Hu et al. BMC Public Health (2022) 22:2121
https://doi.org/10.1186/512889-022-14586-8

BMC Public Health

Spatial-temporal trends in the risk of illicit

®

Check for
updates

drug toxicity death in British Columbia

Kevin Hu'%, Brian Klinkenberg?, Wen Qi Gan' and Amanda K. Slaunwhite '

regions.

may partly explain the elevated risk in these areas.

Abstract: Background: lllicit drug poisoning (overdose) continues to be an important public health problem with
overdose-related deaths currently recorded at an unprecedented level. Understanding the geographic variations in
fatal overdose mortality is necessary to avoid disproportionate risk resulting from service access inequity.

Methods: We estimated the odds of fatal overdose per event from all cases captured by the overdose surveillance
system in British Columbia (2015 - 2018), using both conventional logistic regression and Generalized Additive Models
(GAM). The results of GAM were mapped to identify spatial-temporal trends in the risk of fatal overdose.

Results: We found that the odds of fatal overdose were about 30% higher in rural areas than in large urban centers,
with some regions reporting odds 50% higher than others. Temporal variations in fatal overdose revealed an increas-
ing trend over the entire province. However, the increase occurred earlier and faster in the Interior and Northern

Conclusion: Rural areas were disproportionately affected by fatal overdose; lack of access to harm reduction services
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Background
Illicit drug poisoning (overdose) continues to be an
important public health issue in North America. The eco-
nomic burden of opioid use disorder and fatal overdose
in the United States was estimated to be 1.02 trillion dol-
lars in 2017 alone [1]. In Canada, the province of British
Columbia (BC) experienced some of the highest rates of
illicit drug-related overdose, with the Provincial Health
Officer declaring a provincial public health emergency in
2016. Illicit drug overdose is now the foremost cause of
unnatural deaths in BC, exceeding all other causes com-
bined [2].

In BC, the primary cause of the overdose crisis has
been contamination of the illicit drug supply with fenta-
nyl. Fentanyl is a highly potent synthetic opioid and was
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detected in about 90% of the 1550 fatal overdose cases in
2018, jumping from 30% (of 529 cases) in 2015 and 5%
(of 270 cases) in 2012 [2]. Harm reduction is an essen-
tial component of BC’s overdose response [3], and the
authorities have upscaled multiple programs to expand
access to Opioid Agonist Therapy (OAT), Take-Home
Naloxone (THN), and harm reduction sites (includ-
ing supervised consumption sites and overdose preven-
tion sites). OAT is an opioid use disorder treatment that
prescribes slow-release opioid medications to patients
for managing withdrawal symptoms. As patients rarely
overdose on these prescribed medications, continuous
use of OAT prevents overdose occurrence. Naloxone is
an antagonist to opioids that can reverse an overdose.
Persons who use substances can obtain portable nalox-
one kits through the THN program at pharmacies or
consume substances under supervision at naloxone-
equipped harm reduction sites. Thus, THN and harm
reduction sites can prevent overdose death during an
event [4]. In 20 months after the 2016 public health
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emergency declaration, the combined impact of these
three interventions was estimated to be 3030 fatal events
prevented, whereas 2177 deaths were observed [5]. Given
these interventions have been effective at reducing mor-
tality, future resource allocation is more complicated
than ever because the distribution of fatal overdoses is
now affected by influential interventions in addition to
endogenous risk factors. Thus, understanding the spatial
variations in fatal overdose risk is necessary to avoid dis-
proportionate risk resulting from service access inequity.

Relevant recent attempts focused on the rural-urban
difference in fatal overdose risk and are mostly limited
to ecological studies. For example, both Monnat [6] and
Hedegaard et al. [7] conducted a county-level study and
found that drug overdose mortality rates were higher in
urban than in rural counties in the United States, while a
descriptive study in BC [8] found rates did not vary much
by geographic regions.

The prevailing evidence on the spatial distribution of
fatal overdose is insufficient to guide resource alloca-
tion. Besides ecological fallacy, these studies (e.g., [6—8])
do not account for repeated overdose events within per-
son. However, this missing consideration is necessary
for precise allocations of interventions with different
mechanics. For example, if high mortality rates in some
regions were mainly driven by frequent overdose occur-
rence instead of a higher chance of death per event, the
addition of more harm reduction sites to these areas (i.e.,
where people who survived multiple events are relatively
common) could be an inefficient use of resources. Thus,
previous work lacks the detail to support the optimiza-
tion of the combined intervention approach in BC.

We examined the spatial variations in fatal overdose
risk from an event-based perspective to inform decision-
makers on where help is the most needed and what type
of interventions would be suitable for particular regions.
We first conducted a conventional multiple logistic
regression analysis to identify the direction of rural-
urban difference in the likelihood of fatal overdose per
event. We then proceeded to detect the high-risk areas
using a novel spatial modeling approach. In light of the
changing landscape of the crisis, we finally visualized the
temporal trend in fatal risk by snapshots of the spatial
pattern at time intervals.

Method

Data and case definition

Our analyses used secondary data contained in the BC
Provincial Overdose Cohort hosted at the BC Centre for
Disease Control. The data originated from a population-
based cohort study that includes people who experi-
enced at least one non-fatal or fatal overdose event in BC
between Jan 1, 2015, and Dec 31, 2018. Overdose events
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were identified from linked (at person-level) administra-
tive data sources such as ambulance service reports, hos-
pitals, BC Coroner’s Service, Vital Statistics, prescription
medication dispensing, and provincial correctional insti-
tutions. The linkage strategy and source-specific defini-
tions of overdose are described in detail elsewhere [8].
In brief, the captured events are a) ambulance-attended
event records that naloxone was administered or that
the impression code is overdose-related, b) primary care
records (e.g., emergency department visit, hospital dis-
charge) with an overdose-related International Classifi-
cation of Diseases code, or c) illicit drug toxicity deaths
reported by the BC Coroner’s Service or Vital Statistics.
Intra-person records that are no more than 24 hours
apart were collapsed as one event. Healthcare utilization
records since Jan 1, 2010, are also available in the Cohort.

Exposure and outcome

We examined the association between event loca-
tion environment and the likelihood of an overdose
event being fatal. We hypothesized that events in rural
areas may have elevated fatal risk and used the level of
urbanicity at the overdose location as the exposure meas-
ure (to rurality). Overdose locations were determined
from the postal code of injury in ambulance or mortal-
ity records. The postal codes’ urbanicity levels were then
assigned based on the “Population Centre” variable in
the 2016 Canadian census [9], which classifies all areas
in the province into four groups based on population
size: 1) large urban population centers have a popula-
tion of 100,000 or more, 2) the medium class is between
30,000 and 99,999, 3) small population centers have 1000
to 29,999 persons, and 4) all areas outside of population
centers are categorized as rural. Approximately 13% of
BC'’s five-million population reside in rural areas whereas
66, 9 and 12% live in large, medium and small urban cent-
ers, respectively.

Covariates

Age, sex, social deprivation, prior overdose experi-
ence, other substance uses, and event location type are
included as covariates in the analysis. We selected the
covariates using a causal diagram, or directed acyclic
graph, to minimize confounding bias [10]. The diagram
and explanation are presented in the Supplementary
material. To quantify social deprivation, we used the
social component in the Pampalon index [11] that reflects
the prevalence of single-parent families and people living
alone at the neighborhood level. The score was employed
as a surrogate for the likelihood of using drugs alone —
fatal overdose is more likely to occur when using drugs
alone than when bystanders are present to help [12]. We
assigned the neighborhood scores to persons (and then
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to events) through home postal codes in the same man-
ner as the derivation of urbanicity. For prior overdose
experience, we differentiated a person’s first event from
their recurrent ones with a binary indicator and antici-
pated that having overdose experience may trigger peo-
ple’s adaptation to alleviate fatal risk in subsequent
events. To account for other substance uses, we consid-
ered three types of relevant medications: opioids for pain
(e.g., prescribed opioids excluding OAT medications),
benzodiazepines, and other sedatives (e.g., for sleeping
aid). Sedatives and opioids are both respiratory depres-
sants and are known to increase the chance of overdose
and death when used together [13]. Three binary indica-
tors, one for each type, are created for having active pre-
scriptions at the time of overdose.

In addition, we included an adjustment for location
types (e.g., private residence, public building, outdoor)
summarized from record descriptions written by para-
medics or the BC Coroner’s Service. Some location types
are inherently at high risk of fatal overdose, e.g., aban-
doned buildings or remote outdoor locations, because
the probability of being helped is slim in those places
[12]. Predictably, hotspots of fatal risk would be detected
mainly around those rare, remote locations if the effect of
location types were not removed. Those places are often
impractical intervention destinations, so removing their
effects is beneficial.

Statistical analysis

First, we estimated the odds of an overdose being fatal
with logistic regression, yielding odds ratios (ORs) for the
urbanicity strata and covariates. To account for the cor-
relation between events from the same person, we com-
puted the estimates using the Generalized Estimating
Equations (GEE) approach for clustered data proposed by
Zeger and Liang [14], adopting an exchangeable working
dependence structure.

We further mapped the odds ratios of fatal overdose
utilizing the two-dimensional smoothing feature in Gen-
eralized Additive Models (GAMs). We retained the same
GEE framework and covariate adjustments as the con-
ventional logistic model but substituted the urbanicity
term with a smooth function of location coordinates (i.e.,
replacing a coarse stratification of the event environment
with a continuous variable). This smooth function can be
pictured as a continuous “surface” of ORs estimated by a
GAM.

Applications of modeling spatial variation in disease
risks using GAM have been fully described elsewhere
[15-17]. In essence, the odds of fatal overdose were mod-
eled as:

logit[P(Y; = 1)] = S(ej, ny) + BZ; (1)
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Where i=1, ..., n are the n" observations, Y is a binary
indicator of an event being fatal, Z is a vector of covari-
ates, and P is a vector of coefficients. S is a smoother
function (e.g., a spline term) of the event location coor-
dinates (easting, northing) in a projected coordinate sys-
tem. It can be interpreted as the proportion of log-odds
unexplained by Z tied to the location. In other words,
exp.(S) is estimated OR at each location adjusted for
covariates. The models were fitted using the “mgcv”
package [18] in statistical software R, adopting Thin Plate
Regression Spline [19] as the smoothing basis.

The resulted distribution of cumulative (over the 4
years) ORs of fatal overdose was visualized as heat maps
at the province scale along with 95% Bayesian confidence
intervals [20]. To pinpoint at-risk neighborhoods, we
repeated the same analysis at the city-scale for Vancou-
ver, Victoria, Kelowna, and Prince George, the largest cit-
ies in BC; separate models were fitted to subsets of the
data by city. Harm reduction sites were also plotted on
the map to assess their impact on the risk pattern. There
is no site in rural settings yet, so that no rural communi-
ties were chosen for the city-scale analysis.

Finally, we examined the spatial-temporal trends of
fatal overdose (at the province scale) by incorporat-
ing space and time interaction into the GAM [21], e.g.,
S(e,n) xt where ¢ is the number of months between Jan
1, 2015 and when the event happened. Then risk sur-
faces were mapped every 6 months to resemble the spa-
tial-temporal trends. Similarly, we also included a year
variable and its interaction with urbanicity in the logis-
tic model to reflect the temporal aspect. The year vari-
able differentiates periods before and after Jan 1, 2017;
as most overdose prevention sites were launched in late
2016, we expect changes in fatal risk during the second
half of the study period.

Two sensitivity analyses were performed. First, events
with incomplete location information were removed
from the data analyses; consequently, we investigated the
potential bias arising from this exclusion. As the missing
data is mainly in the location type variable, we fitted an
adjusted model without the location type variable using
almost all events. Then, it was compared to an identi-
cal model with data exclusion. Second, we explored the
impact of the choice of smoothing basis on the mapping
result. Risk surfaces produced by two alternative bases,
Duchon splines and Gaussian process (equivalent to krig-
ing), were compared to the presented result.

Results

Descriptive analysis

During the study period, 42,711 overdose events
(26,835 persons) were identified, and of these, 35,569
(83.3%) events had complete location information
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Table 1 The characteristics of fatal and non-fatal overdoses
Variable Level All Fatal Event'
No Yes
Total 35,569 30,957 (87) 4612 (13)
Urbanicity Large 24,856 (69.9) 21,905 (70.8) 2951 (64)
Medium 5485 (15.4) 4725 (15.3) 760 (16.5)
Small 3028 (8.5) 2547 (8.2) 481 (104)
Rural 2200 (6.2) 1780 (5.7) 420(9.1)
Location Type Private 17,551 (49.3) 13,733 (44.4) 3818 (82.8)
Public Buildings 5123 (14.4) 5031 (16.3) 92 (2)
Healthcare Facilities 811 (2.3) 775 (2.5) 36 (0.8)
Outdoor 9917 (27.9) 9546 (30.8) 371(8)
Others 2167 (6.1) 1872 (6) 295 (6.4)
Recurrent Event No 1,450 (60.3) 17,958 (58) 3492 (75.7)
Yes 9(39.7) 12,999 (42) 1120 (24.3)
Age 18-29 10,873 (30.6) 10,019 (32.4) 854 (18.5)
<18 783 (2.2) 746 (2.4) 37(0.8)
30-49 16,159 (45.4) 14,035 (45.3) 2124 (46.1)
50-64 6381 (17.9) 5093 (16.5) 1288 (27.9)
>65 1373 (3.9) 1064 (3.4) 309 (6.7)
Sex F 10,078 (28.3) 9098 (29.4) 980 (21.2)
M 25,491 (71.7) 21,859 (70.6) 3632 (78.8)
Benzodiazepines Prescriptions No 33,162 (93.2) 28,982 (93.6) 4180 (90.6)
Yes 2407 (6.8) 1975 (6.4) 432 (9.4)
Other Sedatives Prescriptions No 24,740 (69.6) 21,640 (69.9) 3100 (67.2)
Yes 10,829 (30.4) 9317 (30.1) 1512 (32.8)
Opioids for pain Prescriptions No 33,254 (93.5) 29,073 (93.9) 4181 (90.7)
Yes 2315 (6.5) 1884 (6.1) 1(9.3)
Social Deprivation2 Q3 4824 (13.6) 95 (13.6) 629 (13.6)
Q1 3143 (8.8) 2658 (8.6) 485 (10.5)
Q2 4966 (14) 4297 (13.9) 669 (14.5)
Q4 6499 (18.3) 5658 (18.3) 841(18.2)
Q5 16,137 (45.4) 14,149 (45.7) 1988 (43.1)
Year 2015-2016 13,374 (37.6) 11,820 (38.2) 1554 (33.7)
2017-2018 22,195 (62.4) 19,137 (61.8) 3058 (66.3)

" Data are n (%)

2The deprivation indexes are categorized by quantile, with Q5 being the most deprived. Q3 is selected as the reference level as it includes the average

and were included in the analysis. The 23,191 per-
sons who survived their first overdose contributed a
mean of 1.83 (Standard Deviation: 1.1) person-years
of follow-up from the date of the first overdose to
death or Dec 31, 2018; the large population center
group has slightly longer follow-up time on average
(mean: 1.88, SD: 1.1), but the distributions are simi-
lar across urbanicity (e.g., mean: 1.73, SD: 1.06 in the
rural group).

A comparison of characteristics between fatal and
non-fatal overdose events is summarized in Table 1. The

proportion of cases from rural areas was higher among
fatal overdoses (9.1%) than non-fatal overdoses (5.7%).
Also, the two types of events differ notably by age, sex,
and being a recurrent event (24.3% of fatal overdoses
vs. 42% of non-fatal overdoses). Recurrent overdose
was the least prevalent in rural communities (19.9% of
rural events compared to 44.1, 36.6, and 23.8% of large,
medium, and small urban center events, respectively).
Furthermore, location type seems to profoundly impact
the likelihood of fatal overdose; deaths in public buildings
and healthcare facilities were infrequent.
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Table 2 The associations between odds of fatal overdose and the urbanicity of event environment

Unadjusted Adjusted
Variable OR'" 95%CI'" p-value OR? 95%Cl p-value OR® 95%Cl p-value OR* 95%ClI p-value
Urbanicity
Large - - - - - - - -
Medium 1.14  1.04,1.24 0.003 127 110,147  0.001 116 1.00,1.34  0.057 1.14 098,132 0.090
Small 129 116,143 <0.001 122 101,147 0035 1.06 088,129 05 1.03 085124 08
Rural 159 142,178 <0.001 157 129,191  <0.001 136 111,166 0.003 131 107,160 0.009
Location Type
Private - - - - - -
Public Buildings 0.07 006,009 <0.001 0.08 0.06,0.09 <0.001 0.08 0.06,0.09 <0.001
Healthcare Facilities 0.18 0.14,025 <0.001 0.18 013,025 <0.001 0.19 0.14,027 <0.001
Outdoor 0.15 014,017  <0.001 016 0.14,0.18  <0.001 0.16 0.15,0.18  <0.001
Others 058 052,066 <0.001 062 054,070 <0.001 065 057,075 <0.001
Recurrent Event
No - - - - - -
Yes 051 048,055 <0.001 052 048,056 <0.001 060 0.56,065 <0.001
Age
18-29 - - - - - - - -
<18 053 038,075 <0.001 050 036,071 <0.001 057 041,081 0.002 054 038,076 <0.001
30-49 178 163,193 <0.001 173 159,189 <0.001 172 157,188 <0.001 168 154,183 <0.001
50-64 292 265,321  <0.001 271 245,299 <0001 241 217,267  <0.001 230 207,254 <0.001
>65 313 270,363 <0.001 276 237,322 <0.001 248 211,292  <0.001 224 191,264 <0.001
Sex
F — — — — — — — —
M 161 149,174 <0.001 1.62 150,175 <0.001 177 164,192 <0.001 181 167,196 <0.001
Benzodiazepines Prescriptions
No - - - - - - - -
Yes 146 130,163 <0001 143 126,163 <0001 137 120,157 <0.001 137 120,156 <0.001
Other Sedatives Prescriptions
No - - - - - - - -
Yes 119 111,128  <0.001 089 081,096 0.005 086 079,094 <0.001 0.88 0.81,096 0.004
Opioids for pain Prescriptions
No - - - - - - - -
Yes 154 138,173 <0.001 114 1.00,1.30 0.054 105 092,121 05 1.04 091,119 06
Social Deprivation
Q3 - - - - - - - -
Q1 120 1.05,137 0.008 128 1.12,146  <0.001 124 1.08,143 0.002 122 106,140 0.004
Q2 1.05 093,118 05 1.08 095122 02 112 098,127 0.092 112 099,127 0083
Q4 100 089,112 >09 099 088111 09 098 087,111 08 100 088112 >09
Q5 096 087,1.06 04 096 087,1.06 04 097 087,107 05 100 090,111  >09
Year
2015-2016 - - - - - - - -
2017-2018 126 119,134 <0.001 140 129,152 <0001 1.29  1.19,141  <0.001 139 128,152 <0001
Urbanicity * Year
Medium * 2017-2018 086 072,103 0.11 091 076,110 03 091 075,109 03
Small ¥ 2017-2018 1.07 086,135 05 108 085136 05 105 083,133 07
Rural ¥ 2017-2018 089 070,114 04 092 072,119 05 090 0.70,1.15 04

' OR Odds Ratio, CI Confidence Interval
2 Adjusted for all covariates except location type
3 Adjusted for all covariates except prior overdose experience

4 Adjusted for all covariates

The asterisk symbol = represents the interaction between two variables
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Rural-urban differences in fatal overdose risk

We present the multivariable logistic regression results
comparing different combinations of adjustment sets
in Table 2. All models agree that rural events had sig-
nificantly higher odds of being fatal than events in large
population centers (the reference), and the odds ratio for
rural events ranges from 1.59 (Confidence Interval: 1.42,
1.78) unadjusted to 1.31 (CIL: 1.07, 1.60) adjusted for all
selected covariates. The odds of fatal overdose in medium
and small population centers were also higher than the
reference but lost significance after full adjustment. As
expected, being a recurrent event reduced the likelihood
of fatal overdose by about 40% (OR: 0.60, CI: 0.56, 0.65).
The location type variable is a strong predictor of fatality
odds: events that happened in private places (e.g., home
or vehicles) were about 5 or 12 times more likely to be
fatal than those that occurred in healthcare facilities or
public buildings, respectively. Surprisingly, there was a
higher likelihood of fatal overdose in healthcare facili-
ties than in public buildings. One explanation could be
that events in healthcare facilities were from people with
pre-existing health conditions. Events happened in the
second half of the study period are associated with an
39% (OR: 1.39, CI: 1.28, 1.52) increase in odds of being
fatal. However, no significant (multiplicative) interaction
between urbanicity and year of the event was detected.

Mapping spatial variations in fatal overdose risk

The spatial pattern of fatal overdose odds per event is
visualized as a heatmap in Fig. 1. The estimated effects
of the covariates are mostly close to the urbanicity model
and not shown here (see supplementary material). A
large region centered around Merritt encompassing some
major cities in the interior BC (e.g., Kelowna and Kam-
loops) had odds of fatal overdose approximately 25 to
50% higher than the surrounding areas, whereas Metro
Vancouver was a significant cold spot (0.75 < OR<1). The
highest estimates appear in the north but are not signifi-
cant, probably because the number of events is relatively
small in those remote areas.

The city-scale variations in fatal overdose risk are
mapped in Fig. 2. In Vancouver, the cluster of harm
reduction sites was found to be a significant cold spot
(0.50 <OR<1); contrarily, neighborhoods in the south-
east had the highest risk (2.00 <OR<2.5). Although the
risk in Victoria and Prince George are not significant
at the provincial scale, heterogeneity is present within
the city. We observed a gradually increasing trend from
north to south in Victoria and that the fatal risk increased
rapidly from northeast to southwest in Prince George.
Interestingly, the inflection points (with respect to where
OR=1) of the spatial trends in these cities, especially
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in Vancouver, are seemingly in the vicinity of the harm
reduction sites, suggesting a possible spatial association
between harm reduction sites and low fatal overdose risk.
The spatial-temporal changes in fatal overdose risk are
visualized as snapshots every 6 months from Jan 2015
to Dec 2018 in Fig. 3. In general, the fatal risk increased
over time all over BC (month 48 vs. month 0), which is in
the same direction as the OR estimate for the year vari-
able in the logistic regression model. More specifically,
the magnitude of the elevated risk exhibits a northeast-
southwest trend, with the southwest region (e.g., Metro
Vancouver and Victoria) having the lowest increase. Con-
sidering central BC at the end of 2016 (month 24) as the
reference level (where OR=1), the fatal risk was below
reference (mostly 0.6 <OR<0.9) over the whole prov-
ince until the first half of 2016. The spatial trend started
to shift after the second half of 2016: the hotspot origi-
nated in the east Interior then spread over the province
in 2 years. By the end of 2018, the risk in northern BC
increased by 2~2.4 times compared to the reference.
Meanwhile, the more urbanized southwest region expe-
rienced a relatively slower increase (1.2 <OR<1.6 com-
pared to 0.6 < OR <0.7 at the start of the study period).

Sensitivity analysis

The impact of excluding events with missing location
types on the regression analysis results was minor. The
odds ratio estimates for urbanicity levels, age, and opi-
oids for pain prescription were increased slightly without
data exclusion; however, the conclusion was not altered.
Also, the differences in OR estimates resulting from
alternative smoothers in GAMs did not change our inter-
pretations of the spatial patterns; the alternative maps are
adequately similar to those presented. Sensitivity analysis
results are available in the supplementary material.

Discussion

Urbanicity and fatal overdose

We found that the likelihood of fatal overdose increases
as the urbanicity of event location becomes more rural.
The odds are about 30% higher in rural areas than in large
urban centers. Our estimates are conservative, as the
prominent, non-manipulatable effect from location types
was removed.

The magnitude of this estimated effect of urbanicity
might be insubstantial, but the direction of the effect
contrasts previous findings. Most of the recent work rel-
evant to the current crisis found higher overdose mortal-
ity rates in urban communities [6—8]. As the present and
previous work are based on different perspectives, the
results are not directly comparable. However, it is note-
worthy that previous studies whose conclusions were
based on mortality rates (using the general population
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as the denominator) are subject to limitations associated
with estimating the population at risk [22]. In compari-
son, our estimates were obtained from a representative
study population, a large subset of the true population
at risk (i.e., people who use substances). Our results
are likely less biased and more consistent with the well-
known environmental health theories of inequality that
postulate that rural communities are disadvantaged in
health resources and have socioeconomic stresses lead-
ing to adverse health outcomes [23].

Despite our findings supporting a higher likelihood of
fatal overdose in rural communities, we do not refute
that overdose mortality rates could be higher in urban
areas. We observed that recurrent overdoses were two

times more prevalent in large urban centers than in rural
communities. The damage from this disproportionated
prevalence of recurrence could outweigh the relief from
advantaged fatal risk per event, leading to an elevated
mortality rate in urban settings.

Although the direction of rural-urban difference in
terms of the conventional mortality rate measure is
unknowable, our event-based findings are practical,
suggesting decision-makers can match the mechanism
of interventions and local susceptibilities to improve
the efficacy of allocation. If an intervention is aimed to
reduce overdose recurrence/occurrence (e.g., pharma-
ceutical alternatives to the toxic drug supply) — of course,
all communities will benefit — it would be more efficient
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in urban areas. On the contrary, the disadvantaged fatal
risk per event in rural communities can be mitigated
through death-preventing services, e.g., harm reduction
sites.

Spatial-temporal trends in overdose
At the macro scale, we discovered that a region centered
at Merritt, a small population center/rural environment,

in the Interior BC was the hardest-hit area in terms of
fatal risk per event, echoing findings from the urbanicity
model. We further observed significant micro-scale spa-
tial heterogeneity in some of the selected cities, dem-
onstrating our approach’s ability to identify at-risk
neighborhoods. Interestingly, the city-scale maps also
provide insights into the potential factors driving fatal
overdose risks. We observed that the turning points (e.g.,



Hu et al. BMC Public Health (2022) 22:2121

Page 9 of 11

o~
\
~190

A\

Month =0 Month = 6 Month = 12
0.8
-~
o
0.6
Month = 18 Month = 24 Month = 30
Fatality Odds Ratio
' 25
= 2.0
N

148
%J 1.0

Month = 36 Month = 42

Month = 48

9t

280

Fig. 3 Spatial-temporal variations in estimated fatal overdose odds per event from Jan 1, 2015 to Dec 31, 2018. Areas that are not significant
(p>0.05) were not colored, but their odds ratios can be read from the contour lines

from below to above reference or vice versa) of the spatial
trends often seem related to the locations of harm reduc-
tion sites. For example, a significant cold spot encircles
the cluster of harm reduction sites in Vancouver Down-
town Eastside. Harm reduction sites have been proven
to effectively reverse fatal overdoses [4]. It is not surpris-
ing that the sites could impact fatal risk — in a decreas-
ing direction. However, given the general increasing trend
from the spatial-temporal pattern, other risk-driving
forces besides harm reduction services are present.

We propose that the rising illicit drug toxicity and the
lack of access to harm reduction services are the co-driv-
ers of spatial-temporal variations in fatal overdose risk. A
recent interview with an illicit drug seller revealed that
some persons who use substances actively seek ever-
stronger drugs to get high as their tolerance increases
over time [24]. This behavior may explain the escalating
intended use of fentanyl [25]. Not only that, the demand

for ever-stronger drugs is chased by supply; drugs in the
illicit market are, in fact, becoming more toxic over time.
Recent data [2] indicates that more overdose deaths were
associated with extreme fentanyl concentrations or car-
fentanil (a fentanyl analog for veterinary use on elephants
or bears) in 2020 compared to the previous year. Conse-
quently, the rising drug toxicity led to more frequent -
also more deadly’ - overdoses throughout the province.
The increasing fatal risk was undoubtedly lessened by
harm reduction services in urban areas; some probable
fatal overdoses were converted to non-fatal recurrent
events. However, in rural areas with inadequate harm
reduction services, it is likely that fatal risks per event
will increase as the illicit drug supply becomes more

! Naloxone is temporary. Overdose could return if insufficient doses of nalox-
one are administered.
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toxic. This is evident in the spatial-temporal pattern we
observed: the risk in less urbanized regions in Interior
and Northern BC increased earlier and faster than in
metropolitan regions in the southwest.

Limitations

The major limitation of this study is that the data does
not cover all the overdose events. Overdose events where
a person did not interact with healthcare were not cap-
tured. These omitted events were likely non-fatal over-
doses averted by THN kits administered by bystanders
where health care was not sought, resulting in selection
bias. The number of deaths averted by naloxone kits in
the first 10 months of 2016 was estimated as about one-
third of the observed overdose death [26]. Assuming this
proportion applies to our study period, nearly 3% of the
total events were averted at home and absent in the data;
the resulting selection bias would likely not affect the
overall findings.

The omitted events also include those with missing
location information. Although the sensitivity analysis
suggests that our estimates/findings are stable with and
without the missing data exclusion, it is possible that
location data was not missing at random but related to
cases where the initial healthcare encounter was not at
the injury location, e.g., people self-transport to emer-
gency department for treatment. Such events were non-
fatal and more common in urban than in rural areas
because the chance of having a healthcare facility nearby
is higher in the former. Omitting these events might
overestimate the mortality risk at large population cent-
ers (the reference level), thereby underestimating the OR
for rural regions.

Another limitation arises from the assumption embed-
ded in mapping with GAM. The risk surfaces were
assumed to be smooth over the bounding box of the
data. This assumption may be inappropriate at the prov-
ince scale; small ups and downs could be informative but
diminished after averaging, though this problem can be
mitigated by fitting separate surfaces to smaller areas of
interest, which has been done to only four major cities.
Additional efforts would be required to recover a fully
detailed picture of the risks in BC. However, given the
observation that only some of these cities had significant
micro-scale spatial trends, the information lost in the
presented provincial map could still be acceptable.

Conclusion

In summary, we found that some rural areas experi-
enced high fatal overdose risk per event, potentially
due to contamination of the illicit supply and minimal
access to harm reduction services. The results of this
study suggest that future intervention efforts should
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prioritize mortality-preventing services in rural/remote
settings such as harm reduction sites and safer sup-
ply. The findings of this research are critical for need-
based planning of harm reduction services in BC, and
our spatial modeling approach is applicable elsewhere
to locate potential facilities at the neighborhood level.
Finally, we should be aware that the findings reflected
both the success of interventions in urban regions and
the resource deficiency in rural areas.
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