Psychiatry Research 276 (2019) 69-78

Contents lists available at ScienceDirect

Psychiatry Research

Psychiatry Research

journal homepage: www.elsevier.com/locate/psychres

Research article

updates

Ambient air pollution exposure and risk of depression: A systematic review M)
and meta-analysis of observational studies

Ying Zeng™”, Ruoheng Lin, Li Liu", Yiting Liu®, Yamin Li""

@ Xiang Ya Nursing School, Central South University, Changsha, Hunan, China
® Clinical Nursing Teaching and Research Section, The Second Xiangya Hospital, Central South University, Changsha, Hunan, China
© The Second People's Hospital of Hunan Province, Brain Hospital of Hunan Province, Changsha, Hunan, China

ARTICLE INFO ABSTRACT

Keywords: Recent studies have reported an association between air pollution exposure and depression, with inconsistent
Air pollution results. To address this controversy, we conducted a systematic review and meta-analysis of published ob-
Depression servational studies that investigated outdoor air pollution and depression. Five electronic databases were

Particulate matter

searched, and fifteen articles were finally identified. Pooled odds risks were calculated separately based on
Meta-analysis

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 PM, 5 and short-term exposure to PM; 4, NO,, SO,, 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
(PM, s, particles with an aerodynamic diameter <2.5pum; PM;,, par-
ticles with an aerodynamic diameter <10 pm) and gas pollutants (NO,,
nitrogen dioxide; SO,, sulfur dioxide; Oz, Ozone; CO, carbon
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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: PM, 5 < 10 ug/m®; PM;q < 20 pg/m>
NO, < 40ug/m?), 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 PM, 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 PM, s 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 PM,s 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 PM, 5 in Canada (Zijlema et al., 2016). Short- and
long-term exposure to PM;y, NO5, SO5, 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; fLopuszariska and
Makara-Studziniska, 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; Lopuszafiska and Makara-Studzifiska, 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: PM, 5, PM;, NO,, SO,, 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
PM, 5, PM; ¢, NO», SO, 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).
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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% ClIs, 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 pg/m3 for
PM,5; 10 ug/m? for PM;; 5 ppb for NO,, SO,, Og; 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% ClIs were calcu-
lated using fixed or random effect model, and chi-square test and I
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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Study obtained by searching in PubMed, Web

of Science, Embase, The Cochrane Library

and ClinicalKey after finding duplicates.
(N=6431)
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Irrelevant articles after glancing over

A 4

Articles for detailed reading
(N=73)

> title and abstract (N=6358)

Articles excluded for following reasons:
(1) Review (N=6), Comment or letter

»| (N=7), popular science article (N=1)

A (2) Not mention any of included
Articles exploring the relationship between pouumfs (PM, 5, PMip, NO, SO,, Os,
outdoor air pollution (PMy 5, PM;, NO,, SO, CO) (N=12)
03, CO) and depression considered included S Thel"e was no cleirly defined
in systematic review dep, ression group ‘(N—22)

(N=15) (4) Animal experiment (N=1)
(5) Conference article (N=9)
v "| (1) Duplicated report (N=1)

Articles included about depression for meta-
analysis
(N=14)

Fig. 1. Flow diagram of the study selection process.

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. PM; 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 PM, s, and 2
cohort studies and 2 case-crossover studies were included for short-term
exposure. Statistical significant association between long-term exposure
to PM,s (OR = 1.06, 95% CI: 1.00, 1.13 per 5pug/m?® increase) and
depression was found, with moderate heterogeneity (I* 41.4%,
p = 0.082). The summarized risk estimate was 1.01 (95% CIL: 0.99,
1.03) per 5ug/m® increase for short-term exposure, and the hetero-
geneity % = 69.6%, p = 0.020) was significant (Fig. 2(a)).

3.3. PM; exposure and the risk of depression

Four cohort studies and two cross-sectional studies were included
for meta-analysis for long-term exposure to PM;,. The summarized risk
estimate for long-term exposure was 1.04 (95% CI: 0.85, 1.26) per
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10 ug/m® increase, with substantial heterogeneity (I* 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
PM;, and significant association (OR = 1.03, 95% CIL: 1.01, 1.05 per
10 ug/m® increase) was found with heterogeneity (> = 88.5%,
p < 0.001) (Fig. 2(b)).

3.4. NO; exposure and the risk of depression

Fig. 2(c) shows the association between exposure to NO, 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% CIL: 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 SO,, CO and Os. The pooled estimates was significant for
short-term exposure to SO, (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 Oz 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 PM, 5 (OR = 1.05, 95%: 1.02, 1.09
per 5pg/m? increase) and short-term exposure to PM;o (OR = 1.07,
95%: 1.02, 1.12 per 10 ug/m? increase). Depressive disorder was re-
lated to short-term exposure to PM, 5 (OR = 1.00, 95% CI: 1.00, 1.01
per 5 ug/m3 increase), PM;o (OR = 1.02, 95% CI: 1.00, 1.05 per 10 pg/
m? increase) and NO, (OR = 1.03, 95% CI: 1.02, 1.03 per 5 ppb in-
crease). Nevertheless, other association was not statistically significant.
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Study %
D OR (95% Cl) Weight

Long-term exposure

Kim (2016) —_— 1.26 (1.01, 1.58) 5.98
Zijlema-FINRISK (2016) 1.39 (0.64, 3.05) 0.57
Zijlema-KORA (2016) 1.06 (0.25,4.51) 0.17
Zijlema-Lifelines (2016) 1.04 (0.32,3.40) 0.25
Vert-DD (2017) —————>4.38(1.70, 11.30) 0.39
Vert-DS (2017) e 1.23(0.70,2.16) 1.08
Kioumourtzoglou-DD (2017) e 0.99 (0.91, 1.08) 21.53
Kioumourtzoglou-DS (2017) e 1.04 (0.98, 1.11) 27.39
Lin (2017) - 1.05(1.01,1.09) 32.67
Pun (2017) 1.14 (0.97, 1.34) 9.97
Subtotal (I-squared = 41.4%, p = 0.082) O 1.06 (1.00, 1.13) 100.00
Short-term exposure

Wang (2014) e 0.56 (0.32,0.97) 0.12
Pun (2017) .- 1.08 (1.00, 1.16) 5.92
Szyszkowicz (2009) 4 1.01 (1.00, 1.03) 41.04
Wang (2018) > 1.00 (1.00, 1.01) 52.92
Subtotal (I-squared = 69.6%, p = 0.020) P 1.01(0.99, 1.03) 100.00

NOTE: Weights are from random effects analysis

3 1 6
(a)
Study %
D OR (95% Cl) Weight
Long-term exposure
Zijlema-Lifelines (2016) 0.43 (0.07, 2.62) 1.10
Zijlema-KORA (2016) 0.81(0.31,213) 361
Zijlema-FINRISK (2016) —_— 1.08 (0.50, 2.33) 5.38
Zijlema-HUNT (2016) —_— 0.36 (0.20, 0.66) 8.18
Vert-DS (2017) S — 1.95 (1.00, 3.80) 6.83
Vert-DD (2017) —_————————————+—> 652(1.82,2335) 2.15
Shin-DS (2018) - 1.12(1.04,1.18)  36.74
Shin-DD (2018) -+ 1.02 (0.94, 1.10) 36.01
Subtotal (I-squared = 75.2%, p = 0.000) <> 1.04 (0.85,1.26)  100.00
Short-term exposure
Wang (2018) 1.01(1.00, 1.01) 32.45
Cho (2014) 3 104 (1.01,1.07) 2407
Szyszkowicz (2009) . 1.03 (1.02, 1.05) 29.07
Lim (2012) o 107 (1.02,112) 1441
Subtotal (I-squared = 88.5%, p = 0.000) 0 1.03(1.01,1.05)  100.00
NOTE: Weights are from random effects analysis
[ [

2 1 10
(b)

Study %
D OR (95% CI) Weight
Long-term exposure
Shin-DS (2018) [+ 1.04 (1.01,1.07) 37.67
Vert-DS (2017) —_— 1.12(0.89, 1.42) 6.91
Zijlema-Lifelines (2016) —_— 1.04 (0.68, 1.59) 2.43
Zijlema-KORA (2016) 0.75(0.33,1.73) 0.66
Zijlema-HUNT (2016) —_— 0.79 (0.65, 0.94) 10.41
Zijlema-FINRISK (2016) _— 0.96 (0.56, 1.65) 1.52
Shin-DD (2018) - 1.01 (1.00, 1.05) 37.59
Vert-DD (2017) —_— 2.04 (1.38,3.02) 281
Subtotal (I-squared = 69.9%, p = 0.002) > 1.02 (0.96, 1.09) 100.00
Short-term exposure
Lim (2012) -~ 1.06 (1.02, 1.11) 20.73
Wang (2014) —— 1.41(0.99,2.00) 0.55
Cho (2014) ~ 1.04 (1.00, 1.08) 27.71
Szyszkowicz (2009) d 1.02(1.02,1.03) 51.01
Subtotal (I-squared = 52.0%, p = 0.100) 4} 1.04 (1.01,1.07) 100.00

T T

.25 1 4

(c)

Fig. 2. Forest plot of the association between depression and exposure to air pollution. (a) PM,s; (b) PM;g; (c) NO,. DS, depressive symptom; DD, depressive
disorders. Odds ratios per 1 standard deviation for PM, 5 (5 ug/m®), PM;o (10 ug/m?), NO, (5 ppb).
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Table 2
The effect of exposure to air pollution on depression.

Psychiatry Research 276 (2019) 69-78

Pollutants Long-term exposure Short-term exposure

N OR (95% CI) P 2 N OR (95% CI) p 2
SO, 1? 0.97 (0.66, 1.41) 0.869 89.3% 2 1.03 (1.00, 1.06) 0.029 76.8%
Cco 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%

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

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
PM, s 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; I> = 0%) (Fig. Sla) (Vertet al.,
2017). The stratified sensitivity analysis confirmed the positive asso-
ciation between long-term exposure to PM, 5 and depressive symptoms
(Fig. S1b).

For the effect of long-term exposure to PM; and NO, 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. Slc and S1d). The stratified sensitivity analyses also showed a
decreased heterogeneity and an increased risk of depressive symptoms
caused by the exposure to PM;, (OR = 1.12, 95% CIL: 1.05, 1.19;
I? = 4.3%; Fig. S1E) and NO, (OR = 1.04, 95% CI: 1.02, 1.07; I = 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 PM, 5, PM;o, NO, and depressive symptom.

As a result, for the association between long-term exposure to PM, s
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

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

remained low in all subgroup analyses.

For subgroup analyses of depressive symptoms and PM;, and NO,
(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 PM,s (OR = 1.05, 95% CI:
1.02, 1.09), PM;, (OR = 1.12, 95% CL 1.05, 1.19), and NO,
(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; Lopuszariska and Makara-
Studzifiska, 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 O;. How-
ever, few studies have explored the effects of exposure to SO, 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 PM, s and short-term ex-
posure to PM;q, NO,, SO,, CO significantly increased the risk of de-
pression. For different depression outcomes, long-term exposure of
PM, s and short-term exposure to PM;, were risk factors for depressive
symptom. Moreover, short-term exposure to PM,s, PM;g, NO, in-
creased the risk of depressive disorders. Overall, we found that an in-
creased risk of depression with PM, 5 exposure. However, the results of

Pollutants Depressive symptom Depressive disorders

N OR (95% CI) P s N OR (95% CI) p s
PMas
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%
PMio
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%
NO,
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%
03
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 PM, 5 (5 pg/m3), PM;, (10 pg/m3), NO, (5 ppb) and Os (5 ppb).
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Table 4
Subgroup analysis of long-term exposure to PM, s, PM;9, NO, and depressive symptom.

Study characteristics PM, 5 PM;o NO,

N OR (95% CI) P N OR (95% CI) P N OR (95% CI) s
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: PM, s: high, more than 15 ug/m3; low, less than 15 ug/m3; PM;: high, more than
15 ug/m?; low, less than 15 ug/m>; NO,: high, more than 20 ug/m?; low, less than 20 ug/m?>.

PM;, 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 PM;,, NO, 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
PM,s, PM;y, NO, 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 PM;, reported a
much higher risk of depression (OR = 1.155, 95% CI: 1.058, 1.262;
PM;o: 54.15 pg/ms) than in Canada (OR 1.064, 95% CI: 1.038,
1.094; PM;: 19.4pug/m?), 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 PM;, and NO, (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
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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 PM;, as an example, mean con-
centration in Norway from the HUNT cohort was 11.0 ug/m®, which
was a fifth in Korea (54.15 pg/mS) (Cho et al., 2014), and a half in the
Netherland (23.95 ug/mS) (Zijlema et al., 2016). Based on the results of
sensitivity analysis, the absence of correlation between long-term ex-
posure to PM;o, NO, 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 PM, s was more sig-
nificant among the studies that have adjusted for smoking, chronic
diseases. Similarly, for exposure to PM;, and NO,, 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
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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., NO5) (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 PM, s,
PM;4, NO,, SO,, 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,.
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