However, our results emphasize the public
health importance of efforts to reduce the population exposed to
high levels of transportation noise.
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