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A B S T R A C T

Recent studies have reported an association between air pollution exposure and depression, with inconsistent
results. To address this controversy, we conducted a systematic review and meta-analysis of published ob-
servational studies that investigated outdoor air pollution and depression. Five electronic databases were
searched, and fifteen articles were finally identified. Pooled odds risks were calculated separately based on
pollutant type, exposure duration and outcome. Subgroup analyses were conducted based on design, population,
important potential confounders, and pollutants levels. We found a significantly increased risk of depression
with long-term exposure to PM2.5 and short-term exposure to PM10, NO2, SO2, CO. No evidence was found in the
association between exposure to O3 and depression. Besides, exposure to high levels of pollutants indicates a
higher risk of depression. Our results highlight the necessity of air pollution control for depression. However,
further studies with standardized methods are still required to support the results due to the inconsistent results
in stratified analyses and methodological limitations of the included studies.

1. Introduction

Depression is one of the most common mental health problems
worldwide. Currently, more than 300 million people are living with
depression, with an increase of 18% from 2005 to 2015 (World Health
Organization, 2017). The prevalence of depressive disorders was esti-
mated at 540.5 per 100,000, and this disease has become the third
leading burden among non-fatal diseases globally (Kyu et al., 2018).
Depression leads to various health-related damages such as decline in
quality of life, social function impairment and increase of cancer mor-
tality (Pinquart and Duberstein, 2010; Wariso et al., 2017). Further-
more, depression is a strong risk factor for suicide, and roughly 59% of
those who commit suicide have a history of depression (Cavanagh et al.,
2003, #10). It has been predicted that depression would become the
second leading cause of disease by 2030 (Mathers and Loncar, 2006).
As a significant health challenge throughout the world, and the man-
agement of risk factors is crucial to the prevention of depression.

Air pollution is a severe environmental issue which seriously
threatens human health. Air pollution, mainly particulate pollutants
(PM2.5, particles with an aerodynamic diameter ≤2.5 μm; PM10, par-
ticles with an aerodynamic diameter ≤10 μm) and gas pollutants (NO2,
nitrogen dioxide; SO2, sulfur dioxide; O3, Ozone; CO, carbon

monoxide), leads to annually more than six million deaths and esti-
mated loss of 5000 billion dollar related to health and well-being
(World Health Organization, 2018b). Ambient air pollution is a major
threat to health in both developed and developing countries. 91% of the
population is living in areas where air pollution levels exceed WHO
limits (proposed annual mean: PM2.5 < 10 μg/m3; PM10 < 20 μg/m3;
NO2 < 40 μg/m3), especially in South-East Asia and Western Pacific
area (World Health Organization, 2018a). Mounting numbers of epi-
demiological studies have confirmed that depression would lead to
severe health issues such as cardiovascular disease, asthma, diabetes
and stroke (Eze et al., 2015; Guarnieri and Balmes, 2014; Kim et al.,
2017). Studies also showed that air pollution exposure might be a risk
factor for depression (Kim et al., 2016; Lim et al., 2012; Shin et al.,
2018; Szyszkowicz et al., 2009).

Air pollution affects the central nervous system and brain function
(Block and Calderon-Garciduenas, 2009). Air pollution caused systemic
inflammation, neuroinflammation and oxidative stress of the central
nervous system, and damage to the blood–brain barrier in animal stu-
dies (Block and Calderon-Garciduenas, 2009). All of these pathological
characteristics had been reported in depression and were considered as
possible biological mechanisms for depression (Benson et al., 2017;
Jeon and Kim, 2016; Palta et al., 2014). Although the potential
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mechanism of the association between depression and air pollution
have been proposed, the results of epidemiological studies remain
controversial. Some studies reported that long-term exposure to PM2.5

would significantly increase the risk of depressive disorder (Kim et al.,
2016) and depressive symptoms (Lin et al., 2017; Shin et al., 2018).
Similarly, short-term exposure to PM2.5 would increase the emergency
department visits for depression (Wang et al., 2018) and the risk of the
depressive symptom (Pun et al., 2017). However, no evidence of the
association between long-term exposure to PM2.5 and depressive
symptoms was observed in four European cohort studies {Zijlema et al.,
2016, #42}. And a non-significant association was also found for short-
term exposure to PM2.5 in Canada (Zijlema et al., 2016). Short- and
long-term exposure to PM10, NO2, SO2, CO, O3 can significantly in-
crease the risk of depression (Cho et al., 2014; Shin et al., 2018).
However, no association was found between these pollutants and de-
pression in the USA and Canada (Szyszkowicz, 2007; Wang et al.,
2014).

Several reviews have summarized investigations of air pollution and
depression (Buoli et al., 2018; Gladka et al., 2018; Łopuszańska and
Makara-Studzińska, 2017). However, the effect size remains incon-
clusive with the increased attention. Therefore, this comprehensive
systematic review and meta-analysis of observational studies aims to
investigate the association of depression with typical ambient air pol-
lutant exposure and resolved divergences. Different exposure duration
and different outcomes (depressive disorders and depressive symptoms)
were also stratified analyzed.

2. Methods

2.1. Search strategy

Three authors (Y.Z., L.L., Y.L.) independently searched original
studies in PubMed, Embase, Web of Science, the Cochrane Library and
Clinical Key from establishment to September 20, 2018. Both quick
search and Mesh term search were used. The terms were as follows:
(“air pollution” OR “air pollutant*” OR “particulate matter” OR “ni-
trogen dioxide” OR “sulfur dioxide” OR “carbon monoxide” OR
“ozone”) AND (“depress*” OR “depressive disorder*” OR “mood dis-
order*” OR "affective disorder*" OR “mental health”). We also scanned
the reference list of four related reviews (Buoli et al., 2018; Gladka
et al., 2018; Łopuszańska and Makara-Studzińska, 2017; Zhao et al.,
2018) and included studies.

2.2. Selection criteria and process

We only included articles published in English and met the fol-
lowing criteria: (1) the research participants were human; (2) original
research; (3) exploring at least one of the most common outdoor air
pollutants: PM2.5, PM10, NO2, SO2, O3, CO; (4) observational study,
including cohort study, case-crossover study, time-series study and
cross-section study; (5) including a depression group; and (6) the stu-
dies providing numeric and figured effect sizes and their 95% con-
fidence intervals (CIs), which included the odds ratio (OR), relative risk
(RR), hazard ratio (HR) or the increased percentage of RRs, ORs, HRs.
We excluded the study if it met: (1) the source of pollution was not from
the outdoor atmosphere, such as household air pollution; (2) there was
no clearly defined depression group, such as mental disorder, bipolar
disorder; (3) conference papers or reviews.

Y.Z. and L.L. screened abstracts, then Y.Z. and R.L. strictly reviewed
full-text based on the selection criteria. We excluded one study (marked
in Table 1 by “a”) for meta-analysis (Szyszkowicz, 2007) as the study
sample was a part of another included study (Szyszkowicz et al., 2009).
Besides, one study (marked in Table 1 by “b”) reported effect sizes of
PM2.5, PM10, NO2, SO2 during the warm season but O3 during the whole
years, so we only included the result of O3 to avoid potential bias as we
failed to receive response from the authors (Szyszkowicz et al., 2016).

Y.L. was responsible for divergences. The selection process is showed in
the flow chart (Fig. 1).

2.3. Data extraction and quality assessment

The following characteristics were independently collected for each
eligible study by two authors (R.L. and L.L.): first author's name, pub-
lished year, study design, study period and location, population char-
acteristics (sample size, gender, age), outcome and definition, pollution
characteristics (type, exposure durations, annual mean levels, pollutant
assessment method), effect sizes and 95% CIs, control variables, main
findings. We chose the data controlled the most potential confounders
when different controlled models were reported. We defined short-term
exposure as less than 2 weeks and long-term exposure as more than 1
year. If different exposure durations were reported, we chose the
longest exposure duration for long-term exposure studies for meta-
analysis. For short-term exposure, 0–2 lag or the closest one was se-
lected because it was most frequently reported. After two authors
completed the extraction, the first author (Y.Z.) extracted in-
dependently and checked all the data.

Two authors (Y.Z. and Y.L.) independently assessed the quality of
each included studies by Newcastle–Ottawa Scale (NOS), which in-
cluded three domains (Sakhvidi et al., 2018). For comparability do-
main, we gave two stars when study controlled for more than eight
confounders and no star for less than two confounders. A score of 7 or
higher was regarded as a high quality, a score of 3 or lower was con-
sidered as poor quality. Y.L. was responsible for addressing differences.

2.4. Statistical analyses

Because of the relatively low prevalence of depression, the estimates
of odds ratio (OR) are similar to relative risk (RR). Therefore, we chose
ORs for reporting of all of the results of meta-analysis. The increased
percentage of morbidity was calculated into the OR by increasing the
percentage of morbidity/100 + 1 (Szyszkowicz et al., 2009; Wang
et al., 2018). We standardized the ORs into an increment of 5 μg/m3 for
PM2.5; 10 μg/m3 for PM10; 5 ppb for NO2, SO2, O3; 0.1 ppm for CO to
pooled estimates (Nguyen Thi Trang et al., 2017). We separately per-
formed meta-analysis according to pollutant type, exposure duration,
and outcome. For each analysis, pooled ORs and 95% CIs were calcu-
lated using fixed or random effect model, and chi-square test and I2

statistic was used to assess the heterogeneity (DerSimonian and Laird,
1986; Higgins et al., 2003). The random-effect model was used if the
heterogeneity was substantial; otherwise, we use the fixed-effect model
for analysis. Sensitivity analyses were performed to examine the con-
sistency of the results by excluding each study and redo the analysis.
Besides, subgroup analyses were performed based on study design,
population, adjustment for important potential confounders (socio-
economic status, smoking, alcohol consumption, chronic diseases),
pollutants levels. We conducted all analyses by using Stata 12.0 (Sta-
taCorp., College Station, Texas, USA).

3. Results

3.1. Study characteristics

Six thousand four hundred and thirty-one records were identified
through our initially search. After reviewing, 15 papers for systematic
review and 14 papers for meta-analysis were included finally (Fig. 1).
Of the 14 papers for meta-analysis, nine were cohort studies (one article
included four independent cohort studies) (Kim et al., 2016;
Kioumourtzoglou et al., 2017; Lim et al., 2012; Pun et al., 2017; Wang
et al., 2014; Zijlema et al., 2016), three were case-crossover studies
(Cho et al., 2014; Szyszkowicz, 2011; Szyszkowicz et al., 2016; Wang
et al., 2018), one was a time-series study (Szyszkowicz et al., 2009), and
three were cross-section studies (Lin et al., 2017; Shin et al., 2018; Vert
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et al., 2017). In sum, we identified 193,012 cases for depressive dis-
orders and 21,338 cases for depressive symptom from 14 countries.
Table 1 and Supplementary Table 1 summarized basic characteristics of
the included studies for systematic review. For sampling, 11 studies
were population-based; one study sampled female married registered
nurses with age over 50 years (Kioumourtzoglou et al., 2017); three
studies sampled community-dwelling old individuals (Lim et al., 2012;
Pun et al., 2017; Wang et al., 2014); one study only sampled female
population (Szyszkowicz, 2011) (Table S1). The duration of long-term
exposure ranged from 1 year to 5 years (n=10), and the duration of
short-term exposure ranged from 0–2 lag to 0–14 lag (n=7). Depres-
sive disorders were identified according to electronic medical record in
seven studies and self-report of doctor diagnoses in two studies. The
majority of studies assessed the depressive symptom by widely used
scales (n=8), but two studies used self-report of antidepressants use
(Table S1). Multiple methods were used to assess the pollution ex-
posure, mainly using regional air quality data nearby (n=9), land-use
regression model (n=6) and generalized additive model (n=2) (Table
S1). The results of the quality assessment were summarized in Table 1,
and the details of rating were available in Table S2. The total quality
score ranged from 5 to 8. Seven studies are rated as high quality
(NOS ≥ 7).

3.2. PM2.5 exposure and the risk of depression

In total, six cohort studies and two cross-sectional studies were fi-
nally included for meta-analysis for long-term exposure to PM2.5, and 2
cohort studies and 2 case-crossover studies were included for short-term
exposure. Statistical significant association between long-term exposure
to PM2.5 (OR = 1.06, 95% CI: 1.00, 1.13 per 5 μg/m3 increase) and
depression was found, with moderate heterogeneity (I2 = 41.4%,
p=0.082). The summarized risk estimate was 1.01 (95% CI: 0.99,
1.03) per 5 μg/m3 increase for short-term exposure, and the hetero-
geneity (I2 = 69.6%, p=0.020) was significant (Fig. 2(a)).

3.3. PM10 exposure and the risk of depression

Four cohort studies and two cross-sectional studies were included
for meta-analysis for long-term exposure to PM10. The summarized risk
estimate for long-term exposure was 1.04 (95% CI: 0.85, 1.26) per

10 μg/m3 increase, with substantial heterogeneity (I2 = 75.2%,
p < 0.001). Two cohort studies and one case-crossover studies study
and one time-series study were included for short-term exposure to
PM10, and significant association (OR = 1.03, 95% CI: 1.01, 1.05 per
10 μg/m3 increase) was found with heterogeneity (I2 = 88.5%,
p < 0.001) (Fig. 2(b)).

3.4. NO2 exposure and the risk of depression

Fig. 2(c) shows the association between exposure to NO2 and de-
pression. In total, four cohort studies and two cross-sectional studies
were pooled, the summarized risk per 5 ppb increase was 1.02 (95% CI:
0.96, 1.09). There was a statistically significant association between
short-term exposure and depression (OR = 1.04, 95% CI: 1.01, 1.07 per
5 ppb increase), resulting from the two cohort, one case-crossover and
one time-series studies. Substantial heterogeneity was observed for all
analyses (Fig. 2(c)).

3.5. Other air pollutant exposure and the risk of depression

Table 2 summarized the association between of depression with
exposure to SO2, CO and O3. The pooled estimates was significant for
short-term exposure to SO2 (OR = 1.03; 95% CI: 1.00, 1.06 per 5 ppb
increase) and CO (OR = 1.01; 95% CI: 1.00, 1.01 per 0.1 ppm in-
crease). The exposure to O3 was not identified as the risk factor for
depression.

3.6. Air pollution exposure and different depression outcomes

Studies were separately analyzed based on different outcomes
measures (Table 3). A positive association was found for depressive
symptom and long-term exposure to PM2.5 (OR = 1.05, 95%: 1.02, 1.09
per 5 μg/m3 increase) and short-term exposure to PM10 (OR = 1.07,
95%: 1.02, 1.12 per 10 μg/m3 increase). Depressive disorder was re-
lated to short-term exposure to PM2.5 (OR = 1.00, 95% CI: 1.00, 1.01
per 5 μg/m3 increase), PM10 (OR = 1.02, 95% CI: 1.00, 1.05 per 10 μg/
m3 increase) and NO2 (OR = 1.03, 95% CI: 1.02, 1.03 per 5 ppb in-
crease). Nevertheless, other association was not statistically significant.

Fig. 1. Flow diagram of the study selection process.
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Fig. 2. Forest plot of the association between depression and exposure to air pollution. (a) PM2.5; (b) PM10; (c) NO2. DS, depressive symptom; DD, depressive
disorders. Odds ratios per 1 standard deviation for PM2.5 (5 μg/m3), PM10 (10 μg/m3), NO2 (5 ppb).
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3.7. Sensitivity analyses

To test the robustness of pooled estimates and explore the sources of
heterogeneity, each study was removed one by one for meta-analysis.
Besides, to avoid the effect of different outcome on heterogeneity,
sensitivity analyses for each pollutant were conducted hierarchically
based on the outcome. In the meta-analysis of long-term exposure to
PM2.5 and depression, the heterogeneity was decreased but the pooled
estimate maintained unchanged when the Vert et al. study was ex-
cluded (OR = 1.05, 95% CI: 1.02, 1.08; I2 = 0%) (Fig. S1a) (Vert et al.,
2017). The stratified sensitivity analysis confirmed the positive asso-
ciation between long-term exposure to PM2.5 and depressive symptoms
(Fig. S1b).

For the effect of long-term exposure to PM10 and NO2 on depression,
heterogeneity was decreased when the Vert et al. study (Vert et al.,
2017) and the HUNT cohort study (Zijlema et al., 2016) were excluded
(Fig. S1c and S1d). The stratified sensitivity analyses also showed a
decreased heterogeneity and an increased risk of depressive symptoms
caused by the exposure to PM10 (OR = 1.12, 95% CI: 1.05, 1.19;
I2 = 4.3%; Fig. S1E) and NO2 (OR = 1.04, 95% CI: 1.02, 1.07; I2 = 0%;
Fig. S1f), after excluding the HUNT cohort study (Zijlema et al., 2016).

3.8. Subgroup analysis

We also conducted subgroup analyses based on study design, po-
pulation, control for potential confounders (socioeconomic factors,
smoking and chronic diseases), pollutants levels. Subgroup analyses
were conducted after studies were stratified based on exposure duration
and outcome to avoid potential heterogeneity. Table 4 showed the re-
sults of the subgroup analyses of the association between long-term
exposure to PM2.5, PM10, NO2 and depressive symptom.

As a result, for the association between long-term exposure to PM2.5

and depressive symptoms, the pooled estimate of cohort studies was
1.06 (95% CI: 0.99, 1.12), showed an insignificant association.
However, the statistical significance was found for meta-analysis of
population-based studies. We also found the ORs were higher among
studies that adjusted for smoking (1.05, 95% CI: 1.02, 1.08), alcohol
consumption (1.05, 95% CI: 1.01, 1.08) but lower among studies that
adjusted for chronic disease (1.05, 95% CI: 1.02, 1.09). Heterogeneity

remained low in all subgroup analyses.
For subgroup analyses of depressive symptoms and PM10 and NO2

(Table 4). The pooled estimate of the cohort studies and population-
based studies were consistent with the overall results. The results de-
monstrated that the subgroup controlled for socioeconomic, alcohol
consumption and smoking showed significant risk. However, the het-
erogeneity was not decreased. We excluded the studies that contributed
to the heterogeneity and re-conducted subgroup analysis (Table S3).
The heterogeneity of was successfully decreased, and the pooled esti-
mates were consistent with the original subgroup analyses.

For pollutants levels, the pooled ORs were more significant among
the studies with higher median level of PM2.5 (OR = 1.05, 95% CI:
1.02, 1.09), PM10 (OR = 1.12, 95% CI: 1.05, 1.19), and NO2

(OR = 1.04, 95% CI: 1.02, 1.07), compared with the relatively low
median pollutant levels.

4. Discussion

The environmental factors have been identified as risks for many
diseases. Recently, the association of depression with exposure to air
pollution has been extensively studied. Several previous review papers
have preliminarily summarized studies on the correlations between air
pollution and depression but has not quantitatively analyzed the effect
size (Buoli et al., 2018; Gladka et al., 2018; Łopuszańska and Makara-
Studzińska, 2017). This systematic review and meta-analysis respec-
tively explored the association of depression with exposure to particular
matters and gaseous pollutants. We found that air pollutants exposure
was associated with increased risk of depression except for O3. How-
ever, few studies have explored the effects of exposure to SO2 and CO
on depression. Therefore, the pooled estimate results were statistically
significant but the evidence is weak. In stratified analyses based on
exposure duration and depression outcomes, inconsistent results were
obtained. However, long-term exposure to PM2.5 and short-term ex-
posure to PM10, NO2, SO2, CO significantly increased the risk of de-
pression. For different depression outcomes, long-term exposure of
PM2.5 and short-term exposure to PM10 were risk factors for depressive
symptom. Moreover, short-term exposure to PM2.5, PM10, NO2 in-
creased the risk of depressive disorders. Overall, we found that an in-
creased risk of depression with PM2.5 exposure. However, the results of

Table 2
The effect of exposure to air pollution on depression.

Pollutants Long-term exposure Short-term exposure
N OR (95% CI) p I2 N OR (95% CI) p I2

SO2 1a 0.97 (0.66, 1.41) 0.869 89.3% 2 1.03 (1.00, 1.06) 0.029 76.8%
CO 1 1.05 (0.99, 1.12) 0.133 89.1% 3 1.01 (1.00, 1.01) <0.001 70.2%
O3 / / / / 6 1.01 (0.99, 1.03) 0.384 81.3%

a , different two group from one study. N, number of included studies. Odds ratios per 1 standard deviation for SO2 (5 ppb), CO (0.1 ppm) and O3 (5 ppb).

Table 3
The effect of exposure of air pollutants on different outcomes.

Pollutants Depressive symptom Depressive disorders
N OR (95% CI) p I2 N OR (95% CI) p I2

PM2.5

Long-term 7 1.05 (1.02, 1.09) 0.002 0.0% 3 1.31 (0.89, 1.91) 0.479 84.9%
Short-term 2 0.88 (0.43, 1.56) 0.549 81.5% 2 1.00 (1.00, 1.01) <0.001 4.7%
PM10

Long-term 6 0.70 (0.56, 1.44) 0.652 72.0% 2 2.30 (0.38, 14.01) 0.367 87.7%
Short-term 1 1.07 (1.02, 1.12) 0.004 / 3 1.02 (1.00, 1.05) 0.040 89.6%
NO2

Long-term 6 0.97 (0.85, 1.12) 0.710 51.4% 2 1.40 (0.71, 2.76) 0.335 91.8%
Short-term 2 1.16 (0.90, 1.48) 0.260 57.8% 2 1.03 (1.02, 1.03) <0.001 0%
O3

Short-term 2 0.98 (0.83, 1.16) 4 1.00 (0.98, 1.02)

N, number of included studies. Odds ratios per 1 standard deviation for PM2.5 (5 μg/m3), PM10 (10 μg/m3), NO2 (5 ppb) and O3 (5 ppb).
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PM10 exposure were inconclusive.
There were several explanation for the inconsistent results in our

stratified analysis. Firstly, the geographical are of the included studies
was different, which may influence the concentration of exposure. For
example, five out of six included studies explored the association be-
tween long-term exposure to PM10, NO2 and depression were conducted
in Europe, where the air pollution was not severe. Hence, the subgroup
analysis of different annual concentration was performed (Table 4) and
the results showed that long-term exposure to high concentration of
PM2.5, PM10, NO2 were associated with higher risk of depressive
symptoms. High concentration of air pollution was more likely to be
linked to a variety of diseases and cause health damage such as cog-
nitive impairment, psychiatric drug use (Ailshire and Clarke, 2015;
Oudin et al., 2016). In addition, investigations on the risk of depressive
disorders and short-term exposure to air pollution showed similar re-
sults. The study in South Korea with higher levels of PM10 reported a
much higher risk of depression (OR = 1.155, 95% CI: 1.058, 1.262;
PM10: 54.15 μg/m3) than in Canada (OR = 1.064, 95% CI: 1.038,
1.094; PM10: 19.4 μg/m3), suggested that different exposure con-
centrations may lead to different results. However, because of the
limited number of included studies in each subgroup, the results need to
be interpretated with caution. Second, most of the studies included in
short-term exposure analysis were based on case-crossover study de-
sign, which used the same sample as the control group and case group
to minimize the bias caused by the imbalance of socio-economic factors.
This may also contribute to the difference between the long-term and
short-term subgroup results. Third, various scales for depressive
symptom assessment, with different cut-off scores, were used. However,
the depression assessments were based on medical documents. This
might have led to inconsistent results between depressive disorders and
depressive symptoms.

In sensitive analyses, the data from the HUNT cohort study con-
tributed significantly to the heterogeneity and affect the pooled esti-
mates for the positive association between depressive symptom and
long-term exposure to PM10 and NO2 (Zijlema et al., 2016). There
several reasons for altered results and heterogeneity caused by this
study. First, the air pollution exposure in the HUNT study was predicted
by land use regression model (LUR), with outcomes variables (pollutant
concentration) from environment monitoring networks in 17 European
countries (Zijlema et al., 2016). Nevertheless, in other European studies
(Vert et al., 2017; Zijlema et al., 2016), they used specially established

regional station data as the outcomes variables of LUR. Therefore, the
predicted value of exposure from the HUNT study might be short of
several important local predictors (e.g., traffic count), while a large
proportion of the included studies were based on regional station data
(Table S2). Second, the HUNT study failed to control important con-
founders (e.g., smoking, alcohol, socioeconomic), which may have re-
sulted in bias. Third, the air pollution level may have caused incon-
sistent findings between studies. The studies, which concluded an
association between air pollution and depression, were mostly located
in areas with high air pollution, such as Asia (Cho et al., 2014; Lim
et al., 2012). Taking the level of PM10 as an example, mean con-
centration in Norway from the HUNT cohort was 11.0 μg/m3, which
was a fifth in Korea (54.15 μg/m3) (Cho et al., 2014), and a half in the
Netherland (23.95 μg/m3) (Zijlema et al., 2016). Based on the results of
sensitivity analysis, the absence of correlation between long-term ex-
posure to PM10, NO2 and depressive symptoms should also be inter-
preted with caution. The data from Vert et al. was also an important
source of heterogeneity (Vert et al., 2017) due to few cases and self-
report outcome assessment. Despite various air assessment methods,
depression assessment method, and confounders controlling, our find-
ings may be instructive for future research.

All of the included studies were observational studies with different
study setting, population and potential confounders controlling.
Therefore, we performed further subgroup analyses to explore whether
these factors have an influenced the results. Pooled estimates from
population-based studies were consistent with the total estimates,
which showed the robustness of our main results. However, pooled
estimates for subgroup of different study design were not consistent
with the main results, this could be attribute to the limited number of
included studies in each subgroup. Among potential confounders, a
large number of previous studies had confirmed that smoking, alcohol
consumption, chronic diseases comorbidity and low socioeconomic
level (e.g., lower income and education) were risk factors for depression
(Boden et al., 2010; Haynes et al., 2005; Huang et al., 2010; Korhonen
et al., 2017; Messias et al., 2011). Moreover, we find the association of
depressive symptoms with long-term exposure to PM2.5 was more sig-
nificant among the studies that have adjusted for smoking, chronic
diseases. Similarly, for exposure to PM10 and NO2, we observed a higher
risk of depressive symptom for subgroups controlled for smoking, al-
cohol consumption and chronic disease, with decreased heterogeneity
(Zijlema et al., 2016). These findings suggested that the control of

Table 4
Subgroup analysis of long-term exposure to PM2.5, PM10, NO2 and depressive symptom.

Study characteristics PM2.5 PM10 NO2

N OR (95% CI) I2 N OR (95% CI) I2 N OR (95% CI) I2

Design
Cohort 5 1.06 (0.99, 1.12) 0% 4 0.58 (0.38, 0.87) 45.% 4 0.83 (0.71, 0.97) 0%
Cross-section 2 1.05 (1.01, 1.09) 0% 2 1.33 (0.80, 2.21) 62.6% 2 1.04 (1.02, 1.07) 0%
Population based 5 1.05 (1.01, 1.09) 0% 6 0.70 (0.56, 1.44) 72.0% 6 0.97 (0.85, 1.18) 51.4%
Pollutant median levels
High level 3 1.05 (1.01, 1,09) 0% 5 1.12 (1.05, 1.19) 4.3% 3 1.04 (1.02, 1.07) 0%
Low level 4 1.06 (0.99, 1.12) 0% 1 0.36 (0.20, 0.66) / 3 0.83 (0.71, 0.98) 0%
Adjustment for SES
Yes 7 1.05 (1.02, 1.08) 0% 5 1.12 (1.05, 1.19) 4.3% 5 1.04 (1.02, 1.07) 0%
No NA / / 1 0.36 (0.20, 0.66) / 1 0.79 (0.65, 0.94) /
Adjustment for Smoking
Yes 3 1.05 (1.02, 1.08) 0% 2 1.33 (0.80, 2.21) 62.6% 2 1.04 (1.02, 1.07) 0%
No 4 1.15 (0.98, 1.34) 0% 4 0.58 (0.38, 0.87) 45.% 4 0.83 (0.71, 0.97) 0%
Adjustment for alcohol consumption
Yes 2 1.05 (1.01, 1.08) 0% 1 1.12 (1.05, 1.19) / 1 1.04 (1.01, 1.07) /
No 5 1.15 (0.99, 1.34) 0% 5 0.82 (0.39, 1.68) 74.9% 5 0.93 (0.77, 1.12) 36.1%
Adjustment for chronic disease
Yes 3 1.23 (0.68, 2.24) 0% 5 0.75 (0.43, 1.31) 73.4% 5 0.94 (0.78, 1.12) 59.3%
No 4 1.05 (1.02, 1.09) 0% 1 1.95 (1.00, 3.80) / 1 1.12 (0.89, 1.42) /

SES, socioeconomic status; N, number of included studies; pollutant median levels: PM2.5: high, more than 15 μg/m3; low, less than 15 μg/m3; PM10: high, more than
15 μg/m3; low, less than 15 μg/m3; NO2: high, more than 20 μg/m3; low, less than 20 μg/m3.
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confounding factors was of importance for elucidation of the associa-
tion.

Our findings were consistent with the experimental studies except
for O3. Mice exposed to particulate matters for a long time displayed
more depressive-like responses (Fonken et al., 2011; Liu et al., 2018).
Inhaling simulated air pollution containing nitrogen dioxide and carbon
dioxide also increased the incidence of depressed behavior in mice
(Salvi et al., 2017). The mechanism between air pollution and depres-
sion was not clearly understood, but several hypotheses have been
proposed. Firstly, exposure to particulate matters such as nitrogen di-
oxide and ozone could lead to systemic inflammation (Block and
Calderon-Garciduenas, 2009; Perret et al., 2017; Wigenstam et al.,
2016). Systemic inflammation transfers inflammation to the brain
through a systemic induced cytokine response and results in neuroin-
flammation and neurotoxicity (Block and Calderon-Garciduenas, 2009).
It has been confirmed that systemic inflammation is closely related to
sad mood and affective (Benson et al., 2017). Second, exposure to
particulate matters could lead to the increase of hippocampal pro-in-
flammatory cytokine expression and the changes of the dendrites in the
hippocampus, which increase the depressive-like behaviors in animal
models (Fonken et al., 2011). Third, air pollution exposure also in-
creases neurobiological oxidative stress (Calderon-Garciduenas et al.,
2015), and the high level of oxidative stress was observed in brain of
depressed patients (Wigner et al., 2017). Fourth, air pollution can da-
mage human brain microvascular endothelial cell viability and decrease
tight junction protein expression, which subsquently cause damage to
the blood–brain barrier. Air pollution can also decrease the protective
effect of the brain and induce inflammation in the brain (Block and
Calderon-Garciduenas, 2009).

While ozone exposure can also lead to neurobiological oxidative
stress, systemic inflammation, and the damage to the blood–brain
barrier (Dantzer and Kelley, 2007; Mokoena et al., 2015), this meta-
analysis did not evidence the link to depression. The morbidity of de-
pression is higher in winter (Geoffroy et al., 2014). However, ozone
levels are higher in summer with higher temperatures and sunlight
(Tiwari et al., 2008). Therefore, there is a seasonal variation between
the peak of depression prevalence and the peak of ozone exposure.
Furthermore, ozone is a ‘secondary’ pollutant, it is hard to quantify and
generated from primary air pollution (e.g., NO2) (Chardon et al., 2007).

Our study has some limitations. While we have extensively retrieved
studies for inclusion, the number of studies in each subgroup is limited.
The total pooled sample size is relatively large, sample size is drama-
tically different in studies and further study is still required. While ICD
was consistently used in the diagnosis of depression in all studies,
screening method for depressive symptoms were various, and this may
affect the identification of depressive symptoms. Publication bias was
not tested in this meta-analysis because less than 10 studies were
available for each subgroup. Also, we did not perform subgroup ana-
lyses based on age, gender and season due to insufficient number of
studies.

In conclusion, this systematic review and meta-analysis provided
evidence for the association between depression and exposure to PM2.5,
PM10, NO2, SO2, CO. The management of air pollution, especially in
areas with severe air pollution, is of great importance for potential
prevention of depression. Further studies are warranted due to some
inconsistence in the results. Further studies should pay more attention
to study settings, including outcome assessment, population sampling,
exposure assessment method and control for important confounders,.

Funding

This research was funded by the Fundamental Research Funds for
the Central Universities of Central South University (no. 2018zzts890).

Conflicts of interest

The authors declare that they have no competing interests.

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.psychres.2019.04.019.

References

Ailshire, J.A., Clarke, P., 2015. Fine particulate matter air pollution and cognitive func-
tion among US older adults. J. Gerontol. Ser. B 70 (2), 322–328. https://doi.org/10.
1093/geronb/gbu064.

Benson, S., Brinkhoff, A., Lueg, L., Roderigo, T., Kribben, A., Wilde, B., Witzke, O., Engler,
H., Schedlowski, M., Elsenbruch, S., 2017. Effects of acute systemic inflammation on
the interplay between sad mood and affective cognition. Transl. Psychiatry 7 (12),
1281. https://doi.org/10.1038/s41398-017-0043-0.

Block, M.L., Calderon-Garciduenas, L., 2009. Air pollution: mechanisms of neuroin-
flammation and CNS disease. Trends Neurosci. 32 (9), 506–516. https://doi.org/10.
1016/j.tins.2009.05.009.

Boden, J.M., Fergusson, D.M., Norwood, L.J., 2010. Cigarette smoking and depression:
tests of causal linkages using a longitudinal birth cohort. Br. J. Psychiatry 196 (6),
440–446. https://doi.org/10.1192/bjp.bp.109.065912.

Buoli, M., Grassi, S., Caldiroli, A., Carnevali, G.S., Mucci, F., Iodice, S., Cantone, L.,
Pergoli, L., Bollati, V., 2018. Is there a link between air pollution and mental dis-
orders? Environ. Int. 118, 154–168. https://doi.org/10.1016/j.envint.2018.05.044.

Calderon-Garciduenas, L., Calderon-Garciduenas, A., Torres-Jardon, R., Avila-Ramirez, J.,
Kulesza, R.J., Angiulli, A.D., 2015. Air pollution and your brain: what do you need to
know right now. Prim. Health Care Res. Dev. 16 (4), 329–345. https://doi.org/10.
1017/s146342361400036x.

Cavanagh, J.T.O., Carson, A.J., Sharpe, M., Lawrie, S.M., 2003. Psychological autopsy
studies of suicide: a systematic review. Psychol. Med. 33 (3), 395–405. https://doi.
org/10.1017/s0033291702006943.

Chardon, B., Host, S., Lefranc, A., Millard, F., Gremy, I., 2007. What exposure indicator
should be used to study the short-term respiratory health effect of photochemical air
pollution? A case study in the Paris metropolitan area (2000-2003). Environ. Risques
Sante 6 (5), 345–353. https://doi.org/10.1684/ers.2007.0104.

Cho, J., Choi, Y.J., Suh, M., Sohn, J., Kim, H., Cho, S.-K., Ha, K.H., Kim, C., Shin, D.C.,
2014. Air pollution as a risk factor for depressive episode in patients with cardio-
vascular disease, diabetes mellitus, or asthma. J. Affect. Disord. 157, 45–51. https://
doi.org/10.1016/j.jad.2014.01.002.

Dantzer, R., Kelley, K.W., 2007. Twenty years of research on cytokine-induced sickness
behavior. Brain Behav. Immun. 21 (2), 153–160. https://doi.org/10.1016/j.bbi.
2006.09.006.

DerSimonian, R., Laird, N., 1986. Meta-analysis in clinical trials. Control Clin. Trials 7 (3),
177–188.

Eze, I.C., Hemkens, L.G., Bucher, H.C., Hoffmann, B., Schindler, C., Kunzli, N.,
Schikowski, T., Probst-Hensch, N.M., 2015. Association between ambient air pollu-
tion and diabetes mellitus in Europe and North America: systematic review and meta-
analysis. Environ. Health Perspect. 123 (5), 381–389. https://doi.org/10.1289/ehp.
1307823.

Fonken, L.K., Xu, X., Weil, Z.M., Chen, G., Sun, Q., Rajagopalan, S., Nelson, R.J., 2011. Air
pollution impairs cognition, provokes depressive-like behaviors and alters hippo-
campal cytokine expression and morphology. Mol. Psychiatry 16 (10), 987–995. 973.
https://doi.org/10.1038/mp.2011.76.

Geoffroy, P.A., Bellivier, F., Scott, J., Etain, B., 2014. Seasonality and bipolar disorder: a
systematic review, from admission rates to seasonality of symptoms. J. Affect. Disord.
168, 210–223. https://doi.org/10.1016/j.jad.2014.07.002.

Gladka, A., Rymaszewska, J., Zatonski, T., 2018. Impact of air pollution on depression
and suicide. Int. J. Occup. Med. Environ. Health. https://doi.org/10.13075/ijomeh.
1896.01277.

Guarnieri, M., Balmes, J.R., 2014. Outdoor air pollution and asthma. Lancet 383 (9928),
1581–1592. https://doi.org/10.1016/s0140-6736(14)60617-6.

Haynes, J.C., Farrell, M., Singleton, N., Meltzer, H., Araya, R., Lewis, G., Wiles, N.J.,
2005. Alcohol consumption as a risk factor for anxiety and depression—results from
the longitudinal follow-up of the National Psychiatric Morbidity Survey. Br. J.
Psychiatry 187, 544–551. https://doi.org/10.1192/bjp.187.6.544.

Higgins, J.P.T., Thompson, S.G., Deeks, J.J., Altman, D.G., 2003. Measuring inconsistency
in meta-analyses. Br. Med. J. 327 (7414), 557–560. https://doi.org/10.1136/bmj.
327.7414.557.

Huang, C.Q., Dong, B.R., Lu, Z.C., Yue, J.R., Liu, Q.X., 2010. Chronic diseases and risk for
depression in old age: a meta-analysis of published literature. Ageing Res. Rev. 9 (2),
131–141. https://doi.org/10.1016/j.arr.2009.05.005.

Jeon, S.W., Kim, Y.K., 2016. Neuroinflammation and cytokine abnormality in major de-
pression: cause or consequence in that illness? World J. Psychiatry 6 (3), 283–293.
https://doi.org/10.5498/wjp.v6.i3.283.

Kim, H., Kim, J., Kim, S., Kang, S.-H., Kim, H.-J., Kim, H., Heo, J., Yi, S.-M., Kim, K., Youn,
T.-J., Chae, I.-H., 2017. Cardiovascular effects of long-term exposure to air pollution:
a population-based study with 900 845 person-years of follow-up. J. Am. Heart Assoc.
6 (11). https://doi.org/10.1161/jaha.117.007170.

Kim, K.-N., Lim, Y.-H., Bae, H.J., Kim, M., Jung, K., Hong, Y.-C., 2016. Long-term fine

Y. Zeng, et al. Psychiatry Research 276 (2019) 69–78

77

https://doi.org/10.1016/j.psychres.2019.04.019
https://doi.org/10.1093/geronb/gbu064
https://doi.org/10.1093/geronb/gbu064
https://doi.org/10.1038/s41398-017-0043-0
https://doi.org/10.1016/j.tins.2009.05.009
https://doi.org/10.1016/j.tins.2009.05.009
https://doi.org/10.1192/bjp.bp.109.065912
https://doi.org/10.1016/j.envint.2018.05.044
https://doi.org/10.1017/s146342361400036x
https://doi.org/10.1017/s146342361400036x
https://doi.org/10.1017/s0033291702006943
https://doi.org/10.1017/s0033291702006943
https://doi.org/10.1684/ers.2007.0104
https://doi.org/10.1016/j.jad.2014.01.002
https://doi.org/10.1016/j.jad.2014.01.002
https://doi.org/10.1016/j.bbi.2006.09.006
https://doi.org/10.1016/j.bbi.2006.09.006
http://refhub.elsevier.com/S0165-1781(19)30416-0/sbref0011
http://refhub.elsevier.com/S0165-1781(19)30416-0/sbref0011
https://doi.org/10.1289/ehp.1307823
https://doi.org/10.1289/ehp.1307823
https://doi.org/10.1038/mp.2011.76
https://doi.org/10.1016/j.jad.2014.07.002
https://doi.org/10.13075/ijomeh.1896.01277
https://doi.org/10.13075/ijomeh.1896.01277
https://doi.org/10.1016/s0140-6736(14)60617-6
https://doi.org/10.1192/bjp.187.6.544
https://doi.org/10.1136/bmj.327.7414.557
https://doi.org/10.1136/bmj.327.7414.557
https://doi.org/10.1016/j.arr.2009.05.005
https://doi.org/10.5498/wjp.v6.i3.283
https://doi.org/10.1161/jaha.117.007170


particulate matter exposure and major depressive disorder in a community-based
urban cohort. Environ. Health Perspect. 124 (10), 1547–1553. https://doi.org/10.
1289/ehp192.

Kioumourtzoglou, M.-A., Power, M.C., Hart, J.E., Okereke, O.I., Coull, B.A., Laden, F.,
Weisskopf, M.G., 2017. The association between air pollution and onset of depression
among middle-aged and older women. Am. J. Epidemiol. 185 (9), 801–809. https://
doi.org/10.1093/aje/kww163.

Korhonen, K., Remes, H., Martikainen, P., 2017. Education as a social pathway from
parental socioeconomic position to depression in late adolescence and early adult-
hood: a Finnish population-based register study. Soc. Psychiatry Psychiatr.
Epidemiol. 52 (1), 105–116. https://doi.org/10.1007/s00127-016-1296-2.

Kyu, H.H., Abate, D., Abate, K.H., Abay, S.M., Abbafati, C., Abbasi, N., Abbastabar, H.,
Abd-Allah, F., Abdela, J., et al., 2018. Global, regional, and national disability-ad-
justed life-years (DALYs) for 359 diseases and injuries and healthy life expectancy
(HALE) for 195 countries and territories, 1990-2017: a systematic analysis for the
Global Burden of Disease Study 2017. Lancet 392 (10159), 1859–1922. https://doi.
org/10.1016/s0140-6736(18)32335-3.

Lim, Y.H., Kim, H., Kim, J.H., Bae, S., Park, H.Y., Hong, Y.C., 2012. Air pollution and
symptoms of depression in elderly adults. Environ. Health Perspect. 120 (7),
1023–1028. https://doi.org/10.1289/ehp.1104100.

Lin, H., Guo, Y., Kowal, P., Airhihenbuwa, C.O., Di, Q., Zheng, Y., Zhao, X., Vaughn, M.G.,
Howard, S., Schootman, M., Salinas-Rodriguez, A., Yawson, A.E., Arokiasamy, P.,
Manrique-Espinoza, B.S., Biritwum, R.B., Rule, S.P., Minicuci, N., Naidoo, N.,
Chatterji, S., Qian, Z.M., Ma, W., Wu, F., 2017. Exposure to air pollution and tobacco
smoking and their combined effects on depression in six low- and middle-income
countries. Br. J. Psychiatry 211 (3), 157–162. https://doi.org/10.1192/bjp.bp.117.
202325.

Liu, X.M., Qian, X., Xing, J., Wang, J.H., Sun, Y.X., Wang, Q.G., Li, H.M., 2018. Particulate
matter triggers depressive-like response associated with modulation of inflammatory
cytokine homeostasis and brain-derived neurotrophic factor signaling pathway in
mice. Toxicol. Sci. 164 (1), 278–288. https://doi.org/10.1093/toxsci/kfy086.

Łopuszańska, U., Makara-Studzińska, M., 2017. The correlations between air pollution
and depression. Curr. Probl. Psychiatry 18 (2), 100–109. https://doi.org/10.1515/
cpp-2017-0009.

Mathers, C.D., Loncar, D., 2006. Projections of global mortality and burden of disease
from 2002 to 2030. Plos Med. 3 (11), 20. https://doi.org/10.1371/journal.pmed.
0030442.

Messias, E., Eaton, W.W., Grooms, A.N., 2011. Income inequality and depression pre-
valence across the United States: an ecological study. Psychiatric Serv. 62 (7),
710–712. https://doi.org/10.1176/ps.62.7.pss6207_0710.

Mokoena, M.L., Harvey, B.H., Viljoen, F., Ellis, S.M., Brink, C.B., 2015. Ozone exposure of
Flinders Sensitive Line rats is a rodent translational model of neurobiological oxi-
dative stress with relevance for depression and antidepressant response.
Psychopharmacology (Berl) 232 (16), 2921–2938. https://doi.org/10.1007/s00213-
015-3928-8.

Nguyen Thi Trang, N., Amini, H., Schindler, C., Joss, M.K., Tran Minh, D., Probst-Hensch,
N., Perez, L., Kunzli, N., 2017. Short-term association between ambient air pollution
and pneumonia in children: a systematic review and meta-analysis of time-series and
case-crossover studies. Environ. Pollut. 230, 1000–1008. https://doi.org/10.1016/j.
envpol.2017.07.063.

Oudin, A., Braback, L., Astrom, D.O., Stromgren, M., Forsberg, B., 2016. Association
between neighbourhood air pollution concentrations and dispensed medication for
psychiatric disorders in a large longitudinal cohort of Swedish children and adoles-
cents. BMJ Open 6 (6), 11. https://doi.org/10.1136/bmjopen-2015-010004.

Palta, P., Samuel, L.J., Miller, E.R., Szanton, S.L., 2014. Depression and oxidative stress:
results from a meta-analysis of observational studies. Psychosomatic Med. 76 (1),
12–19. https://doi.org/10.1097/psy.0000000000000009.

Perret, J.L., Bowatte, G., Lodge, C.J., Knibbs, L.D., Gurrin, L.C., Kandane-Rathnayake, R.,
Johns, D.P., Lowe, A.J., Burgess, J.A., Thompson, B.R., Thomas, P.S., Wood-Baker, R.,
Morrison, S., Giles, G.G., Marks, G., Markos, J., Tang, M.L.K., Abramson, M.J.,
Walters, E.H., Matheson, M.C., Dharmage, S.C., 2017. The dose-response association
between nitrogen dioxide exposure and serum interleukin-6 concentrations. Int. J.
Mol. Sci. 18 (5). https://doi.org/10.3390/ijms18051015.

Pinquart, M., Duberstein, P.R., 2010. Depression and cancer mortality: a meta-analysis.
Psychol. Med. 40 (11), 1797–1810. https://doi.org/10.1017/s0033291709992285.

Pun, V.C., Manjourides, J., Suh, H., 2017. Association of ambient air pollution with de-
pressive and anxiety symptoms in older adults: results from the NSHAP study.

Environ. Health Perspect. 125 (3), 342–348. https://doi.org/10.1289/EHP494.
Sakhvidi, M.J.Z., Sakhvidi, F.Z., Mehrparvar, A.H., Foraster, M., Dadvand, P., 2018.

Association between noise exposure and diabetes: a systematic review and meta-
analysis. Environ. Res. 166, 647–657. https://doi.org/10.1016/j.envres.2018.05.
011.

Salvi, A., Patki, G., Liu, H., Salim, S., 2017. Psychological impact of vehicle exhaust ex-
posure: insights from an animal model. Sci. Rep. 7 (1), 8306. https://doi.org/10.
1038/s41598-017-08859-1.

Shin, J., Park, J.Y., Choi, J., 2018. Long-term exposure to ambient air pollutants and
mental health status: a nationwide population-based cross-sectional study. PLoS One
13 (4), 12. https://doi.org/10.1371/journal.pone.0195607.

Szyszkowicz, M., 2007. Air pollution and emergency department visits for depression in
Edmonton, Canada. Int. J. Occup. Med. Environ. Health 20 (3), 241–245. https://doi.
org/10.2478/v10001-007-0024-2.

Szyszkowicz, M., 2011. Ambient sulfur dioxide and female ED visits for depression. Air
Quality Atmos. Health 4 (3–4), 259–262. https://doi.org/10.1007/s11869-010-
0081-8.

Szyszkowicz, M., Kousha, T., Kingsbury, M., Colman, I., 2016. Air pollution and emer-
gency department visits for depression: a multicity case-crossover study. Environ.
Health Insights 10, 155–161. https://doi.org/10.4137/ehi.s40493.

Szyszkowicz, M., Rowe, B.H., Colman, I., 2009. Air pollution and daily emergency de-
partment visits for depression. Int. J. Occup. Med. Environ. Health 22 (4), 355–362.
https://doi.org/10.2478/v10001-009-0031-6.

Tiwari, S., Rai, R., Agrawal, M., 2008. Annual and seasonal variations in tropospheric
ozone concentrations around Varanasi. Int. J. Remote Sens. 29 (15), 4499–4514.
https://doi.org/10.1080/01431160801961391.

Vert, C., Sánchez-Benavides, G., Martínez, D., Gotsens, X., Gramunt, N., Cirach, M.,
Molinuevo, J.L., Sunyer, J., Nieuwenhuijsen, M.J., Crous-Bou, M., Gascon, M., 2017.
Effect of long-term exposure to air pollution on anxiety and depression in adults: a
cross-sectional study. Int. J. Hyg. Environ. Health 220 (6), 1074–1080. https://doi.
org/10.1016/j.ijheh.2017.06.009.

Wang, F., Liu, H., Li, H., Liu, J., Guo, X., Yuan, J., Hu, Y., Wang, J., Lu, L., 2018. Ambient
concentrations of particulate matter and hospitalization for depression in 26 Chinese
cities: a case-crossover study. Environ. Int. 114, 115–122. https://doi.org/10.1016/j.
envint.2018.02.012.

Wang, Y., Eliot, M.N., Koutrakis, P., Gryparis, A., Schwartz, J.D., Coull, B.A., Mittleman,
M.A., Milberg, W.P., Lipsitz, L.A., Wellenius, G.A., 2014. Ambient air pollution and
depressive symptoms in older adults: results from the MOBILIZE Boston study.
Environ. Health Perspect. 122 (6), 553–558. https://doi.org/10.1289/ehp.1205909.

Wariso, B.A., Guerrieri, G.M., Thompson, K., Koziol, D.E., Haq, N., Martinez, P.E.,
Rubinow, D.R., Schmidt, P.J., 2017. Depression during the menopause transition:
impact on quality of life, social adjustment, and disability. Arch. Womens Mental
Health 20 (2), 273–282. https://doi.org/10.1007/s00737-016-0701-x.

Wigenstam, E., Elfsmark, L., Bucht, A., Jonasson, S., 2016. Inhaled sulfur dioxide causes
pulmonary and systemic inflammation leading to fibrotic respiratory disease in a rat
model of chemical-induced lung injury. Toxicology 368-369, 28–36. https://doi.org/
10.1016/j.tox.2016.08.018.

Wigner, P., Czarny, P., Galecki, P., Sliwinski, T., 2017. Oxidative and nitrosative stress as
well as the tryptophan catabolites pathway in depressive disorders. Psychiatr. Danub.
29 (4), 394–400. https://doi.org/10.24869/psyd.2017.394.

World Health Organization, 2017. Depression: Let's Talk, 2017 ed. . https://www.who.
int/mental_health/management/depression/en/, Accessed date: 2 October 2018.

World Health Organization, 2018. Ambient air pollution - a major threat to health and
climate. Ambient Air Pollut. https://www.who.int/airpollution/ambient/en/,
Accessed date: 2 October 2018.

Organization, World Health, 2018b. Health, Environment and Climate change: Road Map
for an Enhanced Global Response to the Adverse Health Effects of Air pollution:
Report by the Director-General. In: Nadda, J.P. (Ed.), World Health AssemblyWorld
health Organization, Geneva, Switzerland 71.

Zhao, T., Markevych, I., Romanos, M., Nowak, D., Heinrich, J., 2018. Ambient ozone
exposure and mental health: a systematic review of epidemiological studies. Environ.
Res. 165, 459–472. https://doi.org/10.1016/j.envres.2018.04.015.

Zijlema, W.L., Wolf, K., Emeny, R., Ladwig, K.H., Peters, A., Kongsgard, H., Hveem, K.,
Kvaloy, K., Yli-Tuomi, T., Partonen, T., Lanki, T., Eeftens, M., de Hoogh, K.,
Brunekreef, B., Stolk, R.P., Rosmalen, J.G.M., 2016. The association of air pollution
and depressed mood in 70,928 individuals from four European cohorts. Int. J. Hyg.
Environ. Health 219 (2), 212–219. https://doi.org/10.1016/j.ijheh.2015.11.006.

Y. Zeng, et al. Psychiatry Research 276 (2019) 69–78

78

https://doi.org/10.1289/ehp192
https://doi.org/10.1289/ehp192
https://doi.org/10.1093/aje/kww163
https://doi.org/10.1093/aje/kww163
https://doi.org/10.1007/s00127-016-1296-2
https://doi.org/10.1016/s0140-6736(18)32335-3
https://doi.org/10.1016/s0140-6736(18)32335-3
https://doi.org/10.1289/ehp.1104100
https://doi.org/10.1192/bjp.bp.117.202325
https://doi.org/10.1192/bjp.bp.117.202325
https://doi.org/10.1093/toxsci/kfy086
https://doi.org/10.1515/cpp-2017-0009
https://doi.org/10.1515/cpp-2017-0009
https://doi.org/10.1371/journal.pmed.0030442
https://doi.org/10.1371/journal.pmed.0030442
https://doi.org/10.1176/ps.62.7.pss6207_0710
https://doi.org/10.1007/s00213-015-3928-8
https://doi.org/10.1007/s00213-015-3928-8
https://doi.org/10.1016/j.envpol.2017.07.063
https://doi.org/10.1016/j.envpol.2017.07.063
https://doi.org/10.1136/bmjopen-2015-010004
https://doi.org/10.1097/psy.0000000000000009
https://doi.org/10.3390/ijms18051015
https://doi.org/10.1017/s0033291709992285
https://doi.org/10.1289/EHP494
https://doi.org/10.1016/j.envres.2018.05.011
https://doi.org/10.1016/j.envres.2018.05.011
https://doi.org/10.1038/s41598-017-08859-1
https://doi.org/10.1038/s41598-017-08859-1
https://doi.org/10.1371/journal.pone.0195607
https://doi.org/10.2478/v10001-007-0024-2
https://doi.org/10.2478/v10001-007-0024-2
https://doi.org/10.1007/s11869-010-0081-8
https://doi.org/10.1007/s11869-010-0081-8
https://doi.org/10.4137/ehi.s40493
https://doi.org/10.2478/v10001-009-0031-6
https://doi.org/10.1080/01431160801961391
https://doi.org/10.1016/j.ijheh.2017.06.009
https://doi.org/10.1016/j.ijheh.2017.06.009
https://doi.org/10.1016/j.envint.2018.02.012
https://doi.org/10.1016/j.envint.2018.02.012
https://doi.org/10.1289/ehp.1205909
https://doi.org/10.1007/s00737-016-0701-x
https://doi.org/10.1016/j.tox.2016.08.018
https://doi.org/10.1016/j.tox.2016.08.018
https://doi.org/10.24869/psyd.2017.394
https://www.who.int/mental_health/management/depression/en/
https://www.who.int/mental_health/management/depression/en/
https://www.who.int/airpollution/ambient/en/
http://refhub.elsevier.com/S0165-1781(19)30416-0/sbref0054
http://refhub.elsevier.com/S0165-1781(19)30416-0/sbref0054
http://refhub.elsevier.com/S0165-1781(19)30416-0/sbref0054
http://refhub.elsevier.com/S0165-1781(19)30416-0/sbref0054
https://doi.org/10.1016/j.envres.2018.04.015
https://doi.org/10.1016/j.ijheh.2015.11.006

	Ambient air pollution exposure and risk of depression: A systematic review and meta-analysis of observational studies
	Introduction
	Methods
	Search strategy
	Selection criteria and process
	Data extraction and quality assessment
	Statistical analyses

	Results
	Study characteristics
	PM2.5 exposure and the risk of depression
	PM10 exposure and the risk of depression
	NO2 exposure and the risk of depression
	Other air pollutant exposure and the risk of depression
	Air pollution exposure and different depression outcomes
	Sensitivity analyses
	Subgroup analysis

	Discussion
	Funding
	Conflicts of interest
	Supplementary materials
	References




