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Abstract

Background: Attrition, which leads to missing data, is a common problem in cluster randomized trials (CRTs),
where groups of patients rather than individuals are randomized. Standard multiple imputation (MI) strategies may
not be appropriate to impute missing data from CRTs since they assume independent data. In this paper, under
the assumption of missing completely at random and covariate dependent missing, we compared six MI strategies
which account for the intra-cluster correlation for missing binary outcomes in CRTs with the standard imputation
strategies and complete case analysis approach using a simulation study.

Method: We considered three within-cluster and three across-cluster MI strategies for missing binary outcomes in
CRTs. The three within-cluster MI strategies are logistic regression method, propensity score method, and Markov
chain Monte Carlo (MCMC) method, which apply standard MI strategies within each cluster. The three across-
cluster MI strategies are propensity score method, random-effects (RE) logistic regression approach, and logistic
regression with cluster as a fixed effect. Based on the community hypertension assessment trial (CHAT) which has
complete data, we designed a simulation study to investigate the performance of above MI strategies.

Results: The estimated treatment effect and its 95% confidence interval (CI) from generalized estimating equations
(GEE) model based on the CHAT complete dataset are 1.14 (0.76 1.70). When 30% of binary outcome are missing
completely at random, a simulation study shows that the estimated treatment effects and the corresponding 95%
CIs from GEE model are 1.15 (0.76 1.75) if complete case analysis is used, 1.12 (0.72 1.73) if within-cluster MCMC
method is used, 1.21 (0.80 1.81) if across-cluster RE logistic regression is used, and 1.16 (0.82 1.64) if standard
logistic regression which does not account for clustering is used.

Conclusion: When the percentage of missing data is low or intra-cluster correlation coefficient is small, different
approaches for handling missing binary outcome data generate quite similar results. When the percentage of
missing data is large, standard MI strategies, which do not take into account the intra-cluster correlation,
underestimate the variance of the treatment effect. Within-cluster and across-cluster MI strategies (except for
random-effects logistic regression MI strategy), which take the intra-cluster correlation into account, seem to be
more appropriate to handle the missing outcome from CRTs. Under the same imputation strategy and percentage
of missingness, the estimates of the treatment effect from GEE and RE logistic regression models are similar.

1. Introduction
Cluster randomized trials (CRTs), where groups of parti-
cipants rather than individuals are randomized, are
increasingly being used in health promotion and health
services research [1]. When participants have to be
managed within the same setting, such as hospital, com-
munity, or family physician practice, this randomization

strategy is usually adopted to minimize the potential
treatment “contamination” between intervention and
control participants. It is also used when individual level
randomization may be inappropriate, unethical, or infea-
sible [2]. The main consequence of the cluster-rando-
mized design is that participants can not be assumed
independent due to the similarity of participants from
the same cluster. This similarity is quantified by the
intra-cluster correlation coefficient [ICC] r. Considering
the two components of the variation in the outcome,
between-cluster and intra-cluster variations, r may be
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interpreted as the proportion of overall variation in out-
come that can be explained by the between-cluster var-
iation [3]. It may also be interpreted as the correlation
between the outcomes for any two participants in the
same cluster. It has been well established that failing to
account for the intra-cluster correlation in the analysis
can increase the chance of obtaining statistically signifi-
cant but spurious findings [4].
The risk of attrition may be very high in some CRTs due

to the lack of direct contact with individual participants
and lengthy follow-up [5]. In addition to missing indivi-
duals, the entire clusters may be missing, which further
complicates the handling of missing data in CRTs. The
impact of missing data on the results of statistical analysis
depends on the mechanism which caused the data to be
missing and the way that it is handled. The default
approach in dealing with this problem is to use complete
case analysis (also called listwise deletion), i.e. exclude the
participants with missing data from the analysis. Though
this approach is easy to use and is the default option in
most statistical packages, it may substantially weaken the
statistical power of the trial and may also lead to biased
results depending on the mechanism of the missing data.
Generally, the nature or type of missingness can fit into

four categories: missing completely at random (MCAR),
missing at random (MAR), covariate dependent (CD)
missing, and missing not at random (MNAR) [6]. Under-
standing these categories is important since the solutions
may vary depending on the nature of missingness.
MCAR means that the missing data mechanism, i.e. the
probability of missing, does not depend on the observed
or unobserved data. Both MAR and CD mechanisms
indicate that causes of missing data are unrelated to the
missing values, but may be related to the observed values.
In the context of longitudinal data when serial measure-
ments are taken for each individual, MAR means that the
probability of a missing response at a particular visit is
related to either observed responses at previous visits or
covariates, whereas CD missing - a special case of MAR -
means that the probability of a missing response is
dependent only upon covariates. MNAR means that the
probability of missing data depends on the unobserved
data. It commonly occurs when people drop out of the
study due to poor or good health outcomes. A key dis-
tinction between these categories is that MNAR is non-
ignorable while the other three categories (i.e., MCAR,
CD, or MAR) are ignorable [7]. Under the circumstances
of ignorable missingness, imputation strategies such as
mean imputation, hot deck, last-observation carried for-
ward, or multiple imputation (MI) - which substitute
each missing value to one or multiple plausible values -
can produce a complete dataset that is not adversely
biased [8,9]. Non-ignorable missing data are more chal-
lenging and require a different approach [10].

Two main approaches in handling missing outcomes
are likelihood based analyses and imputation [10]. In
this paper, we focus on MI strategies, which take into
account the variability or uncertainty of the missing
data, to impute the missing binary outcome in CRTs.
Under the assumption of MAR, MI strategies replace
each missing value with a set of plausible values to cre-
ate multiple imputed datasets - usually varying in num-
ber from 3 to 10 [11]. These multiple imputed datasets
are analyzed by using standard procedures for complete
data. Results from the imputed datasets are then com-
bined for inference to generate the final result. Standard
MI procedures are available in many standard statistical
software packages such as SAS (Cary, NC), SPSS (Chi-
cago IL), and STATA (College Station, TX). However,
these procedures assume observations are independent
and may not be suitable for CRTs since they do not
take into account the intra-cluster correlation.
To the best of our knowledge, limited investigation has

been done on the imputation strategies for missing bin-
ary outcomes or categorical outcomes in CRTs. Yi and
Cook reported marginal methods for missing longitudi-
nal data from clustered design [12]. Hunsberger et al.
[13] described three strategies for continuous missing
data in CRTs: 1) multiple imputation procedure in which
the missing values are replaced with re-sampled values
from the observed data; 2) a median procedure based on
the Wilcoxon rank sum test assigning the missing data in
the intervention group with the worst ranks; 3) multiple
imputation procedure in which the missing values are
replaced by the predicted values from a regression equa-
tion. Nixon et al. [14] presented strategies of imputing
missing end points from a surrogate. In the analysis of a
continuous outcome from the Community Intervention
Trial for Smoking Cessation (COMMIT), Green et al
stratified individual participants into groups that were
more homogeneous with respect to the predicted out-
come. Within each stratum, they imputed the missing
outcome using the observed data [15,16]. Taljaard et al
[17] compared several different imputation strategies for
missing continuous outcomes in CRTs under the
assumption of missing completely at random. These stra-
tegies include cluster mean imputation, within-cluster
MI using Approximate Bayesian Bootstrap (ABB)
method, pooled MI using ABB method, standard regres-
sion MI, and mixed-effects regression MI. As pointed out
by Kenward et al that if a substantive model, such as gen-
eralized linear mixed model, is to be used which reflects
the data structure, it is important that the imputation
model also reflects this structure [18].
The objectives of this paper are to: i) investigate the

performance of various imputation strategies for missing
binary outcomes in CRTs under different percentages of
missingness, assuming a mechanism of missing completely
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at random or covariate dependent missing; ii) compare the
agreement between the complete dataset and the imputed
datasets obtained from different imputation strategies; iii)
compare the robustness of the results under two com-
monly used statistical analysis methods: the generalized
estimating equations (GEE), and random-effects (RE)
logistic regression, under different imputation strategies.

2. Methods
In this paper, we consider three within-cluster and three
across-cluster MI strategies for missing binary outcomes
in CRTs. The three within-cluster MI strategies are logis-
tic regression method, propensity score method, and
MCMC method, which are standard MI strategies con-
ducted within each cluster. The three across-cluster MI
strategies are propensity score, random-effects logistic
regression method, and logistic regression with cluster as
a fixed effect. Based on the complete dataset from the
community hypertension assessment trial (CHAT), we
conducted a simulation study to investigate the perfor-
mance of the above MI strategies. We used Kappa statis-
tics to compare the agreement between the imputed
datasets and the complete dataset. We also used the esti-
mated treatment effects obtained from the GEE and RE
logistic regression model [19] to assess the robustness of
the results under different percentages of missing binary
outcome under the assumption of MCAR and CD
missing.

2.1. Complete case analysis
Using this approach, only the patients with completed
data are included for analysis, while patients with missing
data are excluded. When the data are MCAR, the com-
plete case analysis approach, using either likelihood-
based analysis such as RE logistic regression, or the mar-
ginal model such as GEE approach, is valid for analyzing
binary outcome from CRTs since the missing data
mechanism is independent of the outcome. When the
data are CD missing, both RE logistic regression and
GEE approach are valid if the known covariates asso-
ciated with the missing data mechanism are adjusted for.
It can be implemented using GENMOD and NLMIXED
procedure in SAS.

2.2. Standard multiple imputation
Assuming the observations are independent, we can
apply the standard MI procedures provided by any stan-
dard statistical software such as SAS. Three widely used
MI methods are predictive model method (logistic
regression method for binary data), propensity score
method, and MCMC method [20]. In general, both pro-
pensity score method and MCMC method are recom-
mended for the imputation of continuous variable [21].
A dataset is said to have a monotone missing pattern

when a measurement Yj is missing for an individual
implies that all subsequent measurements Yk, k >j, are
all missing for the individual. When the data are missing
in the monotone missing pattern, any of the parametric
predictive model and the nonparametric method that
uses propensity scores or MCMC method is appropriate
[21]. For an arbitrary missing data patterns, a MCMC
method that assumes multivariate normality can be used
[10]. These MI strategies are implemented using MI,
MIANALYZE, GENMOD, and NLMIXED procedures in
SAS separately for each intervention group.
2.2.1. Logistic regression method
In this approach a logistic regression model is fitted
using the observed outcome and covariates [21]. Based
on the parameter estimates and the associated covar-
iance matrix, the posterior predictive distribution of the
parameters can be constructed. A new logistic regres-
sion model is then simulated from the posterior predic-
tive distribution of the parameters and is used to impute
the missing values.
2.2.2. Propensity score method
The propensity score is the conditional probability of
being missing given the observed data. It can be esti-
mated by the means of logistic regression model with a
binary outcome indicating whether the data are missing
or not. The observations are then stratified into a num-
ber of strata based on these propensity scores. The ABB
procedure [22] is then applied to each stratum. The
ABB imputation first draws with replacement from the
observed data to create a new dataset, which is a non-
parametric analogue of drawing parameters from the
posterior predictive distribution of the parameters, and
then randomly draw imputed values with replacement
from the new dataset.
2.2.3. Markov chain Monte Carlo method
Using MCMC method pseudo random samples are
drawn from a target probability distribution [21]. The
target distribution is the joint conditional distribution
of Ymis and θ given Yobs when missing data have a
non-monotone pattern, where Ymis and Yobs represent
the missing data and observed data, respectively, and θ
represents the unknown parameters. The MCMC
method is conducted as follows: replace Ymis by some
assumed values, then simulate θ from the resulting
complete data posterior distribution P(θ|Yobs,Ymis). Let

θ(t) be the current simulated value of θ, then Ymis
(t 1)

can be drawn from the conditional predictive distribu-

tion Y Pmis
t

mis obs
tY Y( ) ( )~ ( | , )1  . Conditioning on Ymis

(t 1) ,

the next simulated value of θ can be drawn
from its complete data posterior distribution

 ( ) ( )~ ( | , )t 1 1P Y Yobs mis
t . By repeating the above pro-

cedure, we can generate a Markov chain
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{( , ) : , , }( ) ( ) t
mis

tY t  1 2   which converges in distribu-

tion to P(Ymis,θ|Yobs). This method is attractive since it
avoids complicated analytic calculation of the posterior
distribution of θ and Ymis. However, the distribution
convergence is an issue that researchers need to face.
In addition, this method is based on the assumption of
multivariate normality. When using it for imputing
binary variables, the imputed values can be any real
values. Most of the imputed values are between 0 and
1, some are out of this range. We round the imputed
values to 0 if it is less than 0.5 and to 1 otherwise.
This multiple imputation method is implemented

using MI procedure in SAS. We use a single chain and
non-informative prior for all imputations, and expecta-
tion-maximization (EM) algorithm to find maximum
likelihood estimates in parametric models for incom-
plete data and derive parameter estimates from a poster-
ior mode. The iterations are considered to have
converged when the change in the parameter estimates
between iteration steps is less than 0.0001 for each
parameter.

2.3. Within-cluster multiple imputation
Standard MI strategies are inappropriate for handling
the missing data from CRTs due to the assumption of
independent observations. For the within-cluster impu-
tation, we carry out standard MI described above using
logistic regression method, propensity score method,
and MCMC method separately for each cluster. Thus,
the missing values are imputed based on the observed
data within the same cluster as the missing values.
Given that subjects within the same cluster are more
likely to be similar to each other than those from differ-
ent clusters, within-cluster imputation can be seen as a
strategy to impute the missing values to account for the
intra-cluster correlation. These MI strategies are imple-
mented using MI, MIANALYZE, GENMOD, and
NLMIXED procedures in SAS.

2.4. Across-cluster multiple imputation
2.4.1. Propensity score method
Compared to the standard multiple imputation using
propensity score method, we added cluster as one of the
covariates to obtain the propensity score for each obser-
vation. Consequently, patients within the same cluster
are more likely to be categorized into the same propen-
sity score stratum. Therefore, the intra-cluster correla-
tion is taken into account when the ABB procedure is
applied within each stratum to generate the imputed
values for the missing data. This multiple imputation
strategy is implemented using MI, MIANALYZE, GEN-
MOD, and NLMIXED procedures in SAS.

2.4.2. Random-effects logistic regression
Compared to the predictive model using standard logis-
tic regression method, we assume the binary outcome is
modeled by the random-effects logistic model:

log (Pr( ))it Y X Uijl ijl ij  1 

where Yijl is the binary outcome of patient l in cluster
j in the intervention group i; Xijl is the matrix of fully
observed individual-level or cluster level covariates,
U Nij B~ ( , )0 2  represents the cluster-level random effect,
and  B

2 represent the between-cluster variance.  B
2 can

be estimated when fitting the random-effects logistic
regression model using the observed outcome and cov-
ariates. The MI strategy using random-effects logistic
regression method obtains the imputed values in three
steps:

(1) Fit a random-effects logistic regression model as
described above using the observed outcome and
covariates.
(2) Based on the estimates for b and sB obtained
from step (1) and the associated covariance matrix,
construct the posterior predictive distribution of
these parameters.
(3) Fit a new random-effects logistic regression using
the simulated parameters from the posterior predic-
tive distribution and the observed covariates to
obtain the imputed missing outcome.

The MI strategy using random-effects logistic regres-
sion takes into account the between cluster variance,
which is ignored in the MI strategy using standard logis-
tic regression, and therefore may be valid for imputing
missing binary data in CRTs. We provide the SAS code
for this method in Appendix A.
2.4.3. Logistic regression with cluster as a fixed effect
Compared to the predictive model using standard logis-
tic regression method, we add cluster as a fixed effect to
account for clustering effect. This multiple imputation
strategy is implemented using MI, MIANALYZE, GEN-
MOD, and NLMIXED procedures in SAS.

3. Simulation study
3.1. Community hypertension assessment trial
The CHAT study was reported in detail elsewhere [23].
In brief, it was a cluster randomized controlled trial
aimed at evaluating the effectiveness of pharmacy based
blood pressure (BP) clinics led by peer health educators,
with feedback to family physicians (FP) on the manage-
ment and monitoring of BP among patients 65 years or
older. The FP was the unit of randomization. Patients
from the same FP received the same intervention. In
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total, 28 FPs participated in the study. Fourteen were
randomly allocated to the intervention (pharmacy BP
clinics) and 14 to the control group (no BP clinics
offered). Fifty-five patients were randomly selected from
each FP roster. Therefore, 1540 patients participated in
the study. All eligible patients in both the intervention
and control group received usual health service at their
FP’s office. Patients in the practices allocated to the
intervention group were invited to visit the community
BP clinics. Peer health educators assisted patients to
measure their BP and review their cardiovascular risk
factors. Research nurses conducted the baseline and
end-of-trial (12 months after the randomization) audits
of the health records of the 1540 patients who partici-
pated in the study. The primary outcome of the CHAT
study was a binary outcome indicating whether the
patient’s BP was controlled or not at the end of the
trial. Patient’s BP was controlled if at the end of the
trial, the systolic BP ≤ 140 mmHg and diastolic BP ≤ 90
mmHg for patient without diabetes or target organ
damage, or the systolic BP ≤ 130 mmHg and diastolic
BP ≤ 80 mmHg for patient with diabetes or target organ
damage. Besides the intervention group, other predictors
considered in this paper included age (continuous vari-
able), sex (binary variable), diabetes at baseline (binary
variable), heart disease at baseline (binary variable), and
whether patients’ BP were controlled at baseline (binary
variable). At the end of the trial, 55% patients’ BP were
controlled. Without including any other predictors in
the model, the treatment effects and their 95% confi-
dence intervals (CI) estimated from the GEE and RE
model were 1.14 (0.72, 1.80) and 1.10 (0.65, 1.86),
respectively. The estimated ICC was 0.077. After adjust-
ment for the above mentioned variables the treatment
effects and their CIs estimated from GEE and RE model
were 1.14 (0.76, 1.70) and 1.12 (0.72, 1.76), respectively.
The estimated ICC was 0.055.
Since there are no missing data in the CHAT dataset, it

provides us a convenient platform to design a simulation
study to compare the imputed and the observed values
and further investigate the performance of the different
multiple imputation strategies under different missing
data mechanisms and percentages of missingness.

3.2. Generating dataset with missing binary outcome
Using the CHAT study dataset, we investigated the per-
formance of different MI strategies for missing binary
outcome based on MCAR and CD mechanisms. Under
the assumption of MCAR, we generated dataset with
certain percentage of missing binary outcome, which
indicates whether the BP was controlled or not at the
end of the trial for each patient. The probability of miss-
ing for each patient was completely at random, i.e. the

probability of missing did not depend on any observed
or unobserved CHAT data. Under the assumption of
CD missing, we considered sex, treatment group,
whether patients’ BP controlled or not at baseline,
which were commonly associated with drop out in clini-
cal trials and observational studies [24-26], were asso-
ciated with the probability of missing. We further
assumed that male patients were 1.2 times more likely
to have missing outcome; patients allocated to the con-
trol group were 1.3 times more likely to have missing
outcome; patients whose BP was not controlled at base-
line were 1.4 times more likely to have missing outcome
than patients whose BP were controlled at baseline.

3.3. Design of simulation study
First we compared the agreement between the values of
the imputed outcome variable and the true values of the
outcome variable using Kappa statistics. Kappa statistic
is the most commonly used statistic for assessing the
agreement between two observers or methods which
take into account the fact that they will sometimes
agree or disagree simply by chance [27]. It is calculated
based on the difference between how much agreement
is actually present compared to how much agreement
would be expected to be present by chance alone. A
Kappa of 1 indicates the perfect agreement, and 0 indi-
cates agreement equivalent to chance. Kappa statistic
has been widely used by researchers to evaluate the per-
formance of different imputation techniques on imput-
ing missing categorical data [28,29]. Second, under
MCAR and CD missing, we compared the treatment
effect estimates from the RE and GEE methods under
the following scenarios: 1) exclude the missing values
from the analysis, i.e. complete case analysis; 2) apply
standard multiple imputation strategies which do not
take the intra-cluster correlation into account; 3) apply
the within-cluster imputation strategies; and 4) apply
the across-cluster imputation strategies.
We designed the simulation study according to the

following steps.

1) Generated 5%, 10%, 15%, 20%, 30% and 50% miss-
ing outcomes under both MCAR and CD missing
assumption. These amounts of missingness were
chosen to cover the range of possible missingness in
practice [30].
2) Applied the above multiple imputation strategies
to generate m = 5 datasets. According to Rubin, the
relative efficiency of the MI does not increase much
when generating more than 5 imputed datasets [11].
3) Calculated Kappa statistic to assess the agreement
between the values of imputed outcome variable and
the true values of the outcome variable.

Ma et al. BMC Medical Research Methodology 2011, 11:18
http://www.biomedcentral.com/1471-2288/11/18

Page 5 of 15



4) Obtained the single treatment effect estimate by
combining the effect estimates from the 5 imputed
datasets using GEE and RE model.
5) Repeated the above four steps for 1000 times, i.e.
take 1000 simulation runs.
6) Calculated the overall Kappa statistic by averaging
the Kappa statistic from the 1000 simulation runs.
Calculated the overall treatment effect and its stan-
dard error by averaging the treatment effects and
their standard errors from the 1000 simulation runs.

4. Results
4.1. Results when data are missing completely at random
With 5%, 10%, 15%, 20%, 30% or 50% percentage of
missingness under MCAR assumption, the estimated
Kappa for all different imputation strategies are slightly
over 0.95, 0.90, 0.85, 0.80, 0.70, and 0.50 respectively.
The estimated Kappa for different imputation strategies
at different percentage of missing outcomes under the
assumption of MCAR are presented in detail in Table 1.
The estimated treatment effects and their 95% CIs

obtained from different imputation strategies when
missing is completely at random are presented in Table
2. For example, when 20% binary outcomes are MCAR
and GEE model is used for analyzing the data, estimated
treatment effects and the corresponding 95% CIs are
1.15 (0.76 1.72) from the complete case analysis, 1.15
(0.80 1.65) from the logistic regression method which
ignores the cluster effect, 1.14 (0.73 1.77) from the
within-cluster propensity score method, and 1.18 (0.80
1.74) from the across-cluster random-effects logistic
regression method.

4.2. Results when missingness is covariate dependent
With 5%, 10%, 15%, 20%, 30% or 50% percentage of miss-
ingness under CD missing assumption, the estimated

Kappa for all different imputation strategies are about
0.95, 0.90, 0.85, 0.80, 0.70, and 0.50 respectively. How-
ever, the estimated Kappa values are slightly less than
those obtained under the MCAR assumption. The esti-
mated Kappa values for different imputation strategies
under the assumption of CD missing are presented in
Table 3, and illustrated in Figure 1 in detail.
The estimated treatment effects and their 95% CIs

from GEE and RE model under the mechanism of CD
missing are similar to those with MCAR mechanism as
long as all the covariates associated with the missing
data mechanism are adjusted for in the imputation.
Details of the estimated treatment effects and their 95%
CIs obtained from different imputation strategies when
the missing iss covariate dependent are presented in
Table 4, Figure 2, and Figure 3.

5. Discussion
In this paper, under the assumption of MCAR and CD
missing, we compared six MI strategies which account
for the intra-cluster correlation for missing binary out-
comes in CRTs with the standard imputation strategies
and complete case analysis approach using a simulation
study. Our results show that, first, when the percentage
of missing data is low or intra-cluster correlation coeffi-
cient is small, different imputation strategies or complete
case analysis approach generate quite similar results. Sec-
ond, standard MI strategies, which do not take into
account the intra-cluster correlation, underestimate the
variance of the treatment effects. Therefore, they may
lead to statistically significant but spurious conclusion
when used to deal with the missing data from CRTs.
Third, under the assumption of MCAR and CD missing,
the point estimates (OR) are quite similar across different
approaches to handle the missing data except for ran-
dom-effects logistic regression MI strategy. Fourth, both
within-cluster and across-cluster MI strategies take into

Table 1 Kappa statistics for different imputation strategies when missingness is completely at random

Imputation level Imputation strategies Percentage of missingness

5% 10% 15% 20% 30% 50%

Within cluster Logistic regression 0.954 0.913

Propensity score 0.953 0.910 0.865 0.820 0.730 0.549

MCMC1 0.954 0.913 0.869 0.825 0.737 0.561

Across cluster Propensity score 0.954 0.912 0.868 0.828 0.738 0.556

Random-effects logistic regression 0.955 0.914 0.871 0.830 0.741 0.562

Fixed-effects logistic regression 0.956 0.911 0.866 0.821 0.732 0.554

Ignore cluster Logistic regression 0.954 0.907 0.861 0.814 0.722 0.537

Propensity score 0.952 0.902 0.854 0.804 0.707 0.512

MCMC1 0.953 0.906 0.859 0.811 0.717 0.530

Note:

1. MCMC = Markov chain Monte Carlo. For the MCMC methods, we round the imputed values to 1 if it is equal or greater than 0.5 and to 0 otherwise.
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account the intra-cluster correlation and provide much
conservative treatment effect estimates compared to MI
strategies which ignore the clustering effect. Fifth,
within-cluster imputation strategies lead to wider CI than
across-cluster imputation strategies, especially when the

percentage of missingness is high. This may be because
within-cluster imputation strategies only use a fraction of
data, which leads to much variation of the estimated
treatment effect. Sixth, larger estimated kappa, which
indicates higher agreement between the imputed values

Table 2 Estimated treatment effects for different imputation strategies when missingness is completely at random

Imputation
level

Imputation
strategies

Analysis
model

OR4 and 95% CI5 for Complete Data: GEE2 1.14 (0.76 1.70) RE3 1.12 (0.72 1.76)

OR4 and 95% CI5 for Different Percentage of missingness

5% 10% 15% 20% 30% 50%

Within cluster Logistic regression GEE2 1.14 (0.75
1.73)

1.14 (0.76
1.72)

RE3 1.13 (0.71
1.79)

1.13 (0.71
1.78)

Propensity score GEE2 1.14 (0.75
1.74)

1.14 (0.75
1.73)

1.14 (0.74
1.75)

1.14 (0.73
1.77)

1.14 (0.72
1.82)

1.17 (0.68
2.01)

RE3 1.12 (0.70
1.80)

1.12 (0.70
1.79)

1.12 (0.69
1.81)

1.12 (0.68
1.84)

1.12 (0.66
1.90)

1.14 (0.61
2.14)

MCMC1 GEE2 1.14 (0.75
1.72)

1.13 (0.75
1.70)

1.13 (0.75
1.71)

1.12 (0.74
1.71)

1.12 (0.72
1.73)

1.11 (0.69
1.79)

RE3 1.12 (0.71
1.78)

1.11 (0.70
1.76)

1.11 (0.70
1.77)

1.11 (0.69
1.78)

1.10 (0.67
1.79)

1.10 (0.64
1.87)

Across cluster Propensity score GEE2 1.14 (0.77
1.69)

1.14 (0.77
1.68)

1.14 (0.78
1.68)

1.14 (0.78
1.67)

1.15 (0.79
1.68)

1.16 (0.77
1.74)

RE3 1.18 (0.88
1.59)

1.18 (0.88
1.59)

1.18 (0.87
1.60)

1.18 (0.87
1.61)

1.18 (0.85
1.64)

1.19 (0.80
1.77)

Random-effects GEE2 1.15 (0.78
1.69)

1.16 (0.79
1.70)

1.17 (0.80
1.72)

1.18 (0.80
1.74)

1.21 (0.80
1.81)

1.25 (0.75
2.06)

logistic regression RE3 1.14 (0.74
1.74)

1.15 (0.76
1.75)

1.17 (0.77
1.76)

1.18 (0.78
1.78)

1.21 (0.79
1.85)

1.25 (0.75
2.08)

Fixed-effects GEE2 1.14 (0.76
1.71)

1.15 (0.76
1.73)

1.15 (0.76
1.75)

1.16 (0.75
1.78)

1.16 (0.74
1.84)

1.18 (0.69
2.01)

Logistic regression RE4 1.13 (0.72
1.77)

1.13 (0.72
1.79)

1.14 (0.72
1.82)

1.14 (0.71
1.84)

1.15 (0.69
1.91)

1.16 (0.63
2.13)

Ignore cluster Logistic regression GEE2 1.14 (0.78
1.68)

1.14 (0.79
1.66)

1.15 (0.80
1.65)

1.15 (0.80
1.65)

1.16 (0.82
1.64)

1.16 (0.82
1.65)

RE3 1.13 (0.74
1.73)

1.14 (0.75
1.71)

1.14 (0.77
1.70)

1.15 (0.78
1.68)

1.16 (0.81
1.66)

1.16 (0.82
1.66)

Propensity score GEE2 1.14 (0.78
1.67)

1.14 (0.79
1.66)

1.15 (0.80
1.65)

1.15 (0.81
1.64)

1.15 (0.82
1.61)

1.16 (0.82
1.62)

RE3 1.13 (0.74
1.72)

1.14 (0.76
1.70)

1.14 (0.77
1.68)

1.15 (0.79
1.67)

1.15 (0.81
1.64)

1.16 (0.82
1.63)

MCMC1 GEE2 1.14 (0.78
1.68)

1.14 (0.78
1.66)

1.14 (0.79
1.65)

1.14 (0.80
1.63)

1.14 (0.81
1.61)

1.15 (0.83
1.59)

RE3 1.13 (0.74
1.73)

1.13 (0.75
1.70)

1.14 (0.77
1.68)

1.14 (0.78
1.66)

1.14 (0.80
1.63)

1.15 (0.82
1.60)

Complete case analysis GEE2 1.14 (0.76
1.70)

1.14 (0.76
1.71)

1.14 (0.76
1.72)

1.15 (0.76
1.72)

1.15 (0.76
1.75)

1.16 (0.74
1.81)

RE3 1.12 (0.72
1.76)

1.13 (0.72
1.76)

1.13 (0.72
1.77)

1.13 (0.72
1.78)

1.14 (0.72
1.81)

1.15 (0.71
1.87)

Note:

1. MCMC = Markov chain Monte Carlo. For the MCMC methods, we round the imputed values to 1 if it is equal or greater than 0.5 and to 0 otherwise.

2. GEE = Generalized estimation equation method.

3. RE = Random-effects logistic regression.

4. OR = Odds ratio.

5. CI = Confidence interval.
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and the observed values, is associated with better perfor-
mance of MI strategies in terms of generating estimated
treatment effect and 95% CI closer to those obtained
from the complete CHAT dataset. Seventh, under the
same imputation strategy and percentage of missingness,

the estimates of the treatment effect from GEE and RE
logistic regression models are similar.
To the best of our knowledge, limited work has been

done on comparing different multiple imputation strate-
gies for missing binary outcomes in CRTs. Taljaard et al

Table 3 Kappa statistics for different imputation strategies when missingness is covariate dependent

Imputation Level Imputation strategies Percentage of missingness

5% 10% 15% 20% 30% 50%

Within cluster Logistic regression 0.949 0.902

Propensity score 0.947 0.899 0.850 0.801 0.706 0.524

MCMC1 0.948 0.901 0.854 0.806 0.714 0.535

Across cluster Propensity score 0.949 0.903 0.853 0.805 0.713 0.529

Random-effects logistic regression 0.951 0.908 0.859 0.808 0.717 0.538

Fixed-effects logistic regression 0.949 0.899 0.850 0.801 0.707 0.528

Ignore cluster Logistic regression 0.947 0.895 0.844 0.793 0.695 0.508

Propensity score 0.945 0.891 0.839 0.787 0.688 0.495

MCMC1 0.946 0.893 0.841 0.790 0.691 0.501

Note:

1 MCMC = Markov chain Monte Carlo. For the MCMC methods, we round the imputed values to 1 if it is equal or greater than 0.5 and to 0 otherwise.

.5 
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.7 
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.9 

1 

5% 15% 10% 20% 30% 50% 
Percentage of Missing data 

Predictive model (Within) Propensity score (Within) 
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Random effects model (Across) Fixed-effects model (Across) 
Logistic regression (Standard) Propensity score (Standard) 
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ated K
appa S

tatistics 

Figure 1 Kappa statistics for different imputation strategies when missingness is covariate dependent.
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[17] compared four MI strategies (pooled ABB, within-
cluster ABB, standard regression, mixed-effects regres-
sion) for missing continuous outcome in CRTs when
missing is completely at random. Their findings are
similar to ours.

It should be noted that within-cluster MI strategies
might only be applicable when the cluster size is suffi-
ciently large and the percentage of missingness is rela-
tively small. In the CHAT study, there were 55 patients
in each cluster which provided enough data to carry out

Table 4 Estimated treatment effects for different imputation strategies when missingness is covariate dependent

Imputation
level

Imputation
strategies

Analysis
model

OR4 and 95% CI5 for Complete Data: GEE2 1.14 (0.76 1.70) RE3 1.12 (0.72 1.76)

OR4 and 95% CI5 for Different Percentage of missingness

5% 10% 15% 20% 30% 50%

Within cluster Logistic regression GEE2 1.14 (0.76
1.72)

1.14 (0.76
1.72)

RE3 1.12 (0.71
1.78)

1.13 (0.71
1.78)

Propensity score GEE2 1.14 (0.75
1.72)

1.14 (0.75
1.73)

1.14 (0.74
1.75)

1.14 (0.73
1.78)

1.15 (0.71
1.84)

1.18 (0.68
2.04)

RE3 1.12 (0.70
1.79)

1.12 (0.70
1.79)

1.12 (0.69
1.82)

1.12 (0.68
1.86)

1.12 (0.65
1.93)

1.15 (0.61
2.18)

MCMC1 GEE2 1.13 (0.75
1.71)

1.13 (0.75
1.70)

1.13 (0.74
1.71)

1.12 (0.74
1.72)

1.12 (0.72
1.74)

1.12 (0.69
1.80)

RE3 1.11 (0.70
1.77)

1.11 (0.70
1.76)

1.11 (0.69
1.77)

1.11 (0.69
1.78)

1.10 (0.67
1.81)

1.10 (0.64
1.88)

Across cluster Propensity score GEE2 1.14 (0.77
1.68)

1.14 (0.77
1.67)

1.14 (0.78
1.67)

1.14 (0.79
1.67)

1.15 (0.79
1.67)

1.15 (0.76
1.72)

RE3 1.18 (0.88
1.59)

1.18 (0.87
1.59)

1.18 (0.87
1.60)

1.18 (0.86
1.61)

1.18 (0.85
1.64)

1.17 (0.78
1.76)

Random-effects GEE2 1.15 (0.78
1.69)

1.16 (0.80
1.70)

1.18 (0.81
1.72)

1.19 (0.81
1.75)

1.22 (0.81
1.83)

1.31 (0.83
2.06)

logistic regression RE3 1.14 (0.75
1.74)

1.16 (0.77
1.74)

1.18 (0.79
1.76)

1.19 (0.80
1.78)

1.22 (0.80
1.86)

1.31 (0.83
2.05)

Fixed-effects GEE2 1.14 (0.76
1.71)

1.15 (0.76
1.73)

1.15 (0.76
1.76)

1.16 (0.75
1.79)

1.17 (0.73
1.86)

1.17 (0.67
2.04)

Logistic regression RE4 1.13 (0.72
1.77)

1.14 (0.72
1.79)

1.14 (0.71
1.83)

1.15 (0.71
1.86)

1.15 (0.68
1.94)

1.15 (0.61
2.18)

Ignore cluster Logistic regression GEE2 1.14 (0.78
1.67)

1.14 (0.79
1.65)

1.15 (0.80
1.64)

1.15 (0.81
1.64)

1.16 (0.83
1.63)

1.15 (0.81
1.63)

RE3 1.13 (0.74
1.72)

1.14 (0.76
1.70)

1.15 (0.78
1.68)

1.15 (0.80
1.67)

1.16 (0.82
1.65)

1.15 (0.81
1.63)

Propensity score GEE2 1.14 (0.78
1.67)

1.14 (0.79
1.65)

1.15 (0.81
1.64)

1.15 (0.82
1.63)

1.15 (0.83
1.61)

1.15 (0.82
1.62)

RE3 1.13 (0.75
1.72)

1.14 (0.77
1.69)

1.15 (0.79
1.67)

1.15 (0.80
1.66)

1.15 (0.82
1.63)

1.15 (0.82
1.62)

MCMC1 GEE2 1.14 (0.78
1.67)

1.14 (0.79
1.65)

1.15 (0.80
1.63)

1.15 (0.81
1.62)

1.15 (0.82
1.59)

1.13 (0.82
1.57)

RE3 1.13 (0.74
1.72)

1.14 (0.77
1.69)

1.14 (0.78
1.67)

1.15 (0.80
1.65)

1.15 (0.81
1.61)

1.13 (0.82
1.57)

Complete case analysis GEE2 1.14 (0.76
1.70)

1.14 (0.76
1.71)

1.14 (0.76
1.72)

1.15 (0.76
1.73)

1.15 (0.75
1.75)

1.15 (0.73
1.80)

RE3 1.13 (0.72
1.75)

1.13 (0.72
1.76)

1.13 (0.72
1.77)

1.14 (0.72
1.78)

1.14 (0.72
1.80)

1.15 (0.71
1.85)

Note:

1. MCMC = Markov chain Monte Carlo. For MCMC methods, we round the imputed values to 1 if it is equal or greater than 0.5 and to 0 otherwise.

2. GEE = Generalized estimation equation method.

3. RE = Random-effects logistic regression.

4. OR = Odds ratio.

5. CI = Confidence interval.
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the within-cluster imputation strategies using propensity
score and MCMC method. However, the logistic regres-
sion method failed when the percentage of missingness
was high. This was because that when generating large
percentage (≥20%) of missing outcome, all patients with
binary outcome of “0” were simulated as missing for
some clusters. Therefore, logistic regression model failed
for these particular clusters. In addition, our results
show that the complete case analysis approach performs
relatively well even with 50% missing. We think that
due to the intra-cluster correlation, one would not
expect that the missing values have much impact if a
large proportion of a cluster is still present. However,
further investigation about this issue using a simulation
study will be helpful to answer this question.
Our results show that the across-cluster random-

effects logistic regression strategy leads to a potentially
biased estimate, especially when the percentage of miss-
ingness is high. As we described in section 2.4.2, we
assume the cluster-level random-effects follow normal
distribution, i.e. U Nij B~ ( , )0 2  . Researchers have

shown that misspecification of the distributional shape
have little impact on the inferences about the fixed
effects [31]. Incorrectly assuming the random effects dis-
tribution is independent of the cluster size may affect
inferences about the intercept, but does not seriously
impact inferences about the regression parameters.
However, incorrectly assuming the random effects distri-
bution is independent of covariates may seriously impact
inferences about the regression parameters [32,33]. The
mean of random effects distribution could be associated
with a covariate, or the variance of random effects dis-
tribution could be associated with a covariate for our
dataset, which might explain the potential bias from the
across-cluster random-effects logistic regression strategy.
In contrast, the imputation strategy of logistic regression
with cluster as a fixed effect has better performance.
However, it might only be applied when the cluster size
is large enough to provide stable estimate for the cluster
effect.
For multiple imputation, the overall variance of the

estimated treatment effect consists of two parts: within

  
   Odds Ratio 

 Favors Control  Favors CHAT Intervention 

 .5  1  2 

 Imputation Strategies 
 Odds Ratio 

 (95% CI) 
 Within Cluster Imputation 

 Logistic Regression 
 Propensity Score   1.15 (0.71, 1.84) 
 MCMC2   1.12 (0.72, 1.74) 

 Across Cluster Imputation 
 Propensity Score   1.15 (0.79, 1.67) 
 RE1 Logistic Regression   1.22 (0.81, 1.83) 

 Ignore Cluster 
 Logistic Regression 

  1.16 (0.83, 1.63) 

 Propensity Score 
  1.15 (0.83, 1.61) 

 MCMC2 
  1.15 (0.82, 1.59) 

 No Imputation   1.15 (0.75, 1.75) 

 Based on Complete Data   1.14 (0.76, 1.70) 

 Logistic Regression with Cluster as 
       a Fixed Effect 

  1.17 (0.73, 1.86)

1. RE= Random-effects;   
2. MCMC=Markov chain Monte Carlo 
Figure 2 Treatment effect estimated from generalized estimating equations when 30% data is covariate dependent missing.
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imputation variance U, and between imputation variance
B. The total variance T is calculated as T = U + (1 + 1/m)
B, where m is the number of imputed datasets [10]. Since
standard MI strategies ignore the between cluster var-
iance and fail to account for the intra-cluster correlation,
the within imputation variance may be underestimated,
which could lead to underestimation of the total variance
and consequently the narrower confidence interval. In
addition, the adequacy of standard MI strategies depends
on the ICC. In our study, the ICC of the CHAT dataset is
0.055 and the cluster effect in the random-effects model
is statistically significant.
Among the three imputation methods: predictive

model (logistic regression method), propensity score
method, and MCMC method, the latter is most popular
method for multiple imputation of missing data and is
the default method implemented in SAS. Although this
method is widely used to impute binary and polytomous
data, there are concerns about the consequences of vio-
lating the normality assumption. Experience has repeat-
edly shown that multiple imputation using MCMC

method tends to be quite robust even when the real
data depart from the multivariate normal distribution
[20]. Therefore, when handling the missing binary or
ordered categorical variables, it is acceptable to impute
under a normality assumption and then round off the
continuous imputed values to the nearest category. For
example, the imputed values for the missing binary vari-
able can be any real value rather than being restricted
to 0 and 1. We rounded the imputed values so that
values greater than or equal to 0.5 were set to 1, and
values less than 0.5 were set to 0 [34]. Horton et al [35]
showed that such rounding may produce biased esti-
mates of proportions when the true proportion is near 0
or 1, but does well under most other conditions. The
propensity score method is originally designed to impute
the missing values on the response variables from the
randomized experiment with repeated measures [21].
Since it uses only the covariate information associated
with the missingness but ignores the correlation among
variables, it may produce badly biased estimates of
regression coefficients when data on predictor variables

  
   Odds Ratio 

 Favors Control  Favors CHAT Intervention 

 .5  1  2 

 Imputation Strategies 
 Odds Ratio 
 (95% CI) 

 Within Cluster Imputation 
 Logistic Regression 
 Propensity Score   1.12 (0.65, 1.93) 
 MCMC2   1.10 (0.67, 1.81) 

 Across Cluster Imputation 
 Propensity Score   1.18 (0.85, 1.64) 
 RE1 Logistic Regression   1.22 (0.80, 1.86) 

 Ignore Cluster 
 Logistic Regression   1.16 (0.82, 1.65) 
 Propensity Score   1.15 (0.82, 1.63) 
 MCMC2   1.15 (0.81, 1.61) 

 No Imputation   1.14 (0.72, 1.80) 

 Based on Complete Data   1.12 (0.72, 1.76) 

 Logistic Regression with Cluster as 
        A Fixed Effect 

  1.15 (0.68, 1.94)

1. RE=Random-effects 
2. MCMC=Markov chain Monte Carlo 
Figure 3 Treatment effect estimated from random-effects logistic regression when 30% data is covariate dependent missing.
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are missing. In addition, with small sample sizes and a
relatively large number of propensity score groups,
application of the ABB method is problematic, especially
for binary variables. In this case, a modified version of
ABB should be conducted [36].
There are some limitations that need to be acknowl-

edged and addressed regarding the present study. First,
the simulation study is based on a real dataset, which
has a relatively large cluster size and small ICC. Further
research should investigate the performance of different
imputation strategies at different design settings. Sec-
ond, the scenario of missing an entire cluster is not
investigated in this paper. The proposed within-cluster
and across-cluster MI strategies may not apply to this
scenario. Third, we investigate the performance of dif-
ferent MI strategies assuming missing data mechanism
of MCAR and CD missing. Therefore, results cannot be
generalized to MAR or MNAR scenarios. Fourth, since
the estimated treatment effects are similar under differ-
ent imputation strategies, we only presented the OR and
95% CI for each simulation scenario. However, estimates
of standardized bias and coverage would be more infor-
mative and would also provide a quantitative guideline
to assess the adequacy of imputes [37].

6. Conclusions
When the percentage of missing data is low or intra-
cluster correlation coefficient is small, different imputa-
tion strategies or complete case analysis approach gener-
ate quite similar results. When the percentage of
missing data is high, standard MI strategies, which do
not take into account the intra-cluster correlation,
underestimate the variance of the treatment effect.
Within-cluster and across-cluster MI strategies (except
for the random-effects logistic regression MI strategy),
which take the intra-cluster correlation into account,
seem to be more appropriate to handle the missing out-
come from CRTs. Under the same imputation strategy
and percentage of missingness, the estimates of the
treatment effect from GEE and RE logistic regression
models are similar.

Appendix A: SAS code for across-cluster random-
effects logistic regression method
%let maximum = 1000;
%macro parameter_estimate(percent,index);
ods listing close;
proc nlmixed data = mcar&percent&index cov;

parms b0 = -0.0645 b_group = -0.1433 b_dia-
bbase = -0.04 b_hdbase = 0.1224 b_age = -0.0066

b_base_bpcontrolled = 1.1487 b_sex = 0.0873
s2u = 0.5;

eta = b0 + b_group*group + b_diabbase*diabbase
+ b_hdbase*hdbase + b_age*age

+ b_base_bpcontrolled*base_bpcontrolled +
b_sex*sex + u;

expeta = exp(eta);
p = expeta/(1+expeta);
model outcome ~ binary(p);
random u ~ normal(0,s2u) subject = assfpid;
ods output ParameterEstimates = parameter

&percent&index
CovMatParmEst = covariance&percent&index;

run;
data parameter&percent&index;
set parameter&percent&index;
keep estimate;

run;
data covariance&percent&index;
set covariance&percent&index;
drop row parameter;

run;
%mend parameter_estimate;
%macro mvn(percent, index, n);
/* arguments for the macro:
1. varcov: data set for variance-covariance matrix
2. means: data set for mean vector
3. n: sample size
4. myMVN: output data set name */
proc iml;
use covariance&percent&index;/* read in data for

variance-covariance matrix */
read all into sigma;
use parameter&percent&index;/* read in data for

means */
read all into mu;
p = nrow(sigma);/* calculate number of variables */
n = &n;
l = t(half(sigma));/* calculate cholesky root of cov

matrix */
z = normal(j(p,&n,1234));/* generate nvars*sample-

size normals */
y = l*z;/* premultiply by cholesky root */
yall = t(repeat(mu,1,&n)+y);/* add in the means */
varnames = { b0 b_group b_diabbase b_hdbase

b_age b_base_bpcontrolled b_sex s2u};
create myMVN&percent&index from yall (|colname

= varnames|);
append from yall;
quit;

%mend mvn;
%macro mi_random_effect(percent, index);
%parameter_estimate(&percent, &index);
%mvn(&percent, &index, 5);
proc iml symsize = 512;
use mymvn&percent&index;
read all into mvndata;
use mcar&percent&index;
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read all var {ptid DIABBASE HDBASE base_bpcon-
trolled last_bpimproved sex age assfpid_num group
missing outcome} into temp_data;

log_icca_cov = j(7700,12,0);
do i = 0 to 4;
do j = 1 to 1540;
do k = 1 to 11;
log_icca_cov[i*1540+j,k] = temp_data[j,k];

end;
log_icca_cov[i*1540+j,12] = i+1;

end;
end;
do i = 1 to 7700;
if log_icca_cov[i, 11] = . then do;
num = log_icca_cov[i, 12];
logit_p = mvndata[num, 1] + mvndata[num, 2]

*log_icca_cov[i, 9]
+ mvndata[num, 3]*log_icca_cov[i, 2] +

mvndata[num, 4]*log_icca_cov[i,3]
+ mvndata[num, 5]*log_icca_cov[i, 7] +

mvndata[num, 6]*log_icca_cov[i,4]
+ mvndata[num, 7]*log_icca_cov[i, 6] + rand

(’NORMAL’, 0, sqrt(mvndata[num, 8]));
log_icca_cov[i, 11] = rand(’BERNOULLI’, exp

(logit_p)/(1+exp(logit_p)));
end;

end;
varnames = {ptid DIABBASE HDBASE base_bpcon-

trolled last_bpimproved sex age assfpid_num group
missing outcome _imputation_};

create log_icca_cov&percent&index from log_icca_-
cov (|colname = varnames|);

append from log_icca_cov;
quit;

%mend mi_random_effect;
%macro mi_icca_log(percent, index);
ods listing close;
%mi_random_effect(&percent, &index);
data log_icca_cov&percent&index;
set log_icca_cov&percent&index;
if outcome > = 1 then outcome = 1;
else if outcome < 1 then outcome = 0;

run;
proc freq data = log_icca_cov&percent&index;
table last_bpimproved*outcome/kappa;

ods output SimpleKappa = log_icca
_kappapool&percent&index;

run;
data log_icca_kappapool&percent&index;
set log_icca_kappapool&percent&index;
if Label1 = ‘Kappa’;

run;
proc sort data = log_icca_cov&percent&index;
by _imputation_;

run;
proc genmod data = log_icca_cov&percent&index;
class outcome assfpid_num;
model outcome = group diabbase hdbase age

base_bpcontrolled sex/D = B link = logit;
repeated subject = assfpid_num/type = exch covb;
by _imputation_;

ods output GEEEmpPEst =
log_icca_geepar&percent&index

GEERCov = log_icca_geecov&percent&index;
run;
data log_icca_geepar&percent&index;
set log_icca_geepar&percent&index;
if Parameter~ = ‘Scale’;
if Parm = ‘Prm’ then Parm = ‘Prm1’;
else if Parm = ‘GROUP’ then Parm = ‘Prm2’;
else if Parm = ‘DIABBASE’ then Parm = ‘Prm3’;
else if Parm = ‘HDBASE’ then Parm = ‘Prm4’;
else if Parm = ‘AGE’ then Parm = ‘Prm5’;
else if Parm = ‘BASE_BPCONTROLLED’ then

Parm = ‘Prm6’;
else if Parm = ‘SEX’ then Parm = ‘Prm7’;

run;
proc mianalyze parms = log_icca_geepar&percen-

t&index covb = log_icca_geecov&percent&index;
modeleffects Prm2;

ods output ParameterEstimates =
pool_log_icca_gee&percent&index;

run;
proc nlmixed data = log_icca_cov&percent&index

cov;
by _imputation_;
parms b0 = -0.0645 b_group = -0.1433 b_dia-

bbase = -0.04 b_hdbase = 0.1224 b_age = -0.0066
b_base_bpcontrolled = 1.1487 b_sex = 0.0873

s2u = 0.5;
eta = b0 + b_group*group + b_diabbase*diabbase

+ b_hdbase*hdbase + b_age*age
+ b_base_bpcontrolled*base_bpcontrolled +

b_sex*sex + u;
expeta = exp(eta);
p = expeta/(1+expeta);
model outcome ~ binary(p);
random u ~ normal(0,s2u) subject = assfpid_num;

ods output ParameterEstimates =
log_icca_repar&percent&index

CovMatParmEst =
log_icca_recov&percent&index;

run;
proc mianalyze parms = log_icca_repar&percen-

t&index covb = log_icca_recov&percent&index;
modeleffects b_group;

ods output ParameterEstimates =
pool_log_icca_re&percent&index;
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run;
ods listing;

%mend mi_icca_log;
%macro append_log_icca(percent);
%do index = 1%to &maximum;
%if &index = 1%then%do;
data pool_log_icca_re&percent;
set pool_log_icca_re&percent&index;
run;

data pool_log_icca_gee&percent;
set pool_log_icca_gee&percent&index;
run;
data log_icca_kappa&percent;
set log_icca_kappapool&percent&index;
run;

%end;
%else%do;

proc append base = pool_log_icca_re&percent
data = pool_log_icca_re&percent&index;

run;
proc append base = pool_log_icca_gee&percent

data = pool_log_icca_gee&percent&index;
run;
proc append base = log_icca_kappa&percent

data = log_icca_kappapool&percent&index;
run;

%end;
%end;

%mend append_log_icca;
%macro collect_result_log_icca(percent);
%do index = 1%to &maximum;
%mi_icca_log(&percent,&index);

%end;
%append_log_icca(&percent);
proc univariate data = log_icca_kappa&percent;
var nValue1;

run;
proc univariate data = pool_log_icca_gee&percent;
var Estimate StdErr;

run;
proc univariate data = pool_log_icca_re&percent;
var Estimate StdErr;

run;
%mend collect_result_log_icca;
filename junk dummy;
proc printto log = junk;run;
%collect_result_log_icca(05);
%collect_result_log_icca(10);
%collect_result_log_icca(15);
%collect_result_log_icca(30);
%collect_result_log_icca(50);
proc printto; run;

Acknowledgements
This study was supported in part by funds from the CHAT project, which
was funded in part by the Canadian Institutes of Health Research (CIHR), The
Ministry of Health & Long-term Care, Government of Ontario, and the Team
for Individualizing Pharmacotherapy in Primary Care for Seniors (T.I.P.P.S.),
and Canadian Network and Centre for Trials Internationally (CANNeCTIN)
program, and the Drug Safety and Effectiveness Cross-Disciplinary Training
(DSECT) Program in the form of studentship on training awards. Dr. Lehana
Thabane is a clinical trials mentor for the Canadian Institutes of Health
Research (CIHR). We thank the reviewers for insightful comments that
improved the presentation of the manuscript.
The CHAT investigators: Larry W. Chambers (University of Ottawa), Janusz
Kaczorowski (University of British Columbia), Margaret Black (McMaster
University), Cheryl Levitt (McMaster University), Lisa Dolovich (McMaster
University), Beatrice McDonough (Hamilton Social and Public Health Services
Department), Tom Elmslie (University of Ottawa), Robert S. McKelvie
(McMaster University), Barbara Farrell (University of Ottawa), Rolf J. Sebaldt
(McMaster University), Manal Guirguis-Younger (Saint Paul University),
Constance Sellors (McMaster University), Maureen Harmer (McMaster
University), Lehana Thabane (McMaster University), and William Hogg
(University of Ottawa).

Author details
1Department of Clinical Epidemiology & Biostatistics, McMaster University,
Hamilton, ON, Canada. 2Biostatistics Unit, St Joseph’s Healthcare Hamilton,
Hamilton, ON, Canada. 3School of Nursing, McMaster University, Hamilton,
ON, Canada. 4Department of Family Medicine, McMaster University,
Hamilton, ON, Canada. 5Centre for Evaluation of Medicines, St Joseph’s
Healthcare Hamilton, ON, Canada. 6Population Health Research Institute,
Hamilton Health Sciences, Hamilton, ON, Canada.

Authors’ contributions
JM conducted literature review, designed and implemented the simulation
study, composed the initial draft of the manuscript. LT conceived the study.
NAD, LD and LT provided consultation on matters of methodology and
design. All authors reviewed and edited the manuscript before submission
and provided assistance with the revision process.

Competing interests
The authors declare that they have no competing interests.

Received: 12 October 2010 Accepted: 16 February 2011
Published: 16 February 2011

References
1. Campbell MK, Grimshaw JM: Cluster randomised trials: time for

improvement. The implications of adopting a cluster design are still
largely being ignored. BMJ 1998, 317(7167):1171-1172.

2. COMMIT Research Group: Community Intervention trial for Smoking
Cessation (COMMIT): 1. Cohort results from a four-year community
intervention. Am J Public Health 1995, 85:183-192.

3. Donner A, Klar N: Design and Analysis of Cluster Randomisation Trials in
Health Research London: Arnold; 2000.

4. Cornfield J: Randomization by group: a formal analysis. Am J Epidemiol
1978, 108(2):100-102.

5. Donner A, Brown KS, Brasher P: A methodological review of non-
therapeutic intervention trials employing cluster randomization, 1979-
1989. Int J Epidemiol 1990, 19(4):795-800.

6. Rubin DB: Inference and missing data. Biometrika 1976, 63:581-592.
7. Allison PD: Missing Data SAGE Publications Inc; 2001.
8. Schafer JL, Olsen MK: Multiple imputation for multivariate missing-data

problems: a data analyst’s perspective. Multivariate Behavioral Research
1998, 33:545-571.

9. McArdle JJ: Structural factor analysis experiments with incomplete data.
Multivariate Behavioral Research 1994, 29:409-454.

10. Little RJA, Rubin DB: Statistical Analysis with missing data. Second edition.
New York: John Wiley; 2002.

11. Rubin DB: Multiple Imputation for Nonresponse in Surveys New York, NY.:
John Wiley & Sons, Inc; 1987.

Ma et al. BMC Medical Research Methodology 2011, 11:18
http://www.biomedcentral.com/1471-2288/11/18

Page 14 of 15

http://www.ncbi.nlm.nih.gov/pubmed/9794847?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9794847?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9794847?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7856777?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7856777?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7856777?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/707470?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2084005?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2084005?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2084005?dopt=Abstract


12. Yi GYY, Cook RJ: Marginal Methods for Incomplete Longitudinal Data
Arising in Clusters. Journal of the American Statistical Association 2002,
97(460):1071-1080.

13. Hunsberger S, Murray D, Davis CE, Fabsitz RR: Imputation strategies for
missing data in a school-based multi-centre study: the Pathways study.
Stat Med 2001, 20(2):305-316.

14. Nixon RM, Duffy SW, Fender GR: Imputation of a true endpoint from a
surrogate: application to a cluster randomized controlled trial with
partial information on the true endpoint. BMC Med Res Methodol 2003,
3:17.

15. Green SB, Corle DK, Gail MH, Mark SD, Pee D, Freedman LS, Graubard BI,
Lynn WR: Interplay between design and analysis for behavioral
intervention trials with community as the unit of randomization. Am J
Epidemiol 1995, 142(6):587-593.

16. Green SB: The advantages of community-randomized trials for
evaluating lifestyle modification. Control Clin Trials 1997, 18(6):506-13,
discussion 514-6.

17. Taljaard M, Donner A, Klar N: Imputation strategies for missing
continuous outcomes in cluster randomized trials. Biom J 2008,
50(3):329-345.

18. Kenward MG, Carpenter J: Multiple imputation: current perspectives. Stat
Methods Med Res 2007, 16(3):199-218.

19. Dobson AJ: An introduction to generalized linear models. 2 edition. Boca
Raton: Chapman & Hall/CRC; 2002.

20. Schafer JL: Analysis of Incomplete Multivariate Data London: Chapman and
Hall; 1997.

21. SAS Publishing: SAS/STAT 9.1 User’s Guide:[http://support.sas.com/
documentation/onlinedoc/91pdf/sasdoc_91/stat_ug_7313.pdf].

22. Rubin DB, Schenker N: Multiple imputation for interval estimation from
simple random samples with ignorable nonresponse. Journal of the
American Statistical Association 1986, 81(394):366-374.

23. Ma J, Thabane L, Kaczorowski J, Chambers L, Dolovich L, Karwalajtys T,
Levitt C: Comparison of Bayesian and classical methods in the analysis of
cluster randomized controlled trials with a binary outcome: the
Community Hypertension Assessment Trial (CHAT). BMC Med Res
Methodol 2009, 9:37.

24. Levin KA: Study design VII. Randomised controlled trials. Evid Based Dent
2007, 8(1):22-23.

25. Matthews FE, Chatfield M, Freeman C, McCracken C, Brayne C, MRC CFAS:
Attrition and bias in the MRC cognitive function and ageing study: an
epidemiological investigation. BMC Public Health 2004, 4:12.

26. Ostbye T, Steenhuis R, Wolfson C, Walton R, Hill G: Predictors of five-year
mortality in older Canadians: the Canadian Study of Health and Aging.
J Am Geriatr Soc 1999, 47(10):1249-1254.

27. Viera AJ, Garrett JM: Understanding interobserver agreement: the kappa
statistic. Fam Med 2005, 37(5):360-363.

28. Laurenceau JP, Stanley SM, Olmos-Gallo A, Baucom B, Markman HJ:
Community-based prevention of marital dysfunction: multilevel
modeling of a randomized effectiveness study. J Consult Clin Psychol
2004, 72(6):933-943.

29. Shrive FM, Stuart H, Quan H, Ghali WA: Dealing with missing data in a
multi-question depression scale: a comparison of imputation methods.
BMC Med Res Methodol 2006, 6:57.

30. Elobeid MA, Padilla MA, McVie T, Thomas O, Brock DW, Musser B, Lu K,
Coffey CS, Desmond RA, St-Onge MP, Gadde KM, Heymsfield SB, Allison DB:
Missing data in randomized clinical trials for weight loss: scope of the
problem, state of the field, and performance of statistical methods. PLoS
One 2009, 4(8):e6624.

31. McCulloch CE, Neuhaus JM: Prediction of Random Effects in Linear and
Generalized Linear Models under Model Misspecification. Biometrics .

32. Neuhaus JM, McCulloch CE: Separating between- and within-cluster
covariate effects using conditional and partitioning methods. Journal of
the Royal Statistical Society 2006, , Series B, 68: 859-872.

33. Heagerty PJ, Kurland BF: Misspecified maximum likelihood estimates and
generalised linear mixed models. Biometrika 2001, 88(4):973-985.

34. Christopher FA: Rounding after multiple imputation with Non-binary
categorical covariates. SAS Focus Session SUGI 2004, 30.

35. Horton NJ, Lipsitz SR, Parzen M: A potential for bias when rounding in
multiple imputation. American Statistician 2003, , 57: 229-232.

36. Li X, Mehrotra DV, Barnard J: Analysis of incomplete longitudinal binary
data using multiple imputation. Stat Med 2006, 25(12):2107-2124.

37. Collins LM, Schafer JL, Kam CM: A comparison of inclusive and restrictive
strategies in modern missing data procedures. Psychol Methods 2001,
6(4):330-351.

Pre-publication history
The pre-publication history for this paper can be accessed here:
http://www.biomedcentral.com/1471-2288/11/18/prepub

doi:10.1186/1471-2288-11-18
Cite this article as: Ma et al.: Imputation strategies for missing binary
outcomes in cluster randomized trials. BMC Medical Research Methodology
2011 11:18.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

Ma et al. BMC Medical Research Methodology 2011, 11:18
http://www.biomedcentral.com/1471-2288/11/18

Page 15 of 15

http://www.ncbi.nlm.nih.gov/pubmed/11169604?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11169604?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14507420?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14507420?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14507420?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7653466?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7653466?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9408714?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9408714?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18537126?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18537126?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17621468?dopt=Abstract
http://support.sas.com/documentation/onlinedoc/91pdf/sasdoc_91/stat_ug_7313.pdf
http://support.sas.com/documentation/onlinedoc/91pdf/sasdoc_91/stat_ug_7313.pdf
http://www.ncbi.nlm.nih.gov/pubmed/19531226?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19531226?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19531226?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17380181?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15113437?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15113437?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10522960?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10522960?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15883903?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15883903?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15612841?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15612841?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17166270?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17166270?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19675667?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19675667?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16220495?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16220495?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11778676?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11778676?dopt=Abstract
http://www.biomedcentral.com/1471-2288/11/18/prepub

	Abstract
	Background
	Method
	Results
	Conclusion

	1. Introduction
	2. Methods
	2.1. Complete case analysis
	2.2. Standard multiple imputation
	2.2.1. Logistic regression method
	2.2.2. Propensity score method
	2.2.3. Markov chain Monte Carlo method

	2.3. Within-cluster multiple imputation
	2.4. Across-cluster multiple imputation
	2.4.1. Propensity score method
	2.4.2. Random-effects logistic regression
	2.4.3. Logistic regression with cluster as a fixed effect


	3. Simulation study
	3.1. Community hypertension assessment trial
	3.2. Generating dataset with missing binary outcome
	3.3. Design of simulation study

	4. Results
	4.1. Results when data are missing completely at random
	4.2. Results when missingness is covariate dependent

	5. Discussion
	6. Conclusions
	Appendix A: SAS code for across-cluster random-effects logistic regression method
	Acknowledgements
	Author details
	Authors' contributions
	Competing interests
	References
	Pre-publication history


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


