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Introduction
Depression is one of the most common mental health problems 
and is a significant cause of morbidity. Depression interferes 
with daily functioning and quality of life and places significant 
burden on the health care system.1 Depression is also an impor-
tant risk factor for suicide.2 Many factors contribute to the eti-
ology of depression, including stressful life events,3,4 medical 
treatments, nonpsychiatric illnesses, such as neurological con-
ditions,5 stroke,6 diabetes,7 and cancer,8 and psychological fac-
tors. Recent studies have demonstrated an association between 
air pollution and depressive symptoms in humans.9–18

Gaseous ambient air pollutants such as ozone are known 
to behave as harmful agents.19 Fine particulate matter are 
associated with increased mortality due to respiratory disease, 
heart disease, and stroke.20 Ozone exposure is known to affect 
health19,21–28 and is mainly a risk factor for respiratory con-
ditions such as asthma.29–31 Several studies have also linked 
ambient ozone to nonrespiratory conditions such as cardiac 
disease,31,32 appendicitis,33 headaches and migraines,34 and 
skin conditions.35–39 Moreover, because of its oxidative prop-
erties, ozone may induce oxidative stress, affecting the central 
nervous system (CNS), which is a potential cause of depression.40 

Indeed, some studies have demonstrated links between ozone 
levels and depression9,10,16 and suicide attempts.11,40,41

A study conducted in Edmonton, Canada, suggested 
that emergency department (ED) visits for depression are 
associated with exposure to ambient air pollution.9 This 
time series study analyzed 15,556 ED visits for depression 
between 1992 and 2002. In another Canadian study, a hier-
archical clusters design was used to examine 27,047 ED visits 
for depression in 6 Canadian cities. Results showed a corre-
lation between ED visits for depression and ambient air pol-
lution, most of which results from the combustion of fossil 
fuels, such as from motor vehicles.10 A study of 537 partici-
pants in Seoul, Korea, reported that an increase in ambient 
air pollution, specifically PM2.5, NO2, and O3, was associ-
ated with an increase in depressive symptoms among elderly 
adults. These results add to the growing body of literature, 
suggesting an association between ambient air pollution and 
emotional symptoms.16

Suicide attempts as a result of depression have also 
been linked to air pollution exposure. In a study in Vancou-
ver, Canada, ambient air pollution was associated with ED 
visits for suicide attempts.11 A study in Taipei city, Taiwan, 
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exami ned 4,857 deaths by suicide, demonstrating a temporal 
relation between suicide and air pollution.41

Results from several studies suggest that exposure to air 
pollutants may affect men and women differently.42 For exam-
ple, sex hormones estradiol and testosterone are known to 
influence transportation and accumulation of toxic chemicals 
to the brain and other organs. It is not yet known how these 
sex differences might bear on depression and suicide risk.42

Only limited number of studies have been reported on 
the relations between air pollution and depression, and most 
of these studies were done in a single city with small sample 
size. This might be as a result of the fact that depression is 
not a conventional disease that has been biologically linked 
to air pollution. The aim of this multicity study was to inves-
tigate the association between ambient air pollution, espe-
cially ozone exposure, and ED visits for depression during 
the period from April 2004 to December 2011 in nine urban 
areas across Ontario, Canada: Algoma, Halton, Hamilton, 
London, Ottawa, Peel, Toronto, Windsor, and York. We also 
examined the relations between air pollution exposure and risk 
of suicide attempts among patients admitted to the ED for 
depression. We conducted this multicity study to see whether 
the results would corroborate past findings on air pollution 
and depression.

Materials and Methods
A case-crossover (CC) design was used to evaluate the poten-
tial association between ED visits for depression and ambi-
ent air pollution.43 ED visits were used to represent health 
outcomes and were analyzed as separate individual cases. We 
have expressed air pollutant concentrations, temperature, and 
relative humidity as daily mean values. Analyses were con-
ducted separately for males and females.

health data. Data were retrieved from the National 
Ambulatory Care Reporting System (NACRS). The NACRS 
contains data for all hospital and community-based ambula-
tory care such as day and night surgery, outpatient clinics, 
and ED visits, which are reported from Ontario’s hospitals 
and have been collected at the time of services in participat-
ing hospitals (for more information, see Canadian Institute 
for Health Information website: www.cihi.ca). ED visits for 
depression were retrieved from the NACRS using the Inter-
national Classification of Diseases, Tenth revision (ICD-10) 
codes ICD-10: F32 (mild depressive episode) and ICD-10: 
F33 (recurrent depressive disorder), during the period of April 
2004 to December 2011. ICD-10 codes with prefix “F” (men-
tal and behavioral disorders) were also retrieved for the second 
part of the study.

environmental data. The environmental data were 
obtained from Environment Canada (see NAPS website: http://
www.etc-cte.ec.gc.ca/NapsData). To obtain data on ambient 
air pollution, NAPS stations within 35 km of each patient’s 
three digit postal codes were identified. The daily average values 
of ozone (O3), nitrogen dioxide (NO2), fine particulate matter 

with a median aerodynamic diameter no greater than 2.5 µm 
(PM2.5), and sulfur dioxide (SO2) were calculated by averaging 
over all the stations within this 35 km radius. Data on carbon 
monoxide levels were eliminated from the study due to large 
amounts of missing data in most of the cities. Hourly data 
for relative humidity and temperature for all cities were also 
retrieved from Environment Canada. We calculated the daily 
levels for these weather parameters by averaging hourly data 
over 24-hour periods. Only stations within 100 km of each 
patient were considered. If more than one station was available 
for a patient, the daily values of all stations were averaged.

statistical analysis. Two stages of statistical analysis were 
performed. First, a time-stratified CC design was applied.44 
This method is an adaptation of the case–control design in 
which cases act as their own controls on a set of predefined 
control days proximate to the time of admission to hospital. 
This method has become very popular in studies of air pollu-
tion as it avoids confounding by individual characteristics and 
longer time-varying covariates such as seasonal effects.45

A P-value less than 0.05 was considered statistically sig-
nificant in all presented statistical results. Results are reported 
as odds ratios (ORs) and 95% confidence intervals (CIs) asso-
ciated with an increase in interquartile range (IQR) of the 
air pollutants, after controlling for daily temperature and 
humidity. ORs for O3, NO2, PM2.5, and SO2 were calculated 
separately for each city by using the PROC PHREG proce-
dure in SAS (Enterprise Guide, version 4.2). Several different 
time lags for air pollutants and meteorological factors were 
modeled, from same-day exposure (ie, 0 day lag) to exposure 
8 days before admission (ie, 0–8 day lag). In order to reduce 
bias, the control periods were selected from the same day of 
the week as the case’s hospital visit, in the same month and 
year; for each case, three or four controls were selected.

The second stage involved a meta-analysis of the estimates 
and their standard errors to achieve a pooled effect estimate. 
To test the assumption that individual effect sizes represent 
the same underlying parameter for all cities, both fixed- and 
random-effects models were calculated.46 Meta-analysis and 
meta-regression were performed using R.47

results
The total number of ED visits for depression identified in this 
study was 118,602. Figure 1 shows frequency (counts) of ED 
visits for depression by sex and age from 0 to 100 years. The 
patients aged 100 years and older are represented on the graph as 
100 years (ie, by one point). The highest number of visits occurred 
in the group between 16 and 25 years. The highest frequency of 
ED visits was at the age of 17 years for females (n = 1,803) and 
43 years for males (n = 1,182). Females made more ED visits 
for depression (58%) than did males (42%). Table 1 shows the 
frequency of visits by age group, sex, city, and season: cold months 
(October–March) and warm months (April–September). Table 2 
shows the frequency of visits by type (mild depressive episode or 
recurrent depressive episode). The majority (95%) of visits were 
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for mild depressive episode (ICD-10 code F32) versus recurrent 
depressive disorder (ICD-10 code F33).

Descriptive statistics for relative humidity and tempera-
ture of each city are presented in Table 3. Descriptive statistics 
for air pollutants by city are presented in Table 4.

The results of pooling estimates (fixed effects) for depres-
sion across all cities were calculated for warm months (April–
September) and cold months (October–March), as well 
as collapsed across all months. ORs and their 95% CI were 
calculated for a one unit increase in IQR = 75th percentile–
25th percentile of air pollutants. The IQR values are 9 ppb, 
14.5 ppb, 7.12 µg/m3, and 2.5 ppb, respectively, for daily means 
of NO2, O3, PM2.5, and SO2. When all months were consid-
ered together, exposure to O3 was associated with increased 
risk of an ED visit for depression in both females and males at 
multiple time lags (see Table 5). Increased SO2 was also asso-
ciated with increased risk for females seven days after expo-
sure, OR = 1.013 (1.001, 1.025). For males, exposure to PM2.5 
was associated with increased risk one day after exposure, 
OR = 1.014 (1.000, 1.028).

Analyses were also conducted considering cold and warm 
months separately. Results for the warm months are presented 
in Figure 2 for males (left panel) and females (right panel). 
The pattern of results was similar to the pattern reported for 
all months together. In contrast, when only cold months were 
considered, few significant effects emerged. During the cold 
months, exposure to O3 was associated with increased risk of 
ED visit for depression 2, 3, 5, 6, 7, and 8 days after exposure 
for females only. No other statistically significant results were 
observed for the cold months.

random-effects estimates. Random-effects estimates 
allow the possibility that the estimates from different cities 
may be estimates of different parameters. Results of a Q-statistic 
test indicated that for the majority of estimates (92%), the 
fixed-effects model was a good fit for the data. Approximately 
8% of the estimates violated this assumption. Effects were cal-
culated using random-effects meta-analysis (data not shown), 

and patterns of results were similar to those obtained using 
fixed-effects analysis.

comorbidity of depression and suicide attempt. In 
order to examine comorbidity of depression with suicide 
attempts, we identified patients who in addition to a primary 
diagnosis of depression had also attempted suicide. For this 
purpose, among all 118,602 visits for depression during the 
study period, we identified the patients whose secondary 
ICD-10 code starts with X6 (suicide by cause of poisoning), 
X7 (suicide by cause of hanging, strangulation, suffoca-
tion, drowning, cutting, and/or piercing with sharp object),  
or X80-3 (suicide by cause of jumping from a high place, 
jumping, or lying before a moving object). Because of the 
small sample size of this study, we considered both genders 
for all the cities together (N = 4,131 patients; 67% females, 
33% males). The most visits occurred in the age group between  
16 and 25 years. The highest frequency occurred at the age 
of 19 years among both females (4.63%) and males (3.59%). 
Analyses did not reveal a significant association between 
exposure to air pollutants and risk of suicide attempts.
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figure 1. Frequency of ED visits for depression by sex and age (April 
2004–December 2011).

table 1. Frequency of visits by sex, age group, season  
(cold: October–March, warm: April–September), and city  
(April 2004–December 2011; n = 118,602).

CAtEgoRY fREquEnCY (%)

Sex

Female 69,132 (58)

Male 49,462 (42)

Age group

[0,15] 3,971 (3)

[16,25] 25,543 (22)

[26,35] 22,320 (19)

[36,45] 24,567 (21)

[46,55] 22,110 (19)

[56,65] 11,100 (9)

66+ 8,991 (7)

Season

Cold 58,145 (49)

Warm 60,457 (51)

City/Region

Algoma 5,392 (5)

Halton 7,813 (7)

Hamilton 10,054 (8)

London 8,190 (7)

Ottawa 13,860 (12)

Peel 13,077 (11)

Toronto 41,535 (35)

Windsor 9,927 (8)

York 8,754 (7)

note: Some cases do not have specified sex, by a consequence the total 
number of males and females are not equal to the total number of ED visits for 
depression.
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discussion
This study investigated the effect of short-term exposure to 
ambient air pollution on ED visits for depression. To this end, 
we examined records from 118,602 ED visits for depression 
by patients across nine major urban areas in the province of 
Ontario, Canada. To our knowledge, this is among the largest 
multisite studies of ED visits for depression. Multisite studies 
have the advantage of generating more reliable results and tend 

table 2. Frequency of visits by type (mild depressive episode – 
recurrent depressive).

iCD10 ShoRt DESCRiPtion fREquEnCY (%)

F320 Mild depressive episode 337 (0.3)

F321 Moderate depressive episode 357 (0.3)

F322 Severe depressive episode without 
psychotic symptoms

16,902 (14.3)

F323 Severe depressive episode with 
psychotic symptoms

2,889 (2.4)

F328 Other depressive episodes 1,093 (0.9)

F329 Depressive episode, unspecified 91,210 (76.9)

F330 Recurrent depressive disorder, 
current episode mild

50 (0.0)

F331 Recurrent depressive disorder, 
current episode moderate

137 (0.1)

F332 Recurrent depressive disorder, 
current episode severe without 
psychotic symptoms

1,997 (1.7)

F333 Recurrent depressive disorder, 
current episode severe with 
psychotic symptoms

330 (0.3)

F334 Recurrent depressive disorder, 
currently in remission

22 (0.0)

F338 Other recurrent depressive 
disorders

116 (0.1)

F339 Recurrent depressive disorder, 
unspecified

3,162 (2.7)

 

table 3. Descriptive statistics for relative humidity and 
temperature during the period of April 2004–December 2011 in 
nine cities.

CitY VARiAblE MiniMuM MEAn MAxiMuM iqR

Algoma H 29.0 75.1 100.0 14.7

t −26.2 6.2 26.4 16.4

Halton H 35.7 70.5 95.5 15.9

t −17.9 9.7 31.0 16.1

Hamilton H 36.2 76.2 100.0 15.7

t −19.8 9.0 30.0 16.8

London H 33.2 73.5 98.9 14.5

t −19.7 9.1 30.6 16.9

Ottawa H 26.7 72.2 100.0 18.4

t −26.6 7.9 29.6 17.7

Peel H 27.6 70.2 99.8 16.1

t −20.3 9.7 31.7 16.9

Toronto H 24.6 72.5 99.7 16.8

t −19.3 10.1 31.5 16.2

Windsor H 32.4 69.5 97.4 16.3

t −19.5 11.0 30.4 17.3

York H 30.1 70.1 100.0 16.2

t −20.0 9.0 32.0 16.9

Abbreviations: IQR, interquartile range; H, humidity (in %); T, temperature (in 
Celsius).

table 4. Descriptive air pollution statistics in nine cities (April 
2004–December 2011).

CitY PollutAntS MiniMuM MEAn MAxiMuM iqR

Algoma no2 0.0 5.1 24.0 4.0

o3 2.0 28.5 80.0 14.0

PM2.5 0.0 5.3 29.0 4.3

so2 0.0 1.1 17.0 2.0

Halton no2 1.0 12.9 51.2 7.7

o3 2.0 25.8 67.7 14.0

PM2.5 0.5 7.7 34.2 5.8

so2 0.0 2.3 14.0 2.0

Hamilton no2 1.7 13.9 63.0 9.5

o3 1.5 26.3 70.0 13.5

PM2.5 0.0 9.8 64.2 7.6

so2 0.0 4.1 35.5 4.1

London no2 0.0 10.9 51.0 7.0

o3 1.0 26.3 66.0 14.0

PM2.5 0.0 9.5 66.3 7.2

so2 0.0 1.7 15.0 1.0

Ottawa no2 1.0 8.7 47.0 7.0

o3 1.0 24.1 66.5 13.0

PM2.5 0.0 7.0 67.7 6.3

so2 0.0 0.8 13.0 1.0

Peel no2 2.0 13.2 54.0 9.5

o3 1.0 25.0 69.5 13.5

PM2.5 0.0 8.5 64.9 6.8

so2 0.0 1.4 12.0 1.5

Toronto no2 4.5 18.5 62.1 9.4

o3 1.5 22.5 60.7 13.4

PM2.5 0.0 9.3 66.8 7.4

so2 0.0 1.8 13.7 1.8

York no2 0.0 8.2 47.0 7.0

o3 3.0 29.2 71.0 14.0

PM2.5 0.0 6.7 27.0 6.0

so2 0.0 1.2 8.0 2.0

Windsor no2 2.4 15.6 55.5 8.1

o3 1.0 25.7 68.5 16.1

PM2.5 0.8 9.5 33.6 7.4

so2 0.0 4.3 24.3 4.5

Abbreviations: IQR, interquartile range; NO2, nitrogen dioxide; O3, ozone; 
PM2.5, particulate matter with a median aerodynamic diameter no greater than 
2.5 µm. NO2, o3, and SO2 in ppb, PM2.5 in micrograms per cubic meter.
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to be less vulnerable to bias when compared to small studies 
conducted at individual centers.48 Overall, results indicated 
that short-term exposure to increased levels of several common 
pollutants is significantly associated with increased risk of an 
ED visit for depression.

Several studies suggest that outdoor air pollution, espe-
cially ozone, particulate matter, and carbon monoxide may 

have a significant impact on CNS health and disease.49–52 
Ozone, because of its oxidative properties, may induce oxida-
tive stress in the CNS, which is a potential cause of depres-
sion.40 Several previous studies have linked ozone levels to 
depression9,10,16,53 and suicide attempts.11,40,41 In this study, 
higher ozone levels were associated with increased risk of hos-
pital visits for depression, for both males and females, at mul-
tiple time points within the eight days immediately following 
exposure. The effect of ozone seemed more pronounced during 
the warm months (April–September) than the cold months 
(October–March). These results are supported by previously 
published studies of the effects of ozone on depression.9,10,16 
The levels of ozone are also higher in warm seasons. Results 
of the current study also suggest an association between ED 
visits for depression and levels of PM2.5, NO2, and SO2.

There is a growing body of literature linking depression with 
exposure to air pollution. A large epidemiological study of 15,556 
ED visits in Edmonton, Canada, found similar evidence for an 
association between ozone exposure and depression, reporting 
that higher daily ozone levels were associated with more ED  
visits for depression one day post exposure.9 This study also 
reported effects of increased levels of carbon monoxide, nitrogen 
oxide, sulfur dioxide, and airborne particulate matter on emer-
gency visits for depression. Similarly, a study of 537 participants 
in Seoul, Korea, reported that an increase in ambient air pollution, 

figure 2. Results of pooling estimates (fixed effect) for depression among the nine cities during the warm season (April–September). Extracted from the 
period April 2004–December 2011.

table 5. Results of pooled estimates predicting ED visits for 
depression from exposure to ozone across nine cities, all months 
considered together.

lAg MAlES
oR (95% Ci)

fEMAlES
oR (95% Ci)

0 1.003 (0.981, 1.025) 1.012 (0.993, 1.030)

1 1.016 (0.994, 1.038) 1.021 (1.003, 1.040)*

2 1.022 (1.000, 1.044)* 1.028 (1.010, 1.046)*

3 1.030 (1.008, 1.051)* 1.030 (1.012, 1.048)*

4 1.024 (1.002, 1.046)* 1.020 (1.002, 1.038)*

5 1.022 (1.000, 1.044)* 1.027 (1.008, 1.045)*

6 1.018 (0.996, 1.040) 1.027 (1.009, 1.046)*

7 1.015 (0.992, 1.037) 1.023 (1.005, 1.042)*

8 1.034 (1.012, 1.056)* 1.016 (0.998, 1.035)

note: *P-value , 0.05.
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PM2.5, NO2, and O3 may increase depressive symptoms among 
elderly adults. These results support the hypothesis that ambient 
air pollution is associated with emotional symptoms.

In further support of this hypothesis, studies using post-
mortem sampling have identified particulate matter in the 
human brain, albeit of unknown composition and origin.54 
Some authors have suggested that ambient particulate matter, 
such as that originating from diesel exhaust, may have toxic 
effects on dopaminergic neurons in the brain. This neurotoxic-
ity may be a result of oxidative stress and has been hypothesized 
to affect depressive moods.55–57 Other authors have suggested 
a link between air pollutant exposure and levels of serotonin,58 
a neurotransmitter that has also been implicated in depres-
sion.59 Rat studies have demonstrated a near immediate effect 
of exposure to ozone on metabolism of both dopamine and 
serotonin.60 It is not yet known whether ozone may contribute 
to imbalances in these neurotransmitters in humans.

Suicide attempts as a result of depression have also been 
linked to air pollution exposure.11,40,41 In this study, we exam-
ined data from patients who in addition to a primary diagnosis 
of depression had also attempted suicide. We did not find any 
significant associations between suicide attempt and exposure 
to the air pollutants studied. These results are in contrast to 
results of other studies linking ambient air pollution to suicide 
risk.11,40,41 A study from Vancouver, Canada, showed a poten-
tial link between the effects of ambient air pollution on ED 
visits for suicide attempts.11 A study in Middle Franconia of 
1,008 suicides and 917 suicide attempts from 2004 to 2007 
reported that days on which two or more suicides occurred had 
higher ambient ozone levels than those days on which one or 
zero suicides were observed.40 This study also reported a seasonal 
effect on suicide, with higher than usual suicide rates observed 
from July to September, when ozone levels are typically highest.  
A study of 4,857 deaths by suicide in Taipei City, Taiwan, assessed 
the temporal relation between suicide and air pollution.41 The 
authors reported that higher levels of gaseous air pollutants 
such as O3 and SO2 were associated with an increased risk of 
suicide at longer time delays. Their findings also suggested a 
seasonal pattern of increased suicide occurring in early summer. 
A seasonal variation in suicide with a peak in March–April and 
August, respectively, and with a decrease in December–January 
was also reported in Belgium for the period 1979–1987.61

Disparities in sampling strategies may contribute to the 
conflicting findings between studies. The present study exam-
ined the link between exposure to air pollutants and suicide 
risk only among patients with an ED visit for depression. The 
previously reported link between ambient air pollution and 
suicide may therefore be explained by the increased risk of 
depression conferred by exposure to pollutants.

In addition, many studies reporting associations between 
air pollution exposure and suicide have not accounted for 
meteorological variables such as ambient temperature, which 
may explain the previously reported link between summer 
months and suicide risk.40 Ozone levels tend to be higher on 

warmer days, and results of the present study suggest that the 
association between ozone levels and suicide is not statistically 
significant. Some authors have suggested that seasonal trends 
in suicide may be due in part to higher ambient temperatures 
during the summer months, rather than due to high ozone 
levels. Psychological factors, such as aggression and impulsiv-
ity, may be influenced by higher temperatures and may account 
for increases in suicide risk in the summer months.62 However, 
results of the present study indicated that even when meteo-
rological factors were controlled for, associations between 
ambient air pollution and ED visits for depression were more 
pronounced during the summer months. This suggests that 
additional factors may be at play in the potentially complex 
relationship between season, air pollution, and depression.

conclusions
Results of this study suggest that ED visits for depression are 
associated with short-term exposure to ambient air pollut-
ants and that this pattern of association differs for warm vs. 
cold months in Canada. Nonetheless, these findings should 
be interpreted in light of certain limitations. The cases of 
depression assessed by this study were only those in which 
individuals sought ED treatment. Presumably, these represent 
more severe depressive episodes, but future research assessing 
associations between pollutant exposure and depression in a 
community sample would lend more confidence to our con-
clusions. The results from this study agree with the recently 
reported conclusions from observation in rodents that short-
term exposure to ozone or particulate matter activates the 
stress response axis and increases stress hormone levels.63,64 
Efforts to reduce ozone levels in the atmosphere may mitigate 
ED presentations to EDs for depressions.
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