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Prospective evidence on the risk of depression in relation to transportation noise exposure and noise annoyance
is limited and mixed. We aimed to investigate the associations of long-term exposure to source-speciﬁc transportation noise and noise annoyance with incidence of depression in the SAPALDIA (Swiss cohort study on air
pollution and lung and heart diseases in adults) cohort.
We investigated 4,581 SAPALDIA participants without depression in the year 2001/2002. Corresponding oneyear mean road, railway and aircraft day-evening-night noise (Lden) was calculated at the most exposed façade
of the participants’ residential ﬂoors, and transportation noise annoyance was assessed on an 11-point scale.
Incident cases of depression were identiﬁed in 2010/2011, and comprised participants reporting physician diagnosis, intake of antidepressant medication or having a short form-36 mental health score < 50. We used
robust Poisson regressions to estimate the mutually adjusted relative risks (RR) and 95% conﬁdence intervals
(CI) of depression, independent of traﬃc-related air pollution and other potential confounders.
Incidence of depression was 11 cases per 1,000 person-years. In single exposure models, we observed positive
but in part, statistically non-signiﬁcant associations (per 10 dB) of road traﬃc Lden [RR: 1.06 (0.93, 1.22)] and
aircraft Lden [RR: 1.19 (0.93, 1.53)], and (per 1-point diﬀerence) of noise annoyance [RR: 1.05 (1.02, 1.08)]
with depression risk. In multi-exposure model, noise annoyance eﬀect remained unchanged, with weaker eﬀects
of road traﬃc Lden [(RR: 1.02 (0.89, 1.17)] and aircraft Lden [(RR: 1.17 (0.90, 1.50)]. However, there were
statistically signiﬁcant indirect eﬀects of road traﬃc Lden [(β: 0.02 (0.01, 0.03)] and aircraft Lden [β: 0.01
(0.002, 0.02)] via noise annoyance. There were no associations with railway Lden in the single and multiexposure models [(RRboth models: 0.88 (0.75, 1.03)]. We made similar ﬁndings among 2,885 non-movers, where
the eﬀect modiﬁcation and cumulative risks were more distinct. Noise annoyance eﬀect in non-movers was
stronger among the insuﬃciently active (RR: 1.09; 95%CI: 1.02, 1.17; pinteraction = 0.07) and those with daytime
sleepiness [RR: 1.07 (1.02, 1.12); pinteraction = 0.008]. Cumulative risks of Lden in non-movers showed additive
tendencies for the linear cumulative risk [(RRper 10dB of combined sources: 1.31 (0.90, 1.91)] and the categorical
cumulative risk [(RRtriple- vs. zero-source ≥45 dB: 2.29 (1.02, 5.14)], and remained stable to noise annoyance.
Transportation noise level and noise annoyance may jointly and independently inﬂuence the risk of depression. Combined long-term exposures to noise level seems to be most detrimental, largely acting via annoyance. The moderation of noise annoyance eﬀect by daytime sleepiness and physical activity further
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contribute to clarifying the involved mechanisms. More evidence is needed to conﬁrm these ﬁndings for eﬀective
public health control of depression and noise exposure burden.

1. Introduction

annoyance or sensitivity on the other hand, were more consistently
associated with depression. Environmental noise annoyance (Beutel
et al., 2016; Dratva et al., 2010; Hammersen et al., 2016; Jensen et al.,
2018; Rocha et al., 2012; Yoon et al., 2014) and noise sensitivity
(Kishikawa et al., 2009; Okokon et al., 2018; Park et al., 2017; Stansfeld
and Shipley, 2015; Stansfeld, 1992) were positively associated with
poor mental health, depression or antidepressant use. Annoyance from
aircraft noise was also linked with depression (Baudin et al., 2018;
Schreckenberg et al., 2010).
Few previous studies on transportation noise or noise annoyance (in
relation to depression in a general population) had a longitudinal design (Orban et al., 2015; Stansfeld et al., 1996), considered all three
major transportation noise sources (Klompmaker et al., 2019; Seidler
et al., 2017), explored noise level and annoyance (Baudin et al., 2018;
Okokon et al., 2018), or included the potentially confounding eﬀect of
traﬃc-related air pollution (Klompmaker et al., 2019). Furthermore,
evidence on potential pathways mediating the eﬀect of noise exposure
on depression are limited, despite the plausibility of mediation by noise
annoyance and behavioral factors that might be in the etiologic
pathway linking noise exposure to mental health (Dzhambov et al.,
2017; Dzhambov et al., 2018; Kroesen et al., 2008).
In light of the above evidence and research needs, we aimed primarily, to investigate the mutually independent associations of longterm exposure to road traﬃc, aircraft and railway noise and transportation noise annoyance with incidence of depression, independent of
traﬃc-related air pollution and other potential confounders. We also
aimed secondarily, to test the mediation of the noise level associations
by noise annoyance and other potential mediators in the SAPALDIA
(Swiss cohort study on air pollution and lung and heart diseases in
adults) cohort.

Depression ranks high among the risk factors for global disease
burden (Vos et al., 2016). Its worldwide prevalence is increasing and is
currently the leading contributor to years lived with disability (WHO,
2017). The burden of depression is enormous given its high rate of
relapse, even after successful treatment (Hardeveld et al., 2010; Lépine
and Briley, 2011). Depression is a frequent comorbidity of chronic
diseases (Voinov et al., 2013) and is associated with physical (Druss
et al., 2009; Judd et al., 2000) and social role dysfunction (Briley and
Moret, 2010; Rotermann, 2007) as well as all-cause mortality (Bostwick
and Pankratz, 2000; Osby et al., 2001).
Depression and mental health in general have a complex etiology
that involves genetic, environmental and social factors. The environmental determinants of depression have received attention in recent
years, with air pollutants having the largest evidence (Fan et al., 2020;
van den Bosch and Meyer-Lindenberg, 2019). Air pollutants are thought
to act through alterations in neurotransmitter activity (Barragán-Mejı́a
et al., 2002; González-Piña and Paz, 1997), and neural plasticity (Bos
et al., 2011), as well as inﬂammation and oxidative stress in brain sites
that may include prefrontal cortex and striatum (Dorado-Martínez
et al., 2001; Meng et al., 2003). Transportation noise—a frequent correlate of traﬃc-related air pollution, which together constitute the
greatest contribution to environmental disease burden—is thought to
contribute to the burden of depression by inducing annoyance, and
stress, and by its sleep disturbing properties (Babisch, 2003; Babisch
et al., 2013; Persson-Waye et al., 2002; Slavich and Irwin, 2014). Acute
exposure to high road traﬃc noise levels induced DNA methylation
changes in the BDNF (brain-derived neurotrophic factor) gene in speciﬁc brain regions in animal models (Guo et al., 2017). Reduced BDNF
expression and serum BDNF levels were frequently associated with
depression in human studies (Bus et al., 2015; Cattaneo et al., 2016).
Diﬀerential methylation at TRIM39 gene, which is involved in inﬂammatory response (Roberts Jr et al., 2007; Zhang et al., 2012), was
recently linked to depression (Crawford et al., 2018; Zhu et al., 2019)
and to traﬃc-related noise and air pollution (Eze et al., 2020). While
transportation noise level is a relevant risk factor to consider, subjective
noise annoyance (reﬂecting inter-individual variability in noise perception) might better capture certain health eﬀects of noise exposure as
demonstrated by recent studies (Eze et al., 2018; Foraster et al., 2016;
Martens et al., 2018). Noise annoyance may trigger negative emotions
and activate stress responses in the Hypothalamic-Pituitary-Adrenal
(HPA) axis, which is involved in the pathophysiology of depression
(Keller et al., 2017; Slavich and Irwin, 2014). Poor sleep resulting from
noise-induced sleep disturbances also relates to the occurrence of depression (Halperin, 2014; Sygna et al., 2014; Tsuno et al., 2005).
There is suggestive but mixed epidemiological evidence linking
transportation noise and depression. Exposure to aircraft noise was
associated with depressive symptoms (Hiramatsu et al., 1997) but lack
of association was also reported (Baudin et al., 2018; Tarnopolsky et al.,
1980; Wright et al., 2018). For road traﬃc noise, a positive association
was reported for incidence of depressive symptoms (Orban et al., 2015),
and prevalent depression or antidepressant use (Kreﬁs et al., 2017;
Leijssen et al., 2019; Seidler et al., 2017; Yoshida et al., 1997), but weak
or no associations were also observed (Okokon et al., 2018; Stansfeld
et al., 1996; Sygna et al., 2014). Pooled estimates revealed a weak
positive association of road traﬃc noise and depression (Dzhambov and
Lercher, 2019). So far, two studies investigating railway noise have
reported a positive association with prevalent depression or psychological distress (Klompmaker et al., 2019; Seidler et al., 2017). Noise

2. Methods
2.1. Study population
We carried out this study within the Swiss Cohort Study on Air
Pollution and Lung and Heart Diseases in Adults (SAPALDIA) which
began in 1991 (SAP1) with 9651 randomly-selected participants from
eight Swiss areas. First follow-up (SAP2) occurred in 2001/2002 and
included 8047 participants, whereas second follow-up occurred in
2010/2011 and included 6088 participants. SAP1 focused on air pollution and respiratory health whereas SAP2 and SAP3 expanded into
cardio-metabolic outcomes and wellbeing, and included the establishment of the SAPALDIA − 80 °C biobank. In each survey, participants
underwent health examination and provided questionnaire data covering their lifestyle and health status. Details of the SAPALDIA study
protocols are provided elsewhere (Ackermann-Liebrich et al., 2005;
Martin et al., 1997).
Inclusion criteria for the present study were: (i) participation at
SAP2 and SAP3, (ii) having no depression at SAP2 and (iii) having
complete data on source-speciﬁc transportation noise level, noise annoyance and relevant covariates at SAP2, that enable the assessment of
the link between these exposures at SAP2 and incidence of depression
between SAP2 and SAP3. The present study therefore included 4,581
participants who participated at both SAP2 and SAP3, were free of
depression at SAP2 and had complete relevant data to achieve the objectives of this study. Fig. S1 presents the details of participant selection
for the present study. Ethical approvals for the SAPALDIA studies were
obtained from Ethics committees of North-West Switzerland, and the
Swiss Academy of Medical Sciences. All participants provided informed
2
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might be antecedent to, or associated with noise and depression, but not
in the causal pathway—for inclusion in the present study: age (years),
sex (male/female), educational attainment (≤9 years compulsory
education/10–13 years corresponding to secondary education or apprenticeship/ > 13 years corresponding to tertiary education). We also
included participants’ study area (Basel/Wald/Davos/Lugano/
Montana/Payerne/Aarau/Geneva), and neighborhood socio-economic
position (SEP; an index (%) calculated as principal component analysis
of education and ﬁnancial attributes of household in a neighborhood
derived from the 2001 Census (Panczak et al., 2012)). These covariates
capture the socio-demographic and socio-economic attributes, which
could confound noise-depression association (Dreger et al., 2019; Lund
et al., 2018).
We also considered at SAP2, potentially competing risk factors (or
modiﬁers)—that might be antecedent to depression, but not necessarily
to noise—for higher precision of estimates without bias (Pearl et al.,
2016). These included smoking status (Fluharty et al., 2017), alcohol
consumption (Gea et al., 2013), fruit and vegetable intake (Saghaﬁan
et al., 2018), family history of depression (Weissman et al., 2005), residential greenness (Banay et al., 2019; Bratman et al., 2019) and
traﬃc-related air pollution (Antonsen et al., 2020; van den Bosch and
Meyer-Lindenberg, 2019). We deﬁned smoking status of participants as
never, former or current smoker, and deﬁned as alcohol consumption as
having ≤ 1/ > 1 glass per day. We also deﬁned fruit and vegetable
intake as weekly frequency of having at least one portion of each (ordinal: never/seldom/from 1 to 7 days per wk.). We deﬁned residential
greenness as the normalized diﬀerence vegetation index (within 1 km
buﬀer of participants’ residences), which was calculated from cloudfree satellite imagery in summer of 2014 for the whole country at
30 × 30 m, and assigned to participants geo-coordinates at SAP2
(Vienneau et al., 2017). Traﬃc-related air pollutant—nitrogen dioxide
(NO2)—was modeled at participant’s residences as outdoor annual
mean exposures in 2003. This used a hybrid model that regressed
passive sampler measurements against dispersion model estimates (incorporating various emission inventories), seasonal and climatic variables, as well as traﬃc and land use characteristics (e.g. population,
elevation, road length, and number of buildings). Adjusted R2 of this
hybrid model was 0.8 (Liu et al., 2012). All SAP2 variables considered
as potential confounders or modiﬁers would be included as covariates
in the multivariable models.
We also considered at SAP2, potential mediators, which might
descend from noise, but precede depression and lie on the causal
pathway between both. These included physical activity (Foraster et al.,
2016; Gianfredi et al., 2020); body mass index (BMI) (Foraster et al.,
2018; Tyrrell et al., 2019); chronic disease (Huang et al., 2010; WHO,
2011) and excessive daytime sleepiness (Basner 2008; Jaussent et al.,
2011). We deﬁned physical activity as having < 150/≥150 min. per
wk. of moderate to vigorous activity, and deﬁned BMI as the ratio of
objectively measured weight and height-squared (kg/m2). We also deﬁned chronic disease as having one of physician-diagnosed asthma,
chronic bronchitis, hypertension, cardiovascular disease (CVD), diabetes, stroke, migraine or arthritis; and deﬁned daytime sleepiness as
scoring > 10 on the Epworth’s Sleepiness Scale (Johns, 1991). Given
the insuﬃcient understanding of the noise-depression causal networks
(Clark and Paunovic, 2018; van Kamp et al., 2013), we would—in a
more inclusive approach—test the modifying eﬀects of these potential
mediators, as part of the eﬀect modiﬁcation analyses.

written consent before participating in any aspect of the SAPALDIA
studies.
2.2. Incidence of depression
At SAP2 and SAP3, participants responded to questions on having
doctor-diagnosed depression or use of antidepressants. Participants also
completed the short-form 36 mental health domain questionnaire,
which was aggregated into a mental component summary score, derived according to developer-speciﬁed algorithms and standardized to a
mean of 50 and standard deviation of 10, with higher scores representing better mental health (Ware and Kosinski, 2001). The mental
health score was recently shown to have good validity in identifying
cases of depression in epidemiological settings, at a cut-oﬀ level of 50
(Kiely and Butterworth, 2015; Silveira et al., 2005). We therefore deﬁned composite incident depression at SAP3 as the absence of doctordiagnosed depression and intake of antidepressants, and mental health
score ≥ 50 at SAP2, and the presence of doctor-diagnosed depression or
intake of antidepressants or mental health score < 50 at SAP3.
2.3. Transportation noise exposure
In the framework of the Short- and Long-term Eﬀects of
Transportation Noise Exposure (SiRENE) project (Röösli et al., 2017),
annual day-evening-night road traﬃc, railway and aircraft noise (Lden)
were calculated for 2001 (SAP2) and 2011 (SAP3) using validated Swiss
noise calculation models at the most exposed façade point of participants’ dwelling unit as described (Karipidis et al., 2014). Input data for
the road traﬃc noise modelling included the road network, hourly
traﬃc statistics, speed limit, bridges, and noise barriers. Aircraft noise
calculations covered four Swiss airports in Zurich, Basel, Geneva and
Payerne with input data such as air traﬃc statistics, radar tracks or
idealized ﬂight paths. Input data for railway noise calculations included
train types, speeds, railway traﬃc statistics, geometry of railway tracks,
and noise barriers. Following noise calculation, participants without
substantial noise exposures were assigned truncated Lden values of
30 dB for aircraft and railway noise and 35 dB for road traﬃc noise
(Karipidis et al., 2014). Model validation studies comparing the measured and calculated values showed good consistency, with a combined
Lden diﬀerence of 1.6 ± 5 dB (Schlatter et al., 2017). Source-speciﬁc
Ldens at SAP2 and SAP3 were correlated (Spearman rroad traﬃc = 0.70,
raircraft = 0.67 and rrailway = 0.76). We derived the absolute change in
source-speciﬁc Lden (SAP3 − SAP2), for sensitivity analysis.
To explore more complex and cumulative exposure situations, we
created a source-speciﬁc binary “exposed” variable where participants
were designated as exposed if their source-speciﬁc noise exposure
was ≥ 45 dB (Heritier et al., 2017; Pyko et al., 2019). Based on this, we
created a combined categorical variable (“zero-source”, “single-source”,
“double-source” and “triple-source” exposure) for further analysis similar to recent studies (Pyko et al., 2019; Pyko et al., 2017).
2.4. Transportation noise annoyance
Noise annoyance at SAP2 and SAP3 were assessed as part of the
health interview, as previously described (Eze et al., 2018; Foraster
et al., 2016). Participants responded to the question, “How much are you
annoyed by noise from transportation noise at home when the windows are
opened?” The responses had a 0–10 rating similar to the validated numerical 11-point noise annoyance scale (Fields et al., 2001). Noise
annoyance at SAP2 and SAP3 were moderately correlated (r = 0.43).
We also derived absolute change in noise annoyance score
(SAP3 − SAP2), for sensitivity analysis.

2.6. Data analyses
2.6.1. Descriptive statistics
We summarized the characteristics of included participants at SAP2,
stratiﬁed by incident depression status at SAP3. Categorical variables
are reported as counts and proportions, and χ2 test was used for between group diﬀerences. Continuous variables are reported as means
and SD, and unpaired t-test was used for between group diﬀerences. We

2.5. Relevant covariates
We considered the following potential confounders at SAP2—that
3
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mediators separately (single mediation) and simultaneously (parallel
mediation) in order to estimate the independent contribution of each
path. We speciﬁed mediator models using robust Poisson models for
noise annoyance and physical activity, and linear models for BMI. We
used Poisson model for noise annoyance and physical activity given the
discrete distribution of noise annoyance, the high prevalence of physical activity, and the compatibility with Poisson-based outcome model
estimates, toward minimizing bias in the standard errors. Both mediator
and depression models contained the same covariates as the multi-exposure Lden model, but the depression model additionally contained
the mediator(s). We computed the indirect paths, and generated their
standard errors using bias-corrected bootstrapping method with 5,000
replications. We considered an indirect path to be mediated if it signiﬁcantly diﬀered from the null (Zhao et al., 2010).

also stratiﬁed the same characteristics by groups of combined Lden
exposure (zero- to triple-source exposures) and change of residence
during follow-up (movers vs. non-movers). We also did same comparisons among the eligible SAPALDIA participants stratiﬁed by inclusion
status in the present study (included vs. excluded).
2.6.2. Main associations
To determine the relationship of road traﬃc, railway, aircraft noise
exposures, and noise annoyance with risk of depression, we applied
Poisson regression models to estimate relative risks (RR) of depression
and their 95% conﬁdence intervals (CI), and corrected for the biased
variance estimates obtained by applying the Poisson model to binary
data (Zou, 2004). We modeled the three source-speciﬁc Ldens and noise
annoyance individually in separate models (single exposure models);
the source-speciﬁc Ldens together in one model (multi-exposure Lden
model) and the source-speciﬁc Ldens and noise annoyance together in
one model (multi-exposure model). We performed crude (Model 1) and
incremental confounder-adjusted models. Potential confounders included age, sex, educational attainment, neighborhood SEP, study area,
smoking status, alcohol, fruit and vegetable intake, and family history
of depression (Model 2), and residential greenness and NO2 (Model 3;
main model). Participants with truncated Lden values were captured in
the regression models using a source-speciﬁc truncation indicator in
line with our previous studies (Eze et al., 2017a; Foraster et al., 2017).
In sensitivity analyses, we tested linearity of associations by including thin-plate smoothing splines of noise metrics to the multi-exposure model. We also tested, in the subsample that had complete noise
exposure and annoyance data at follow-up, the stability of results when
change in exposures were additionally adjusted for, and explored the
potential eﬀect of clustering by area, using a model with random intercept at the level of the study area. We explored potential selection
bias by comparing the consistency of the crude model in the included
vs. the excluded participants, and by inversely weighting the study
sample using probability weights (of selection for the present study)
derived from eligible SAP1 participants. We tested consistency of associations using an alternative incidence of depression that considered
only physician diagnosis and antidepressants (but not the mental health
scores).
In further analyses, we estimated cumulative risk of transportation
Lden in relation to depression using a post-estimation linear combination of the mutually adjusted Lden coeﬃcients, computation of the 95%
CI, and exponentiation to relative risks, as described in previous studies
(Crouse et al., 2015; Klompmaker et al., 2019). We also estimated cumulative risk using the four-level categorical combined transportation
Lden as indicator of cumulative exposure (with “zero-source exposure”
as the reference group; see Section 2.3) in the main model (Pyko et al.,
2017). Both linear and categorical cumulative risks assumed additive
eﬀects of the source-speciﬁc Ldens, and were estimated using both the
multi-exposure Lden model (i.e. model without annoyance) and the
multi-exposure model (i.e. model with noise annoyance).

2.6.4. Eﬀect modiﬁcation
To investigate their inﬂuence on the individual susceptibility to
source-speciﬁc Lden and noise annoyance at baseline toward risk of
depression at follow-up, we performed subgroup analyses of the potential modiﬁers (see Section 2.5) using the multi-exposure main
model. We however focused these analyses to the common (and prospectively evidenced) risk factors for depression including sex (Hyde
and Mezulis, 2020), overweight/obesity [BMI > 25 kg/m2] (Luppino
et al., 2010; Tyrrell et al., 2019), physical activity (Gianfredi et al.,
2020), excessive daytime sleepiness (Jaussent et al., 2011), and chronic
diseases (Huang et al., 2010). We also performed subgroup analyses
along two quantiles of competing environmental exposures including
residential greenness (Banay et al., 2019) and NO2 (Antonsen et al.,
2020). We tested the sub-group diﬀerences via multiplicative interaction terms between the noise metrics and the potential modiﬁers.
Main association, eﬀect mediation and eﬀect modiﬁcation were also
limited to the non-movers—with potentially lower exposure misclassiﬁcation. Estimates of associations are presented as increase or
decrease in RR (95% CI) of depression and per 10 dB increase in Lden
and per 1-point diﬀerence in noise annoyance, unless stated otherwise.
We performed the analyses using Stata version 15 (Stata Corporation,
College Station, TX) and R version 3.5.1 (R Foundation for Statistical
Computing, Vienna), and considered results of main associations and
interactions to be statistically signiﬁcant at two-sided alpha values of
0.05 and 0.1 (Bross, 1971), respectively.
3. Results
3.1. Descriptive statistics
Mean (SD) road traﬃc, aircraft, railway Lden and noise annoyance
among 4,581 included participants (aged 29–73 years) was 54.7 (8) dB,
35.2 (9) dB, 36.7 (9) dB and 2.5 (3) respectively (Table 1). Table S1
shows the correlation matrix of the study variables. Road traﬃc Lden
had the strongest correlations with noise annoyance (r = 0.33) compared to aircraft Lden (r = 0.07) and railway Lden (r = 0.05). Ninety
percent, 16% and 19% of participants were “exposed” (≥45 dB) to road
traﬃc, railway and aircraft Lden, respectively, and 5% were “exposed”
to the three sources (Table S2). Distributions of source-speciﬁc Lden
and noise annoyance in the entire sample are presented in Fig. S2.
Source-speciﬁc Lden and noise annoyance were stable over the followup period, with mean (SD) change of −0.1 (6) dB, 0.3 (5) dB, −1.6 (6)
dB and −0.6 (3) for road traﬃc, aircraft, railway Lden and noise annoyance, respectively.
Incidence of depression was 11 cases per 1,000 person-years.
Physician diagnosis, mental health score and antidepressant use comprised 59%, 40% and 34% of these cases, with 5% overlap across the
three criteria (Fig. S3). Incident cases of depression were more likely
women, younger, less educated, smokers or less physically active, but
less likely overweight. They also had higher family history of depression and chronic diseases. They were also more likely to be noise

2.6.3. Eﬀect mediation
We investigated indirect eﬀects of source-speciﬁc Lden to identify
potentially mediating pathways of noise exposure on risk of depression.
We focused the analyses on noise annoyance, BMI and suﬃcient physical activity, which capture in part, attributes of chronic diseases and
excessive daytime sleepiness, and are likely more robust to reverse
causation with depression. We however, included chronic diseases and
daytime sleepiness in the eﬀect modiﬁcation analyses (see Section
2.6.4).
We used generalized structural equation model (GSEM) to estimate
the indirect eﬀect of mutually adjusted source-speciﬁc Lden with the
potential mediators, using the multi-exposure Lden model. GSEM oﬀers
generalized linear response functions (with options to handle distribution family and link functions), which enable the modelling of categorical outcomes, mediators and covariates (Huber, 2013). We tested the
4
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incident depression cases between the included and excluded participants (Table S3).

Table 1
Baseline characteristics of included SAPALDIA participants stratiﬁed by incident depression.
No depression

N (%)
Women
Formal education, ≤9 years
10–12 years
≥13 years
Smoking status, never-smokers
former smokers
current smokers
Alcohol intake > once /day
Fruit intake > 3 days/week
Vegetable intake > 3 days/ week
Moderate to vigorous physical
activity ≥ 150 min/week
Doctor-diagnosed chronic disease a
Overweight or obesity b
Family history of depression
Daytime sleepiness c
Study area, Basel
Wald
Davos
Lugano
Montana
Payerne
Aarau
Geneva
Non-movers over follow-up period
Exposed, road Lden ≥ 45 dB
Exposed, aircraft Lden ≥ 45 dB
Exposed, railway Lden ≥ 45 dB
Mean (SD)
Age (years)
Body mass index (kg/m2) b
Neighborhood socio-economic
position (%)
Greenness index in 1 km residential
buﬀer
Nitrogen dioxide (µg/m3)
Noise annoyance
Road traﬃc Lden (dB)
Aircraft Lden (dB)
Railway Lden (dB)
Change in noise annoyance over
follow-up d
Change in road traﬃc Lden over
follow-up (dB) e
Change in aircraft Lden over followup (dB) e
Change in railway Lden over followup (dB) e

Incident
depression

P-value

3.2. Main associations
χ2
< 0.001
0.080

2040 (49)
187 (4)
2706 (65)
1278 (31)
1954 (47)
1329 (32)
888 (21)
1659 (40)
2620 (63)
3644 (87)
2946 (71)

258 (63)
28 (7)
266 (65)
116 (28)
155 (38)
266 (32)
122 (30)
152 (37)
260 (63)
372 (91)
273 (67)

1473 (35)
2193 (53)
474 (11)
3372 (88)
522 (12)
827 (20)
387 (9)
567 (14)
363 (9)
539 (13)
676 (16)
290 (7)
2642 (64)
3766 (90)
761 (18)
698 (17)

193 (47)
186 (46)
103 (25)
328 (87)
63 (15)
68 (16)
24 (6)
36 (9)
50 (12)
56 (14)
57 (14)
56 (14)
243 (59)
373 (91)
97 (24)
54 (13)

52 (11)
25.7 (4)
64 (10)

50 (11)
25.6 (5)
64 (10)

0.073
0.654
0.007
0.063
t-test
0.023
0.713
0.325

0.59 (0.1)

0.58 (0.1)

0.408

22.5 (10)
2.5 (3)
54.7 (8)
35.0 (8)
36.8 (9)
−0.6 (3)

22.3 (10)
2.9 (3)
55.1 (8)
36.3 (9)
35.8 (9)
−0.9 (3)

0.692
0.004
0.357
0.005
0.037
0.075

−0.07 (6)

−0.4 (6)

0.289

0.3 (5)

−0.1 (5)

0.165

−1.7 (6)

−0.9 (6)

0.019

In single-exposure models, associations (per 10 dB) of road traﬃc
and aircraft Lden with risk of depression tended to be positive whereas
that of railway Lden tended to be negative (Table 2). Adjustment for
socio-demographic, lifestyle factors and family history of depression
respectively attenuated and increased the eﬀect estimates for road
traﬃc and aircraft Lden. Further adjustment for residential greenness
and NO2 increased the eﬀect estimate for road traﬃc, but decreased
those of aircraft Lden. We observed a positive and statistically signiﬁcant association between noise annoyance (per 1-point diﬀerence)
and the risk of depression, which was particularly stable to confounder
adjustments. These associations were stable to further adjustments for
BMI and physical activity. In non-movers, we also observed a positive
statistically signiﬁcant association of noise annoyance, and a positive
association of aircraft Lden with risk of depression. However, associations of road traﬃc Lden and railway Lden approached the null.
In the multi-exposure Lden model (Table 2), we observed associations that were similar to the single exposure models, with respective
RR (95% CI) of 1.07 (0.93, 1.22), 1.20 (0.92, 1.55) and 0.88 (0.76,
1.03) for road traﬃc, aircraft and railway Lden. Adjusting for BMI and
physical activity decreased only the estimates for road traﬃc Lden. In
the multi-exposure model (i.e. including noise annoyance), the estimates for road traﬃc and aircraft Lden further decreased [RRroad traﬃc:
1.02 (0.89, 1.17); RRaircraft: 1.16 (0.90, 1.49)], whereas those for
railway Lden and noise annoyance remained unchanged from the
single-exposure model [RRrailway: 0.88 (0.75, 1.02); RRannoyance: 1.05
(1.01, 1.08)]. In the non-mover multi-exposure model, we also observed a positive statistically signiﬁcant association for noise annoyance [RR: 1.04 (1.00, 1.08)] and positive association for aircraft Lden
[(RR: 1.28 (0.95, 1.73)] whereas those of road traﬃc and railway Lden
approached the null.
Smoothing splines of source-speciﬁc transportation noise exposure
and noise annoyance (based on the adjusted multi-exposure model)
showed signiﬁcant linear trend of noise annoyance in the entire sample
(ptrend = 0.008), but some non-linear trend in non-movers
(ptrend = 0.049). Aircraft Lden also showed initial linear trend
(ptrend = 0.14), with some threshold eﬀect at ~ 48 dB, both in the
entire sample and in non-movers (Fig. 1). Further sensitivity analyses
showed that risk estimates were stable, but weaker, when applying the
random eﬀect of study area and when excluding participants with
physician-diagnosed chronic disease. Risk estimates were also stable to
inverse probability weighting, however, the crude estimate for aircraft
Lden in the excluded participants was negative. Excluding the mental
health score in depression identiﬁcation strengthened the Lden and
weakened the annoyance estimates. Adjusting for change in exposures
over follow-up strengthened the aircraft Lden eﬀects, reaching statistical signiﬁcance in non-movers (Table 2), where sensitivity analyses
were similarly robust (Table S4).
In evaluating more complex exposure situations, the cumulative
risks of transportation Lden (based on the multi-exposure Lden model)
showed additive tendencies for both linear and categorical risks, which
were more distinct in non-movers than in the general sample. Among
the non-movers, the cumulative risks per 10 dB of any transportation
Lden was 1.31 (0.90, 1.91). At an exposure threshold ≥ 45 dB, road
traﬃc and aircraft Lden, but not railway Lden were positively associated with depression risk. Participants having single-source, doublesource and triple-source exposures (≥45 dB), had respective RR of 1.91
(95% CI: 1.00, 3.63), 1.95 (95% CI: 0.98, 3.84) and 2.29 (95% CI: 1.02,
5.14) compared to participants having zero-source exposure (≥45 dB).
These associations were stable to adjustment for noise annoyance,
however, with wide CIs (Table 3).

< 0.001

0.286
0.810
0.048
0.091
< 0.001
0.008
< 0.001
0.269
< 0.001

SAPALDIA: Swiss Cohort Study on Air Pollution and Lung and Heart Diseases in
Adults. Lden: day-evening-night noise level. Depression deﬁned as doctor-diagnosed depression or use of medication or SF-36 mental health score < 50.
N = 4,581 for all variables except for b (n = 4,558), c (n = 4,191), d
(n = 3,982) and e (n = 4,555).
a
Doctor-diagnosed chronic disease deﬁned as self-reported physician diagnosis of asthma, chronic bronchitis, hypertension, cardiovascular disease, diabetes, stroke, migraine, and arthritis.
b
Overweight/obesity deﬁned as body mass index > 25 kg/m2.
c
Daytime sleepiness deﬁned as scoring > 10 on the Epworth’s sleepiness
scale.

annoyed, have higher aircraft, but lower railway noise exposures. There
were no signiﬁcant diﬀerences in their residential exposure to road
traﬃc noise, NO2 and greenness (Table 1).
Excluded participants were older, less educated, from urban areas,
less physically active and more overweight. They also had higher road
traﬃc noise, aircraft noise and air pollution exposures and lived in less
green areas. There was no signiﬁcant diﬀerence in the distribution of
sex, change of residence, noise annoyance, and the proportion of
5
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Table 2
Association between transportation noise exposure, annoyance and incidence of depression: single and multi-exposure models.
Model

Road traﬃc Lden
IRR (95% CI)

Aircraft Lden
IRR (95% CI)

Railway Lden
IRR (95% CI)

Noise annoyance
IRR (95% CI)

Single exposure, all
Model
Model
Model
Model
Model
Model

1
2
3
4
5
6

1.06
1.01
1.06
1.06
1.05
1.00

(0.94,
(0.89,
(0.93,
(0.93,
(0.90,
(0.84,

1.19)
1.14)
1.22)
1.21)
1.22)
1.19)

1.06
1.25
1.19
1.19
1.22
1.31

(0.87,
(0.97,
(0.93,
(0.93,
(0.93,
(0.97,

1.31)
1.60)
1.53)
1.52)
1.60)
1.76)*

0.90
0.88
0.88
0.87
0.91
0.99

(0.77,
(0.75,
(0.75,
(0.74,
(0.77,
(0.83,

1.05)
1.03)
1.03)
1.02)
1.07)
1.19)

1.05
1.04
1.05
1.05
1.06
1.04

(1.01,
(1.01,
(1.02,
(1.02,
(1.01,
(1.00,

1.08)**
1.07)**
1.08)**
1.08)**
1.10)**
1.08)**

Model
Model
Model
Model
Model
Model

1
2
3
4
5
6

1.06
1.03
1.07
1.03
1.05
1.01

(0.93,
(0.90,
(0.93,
(0.91,
(0.90,
(0.84,

1.19)
1.16)
1.22)
1.17)
1.22)
1.20)

1.12
1.25
1.20
1.21
1.23
1.31

(0.91,
(0.96,
(0.92,
(0.93,
(0.93,
(0.97,

1.38)
1.61)*
1.55)
1.56)
1.63)
1.76)*

0.89
0.88
0.88
0.88
0.91
1.00

(0.76,
(0.76,
(0.76,
(0.76,
(0.77,
(0.83,

1.04)
1.03)
1.03)
1.03)
1.08)
1.19)

n.a.
n.a.
n.a.
n.a.

Model
Model
Model
Model
Model

1
2
3
4
5

1.00
0.98
1.02
1.02
0.99

(0.88,
(0.86,
(0.89,
(0.89,
(0.84,

1.13)
1.11)
1.17)
1.17)
1.16)

1.13
1.23
1.17
1.16
1.20

(0.92,
(0.95,
(0.90,
(0.91,
(0.91,

1.39)
1.58)
1.50)
1.49)
1.58)

0.89
0.88
0.88
0.87
0.91

(0.76,
(0.75,
(0.75,
(0.74,
(0.77.

1.04)
1.02)
1.02)
1.02)
1.07)

1.05
1.04
1.05
1.05
1.06

(1.01,
(1.01,
(1.02,
(1.02,
(1.01,

1.08)**
1.08)**
1.08)**
1.08)**
1.11)**

Model
Model
Model
Model
Model

1
2
3
4
5

0.93
0.92
0.96
0.96
1.00

(0.78,
(0.77,
(0.80,
(0.80,
(0.82,

1.10)
1.10)
1.15)
1.16)
1.22)

1.12
1.34
1.27
1.25
1.45

(0.87,
(0.99,
(0.95,
(0.93,
(1.05,

1.44)
1.82)
1.71)
1.67)
1.99)**

1.02
1.00
0.99
0.99
0.97

(0.85,
(0.83,
(0.83,
(0.83,
(0.80,

1.22)
1.19)
1.19)
1.19)
1.17)

1.06
1.04
1.04
1.05
1.04

(1.02,
(1.00,
(1.00,
(1.00,
(0.98,

1.10)**
1.08)*
1.09)**
1.09)**
1.11)

Multi-exposure Lden, all

n.a.

Multi-exposure, all

Multi-exposure, non-movers

Lden: day-evening-night noise levels. Multi-exposure Lden model included road traﬃc Lden, railway Lden, aircraft Lden at the same time whereas multi-exposure
model included road traﬃc Lden, railway Lden, aircraft Lden and noise annoyance at the same time. Estimates represent increase or decrease in risk of depression in
relation to 10 dB increase in road traﬃc, railway or aircraft Lden or 1-point increase in noise annoyance. n.a.: not applicable because noise annoyance was not part of
the model. *p-value < 0.1, **p-value < 0.05.
Model 1: unadjusted (also included source-speciﬁc truncation indicators).
Model 2: Model 1 + age, sex, education, neighborhood socio-economic position, study area, smoking status, frequency of alcohol, fruits and vegetables intake, and
family history of depression.
Model 3: Model 2 + residential greenness and nitrogen dioxide (main model; n = 4,581).
Model 4: Model 3 + body mass index and physical activity (n = 4,550).
Model 5: Model 3 + change in source-speciﬁc Lden (and noise annoyance) over follow-up period (nall = 3,961; nnon-movers = 2,469).
Model 6: Model 3 in non-movers (n = 2,885).

associations of road traﬃc Lden among participants who were not
overweight (pinteraction = 0.061) or had no daytime sleepiness
(pinteraction = 0.042), and stronger associations of railway Lden in men
(pinteraction = 0.026) or overweight participants (pinteraction = 0.031).
However, subgroup estimates for both exposures did not reach statistical signiﬁcance. Aircraft Lden eﬀects were stronger with higher NO2
exposure (pinteraction = 0.054). Although interaction terms were nonsigniﬁcant, we observed positive associations of aircraft Lden and incident depression among participants who were overweight, or those
who had lower residential greenness (Table S5). We observed stronger
noise annoyance eﬀects among participants reporting insuﬃcient
physical activity (pinteraction = 0.07) or excessive daytime sleepiness
(pinteraction = 0.007). There were stronger eﬀects of noise annoyance
among men and among participants without chronic disease, but interaction terms were not statistically signiﬁcant (Table S5).

3.3. Eﬀect mediation
We observed some independent associations of source-speciﬁc Lden
with the potential mediators. For the noise annoyance model, the estimates for road traﬃc and aircraft Lden were positive and statistically
signiﬁcant, but railway Lden did not reach statistical signiﬁcance. For
the BMI model, the estimates for road traﬃc Lden were positive and
statistically signiﬁcant, but those of aircraft and railway Lden were
negative. For the physical activity model, the estimates for road traﬃc
and railway Lden were negative whereas those of aircraft Lden were
positive, but none reached statistical signiﬁcance (Table 4).
In single mediation models, we observed statistically signiﬁcant
indirect eﬀect of road traﬃc and aircraft Lden via noise annoyance, on
risk of depression. The indirect eﬀects via BMI and physical activity
were statistically non-signiﬁcant. Nevertheless, both paths showed
consistent positive eﬀects for road traﬃc Lden (Table 4). Parallel
mediation models were rather consistent with single mediation models.
Here, the noise annoyance paths remained signiﬁcant for road traﬃc
and aircraft Lden (Fig. 2). Estimates of indirect eﬀects—in both single
and parallel mediation models—were also consistent, in non-movers
(Table 4).

4. Discussion
4.1. Summary of ﬁndings and contextual relevance
Transportation noise annoyance was associated with risk of depression whereas road traﬃc and aircraft noise level had mostly indirect associations. In non-movers, aircraft, but not road traﬃc or
railway noise exposure showed direct associations with incident depression, and we observed some additive tendencies where individuals
exposed to multiple noise sources had higher risk of depression, also
independent of noise annoyance. All observations were robust to adjustment for common depression risk factors, air pollution, greenness

3.4. Eﬀect modiﬁcation
We limited eﬀect modiﬁcation analyses to non-movers given the
observation of stronger noise associations in the main and mediation
analyses. For some modiﬁers, subgroup estimates were directionally
inconsistent across exposures. We observed tendencies for stronger
6
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Fig. 1. Natural splines of the association of source-speciﬁc transportation noise and noise annoyance with risk of depression in all included participants (A) and in
non-movers (B) of the SAPALDIA study. SAPALDIA: Swiss cohort study on air pollution and lung and heart diseases in adults. Lden: day-evening-night noise levels.
Exposure-speciﬁc splines derive from multi-exposure models adjusted for age, sex, education, neighborhood socio-economic position, study area, smoking status,
frequency of alcohol, fruits and vegetables intake, family history of depression, residential greenness, nitrogen dioxide and noise truncation indicators. Multiexposure models included all four noise metrics at the same time. N (A) = 4,581; N (B) = 2,885 participants.

reﬂects better the true exposure on a population average where for
instance, people in situations of modeled low noise with ineﬀective
insulation would be highly annoyed and vice versa. The aspect of noise
annoyance that captures sensitivity may have also contributed to the
ﬁndings, given the relevance of noise sensitivity to mental health (Fyhri
and Klæboe 2009; van Kamp et al., 2013). The apparent relevance of
noise annoyance on mental health might also explain the positive
ﬁndings with aircraft, but not road or railway noise, given that aircraft
noise, elicits higher annoyance at the same level, than road traﬃc and
railway noise, due to its temporal structure (Brink et al., 2019; Wothge

and other contextual covariates.
Our ﬁndings with noise annoyance are generally consistent with
previous studies. Environmental noise annoyance that included transportation, neighborhood and occupational noise was associated with
prevalent depression (Beutel et al., 2016; Yoon et al., 2014). Positive
links of neighborhood and road traﬃc noise annoyance (Hammersen
et al., 2016; Jensen et al., 2018), aircraft noise annoyance (Baudin
et al., 2018; Floud et al., 2011; Schreckenberg et al., 2010) and general
noise perception (Rocha et al., 2012) with broader mental health were
also reported. There is therefore the possibility that noise annoyance

Table 3
Risk of depression in relation to combined exposure to transportation noise sources in the SAPALDIA study.
All

Per 10 dB Lden

Lden ≥ 45 vs. < 45 dB

Cumulative risk, Lden ≥ 45 dB

Road traﬃc Ldena
Aircraft Ldena
Railway Ldena
Cumulative riskb
Road traﬃc Lden
Aircraft Lden
Railway Lden
Cumulative riskb
Zero-sourcec
Single-source
Double-source
Triple-source

Non-movers

Model 1
RR (95% CI)

Model 2
RR (95% CI)

Model 1
RR (95% CI)

Model 2
RR (95% CI)

1.07
1.20
0.88
1.13
1.09
1.26
0.81
1.11
Ref.
1.17
1.15
1.03

1.02
1.17
0.88
1.04
1.04
1.24
0.81
1.04
Ref.
1.13
1.10
0.98

1.01
1.31
1.00
1.31
1.27
1.53
0.93
1.81
Ref.
1.91
1.95
2.29

0.96
1.27
0.99
1.21
1.22
1.51
0.93
1.71
Ref.
1.85
1.87
2.16

(0.93, 1.22)
(0.92, 1.55)
(0.76, 1.03)
(0.81, 1.58)
(0.78,1.52)
(0.90, 1,75)
(0.61, 1.08)
(0.66, 1.88)
(0.79, 1.74)
(0.74, 1.79)
(0.56, 1.91)

(0.89,
(0.90,
(0.75,
(0.75,
(0.75,
(0.89,
(0.61,
(0.62,

1.17)
1.50)
1.02)
1.46)
1.45)
1.72)
1.07)
1.76)

(0.76, 1.68)
(0.71, 1.71)
(0.52, 1.79)

(0.84,
(0.97.
(0.83,
(0.90,
(0.81,
(1.02,
(0.67,
(0.96,

1.20)
1.76)*
1.19)
1.91)
1.99)
2.28)**
1.30)
3.44)*

(1.00, 3.63)**
(0.98, 3.84)*
(1.02, 5.14)**

(0.80,
(0.95,
(0.83,
(0.83,
(0.78,
(1.01,
(0.67,
(0.90,

1.15)
1.71)
1.19)
1.78)
1.91)
2.24)**
1.30)
3.24)

(0.98, 3.51)*
(0.95, 3.68)*
(0.96, 4.85)*

Lden: day-evening-night noise levels. Estimates represent increase or decrease in risk of depression in relation to 10 dB increase in road traﬃc, railway or aircraft
Lden or in noise exposure groups compared to the reference group. *p-value < 0.1, **p-value < 0.05.
Model 1: adjusted for age, sex, education, neighborhood socio-economic position, study area, smoking status, frequency of alcohol, fruits and vegetables intake,
family history of depression, residential greenness and nitrogen dioxide.
Model 2: Model 1 + noise annoyance.
a
Multi-exposure model containing road traﬃc, aircraft and railway Lden at the same time.
b
Calculated as the exponentiated, linear combination of the source-speciﬁc coeﬃcients from multi-exposure model.
c
Zero-source refers to exposure to all three source-speciﬁc Lden at < 45 dB. Single-, Double- and triple-source refer to exposure to one, two and three sourcespeciﬁc Ldens at ≥ 45 dB.
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Table 4
Mediation of transportation noise exposure and risk of depression by noise annoyance, body mass index and physical activity, in the SAPALDIA study.

All

Single mediator models b
Association with mediatorc

Indirect eﬀect of mediatord

Parallel mediator modele
Indirect eﬀect of mediatord

Non-movers

Single mediator modelsb
Association with mediatorc

Indirect eﬀect of mediator

d

Parallel mediator modelse
Indirect eﬀect of mediatord

Exposure

Noise annoyance

Body mass index

Suﬃcient physical activity

Total indirect eﬀecta

Road traﬃc Lden
Aircraft Lden

β (95% CI)
0.373 (0.325, 0.420)**
0.154 (0.051, 0.257)**

β (95% CI)
−0.005 (−0.032, 0.021)
0.015 (−0.054, 0.084)

β (95% CI)
n.a.
n.a.

Railway Lden
Road traﬃc Lden
Aircraft Lden
Railway Lden

0.019
0.017
0.007
0.001

β (95% CI)
0.161 (0.000, 0.322)**
−0.386 (−0.786,
0.015)*
−0.057 (−0.222, 0.108)
0.002 (−0.001, 0.009)
−0.006 (−0.025, 0.002)
−0.001 (−0.007, 0.001)

−0.004 (−0.032, 0.023)
0.001 (−0.003, 0.009)
−0.002 (−0.022, 0.007)
0.001 (−0.003, 0.009)

n.a.
n.a.
n.a.
n.a.

Road traﬃc Lden
Aircraft Lden
Railway Lden

0.018 (0.006, 0.029)**
0.007 (0.002, 0.017)**
0.001 (−0.001, 0.004)

0.002 (−0.001, 0.010)
−0.006 (−0.02, 0.001)
−0.001 (−0.007, 0.001)

0.001 (−0.003, 0.008)
−0.002 (−0.024, 0.007)
0.001 (−0.003, 0.009)

0.021 (0.008, 0.036)**
−0.001 (−0.024, 0.016)
0.001 (−0.006, 0.008)

Road traﬃc Lden
Aircraft Lden
Railway Lden
Road traﬃc Lden
Aircraft Lden
Railway Lden

0.381 (0.322, 0.439)**
0.225 (0.099, 0.353)**
−0.001 (−0.055, 0.054)
0.017 (0.001, 0.033)**
0.010 (0.001, 0.024)**
−0.00002 (−0.003, 0.003)

0.219 (0.004, 0.434)**
−0.315 (−0.858, 0.229)
−0.106 (−0.313, 0.100)
0.002 (−0.004, 0.012)
−0.002 (−0.028, 0.005)
−0.001 (−0.009, 0.002)

−0.022 (−0.058, 0.013)
0.001 (−0.086, 0.088)
0.008 (−0.026, 0.042)
0.003 (−0.002, 0.019)
−0.0001 (−0.020, 0.016)
−0.001 (−0.013, 0.003)

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

Road traﬃc Lden
Aircraft Lden
Railway Lden

0.017 (0.001, 0.033)**
0.010 (0.002, 0.025)**
−0.00002 (−0.003, 0.003)

0.002 (−0.004, 0.013)
−0.003 (−0.020, 0.010)
−0.001 (−0.011, 0.002)

0.003 (−0.002, 0.019)
−0.0001 (−0.020, 0.018)
−0.001 (−0.012, 0.006)

0.023 (0.003, 0.043)**
0.007 (−0.018, 0.032)
−0.002 (−0.014, 0.005)

(−0.024, 0.062)
(0.005, 0.029) **
(0.002, 0.017)**
(−0.001, 0.004)

β: beta-coeﬃcent. CI: conﬁdence intervals. SAPALDIA: Swiss cohort study on air pollution and lung and heart diseases in adults. Lden: day-evening-night noise level.
All models were multi-exposure Lden models adjusted for age, sex, education, nationality, and neighborhood socio-economic position, study area, smoking status,
frequency of alcohol, fruits and vegetables intake, and family history of depression, residential greenness, nitrogen dioxide and noise truncation indicators.
Generalized structural equation models were used for mediation analyses. n.a.: not applicable.
a
Estimates derived from non-linear combination of coeﬃcients from the parallel mediation models.
b
Models considered one mediator at a time.
c
Estimates represent change in mediator variables per 10 dB increase in Lden exposure. Robust Poisson models were used for noise annoyance and physical
activity whereas linear models were used for body mass index.
d
Estimates (and bias-corrected conﬁdence intervals) represent the indirect pathway going from source-speciﬁc Lden through the mediator variable to risk of
depression. Bias-corrected standard errors of the indirect eﬀect were derived using bootstrapping technique with 5000 replications.
e
Models contained all three mediators at the same time.

depression (Raison et al., 2006). Depression is frequently associated
with sleep problems (Franzen and Buysse, 2008), which enhances a proinﬂammatory state (Mullington et al., 2010), and is a frequently reported health eﬀect of noise (Halperin, 2014). Our ﬁndings of stronger
noise annoyance eﬀects among participants with excessive daytime
sleepiness or insuﬃcient physical activity supports these potential
mechanisms. We have previously reported noise annoyance to be predictive of insuﬃcient physical activity (Foraster et al., 2016) whereas
another study demonstrated that shorter sleep duration enhanced the
link between occupational noise annoyance and depression (Yoon et al.,
2014). Like insuﬃcient sleep, physical inactivity is related to stress
pathway and inﬂammation, with detrimental eﬀects on mental health
(Moylan et al., 2013). Thus, the eﬀect of noise annoyance on depression
may be magniﬁed in a background of chronic subclinical inﬂammation,
which also predisposes individuals to CVD (Black and Garbutt, 2002).
Also relevant are social mechanisms related to restorative quality of the
residential environment, which are increasingly reported as relevant
pathways through which traﬃc exposures impact health (Dzhambov
et al., 2018). Poor perceived restorative quality of residential neighborhoods often occur in relation to traﬃc exposures, with downstream
negation of the health beneﬁts of residential satisfaction (von Lindern
et al., 2016).

et al., 2017).
Our ﬁndings with source-speciﬁc transportation noise levels were
less consistent with other studies. While our study and another prospective study (Stansfeld et al., 1996) did not ﬁnd signiﬁcant associations with road traﬃc noise, positive signiﬁcant associations with risk
of depression or anti-depressant use were reported (He et al., 2019;
Leijssen et al., 2019; Okokon et al., 2018; Orban et al., 2015; Seidler
et al., 2017; Yoshida et al., 1997). Our observation of association between aircraft noise exposure and depression risk in non-movers was
concordant (Hiramatsu et al., 1997) and discordant (Baudin et al.,
2018; Tarnopolsky et al., 1980; Wright et al., 2018) with previous
studies. We could also not replicate the positive ﬁndings reported for
railway noise in two studies (Klompmaker et al., 2019; Seidler et al.,
2017). However, our observation of indirect eﬀects of road traﬃc noise
via noise annoyance agrees with recent ﬁndings on mental health in
young adults (Dzhambov et al., 2017). In addition, the additive eﬀect of
source-speciﬁc noise exposure with depression risk agrees with the
ﬁndings of another study (Seidler et al., 2017) which reported the
highest risk among participants exposed to all three transportation
noise sources. Interestingly, this additive pattern was also reported for
obesity and ischemic heart disease (Pyko et al., 2019; Pyko et al., 2017).
4.2. Potential mechanisms

4.3. Strengths and weaknesses
Taken together, the evidence for noise exposure and noise annoyance eﬀects on depression risk remains suggestive. Noise exposure or
annoyance reaction creates negative emotions which may relate to
depression via alterations in the HPA function and in the neurotransmitter pathways (van den Bosch and Meyer-Lindenberg, 2019).
The chronic nature of long-term noise exposure may induce an inﬂammatory state (Münzel et al., 2017), which also characterizes

Our study has several strengths. To our knowledge, this is the ﬁrst
study investigating the longitudinal mutually independent associations
of source-speciﬁc transportation noise exposure and noise annoyance,
independent of common markers of traﬃc-related air pollution. Noise
exposure was derived from validated Swiss noise calculation models,
and assigned to individuals on a very ﬁne spatial scale. The detailed
8
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Fig. 2. Schematic representation of the mediation of association between source-speciﬁc transportation noise exposure and depression risk by noise annoyance, body
mass index (BMI) and physical activity in the SAPALDIA study. SAPALDIA: Swiss cohort study on air pollution and lung and heart diseases in adults. Single mediation
models considered one mediator—noise annoyance (A), BMI (B) and physical activity (C) — at a time. Parallel mediation models considered all three mediators at the
same time (D). Noise annoyance was assessed on the 11-point noise annoyance scale (continuous). BMI was calculated from objectively measured weight and height
(kg/m2; continuous). Physical activity was deﬁned as having ≥ 150 min. per wk. of moderate to vigorous activity (yes vs. no; categorical). Generalized structural
equation modeling approach was used to estimate the indirect eﬀects via the mediators. Estimates were from multi-exposure Lden models adjusted for age, sex,
education, neighborhood socio-economic position, study area, smoking status, frequency of alcohol, fruit and vegetable intake and family history of depression,
residential greenness, nitrogen dioxide and noise truncation indicators. Arrows go from the predictor to the outcome for each model. ‘+’ and ‘−’ represent positive
and negative direction of association between variables, respectively. * p-value < 0.05.

depression components may reﬂect the diﬀerence in duration of depression covered by the diﬀerent questions in addition to capturing
diﬀerent severities of disease. The short-term duration of the depression
symptoms and medication use questions might have underestimated the
depression cases, both at baseline and at follow-up. We can therefore
not entirely rule out reverse causation of the observed annoyance effects. There is the possibility that mental health may be more of a
context than an precise health endpoint, that together with noise sensitivity, puts people in a generally more vulnerable state, which makes
them more annoyed than others (Fyhri and Klæboe, 2009; van Kamp
et al., 2013). The integration of the mental health scores in our case
identiﬁcation should have reduced this bias. Nevertheless, the absence
of time-varying covariates in our models makes it diﬃcult to conﬁrm
the longitudinal causal direction of associations in this study. Input data
errors may have inﬂuenced our noise exposure assignment, but we
expect this potential misclassiﬁcation to be random, and to bias the
reported estimates towards null. Our ﬁndings of source-speciﬁc noise
eﬀects in non-movers may not be generalizable to the entire cohort
given the inverse direction of unadjusted aircraft noise eﬀects in the
excluded participants, as well as the observed diﬀerences between
movers and non-movers (Table S6). Movers tended to move to quieter
areas and this might have led to overestimation bias of noise eﬀects in
this group if there had been no random misclassiﬁcation. In line with
our previous report (Eze et al., 2017b), it is more likely that attenuation
bias due to random misclassiﬁcation had a stronger impact on our results than any potential bias due to diﬀerential misclassiﬁcation.

phenotypic characterization of the SAPALDIA study allowed the control
of potential confounders (including air pollution exposures and residential greenness), and the investigation of eﬀect modiﬁcation. The
incorporated mediation analyses contributes longitudinal evidence on
the role of noise annoyance in mediating source-speciﬁc noise level
eﬀects on depression. The availability of residential history of participants allowed analyses in non-movers, with limited exposure misclassiﬁcation and more precise long-term noise exposures. The consideration of mental health scores of participants in depression case
identiﬁcation limited outcome misclassiﬁcation, and in combination
with the longitudinal design, minimized reverse causality where people
with early symptoms may be more likely noise-annoyed.
The limitations of our study include the relatively low sample size
with low number of depression cases—especially in non-movers—and
might explain the weak overall associations. Our noise annoyance
question, despite the 0–10 rating scale, speciﬁed an open-window
context, therefore might not capture overall annoyance. However, this
annoyance might be more relevant as it potentially captures indoor
annoyance (therefore, population average indoor noise) and indoor
restorative quality, which are expected to have more health eﬀects.
Furthermore, our ﬁndings are consistent with other studies whose noise
annoyance assessment might be considered more inclusive. Although
we included participants with lower mental health scores as depression
cases, we may have misclassiﬁed other mental health problems as depression, but depression remains the most prevalent mental health
disorder (WHO, 2017), and frequently co-occurs with other mental
health problems (Cancino et al., 2018). The limited overlap in the
9
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5. Conclusions
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currently facing a high burden of depression, concurrent with poorly
regulated noise and air pollution levels, toward an improved global
understanding and targeted public health control of these factors.
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