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1. 
Causal diagram 
The causal diagram used in the confounder selection process is presented here, accompanied by a table explaining the connections between factors/variables (see Rothman et al., 2008 for a detailed tutorial). The exposure and outcome are in a d-connected relation (highlighted in blue) after adjustment (variables in squares), meaning no confounder bias if the diagram is correct. The direction of linkages dictates chronological relation and dependency.
D-connected relation suggests that all back-door paths are closed, and only direct paths between the exposure and outcome remain open (Pearl, 2009). For example, in supplementary figure 1, social deprivation is a confounder because it affects both the exposure and outcome (indirectly through other variables). Any path connecting confounders to the outcome (not through the exposure), regardless of the direction of arrows, is a back-door path, such as Link 23 -> 25 -> 15. A path is naturally open if there is no collider (e.g., given X -> Y <- Z, Y is collider as both X and Z point to it), or closed when a collider is present. Adjusting for a collider opens the path (e.g., the dashed paths resulted from adjusting for ‘overdose’ and ‘prior experience’), otherwise conditioning on non-colliders would close the naturally open paths (e.g., Link 25 -> 14).
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Supplementary figure 1. Causal diagram for the path between event environment and fatal overdose based on literature review.


 Explanation table
Supplementary table 1. Explanations for the links in the causal diagram for the path between event environment and fatal overdose.
	To
	From
	Link No.
	Connection

	Fatal overdose
	Overdose
	1
	Overdose occurred before the fatal/non-fatal outcome

	
	Age and sex
	3
	Individual conditions that are known to affect the outcome of an overdose (Martins et al., 2015) 

	
	Being helped
	8
	Death could be prevented if the overdose event was witnessed

	
	Poly-substance use
	15
	Using opioids (a depressant) with other sedatives, e.g., benzodiazepines, could double the depressant effect, which also affects the chance of death (White and Irvine, 1999) 

	Being helped
	Event environment
	5
	Events happened in urban areas with higher population density could be more likely to be witnessed and helped

	
	Prior experience
	7
	People with overdose experience may be more likely to use naloxone kits or harm reduction services due to fear of death

	
	Location type
	11
	Events that happened in public buildings or outside are more likely to be witnessed and helped compared to those in private residences

	
	Social deprivation
	21
	Socially deprived people may tend to use drugs alone, reducing the chance of being witnessed

	Overdose
	Age and sex
	2
	Individual conditions that are known to affect overdose occurrence

	
	Prior experience
	6
	People with overdose experience may use services, e.g., OAT, affecting the chance of having recurrent events

	
	Incarceration
	9
	Recent releases from prison are associated with elevated overdose risk (Bukten et al., 2017) 

	
	Poly-substance use
	14
	Similar to Link 15, Poly-substance use could also affect the likelihood of overdose (Kerr et al., 2007) 

	
	Living environment
	19
	The living environment determines access to healthcare and the availability/prevalence of illicit drug supply. A specific drug that is prevalent in a particular region could be more toxic than the prevalent drugs in other places (Amlani et al., 2015), leading to spatial variations in overdose occurrence.

	Living environment
	Material deprivation
	12
	People that are materially deprived tend to live in low-income neighborhoods

	
	Social deprivation
	22
	People that are socially deprived tend to live in places such as single room apartments

	Stress
	Material deprivation
	13
	Economic burden creates stress

	
	Social deprivation
	23
	Social isolation creates stress

	Event location
	Living environment
	18
	Events may tend to happen in the vicinity of residence, given that most happened in private residences

	Location type
	Living environment
	20
	Location type could be independent of event location, e.g., indoor/outdoor at the same location. However, it may depend on neighborhoods (e.g., a specific type does not exist in some neighborhoods)

	Prior experience
	multiple factors
	4,10,16,17

	All factors that affect overdose occurrence would also affect the chance of having prior experience

	Poly-substance use,
Incarceration
	Stress
	24, 25
	Stress from socioeconomic conditions may lead to substance abuse and related crime (Williams and Latkin, 2007) 




Sensitivity analysis results
2. 
 Impact of data exclusion
Supplementary table 2. Comparison between two identical models of fatal overdose risk, with (n = 35569) and without (n = 42711) filtering records with missing location information.
	
	Presented Model
	Model without Filtering Data

	Variable
	OR1
	95% CI
	p-value
	OR2
	95% CI
	p-value

	Urbanicity
	
	
	
	
	
	

	Large
	—
	—
	
	—
	—
	

	Medium
	1.27
	1.10, 1.47
	0.001
	1.36
	1.18, 1.56
	<0.001

	Small
	1.22
	1.01, 1.47
	0.035
	1.35
	1.13, 1.62
	0.001

	Rural
	1.57
	1.29, 1.90
	<0.001
	1.62
	1.34, 1.96
	<0.001

	Recurrent Event
	
	
	
	
	
	

	No
	—
	—
	
	—
	—
	

	Yes
	0.52
	0.48, 0.56
	<0.001
	0.52
	0.48, 0.56
	<0.001

	Age
	
	
	
	
	
	

	18 - 29
	—
	—
	
	—
	—
	

	<18
	0.50
	0.36, 0.71
	<0.001
	0.52
	0.37, 0.72
	<0.001

	30 - 49
	1.73
	1.59, 1.89
	<0.001
	1.74
	1.60, 1.89
	<0.001

	50 - 64
	2.71
	2.45, 2.99
	<0.001
	2.75
	2.50, 3.03
	<0.001

	≥65
	2.76
	2.37, 3.22
	<0.001
	3.12
	2.70, 3.61
	<0.001

	Sex
	
	
	
	
	
	

	F
	—
	—
	
	—
	—
	

	M
	1.62
	1.50, 1.75
	<0.001
	1.61
	1.49, 1.73
	<0.001

	Social Deprivation
	
	
	
	
	
	

	Q3
	—
	—
	
	—
	—
	

	Q1
	1.28
	1.12, 1.46
	<0.001
	1.24
	1.09, 1.41
	0.001

	Q2
	1.08
	0.95, 1.22
	0.2
	1.07
	0.95, 1.20
	0.3

	Q4
	0.99
	0.88, 1.11
	0.9
	0.97
	0.87, 1.09
	0.6

	Q5
	0.96
	0.87, 1.06
	0.4
	0.94
	0.85, 1.04
	0.2

	Benzodiazepines Prescription
	
	
	
	
	
	

	No
	—
	—
	
	—
	—
	

	Yes
	1.43
	1.26, 1.63
	<0.001
	1.44
	1.27, 1.63
	<0.001

	
	
	
	
	
	
	

	Other Sedatives Prescription
	—
	—
	
	—
	—
	

	No
	0.89
	0.81, 0.96
	0.005
	0.88
	0.81, 0.95
	0.002

	Yes
	
	
	
	
	
	

	Opioids for pain Prescription
	—
	—
	
	—
	—
	

	No
	1.14
	1.00, 1.30
	0.054
	1.18
	1.04, 1.34
	0.009

	Yes
	1.27
	1.10, 1.47
	0.001
	1.36
	1.18, 1.56
	<0.001

	Year
	
	
	
	
	
	

	2015-2016
	—
	—
	
	—
	—
	

	2017-2018
	1.40
	1.29, 1.52
	<0.001
	1.47
	1.36, 1.60
	<0.001

	Urbanicity * Year
	
	
	
	
	
	

	Medium * 2017-2018
	0.86
	0.72, 1.03
	0.11
	0.80
	0.67, 0.96
	0.014

	Small * 2017-2018
	1.07
	0.86, 1.35
	0.5
	0.98
	0.79, 1.22
	0.9

	Rural * 2017-2018
	0.89
	0.70, 1.14
	0.4
	0.89
	0.70, 1.12
	0.3

	1Adjusted for all covariates except location type

	2Adjusted for the same covariates including data with missing location type




 Comparison between spatial and non-spatial models
Supplementary table 3. Comparison between a conventional logistic regression model of fatal overdose risk and an equivalent Generalized Additive Model with spatial smoothing.
	
	Urbanicity Model
	Spatial Smoothing Model

	Variable
	OR1
	95% CI1
	p-value
	OR1
	95% CI1
	p-value

	Urbanicity
	
	
	
	
	
	

	Large
	—
	—
	
	—
	—
	

	Medium
	1.14
	0.98, 1.32
	0.090
	
	
	

	Small
	1.03
	0.85, 1.24
	0.8
	
	
	

	Rural
	1.31
	1.07, 1.60
	0.009
	
	
	

	Location Type
	
	
	
	
	
	

	Private
	—
	—
	
	—
	—
	

	Public Buildings
	0.08
	0.06, 0.09
	<0.001
	0.20
	0.18, 0.22
	<0.001

	Healthcare Facilities
	0.19
	0.14, 0.27
	<0.001
	0.32
	0.27, 0.37
	<0.001

	Outdoor
	0.16
	0.15, 0.18
	<0.001
	0.29
	0.27, 0.31
	<0.001

	Others
	0.65
	0.57, 0.75
	<0.001
	0.68
	0.62, 0.74
	<0.001

	Recurrent Event
	
	
	
	
	
	

	No
	—
	—
	
	—
	—
	

	Yes
	0.60
	0.56, 0.65
	<0.001
	1.5
	1.5, 1.6
	<0.001

	Age
	
	
	
	
	
	

	<30
	—
	—
	
	—
	—
	

	<18
	0.54
	0.38, 0.76
	<0.001
	0.55
	0.39, 0.78
	<0.001

	<50
	1.68
	1.54, 1.83
	<0.001
	1.8
	1.6, 1.9
	<0.001

	<65
	2.30
	2.07, 2.54
	<0.001
	2.6
	2.3, 2.8
	<0.001

	65+
	2.24
	1.91, 2.64
	<0.001
	2.6
	2.2, 3.0
	<0.001

	Sex
	
	
	
	
	
	

	F
	—
	—
	
	—
	—
	

	M
	1.81
	1.67, 1.96
	<0.001
	1.8
	1.6, 1.9
	<0.001

	Social Deprivation
	
	
	
	
	
	

	Q3
	—
	—
	
	—
	—
	

	Q1
	1.22
	1.06, 1.40
	0.004
	1.3
	1.1, 1.4
	0.001

	Q2
	1.12
	0.99, 1.27
	0.083
	1.1
	1.0, 1.3
	0.075

	Q4
	1.00
	0.88, 1.12
	>0.9
	1.0
	0.89, 1.1
	0.9

	Q5
	1.00
	0.90, 1.11
	>0.9
	1.0
	0.87, 1.1
	0.5

	Benzodiazepines Prescription
	
	
	
	
	
	

	No
	—
	—
	
	—
	—
	

	Yes
	1.37
	1.20, 1.56
	<0.001
	1.4
	1.2, 1.6
	<0.001

	Other Sedatives Prescription
	
	
	
	
	
	

	No
	—
	—
	
	—
	—
	

	Yes
	0.88
	0.81, 0.96
	0.004
	0.86
	0.79, 0.94
	0.001

	Opioids for pain Prescription
	
	
	
	
	
	

	No
	—
	—
	
	—
	—
	

	Yes
	1.04
	0.91, 1.19
	0.6
	1.1
	1.0, 1.3
	0.10

	Year
	
	
	
	
	
	

	2015-2016
	—
	—
	
	
	
	

	2017-2018
	1.39
	1.28, 1.52
	<0.001
	
	
	

	Urbanicity * Year
	
	
	
	
	
	

	Medium * 2017-2018
	0.91
	0.75, 1.09
	0.3
	
	
	

	Small * 2017-2018
	1.05
	0.83, 1.33
	0.7
	
	
	

	Rural * 2017-2018
	0.90
	0.70, 1.15
	0.4
	
	
	

	1OR = Odds Ratio, CI = Confidence Interval





 Alternative smoothers
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Supplementary figure 2. Comparison between two identical Generalized Additive Models of fatal overdose risk with different spatial smoothers.
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