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1 | INTRODUCTION

Recurrent event data are often collected in clinical trials. Examples include time to recurrent episodes of adverse experi-
ences and reappearance of disease after remission. Although analyses typically focus on the time to first event, it is often
of interest to take into account all recurrent events in the analysis.[!! Two categories of statistical models are available to
analyze recurrent event data. The first consists of modeling counts, and a common approach is the negative binomial (NB)
model with or without zero inflation.?! The second method models the recurrent time to event, and the most common
approach is the proportional intensity model either by gap time or total time.[*>* 5 The latter is often used for analysis
of recurrent episodes of adverse experiences in clinical trials because it provides estimates of the incidence rate for each
treatment group in addition to the treatment comparison.

In clinical trials, nonadherence to the randomized treatment or to study procedure occurs in practice. Despite efforts to
minimize missing data through careful planning and conduct, the amount of missing data could be nontrivial. When there
are missing data, analysis using the proportional intensity model or count model based on the observed data implicitly
assumes missing at random (MAR). This assumption cannot be tested or verified using the observed data. To assess the
robustness and unbiasedness of the study findings against this assumption, sensitivity analyses are recommended by
regulatory agencies.!® 7]

Recently, control-based imputation has become an attractive sensitivity analyses method for efficacy endpoints, in the
spirit of conservatism (ie, the imputation methods are unlikely to bias in favor of the test treatment). In this approach, the
missing data in the test group are assumed to follow a similar distribution as that in the control group. Carpenter et all®!
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proposed a general framework for control-based imputation for continuous (and noncensored) data. Two approaches that
may be applied to recurrent event data are

« Copy reference: for the purpose of imputing the missing response data, a subject's whole distribution, both predeviation
and postdeviation, is assumed to be the same as the reference group.

« Jump to reference: post deviation, the subject ceases randomized treatment, and subject's response distribution is now
that of a “reference” group of subjects (while the response distribution prior to deviation follows that of randomized
treatment).

For both of these approaches, an assumption is made that the missing data pattern is monotone (ie, every subject has
complete data up to the point of a deviation, after which all data are missing), and postdeviation data in the reference arm
are imputed under MAR.

For time to event analysis, control-based imputation assumes that the risk for censored subjects in the test drug group
is higher (so more conservative) and similar to those in the control group. This assumption is reasonable and appealing
to clinical scientists in superiority studies if no other medication is used after a subject in the test drug group discon-
tinues from the test drug. This approach will also yield a conservative treatment effect estimate for safety endpoints if
the test drug is expected to be superior to the control. Lu et all! considered a control-based imputation similar to the
jump to reference for time to event data with possibly informative censoring, in which the hazard for test drug subjects
who discontinued is assumed to be between the hazard for test drug subjects who continued and the hazard for the sub-
jects in the reference. Lipkovich et all'®! considered the tipping point approach where the event rate after discontinuation
for subjects in the treatment group is a certain percentage higher than a similar subject continued in the study. Para-
metric (piecewise exponential baseline hazard), semi-parametric, and nonparametric imputation models were evaluated
and compared.

For recurrent event data, Keene et all'!l specified a log-linear NB model with offset and samples the jump-to-reference
and copy-reference imputation parameters from the posterior distribution using a noninformative prior. Akacha and
Ogundimul'?! considered copy-reference and tipping point control-based imputation for recurrent event data, where
the count after dropout is imputed from a posterior predictive distribution using asymptotic or bootstrap imputation
to approximate the Bayesian data argumentation scheme. Both authors obtain variance estimators for the parameter
estimates from control-based imputation using Rubin formula.['?!

It is well known that Rubin formula may overestimate the standard errors of the parameter estimates when dif-
ferent models are used for imputation and/or analysis or when the imputation models are misspecified,'¥ which
applies for control-based imputation. Lul’>! and Liu and Pang!'®! considered the analysis of the longitudinal data and
examined the performance of Rubin formula in several simulation settings. They found that Rubin formula overes-
timates the standard errors and that the inference may be over-conservative. Lu et all®l encountered similar issues
in the analysis of time-to-event data and considered the use of the bootstrap approach to get appropriate standard
erTorS.

In this paper, we implement control-based imputation in analyzing clinical trials with recurrent event data by sam-
pling the parameters from the posterior distribution similar to that from Keene etal '] However, we assume a piecewise
exponential proportional intensity model with frailty for the recurrent events. We correct the variance estimation through
a bootstrap approach. Section 2 describes a motivating example in a diabetes clinical trial where a NB model is used
to analyze the recurrent event data. The statistical methods for implementing control-based imputation are provided in
Section 3. We examined the performance of proposed estimators and bootstrap method in Section 4. A detailed data
analysis is presented in Section 5, followed by some discussion in Section 6.

2 | MOTIVATING EXAMPLE

Mathieu etall'”! described a randomized, double-blind, placebo-controlled parallel-group study to assess the efficacy and
safety of coadministration of sitagliptin with intensively titrated insulin glargine in subjects with type 2 diabetes mellitus.
In this study, subjects who were being treated with insulin were randomized to receive sitagliptin or placebo in a 1:1
ratio while continuing to take open-label insulin in addition to a blinded study medication. An insulin dose was titrated
following a prespecified algorithm based on fasting finger-stick glucose measurements, targeting a fasting glucose of 72
to 100 mg/dL. Hypoglycemia adverse events (AEs), which are a common side effect of treatment with insulin, were a
prespecified safety endpoint of special interest. It was expected that some subjects would report multiple episodes of



hypoglycemia AEs during the 24-week double-blind treatment period. One of the study objectives was to demonstrate
that sitagliptin reduces the incidence of hypoglycemia AEs.

A total of 658 subjects (329 in each group) were randomized and took at least one dose of study medication, of whom
295 (89.7%) in the sitagliptin group and 303 (92.1%) in the placebo group completed the 24-week follow-up in the study.
Early study discontinuation was a common reason for missing data, and the reason for discontinuation may have been
related to the event of interest, as explained below. Among the subjects who discontinued, the most common reason
for discontinuation in both groups was AE (n = 7 with sitagliptin vs n = 6 with placebo). While these AEs may not be
related to the outcome of interest (ie, hypoglycemia AEs), there were other reasons that may have been. For example,
discontinuation due to hypoglycemia (repeated episodes despite progressive down-titration of insulin; n = 1 with placebo)
and hyperglycemia/lack-of-efficacy (n = 3 with placebo) may have led to data censoring when hypoglycemia AEs were
about to intensify or emerge had the subjects remained in the study. In addition, discontinuation reasons such as loss
to follow-up (n = 4 with sitagliptin vs n = 3 with placebo) and physician decision (n = 2 with sitagliptin vs n = 5 with
placebo) may imply dependent censoring for the analysis of hypoglycemia AEs. It is thus not possible to rule out missing
not at random for such subjects, and it is not clear whether even a small amount of missing not at random data could
have had an impact on the study findings.

Nine subjects were excluded from the analysis due to missing baseline covariates, resulting in a total of 649 subjects
who contributed to the analysis with 323 subjects in the sitagliptin group and 326 subjects in placebo group. On the basis
of the observed data, 92 (28.5%) subjects in the sitagliptin group reported at least one hypoglycemia AE for a total of 349
hypoglycemia AEs, relative to 143 (43.9%) subjects in the placebo group for a total of 782 hypoglycemia AEs. Table 1 shows
the distribution of the number of hypoglycemia AEs per subject by treatment group.

An NB regression model was used for the analysis of event rate of hypoglycemia AEs. The model included terms for
treatment, baseline A1C value (a measure of glycemic control), baseline body weight, baseline daily insulin dose, and an
offset for follow-up time (on the natural log scale). The model can be written as

logu; =1logCi + a + 6A; + Bz,

where y; is the expected number of hypoglycemia AEs for subject i; C; is the follow-up time during the study for subject
i; Z; is the vector of baseline values for A1C, body weight, and daily insulin dose for subject i; « is the intercept; 6 is the
treatment effect of sitagliptin on the rate of hypoglycemia AEs; and f = (B41¢, B Bins) 18 the effects of baseline values of
A1C, body weight, and daily insulin dose on the rate of hypoglycemia AEs.

The parameter estimates from the NB regression model are shown in Table 2. A significant reduction in event rate of
hypoglycemia AEs was observed in the sitagliptin group compared to the placebo group. However, since this analysis

TABLE1 Distribution of the number of episodes of hypoglycemia adverse events per subject

Treatment Sitagliptin n(%) Placebo n(%) Total n(%)
Number of episodes per subject
0 episode 231 (71.5) 183 (56.1) 414 (63.8)
1 episode 34(10.5) 40 (12.3) 74 (11.4)
2 episodes 19 (5.9) 19 (5.8) 38 (5.9)
>3 and <10 episodes 31(9.6) 58 (17.8) 89 (13.7)
>10 episodes 8 (2.5) 26 (8.0) 34 (5.2)
Total episodes 349 782 1131

TABLE 2 Parameter estimates from the negative binomial model

Parameter Estimate Std. Error Pvalue
Intercept —4.078 0.882 <.0001
Treatment —0.824 0.181 <.0001
Baseline A1C 0.064 0.090 477
Baseline insulin 0.015 0.005 .002
Baseline weight —0.015 0.005 .004

Dispersion parameter 4.353 0.401 <.0001



assumed a constant event rate over time and that post-discontinuation data were MAR, sensitivity analyses with different
missing data assumptions are needed to assess the impact of missing data on the findings from the NB regression.

3 | STATISTICAL METHODOLOGY

In general, to conduct control-based imputation for recurrent hypoglycemia AEs, we first construct a recurrent events
model. We then impute the number of recurrent events after dropout following the assumptions of different imputa-
tion procedures. The sensitivity analysis for recurrent hypoglycemia AEs is then conducted based on the imputed data.
We repeat the imputation and analysis m times and use a bootstrap method for valid variance estimation. Details are
provided below.

3.1 | Recurrent events model with frailty

Consider a clinical study with n independent subjects. We follow subject i until C; < 7;, where z; denotes the time of
study end (eg, the last scheduled visit), and observe m; events at times {tl.l, e tl.mi }. Denote A; as the treatment and Z; as
the other covariates. We construct the model for recurrent events N;(¢) based on subjects in a subset A C {1, ... ,n}. For
subject i € A, we assume that N;(¢) follows a proportional intensity model with gamma frailty, with

Ai(t; by) = A(ObeX'?,

where X is a vector of covariates considered in the recurrent events model, and b; is i.i.d. from Gamma distribution with
mean 1 and variance y. If we choose A = {1, ... ,n}, then we consider a recurrent events model for all the subjects in
the study, and a natural choice of X; is (4;, Z;). If we choose A = {i : i = 1, ... ,n,A; = 0}, then the recurrent events
modeling is limited to the control group, and X; should not include A;.

We assume that the baseline hazard function A(f) is a piecewise exponential such that
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Therefore, the posterior distribution of b; is Gamma distribution with shape parameter 1/y + N;(C;) and rate parameter
1/y + A(C)eNiP.



3.2 | Imputation model

For subjects who dropped out before the last scheduled visit, ie, C; < 7;, we treat the subsequent recurrent events Ni(t) as
missing data and impute the number of events after dropout from an imputation model with intensity

Ait; b)) = A()be P,

Here, )N(i is the value of the covariates used for imputation.
Given this intensity function, the process after dropout N;(¢) follows a nonhomogeneous Poisson process. The total

number of events in (C;, ;] given b; is then Poisson distributed with rate {/N\i(ri; b)) — /N\i(Ci; b)) } We integrate out b; and
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The number of events after dropout is then distributed as NB with number of successes k = 1/y + N;(C;) and success
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3.3 | Different imputation procedure

We consider 2 types of control-based multiple imputation approaches to perform the sensitivity analysis: copy reference
and jump to reference.

In copy reference control-based imputation, we assume that the whole distribution for the treated subject, both before
and after dropout, is the same as the control group. Therefore, we first model recurrent events for subjects in the control
group,ie, A ={i :i=1, ... ,nA4; = 0}, X; = Z;. Then, we impute the number of events after dropout with)N(,- = Z; for
both groups.

In jump to reference control-based imputation, we assume that after a subject drops out, the response distribution
is that of a subject in the control group. Therefore, we model recurrent events for all the subjects, ie, A = {1, ... ,n},
X; = (A;, Z;). Then, we impute the number of events after dropout with )N(i = (0, Z;) for both groups.

For copy reference and jump to reference procedures, we make different assumptions on the distribution of recurrent
event before dropout for subjects in the treatment group. Therefore, the posterior distributions of b; given events before
dropout are very different under the two assumptions, such that the imputation models are quite different. If there is no
frailty, then the imputation models will be very similar since the distribution of events after dropout is independent of
before dropout distribution given baseline covariates.

To compare with control-based imputation, we also implemented imputation under MAR. For imputation under MAR,
we model recurrent events with A = {1, ... ,n}, X; = (4;, Z;) and impute with )N(i = (A;, Z;) for both groups.

3.4 | Inference using the bootstrap

The bootstrap procedure for control-based imputation for recurrent event data is as follows:

Step 1. We first fit the recurrent events frailty model corresponding to the imputation assumptions and draw m samples
of the parameters B9, y0, A(i))(j = 1, ... ,m) from the posterior distribution based on model 1 using noninforma-
tive priors for the parameters. The samples are obtained using proc MCMC in SAS, and the SAS code is given in the
Appendix of the paper.

Step 2. For imputationj = 1, ... , m, impute the number of events after dropout using the parameters (8%, y, 19’) and
the imputation assumptions. Perform the primary analysis based on the imputed values, and obtain the estimates v
Step 3. Generate B bootstrap samples based on the original dataset.



Step 4. For each bootstrap sample b =1, ... , B, perform steps 1 and 2 to obtain the estimates 5})")0 =1,..,m).
The overall point estimate is then 0 = 2;;11 v /m. The variance for 9 is estimated by the sample variance of the

estimates g, = ¥, 6V

i1 b)/m, b=1, ... ,B, from the B bootstrap samples.

4 | SIMULATION STUDIES

We performed simulation studies to evaluate the performance of the proposed methods. We considered a study population
with 100 subjects in the treatment arm and 100 subjects in the control arm. We considered one baseline covariate Z ~
Unif(0,1). We denote the intensity functions
Ac(t; b) = 0.5the®>
and
Ar(t; b) = 0.5tbe™08+05%,

where b is from Gamma(l, 1). For each subject, we simulated a noninformative dropout time C = Bz + (1 — B)Unif(0, 7),
where B is an independent binary random variable with mean 0.8 and = = 5 is the fixed follow-up time for the study.
Therefore, the dropout rates for both arms are 20%.

For each subject, we first generated the random effect b independently. The recurrent events for subjects in the control
arm were generated with intensity function Ac(t; b). The recurrent events for subjects in the treatment arm who complete
the study were generated with intensity function Ar(t; b). For subjects in the treatment arm who fail to complete the study,
we considered 3 approaches to generate the recurrent events, reflecting different assumptions of jump to reference, copy
reference, and MAR.

1. Copy reference. We generated the recurrent events with intensity function A¢(t; b) throughout the study.

2. Jump to reference. We generated the recurrent events with intensity function Ar(t; b) before dropout C and Ac(t; b)
after C.

3. MAR. We generated the recurrent events with intensity function Ar(¢; b) throughout the study.

Table 3 summarizes the simulation results of treatment effects based on 1000 replicates. We calculated the true values
using the average of the parameter estimates from the full generated datasets with events observed after dropout. The true
values for the treatment effect under the three settings are —0.573, —0.690, and —0.796. The parameter estimators for the
treatment effects are virtually unbiased. Rubin formula tends to overestimate the true variabilities for treatment effect in
the copy reference and jump to reference settings. The coverage probabilities for the 95% confidence intervals are larger
than the nominal levels, especially in the jump to reference setting. The bootstrap method gives accurate estimates of true
variabilities and proper coverages for the treatment effect.

5 | DATA ANALYSIS

We applied the sensitivity analysis methods to the recurrent hypoglycemia events in the diabetes trial as described in
Section 2. We used m = 50 imputations, K = 8 cutpoints, and selected sy, ... , Sk to have approximately equal numbers of
events in each interval. To ensure reasonably small autocorrelations in the MCMC samples, we standardized the baseline
covariates except for treatment, and set the burn-in = 5000 and thinning = 100. Table 4 shows the posterior estimates of
the parameters from the recurrent events frailty model. Treatment had a significant effect on the intensity of recurrence
of hypoglycemia AEs.

TABLE 3 Summary statistics for treatment effect in the simulation studies

Rubin formula Bootstrap
Setting Bias Std. Dev. Std.Err. % Coverage Std.Err. % Coverage
Copy reference 0.024 0.166 0.184 0.974 0.169 0.952
Jump to reference 0.003 0.149 0.187 0.984 0.150 0.959
MAR —0.004 0.184 0.181 0.941 0.181 0.942

Abbreviation: MAR, missing at random.



TABLE 4 Summary of posterior estimates for the parameters in
the recurrent events models

Model Placebo group Both groups
parameter Mean Std.Dev. Mean Std. Dev.
Treatment —-0.784 0.163
Baseline A1C 0.132 0.131 0.077 0.104
Baseline insulin 0.223  0.134 0.345 0.091
Baseline weight —0.256  0.140 —0.273 0.098
A 0.007 0.001 0.008 0.001
Ay 0.014 0.002 0.014 0.002
A3 0.017 0.003 0.017 0.003
Ay 0.016 0.002 0.019 0.003
As 0.020 0.003 0.017 0.002
A 0.021 0.003 0.019 0.003
Az 0.022 0.003 0.020 0.003
Ag 0.021 0.004 0.020 0.003
Frailty variance (y) 3.905 0.551 4.529 0.390

TABLE 5 Parameter estimates from multiple imputation with bootstrap (proposed method)

Multiple Control-based

imputation Copy reference Jump to reference MAR
Parameter Estimate Std.Err. Pvalue Estimate Std.Err. Pvalue Estimate Std.Err. Pvalue
Intercept —4.155 1.056 <.0001 —4.099 1.068 <.0001 —4.089 1.096 <.0001
Treatment —0.784 0.183 <.0001 —0.755 0.168 <.0001 —0.815 0.198 <.0001
Baseline A1C 0.071 0.103 489 0.068 0.104 513 0.067 0.106 .530
Baseline insulin 0.015 0.004 .0002 0.015 0.004 .0001 0.015 0.004 .0002
Baseline weight -0.014 0.006 .014 -0.015 0.006 .011 —0.015 0.006 .013
Dispersion parameter 4.261 0.379 <.0001 4.308 0.378 <.0001 4.308 0.379 <.0001

Abbreviation: MAR, missing at random.

TABLE 6 Parameter estimates from multiple imputation based on Keene et all!1l method

Multiple Control-based

imputation Copy reference Jump to reference MAR
Parameter Estimate Std. Err. Pvalue Estimate Std.Err. Pvalue Estimate Std.Err. Pvalue
Intercept —4.087 0.885 <.0001  —4.085 0.895 <.0001  —4.073 0.884 <.0001
Treatment —0.812 0.182 <.0001 —0.776 0.183 <.0001  —0.824 0.181 <.0001
Baseline A1C 0.065 0.091 476 0.062 0.092 499 0.064 0.090 482
Baseline Insulin 0.015 0.005 .001 0.015 0.005 .001 0.015 0.005 .001
Baseline Weight —0.015 0.006 .009 —-0.014 0.005 .002 —-0.015 0.006 .008
Dispersion Parameter 4.371 0.403 <.0001 4.339 0.401 <.0001 4.362 0.403 <.0001

Abbreviation: MAR, missing at random.

We obtained B = 100 bootstrap datasets and imputed the number of AEs after dropout until study day = = 168 for
subjects who dropped out from the study prior to the week 24 visit. With the total number of imputed AEs, we fitted the
NB regression model to estimate the treatment effect, where the study duration for each subject was treated as offset.
Table 5 shows the parameter estimates, standard errors based on the bootstrap, and P values. The multiple imputation
method based on MAR gives parameter estimates similar to that from the primary analysis, while the standard errors are
slightly larger. The control-based imputation methods shrink the point estimates for the treatment effects towards zero
and give smaller standard errors. The parameter estimates and standard errors for the other covariates are similar to that
from imputation based on MAR. Compared to copy reference imputation, the treatment effect estimate from the jump to
reference imputation method is more conservative with a smaller standard errors.



We also implemented the method proposed by Keene et al,['!l where a NB model with an offset is assumed for the
recurrent events and the standard errors are estimated based on Rubin formula. Note that the point estimate from Keene
method is equivalent to that of our method with an exponential baseline intensity function, ie, the number of cutpoints
K = 1. Table 6 shows the parameter estimates using Keene method with 1000 multiple imputations. The point estimates
for the treatment effect for the two control-based methods are similar to that of our method. The standard errors using
Rubin formula are similar for the three imputation methods.

6 | DISCUSSION AND CONCLUSIONS

In the analysis of time to event data, noninformative or independent censoring is commonly assumed. This assumption
is analogous to the MAR assumption in the analysis of longitudinal data. It is well known that this assumption may
not be verifiable from the observed data. Sensitivity analyses are therefore recommended to check the robustness of the
analysis against this censoring or missing data assumption. In this paper, we investigated how to implement control-based
imputation for proportional intensity frailty models for conducting sensitivity analyses for clinical trials with recurrent
events.

Control-based imputation has become attractive to clinical trial scientists for its explicit specification of the imputation
model for the missing data. It assumes that the distribution of the missing data after dropout for subjects in the test drug
group is similar to that in the control group. This is appealing because it provides a conservative estimate for the treatment
effect compared to the estimate obtained under noninformative censoring. For trials with recurrent events, we considered
a flexible proportional intensity model with a piecewise exponential baseline hazard function. The number of intervals for
the piecewise baseline hazard can be determined by choosing an equal number of events within each interval. A similar
approach has also been considered for sensitivity analyses for time to event data,'>! where the authors used simulations
to show that the results from a piecewise exponential baseline hazard is generally similar to that from a nonparametric
baseline hazard function.

A gamma frailty was considered in the proportional intensity model to account for intrasubject correlation for recur-
rent events. To implement control-based imputation models, we derived the marginal cumulative intensity function
after integrating out the frailty parameter and showed that the number of events after dropout up to the end of study
follows a NB distribution. This property was used to conduct control-based imputation including the copy-reference
and jump-to-reference methods. The bootstrap was used to obtain appropriate standard errors for testing the treat-
ment effect after control-based multiple imputation because Rubin formula tends to over-estimate the standard
erTorS.

As noted in the application of the proposed approach to the sitagliptin trial, control-based imputation may produce a
conservative point estimate for the treatment difference; that is, it is attenuated towards zero. However, the power for
testing the treatment difference when the bootstrap is used to get the variance may not be necessarily lower than that of
a likelihood-based analysis. This is because the estimands of the true parameters to be tested of these two approaches are
different. In the NB model with non-informative censoring, the estimand is equivalent to the treatment difference if all
subjects were followed to the given duration. Control-based imputation addresses a different estimand, which assumes
that the intensity function of the test drug is similar to that of the control group. Similar phenomena and results have
been observed in the analysis of repeated measures for longitudinal data.['!

The proposed imputation models assume piecewise exponential cumulative hazard function and proportional intensity
for recurrent events given baseline covariates and frailty. Those model assumptions may also suffer from potential model
misspecification. We can relax the assumptions for the imputation models, such as allowing nonproportional intensity or
estimating the baseline cumulative hazard functions nonparametrically. The extended method may be computationally
more intensive.

The proposed methods only handle the missing responses due to early dropout but not for missing covariates. In the
analysis of real data example, a few patients with missing covariates were excluded. Some future research is required to
deal with both missing responses from dropout and missing covariates.
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