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Abstract

Background

Both air pollution exposure and the presence of mental illness are associated with an

increased risk of physical illness.

Objective

To determine whether or not children with less favourable mental health are more suscepti-

ble to pulmonary and cardiovascular effects of ambient air pollution, compared to those who

are mentally healthy.

Methods

We carried out a cross-sectional study of 1,883 children between the ages of 6 and 17 years

of age who participated in the Canadian Health Measures population survey between 2007

and 2009. Subjects were assigned the air pollution values obtained from the National Air

Pollution monitor closest to their neighborhood. Lung function, heart rate and blood pressure

were stratified by indicators of mental health. The latter were ascertained by questions

about feelings of happiness, a diagnosed mood disorder, and the emotional symptom sub-

scale of the Strengths and Difficulties Questionnaire.

Results

Among those who reported a mood disorder, an interquartile increase in ozone was associ-

ated with increases in systolic and diastolic pressures of 3.8 mmHg (95% CI 1.6, 5.9) and

3.0mmHg (95%CI 0.9, 5.2) respectively, and a decreases in FVC of 7.6% (95% CI 2.9,

12.3). No significant changes in these variables were observed in those who did not report a

mood disorder. Among those with unfavourable emotional symptoms, ozone was associ-

ated with a 6.4% (95% CI 1.7, 11.3) increase in heart rate, a 4.1% (95%CI 1.2, 7.1) increase

in systolic blood pressure, and a 6.0% (95% CI 1.4, 10.6) decrease in FEVl. No significant

effect was seen in these variables among those with no emotional symptoms.
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Conclusions

In the Canadian population, children who report mood disorders or unfavourable emotional

symptoms appear to be more vulnerable to the adverse physiologic effects of air pollution.

Introduction

Exposure to ambient air pollution has been associated with an increase in biomarkers of

inflammation and oxidative stress, physiologic impairment, and cardiovascular and respira-

tory morbidity and mortality. The existence of susceptible subgroups should be identified and

taken into account when interpreting studies on the population health effects of air pollution.

Setting air pollution guidelines based on observed effects in the general population may be

insufficient to protect especially vulnerable subgroups. The magnitude of the observed effect of

air pollution in any given study will be influenced by the proportion of vulnerable people

exposed [1]. Also the most susceptible may derive the most benefit from reduction in air pollu-

tion. Identifying the especially vulnerable would be a first step in focusing prevention strate-

gies. For example, the Air Quality Health Index communicates to the public both a summary

of the air quality and preventative advice which differs between those with and without an ele-

vated risk due to chronic lung or heart disease and the general population [2].

Susceptible subgroups have been identified. Based on modelling the expected health bene-

fits of reducing emissions from fossil-fuel power plants, Levy et al. [3] reported disproportion-

ate mortality reductions among African Americans, those with less than a high school

education, and those with diabetes. Evidence has emerged that the socially disadvantaged, very

young, very old, and those with chronic cardiopulmonary disease may bear a higher propor-

tion of the burden of illness from air pollution than the general population [4].

The impact of air pollution on children with mental health disorders has not been

addressed. We previously found that, compared to less happy adults, those who were happy

had fewer significant associations between selected ambient air pollutants and selected blood

pressure and lung function measurements [5]. Another study suggested that depression may

increase the risk of an adverse reaction to an environmental exposure. Hicken MT et al. [6]

reported an interactive effect of depression and ethnicity on the association between blood

pressure and lead. Among those who were depressed, Blacks had a larger increase in blood

pressure for a doubling of blood lead than did Whites. This differential effect was not seen

among those who were not depressed. Apart from this empiric evidence suggesting an interac-

tive effect, we suggest that there are multiple possible reasons why those with mental illness

may be more susceptible to the adverse effects of air pollution: an augmentation of oxidative

stress and inflammation, unfavourable self-care behaviours (not seeking care, not adhering to

treatment, smoking), or lack of social and financial support [7–10]. The social and behavioural

factors could minimize taking corrective actions to protect or improve health.

The subject of the interaction between air pollution and mental illness is highly relevant in

our society given that air pollution is ubiquitous and mental illness is common and a cause of

significant morbidity. A 2006 Canadian federal government report titled “The Human Face of

Mental Health and Mental Illness in Canada” [11] described the large burden of illness related

to mental health issues. Of those at least fifteen years of age, it was estimated that 5% met the

criteria for a mood disorder and 5% for an anxiety disorder. According to this report the esti-

mated direct economic costs which include medications, physician services, hospitalization

and long-term disability, approached five billion dollars in Canada based on 1998 data. In
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developed countries, one-to-six percent of mental illnesses were associated with severe disabil-

ity. In developing countries disability associated with mental illness was reported to be greater

than for most physical illnesses [12]. Mental illness has been associated with an increase in bio-

markers of inflammation [7,8,13,14], and mortality from cardiovascular and respiratory dis-

eases, and cancer [15].

The primary objective of the present study was to determine if mental health influences sus-

ceptibility to the adverse effects of air pollution among children. We used data from the Can-

ada Health Measures Survey to test the associations between air pollution, and lung function,

heart rate and blood pressure, and stratified the results by more v. less favourable indicators of

mental health.

Research Methods

Study Population

The target population based on national census data was Canadians between 6 and 79 years

old. Exclusions, comprising a total of about 4%, were for those who lived in remote areas, insti-

tutions, reserves, and those in the armed forces. Since physiologic testing was required, clinical

examination centers were necessary. Cost and logistic constraints restricted the number of to

fifteen. To select the geographic location of the sites, the country was divided into 257 potential

sampling sites of a minimum of 10,000 people living within 50–100 km of each other, and then

these sites were grouped into five regions across Canada: British Columbia, the Prairies,

Ontario, Quebec, and Atlantic provinces. Fifteen sites were selected from these regions using

probability sampling based on population size. Within each site, simple random sampling of

approximately 600 households was done, stratified by age group. Households were sent a letter

of introduction. A trained interviewer then visited the home at a mutually agreeable time and

administered a standardized questionnaire. Afterwards, a time was set up to carry out the

physical measures.

Of the approximate 70% of households that provided information on the age and sex of all

household members, approximately 88% completed a household questionnaire, and of these,

approximately 85% attended the physical exam center. For the present study, we selected

those children between six and seventeen years old who had a completed both a question-

naire and physiologic testing. To create a representative population sample, survey weights

were assigned after the responding sample was determined to adjust for non-response and

non-random sample selection. Standard errors and confidence intervals were calculated by

bootstrapping [16].

Research Ethics

The study was assessed by the Office of the Privacy Commissioner of Canada, and approved

by the Health Canada Research Ethics Board. Participation was voluntary. For the household

questionnaire, as with most StatCan surveys, implied consent was obtained. Respondents were

told about the voluntary nature of the survey and chose to answer, or not answer questions as

they were asked. For the clinic visit (physical measures and specimen collection), written con-

sent was obtained from 14–79 year olds, and parents or legal guardians provided written con-

sent for 3–13 year olds. Six to 13 year olds provided assent. Consent was recorded on both the

paper documents which are kept securely at StatCan Head Office and in a secure computer

assisted collection application. The Health Canada Research Ethics Board approved the con-

sent procedures for all age groups.
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Questionnaire

The questionnaire was administered by a trained interviewer according to a standardized pro-

tocol clinic questionnaire [17].

Happiness. The indicator question was: ‘Would you describe yourself as being usually: . . .

happy and interested in life. . . somewhat happy. . . somewhat unhappy. . . unhappy with little

interest in life. . . so unhappy that life is not worthwhile?’

Mood disorder. This was indicated by a yes or no answer to the question: ‘Do you have a

mood disorder such as depression, bipolar disorder, mania or dysthymia [diagnosed by a

health care professional]?

Children’s emotional symptoms. Emotional difficulties were assessed using the Emo-

tional Symptoms Scale which is part of the Strengths and Difficulties Questionnaire (SDQ)

developed by Robert Goodman [18]. It has been widely used in many countries and in many

languages [19,20] Parents were asked to respond to the following descriptions of their child

based on the ‘child’s behaviour over the last six months or this school year’:

1. Complains of headaches, stomach aches or sickness

2. Many worries

3. Often unhappy, depressed or tearful

4. Nervous/clingy in new situations, easily loses confidence

5. Has many fears, is easily scared

Response options were: ‘Not True’,’ Somewhat True’, or ‘Certainly True’, and scored as 0, 1,

or 2 respectively. The sum of the scores for each question was used for analysis.

Air Pollution and Weather

The Canadian Health Measures Survey used air quality data from area monitors closest to the

clinical examination site. Each participant was assigned the data obtained on the day of his/her

testing. 69.8% of the respondents lived relatively close to the clinic site, within approximately

11.00 km. Eleven monitors were within 10km of the study site, two others were 22 and 25km

away, and 2 were 65 and 158km from the site. Meteorological data were supplied by the

National Climate Data and Information Archive and air pollution data were provided by The

Canadian National Air Pollution Surveillance (NAPS) network which has approximately 300

monitoring stations in about 200 communities. Particulate matter of median aerodynamic

diameter less than 2.5 microns (PM2.5) was measured using a tapered element oscillating

microbalance monitor, O3 was estimated using ultraviolet absorbance, and NO2 was quantified

by chemiluminescence. For analysis, we used the maximum eight-hour average for O3, and the

24-hr means for PM2.5, and NO2, temperature, humidity and barometric pressure measured

on the day of the test for each of the fifteen study sites. To test the sensitivity of our results to

the choice of air pollution metric, we repeated the analysis using distributed lags [21] from 0 to

5 days for each of the air pollutants and excluded the two more distant monitoring sites from

this reanalysis.

Physiologic Measures

Blood pressure. The measurement techniques were guided by Campbell et al. [22].After

five minutes seated in a quiet environment, six measurements were taken, at one minute inter-

vals, on the right arm using an automated blood pressure device (BpTRU™ BP-300) with a cuff
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40%-50% of the arm circumference. The mean of the last five measures were used for analysis

[23].

Lung function. Trained personnel adhered to the guidelines of the American Thoracic

Society/European Respiratory Society Task Force quality criteria report for test performance

using a KoKo Spirometer ™ (Ferraris CardioRespiratory, Pulmonary Data Services, Inc. Loui-

seville, CO 80027 USA) [24]. Calibration with a three-litre syringe was done prior to each test-

ing session. Subjects were excluded if they couldn’t perform the required test maneuver, had

an acute respiratory tract infection, or were more than 24 weeks pregnant. Variables used in

analysis were the largest 1-second forced expiratory volume (FEVl) and forced vital capacity

(FVC) obtained by a minimum of three and a maximum of eight trials [23]. These variables

reflect airway diameter and lung volume respectively, and the ratio FEV1/FVC reflects airway

diameter adjusted for lung volume.

Statistical Analysis

Lung function was expressed as a percentage of predicted based on age, height, and gender

using previously developed prediction equations, with 100% percent being the normal average

point estimate [25]. To determine if mental health influences the magnitude of effect of air pol-

lution on mental health we used generalized linear mixed models with sampling weights.

Covariates tested for inclusion included age, gender, body mass index, ethnicity (Caucasian

versus other), greatest household education, household income, active smoking status (daily

smoker, occasional, non-smoker), household exposure to passive smoking (daily or almost

daily, other), frequency of alcohol consumption (less than 1, 1,2–3,4–6,7 days weekly), mean

daily temperature and relative humidity. All main effects and first order interaction products

were considered. If The Wald Chi-Square statistic p value was less than 0.10 for a main effect

or interaction product, it was retained. The final model contained the selected variables and

also covariates which were significant at p<0.05 or if they confounded the exposure-outcome

relationship (i.e. a change of 10% in the coefficient for exposure). The final model included

age, gender, greatest household education, household income, smoking (daily smoker, occa-

sional and non-smoker), and the temperature. Relative humidity and barometric pressure

were not significant. Data management and regression modeling were completed in SAS, v9.1

(Cary, NC, USA). We calculated and presented the percentage change in physiologic measure

for an interquartile range increase in air pollutant. Finally, to determine if mental health influ-

ences the magnitude of effect of air pollution on physiology, we t-tested the differences

between the effect sizes in the categories of mental health.

Results

Air pollution concentrations were relatively low and well within the Canadian and U.S.

National Ambient Air Quality Standards [26]. (Table 1). Of the 1,883 participants between the

ages of 6 and seventeen years old, 88% were reported to be happy vs. other, six percent had a

reported mood disorder, and 85% reported no problems (a score of zero) on the SDQ

(Table 2). The children were predominantly Caucasian and from households with education

beyond secondary school, and a middle class income. Lung function, heart rate and blood

pressure were unremarkable.

Compared to others in the study, those who were less happy, had mood disorders, and

scored higher on the SDQ were less likely to be Caucasian, more likely to come from house-

holds with lower education and income, and were more likely to smoke (Table 2). Physiologic

measures (Table 3) and air pollution concentrations (Table 3) did not appear to be related to
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mental health indicators, with the exception that ozone concentrations were 2 ppb greater in

those with some vs. no SDQ symptoms.

Differences in results between those who were happy vs. other, were assessed by presenting

the association between air pollution and physiology stratified by happy vs. other (Table 4).

The observed effects of ozone on heart rate and diastolic blood pressure were significant in

those who did not report being happy, but were not significant in those who reported being

happy, despite the much greater sample size in the latter group. Diastolic blood pressure was

significantly greater in association with PM2.5, but not among those who reported being

happy. The ozone- FEVl /FVC, and the PM2.5– FEVl associations were only significant in the

group that did not report being happy. Although the point estimates of the observed effects of

Table 1. Ambient air pollution concentrations during the 353 days of testing measured at the stationary monitors nearest to the study sites

between 2007 and 2009.

Minimum Maximum Mean Standard Deviation Interquartile range

Relative Humidity (%) 36.58 99.21 72.93 12.72 17.79

Temperature (˚Celsius) -12.66 27.17 8.05 8.83 14.86

NO2 (24-hr mean, μg/m3) 0.88 40 11.74 7.92 11.48

PM 2.5 (24-hr mean, μg/m3) 0 38.88 5.60 4.52 3.96

O3 (8-hr max, ppb) 2 83 29.50 11.80 17

doi:10.1371/journal.pone.0168931.t001

Table 2. Sociodemographic and physiologic indicators by mental health status indicators among children 6 to 17 years old who participated in

the Canadian Health Measures Survery, 2007–2009. Results are means (95% CI) unless otherwise specified as percentages.

Happiness Mood Disorder SDQ—emotional symptoms

Happy

n = 1658

Other n = 225 Absent

n = 1693

Present

n = 190

No Symptoms

n = 1602

Some Symptoms

n = 281

Subject Characteristic

Sociodemographics

Age, yr n = 1883 10.9 (10.8,

11.1)

12.6 (12.2,

13.0)

11.1 (10.9,

11.3)

11.2 (10.6,

11.8)

11.2 (11.0, 11.3) 10.9 (10.5, 11.3)

Ethnicity, Caucasian, % (n = 1836) 81.0 (80.2,

81.8)

74.7 (74.1,

75.3)

84.0 (83.0,

85.0)

77.9 (77.1,

78.7)

83.4 (83.2, 83.6) 82.6 (82.1, 83.6)

Highest household education, greater than

high school, % (n = 1836)

84.2 (83.1,

85.3)

77.1 (74.5,

79.7)

98.0 (96.7,

99.3)

54.7 (53.1,

56.3)

88.4 (88.2, 88.5) 80.66 (80.2, 88.5)

Total household income, $103 (n = 1395) 91.1 (87.4,

94.9)

77.8 (70.2,

85.4)

92.0 (79.4,

104.6)

89.5 (85.9,

93.0)

92.5 (88.7, 96.4) 74.0 (67.3, 80.7)

Smokers, daily or occasionally % (n = 256) 15.7 (15.3,

16.1)

27.0 (25.8,

28.2)

12.0 (11.5,

12.5)

19.5 (18.7,

20.3)

13.5 (13.1, 13.9) 14.2 (13.9, 14.5)

Lung Function (n = 1711)

FEV1
(% predicted) 99.3 (98.7,

99.9)

99.7 (98.1,

101.5)

99.1 (11.0,

11.3)

99.2 (96.8,

101.5)

99.4 (98.7, 0.1) 99.4 (97.8, 101.0)

FVC (% predicted) 102.3 (101.7,

102.9)

103.1 (101.5,

104.8)

102.4 (101.8,

102.9)

102.3 (99.8,

104.8)

102.3 (101.7,

103.0)

102.8 (101.1,

104.4)

FEV1/FVC (%) 97.2 (96.9,

97.6)

96.9 (95.8,

98.1)

97.2 (96.8,

97.6)

97.0 (95.7,

98.4)

97.2 (96.8, 97.6) 97.0 (96.0, 98)

Cardiovascular Function (n = 1875)

Heart rate, per minute 77.4 (76.8,

77.9)

76.5 (75.1,

77.9)

77.2 (76.7,

77.7)

77.9 (75.5,

80.2)

77.1 (76.5, 77.6) 79.9 (78.6, 81.2)

Systolic Blood Pressure, mmHg 95.1 (94.7,

95.5)

96.2 (95.0,

97.3)

95.2 (94.8,

95.6)

96.4 (94.6,

98.2)

94.7 (94.3, 95.12) 95.7 (94.6, 96.7)

Diastolic Blood Pressure, mmHg 61.1 (60.8,

61.5)

61.1 (60.3,

62.0)

61.1 (60.8,

61.5)

61.1 (59.8,

62.5)

60.9 (60.5, 61.3) 61.1 (60.4, 61.9)

doi:10.1371/journal.pone.0168931.t002
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NO2 on heart rate and blood pressure were greater in the group that did not report being

happy, none of these associations reached statistical significance.

Differences in findings between those with and without SDQ symptoms were examined by

presenting the association between air pollution and physiology stratified by the presence or

absence of more SDQ symptoms (Table 5). Results were most consistent for associations with

ozone. Compared to those scoring lower on the SDQ, those scoring higher had greater and sta-

tistically significant increases in heart rate, systolic and diastolic blood pressure, and significant

decreases in FEVl and FEVl /FVC. No significant ozone-related changes were seen in those

with lower SDQ scores despite this group having a larger sample size. Increased exposure to

PM2.5was associated with an increase in heart rate and decrease in FEVl, but only in those with

SDQ symptoms. No significant associations were seen with NO2. However, compared to those

with an SDQ score of 0, among those with higher scores, point estimates of heart rate and

blood pressure were higher and lung function lower.

Table 3. Mean (95% CI) air pollution concentrations measured at the nearest stationary monitoring site on the day of testing stratified by indicators

of mental health status among children aged 6 to 17 years old who participated in the Canadian Health Measures Survey, 2007–2009.

Air Pollutant (mean, 95%CI)

NO2 (24-hr mean, ppb) O3 (8-hr max, ppb) PM 2.5 (24-hr mean, μg/m3)

Emotional Health Indicators

Happiness

Happy n = 1658 11.5 (11.1, 11.9) 29.3 (28.7, 29.9) 5.6 (5.4, 5.8)

Other n = 225 12.5 (11.4, 13.6) 29.6 (27.9, 31.3) 6.0 (5.5, 6.3)

Mood Disorder

Absent (n = 1770) 11.3 (9.8, 12.7) 29.0 (26.8, 31.3) 5.6 (4.8, 6.4)

Present (n = 109) 11.7 (11.3,12.1) 29.4 (28.8, 29.9) 5.6 (5.4, 5.8)

SDQ emotional symptoms

No symptoms (n = 1602) 11.7 (11.3, 12.1) 29.0 (28.4, 29.6) 5.6 (5.4, 5.9)

Some symptoms (n = 281) 11.2 (10.3, 12.1) 31.4 (30.0, 32.8) 5.5 (4.9, 6.1)

doi:10.1371/journal.pone.0168931.t003

Table 4. The percent change in heart rate, blood pressure, and lung function for an interquartile range increase in air pollutant concentration strat-

ified by happy v. other among children aged 6 to 17 years old who participated in the Canadian Health Measures Survey, 2007–2009 a.

Physiologic Outcome Degree of Happiness NO2 (IQR = 11.48) O3 (IQR = 17.38) PM2.5 (IQR = 3.96)

Heart Rate (bpm) Happy 0.16 (-0.74, 1.05) 0.16 (-0.74, 1.05) 0.04 (-0.47, 0.54)

Other 1.15 (-1.29, 3.59) 3.1 (0.42, 5.65) b * 0.48 (-1.04, 1.99)

Systolic Pressure (mmHg) Happy 0.55 (-0.1, 1.2) 0.55 (-0.1, 1.2) 0.03 (-0.35, 0.4)

Other 0.68 (-1.14, 2.5) 2.6 (0.72, 4.48)* 0.50 (-0.65, 1.65)

Diastolic Pressure (mmHg) Happy 0.44 (-0.18, 1.05) 0.44 (-0.18, 1.05) 0.99 (0.33, 1.65)

Other 0.64 (-0.75, 2.03) 0.64 (-0.75, 2.03) 0.54 (-0.35, 1.43)

FEVl (%) Happy -0.66 (-1.77, 0.45) -0.66 (-1.77, 0.45) -0.42 (-1.05, 0.21)

Other -0.98 (-3.8, 1.84) -0.98 (-3.8, 1.84) -1.68 (-2.15, -0.21)

FVC (%) Happy -0.23 (-1.32, 0.87) -0.23 (-1.32, 0.87) -0.51 (-1.13, 0.12)

Other -1.1 (-3.98, 1.77) -1.1 (-3.98, 1.77) -0.57 (-2.6, 1.46)

FEVl /FVC (%) Happy -0.36 (-1, 0.28) -0.36 (-1.00, 0.28) 0.06 (-0.31, 0.42)

Other -0.45 (-2.4, 1.51) -2.15 (-3.62, -0.68)* -0.3 (-1.63, 1.02)

a Results are adjusted for age, gender, education, income, active and passive smoking (active, passive) and alcohol use
b Bold font indicates the 95% confidence intervals exclude zero.

*Interaction term is significant at p� 0.05 between those are happy vs. other.

doi:10.1371/journal.pone.0168931.t004
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The effect of a mood disorder was investigated by presenting the association between air

pollution and physiology stratified by the presence or absence of a reported mood disorder

(Table 6). Again, similar to reported happiness and the SDQ, results were most consistent for

ozone. Compared to those without a mood disorder, those with a mood disorder scoring

lower on the SDQ, those scoring higher had greater and statistically significant increases in

systolic and diastolic blood pressure, and significant decreases in FEVl. No significant ozone-

related changes were seen in those without a mood disorder except for FEVl /FVC. However,

Table 5. The percent change in heart rate, blood pressure, and lung function for an interquartile range increase in air pollutant concentration strat-

ified by the number of emotional symptoms among children aged 6 to 17 years old who participated in the Canadian Health Measures Survey,

2007–2009 a.

Physiologic outcome SDQ Emotional Symtoms NO2 (IQR = 11.48) O3 (IQR = 17.38) PM2.5 (IQR = 3.96)

Heart Rate (bpm) None 0.07 (-2.17, 2.37) 3.37 (-3.28, 10.02) 2.02 (-2.88, 7.18)

Some 2.49 (-1.36, 6.5) 6.4 b * (1.72, 11.28) 6.53* (0.81, 12.56)

Systolic Pressure (mmHg) None 0.13 (-1.8, 2.08) 0.61 (-3.55, 4.77) 0.01 (-2.2, 2.21)

Some 2.08 (-2.4, 6.76) 4.13* (1.16, 7.10) 0.63 (-1.84, 3.1)

Diastolic Pressure (mmHg) None 0.42 (-1.19, 2.05) 0.02 (-4.41, 4.45) 0.04 (-1.31, 1.4)

Some 1.62 (-0.19, 3.45) 4.67* (1.19, 8.15) 0.54 (-0.38, 1.46)

FEV1 (%) None -0.06 (-1.63, 1.53) -0.48 (-2.52, 1.56) -0.12 (-3.46, 3.35)

Some -0.55 (-3.27, 2.24) -5.97 (-10.57, -1.37) -5.57* (-8.89, -2.13)

FVC (%) None -0.14 (-2.18, 1.94) -0.2 (-2.2, 1.83) -0.07 (-2.2, 2.10)

Some -0.26 (-1.79, 1.3) -1.78 (-6.19, 2.83) -4.77* (-7.97, -1.46)

FEV1/FVC (%) None -0.4 (-1.33, 0.55) -0.65 (-3.89, 2.6) -0.01 (-1.48, 1.48)

Some -1.53 (-3.34, 0.32) -5.91* (-9.91, -1.91) 1.0 (-1.39, 3.45)

a Results are adjusted for age, gender, education, income, active and passive smoking (active, passive) and alcohol use
b Bold font indicates the 95% confidence intervals exclude zero.

*Interaction term is significant at p� 0.05 between those with and without SDQ symptoms.

doi:10.1371/journal.pone.0168931.t005

Table 6. The percent change in heart rate, blood pressure, and lung function for an interquartile range increase in air pollutant concentration strat-

ified by the presence or absence of a reported mood disorder among children aged 6 to 17 years old who participated in the Canadian Health Mea-

sures Survey, 2007–2009 a.

Physiologic outcome Mood Disorder NO2 (IQR = 11.48) O3 (IQR = 17.00) PM2.5 (IQR = 3.96)

Heart Rate (bpm) Present 1.8 (-2.51, 6.11) 2.10 (-1.29, 5.50) 0.07 (-2.04, 2.18)

Absent 0.39 (-0.51, 1.29) -0.36 (-1.16, 0.44)* -0.25 (-0.76, 0.25)

Systolic Pressure (mmHg) Present 1.24 (-1.69, 4.18) 3.75 (1.62, 5.89) 1.94 (0.56, 3.32)

Absent 0.06 (-0.56, 0.69) -0.44 (-1.00, 0.12)* 0.06 (-0.30, 0.42)*

Diastolic Pressure (mmHg) Present -0.76 (-3.57, 2.04) 3.02 (0.86, 5.17) -0.9 (-2.27, 0.48)

Absent -0.32 (-0.9, 0.25) -0.2 (-0.72, 0.31)* -0.02 (-0.35, 0.31)

FEV1 (%) Present -2.53 (-7.69, 2.63) -6.18 (-10.63, -1.73) -0.77 (-3.55, 2.01)

Absent -1.95 (-3.06, -0.83) b -1.08 (-2.08, -0.07)* -0.09 (-0.74, 0.55)

FVC (%) Present -5.82 (-11.27, -0.37) -7.62 (-12.31, -2.92) -2.86 (-5.79, 0.08)

Absent -1.75 (-2.83, -0.67)* -0.52 (-1.5, 0.47)* -0.05 (-0.68, 0.58)*

FEV1/FVC (%) Present -3.05(-5.8, -0.3) -0.91(-3.33, 1.51) -2.43 (-3.84, -1.02)

Absent 0.2 (-0.45, 0.84)* -0.65 (-1.23, -0.07) -0.04 (-0.42, 0.33)*

a Results are adjusted for age, gender, education, income, active and passive smoking (active, passive) and alcohol use
b Bold font indicates the 95% confidence intervals exclude zero.

*Interaction term is significant at p� 0.05 between those with and without a mood disorder.

doi:10.1371/journal.pone.0168931.t006
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the point estimate for FEVl /FVC was more negative for those with a mood disorder. The lack

of significance was likely due to the almost 20 fold smaller sample size in the group with a

mood disorder. Increased exposure to PM2.5was associated with a significantly increased sys-

tolic blood pressure and a decreased FEVl /FVC but only in those with a mood disorder. The

point estimates of the NO2 effects on lung function were more negative for those with a mood

disorder and significant for FVC and FEVl /FVC.

Reanalysis using distributed lag models [21] for each pollutant while excluding the two

study sites with monitors greater than 25km away made very little difference to the pattern

and statistical significance of the results. One notable change was that an interquartile

increase in NO2 was associated with a 1.76% (95%CI 0.62, 2.91) increase in systolic blood

pressure in those who were less happy, but no significant effect was observed in those who

were happy. This additional finding further supports the results using same day air pollution

concentrations.

Discussion

We observed that, in several instances, increased ambient air pollution was associated with

higher heart rate, blood pressure, and lower lung function among those with evidence of

poorer mental health. Among those with better mental health, no adverse effects of air pollu-

tion were observed. Of the three pollutants measured, the most frequent associations were

with ozone. Of the three mental health indicators, the most frequent associations were with a

health care professional- diagnosed mood disorder.

Strengths and Limitations of the Study

Using physiologic measures of lung function avoided the possibility of a self-reporting bias

whereby unhappy subjects may be more or less prone to report illness than happier subjects.

The validity of the SDQ questionnaire has been well demonstrated. Internationally, it is

reported to be one of the most frequently used screening instruments for child and adolescent

mental health purposes’ [19]. A study of approximately 18,000 British schoolchildren con-

cluded that the SDQ scores offered a relatively accurate and unbiased assessment of the preva-

lence of mental health disorders compared to the opinion of a clinician [20]. Cross-sectional

studies have an inherent weakness in that they take a snapshot in time, in this case the day the

subject was studied. A longitudinal study would be required to determine if the observed

effects are from relatively acute or chronic exposure. On average, subjects with exposures to

greater concentrations of air pollution on the day and week of the study will also be chronically

exposed to greater concentrations on a chronic basis than subjects who are less exposed on the

day of the study. It would have been advantageous to have an estimate of air pollution at the

site of the participant’s residence, but privacy regulations of Statistics Canada did not allow us

to have postal code information. Fortunately, the majority of people lived within 11 km of the

study site, and monitors were relatively close to the study site with two exceptions. Excluding

these exceptions did not materially change the findings. Ambient monitoring, which has been

used effectively for decades to detect air pollution health effects is recognised to be an inaccu-

rate measure of personal exposure, especially since people spend the majority of their time

indoors. This problem would be expected to bias results towards the null, showing no effect of

air pollution on health. Thus, positive findings are likely conservative estimates of the true

effect size.

These findings are unlikely to be confounded given that we considered the following covari-

ates: age, gender, body mass index, ethnicity, education, income, active and passive smoking,
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alcohol consumption, and weather variables. Cross-sectional studies are limited by being a

snap short in time, making it difficult to know which event came first. One could argue that

mental illness might be precipitated by a medical illness or its treatment. However, the small

but significant reductions in lung function and elevations in blood pressure we detected are

unlikely to be symptomatic. Even if medicated, anti-hypertensive medications and inhaled

medications for airways disease are unlikely to cause a mood disorder.

The findings are unlikely to be due to chance alone given that there were 23 positive associ-

ations between different physiologic measures and different air pollutants among those with

less favourable mental health indicators, but no significant associations among those with

more favourable mental health.

The existence of previous studies with similar to ours would provide evidence for the

association being causal, but our study is unique, the first of its kind to our knowledge.

However, there have been studies demonstrating associations between adverse health

effects, and both air pollution and depression [1, 27–29]. We have shown that air pollution

is more likely to have a measureable adverse in those with indicators of poorer mental

health. There are plausible mechanisms: self-care behaviours, social and financial support,

symptom reporting, and systemic inflammation. Based on a systematic review of the litera-

ture between 1968 and 1998, DiMatteo et al. [9] calculated an odds ratio of 3.03 (95% CI

1.96–4.89) between depression and treatment noncompliance. Depression has been

reported to adversely affect employment and social functioning, and a fear of discrimination

may possible impede accessing care [10]. In the present study, however, results were

adjusted for both income and education. A cross-sectional population study from Alberta,

Canada revealed increased symptom reporting in those who scored higher on a standard-

ized psychiatric symptom questionnaire, the Ilfeld Psychiatric Symptom Index after adjust-

ing for level of lung function among subjects who had never smoked and had no diagnosed

chronic medical illnesses [30]. Kiecolt-Glaser and Glaser [7] presented an argument that

psychological stress and depression increase IL-6, a marker of inflammation, and decrease

cellular and humoral immunity. Among 3024 subjects between 70 and 79 years of age, those

who scored higher on a standardized depression scale also had significantly higher levels of

IL-6, TNF, and CRP [8].

Our findings are important for several reasons. It is recognized that pre-esixting physical ill-

ness increases susceptibility to the adverse effects of air pollution. Now we have evidence that

mental illness may confer a similar vulnerability. There are practical reasons to identify suscep-

tible subgroups. Setting air pollution guidelines based on observed effects in the general popu-

lation may be insufficient to protect especially vulnerable subgroups. Also the most susceptible

may derive the most benefit from reduction in air pollution. Based on modelling the expected

health benefits of reducing emissions from fossil-fuel power plants, Levy et al. [3] reported dis-

proportionate mortality reductions among African Americans, those with less than a high

school education, and those with diabetes. Identifying the especially vulnerable would be a first

step in focusing prevention strategies. For example, the Air Quality Health Index communi-

cates to the public both a summary of the air quality and preventative advice which differs

between those with and without an elevated risk due to chronic lung or heart disease and the

general population [2]. If mental illness identifies a subgroup at higher risk of adverse health

effects from air pollution than the general population, knowing this may help explain variabil-

ity between studies with different proportions of mental disorders. The magnitude of the

observed effect of air pollution in any given study will be influenced by the proportion of vul-

nerable people exposed [1].
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Conclusions

Our results suggest that, among children, mental health may influence susceptibility to the

adverse physiologic effects of air pollution. We recommend confirmatory studies, including

longitudinal studies, and testing whether or not mental disorders modify the effect of air pollu-

tion on other physical health outcomes.

Acknowledgments

The authors thank Statistics Canada for providing the survey data.

Author Contributions

Conceptualization: SC RED.

Data curation: SC RED.

Formal analysis: SC.

Funding acquisition: SC.

Investigation: SC RED.

Methodology: SC RED.

Project administration: SC RED.

Software: SC.

Supervision: SC RED.

Validation: SC RED.

Visualization: SC RED.

Writing – original draft: SC RED.

Writing – review & editing: SC RED.

References
1. Committee on Research Priorities for Airborne Particulate Matter, National Research Council. "Execu-

tive Summary." (1998): Research Priorities for Airborne Particulate Matter: I. Immediate Priorities and a

Long-Range Research Portfolio. Washington, DC: The National Academies Press.

2. Stieb DM, Burnett RT, Smith-Doiron M, Brion O, Shin HH, Economou V. (2008): A New multipollutant,

no-threshold air quality health index based on short-term associations observed in daily time-series

analyses. Air & Waste Manage Assoc 58 (3): 435–450.

3. Levy JI, Greco SL, Spengler JD. (2002): The importance of population susceptibility for air pollution risk

assessment: a case study of power plants near Washington, DC. Environ Health Perspect 110

(12):1253–60. PMID: 12460806

4. Sacks JD, Stanek LW, Luben TJ, Johns DO, Buckley BJ, Brown JS, et al. (2011): Particulate Matter–

Induced Health Effects: Who Is Susceptible? Environ Health Perspect 119 (4):446–454. doi: 10.1289/

ehp.1002255 PMID: 20961824

5. Cakmak S, Dales RE, Blanco CV. (2016): Does emotional health influence susceptibility to the physio-

logic effects of air pollution on Adults Int. J. Sus. Dev. Plann. 11 (4):537–45.

6. Hicken MT, Gee GC, Connell C, Snow RC, Morenoff J, Hu H. (2012): Black-White Blood Pressure Dis-

parities: Depressive Symptoms and Differential Vulnerability to Blood Lead Environ Health Perspect

121 (2):205–9. doi: 10.1289/ehp.1104517 PMID: 23127977

Air Pollution and Mental Health

PLOS ONE | DOI:10.1371/journal.pone.0168931 December 28, 2016 11 / 13

http://www.ncbi.nlm.nih.gov/pubmed/12460806
http://dx.doi.org/10.1289/ehp.1002255
http://dx.doi.org/10.1289/ehp.1002255
http://www.ncbi.nlm.nih.gov/pubmed/20961824
http://dx.doi.org/10.1289/ehp.1104517
http://www.ncbi.nlm.nih.gov/pubmed/23127977


7. Kiecolt-Glaser JK, Glaser R. (2002): Depression and immune function. Central pathways to morbidity

and mortality. J Psychosom Res 53 (4):873–6. PMID: 12377296

8. Penninx BW, Kritchevsky SB, Yaffe K, Newman AB, Simonsick EM, Rubin S, et al. (2003): Inflammatory

Markers and Depressed Mood in Older Persons: Results from the Health, Aging and Body Composition

Study. Biol Psychiatry 54 (5):566–72. PMID: 12946885

9. DiMatteo MR, Leppe HS, Croghan TW. (2000): Depression is a risk factor for noncompliance with medi-

cal treatment: meta-analysis of the effects of anxiety and depression on patient adherence. Arch Intern

Med 160 (14):2101–7. PMID: 10904452

10. Lasalvia A, Zoppei S, Van Bortel T, Bonetto C, Cristofalo D, Wahlbeck K, et al. (2013): Global pattern of

experienced and anticipated discrimination reported by people with major depressive disorder: a cross-

sectional survey. Lancet 381 (9860):55–62. doi: 10.1016/S0140-6736(12)61379-8 PMID: 23083627

11. Government of Canada. The Human Face of Mental Health and Mental Illness in Canada. 2006.©Min-

ister of Public Works and Government Services Canada, 2006.Cat. No. HP5-19/2006E. ISBN 0-662-

43887-6. http://www.phac-aspc.gc.ca/publicat/human-humain06/pdf/human_face_e.pdf

12. Kessler RC, Aguilar-Gaxiola S, Alonso J, Chatterji S, Lee S, Ormel J, et al. (2009): The global burden of

mental disorders: An update from the WHO World Mental Health (WMH) Surveys. Epidemiol Psichiatr

Soc 18 (1):23–3. PMID: 19378696

13. Copeland WE, Shanahan L, Worthman C, Angold A, Costello EJ. Cumulative Depression Episodes

Predict Later C-Reactive Protein Levels: A Prospective Analysis. Biol Psychiatry 2012; 71:15–21. doi:

10.1016/j.biopsych.2011.09.023 PMID: 22047718

14. Shanahan L, Copeland WE, Worthman CM, Angold A, Costello EJ. Children with Both Asthma and

Depression Are at Risk for Heightened Inflammation. J Pediatr 2013; 163:1443–7. doi: 10.1016/j.jpeds.

2013.06.046 PMID: 23919906

15. Lawrence D, Hancock KJ, Kisely S (2013).The gap in life expectancy from preventable physical illness

in psychiatric patients in Western Australia: retrospective analysis of population based registers.BMJ;

346:f2539). doi: 10.1136/bmj.f2539 PMID: 23694688

16. Rao JNK, Wu CFJ, Yue K. (1992): Some Recent Work on Re-Sampling Methods for Complex Surveys.

Survey Methodology. Statistics Canada Catalogue 12–001. 18 (2):209–17.

17. Canadian Health Measures Survey: Cycle 1 2007–2009. Household questionnaire. http://www23.

statcan.gc.ca/imdb-bmdi/instrument/5071_Q1_V1-eng.pdf

18. Goodman R. (1997): The Strengths and Difficulties Questionnaire: A Research Note. J. Child Psychol

Psychiat 38 (5):581–6.

19. Richter J, Sagatun A, Heyerdahl S, Oppedal B, Roysamb E. (2011): The Strengths and Difficulties

Questionnaire (SDQ)—self-report. An analysis of its structure in a multiethnic urban adolescent sample.

J Child Psychol Psychiatry 52 (9):1002–11. doi: 10.1111/j.1469-7610.2011.02372.x PMID: 21418061

20. Goodman A, Goodman R. (2011): Population mean scores predict child mental disorder rates: validat-

ing SDQ prevalence estimators in Britain. J Child Psychol Psychiatry 52 (1):100–8. doi: 10.1111/j.

1469-7610.2010.02278.x PMID: 20722879

21. Zanobetti A, Wand MP, Schwartz J, Ryan LM. 2000. Generalized additive distributed lag models: quan-

tifying mortality displacement. Biostatistics 2000; 1:279–92. doi: 10.1093/biostatistics/1.3.279 PMID:

12933509

22. Campbell NR, Joffres MR, McKay DW. (2005): Hypertension Surveillance in Canada: Minimum Stan-

dards for Assessing Blood Pressure in Surveys. Can J Public Health 96 (3):217–220. PMID: 15913089

23. Cakmak S, Dales R, Leech J, Liu L. (2011): The influence of air pollution on cardiovascular and pulmo-

nary function and exercise capacity: Canadian health measures survey. Environ Res 111 (8):1309–12.

doi: 10.1016/j.envres.2011.09.016 PMID: 22000598

24. Miller MR, Hankinson J, Brusasco V, Burgos F, Casaburi R, Coates A, et al. (2005): Standardisation of

Spirometry. Eur Respir J 26 (2): 319–338. doi: 10.1183/09031936.05.00034805 PMID: 16055882

25. Hankinson JL, Odencrantz JR, Fedan KB. (1999): Spirometric Reference Values from a Sample of the

General U.S. Population. Am J Respir Crit Care Med 159 (1):179–87. doi: 10.1164/ajrccm.159.1.

9712108 PMID: 9872837

26. US Environmental Protection Agency. National Ambient Air Quality Standards Table. https://www.epa.

gov/criteria-air-pollutants/naaqs-table

27. Rugulies R. (2002): Depression as a predictor for coronary heart disease. A review and meta-analysis.

Am J Prev Med 23 (1):51–6. PMID: 12093424

28. Kawakami N, Takatsuka H, Shimizu H, Ishibashi H. (1999): Depressive symptoms and occurrence of

type II diabetes among Japanese men. Diabetes Care 22 (7):1071–6. PMID: 10388970

Air Pollution and Mental Health

PLOS ONE | DOI:10.1371/journal.pone.0168931 December 28, 2016 12 / 13

http://www.ncbi.nlm.nih.gov/pubmed/12377296
http://www.ncbi.nlm.nih.gov/pubmed/12946885
http://www.ncbi.nlm.nih.gov/pubmed/10904452
http://dx.doi.org/10.1016/S0140-6736(12)61379-8
http://www.ncbi.nlm.nih.gov/pubmed/23083627
http://www.phac-aspc.gc.ca/publicat/human-humain06/pdf/human_face_e.pdf
http://www.ncbi.nlm.nih.gov/pubmed/19378696
http://dx.doi.org/10.1016/j.biopsych.2011.09.023
http://www.ncbi.nlm.nih.gov/pubmed/22047718
http://dx.doi.org/10.1016/j.jpeds.2013.06.046
http://dx.doi.org/10.1016/j.jpeds.2013.06.046
http://www.ncbi.nlm.nih.gov/pubmed/23919906
http://dx.doi.org/10.1136/bmj.f2539
http://www.ncbi.nlm.nih.gov/pubmed/23694688
http://www23.statcan.gc.ca/imdb-bmdi/instrument/5071_Q1_V1-eng.pdf
http://www23.statcan.gc.ca/imdb-bmdi/instrument/5071_Q1_V1-eng.pdf
http://dx.doi.org/10.1111/j.1469-7610.2011.02372.x
http://www.ncbi.nlm.nih.gov/pubmed/21418061
http://dx.doi.org/10.1111/j.1469-7610.2010.02278.x
http://dx.doi.org/10.1111/j.1469-7610.2010.02278.x
http://www.ncbi.nlm.nih.gov/pubmed/20722879
http://dx.doi.org/10.1093/biostatistics/1.3.279
http://www.ncbi.nlm.nih.gov/pubmed/12933509
http://www.ncbi.nlm.nih.gov/pubmed/15913089
http://dx.doi.org/10.1016/j.envres.2011.09.016
http://www.ncbi.nlm.nih.gov/pubmed/22000598
http://dx.doi.org/10.1183/09031936.05.00034805
http://www.ncbi.nlm.nih.gov/pubmed/16055882
http://dx.doi.org/10.1164/ajrccm.159.1.9712108
http://dx.doi.org/10.1164/ajrccm.159.1.9712108
http://www.ncbi.nlm.nih.gov/pubmed/9872837
https://www.epa.gov/criteria-air-pollutants/naaqs-table
https://www.epa.gov/criteria-air-pollutants/naaqs-table
http://www.ncbi.nlm.nih.gov/pubmed/12093424
http://www.ncbi.nlm.nih.gov/pubmed/10388970


29. Xu W, Collet JP, Shapiro S, Lin Y, Yang T, Platt RW, et al. (2008): Independent Effect of Depression

and Anxiety on Chronic Obstructive Pulmonary Disease Exacerbations and Hospitalizations. Am J

Respir Crit Care Med 178 (9):913–20. doi: 10.1164/rccm.200804-619OC PMID: 18755925

30. Dales RE, Spitzer WO, Schechter WT, Suissa S. (1989): The influence of psychological status on respi-

ratory symptom reporting. Am Rev Respir Dis 139 (6):1459–63. doi: 10.1164/ajrccm/139.6.1459 PMID:

2729753

Air Pollution and Mental Health

PLOS ONE | DOI:10.1371/journal.pone.0168931 December 28, 2016 13 / 13

http://dx.doi.org/10.1164/rccm.200804-619OC
http://www.ncbi.nlm.nih.gov/pubmed/18755925
http://dx.doi.org/10.1164/ajrccm/139.6.1459
http://www.ncbi.nlm.nih.gov/pubmed/2729753

