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Multiple imputation in multivariable Poisson regression analysis 

Here, we report details of the procedure using the R package mice to address potential bias due to 

missing covariate data (White et al., 2011). All variables listed in Table 1, as well as the outcome 

variable and date of birth (coded numerically in days with respect to a reference date) were 

included in the imputation model. We assumed that the inclusion of these variables in the 

imputation model lend sufficient support for the missing-at-random assumption underlying 

multiple imputation. Regression coefficients were derived by applying Rubin's rules to 20 

imputation sets.  

 

There were missing data on three covariates (other than sex and date of birth; records for 752 

persons with missing sex and/or date of birth were excluded from all analyses):  HCV viraemic 

status (10%; n=3356 missing), and health board (n=6 missing). Therefore, in the principal Poisson 

regression analysis, multiple imputation was used to impute missing values for these three 

covariates. In addition, we compared the main results to those obtained via complete case analysis. 

There were 31,073 cases with complete data on all covariates. 

 



The frequency distributions of three covariates (sex, referral setting, HCV viraemic status) did not 

notably differ between persons with complete data on all covariates and persons with missing data 

(Table S1, below). (The large numbers involved led to low P-values for all comparisons; therefore 

we focus on the proportional differences.) We observed, however, that 28% and 12% of persons 

with missing data were <35 years old and 45-54 years, respectively, at entry to follow-up, 

compared with 36% and 19% among the complete cases. Forty percent of those with missing data 

had been diagnosed with HCV prior to 2009, compared with 47% among the complete cases A 

higher percentage of persons with complete covariate information resided in GG&C health board 

regions (36% compared with 23%) and a lower percentage with complete information resided in 

Lothian or Tayside (12% and 7%, respectively) compared to those with missing data (22% and 17%, 

respectively). 

 

Overdose deaths analysis 

Methods. Our studied cohort of PWID by definition had a history of drug injecting, but as the 

prevalence of polydrug use is high in Scotland (House of Commons, 2019; NRS, 2019) the 

combination of drugs – not just injected substances – implicated in death is of interest. Thus in 

supplementary analyses we tabulated the distribution of overdose deaths according to specific 

category of detected substance(s), and also investigated if this distribution changed over time. 

These analyses stratified accidental poisoning causes only (i.e., ICD-10 X40-44), by the class of drug 

indicated through relevant codes in the contributing cause fields of the death record. We were 

unable to determine from our linked dataset whether these drugs were implicated in the death or 

merely were found during investigation by the pathologist. Detection of each drug class was 

ascertained from the 10 contributing cause-of-death fields in the death record. The three drug 

categories were: opiates/opioids (i.e., heroin, morphine, methadone; ICD-10 T40.0-4), benzodiazepines 

(ICD-10 T42.6), and 'psychotropic drugs, not classified elsewhere' (including MDMA (ecstasy), 



amphetamines, antidepressants, antipsychotics; ICD-10 T43). We additionally investigated 

whether for each drug category combination ethyl alcohol was also detected (ICD-10 T51). 

Analysis was restricted to the period 2011–2017 due to the updating of ICD-10 coding rules by the 

WHO and implemented by NRS from 2011, which affected the numbers of deaths classified as 

X40-44, and due to incompleteness of contributing cause data for 2018 only in our dataset. As in 

the main analysis, Lexis expansion and Poisson regression were used to estimate the trend in 

mortality over calendar time while adjusting for attained age and other covariates. 

 

Results. In the period 2011-2017, opioids were detected in 97% (1071/1100) of all death records 

with overdose (i.e., ICD-10 X40-44) as underlying cause of death, and benzodiazepines were 

detected in 83% (917/1100). Polydrug use, with and without the presence of alcohol was 

characteristic (Table S3). Opioids alone were detected in only 8.5% (93/1100) of overdose deaths; 

however, the most frequently occurring detected substance category combination (opioids + 

benzodiazepines + psychotropic drugs, without detection of alcohol) represented 30% of all 

overdose deaths. There was no indication of significant changes in the distribution over polydrug 

categories between the periods 2011-2014 and 2015-2017 (Table S3). However, the ratio of total DR 

deaths 'with detection of alcohol' compared to 'without detection of alcohol' decreased from 0.75 

(ns of 168, 225, respectively) in 2011-2014 to 0.49 (ns of 223, 455) in 2015-2017. 

 

Fig. S5 shows that the temporal trend observed in the main analysis (which aggregated over all DR 

causes) is also apparent from when the outcome was defined as mortality due to overdose with 

detection of the most frequently occurring substance category combination (opioids + 

benzodiazepines + psychotropic drugs): RRs per calendar time period (2013 through 2017, 

compared with 2011-2012) monotonically increased, from 1.61 to 3.91 (Table S2). Magnitudes of the 

rate ratios were larger for all periods as compared with the RRs for the same periods in the main 



analysis, and in contrast to the main analysis, the relative risk of DR mortality for females was 

significantly higher than for males: RR=1.63, 95% CI: 1.35-1.97.  



Table S1. Frequency distributions of the response variable (drug-related (DR) death) and of 

covariates, comparing persons with missing data to persons with complete data (with χ2 test 

statistics). The final column in the table shows the results of complete-case analysis (n=31,073): the 

rate ratios (RRs) for DR mortality estimated using multivariable Poisson regression that are 

associated with the same set of covariates used in the main (multiple imputation) analysis. 

 

 Persons with Persons with   
 missing data complete data Complete case analysis 
Variable n (column %) n (column %) χ2 df  P Adjusted RR (95% CI) 
 

Total 3362  31073 
 

DR death 11 (3) 1794 (6) 32.4 1 <0.001 
 

Calendar time period (time-dependent) 
    2009-10 – – –     1.02   (0.84-1.23) 
    2011-12 – – –     Ref. 
    2013 – – –     1.05   (0.85-1.30) 
    2014 – – –     1.17   (0.96-1.44) 
    2015 – – –     1.42   (1.17-1.72) 
    2016 – – –     1.88   (1.57-2.25) 
    2017 – – –     2.09   (1.75-2.49) 
    2018 – – –     2.30   (1.93-1.74) 
 

Sex     3.3 1 0.067 
    Male 2223 (66) 21460 (68)    Ref. 
    Female 1139 (34) 10243 (32)    0.97   (0.88-1.08) 
 

Attained age* (time-dependent)                   96.3 3 <0.001 
  <35 years 948 (28) 11550 (36)    Ref. 
  35-44 1413 (42) 12244 (39)    1.41   (1.23-1.61) 
  45-54 755 (12) 6096 (19)    1.34   (1.16-1.56) 
  55-64 246 (7) 1813 (6)    0.59   (0.45-0.76) 
 

Period of HCV diagnosis     50.2 1 <0.001  
   <2009 1356 (40) 14824 (47)    Ref. 
   2009-2018 2006 (60) 16879 (53)    1.26   (1.13-1.40) 
 

Referral setting for HCV testing                 606 5 <0.001  
  Drug/counselling 520 (15) 3980 (13)    0.97   (0.83-1.15) 
  Hospital 830 (25) 8121 (26)    1.40   (1.22-1.59) 
  GP 727 (22) 7533 (24)    Ref. 
  Prison 224 (7) 2121 (7)    1.38   (1.14-1.66) 
  Other 687 (20) 2844 (9)    0.35   (0.26-0.47) 
  NK 374 (12) 7104 (22)    1.13   (0.97-1.32) 
 

HCV viraemia status (at cohort entry)   1.7 1 0.19 
  RNA-negative 3 (50) 6365 (20)    Ref. 
  RNA-positive 3 (50) 25338 (80)    1.05   (0.94-1.18)  
 

PWID risk     1.6 1 0.21 
   Reported 1754 (52) 16172 (51)    Ref. 
   Inferred 1608 (48) 15531 (49)    0.58   (0.52-0.65) 



 

Region (Health Board)     793 4 <0.001 
  GG&C 780 (23) 11314 (36)    Ref. 
  Grampian 1486 (14) 3308 (10)    0.77   (0.64-0.91) 
  Lothian 727 (22) 3899 (12)    0.90   (0.76-1.06) 
  Tayside 554 (17) 2364 (7)    1.12   (0.94-1.34) 
  Other 799 (24) 10818 (34)    0.96   (0.86-1.08) 
 

Note. NK = not known. GG&C = Greater Glasgow & Clyde 

* n (%) for age refers to age category at entry to follow-up   



Table S2. Results of multivariable Poisson regression analysis using multiple imputation, for (a) 

the overdose mortality analysis (overdose deaths with three classes of detected substances: opioids, 

benzodiazepines, psychotropic), analysis period 2011-2017; (b) sensitivity analysis 1, in which 

follow-up was censored at three years following date of HCV diagnosis; and (c) sensitivity analysis 

2, in which the study cohort was restricted to persons with reported injecting drug use history only. 

Only sex and the time-dependent covariates period and attained age are shown. Rate is per 1,000 

person years. 

 

 n Rate (95% CI) Rate ratio (RR)† (95% CI) 
(a) Overdose mortality analysis 
Overall 483 2.8 (2.6-3.1)  – 
Sex  Male 273 1.9 (1.7-2.2) Ref. 
        Female 210 3.1 (2.7-3.5) 1.63 (1.35-1.97) 
Calendar time period (time-dependent) 
  2011-12 53 1.2 (0.9-1.6) Ref. 
  2013 47 2.0 (1.5-2.7) 1.61 (1.09-2.39) 
  2014 69 2.8 (2.2-3.5) 2.29 (1.60-3.28) 
  2015 85 3.3 (2.6-4.1) 2.65 (1.87-3.74) 
  2016 101 3.8 (3.1-4.6) 3.11 (2.22-4.35) 
  2017 128 4.7 (3.9-5.6) 3.91 (2.82-5.42) 
Attained age in years (time-dependent) 
  <35 75 1.7 (1.3-2.1) Ref. 
  35-44 232 2.7 (2.4-3.1) 1.49 (1.14-1.94) 
  45-54 160 2.7 (2.3-3.1) 1.41 (1.05-1.89) 
  55-64 16 0.8 (0.5-1.4) 0.53 (0.31-0.93) 
 

(b) Sensitivity analysis 1 
Overall 337 8.3 (7.4-9.2)  – 
Sex  Male 229 8.4 (7.3-9.6) Ref. 
        Female 108 8.1 (6.7-9.8) 1.03 (0.82-1.31) 
Calendar time period (time-dependent) 
  2009-10 41 5.9 (4.2-8.0) 0.98 (0.57-1.69) 
  2011-12 54 6.0 (4.5-7.8) Ref. 
  2013 25 5.6 (3.6-8.3) 0.97 (0.60-1.56) 
  2014 35 8.1 (5.7-11.3) 1.49 (0.97-2.29) 
  2015 33 7.7 (5.3-10.8) 1.47 (0.94-2.29) 
  2016 59 13.9 (10.6-17.9) 2.70 (1.84-3.98) 
  2017 52 13.5 (10.1-17.8) 2.67 (1.79-4.00) 
  2018 38 11.2 (7.9-15.3) 2.25 (1.45-3.49) 
Attained age in years (time-dependent) 
  <35 102 6.9 (5.6-8.4) Ref. 
  35-44 153 10.4 (8.8-12.1) 1.41 (1.09-1.82) 
  45-54 73 8.7 (6.8-11.0) 1.20 (0.88-1.64) 
  55-64 9 3.3 (1.5-6.3) 0.49 (0.24-0.97) 



 
 
 
(c) Sensitivity analysis 2 
Overall 1351 9.5 (9.0-10.0)  – 
Sex  Male 410 9.6 (9.0-10.3) Ref. 
        Female 108 9.1 (8.2-10.0) 0.93 (0.83-1.05) 
Calendar time period (time-dependent) 
  2009-10 156 6.1 (5.2-7.2) 0.90 (0.73-1.11) 
  2011-12 202 7.1 (6.1-8.1) Ref. 
  2013 116 7.7 (6.4-9.3) 1.08 (0.86-1.36) 
  2014 118 7.8 (6.4-9.3) 1.08 (0.86-1.36) 
  2015 156 10.3 (8.8-12.1) 1.40 (0.14-1.73) 
  2016 179 12.0 (10.3-13.9) 1.63 (1.33-2.00) 
  2017 199 13.6 (11.8-15.6) 1.86 (1.53-2.27) 
  2018 225 15.9 (13.9-18.1) 2.15 (1.77-2.61) 
Attained age in years (time-dependent) 
  <35 202 6.7 (5.8-7.7) Ref. 
  35-44 636 10.1 (9.3-10.9) 1.37 (1.16-1.61) 
  45-54 460 11.2 (10.2-12.2) 1.39 (1.16-1.66) 
  55-64 53 6.1 (4.6-8.0) 0.77 (0.56-1.05) 
 
 

Note. n=number of deaths. 95% confidence intervals (CIs) for rates calculated using the Poisson method. 

† RRs adjusted for sex, attained age, period of HCV diagnosis, referral setting, viraemic status, PWID risk and region 

in (a) and (b), and the same set of covariates except for PWID risk in (c).  



Table S3. Distribution of detected substance combinations among all overdose deaths (underlying 

cause: ICD-10 X40-44) occurring within the period 2011–2017, and stratified by subperiod (2011-

2014, 2015-2017). Detected substances were determined according to the presence of the following 

sets of ICD-10 codes in 10 contributing cause of death fields: opioids/opiates (T40.0–4); 

benzodiazepines (T42.4); 'psychotropic drugs, not elsewhere classified' (T43); alcohol (T51).  

 

 2011-2014 2015-2017 Total 
Substance combination n (%) n (%) n (%) 
 
All overdose deaths 404 (-) 696 (-) 1100 (-) 

Without detection of alcohol 

- Opioids only 19 (4.7) 36 (5.2) 55 (5.0) 

- Opioids + benzodiazepines only 85 (21.0) 168 (24.1) 253 (23.0) 

- Opioids + psychotropic only 11 (2.7) 36 (5.2) 47 (4.3) 

- Opioids + benz. + psychotropic 110 (27.2)  215 (30.9) 325 (29.5) 

 

With detection of alcohol 

- Opioids only 19 (4.7) 19 (2.7) 38 (3.5) 

- Opioids + benzodiazepines only 83 (20.5) 89 (12.8) 172 (15.6) 

- Opioids + psychotropic only 7 (1.7) 16 (2.3) 23 (2.1) 

- Opioids + benz. + psychotropic 59 (14.6) 99 (14.2) 158 (14.4) 

 

 

  



Fig. S1. Drug-related mortality rates among Scotland's HCV-diagnosed PWID over the period 

2009-2018, stratified by referral setting category. 95% confidence intervals omitted for clarity. 

  



Fig. S2. Drug-related mortality rates among Scotland's HCV-diagnosed PWID over the period 

2009-2018 according to HCV diagnosis cohort (top left panel: attained age <35 years; top right: 

attained age 35-45; centre left panel: attained age 45-54 years; centre right: attained age 55-64 years; 

bottom left panel: males; bottom right: females). Rates for cells with fewer than 250 person-years 

are not depicted. 

  



Fig. S3. Drug-related mortality rates among Scotland's HCV-diagnosed PWID over the period 

2009-2018, stratified by Scottish Health Board. 

 

  



Fig. S4. Sensitivity analysis results: drug-related mortality rates among Scotland's HCV-diagnosed 

PWID over the period 2009-2018, stratified by attained age-group, with follow-up censored at 

three years following date of HCV diagnosis. Rates for cells with fewer than 250 person-years are 

not depicted. 

 

  



Fig. S5. Overdose mortality rates among Scotland's HCV-diagnosed PWID over the period 2011-

2017, age-aggregated, and stratified by attained age-group, for deaths with three detected drug 

classes: opioids, benzodiazapines, and psychotropic drugs. 

 

 

 


