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The contents of this document are as follows: 

• Table S1 Parameter values used for generating complete datasets in the simulation study. 
• Table S2 Regression coefficient values used in logistic model for generating missingness indicators in the simulation study. 
• Table S3 Number of imputations for MI-EG approach. 
• Table S4-9 Performance of the complete case analysis (CCA) and six multiple imputation (MI) methods in estimating 𝜃! under 

missingness scenario A, B and C.  
• Figure S1 The mean squared error across all missingness, outcome and exposure-prevalence scenarios. 
• Figure S2 Power estimates across the missing data methods, for four total sample sizes in 10% exposure prevalence. 
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Table S1: Parameter values used for generating complete datasets in the simulation study 

Variable generated Distribution or regression coefficient values 
𝐴 N(0, 1) 
𝐶! B(n, 0.375)a 

 intercept 𝐴 𝐶! 𝐶" 𝐶# 𝐶$ 𝐶% 𝑋 𝑋 × 𝐶% 
𝐶" -1.448 0.051 0.433 - - - - - - 
𝐶# -2.279 0.151 -0.264 0.74 - - - - - 
𝐶$ 0.067 -0.018 -0.113 0.846 1.118 - - - - 
𝐶% -1.602 -0.061 0.271 0.631 0.939 0.983 - - - 

10% exposure prevalence scenario 
𝑋 -4.717 0.228 -0.061 1.168 1.650 0.420 2.492 - - 
𝑌 
Interaction scenario: 
Strong negative 
Moderate negative 
Weak negative 
No interaction 
Weak positive 
Moderate positive 
Strong positive 

 
-0.512 
-0.512 
-0.512 
-0.508 
-0.512 
-0.512 
-0.512 

- 0.072 0.129 0.066 0.723 0.031 

 
0.744 
0.498 
0.375 
0.300 
0.250 
0.215 
0.188 

 
-0.558 
-0.249 
-0.094 

- 
0.063 
0.107 
0.141 

30% exposure prevalence scenario 
𝑋 -2.699 0.228 -0.061 1.168 1.650 0.420 2.492 - - 
𝑌 
Interaction scenario: 
Strong negative 
Moderate negative 
Weak negative 
No interaction 
Weak positive 
Moderate positive 
Strong positive 

 
-0.512 
-0.512 
-0.512 
-0.508 
-0.512 
-0.512 
-0.512 

- 0.072 0.129 0.066 0.723 0.031 

 
0.599 
0.449 
0.361 
0.299 
0.262 
0.224 
0.201 

 
-0.499 
-0.225 
-0.090 

- 
0.066 
0.112 
0.151 
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50% exposure prevalence scenario 
𝑋 -1.346 0.228 -0.061 1.168 1.650 0.420 2.492 - - 
𝑌 
Interaction scenario: 
Strong negative 
Moderate negative 
Weak negative 
No interaction 
Weak positive 
Moderate positive 
Strong positive 

 
-0.512 
-0.512 
-0.512 
-0.508 
-0.512 
-0.512 
-0.512 

- 0.072 0.129 0.066 0.723 0.031 

 
0.510 
0.413 
0.348 
0.300 
0.264 
0.235 
0.213 

 
-0.382 
-0.207 
-0.087 

- 
0.066 
0.118 
0.160 

aThe binary confounder C1 was generated from the Binomial distribution with n=1300, 700, 550 for the scenarios with 10%, 30% and 50% exposed, respectively. 
 
Table S2: Regression coefficient values used in logistic model for generating missingness indicators in the simulation study 

 intercept 𝐴 𝑀&!
 𝑀&"  𝑋 𝐶% 𝑋 × 𝐶% Missingness  𝑋=10% 𝑋=30% 𝑋=50% 

incomplete outcome 

𝑀' 
-0.973 
-1.670 
-1.733 

-1.222 
-1.932 
-2.141 

-1.458 
-2.174 
-2.514 

0.030 - - 
log(3) 
log(3) 
log(3) 

- 
log(3) 
log(3) 

- 
- 

log(2) 
30% 

incomplete confounders and outcome 
𝑀&!  -2.185 -2.076 -1.957 0.323 - - -0.624 - - 10% 

𝑀&"  
-3.340 
-4.045 
-4.178 

-3.568 
-4.286 
-4.574 

-3.778 
-4.494 
-4.870 

-0.029 3.835 - 
log(3) 
log(3) 
log(3) 

- 
log(3) 
log(3) 

- 
- 

log(2) 
10% 

𝑀' 
-1.696 
-2.429 
-2.528 

-1.957 
-2.708 
-2.993 

-2.189 
-2.943 
-3.357 

-0.025 0.685 0.658 
log(3) 
log(3) 
log(3) 

- 
log(3) 
log(3) 

- 
- 

log(2) 
20% 

 
Table S3: Number of imputations for MI-EG approach  

Exposure prevalence 10% 30% 50% 
Number of imputations 65 50 40 
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Table S4: Performance of the complete case analysis (CCA) and six multiple imputation (MI) methods in estimating 𝜽𝟏 under missingness 
scenario (i-iii) with 10% exposure prevalence and incomplete outcome.  

Outcome 
scenario Method 

Missingness scenarioa 

(i): exposure (ii): exposure + confounder (iii): exposure × confounder 

Bias (%)b EmpSEc Coveraged Bias (%)b EmpSEc Coveraged Bias (%)b EmpSEc Coveraged 

Strong 
negative 

CCA -1.101 0.147 94.9 18.356 0.156 93.2 35.293 0.177 90.2 
MI-NIe -1.216 0.149 94.9 18.183 0.157 93.0 35.600 0.178 90.6 
MI-E×Ce 0.246 0.149 95.5 1.462 0.157 94.7 -1.221 0.188 95.4 
MI-EGe 0.404 0.152 94.9 0.975 0.160 95.3 -2.480 0.198 95.8 

Moderate 
negative 

CCA -0.528 0.143 95.6 9.115 0.153 94.8 16.129 0.167 94.5 
MI-NI -0.357 0.144 95.3 9.054 0.154 95.0 16.324 0.169 94.8 
MI-E×C 0.140 0.146 95.0 1.654 0.157 95.2 -0.127 0.183 94.9 
MI-EG 0.469 0.148 95.8 1.872 0.162 95.3 -0.041 0.194 96.0 

Weak 
negative 

CCA 1.015 0.149 94.5 4.771 0.155 94.5 6.446 0.168 95.5 
MI-NI 1.063 0.151 94.7 4.756 0.157 94.5 6.329 0.171 95.8 
MI-E×C 1.317 0.151 94.8 1.576 0.160 95.3 0.543 0.182 95.8 
MI-EG 1.602 0.154 94.7 1.511 0.163 95.3 1.078 0.194 96.0 

No interaction 

CCA 1.406 0.151 93.4 0.799 0.156 95.1 -0.239 0.179 94.4 
MI-NI 1.329 0.153 93.3 0.764 0.158 94.2 -0.160 0.181 94.4 
MI-E×C 1.463 0.153 94.0 1.121 0.159 95.0 -0.317 0.195 94.5 
MI-EG 1.693 0.156 94.1 0.981 0.164 95.3 -0.167 0.205 93.4 

Weak positive 

CCA 0.279 0.147 94.9 -2.842 0.159 94.1 -3.707 0.173 95.1 
MI-NI 0.310 0.148 94.8 -2.968 0.160 93.9 -3.735 0.176 95.3 
MI-E×C 0.113 0.150 94.7 -0.961 0.162 94.5 0.928 0.187 95.4 
MI-EG 0.470 0.153 95.1 -0.870 0.168 94.7 0.774 0.200 94.9 

Moderate 
positive 

CCA 1.614 0.146 95.6 -2.012 0.157 94.1 -5.665 0.176 94.8 
MI-NI 1.611 0.147 95.6 -2.301 0.159 93.8 -5.322 0.177 94.9 
MI-E×C 1.270 0.148 95.7 1.648 0.160 94.0 2.434 0.191 95.1 
MI-EG 1.245 0.150 96.1 1.100 0.165 94.2 1.133 0.203 95.0 

Strong 
positive 

CCA 0.542 0.143 95.6 -3.577 0.155 95.2 -7.770 0.173 95.0 
MI-NI 0.606 0.144 96.0 -3.417 0.156 95.0 -8.167 0.175 95.2 
MI-E×C 0.122 0.144 96.0 0.605 0.159 95.4 1.301 0.187 95.5 
MI-EG 0.045 0.149 96.0 0.739 0.163 95.5 1.150 0.196 95.5 
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a Missingness scenario (i): missingness only depended on the exposure; missingness scenarios (ii): missingness depended on the exposure and strong confounder; and 
missingness scenario (iii): missingness depended on the exposure, strong confounder, and their interaction. 
b Relative bias: the difference between the mean of the 𝜃! estimates and the target value of 𝜃!(0.3), expressed as a percentage of the true value. 
c Empirical standard error (EmpSE) from 2000 estimated regression coefficients, and Monte-Carlo standard error (MCSE) of EmpSE less than 0.005. 
d Coverage probability, estimated by the proportion of the 95% confidence intervals that contained the target value of the ACE across the 2000 datasets, and MCSE of 
coverage less than 0.008. 
e Abbreviations: NI: no interaction, E×C: exposure-confounder interaction, EG: by exposure group. 
 
Table S5: Performance of the complete case analysis (CCA) and six multiple imputation (MI) methods in estimating 𝜽𝟏 under missingness 
scenario (i-iii) with 30% exposure prevalence and incomplete outcome.  

Outcome 
scenario Method 

Missingness scenarioa 

(i): exposure (ii): exposure + confounder (iii): exposure × confounder 

Bias (%)b EmpSEc Coveraged Bias (%)b EmpSEc Coveraged Bias (%)b EmpSEc Coveraged 

Strong 
negative 

CCA -4.298 0.134 94.8 12.294 0.137 94.5 21.803 0.140 92.1 
MI-NIe -4.315 0.135 95.1 12.284 0.138 94.4 21.702 0.142 92.3 
MI-E×Ce -1.444 0.135 95.5 0.443 0.137 95.4 0.197 0.147 94.7 
MI-EGe -1.438 0.136 94.7 0.556 0.139 95.2 0.162 0.150 95.2 

Moderate 
negative 

CCA -3.371 0.131 95.5 4.162 0.134 95.4 9.160 0.137 95.2 
MI-NI -3.413 0.132 95.7 4.323 0.135 95.4 9.226 0.137 95.4 
MI-E×C -1.952 0.132 95.6 -2.128 0.136 95.2 -1.986 0.142 96.0 
MI-EG -1.954 0.134 95.6 -1.842 0.139 95.7 -1.859 0.145 95.9 

Weak 
negative 

CCA -0.227 0.139 94.1 3.575 0.135 94.1 4.306 0.139 95.1 
MI-NI -0.199 0.139 94.1 3.479 0.137 94.2 4.352 0.140 95.1 
MI-E×C 0.201 0.140 94.0 0.828 0.137 95.2 0.256 0.145 95.5 
MI-EG 0.617 0.141 94.4 1.140 0.139 94.8 0.081 0.148 95.6 

No interaction 

CCA -0.637 0.132 95.8 0.248 0.134 95.4 -0.644 0.143 94.7 
MI-NI -0.680 0.133 95.6 0.271 0.135 95.3 -0.667 0.144 94.5 
MI-E×C -0.648 0.133 96.1 0.712 0.136 95.4 -0.741 0.147 95.0 
MI-EG -1.025 0.135 95.9 0.384 0.138 95.5 -1.193 0.153 94.5 

Weak positive 

CCA 2.058 0.134 94.8 -0.879 0.138 94.5 -2.037 0.139 95.3 
MI-NI 2.031 0.135 95.3 -0.825 0.139 93.8 -1.873 0.140 96.0 
MI-E×C 1.829 0.136 95.2 0.949 0.141 94.5 1.598 0.146 94.8 
MI-EG 1.560 0.137 95.3 1.032 0.143 94.6 1.759 0.148 95.3 
CCA -0.743 0.134 95.2 -4.626 0.137 94.7 -6.100 0.145 94.1 
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Moderate 
positive 

MI-NI -0.798 0.135 95.4 -4.593 0.138 95.1 -6.187 0.146 93.9 
MI-E×C -1.600 0.135 95.3 -1.291 0.141 95.1 -0.523 0.149 94.9 
MI-EG -1.317 0.136 95.3 -1.567 0.142 95.3 -0.301 0.154 94.8 

Strong 
positive 

CCA -0.465 0.131 95.2 -5.189 0.133 95.4 -8.715 0.137 95.3 
MI-NI -0.562 0.132 95.1 -5.251 0.134 95.1 -8.684 0.137 95.5 
MI-E×C -1.548 0.132 95.8 -1.580 0.136 95.9 -1.746 0.144 95.7 
MI-EG -1.376 0.135 95.1 -1.258 0.137 95.8 -1.450 0.147 95.4 

a Missingness scenario (i): missingness only depended on the exposure; missingness scenarios (ii): missingness depended on the exposure and strong confounder; and 
missingness scenario (iii): missingness depended on the exposure, strong confounder, and their interaction. 
b Relative bias: the difference between the mean of the 𝜃! estimates and the target value of 𝜃!(0.3), expressed as a percentage of the true value. 
c Empirical standard error (EmpSE) from 2000 estimated regression coefficients, and Monte-Carlo standard error (MCSE) of EmpSE less than 0.004. 
d Coverage probability, estimated by the proportion of the 95% confidence intervals that contained the target value of the ACE across the 2000 datasets, and MCSE of 
coverage less than 0.008. 
e Abbreviations: NI: no interaction, E×C: exposure-confounder interaction, EG: by exposure group. 
 
Table S6: Performance of the complete case analysis (CCA) and six multiple imputation (MI) methods in estimating 𝜽𝟏 under missingness 
scenario (i-iii) with 50% exposure prevalence and incomplete outcome.  

Outcome 
scenario Method 

Missingness scenarioa 

(i): exposure (ii): exposure + confounder (iii): exposure × confounder 

Bias (%)b EmpSEc Coveraged Bias (%)b EmpSEc Coveraged Bias (%)b EmpSEc Coveraged 

Strong 
negative 

CCA -3.418 0.128 95.3 6.072 0.126 95.3 21.803 0.140 92.1 
MI-NIe -3.294 0.129 95.4 6.286 0.126 95.4 21.702 0.142 92.3 
MI-E×Ce -1.144 0.128 95.1 -2.098 0.126 95.2 0.197 0.147 94.7 
MI-EGe -1.387 0.129 95.6 -1.908 0.127 95.7 0.162 0.150 95.2 

Moderate 
negative 

CCA -1.380 0.126 95.2 4.616 0.124 95.0 9.160 0.137 95.2 
MI-NI -1.503 0.127 95.1 4.657 0.125 95.0 9.226 0.137 95.4 
MI-E×C -0.312 0.127 95.9 0.227 0.126 95.4 -1.986 0.142 96.0 
MI-EG -0.326 0.128 95.1 0.234 0.126 95.6 -1.859 0.145 95.9 

Weak 
negative 

CCA -0.479 0.131 95.0 1.407 0.129 94.9 4.306 0.139 95.1 
MI-NI -0.258 0.131 95.0 1.376 0.130 94.6 4.352 0.140 95.1 
MI-E×C -0.333 0.131 94.9 -0.406 0.131 95.2 0.256 0.145 95.5 
MI-EG 0.135 0.132 95.0 -0.514 0.133 94.6 0.081 0.148 95.6 

No interaction 
CCA 2.010 0.130 94.7 0.658 0.130 95.5 -0.644 0.143 94.7 
MI-NI 2.092 0.131 94.7 0.717 0.131 95.2 -0.667 0.144 94.5 
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MI-E×C 2.140 0.131 95.4 0.249 0.131 95.4 -0.741 0.147 95.0 
MI-EG 2.087 0.132 94.9 0.515 0.132 95.7 -1.193 0.153 94.5 

Weak positive 

CCA 0.435 0.130 95.0 -2.329 0.128 94.8 -2.037 0.139 95.3 
MI-NI 0.471 0.131 94.6 -2.312 0.129 95.1 -1.873 0.140 96.0 
MI-E×C 0.197 0.131 95.1 -0.928 0.130 95.4 1.598 0.146 94.8 
MI-EG 0.132 0.130 94.7 -0.976 0.130 95.5 1.759 0.148 95.3 

Moderate 
positive 

CCA 0.168 0.132 94.9 -3.503 0.127 95.0 -6.100 0.145 94.1 
MI-NI 0.079 0.132 95.3 -3.434 0.128 95.9 -6.187 0.146 93.9 
MI-E×C -0.675 0.133 94.8 -0.783 0.129 95.1 -0.523 0.149 94.9 
MI-EG -0.461 0.133 95.0 -0.811 0.129 95.5 -0.301 0.154 94.8 

Strong 
positive 

CCA 0.450 0.129 95.4 -2.483 0.126 95.1 -8.715 0.137 95.3 
MI-NI 0.473 0.129 95.6 -2.537 0.128 95.1 -8.684 0.137 95.5 
MI-E×C -0.445 0.130 95.5 1.283 0.128 94.6 -1.746 0.144 95.7 
MI-EG -0.470 0.130 95.5 1.218 0.128 94.9 -1.450 0.147 95.4 

a Missingness scenario (i): missingness only depended on the exposure; missingness scenarios (ii): missingness depended on the exposure and strong confounder; and 
missingness scenario (iii): missingness depended on the exposure, strong confounder, and their interaction. 
b Relative bias: the difference between the mean of the 𝜃! estimates and the target value of 𝜃!(0.3), expressed as a percentage of the true value. 
c Empirical standard error (EmpSE) from 2000 estimated regression coefficients, and Monte-Carlo standard error (MCSE) of EmpSE less than 0.004. 
d Coverage probability, estimated by the proportion of the 95% confidence intervals that contained the target value of the ACE across the 2000 datasets, and MCSE of 
coverage less than 0.008. 
e Abbreviations: NI: no interaction, E×C: exposure-confounder interaction, EG: by exposure group. 
 
Table S7: Performance of the complete case analysis (CCA) and six multiple imputation (MI) methods in estimating 𝜽𝟏 under missingness 
scenario (i-iii) with 10% exposure prevalence and incomplete confounders and outcome. 

Outcome 
scenario Method 

Missingness scenarioa 

(i): exposure (ii): exposure + confounder (iii): exposure × confounder 

Bias (%)b EmpSEc Coveraged Bias (%)b EmpSEc Coveraged Bias (%)b EmpSEc Coveraged 

Strong 
negative 

CCA -0.684 0.141 95.0 14.949 0.147 93.2 29.915 0.160 91.0 
MI-NIe -0.540 0.133 95.0 12.966 0.141 93.3 26.697 0.153 91.2 
MI-E×Oe -0.732 0.133 95.3 13.043 0.140 92.9 26.402 0.152 91.3 
MI-E×Ce 0.065 0.133 95.0 5.134 0.140 94.4 10.214 0.154 94.6 
MI-E×OCe 0.337 0.133 95.3 4.749 0.140 94.5 8.980 0.155 94.5 
MI-E×Ie 0.381 0.135 94.8 4.747 0.141 94.3 8.916 0.156 94.5 
MI-EGe 1.366 0.134 94.8 4.695 0.140 94.9 7.243 0.159 94.8 
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Moderate 
negative 

CCA 0.801 0.139 95.1 6.258 0.141 95.1 14.012 0.156 94.9 
MI-NI 0.532 0.133 94.8 5.374 0.135 94.6 13.154 0.147 94.7 
MI-E×O 0.698 0.133 94.9 5.462 0.135 94.8 13.231 0.148 94.7 
MI-E×C 0.754 0.133 95.0 2.560 0.136 94.7 7.347 0.151 95.8 
MI-E×OC 0.791 0.133 95.0 2.373 0.137 95.3 6.146 0.152 95.2 
MI-E×I 0.731 0.134 95.2 2.219 0.137 94.8 6.367 0.154 95.1 
MI-EG 2.214 0.134 95.1 2.262 0.138 94.9 5.189 0.156 95.3 

Weak 
negative 

CCA 0.571 0.136 95.3 2.829 0.145 95.0 7.168 0.154 95.5 
MI-NI 0.589 0.130 95.2 2.397 0.138 94.6 6.724 0.147 95.3 
MI-E×O 0.664 0.130 95.5 2.726 0.139 94.9 6.608 0.147 95.0 
MI-E×C 0.737 0.131 95.4 1.947 0.141 94.8 6.131 0.151 95.5 
MI-E×OC 0.645 0.131 95.2 1.815 0.141 94.9 5.954 0.152 95.3 
MI-E×I 0.818 0.131 95.1 1.856 0.140 94.7 5.724 0.153 95.1 
MI-EG 1.677 0.132 95.3 1.716 0.142 95.0 3.607 0.155 95.6 

No interaction 

CCA 0.281 0.141 94.5 0.832 0.144 95.0 1.035 0.163 94.6 
MI-NI 0.567 0.134 94.5 0.267 0.137 94.8 2.150 0.152 94.7 
MI-E×O 0.668 0.134 94.7 0.542 0.136 95.2 1.996 0.151 94.9 
MI-E×C 0.228 0.135 94.6 1.339 0.137 94.6 4.584 0.155 94.9 
MI-E×OC 0.463 0.135 94.2 1.594 0.138 94.8 4.858 0.155 95.0 
MI-E×I 0.517 0.135 94.8 1.557 0.138 94.7 5.107 0.156 94.6 
MI-EG 1.443 0.136 94.9 1.351 0.139 95.2 3.311 0.159 95.4 

Weak positive 

CCA 0.603 0.138 95.1 -1.279 0.145 94.8 -3.531 0.161 94.6 
MI-NI 0.680 0.132 95.2 -1.400 0.137 95.4 -2.568 0.152 93.9 
MI-E×O 0.889 0.132 94.9 -1.600 0.138 95.0 -2.702 0.152 94.3 
MI-E×C 0.401 0.132 95.3 0.505 0.137 95.9 2.369 0.155 94.6 
MI-E×OC 0.523 0.132 95.6 0.457 0.136 95.2 2.593 0.155 94.7 
MI-E×I 0.530 0.133 95.3 0.955 0.137 95.5 2.557 0.156 94.8 
MI-EG 1.270 0.134 95.3 0.240 0.138 95.8 0.920 0.157 94.7 

Moderate 
positive 

CCA 0.112 0.140 94.9 -1.238 0.144 94.6 -6.206 0.155 95.9 
MI-NI 0.055 0.133 94.8 -0.669 0.136 94.8 -4.863 0.146 95.9 
MI-E×O 0.098 0.133 94.7 -0.863 0.137 94.9 -4.867 0.147 95.5 
MI-E×C -0.306 0.134 94.6 1.861 0.137 95.5 1.430 0.149 96.0 
MI-E×OC -0.497 0.133 95.0 2.035 0.136 95.5 1.540 0.148 95.9 
MI-E×I -0.380 0.133 94.8 1.881 0.137 95.2 1.927 0.151 96.2 
MI-EG 0.389 0.135 95.2 1.315 0.138 95.8 0.364 0.154 95.9 
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Strong 
positive 

CCA 0.436 0.139 94.7 -2.760 0.141 95.3 -8.304 0.155 95.5 
MI-NI 0.339 0.134 94.7 -2.787 0.134 95.1 -5.563 0.145 94.9 
MI-E×O 0.465 0.133 94.4 -2.807 0.134 95.0 -5.762 0.145 95.0 
MI-E×C 0.393 0.133 94.7 0.460 0.135 95.2 1.669 0.148 95.8 
MI-E×OC 0.177 0.133 94.3 0.735 0.135 95.1 1.865 0.149 95.3 
MI-E×I 0.175 0.135 94.6 0.529 0.136 95.3 2.046 0.151 95.9 
MI-EG 0.924 0.135 95.1 -0.009 0.138 95.3 0.300 0.153 95.7 

a Missingness scenario (i): missingness only depended on the exposure; missingness scenarios (ii): missingness depended on the exposure and strong confounder; and 
missingness scenario (iii): missingness depended on the exposure, strong confounder, and their interaction. 
b Relative bias: the difference between the mean of the 𝜃! estimates and the target value of 𝜃!(0.3), expressed as a percentage of the true value. 
c Empirical standard error (EmpSE) from 2000 estimated regression coefficients, and Monte-Carlo standard error (MCSE) of EmpSE less than 0.005. 
d Coverage probability, estimated by the proportion of the 95% confidence intervals that contained the target value of the ACE across the 2000 datasets, and MCSE of 
coverage less than 0.008. 
e Abbreviations: NI: no interaction, E×O: exposure-outcome interaction, E×C: exposure-confounder interaction, E×OC: exposure-confounder and exposure-outcome 
interactions, E×I: exposure-incomplete variables interactions, EG: by exposure group. 
 
Table S8: Performance of the complete case analysis (CCA) and six multiple imputation (MI) methods in estimating 𝜽𝟏 under missingness 
scenario (i-iii) with 30% exposure prevalence and incomplete confounders and outcome.  

Outcome 
scenario Method 

Missingness scenarioa 

(i): exposure (ii): exposure + confounder (iii): exposure × confounder 

Bias (%)b EmpSEc Coveraged Bias (%)b EmpSEc Coveraged Bias (%)b EmpSEc Coveraged 

Strong 
negative 

CCA -3.379 0.132 94.8 7.454 0.129 94.7 15.487 0.133 93.7 
MI-NIe -3.377 0.126 94.6 6.506 0.124 95.3 14.202 0.128 93.9 
MI-E×Oe -3.507 0.126 94.8 6.509 0.123 95.4 14.074 0.128 93.7 
MI-E×Ce -2.267 0.126 95.1 1.235 0.124 95.4 5.310 0.129 95.1 
MI-E×OCe -2.118 0.126 95.0 0.913 0.124 95.6 4.684 0.128 95.3 
MI-E×Ie -1.997 0.126 94.5 1.079 0.124 95.8 4.771 0.129 95.1 
MI-EGe -1.106 0.126 94.8 0.631 0.125 95.6 3.705 0.129 95.2 

Moderate 
negative 

CCA -2.527 0.128 95.0 3.955 0.129 95.3 6.496 0.133 94.5 
MI-NI -2.460 0.122 95.7 2.737 0.123 95.4 5.702 0.125 94.6 
MI-E×O -2.635 0.122 95.7 2.868 0.124 95.2 5.503 0.125 95.0 
MI-E×C -2.194 0.122 96.1 0.780 0.124 95.5 2.123 0.126 95.3 
MI-E×OC -2.078 0.122 95.7 0.806 0.124 95.6 1.781 0.127 95.0 
MI-E×I -1.848 0.122 95.7 0.904 0.124 95.6 1.902 0.127 94.6 



 X 

MI-EG -1.346 0.123 95.6 0.125 0.124 95.4 0.461 0.127 94.7 

Weak 
negative 

CCA 0.037 0.130 95.3 2.048 0.132 95.2 3.768 0.133 94.6 
MI-NI -0.264 0.124 95.7 1.062 0.125 95.1 4.072 0.128 94.8 
MI-E×O -0.045 0.124 95.3 1.284 0.126 94.9 3.793 0.128 94.6 
MI-E×C -0.147 0.123 95.6 1.216 0.126 95.3 3.673 0.129 94.6 
MI-E×OC -0.073 0.124 95.4 0.979 0.126 95.2 3.677 0.130 95.0 
MI-E×I -0.058 0.124 95.3 1.257 0.126 94.9 3.742 0.130 94.9 
MI-EG 0.537 0.124 95.3 0.616 0.126 94.8 2.381 0.131 94.5 

No interaction 

CCA -0.375 0.129 95.5 -0.199 0.135 93.8 -0.942 0.137 94.4 
MI-NI 0.226 0.126 94.9 -0.500 0.128 94.2 0.244 0.131 94.5 
MI-E×O 0.270 0.125 95.0 -0.509 0.129 93.7 0.322 0.131 94.4 
MI-E×C 0.022 0.126 94.6 0.495 0.128 94.5 1.882 0.132 94.3 
MI-E×OC -0.163 0.126 94.8 0.595 0.128 94.3 2.139 0.132 94.7 
MI-E×I -0.097 0.126 95.0 0.618 0.129 94.6 2.258 0.132 94.1 
MI-EG 0.435 0.126 94.7 -0.125 0.129 94.4 0.650 0.132 94.5 

Weak positive 

CCA 2.403 0.129 95.2 -0.313 0.130 95.2 -0.179 0.134 95.1 
MI-NI 2.730 0.125 94.5 0.072 0.127 93.9 1.255 0.129 94.9 
MI-E×O 2.609 0.125 95.0 0.232 0.127 94.2 1.329 0.129 95.0 
MI-E×C 2.275 0.126 94.8 1.978 0.128 94.0 4.801 0.131 94.6 
MI-E×OC 2.015 0.126 94.7 2.011 0.128 94.3 4.853 0.131 94.4 
MI-E×I 2.255 0.126 95.1 1.954 0.128 94.1 5.069 0.132 94.5 
MI-EG 2.717 0.125 94.8 1.225 0.128 94.4 3.154 0.132 94.2 

Moderate 
positive 

CCA -0.574 0.133 94.6 -4.209 0.130 94.8 -5.025 0.133 94.9 
MI-NI -0.475 0.129 93.9 -4.227 0.126 94.6 -3.719 0.129 95.0 
MI-E×O -0.425 0.128 94.1 -4.245 0.126 94.1 -3.723 0.129 94.8 
MI-E×C -1.226 0.128 94.1 -1.799 0.127 94.9 0.878 0.130 94.4 
MI-E×OC -1.151 0.129 94.0 -1.571 0.127 95.0 0.900 0.130 94.7 
MI-E×I -1.214 0.129 94.1 -1.673 0.127 94.9 0.738 0.130 94.9 
MI-EG -0.600 0.130 93.8 -2.218 0.128 95.2 -0.773 0.131 95.1 

Strong 
positive 

CCA 0.011 0.127 95.6 -3.813 0.127 95.6 -4.842 0.130 95.2 
MI-NI 0.048 0.121 96.0 -3.625 0.121 95.8 -3.531 0.126 95.1 
MI-E×O -0.027 0.121 96.1 -3.727 0.121 95.9 -3.444 0.126 95.0 
MI-E×C -0.863 0.122 95.8 -1.102 0.121 95.6 1.721 0.127 95.0 
MI-E×OC -0.626 0.121 95.6 -0.767 0.122 95.9 1.735 0.128 95.1 
MI-E×I -0.719 0.122 96.1 -0.865 0.122 95.8 2.060 0.128 94.9 



 XI 

MI-EG -0.373 0.122 96.0 -1.667 0.121 95.9 0.469 0.129 95.2 
a Missingness scenario (i): missingness only depended on the exposure; missingness scenarios (ii): missingness depended on the exposure and strong confounder; and 
missingness scenario (iii): missingness depended on the exposure, strong confounder, and their interaction. 
b Relative bias: the difference between the mean of the 𝜃! estimates and the target value of 𝜃!(0.3), expressed as a percentage of the true value. 
c Empirical standard error (EmpSE) from 2000 estimated regression coefficients, and Monte-Carlo standard error (MCSE) of EmpSE less than 0.004. 
d Coverage probability, estimated by the proportion of the 95% confidence intervals that contained the target value of the ACE across the 2000 datasets, and MCSE of 
coverage less than 0.007. 
e Abbreviations: NI: no interaction, E×O: exposure-outcome interaction, E×C: exposure-confounder interaction, E×OC: exposure-confounder and exposure-outcome 
interactions, E×I: exposure-incomplete variables interactions, EG: by exposure group. 
 
Table S9: Performance of the complete case analysis (CCA) and six multiple imputation (MI) methods in estimating 𝜽𝟏 under missingness 
scenario (i-iii) with 50% exposure prevalence and incomplete confounders and outcome.  

Outcome 
scenario Method 

Missingness scenarioa 

(i): exposure (ii): exposure + confounder (iii): exposure × confounder 

Bias (%)b EmpSEc Coveraged Bias (%)b EmpSEc Coveraged Bias (%)b EmpSEc Coveraged 

Strong 
negative 

CCA -3.655 0.127 95.2 4.305 0.127 95.0 7.181 0.123 95.1 
MI-NIe -3.779 0.121 95.7 3.793 0.120 94.9 6.719 0.116 95.4 
MI-E×Oe -3.445 0.121 95.5 3.893 0.120 95.0 6.911 0.116 95.4 
MI-E×Ce -3.085 0.121 95.5 0.695 0.120 95.4 2.303 0.117 95.9 
MI-E×OCe -3.037 0.120 95.9 0.724 0.119 95.2 1.890 0.116 95.7 
MI-E×Ie -2.783 0.120 95.6 0.592 0.120 95.5 2.212 0.117 95.6 
MI-EGe -2.051 0.120 96.0 -0.098 0.120 95.4 1.271 0.116 96.1 

Moderate 
negative 

CCA -1.311 0.124 95.5 2.552 0.122 95.2 4.742 0.121 95.6 
MI-NI -1.157 0.119 95.2 2.061 0.118 95.6 4.589 0.116 95.6 
MI-E×O -0.921 0.119 95.5 2.128 0.117 95.4 4.553 0.115 95.6 
MI-E×C -0.795 0.119 95.7 0.799 0.118 95.6 2.672 0.116 95.4 
MI-E×OC -0.792 0.119 95.5 0.679 0.117 95.4 2.560 0.117 95.3 
MI-E×I -0.705 0.119 95.4 0.730 0.117 95.5 2.613 0.117 95.6 
MI-EG 0.004 0.119 95.0 0.194 0.117 95.5 1.789 0.116 95.5 

Weak 
negative 

CCA 0.018 0.123 95.8 0.781 0.126 94.8 2.522 0.125 95.2 
MI-NI 0.024 0.118 95.3 0.751 0.121 94.7 2.978 0.121 95.1 
MI-E×O 0.054 0.118 95.4 0.864 0.122 94.4 2.980 0.120 94.9 
MI-E×C -0.208 0.118 95.5 0.668 0.122 95.1 2.813 0.120 95.7 
MI-E×OC -0.048 0.118 95.7 0.581 0.121 94.7 2.894 0.120 95.2 
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MI-E×I 0.024 0.118 95.7 0.657 0.121 95.0 2.865 0.121 95.0 
MI-EG 0.619 0.118 95.3 0.073 0.122 95.1 1.961 0.121 95.0 

No interaction 

CCA 0.332 0.129 94.4 1.196 0.128 95.1 0.431 0.129 94.3 
MI-NI 0.808 0.123 94.8 1.224 0.123 94.8 1.139 0.125 94.6 
MI-E×O 0.881 0.123 94.7 1.281 0.123 94.5 1.247 0.125 94.8 
MI-E×C 0.423 0.123 95.0 2.002 0.123 95.3 2.404 0.126 94.4 
MI-E×OC 0.547 0.123 94.8 2.084 0.123 95.1 2.466 0.125 94.6 
MI-E×I 0.452 0.123 95.1 2.142 0.123 95.2 2.446 0.126 94.4 
MI-EG 1.073 0.123 94.8 1.308 0.123 94.7 1.376 0.126 94.8 

Weak positive 

CCA -0.071 0.125 94.4 -0.398 0.127 94.5 -1.905 0.125 95.3 
MI-NI 0.337 0.120 94.9 -0.341 0.121 95.0 -0.534 0.120 95.0 
MI-E×O 0.490 0.120 95.5 -0.346 0.121 94.9 -0.563 0.119 94.8 
MI-E×C -0.014 0.120 95.2 1.248 0.121 94.7 1.776 0.120 95.5 
MI-E×OC -0.193 0.120 95.1 1.194 0.121 94.8 1.823 0.120 95.5 
MI-E×I -0.082 0.120 95.3 1.285 0.121 94.7 1.821 0.120 95.2 
MI-EG 0.275 0.120 95.2 0.659 0.121 94.9 0.736 0.119 94.9 

Moderate 
positive 

CCA -0.494 0.129 94.9 -2.290 0.127 94.7 -4.185 0.127 94.7 
MI-NI -0.232 0.124 95.0 -2.351 0.122 94.7 -3.151 0.122 94.7 
MI-E×O -0.326 0.125 94.6 -2.395 0.122 94.7 -3.170 0.121 95.1 
MI-E×C -0.990 0.125 94.8 -0.237 0.122 94.6 -0.037 0.121 94.7 
MI-E×OC -1.066 0.124 95.2 -0.004 0.122 94.9 0.146 0.122 94.9 
MI-E×I -0.928 0.125 94.9 -0.073 0.122 94.9 0.369 0.121 95.2 
MI-EG -0.682 0.124 94.6 -0.917 0.122 94.6 -0.975 0.121 95.1 

Strong 
positive 

CCA 1.055 0.128 94.2 -2.364 0.125 94.5 -3.227 0.124 95.1 
MI-NI 1.375 0.121 94.7 -2.327 0.121 94.4 -2.181 0.119 95.0 
MI-E×O 1.442 0.121 94.2 -2.487 0.121 94.8 -2.232 0.119 95.3 
MI-E×C 0.586 0.122 94.6 0.421 0.122 94.7 1.577 0.120 95.4 
MI-E×OC 0.439 0.121 94.9 0.409 0.121 94.9 1.721 0.120 94.8 
MI-E×I 0.686 0.122 94.8 0.225 0.121 94.8 1.657 0.120 95.0 
MI-EG 1.202 0.121 94.8 -0.274 0.121 94.9 0.672 0.120 95.0 

a Missingness scenario (i): missingness only depended on the exposure; missingness scenarios (ii): missingness depended on the exposure and strong confounder; and 
missingness scenario (iii): missingness depended on the exposure, strong confounder, and their interaction. 
b Relative bias: the difference between the mean of the 𝜃! estimates and the target value of 𝜃!(0.3), expressed as a percentage of the true value. 
c Empirical standard error (EmpSE) from 2000 estimated regression coefficients, and Monte-Carlo standard error (MCSE) of EmpSE less than 0.004. 
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d Coverage probability, estimated by the proportion of the 95% confidence intervals that contained the target value of the ACE across the 2000 datasets, and MCSE of 
coverage less than 0.007. 
e Abbreviations: NI: no interaction, E×O: exposure-outcome interaction, E×C: exposure-confounder interaction, E×OC: exposure-confounder and exposure-outcome 
interactions, E×I: exposure-incomplete variables interactions, EG: by exposure group. 
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Figure S1: The mean squared error (MSE) of the complete case analysis (CCA) and six multiple imputation (MI) methods in estimating 𝜽𝟏 

across all missingness, outcome and exposure-prevalence scenarios. 
a Missingness scenario (i): missingness only depended on the exposure; missingness scenarios (ii): missingness depended on the exposure and strong confounder; and 
missingness scenario (iii): missingness depended on the exposure, strong confounder, and their interaction. 
b Mean squared error (MSE): the sum of the squared bias and variance of the 2,000 estimates  
c Abbreviations: NI: no interaction, E×O: exposure-outcome interaction, E×C: exposure-confounder interaction, E×OC: exposure-confounder and exposure-outcome 
interactions, E×I: exposure-incomplete variables interactions, EG: by exposure group. 
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Figure S2: Power (%) of the complete case analysis (CCA) and six multiple imputation (MI) methods in estimating 𝜽𝟏 for different sample 
sizes across missingness and outcome scenarios with 10% exposure prevalence. 
a Missingness scenario (i): missingness only depended on the exposure; missingness scenarios (ii): missingness depended on the exposure and strong confounder; and 
missingness scenario (iii): missingness depended on the exposure, strong confounder, and their interaction. 
b Abbreviations: NI: no interaction, E×O: exposure-outcome interaction, E×C: exposure-confounder interaction, E×OC: exposure-confounder and exposure-outcome 
interactions, E×I: exposure-incomplete variables interactions, EG: by exposure group. 
 


