
Supplementary material for manuscript

For manuscript: Properties and pitfalls of weighting as an alternative to mul-
tilevel multiple imputation in cluster randomized trials with missing binary
outcomes under covariate-dependent missingness

Elizabeth L. Turner 1,2∗, Lanqiu Yao3, Fan Li1, and Melanie Prague4,5

1. Department of Biostatistics and Bioinformatics, Duke University, Durham, NC
2. Duke Global Health Institute, Duke University, Durham, NC, USA
3. Department of Population Health, New York University
4. Inria, project team SISTM, Bordeaux, France
5. Department of Biostatistics, Harvard T.H. Chan School of Public Health, Boston, MA, USA

1 Definitions of missingness mechanisms

Here we outline missing data definitions in order to link to the broader missing data literature. Specifically, we refer to
Chapter 1 of the book by Molenburghs et al. (2015) [1], where the authors remind us that missingness mechanism is
defined with respect to the true underlying data-generating models. Like us, in Section 1.2 of Chapter 1, the authors
focus on missing outcomes assuming that all covariates are fully observed.

Using their notation: Yi = (Yi1, Yi2, . . . ., Yini) is an ni × 1 vector of responses (e.g., in our case, for ni individuals in
the ith cluster) and Xi is an ni× p matrix of covariates. The response vector Yi can be partitioned in to the portion
that is observed (Y o

i ) and the portion that is not observed (Y m
i ), i.e. that is missing. We, like them, use the indicator

Rij = 1 to indicate that a response is observed and a value of 0 to indicate that it is missing.

Molenburghs et al. [1], like many authors, use the term MCAR (missing completely at random) for situations where:

Pr(Ri|Y o
i , Y

m
i ,Xi) = Pr(Ri), Definition MCAR - see [1]

that is where the probability of being observed (or being missing) is independent of all data, including covariates.
They use the term MAR (missing at random) for situations where the probability of being observed (or missing) may
depend on the observed outcome data and/or covariates:

Pr(Ri|Y o
i , Y

m
i ,Xi) = Pr(Ri|Y o

i ,Xi), Definition MAR - see [1]

They also point out that some other authors use the term MCAR to include situations where the probability of being
observed (or being missing) may depend on covariates i.e. so that:

Pr(Ri|Y o
i , Y

m
i ,Xi) = Pr(Ri|Xi), Alternative definition MCAR - see [1]

The authors point out that Little (1995) [2] suggested that this setting be called covariate-dependent missingness.

Importantly, this is the setting that we consider in our manuscript, specifically in a trial setting with fully observed
Xi, where those covariates, Xi, are baseline covariates. The fact that there is disagreement as to whether covariate-
dependent missingness with fully observed covariates is a type of MCAR or MAR mechanism is not relevant to the
results presented in the current manuscript. What is important is that these definitions do not depend on the analysis
models that are chosen but instead are defined by the true, underlying mechanisms. What is also important, and
which is noted by Molenberghs et al. [1], is that a subtle issue arises for the CDM case, namely that the full set of
covariates that are predictive of Ri must be accounted for in the analysis using the correct functional form. We also
note that were there to be missingness in the baseline covariates that are predictive of missingness outcomes, this
setting would be a type of MNAR.



2 Supplemental materials for analysis of motivating data set

Table S1: Results of analysis of high literacy outcome from HALI motivating data set using five different GEE
methods with robust standard errors under two different working correlation matrices (exchangeable and independent).

Exchangeable Independent

Method Odds ratio 95% confidence interval p-value Odds ratio 95% confidence interval p-value

CRA-GEE 1.82 (1.26, 2.65) 0.002 1.84 (1.27, 2.66) 0.001
A-CRA-GEE 1.93 (1.38, 2.71) <0.001 1.92 (1.37, 2.68) <0.001
W-GEE 1.80 (1.23, 2.62) 0.002 1.81 (1.24, 2.63) 0.002
CW-GEE 1.83 (1.26, 2.65) 0.001 1.83 (1.26, 2.65) 0.002
MMI-GEE 1.81 (1.25, 2.63) 0.002 1.79 (1.23, 2.60) 0.002

text

Table S2: Predictors of outcome (high literacy) and of missingness (of high literacy outcome) from HALI motivating
data set.

Predictors of outcome (high literacy) Predictors of outcome missingness

Estimatea SE p-value Estimatea SE p-value

Intercept -3.61 0.38 <0.001 -1.51 0.39 <0.001
Intervention 0.75 0.19 <0.001 0.09 0.15 0.538
Baseline literacy score 0.35 0.02 <0.001 -0.03 0.01 0.105
Age 0.06 0.04 0.094 -0.02 0.04 0.544
Sex (Female) -0.04 0.11 0.733 -0.00 0.13 0.991
Household head educationb 0.002 0.021

Primary 0.13 0.13 -0.34 0.15
Secondary 0.61 0.22 -0.17 0.24
College/degree 1.16 0.38 0.46 0.32

Household SESc 0.357 0.920
Poor -0.04 0.17 0.04 0.19
Median Poor -0.14 0.17 -0.02 0.19
Less Poor -0.08 0.18 -0.10 0.21
Least Poor 0.24 0.20 -0.15 0.22

a: Log-odds ratio; b: With reference level of ”Primary school not completed”; c: Socioeconomic status (SES) derived via principal
components analysis of household assets with reference level of ”Poorest”.

Figure S1: MCMC traceplot for MMI of the high literacy outcome from the HALI data set
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Footnote: This figure was generated using the jomo1rancat function in the jomo package for burn-in of 100 iterations, thinning rate of 25
and for 15 imputed data sets. The five covariates of Table S2 (i.e. baseline literacy score, age, sex, household head education level and
household SES) and treatment arm were included as additive terms in the random effects logistic imputation model.



3 Supplemental materials for GEE finite-sample correction

Using the notation used in the main manuscript text, the uncorrected sandwich variance estimator is given by (ignoring
the variability of weights)

M∑
i=1

Ω̂
(
DT

i V
−1
i Wirir

T
i WiV

−1
i Di

)
Ω̂,

where Wi is the diagonal matrix of weights, Ω̂ = (
∑M

i=1D
T
i V

−1
i WiDi)

−1 is the model-based variance with weighting,
and ri = Yi− µ̂i is the residual vector for cluster i. With a limited number of clusters, the residual vector, ri, tends to
be biased towards zero, and the uncorrected sandwich variance is likely to underestimate the true variability. Define
the cluster leverage as Hi = DiΩ̂D

T
i V

−1
i Wi. Following the bias-corrected variance due to Kauermann and Carroll

[3], the corresponding sandwich variance with weighting is

Ω̂
( M∑

i=1

DT
i V

−1
i Wi(I −Hi)

−1/2rir
T
i (I −HT

i )−1/2WiV
−1
i Di

)
Ω̂.

Following Mancl and DeRouen [4], a similar bias-corrected sandwich variance is given by

Ω̂
( M∑

i=1

DT
i V

−1
i Wi(I −Hi)

−1rir
T
i (I −HT

i )−1WiV
−1
i Di

)
Ω̂.

Notice that both approaches estimate cov(Yi) based on the leverage-adjusted residuals, correcting for the finite-
sample bias in the raw residuals in a multiplicative fashion. We also considered the finite-sample correction by Fay
and Graubard [5], given by

Ω̂
( M∑

i=1

FiD
T
i V

−1
i Wirir

T
i WiV

−1
i DiFi

)
Ω̂,

where Fi = diag{(1 − min{0.75, [Qi]jj})−1/2} and Qi = DT
i V

−1
i WiDiΩ̂. In brief, the multiplicative correlation

factor Fi is motivated by expanding the estimating function around the truth and assuming the working variance is
approximately proportional to the true variance.

4 Supplemental materials for simulation study reported in the Results section

The following pages contain all supplemental tables and figures referred to in the text of the main manuscript. More
specifically, they contain more comprehensive results of the simulation study with analyses using both exchangeable
and independent working correlation matrix. For simulation study details and methods, see the main manuscript
text.
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Figure S2: Coverage (%) of five GEE methods to handle missing outcomes in CRTs
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Footnote: Results based on 1000 simulated data sets per scenario using standard Wald Z-based confidence intervals for each modeling
approach, except for MMI-GEE for which t-based confidence intervals are used based on 15 imputations (see Section 4.2 of main manuscript
for details, including the t-distribution degrees of freedom). Acceptable coverage ranges from 93.6% to 96.4%.



5 Supplemental materials for the Discussion section

5.1 Brief summary of references that consider weighted analyses of clustered outcome data

For weighted GEE, there is limited literature on whether the clustered data structure should be accounted for in the
PS model (Eqn. 3) and, what does exist, is primarily for the propensity to be treated rather than propensity to be
observed, where the latter is the situation considered in the current manuscript [6, 7, 8]. In the context of selection
bias in CRTs in which participants are recruited after clusters have been randomised, Leyrat et al. [6, 7] did not
account for clustering when calculating the propensity to be selected to a cluster because the CRT design meant that
there was no variability in treatment indicator within a cluster, which is a different context to that considered in the
current manuscript in which missingness is at the individual level. (Of note, if independent of each other, inverse
probability weights for selection to treatment and those for missingness can be multiplied together to simultaneously
account for both features.) In a different context with multilevel observational data and individual-level treatment
assignment, Li et el. [8] concluded that the SE can be overestimated if clustering is ignored when calculating the
propensity to be treated but that no bias appears when there is no unobserved cluster-level confounding (where we
note that the settings considered in the current manuscript also exhibit no unobserved cluster-level confounding).
Further, in the longitudinal data setting but with missing outcomes and not selection effects, most inverse probability
weight calculations do not account for the clustering under MAR [9]. This may, however, be primarily due to the
fact that the weights are cluster-specific (where the cluster is the individual) and thus different to those that we have
considered in the current manuscript for outcome missingness at the individual-level in CRTs.

What all of these manuscripts indicate is that it is important to understand the role of clustering in the process
for which weighting is being used. When used to account for missing outcomes under CDM with clustering that is
unrelated to the outcome, the random effects in the true missingness mechanism induce correlated nonresponse but
essentially have no impact on the observed or missing outcomes. With unmeasured cluster-level confounding, the
random cluster effects in the missingness model and the outcome model are often correlated and the missingness
is non-ignorable. For clustered survey nonresponse, Skinner and D’Arrigo [10] demonstrated substantial bias of
the weighting estimator under both mechanisms when the PS was estimated by a random-effects logistic model,
especially when the cluster sizes were not large. By contrast, they found that, under MAR, the weighting estimator
remained unbiased when the PS weights were estimated ignoring the random effects. In the current manuscript, we
have specifically considered the CDM mechanism with fully observed baseline covariates (a special case of MAR)
and confirmed their findings in the context of CRTs with missing outcomes. However, future work is warranted to
examine the implications of non-ignorable missing outcomes on the weighted GEE analyses of CRTs.

5.2 Supporting evidence for findings regarding generation of the weights for weighted GEE

In the current manuscript, we have examined the performance of two weighted-GEE approaches (W-GEE and CW-
GEE) to account for informative missing outcome data in cohort CRTs with a single follow-up time point. Importantly,
we assumed that the missing outcome data process was dependent on fully observed baseline covariates, was across a
range of degrees of clustering of the missing outcomes (from no clustering to extreme clustering of missingness), and
that the clustering in the missingness model was independent of the clustering in the outcome model. As noted in
the Results and Discussion sections of the main manuscript, in that context, we demonstrated that clustering should
not be accounted for when estimating the weights, even when there is clustering in the missingness mechanism (i.e.
even when ICCM, ρM > 0). That is, W-GEE is preferred to CW-GEE.

Further explanation of these results concerning W-GEE and CW-GEE can be obtained from the perspective of
balancing of covariates. From that perspective, there are many commonalities between addressing selection bias
from missing data and addressing confounding bias in non-randomized observational studies [8, 11]. With missing
outcomes, the ultimate goal of propensity score weighting is to make sure that the weighted covariate distributions
among the observed group (i.e. that with complete data) mimics the unweighted covariate distribution of the full
data [12]. For example, in our simulation study with a single individual-level binary covariate Xij , we could quantify
the effectiveness of weighting in finite samples by the following bias measures:

biasX =

∣∣∣∣∣
∑

i

∑
j RijXijwij∑

i

∑
j Rijwij

−
∑

i

∑
j Xij∑

i ni

∣∣∣∣∣
biasA =

∣∣∣∣∣
∑

i

∑
j RijAiwij∑

i

∑
j Rijwij

−
∑

i niAi∑
i ni

∣∣∣∣∣
where wij is the inverse probability weight estimated by the logistic model without clustering (W, see Eqn. 4A of the
main manuscript) or with clustering (CW, see Eqn. 4B of the main manuscript) for the jth individual (j = 1, . . . , ni)
in the ith cluster (i = 1, . . . ,M), and where there are k clusters in each arm so that M = 2k. As in the main
manuscript, Rij is an indicator of whether the individual-level outcome is observed (i.e. it equals 1 in this case, or 0 if
the outcome is missing) and Ai is the treatment arm indicator of the ith cluster (i.e. it equals 1 for the intervention,
or 0 for the control arm).



Regardless of how the weights are estimated, as long as biasX and biasA are small, the intervention effect estimate
from the resulting weighted GEE should have small bias, since weighting has recovered the covariate distributions of
the full data from the observed portion. Therefore, the key thing that drives the bias results is the quality of weights,
as exemplified by the above bias measures. Even if the true ρM > 0 and the logistic model with clustering (CW i.e.
Eqn. 4B) is the correct model for the weights, it does not necessarily guarantee small biasX and biasA. To show
this, Figure S3 presents boxplots of these bias measures for 1000 simulations across a range of values of ρM , for a
subset of the simulations performed in the current manuscript Specifically, we display the results at the four values of
ρM considered in our simulation study (i.e. 0, 0.1, 0.3 and 0.5) with the other two parameters fixed at typical values,
namely with k = 25 and ρO = 0.1.

Figure S3 shows that for ICCM = 0, i.e. ρM = 0, the non-clustered logistic model and the clustered logistic model
provide weights that achieved similar levels of balance, and so the bias of intervention effect is similar between the
corresponding W-GEE and CW-GEE analysis approaches (see this bias in Figure 1 of the main manuscript text).
In contrast, when ICCM > 0, i.e. ρM > 0, the non-clustered logistic model provides weights that are clearly better
balanced for the covariates and the treatment indicator across the range of values of ICCM (ρM ) and therefore it is
not surprising that W-GEE is less biased than CW-GEE.

Figure S3: Boxplots of biasX (X) and biasA (A) when the weights are estimated by the logistic model
without clustering (W) or by the logistic model with clustering (CW) across the 4 values of ρM for the

setting of k = 25 and ICC (ρO) = 0.1
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Footnote: More specifically, the logistic model without clustering is given by Eqn. (4A) of the main manuscript text and that for the
logistic model with clustering is given by Eqn. (4B) of the main manuscript text.

5.3 Additional simulation results for smaller outcome ICC

The results in this section explore the performance of the five GEE methods for moderately-sized CRTs with small
outcome clustering, specifically for ρO = 0.01 and k = 25. Both exchangeable (Table S9) and independent (Table S10)
working correlation matrices are assumed. The results from these tables can be compared to those for k = 25 and
ρO = 0.05, 0.1, 0.2. Specifically, to compare to the setting with k = 25 under ρO = 0.05, 0.1, 0.2, Table S9 is related to
Table S3 (for exchangeable working correlation matrix) and Table S10 is related to Table S6 (for independent working
correlation matrix).
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