
ADDITIONAL FILE 1: Model Specification and Implementation 

Model Specification 

We specified three hierarchical Poisson regression models of the type: 

𝑂𝑖|𝜃𝑖, 𝐸𝑖  ∼  𝑃𝑜𝑖𝑠𝑠𝑜𝑛(𝜃𝑖𝐸𝑖) 

𝑙𝑜𝑔(𝜃𝑖) = 𝐱𝐢
𝐓𝛃 + 𝑢𝑖 + 𝑣𝑖  

In this model, 𝑂𝑖 represents the number of premature deaths registered in LHIN sub-region i between 

2011 and 2015, and 𝐸𝑖  is the number of premature deaths that would have taken place if that LHIN sub-

region had experienced the overall Ontario premature mortality rate in the same period in all age 

groups (i.e. the age-standardized “expected” number of premature deaths in LHIN sub-region i). The 

model estimates 𝜃𝑖, which is the age-standardized mortality ratio for LHIN sub-region i.  

𝜃𝑖 is determined by a combination of global and LHIN sub-regional effects. 𝐱𝐢
𝐓 refers to a transposed 

vector of region-level covariates for LHIN sub-region i with global parameter coefficient vector 𝛃. 𝑢𝑖 is an 

unstructured LHIN sub-regional random effect, which is assigned a non-informative normal prior. 𝑣𝑖 is a 

spatially structured LHIN sub-regional random effect, which is assigned a conditionally autoregressive 

(CAR) prior. 

The CAR prior informs the spatially structured random effect of each LHIN sub-region by borrowing 

information from neighbouring regions (1). This is based on the assumption that mortality ratios of LHIN 

sub-regions which share a border are more likely to be similar than those of regions which do not share 

a border (2). The spatially structured random effect then acts to preferentially smooth LHIN sub-region 

mortality ratio estimates towards those of neighbouring regions (1-3).  

In all three model specifications, the model framework and random effects remain unchanged. Also in 

all models, we assigned non-informative Normal(0,100000) priors for all β parameters. However, we 

assigned a different number of global covariates (𝐱𝐢
𝐓) to each model.  

Model #1, the unadjusted model, contained no global covariates. Model #2, the demographics-only 

model, contained two global covariates: proportion of immigrants and percent of population in the 

highest Ontario quintile of material deprivation (a proxy for low socioeconomic status). Model #3, the 

fully adjusted model, contained the two demographic covariates from Model #2 plus the following five 

behavioural risk factors: alcohol consumption, excess body weight, inadequate fruit and vegetable 

consumption, sedentary behaviour and ever smoking. In all cases, models used sex-specific prevalence 

estimates for LHIN sub-regional risk factors.  

Implementation 

Six models (three sex-specific specifications) were fit using Monte Carlo Markov Chain (MCMC) 

sampling. In each case, we ran three parallel, overdispersed chains of 350,000 simulations each. The first 

250,000 samples were discarded as a burn-in period. The remaining samples were thinned by a factor of 

50. The total number of samples retained for each model was 6,000 (2,000 from each of three chains).  



We assessed model convergence on the basis of formal Rubin-Gelman convergence statistics (4), and by 

visual inspection of the mixing of the three chains using model trace plots. On these criteria, 

convergence was sufficient for all models.  

From each model, we extracted parameter estimates and 95% credible intervals for all parameters of 

interest. Parameter estimates were taken as the mean of the posterior distribution for that variable.  
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Results of Generalized Linear Mixed Models 

Generalized linear mixed models for premature mortality 

  RR (95% credible Interval) 

  Demographics only Demographics and behaviours 

Variable Males Females Males Females 

% highest quintile material 
deprivation 

1.16 (1.11 - 1.21) 1.15 (1.09 - 1.20) 1.10 (1.06 - 1.15) 1.07 (1.02 - 1.12) 

% immigrants 0.71 (0.68 - 0.74) 0.71 (0.68 - 0.74) 0.82 (0.76 - 0.89) 0.81 (0.72 - 0.92) 

% current alcohol 
consumption 

– – 0.95 (0.90 - 1.00) 0.93 (0.86 - 1.00) 

 % excess body weight 
(overweight/obese) 

– – 1.03 (0.97 - 1.09) 1.09 (1.00 - 1.17) 

% inadequate vegetable 
and fruit consumption 

– – 0.98 (0.93 - 1.04) 0.99 (0.95 - 1.04) 

% sedentary behaviour – – 1.03 (0.99 - 1.06) 1.03 (0.99 - 1.08) 

% ever smokers – – 1.19 (1.12 - 1.26) 1.11 (1.04 - 1.19) 

Explained regional 
variation, % 

82.0 84.5 92.4 92.4 

Spatial component of 
variance 

N/A N/A N/A N/A 

1All risk ratio estimates are for a 1 standard deviation increase in the parameter of interest.  
2Spatial component of variance cannot be calculated for generalized linear mixed models. 
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