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Abstract

There is growing evidence that air pollutants might affect human behavior. This study assesses the associations between
air pollution concentrations and emergency department (ED) visits for abuse of psychoactive substances. 28,745 such ED
visits were identified and retrieved from a health database containing diagnosed visits from five hospitals in Edmonton
(Canada) over 10 years. The ED visits were analyzed as daily counts. Conditional Poisson regression models were used to
estimate the associations between the number of ED visits and concentration levels of gaseous air pollutants (carbon mon-
oxide (CO), nitrogen dioxide (NO,), sulphur dioxide (SO,), ozone (O5)) and particulate matters (PM, 5 and PM,, fine and
coarse, respectively). Air pollutants and weather factors in the realized statistical models were lagged by the same number
of days, from 0 to 5 days. The associations were estimated in the form of concentration-response functions. The results show
relative risks and their 95% confidence intervals. Positive and statistically significant associations were obtained for CO for
all patients (lags from O to 5), males (lags 1 and 3-5), and females (lag 4). For NO,, exposure lagged by 1 and 2 days has a
positive statistically significant association for all and male patients. PM,, shows the same type of associations lagged by 2
and 3 days. PM, 5 (lag 2) is associated only in females. The results indicate that urban air pollution may have an impact on

the abuse of psychoactive substances.
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Introduction

There is growing evidence supporting the associations
between ambient air pollution and a wide range of health
conditions. Air pollution may affect various tissues and
organs, including skin and sense organs (eye and otitis
media). Air pollution may also have systemic effects, and
may impact a large spectrum of neurobehavioral disor-
ders. The existing literature indicates correlations between
ambient air pollution and a variety of disordered behaviors,
including drug abuse, behavioral disorders, depression, and
suicide (Bakian et al. 2015; Kim et al. 2010; Lundberg 1996;
Szyszkowicz 2007; Szyszkowicz et al. 2010; Szyszkowicz
et al. 2016; Szyszkowicz et al. 2018; Szyszkowicz 2019).
Sussman and collaborators (Sussman et al. 2015), in their
commentary publication, explored the following question:
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“Could environmental exposures be a factor in increased
susceptibility to addictive behaviors?” Based on the lit-
erature review, the authors suggested that environmental
exposures to air pollutants can contribute to dysregulation
of mesolimbic dopamine (DA) turnover, “resulting in an
increased propensity for addictive behaviors to manifest
themselves” (Sussman et al. 2015). In other studies on this
topic, Miller (Miller 1999; Miller 2000) presented and dis-
cussed the implication of environmental pollutants on addic-
tion, but did not present a neurobiological mechanisms in
her theoretical approach. Miller introduced and applied the
term “toxicant-induced loss of tolerance.” She supported her
terminology by assuming that people exposed to air pollut-
ants may become more susceptible to the effects of drugs.
Thus, drug users may observe an impact of lower quanti-
ties of drugs and have greater difficulties with withdrawal
because of environmental toxicants. As Sussman and col-
leagues (Sussman et al. 2015) wrote: “While not describing
neurobiological mechanisms, her ideas may be consistent
with the potential impact of toxicants on mesolimbic DA
shrinkage or depletion.”
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There is an established link between substance use disor-
der and mental health problems such as depression. Emer-
gency department (ED) presentations for substance abuse
may be affirmations of mental health conditions. “If ambient
air pollutants do indeed affect the central nervous system and
provoke psychiatric symptoms” (Amitai et al. 1998), one
might expect a corresponding increase in hospital presenta-
tions and admissions for substance use disorder (Szyszko-
wicz et al. 2018). Several mental health disorders tend to be
more prevalent in the urban populations and are correlated
with ambient air pollution concentration levels. Apart from
ambient air pollution, population density, traffic intensity,
generated noise, sedentary lifestyle, drug use, urbanization,
comorbidity, social economic position, or other factors
might mediate there health effects. It is not known exactly
which components of air pollution might contribute to the
development of mental health problems, but there are a few
potential mechanisms explaining causality. Air pollutants
might affect the human brain via neuroinflammatory pro-
cesses (Khan et al. 2019). Other mechanisms and processes
might be triggered and developed by oxidative stress, epi-
genetic alterations, and dysfunction of the hypothalamic-
pituitary-adrenal axis (Thomson 2019).

This paper does a re-analysis of previously published
work (Szyszkowicz et al. 2018). In the presented work, we
used health outcomes from the previous study and extended
the project to include drug dependency data. Additionally,
we proposed a new statistical methodology for the extended
health data.

In this work, ED visits for abuse of psychoactive sub-
stance, including alcohol dependence syndrome, drug
dependence, and nondependent abuse of drugs, are investi-
gated in relation to ambient air pollution concentrations. The
hypothesis is that ambient air pollutants are associated with
the number of ED visits for substance use disorder.

Methods
Health data

Health conditions, recorded as diagnosed ED visits data
from five hospitals in Edmonton (Canada), were collected
and organized as a health database. Data on ED visits were
retrieved from the database for the period April 1, 1998, to
March 31, 2002 (3,652 days). The health outcomes related
to this study were identified by applying the International
Classification of Diseases 9th Revision (ICD-9) codes. The
following three health problems, considered as substance
use disorder, were jointly investigated: alcohol dependence
syndrome (ICD-9: 303), drug dependence (ICD-9: 304), and
nondependent abuse of drugs (ICD-9: 305). The applied
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statistical methods used daily counts. Daily counts of ED
visits were calculated as the sum of daily health events diag-
nosed in one of these three categories (ICD-9: 303-305).
The time-series form of the analyzed data was used for the
period of 3,652 days, i.e., daily counts, daily average of tem-
perature and relative humidity, and average of daily concen-
tration of air pollutants as an exposure.

Environmental data

In this work, six ambient air pollutants are considered and
investigated: four gases (carbon monoxide (CO), nitrogen
dioxide (NO,), sulphur dioxide (SO,), and ozone (O5)) and
two particulate matters (PM, 5 (fine particulate matter no
greater than 2.5 microns in diameter) and PM,, (coarse par-
ticulate matter no greater than 10 microns in diameter)). The
daily concentration of these pollutants is represented as an
average of 24 values of hourly measurements. The estimated
values are the average of three monitor stations operating
during this period. The maximum distance among the three
stations used in the city of Edmonton was 11 km. The air
pollutant measurement data came from Canada’s National
Air Pollution Surveillance and the weather data came from
Environment Canada’s weather archive. More details on
these environmental data, air pollutants, and methods of
their measurements are presented in another publication by
Canadian authors (Zemek et al. 2010).

In the applied statistical models, the daily average ambi-
ent temperature and relative humidity are covariates. We
represented the weather factors as natural splines with three
degrees of freedom, which allows for the adjustment of
weather factors in their non-linear form. In the constructed
statistical models, ambient air pollutants and meteorological
factors were lagged by the same number of days.

Statistical methods

This work is a short-term air pollution health effects study
with day as a time unit. The presented study analyzes the
potential associations of six ambient air pollution with the
number of ED visits in Edmonton, Canada, using a case-
crossover (CC) strategy (Maclure 1991). The CC design is
very similar to a crossover study, where each subject serves
as his or her own control, and is an attractive alternative to
the classic case—control design. A CC study is used to study
onset of acute events where the risk factors of interest vary
by time. Exposures within cases at different times, consid-
ered as controls, are compared. In the standard and widely
used CC approach, a time-stratified technique is used to
define the control periods (Janes et al. 2005). Typically, the
same days of week in 1 month are chosen and health risk is
estimated by applying case and control period(s) exposures.
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In the standard CC method, conditional logistic regression
is used to estimate the odds ratio (OR). In this paper, con-
ditional Poisson models are applied as a flexible alternative
technique to the case-crossover methodology, and as such,
relative risks (RRs) are estimated (Szyszkowicz 2006; Arm-
strong et al. 2014; Szyszkowicz and Burr 2016; Szyszkowicz
2019; Szyszkowicz 2020). In order to do this, we created a
strata hierarchy using the following calendar structure <year:
month: day of week>. Thus, the study days are nested in the
natural hierarchical structure of the constructed strata: days
in days of week, days of week in months, and months in the
corresponding years (Szyszkowicz 2006). The conditional
Poisson models are then used with respect to the constructed
strata. On each stratum, the regression is performed with
respect to the air pollution concentration levels. The effect of
time is controlled by the strata. One stratum has 4 or 5 days,
depending on the length of the month (months with 28, 29,
30, or 31 days) and the day of week in a considered month.

To investigate the concentration-response associations,
the values of the concentration levels were transformed.
The following formula was applied to estimate the RR as
the function of the variable z, RR(z) = exp(f(z)). Here the
variable z represents the concentration of air pollutant (for
example, z = NO,). The coefficient f(z) is a function of the
concentration. The formula for f(z) has the following form:

f(2)
1+ exp{ % }

where r is the range of the concentrations. The parameters
u (mu) and 7 (tau) determine the logistic function. Usually,
the function f{z) has a simple form as f(z) = z, f{(z) = log(z),
or others.

In the standard CC method, and using conditional logistic
regression, OR is estimated as OR(z) = exp(f*z), where the
coefficient # (slope) has a constant value. In this kind of
statistical model, the concentration-response shape always
has one form of the same exponential function, with varying
p values. In the method presented here, the coefficient varies
with concentration levels.

In this paper, three forms of the function f{z) are used:
f@=2zf(@)= \/E,f(z) =z, i.e., an identical, concave,
and convex function, respectively. The constant Beta (slope)
is determined by using the statistical regression models
(Nasari et al. 2016). Here, the transformed concentration z,
represented as the product of the function f{z) and the logis-
tic function of z, is used in the conditional Poisson regres-
sion models.

For a given initial value of the parameters mu and tau,
the coefficient § (Beta) is estimated using the conditional
Poisson regression on the constructed strata. The values of
p, mu, tau, and f{z) define the concentration-response shape

P2) =P *

function as the function f(z) is determined. The process to
estimate the optimal values of the parameters mu and tau
is completed as an iterative algorithm. A similar approach
was used in (Szyszkowicz 2018), where a minimization rou-
tine was applied to fit the statistical model to produce the
minimum AIC (Akaike information criterion) value. This
minimization algorithm estimates the parameters and from
those parameters, the concentration-response function.

In this study, we considered only two fixed values of
the parameter tau, 0.1 and 0.2 (Nasari et al. 2016). As the
value of the parameter mu, the successive percentiles of
the air pollutant concentrations are used and submitted into
the constructed models. The computer program then fits
the model with the fixed triplets (mu, tau, f{z)) and returns
the coefficient . The proposed triplet also gives the mini-
mum of the AIC value as an optimal solution. The result
(f, mu, tau, f{z)) from the used model allows to calculate
the coefficient f(z), which is a function of the air pollut-
ant concentration and determines the shape. These flexible
models allow the construction of all forms of concentration-
response functions. A similar approach was used in longi-
tudinal cohort study related to air pollution and mortality
(Burnett et al. 2018). The Supplementary Materials provide
the corresponding software code used for this methodol-
ogy. We completed this project using R computer statisti-
cal software (Version 3.5.1; ©2018, The R Foundation for
Statistical Computing).

Results

During the period of the study, from April 1, 1992, to March
31, 2002 (3,652 days), 28,745 ED visits were identified,
retrieved, and used. Among these ED visits diagnosed for
abuse of psychoactive substance, 5,921 were for alcohol
dependence syndrome (male 4,207 (71%) cases, female
1,714 (29%) cases), 1,212 were for drug dependence (male
714 (59%) cases, female 498 (41%) cases), and 21,612 were
for nondependent abuse of drugs (male 13,779 (64%) cases,
female 7,833 (36%) cases).

Table 1 presents summary statistics on the environmental
parameters and ED visits considered in the study. Data were
missing for 61% of days for fine particulate matter and 23%
of days for coarse particulate matter pollutants. We excluded
days missing this data from the study.

Figure 1 summarizes the results for the 6 air pollutants
by O to 5 lags. The figure shows three qualitative catego-
ries, positive (red) and negative (green) statistically signifi-
cant associations and also situations with no associations
found (neutral, white). In this study, P-values less than 0.05
indicated statistical significance. Thus, the probability of
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Table 1. Statistics of the daily

Parameters ED visit (6(0) NO, SO, (O PM, 5 PM,, Temp RHum

values of the used parameters.

Edmonton, Canada, 1992-2002.  Minimum 0 004 39 0.0 1.2 0.5 3.1 -34.1 251
Ql 5 0.47 14.7 1.3 11.3 4.6 132 -4.0 57.1
Median 7 0.63 19.7 23 17.9 7.2 19.4 5.4 66.2
Mean 7.9 0.74 21.6 2.7 18.7 8.5 225 3.9 66.0
Q3 10 0.87 27.5 3.6 253 10.8 28.2 14.0 75.6
Maximum 37 4.82 67.4 16.6 50.9 102.4 137.0 26.5 98.5
Missing 0 0 0 0 0 2,212 839 0 0

ED, emergency department; Temp, temperature (in °C); RHum, relative humidity (in %); Q1, first quartile;
03, third quartile, CO in ppm, NO,, O,, and SO, in ppb, particulate matter in pg/m>. Missing — number of

days with no data among 3,652 days.

obtaining the results seen in the study, if the null hypothesis
(B = 0) is actually true, is less than 0.05. Figure 1 may be
interpreted as a map of the associations between ED visits
and lagged exposures.

Table 2 gives numerical estimations for the six considered
air pollutants and their lags from O to 5 days. The associa-
tions between carbon monoxide and ED visits are positive
and statistically significant for the exposure lagged by 0 to 5
days. The listed parameters allowed the construction of the
corresponding Figures 2 and 3.

Figure 2 presents the concentration-response shapes for
the association between ED visits and ambient carbon mon-
oxide (z = CO) levels. The functions give values of the RR
along the CO concentration levels. In addition, a 95% confi-
dence interval (CI) is estimated and added to the graph. The
figure illustrates the estimations obtained for the exposures,
lagged from O to 5 days. For example, for the same day (lag
0) exposure for carbon monoxide, the obtained values are f
= 0.7719, standard error = 0.3134, statistically significant
(P-value = 0.0138). The mu (4.8) was in the 100th percen-
tile of carbon monoxide concentration, tau = (0.1, and as the
transformation function f{z) is used, the function is indexed
by the number 2, i.e., here f(z) = \/E This example shows
how to interpret the values presented in the tables.

Figure 3 illustrates the function RR(z) related to the con-
centration-response shape for nitrogen dioxide (z = NO,).
Supplementary Materials provide two tables which show the
results for male and female patients using the same conven-
tion of interpretation. For illustrative purposes, sample code
(in R) is provided in the Supplementary Materials. The code
illustrates that the presented concentration-response func-
tions were drawn for the optimal parameters.

@ Springer

Discussion

This study examined ED visits for drug dependence and non-
dependent abuse of psychoactive substances for patients in
five EDs in Edmonton, Canada, over a period of 10 years.
The main result of this work is the estimation of an asso-
ciation between exposure to specific ambient air pollutants
and the numbers of ED visits for substance use problems.
The considered visits may represent acute psychiatric
symptomology and among various be classified as drug
abuse. Some of the visits may have been related to a suicide
attempt, though this information is not specifically indicated
in the used database.

In this work, all, male, and female patients exposed to
elevated air pollution concentrations were more likely to
visit ED for psychoactive substances use disorder. As the
results indicate, carbon monoxide and nitrogen dioxide were
individually associated with increased ED presentations for
substance abuse. The positive statistically significant asso-
ciations are also seen for both types of particulate matter.
Unfortunately, in this study, PM, 5 data were missing for
61% of the study period (available from April 1998 to April
2002) and PM,, for 23% (available from January 1994 to
April 2002). This missing information undoubtedly largely
affects the results for their associations with the number of
ED visits. Figure 1 shows a few positive statistically signifi-
cant associations for both PMs. It is a possible limitation
of the study that such data are not available for the whole
period.

This study is a re-analysis of the work presented in
(Szyszkowicz et al. 2018) with two new elements. In this
study, ED data were expanded by visits diagnosed as drug
dependence (ICD-9: 304) cases. The applied statistical meth-
odology is also augmented. In the previous work (Szyszkow-
icz et al. 2018), the standard CC method was used; here, an
optimal concentration-response parametric function is fitted.
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Figure 1. A qualitative map of the associations: positive (1, red), neg-
ative (—1, green), and neutral (0, white).

In addition to estimating relative risk, the current study
provides the shape of the concentration-response curve to
illustrate the relationship between air pollution levels and

health outcomes. The curve shapes demonstrate various non-
linear forms.

The results on the risk estimates from the current study
are consistent with the previous findings. Similar to previous
studies, we observed positive, statistically significant asso-
ciations for exposure to carbon monoxide, nitrogen dioxide,
and particulate matter and the outcome of interest.

While few studies in the literature currently report on
the impacts of air pollution on substance abuse, there is a
growing body of evidence that exposure to air pollution
affects the brain and can alter behavior. Several studies
have reported associations between air pollutants and cog-
nitive function (Calderédn-Garcidueiias et al. 2008; Suglia
et al. 2008; Chen and Schwartz 2009; Szyszkowicz 2019;
Ranft et al. 2009; Power et al. 2011).

This study includes several limitations that are common
in observational research, including the adequacy of the
statistical models used, and potential impact of measure-
ment error in the concentration of ambient air pollutants
and outcome variables. The triangular configuration of the
three monitors in the area of the study is well designed.
The largest distance among the monitor stations is about
11 km. The health data were collected from five hospitals
in Edmonton and they are not separated from each other
by more than 10 km.

Common sources of carbon monoxide are motor vehi-
cles, fireplaces, coal and wood stoves, kerosene space
heaters, charcoal grills, gas appliances, and internal com-
bustion engines. The largest source of carbon monoxide
is natural in origin. As was mentioned in (Sussman et al.
2015), the measured values for carbon monoxide may not
represent actual vertical distribution.

Carbon monoxide has almost the same density as air.
Its molar mass is 28.0, where air has a molar mass of 28.8.
By a consequence, human height level exposure concen-
trations may be higher than those recorded by monitoring
stations. Usually, these stations are located a few meters
above the ground.

Conclusion

This paper presented the results from short-term expo-
sure to ambient air pollutants. Six ambient air pollutants,
four gaseous and two particulate matters, were consid-
ered in relation to ED visits for substance use disorder.
In the constructed models, daily counts of ED visits were
analyzed. In the statistical models, the daily weather fac-
tors, temperature and relative humidity, were represented
in the form of natural splines. The daily concentration
levels of air pollutants were transformed to obtain the
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Table 2. Parameters of the

- Pollutant, Lag Beta SE P-value PN u T FN
fitted models. ED visits. All.

Edmonton, Canada, 1992-2002.  cQ, Lag 0 0.7719 0.3134 0.0138 100 4.8 0.1 2
1 0.0396 0.0136 0.0037 57 0.7 0.2 3
2 0.0691 0.0327 0.0349 19 04 0.1 2
3 0.0890 0.0311 0.0042 99 2.3 0.1 1
4 0.1450 0.0449 0.0013 98 2 0.1 2
5 0.0922 0.0355 0.0093 92 1.4 0.1 2
NO,, Lag 0 —0.0056 0.0065 0.3893 6 104 0.1 2
1 0.0016 0.0006 0.0077 100 67.5 0.2 3
2 0.0167 0.0062 0.0071 91 36 0.1 2
3 0.0125 0.0066 0.0589 93 37.7 0.1 2
4 0.0051 0.0053 0.3402 78 28.8 0.1 2
5 0.0005 0.0002 0.0011 95 40.1 0.1 3
S0O,, Lag 0 —0.0046 0.0023 0.0431 99 8.9 0.1 3
1 —-0.0191 0.0207 0.3560 98 7.6 0.1 2
2 0.0147 0.0117 0.2076 0 0 0.1 2
3 —0.0309 0.0256 0.2285 99 8.9 0.1 2
4 0.0466 0.0242 0.0537 100 16.6 0.2 1
5 0.0183 0.0121 0.1294 77 3.7 0.1 2
05, Lag0 —0.0062 0.0077 0.4246 6 5.2 0.1 2
1 —-0.0156 0.0064 0.0142 43 16.1 0.1 2
2 —-0.0152 0.0086 0.0757 0 0.9 0.1 2
3 —0.0009 0.0010 0.3662 100 50.9 0.1 3
4 —0.0238 0.0122 0.0519 98 394 0.1 2
5 0.0016 0.0008 0.0553 100 50.9 0.1 3
PM,, Lag 0 —0.0013 0.0005 0.0079 99 30 0.1 3
1 —0.3164 0.1381 0.0220 100 102.4 0.2 2
2 0.0184 0.0130 0.1577 78 11.4 0.1 2
3 0.0180 0.0124 0.1459 10 3 0.1 2
4 0.0006 0.0006 0.3665 100 102.4 0.1 3
5 0.0143 0.0128 0.2656 70 9.9 0.1 2
PM,,, Lag 0 —0.0008 0.0005 0.1494 100 137 0.2 3
1 —0.0015 0.0008 0.0591 100 137 0.1 3
2 0.0146 0.0061 0.0167 0 3.1 0.1 2
3 0.0114 0.0055 0.0373 66 243 0.1 2
4 0.0050 0.0061 0.4134 0 3.1 0.1 2
5 —0.0001 0.0001 0.3676 99 64.9 0.1 3

Notes: Beta — estimated slope; SE, standard error; PN, percentile number (0-100); u, 7 — parameters of
logistic function; FN determines which function was used: 1—an identity, 2—a square root, 3—a power to

1.5.

parametric non-linear response shapes. The positive sta-
tistically significant associations were assessed for carbon
monoxide exposure lagged from 0 to 5 days. It is main
conclusion of this study: carbon monoxide concentration
levels may be associated with substance use disorders.
The results are also positive for some other urban air pol-
lutants. The estimated functions allow the identification

@ Springer

of concentrations with various intensities of impact on
health. In some cases, these functions indicate a potential
threshold concentration.

In this study, urban ambient air pollution is associated
with an increase in the number of ED visits for psychoactive
substance disorders in Edmonton, Canada.
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