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Abstract
Background: Comorbidity of depression, heart disease, and migraine has been observed in clinical practice, while ambient air pollution 
has been identified among different risk factors for these health conditions. Suicide attempts and ideations as the result of depression 
may be linked to air pollution exposure. Therefore the effects of ambient air pollution on emergency department (ED) visits for suicide 
attempts were investigated.
Methods: Emergency visit data were collected in a hospital in Vancouver, Canada. The generalized linear mixed models technique was 
applied in the analysis of these data. A natural hierarchical structure of the data was used to define the clusters, with days nested in a 
3-level structure (day of week, month, year). Poisson models were fitted to the clustered counts of ED visits with a single air pollutant, 
temperature and relative humidity. In addition, the case-crossover methodology was used with the same data for comparison. The analy-
sis was performed by gender (all, males, females) and month (all: January–December, warm: April–September, cold: October–March).
Results: Both hierarchical and case-crossover methods confirmed positive and statistically significant associations among carbon 
 monoxide (CO), nitrogen dioxide (NO2), sulphur dioxide (SO2), and particulate matter (PM10) for all suicide attempts in the cold period. 
The largest increase was observed for males in the cold period for a 1-day lagged exposure to NO2, with an excess risk of 23.9% (95% 
CI: 7.8, 42.4) and odds ratio of 1.21 (95% CI: 1.03, 1.41). In warm months the associations were not statistically significant, and the 
highest positive value was obtained for ozone lagged by 1 day.
Conclusion: The results indicate a potential association between air pollution and emergency department visits for suicide attempts.
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Introduction
Most studies have found that suicide incidence tends to 
peak during spring and early summer,1,2 a phenomenon 
already recognized by statisticians more than one 
hundred years ago.3 The mechanism underlying the 
seasonality of suicide incidence is still unclear and 
many different factors are likely involved. Recent stud-
ies suggest that exposure to solar radiation may be an 
important factor.4,5 A comprehensive review pointed 
out that many different methodologies have provided 
similar results for climate-suicide associations.6

Suicide attempts or death resulting from suicide 
are usually an outcome of mental disorder,7 and such 
disorders might be affected by air pollutants. Supporting 
this notion is the mounting toxicological evidence from 
experimental animal studies showing that exposure 
to gaseous and particulate air pollutants can cause 
adverse neurological effects ranging from behavioural 
changes to neurodegeneration. A recent study has 
shown a  tentative link between ozone levels and sui-
cidal behaviour in humans,8 while another showed 
an association between carbon monoxide and acute 
depressive episodes.9 Positive and statistically signifi-
cant results were obtained in each of these studies. The 
most recent study10 associated suicide deaths with expo-
sure to ambient particulate matter, and the strongest 
associations (expressed by odds ratios) were observed 
for  persons with underlying cardiac conditions.

We propose the use of generalized linear mixed 
models, a relatively new statistical approach, to 
investigate the relationship between exposure to 
ambient conditions and the number of emergency 
department (ED) visits for suicide attempts. The case-
crossover technique has also been applied as a second 
statistical method for comparison. Here we consider 
ambient air pollution and weather as an exposure and 
emergency department visits for suicide attempts or 
suicide ideation as health outcomes. Our hypothesis 
is that the counts of these visits are related to ambient 
air conditions. Our study is based on four years and 
two months of daily summarized counts of ED visits 
for suicide attempts, taking into account meteorolog-
ical factors. ED data were linked to concentrations 
of ambient air pollutants and weather variables. We 
constructed models for different air pollutants: gases 
(carbon monoxide (CO), nitrogen dioxide (NO2), 
 sulphur dioxide (SO2)) and particulate matter (PM2.5 
and PM10—particulate matter with aerodynamic 

diameters less than 2.5 and 10 µm, respectively). 
In the constructed models we adjusted for weather 
factors.

Materials and Methods
Emergency department visits data
The study population is composed of patients served 
by the emergency department of St. Paul’s Hospital 
in Vancouver, Canada. St. Paul’s Hospital Emergency 
Department is located downtown and services the 
inner city population; although it does not accept 
trauma referrals it has a high volume (55,000/year). 
The study focused on emergency department visits 
between  January 1, 1999 and February 28, 2003. 
194,443 of 199,362 total visits received a viable 
discharge diagnosis in discharge in this 1520-day 
time period.

The health outcomes in the study were diagnosed 
ED visits identified by the standard and unique string 
(“SUICIDE ATTEMPT/IDEATION”). In addition, 
ED visits coded at the hospital as “Mental health” 
complaints were retrieved and analyzed. There were 
9,358 ED visits with this classification. Complaint 
categories were accessible from July 8, 1999 onward. 
They were unavailable for the first six months of the 
study period in the database that was used (missing 
values). As suicide attempts or ideation might be the 
result of mental disorder it is reasonable to examine 
the association between air pollution and “Mental 
health” complaints.

Environmental data
Hourly air pollution data from fixed monitoring 
 stations in Vancouver were obtained from Environment 
Canada. The pollutants considered in the analysis 
were NO2, SO2, O3, CO, PM10, and PM2.5. Air pollution 
hourly values were used to calculate daily means, and 
an average among monitors was used to define a daily 
shared exposure. The same exposure is used for all 
subjects in the study and hence is called a “shared” 
exposure series. This is an assumption that each 
person in the study has the same ambient exposure.

Meteorological data were obtained from Environ-
ment Canada for the period between January 1, 1999 
and February 28, 2003. Daily temperature and  relative 
humidity were calculated as an average among 24 hour 
readings. We used daily mean values and their 1-day 
and 2-day lagged values.
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Statistical analysis
We applied the generalized linear mixed models 
(GLMM) technique on clusters.11 This technique has 
already been proposed for use in the air pollution 
research domain.12 We constructed clusters based on 
a natural relation of the days in the data. Days of the 
same day of the week in the same month and year 
are used to segregate the original data into clusters. 
A cluster may contain 4 or 5 days. Poisson mixed 
models were applied to analyze the resulting clus-
tered counts. The independent variables in the con-
structed models were air pollutant, temperature and 
relative humidity, taken on the same day and 1- and 
2-day lagged values. We considered 3-level hierar-
chical formulations for random effects, whereby 
clusters from the same month contain month-specific 
random effects and clusters from the same year con-
tain random year effects. We assumed a fixed slope 
and random intercept in the constructed models. The 
random intercept allows adjusting for different lev-
els of counts on the clusters, and absorbs cycles and 
trends in time-series of the data. The method is refer-
eed as hierarchical.

To realize our models we used the freely avail-
able R statistical software.13 From this software the 
glmmPQL function was applied. The data used were: 
daily counts of visits for suicide attempts and ide-
ation, daily averages of pollutant levels, temperature, 
relative humidity, and date (day, month, and year). 
Temperature and relative humidity were added to the 
constructed models as natural spline functions with 
3 degrees of freedom to adjust them in the models in 
a nonlinear form. We conducted separate analyses for 
the whole period (January–December), warm months 
(April–September) and cold months (October–March) 
for same day, 1-day and 2-day lagged values.

In addition we used the case-crossover technique 
with a time-stratified approach to determine the 
controls corresponding to cases.14,15 This analysis 
was conducted using the PHREG routine.16 In the 
constructed models for the case-crossover technique 
we used the same approach as proposed by Franklin 
and colleagues in their analysis of PM2.5 and mortal-
ity in 27 communities.17 In this situation, control days 
for a particular case were chosen to be every third 
day within the same month and year that ED visit 
occurred. Day of the week was included in the model 
as an indicator variable. In this model temperature 

and relative humidity were included as a quadratic 
spline on the day of and the day before visit.

Results
Results are presented in the form of four tables 
and one figure. There are 1,605 visits classified in 
discharge with the description “SUICIDE ATTEMPT/
IDEATION”. The hospital used standardized charac-
ter strings to identify the causes of ED diagnosed vis-
its. The visits for suicide attempts represented 0.8% of 
all visits, with a mean value of 1.1 visits per day and a 
standard deviation of 1.1. The maximum noted num-
ber of visits per day was 9. Table 1 shows the number 
of visits by gender and age group. The table demon-
strates that 65% (n = 1,042) of all patients were male, 
and 61.3% (n = 985) of cases occurred among patients 
younger than 40 years of age. The percentages of 
all visits per day of the week starting from Sunday 
were 13.4, 13.9, 15.8, 14.4, 15.3, 12.9 and 14.3%, 
respectively. In July was 10.0% (in June 9.7%) and in 
February and December was 6.9% of all visits. Table 2 
presents some characteristics of ambient conditions in 
Vancouver. The presented interquartile range (IQR) 
for daily mean values was used to report the percent-
age changes in relative risks (%RR = (RR - 1) * 100%, 
where RR is the relative risk).

Table 3 shows the results for two periods: whole 
(January–December) and cold (October–March). The 
estimated values of excess risks (%RR) and odds ratios 
(OR) for each air pollutant are presented with 95% 
confidence intervals (95% CI). Results are shown for 
three types of exposure: same day, 1-day and 2-day 
lagged exposures. The results demonstrate positive 

Table 1. Frequency of emergency department visits for 
suicide attempt (attempt) by age group and sex. Vancouver: 
January 1, 1999–February 28, 2003.

Age Attempt % Female Male

,10 7 0.4 4 3
(10, 20) 74 4.6 42 32
(20, 30) 369 23.0 154 215
(30, 40) 535 33.3 145 390
(40, 50) 386 24.0 144 242
(50, 60) 162 10.1 53 109
(60, 70) 48 3.0 10 38
(70, 80) 16 1.0 7 9
$80 8 0.5 4 4
Total 1,605 100 563 1,042
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and statistically significant associations between ED 
visits for suicide attempts and exposure to CO, NO2, 
SO2, PM10 and PM25. The table contains only results 
with a P-value of not greater than 0.05 (for%RR).

The presented figure shows the results (%RR) 
for the whole, cold (October–March), and warm 
(April–September) periods. There are no positive 
and statistically significant results for warm period 
 (April–September). Figure 1 shows all the results by 
sex and season.

In addition, ED visits coded at the hospital as 
“Mental health” complaints were retrieved and 

analyzed. Table 4 replicates Table 3 with ED visits 
for “Mental health” complaints as the health outcome 
instead of ED diagnosed visits for suicide attempts. 
The table was constructed for the same pollutants and 
their corresponding lags. Of ED visits classified in 
discharge with the description “SUICIDE ATTEMPT/
IDEATION”, 86.5% declared mental health com-
plaints upon entrance. This analysis affords an 
increase in sample size and allows the investigation 
of similarities in responses to exposures.

Discussion
This study examined visits for suicide attempts in 
a single ED in Vancouver and linked them to envi-
ronmental conditions, especially air quality, in close 
proximity to the suicide attempt. The main result 
of this study is the demonstration of an association 
between exposure to air pollution and the numbers of 
ED visits for suicide attempts.

It should be noted that the dependency of ED visits 
on air pollutants as presented in this and other papers 
is purely a statistical association. As such the results 
cannot be treated as proof of the thesis that air pol-
lution may trigger suicidal behaviour.5,18 The results 
also show that the association between ambient air 
pollution concentrations and ED visits for suicide 

Table 2. Daily mean, standard deviation (SD), interquartile 
range (IQr) for temperature, relative humidity and air pol-
lutants. Vancouver: January 1, 1999–February 28, 2003.

Variable (unit) Mean sD IQR
Weather parameters
Temperature (°c) 7.7 11.4 8.6
relative humidity (%) 70.7 12.5 13.4
Air pollutants
cO (ppm) 0.5 0.2 0.2
nO2 (ppb) 19.4 7.6 6.1
SO2 (ppb) 6.1 4.8 1.9
O3 (ppb) 18.3 9.5 10.9
PM10 (µg/m3) 25.8 14.2 6.9
PM2.5 (µg/m3) 8.6 6.7 5.1

Table 3. The percentage changes in the relative risk (%RR) and odds ratio (OR) with the corresponding 95% confidence inter-
vals (95% cI) for ED visits for suicide attempt, in relation to an increase in the IQr of ambient air pollutants in Vancouver.

Method Hierarchical case-crossover
pollutant lag period, sex %RR 95% cI OR 95% cI
cO 0 All, male 9.6 0.9, 19.2 1.07 0.99, 1.15
cO 0 cold, all 11.8 3.7, 20.6 1.07 1.01, 1.14
cO 0 cold, male 15.0 5.1, 25.9 1.10 1.01, 1.19
cO 1 cold, all 9.2 1.3, 17.7 1.06 0.99, 1.13
cO 1 cold, male 13.4 3.6, 24.0 1.07 0.98, 1.16
cO 1 All, male 10.3 1.5, 19.9 1.06 0.99, 1.14
nO2 0 cold, all 16.2 3.5, 30.3 1.12 1.00, 1.27
nO2 0 cold, male 17.3 2.1, 34.7 1.16 1.00, 1.35
nO2 1 cold, all 15.4 2.9, 29.5 1.17 1.04, 1.33
nO2 1 cold, male 23.9 7.8, 42.4 1.21 1.03, 1.41
nO2 1 All, male 11.2 0.6, 22.8 1.11 1.00, 1.22
nO2 2 cold, male 19.7 3.9, 37.8 1.17 1.03, 1.35
SO2 0 cold, all 10.9 1.3, 21.5 1.07 0.98, 1.16
PM10 0 cold, all 13.2 1.9, 25.8 1.11 1.00, 1.23
PM10 1 cold, male 15.0 1.4, 30.4 1.11 0.97, 1.26
PM2.5 0 cold, male 16.0 1.2, 33.0 1.10 0.97, 1.26
PM2.5 1 cold, male 15.5 0.7, 32.4 1.09 0.95, 1.25

note: IQr = 75th–25th percentiles.
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attempts or ideation appears to be stronger when the 
weather is colder.

The results for exposure to ozone (see Fig. 1) agree 
with those presented in work by Biermann et al.8 
The statistical methods used (hierarchical and case-
 crossover) in each case provided consistent results. 
For some configurations of exposure/sex/period, the 
case-crossover models were more restrictive and 
showed only positive associations (see Table 3). Both 
methods confirm statistically significant positive 
results for CO, NO2 and PM10 in the cold months. For 
ED visits for mental conditions (complaints, ie, non-
diagnosed), CO and NO2 again show associations. The 
positive association for sulphur dioxide is interesting 
as it agrees with previous observations for female ED 
visits for migraine19 and associations with female vis-
its for depression.20 Vancouver is a relatively warm 
city compared with other Canadian cities. Those 
associations were observed for all months and cold 
months, but not for warm months, may be due to 
specific environmental influences.

Recent epidemiologic research has found that 
occupational exposure to pesticides is positively 
associated with suicide risk.21–23 In the occupational 
exposure concentrations of pollutants are much 
higher than in considered here ambient air pollution 
exposures. Animal studies have linked organophos-
phate exposure to serotonin disturbances in the cen-
tral nervous system (CNS), which are implicated in 
depression and suicide in humans.24 These data pro-
vide supporting evidence that pollutant exposure may 
be a factor in depression, suicide or related outcomes 
in human populations.20,25,26

There is mounting toxicological evidence that gas-
eous and particulate air pollutants can adversely affect 
the brain and nervous system. Brain damage and 
severe neuropsychiatric symptoms can result from 
acute carbon monoxide (CO) intoxication. At lower 
doses, CO exposure can lead to vision problems and 
decrements in hand-eye coordination and attention/
vigilance, influencing manual dexterity, the perfor-
mance of complex tasks, and the ability to work or 
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Figure 1. The excess risks (%rr) for an increase of the IQr for pollutants and their lags (0–2 days) by sex and period.
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learn.27 The effects of CO on the CNS are thought to 
be due to its interference with oxygen delivery to the 
brain, although the mechanism is not fully understood. 
Interestingly CO is also an endogenous neurotransmit-
ter. It has become apparent that inhalation of particu-
late matter (PM) can impact the CNS. Recent work 
with experimental animals has provided evidence for 
neuropathological effects including reduced dopamin-
ergic neuron density in mice exposed to concentrated 
ambient particles (CAPs);28 changes in neurotrans-
mitter levels in rats exposed to inhaled CAPs;29 and 
altered inflammatory and stress protein responses in 
the brains of mice following pulmonary exposure to 
CAPs or ultrafine carbon black and in the brains of 
feral dogs breathing ambient Mexico City air.30–32

There is some evidence from studies of laboratory 
animals that inhaled particles, especially in the ultra-
fine size fraction, may be able to distribute to the 
brain.33–35 However there is a lack of clinical research 
on PM-induced neurological effects in humans. PM 
is a complex mix of chemicals that can vary in time 
and space and may include among its constituents 
substances that are directly neurotoxic, for example 
VOCs and metals such as manganese and lead. The 
extent of impact on human populations of neurotoxic 
PM components at levels typically found in ambi-
ent air is generally not known. Overall there is a 
 growing toxicologic database showing that exposure 
to  gaseous and particulate air pollutants can cause 
adverse neurological effects ranging from behavioural 

changes to neurodegeneration. This evidence, mainly 
from experimental animal studies, provides a biologi-
cal plausibility to the notion that exposure of human 
populations to air pollutants, in concert with suscep-
tibility factors related to age, disease or genetics, may 
result in neurochemical or neuropathological changes 
that could potentially manifest as or contribute to 
depression, suicide ideation or related psychological 
outcomes.20,36

We should mention the recent publication on the 
relation between weather and suicide,37 which sug-
gests a link between industry chemicals and increased 
suicide rates,38 and multi-city study on ED visits for 
depression in Canada.39

There are limitations in the interpretation of the find-
ings of this study that are typical of this type of research, 
including the adequacy of the model and the impact 
of measurement error in the exposure and outcome 
variables. Another limitation is the assumption that 
each person has the same exposure. Misclassification 
of cause of ED visits or underreporting in the hospital 
registry system might have confounded the results. 
The number of visits per day is low, and mortality 
data on suicide deaths would likely be more adequate 
for this type of study. It should be noted that the pre-
sented results are based on a statistical methodology 
that has a long history and is well accepted among 
researchers. The proposed approach is a new tech-
nique for assessing the impact of ambient conditions 
on health outcomes.

Table 4. The percentage changes in relative risk (%RR) with the corresponding 95% confidence intervals (95% CI) for ED 
visits for mental health (complaints), in relation to an increase in the IQr of ambient air pollutants in Vancouver.

patients All Male Female
pollutant, period %RR 95% cI %RR 95% cI %RR 95% cI
cO, all 2.7 0.2, 5.2 2.4 -0.7, 5.6 3.4 -0.8, 7.7
cO, cold 3.2 0.4, 6.1 3.1 -0.3, 6.7 3.9 -0.9, 8.9
cO-1, all 0.4 -2.1, 2.9 0.9 -2.1, 4.1 -0.4 -4.5, 3.8
cO-1, cold 1.7 -1.1, 4.5 1.9 -1.5, 5.5 1.4 -3.3, 6.3
nO2, cold 6.3 1.5, 11.4 5.5 -0.3, 11.7 7.8 -0.6, 16.8
nO2-1, all 0.3 -3.0, 3.7 0.2 -3.8, 4.5 0.6 -4.9, 6.4
nO2-1, cold 3.0 -1.7, 7.9 2.8 -3.0, 9.0 3.3 -4.7, 11.9
nO2-2, cold -1.9 -6.4, 2.8 -0.8 -6.4, 5.2 -3.9 -11.4, 4.3
SO2, cold 5.1 1.2, 9.1 4.2 -0.3, 9.1 7.3 0.8, 14.1
PM10, cold 3.7 -0.6, 8.2 3.1 -2.2, 8.7 5.8 -1.8, 14
PM10-1, cold 2.1 -2.2, 6.5 4.0 -1.3, 9.6 -1.0 -8.1, 6.7
PM2.5, cold 4.3 -0.8, 9.8 4.1 -2.1, 10.7 5.6 -3.5, 15.4
PM2.5-1, cold 2.0 -3.2, 7.4 4.0 -2.2, 10.6 -2.5 -10.8, 6.6

note: Air pollutants lagged by n days (cO-1; ie. cO lagged by 1-day, etc.).
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The results show that exposure to air pollutants, 
such as carbon monoxide, nitrogen dioxide, sulphur 
dioxide and particulate matter, may be associated 
with the numbers of ED visits for suicide attempts.
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