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ABSTRACT
Introduction  Air pollution has been suggested to be 
associated with depression. However, current evidence is 
conflicting, and no study has considered different sources 
of ambient particulate matter with an aerodynamic 
diameter below 2.5 µm (PM2.5). We evaluated the 
associations of long-term exposure to PM2.5 from 
road traffic and residential wood combustion with the 
prevalence of depression in the Helsinki region, Finland.
Methods  We conducted a cross-sectional analysis 
based on the Helsinki Capital Region Environmental 
Health Survey 2015–2016 (N=5895). Modelled long-
term outdoor concentrations of PM2.5 were evaluated 
using high-resolution emission and dispersion modelling 
on an urban scale and linked to the home addresses of 
study participants. The outcome was self-reported doctor-
diagnosed or treated depression. We applied logistic 
regression and calculated the OR for 1 μg/m3 increase in 
PM2.5, with 95% CI. Models were adjusted for potential 
confounders, including traffic noise and urban green 
space.
Results  Of the participants, 377 reported to have 
been diagnosed or treated for depression by a doctor. 
Long-term exposure to PM2.5 from road traffic (OR=1.23, 
95% CI 0.86 to 1.73; n=5895) or residential wood 
combustion (OR=0.78, 95% CI 0.43 to 1.41; n=5895) 
was not associated with the prevalence of depression. 
The estimates for PM2.5 from road traffic were elevated, 
but statistically non-significant, for non-smokers 
(OR=1.38, 95% CI 0.94 to 2.01; n=4716).
Conclusions  We found no convincing evidence of an 
effect of long-term exposure to PM2.5 from road traffic or 
residential wood combustion on depression.

INTRODUCTION
The physical environment has been suggested to 
play an important role in mental well-being, but 
relevant environmental components remain unclear. 
Emerging evidence suggests that air pollution could 
be associated with a mental health decline.1

The hypothesis that particulate matter affects the 
biological mechanisms behind depressive disorders 
is plausible. Several theories on the pathophysi-
ology of depression have been presented.2 3 Some 
of the covered pathophysiological processes, such 
as inflammation and oxidative stress, neurotrans-
mitter imbalances including monoamine and sero-
tonin decrease, elevated glucocorticoids, and brain 

atrophy, have been shown to correlate with expo-
sure to particulate matter. Indeed, a few studies 
have reported that particulate matter is associated 
with inflammation and oxidative stress in animal 
brain.4 5 Particulate matter has also been associ-
ated with stress hormone release in animals and 
humans, and with decreased hippocampal nerve 
growth factors along with depressive symptoms in 
animals.4 6 Short-term exposure to gasoline exhaust 
has caused changes in neurotransmitter levels in 
favour of depression in rats.7

Epidemiological studies have also suggested 
that exposure to air pollution could be associated 
with depression. Both short-term (hourly or daily) 
and long-term exposures to ambient particulate 
matter with an aerodynamic diameter below 2.5 µm 
(PM2.5) have shown a correlation with depression. 
However, the evidence base is limited due to the 
scarcity of available studies and the shortcomings 
in their design.8 9 Moreover, results have been 
conflicting, especially for areas with lower concen-
trations of PM2.5.

10 To our knowledge, no research 
has considered the associations between depression 
and different source categories of PM2.5.

This study evaluates the associations of long-
term exposure to PM2.5 from road traffic and resi-
dential wood combustion with the prevalence of 
depression in the Helsinki region, Finland, an area 
with relatively low PM2.5 levels (annual average in 
most locations ≤10 µg/m³). Road traffic and wood 
combustion are the main local sources of fine parti-
cles in the study area.

METHODS
Study design and population
We conducted a cross-sectional study based on the 
Helsinki Capital Region Environmental Health 
Survey. The survey was conducted by the Finnish 
Institute for Health and Welfare in Finland, in 
Helsinki in 2015 and in Vantaa and Espoo in 2016, 
as described earlier.11 Participants (n=7321), aged 
25 years and above, were sampled randomly from 
the general population living in the Helsinki region 
using the population register. The survey response 
rate was 47% in 2015 and 45% in 2016.

Exposure assessment
We used residential outdoor levels of fine partic-
ulate matter as estimates of personal exposure. 
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Estimates of traffic-originated PM2.5 concentrations in the 
Helsinki region were based on emission and dispersion model-
ling. The dispersion model used was the ‘Contaminants in the 
Air from a Road-Finnish Meteorological Institute’.12 Vehicular 
exhaust emission factors originated from 2014, and meteoro-
logical data for years 2012–2014 were used in the modelling. 
The distances between the receptor points varied from 25 m near 
roads to 200 m in rural areas. In the present study, the PM2.5 
concentration assigned to a participant’s home was evaluated as 
the road traffic concentration at the nearest outdoor modelling 
point. The highest annual average of 2010–2014 was used as the 
exposure estimate.

The outdoor concentrations of PM2.5 have been modelled 
globally, in Europe and in the Helsinki region for a period of 35 
years, from 1980 to 2014.13 In the Helsinki region, the emissions 
originating from domestic wood combustion were assumed to be 
uniformly distributed in area sources of size 100×100 m2. The 
corresponding concentrations were evaluated using the Urban 
Dispersion Model of the Finnish Meteorological Institute on a 
horizontal resolution of 100×100 m2.13 In the present study, the 
concentration of PM2.5 for each participant’s home was evalu-
ated as the residential wood combustion concentration at the 
nearest outdoor modelling point. The average values for the 
years from 2010 to 2014 were used as the exposure estimates.

The description of how exposures to traffic noise and green 
and blue spaces were estimated is available in online supple-
mental materials and methods.

Primary outcome measure
We used a binary outcome measure for depression that was based 
on self-report. The question in the survey was ‘has a doctor diag-
nosed or treated you for [depression] during the last year (12 
months)?’ with response options (yes/no).

Statistical analysis
We performed logistic regression analyses using the function 
glm() in R V.3.6.0 software.14 We calculated the ORs for 1 µg/m3 
increase in PM2.5 and their 95% CIs.

In the crude model, we included residential wood smoke and 
road traffic PM2.5 simultaneously and adjusted air pollutant 
effects for road traffic noise (Lden), green space within 1 km, 
age and sex. In the main model, we included variables of the 
crude model but further adjusted for marital status, employment 
status, annual household income, education, alcohol intake in 
the last 7 days, daily smoking, weekly physical exercise, area-
level unemployment (rate, %) and area-level income (mean, €). 
In the single-pollutant models, we considered either road traffic 
PM2.5 or residential wood combustion PM2.5, and we adjusted for 
the same covariates as in the main model. Covariate categories 
are described in online supplemental table S1.

Using the main model, we tested the linearity of the expo-
sure–response function for air pollution and for the confounders 
used on a continuous scale, namely road traffic noise, green 
space within 1 km, area-level unemployment and area-level 
income. We used the spline function s() from the mgcv package 
V.1.8–33.15

To test the consistency and robustness of the results, we 
conducted several sensitivity analyses, each on the main model: 
in separate models, we considered potential confounding by 
green space within 300 m; nature space within 1 km (including 
green and blue spaces and excluding field and pasture, %); use of 
summer cottage in summer; body mass index (kg/m2); own wood 
combustion; comorbidities; and road traffic noise annoyance. 

A detailed description of these variables is available in online 
supplemental table S1.

We also used information on depression medication intake 
as an alternative outcome measure. It was defined by the 
survey question ‘when did you last take [antidepressants]?’ 
and the possible answers were ‘during the past week’, ‘one to 
four weeks ago’, ‘one to 12 months ago’, ‘over a year ago’ and 
‘never’. We then dichotomised this outcome measure by cate-
gorising the three first possible answers as ‘depression medi-
cation use’ and the two last possible answers as ‘no depression 
medication use’.

In further sensitivity models, we excluded one by one some 
population groups: smokers, participants who had lived in the 
same address for less than 1 year or less than 3 years, and partic-
ipants living in floors higher than the fifth floor. To test for 
potential effect modification, we applied a multiplicative func-
tion for road traffic noise, by adding an interaction term road 
traffic noise*road traffic PM2.5 in the model. Finally, we tested 
the effect of influential data points, including outliers, and we 
checked whether the variables used on a continuous scale were 
collinear.16

RESULTS
The total number of study participants with full exposure and 
confounder data was 5895. Of these participants, those diag-
nosed or treated for depression by a doctor represented 6.4% 
(n=377) and those using depression medication 6.6% (n=385). 
The mean residential outdoor concentration of PM2.5 attribut-
able to road traffic was 0.59 µg/m³ and that attributable to resi-
dential wood combustion was 0.52 µg/m³.

These estimates correspond to an urban background concen-
tration of ambient PM2.5 of 8 µg/m³ in the Helsinki region, as 
measured in 2014 at the station of Kallio.17 The station is located 
in central Helsinki, in a park area which is not immediately influ-
enced by any road. The concentration value at this station in 
2014 consisted mainly of regional and long-range transported 
particulate matter, with smaller contributions from urban traffic 
and residential wood combustion.18 19

The modelled concentrations of PM2.5 in the Helsinki region 
in 2013, originating from all sources and from the two consid-
ered urban source categories, are presented in figure 1A–C. The 
concentrations originating from residential wood combustion 
are focused mainly on the suburbs situated north and north-west 
from the centre of Helsinki. The predicted spatial distributions 
of the yearly PM2.5 concentrations in this region during various 
years and originating from various source categories have been 
discussed in more detail.18 19

Tables  1 and 2 present the key characteristics of the study 
participants and their environment.

The mean age of the study participants was 53.6 years. The 
prevalence of high alcohol intake (ie, more than six units per 
week) was 18.3% (n=1076). The prevalence of participants 
who reported to burn wood themselves at least once a week 
was 11.9% (n=680). The mean coverage of nature space within 
1 km was 29.4% (SD=12.53) and of green space within 300 m 
19.45% (SD=14.17). Participants who experienced some to 
extremely high road traffic noise annoyance represented 9.1% 
(n=539). Participants using summer cottage for 2 weeks at least, 
during summertime, counted for 33.9% (n=1981). Participants 
who had lived in the same address for less than 1 year repre-
sented 7.5% (n=439), those living in the same address for less 
than 3 years 28.0% (n=1651), and participants living in the fifth 
floor or lower 87.4% (n=5139). Online supplemental figure S1 
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presents the correlation matrix for the continuous covariates of 
exposure and outcomes.

In the crude model, long-term exposure to road traffic PM2.5 
was associated with the prevalence of depression (OR=1.54, 
95% CI 1.10 to 2.14). Using the main model, we still found 
an elevated effect estimate for PM2.5 from traffic, but it was 
not statistically significant (OR=1.23, 95% CI 0.86 to 1.73). 
Similarly, in the single-pollutant model we found somewhat 
elevated but not statistically significant effect estimate for PM2.5 
from traffic (OR=1.29, 95% CI 0.93 to 1.79). We found no 

association between long-term exposure to residential wood 
combustion PM2.5 and depression in the crude model, main 
model (OR=0.78, 95% CI 0.43 to 1.41) or single-pollutant 
model (table 3).

Figure 1  Predicted concentrations of PM2.5 in the Helsinki 
metropolitan area in 2013, originating from (A) all urban sources and 
the long-range and regionally transported background, (B) residential 
wood combustion, and (C) vehicular traffic. The figures also show the 
location of the main street and road network and the sea areas. Map 
data copyright: OpenStreetMap contributors. PM2.5, particulate matter 
with an aerodynamic diameter ≤2.5 μm.

Table 1  Key characteristics of the study participants (N=5895)

Categorical variable n (%)

Age (years)

 � <55 3027 (51.4)

 � 55–69 1800 (30.5)

 � ≥70 1068 (18.1)

Sex

 � Female 3361 (57.0)

 � Male 2534 (43.0)

Marital status

 � Single 1025 (17.4)

 � Married/cohabiting 3878 (65.8)

 � Divorced/widow 992 (16.8)

Annual household income (€)

 � ≤30 000 1453 (24.65)

 � 30 001–50 000 1489 (25.26)

 � 50 001–90 000 1862 (31.59)

 � >90 000 1091 (18.51)

Employment status

 � Full-time job 3073 (52.1)

 � Part-time job 358 (6.07)

 � Retired 1933 (32.8)

 � Unemployed 298 (5.06)

 � Other 233 (3.95)

Education

 � Comprehensive school 789 (13.4)

 � Vocational or high school 1361 (23.1)

 � College level or polytechnic training 1890 (32.1)

 � Academic training 1855 (31.5)

Smoking

 � No 4850 (82.3)

 � ≤2 units per week 218 (3.70)

 � >2 units per week 827 (14.0)

Weekly physical exercise

 � Less than once 1151 (19.53)

 � One to two times 1935 (32.82)

 � More than two times 2809 (47.66)

Comorbidities

 � None 3191 (54.13)

 � One comorbidity 1544 (26.19)

 � Two comorbidities 687 (11.65)

 � Three comorbidities 352 (5.97)

 � NA 121 (2.05)

Doctor-diagnosed/treated depression

 � No 5518 (93.6)

 � Yes 377 (6.40)

Depression medication use

 � No 5450 (93.4)

 � Yes 385 (6.53)

 � NA 60 (1.02)

NA, not available.
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Adding income to the crude model diminished the effect esti-
mate for traffic-related PM2.5 to a statistically non-significant 
level (OR=1.27, 95% CI 0.90 to 1.77). The income variable 
included four categories (online supplemental table S1) and 
correlated with both the mean PM2.5 from road traffic and 
depression: individuals with the lowest incomes (ie, earning up 
to €30 000 per year) were exposed to the highest levels of PM2.5 
from road traffic (0.62 µg/m³) and had the highest prevalence of 
depression with 48.5%.

We concluded all confounders to have a linear relationship 
with the outcome based on the shape of the exposure–response 
functions (online supplemental figures S2‒S5). Similarly, the 
exposure–response functions for air pollution effects could be 
considered linear (online supplemental figures S6 and S7).

In further sensitivity analyses, the results remained essen-
tially the same as in the main analyses. However, when 
only non-smokers were included, effect estimate for the 
association between PM2.5 from road traffic and depres-
sion increased, but was still statistically non-significant 
(OR=1.38, 95% CI 0.94 to 2.01; n=4716) (online supple-
mental table S2). The test on the effect modification by 
road traffic noise was inconclusive (p=0.12). Removing 
influential data points with the highest hat value (>0.0225) 
had no effect on the main model, either for road traffic 
PM2.5 (OR=1.28, 95% CI 0.89 to 1.82; n=5883) or resi-
dential wood combustion PM2.5 (OR=0.80, 95% CI 0.44 
to 1.46; n=5883). Finally, we found that the continuous 
variables used in the analysis were not collinear (data not 
shown).

DISCUSSION
We conducted a cross-sectional analysis to study the associ-
ations of long-term exposure to PM2.5 from road traffic and 
residential wood combustion with depression in the Helsinki 
region, Finland. Although the crude model showed an associa-
tion between long-term exposure to road traffic PM2.5 and the 
prevalence of depression, no clear associations were found after 
controlling for additional confounders. In non-smokers, there 
was a suggestive association between PM2.5 from road traffic and 
depression. We found no association between long-term expo-
sure to residential wood combustion PM2.5 and the prevalence 
of depression.

No other study has evaluated the effects of source-specific 
PM2.5 on depression. However, comparisons can be made with 
studies that have included total PM2.5. The present study is in 
line with the evidence from two systematic reviews and meta-
analyses. One meta-analysis found no association of PM2.5 with 
depression after either short-term or long-term exposure.8 
Another meta-analysis found no association of long-term expo-
sure to PM2.5 with depressive symptoms for levels of PM2.5 less 
than 15 µg/m3.10 The urban background level of ambient PM2.5 
in the Helsinki region was 8 µg/m³ in 2014.17 One more meta-
analysis reported an association related to long-term exposure, 
but included only studies published in English up to September 
2017, while the literature has grown rapidly afterwards.9

Similarly to our findings, several cohort studies found no 
clear associations between long-term exposure to ambient PM2.5 
and depression in areas with low (<10 µg/m³) or moderate 
(10–25 µg/m³) concentrations. These studies include three Euro-
pean cohorts and one prospective cohort from the USA.20 21 
One other cohort from South Korea also found no association 
between exposure to PM2.5 and depression.22

Of the three European cohorts, one was Finnish. However, 
it was different from this study in terms of setting, study 
years, outcome definition and exposure modelling. The 
cohort included data from the city of Turku in addition to 
Helsinki and Vantaa, and the outcome was based on self-
reported depressed mood. Health data were collected in 
2007 and air pollution modelled for the years 2010–2011 
using land use regression methodology. The sample was also 
smaller than the sample in the present study (n=1367), and 
11.3% participants had depressed mood.20

Some other cross-sectional and longitudinal studies suggest 
that there could yet be an association between long-term expo-
sure to ambient PM2.5 even in areas with low (<10 µg/m³) or 
moderate (10–25 µg/m³) levels and depression.23–28 That said, 
the results of one longitudinal study suggested that long-term 
exposure to PM2.5 in an area with low concentration is associated 
with the onset of depression in the elderly, but may not be asso-
ciated with its continuation or exacerbation.29

Table 2  Descriptive statistics for the environmental exposures of study participants (N=5895)

Continuous variable Mean SD Median Minimum Maximum

Unemployment rate (%) 5.97 1.59 6.00 1.60 14.1

Area-level income (€/year) 27 482 6009 26 061 12 345 69 066

Long-term road traffic PM2.5 (μg/m3) 0.59 0.37 0.49 0.00 2.97

Long-term PM2.5 from residential wood combustion (μg/m3) 0.52 0.21 0.52 0.08 1.12

Green space within 1 km (%) 24.8 11.4 23.9 1.88 81.6

Long-term road traffic noise, Lden (dB) 50.5 7.83 50.1 30.0 75.5

dB, decibels; Lden, day–evening–night equivalent level; PM2.5, particulate matter with an aerodynamic diameter ≤2.5 μm.

Table 3  Associations of long-term exposure to road traffic PM2.5 and 
residential wood combustion PM2.5 with the prevalence of depression, 
calculated for a 1 µg/m3 increase in PM2.5 (N=5895)

Model Exposure OR (95% CI)

Crude model* Residential wood smoke PM2.5 0.76 (0.44 to 1.31), p=0.32

Road traffic PM2.5 1.54 (1.10 to 2.14), 
p=0.01

Main model† Residential wood smoke PM2.5 0.78 (0.43 to 1.41), p=0.41

Road traffic PM2.5 1.23 (0.86 to 1.73), p=0.26

Single-pollutant 
models†

Residential wood smoke PM2.5 0.69 (0.39 to 1.19), p=0.19

Road traffic PM2.5 1.29 (0.93 to 1.79), p=0.12

*Crude model adjusted for road traffic noise, green space within 1 km, age and sex; both 
residential wood smoke and road traffic PM2.5 included in the model as exposures.
†Main model and single-pollutant models adjusted for marital status, employment status, 
annual household income, education, daily smoking, weekly physical exercise, area-level 
unemployment and area-level income, in addition to adjustments of the crude model; 
both residential wood smoke and road traffic PM2.5 included in the model as exposures.
‡
PM2.5, particulate matter with an aerodynamic diameter ≤2.5 μm.
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Most of the studies showing no clear associations tend to 
have increased ORs/risk estimates but also large CIs crossing 
the null-effect line.20 21 23 30 Therefore, an effect cannot be ruled 
out. In areas with long-term levels of PM2.5 exceeding 15 µg/m³, 
stronger and more consistent associations with depression have 
been reported.10 31–35

To our knowledge, the present study is the first to consider 
road traffic and residential wood combustion as source cate-
gories of PM2.5 in relation with depression. These sources may 
have different health effects due to differences in the chemical 
composition; for example, a higher concentration in polycyclic 
aromatic hydrocarbons has often been found in residential wood 
smoke, which may indicate a higher toxicity.36–38

The present study is also one of the rare studies that control 
for the confounding effect of green space and road traffic noise. 
Most of the available studies described above did not adjust 
for these important confounders.21 22 24 26 27 29 30 39 The three 
European cohorts controlled for noise, and the association 
between PM2.5 exposure and depression was not clear.20 One 
cross-sectional study for which noise data were available for a 
small sample found no effect of noise on depression, but did not 
include noise in the models to assess the association between 
PM2.5 exposure and depression.24 One cross-sectional study 
adjusting for noise and green space found no clear associations 
between PM2.5 and depression.23

One of the strengths of this study is the assessment of expo-
sure. The models used to estimate PM2.5 in the Helsinki region 
are sophisticated and have been shown to predict measured 
PM2.5 reasonably well. The annual average concentration of 
PM2.5 from road traffic did not change significantly in the period 
2010–2014.12 Thus, these estimates are expected to reflect long-
term exposure of the study participants. In 2008, 72%–92% of 
PM2.5 in the Helsinki region originated from outside of Finland.40

The present study was based on an a priori protocol, from 
which we only deviated to conduct more sensitivity analyses than 
planned initially. The extensive sensitivity analyses supported the 
initial findings, which increased confidence in the results.

The cross-sectional design of our research is an obvious limita-
tion and longitudinal studies controlling for green space and 

traffic noise are necessary to further confirm these findings. The 
participation rate of the survey was 45%–47%. If persons with 
depression were less likely to participate, this may have led to 
a loss of power. It would have also diluted potential associa-
tions if, in addition, PM2.5 was higher among non-participants. 
Further, the use of self-reported data on depression may have 
led to underdiagnosis/overdiagnosis. This may have led to some 
loss of statistical power. However, it is unlikely that the misclas-
sification would be linked to PM2.5 exposure and thus bias the 
results of the study.
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What is already known on this subject

►► Previous studies have shown inconsistent results on the 
association between long-term exposure to ambient fine 
particulate matter (PM2.5; aerodynamic diameter below 
2.5 µm) and depression.

►► No epidemiological evidence exists for different sources of 
PM2.5 such as road traffic and residential wood combustion.

What this study adds

►► We evaluated whether long-term exposure to PM2.5 from 
road traffic or residential wood combustion is associated 
with the prevalence of depression in an urban area with fairly 
low air pollution concentrations.

►► We found no convincing evidence that long-term exposure 
to low levels of road traffic PM2.5 or residential wood 
combustion PM2.5 would be associated with the prevalence 
of depression; however, an effect could not be ruled out for 
traffic-related PM2.5, especially among non-smokers.
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