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Abstract

Objectives: To evaluate and compare the statistical operational characteristics of alterna-
tive methods of analyzing longitudinal count data in the context of clinical trial data. Typical
statistical models for these data are generalized linear mixed model (GLMM), generalized esti-
mating equations (GEE), and nonparametric methodologies (Wilcoxon, Van Elteren tests, and
Lehmann-Hodges estimators).

Study Design and Settings: We compare those approaches via a simulation study in term
of power, bias, rooted mean squared error, and coverage probabilities. The simulated data
sets try to resemble data from a typical trial where observations are only collected during a
subset of weeks during a trial. The mean structure consists of patient’s characteristics (age,
gender), drug-response model, and random effects (week within patient, patient within center,
and center). The non-informative missing data mechanism (MCAR, and exponential dropout)
is also implemented. We vary the treatment effects and the rate of dropout.

Results: In term of testing hypothesis, GLMMs provide the most statistical powerful tests
among all models. In term of estimation, GLMMs and GEEs perform similarly in term of bias
and accuracy, while nonparametric method (Lehmann-Hodges estimators) does worse because
of missing data due to dropout.

Conclusions: The GLMM (with sandwich estimator for covariance matrix) is the model

of preference in our study.



1 Introduction

In this paper, we consider analysis of count longitudinal data, particularly from a drug development
program to treat urinary incontinence. The clinical endpoint for this program is a count variable,
the number of incontinence episodes experienced by a patient in the trial. A typical trial for this
type of indication has a duration of twelve weeks, with dairy counts of incontinences being ex-
tracted from diary data. The daily counts are generally only collected during a subset of the weeks:
baseline, week 2, week 6, and week 12 (end of the study). The “traditional” statistical analysis for
this type of data is based on weekly counts, with the primary endpoint being the change from base-
line at the end of the trial. Last observation carried forward (LOCF) is used for patients who drop
out before the study ends. The most commonly used approach for this analysis is nonparametric
methodology (Wilcoxon, Van Elteren, or rank ANOVA, etc)[5]. The reason for this approach is
that the treatment effect, measured by change at the end of trial from baseline, typically does not fit
into the gaussian distribution framework. Furthermore, there is a belief that baseline measurements
have already summarized all patient’s characteristics. Despite the strengths of these methods, they
also have some important disadvantages (e.g., how to handle missing data, etc.), which leads to
the question of whether other alternative approaches are more appropriate to analysis this type of

indication.

In recent years, several approaches have been proposed to model this type of indication. Most
of them can be classified into two classes, the “subject-specific” and the “population-averaged”
approaches. Generalized linear mixed models (GLMMs) [7][2] have been used to model the corre-
lation among observations via random effects, and estimate the subject-specific effects (e.g. treat-
ment effect, etc.). Meanwhile, the generalized estimating equations (GEEs) method (Liang and
Zeger[6]) is usually used to model correlation due to repeated measurement within each subject
and provide population-averaged effects. However, the challenges arise when we face the combi-
nation of repeated measurements and random effects, for example, in above clinical trial situation.
Typically, for gaussian distribution framework, this combination can be solved due to special prop-
erties of gaussian distribution, as discussed in Pinheiro and Bates [8]. But, for non-Gaussian dis-

tribution framework, one might end up with either generalized estimating equations or generalized



linear mixed models, depending on the choice made.

In this study, we evaluate and compare the statistical characteristics of some alternative analy-
sis methods for longitudinal count data in this context of clinical trial data primarily via sim-
ulation. The standard analysis using nonparametric methodology (Wilcoxon, Van Elteren tests,
and Lehmann-Hodges estimator) is included as the benchmark of comparison. Both generalized
estimating equations and generalized linear mixed models are used as alternative approaches to
the standard method. The evaluation and comparison mainly focus on their ability of detecting
the treatment effect (hypothesis testing) and their performance of estimating the treatment effect
(point estimation). Section 2 provides a detailed simulation design of this study, while section 3
gives a brief description of methods and models used in this simulation study. Finally, section 4

and 5 give and discuss the results of this study.

2 Design of Simulation study

In this study, we consider 45 scenarios of trials where the relative maximal reduction rate of treat-
ment patients is varied between 0% and 50%, by steps of 5%, and the dropout rate is changed
from 0% to 40%, by steps of 10%. Our simulation design mimics a typical clinical trial of a drug
development program. There are 30 centers (hospitals), each of which has 5 treatment patients
and 5 placebo patients. For each patient, the daily incontinence counts are simulated from Poisson
distribution with the rate changing over time (the parametric form of this rate will be described
below), then combined into weekly means (number of incontinence episodes per day) by taking
average of all counts within week. Patients’ gender, age, center, time points and treatment indica-
tors are treated as exploratory variables. Gender is generated from Bernoulli distribution with 50%
chance of being male. Age is the integer part of a number, generated from normal distribution with
mean of 45 and standard deviation of 10. Center ID is labeled from 1 to 30, patient ID was label
from 1 to 3000 (each distinct patient corresponds to a distinct ID). Time point was 0, 2, 6, or 12
for baseline, week 2, week 6, and week 12 respectively. Treatment indicator is either O or 1, for

placebo and treatment group, respectively.



The parametric model for Poisson rate parameter has two parts: linear part modeling patient’s
characteristics and nonlinear part modeling time-response model for the drug. Linear part includes
fixed effects (age, gender), and random effects (center (o°“"¢"), patient(c?**""), and week(c*F)).
All three random effects (week within patient, patient within center) are generated from normal
distribution with mean of 0, and standard deviation of 0.3, 0.15, and 0.075 for center, patient,
and week effect respectively. Nonlinear part is the Emax model (three parameters — baseline (e),
maximum reduction (e,,,.), and time to achieve half of maximum reduction (es5()), representing
the effect of treatment over time (denoted t, in days),
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For both placebo and treatment patient, baseline parameter, e, is chosen to be zero. Parameter e5,
is set at 10.5 for placebo patient and at 35 for treatment patient. Parameter e,,,,, is calculated so
that at the end of trial (84" day), the absolute reduction rate for placebo patient is 1.4%, i.e., the
ratio of mean at the end of trial over that at baseline is 98.6%. For treatment patient, this parameter
is adjusted to fit the designed scenarios (reduction rates are varied between 5% to 40% relative to
the placebo reduction rate). Overall, the Poisson rate parameter f;;;, for patient with ID j, in the

it" center, at t'" day of the trial is set at
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where A; is age of patient with ID j, ™" is random effect for the it" center, o, is random

effect for patient j, and o%°°* is random effect for week corresponding to t** day of patient j.
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After generating all daily incontinence counts, we create some missing data by two models: miss-
ing completely at random (MCAR) and exponential dropout model. During the simulated trial,
each daily observation has 3% chance of being missing (for each observation, a Bernoulli random
variable is generated to determine whether it will be missing or not). The dropout model is carried
out by first generating a number X from exponential distribution with parameter A, then erasing all
observation whose time point (in day) bigger than X. The parameter \ is set such that probability
of dropout, i.e., Prob(X<84), is equal to the desired dropout rates (varying between 0% to 40%,
by steps of 10%).



The output data sets from simulation consist of following variables: response (weekly means ob-
tained by taking average of daily counts), age, gender, patient ID, center ID, week (time indicator),
and treatment (indicator whether patient received treatment or placebo). For each of those scenar-

ios, 1000 simulated data sets are generated.

3 Analysis Methods

Nonparametric methods

Nonparametric methods (Wilcoxon, Van Elteren test, and Lehman-Hodges estimation) are applied
to change from baseline at the end of trial (week 12) on the log scale. To deal with missing data,
the Last Observation Carried Forward (LOCF) is employed for all of these methods, i.e, the latest
non-missing weekly means is used in place of missing observations. The following is a brief

description of those methods. For full details, one can refer back to Lehmann[5].

The Wilcoxon rank sum test is performed on two samples of size 150, corresponding to treatment
and placebo group. The Wilcoxon statistic, with continuity correction, is approximated by a nor-
mal distribution. The null hypothesis is rejected when p-value is less than .05. This method is

implemented by calling PROC NPARIWAY in SAS[9].

The Van Elteren test, a stratified version of Wilcoxon test, uses baseline severity (average number
of continence episodes per day) to stratify population into 3 groups: mild (average less than 2),
moderate (average between 2 and 4), and severe (average greater than 4). These thresholds are
chosen, without any scientific knowledge, for simulation purpose only, because they approximately
divide the whole population into 3 equal strata. The Van Elteren statistic is the weighted sum of
Wilcoxon statistics, obtained from each of strata, where all weights are disproportional to the
stratum’s sample size. It can be approximated by normal distribution. However, as shown by Koch
et al.[4], the van Elteren test is a member of a general family of Mantel-Haenszel mean score
tests; we implement this test using SAS procedure PROC FREQ [9] for Cochran-Mantel-Haenszel

Statistic with modified Ridit scores.



Hodges-Lehmann (HL) estimator for location shift (denoted Ay) is a nonparametric method to
estimate the treatment effect of the drug. Technically, it is a median of all difference of change
on log scale of any arbitrary pair of treatment and placebo patient. Since the estimated change,
the result of this estimator, is calculated on the log scale, the reduction rate of treatment could
be estimated (interpreted) as 1 — exp(Ayy, ). Furthermore, the asymptotic standard errors can be
estimated and used as a useful tool for comparison. This method is implemented by procedure

PROC NPARIWAY [9] in SAS.

Generalized estimating equations

GEEs (Generalized estimating equations) for the Poisson family (log link) are conducted on the
response (weekly means) with age, gender, treatment indicator (as a factor), and the interaction
term between treatment and week (time point, as a factor) as covariates. The working correlation
structure is set to be exchangeable within each patient, i.e., correlations of observations between
any two weeks are equal. No imputation is implemented for fitting GEE models; the parameters of

correlation structure are estimated from non-missing data only.

From result of fitting GEE model on data, the estimated coefficient of treatment indicator, denoted
(3, could be interpreted as the population-wise effect of treatment on log scale, i.e., an population
average of difference between change from baseline at the end of trial among treatment and placebo
patients, regardless all random effects. We also interpret and derive an estimate of reduction rate
by following

reduction rate = 1 — exp(—/3).

Two estimates of standard error are obtained and considered, the model-based estimate (GEE
equivalent of the inverse of the Fisher information matrix), and the empirical or data-based es-
timate (an sandwich estimate of the variance). The model-based estimate has been showed to be
consistent when the model and working correlation structure are correctly specified, while empiri-
cal estimate are also consistent even if the correlation structure is misspecified. The scale parameter
is estimated by Pearson score (Pearson chi-square statistic), then used to adjust the estimated co-
variance matrix. We also employ the Wald-type test for coefficient of treatment indicator, and

derive p-value for each simulation. The GEE with model-based estimated covariance matrix is re-



ferred as model-based GEE, while the empirical estimated covariance matrix GEE model is called

empirical GEE. This method is carried out by using procedure PROC GENMOD [9] in SAS.

Generalized linear mixed models

GLMMs (Generalized linear mixed models) for the Poisson family (log link) are conducted on the
response (weekly means) with age, gender, treatment indicator (as a factor), and the interaction
term between treatment and week (time point, as a factor) as covariate. A multilevel model is used
with center ID (as Subject) and patient ID within center ID as random effects. A multiplicative
over-dispersion parameter is included in this model to account for non-estimable weekly effect.

Same as GEEs, no imputation is applied here when we fit the GLMMs.

Our main focus on result of fitting GLMMs on data is estimate of treatment indicator, its standard
error and its p-values in nonzero hypothesis testing. As in GEE estimation, the reduction rate of

drug could be estimated (or interpreted) using the following formula
reduction rate = 1 — exp(—/3),

where (3 denotes the coefficient of treatment indicator. The standard errors are estimated, one from
a model-based GLMMs, and the other from empirical model (empirical covariance “sandwich”
estimator). In hypothesis testing of nonzero coefficient, a Wald-type test is derived from estimated
coefficient and standard error. This method is implemented by procedure PROC GLIMMIX [9] in
SAS.

4 Results of Simulation

Evaluation Criteria

When describing the results from various methods, we focus on the four following quantities:

1. Statistical power. The empirical power function is defined as proportion of times when we
reject the null hypothesis, i.e., p-value less than .05. The empirical type I error is the value

of power function when there is no treatment effect.
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2. Bias. The bias is the difference of an estimate from the true value of parameters; however,
raw bias values are typically hard to evaluate. Therefore, we adopt the notion of standard-
ized bias, discussed in Burton et al [1], as proportion of bias in term of uncertainty in the

parameter estimate.

estimated — true value
SD of estimated

standardized bias =

As arule of thumb, any standardized bias exceeding 50 % is considered troublesome.

3. Root mean squared error. Mean square error (MSE) provides information on the accuracy
of an estimate, as it is a sum of variance and square of bias. We adopt root mean squared

error, which is the transformed MSE back onto the same scale of the parameter.

4. Coverage. The coverage of confidence interval is the proportion of times that the true
parameter value lies in the obtained confidence interval. The nominal coverage rate used in
this study is 95%. As discussed in Burton et al [1], over-coverage suggests that the results
are too conservative which leads to the loss of statistical power. While, under-coverage is
usually unacceptable because it is over-confident in the estimation and leads to higher than
expected type I error. The average length of the 95% confidence interval is also considered

in this study as an evaluation tool.

Results

The comparison of hypothesis testing performance among different methods is summarized by fig-
ure 1, consisting of 5 graphs of power curves in 5 different dropout rate settings (dropout rate varies
from 0% to 40% by steps of 10%). The nonparametric tests perform better than tests provided by
GEE method but worse than that of GLMMs for reduction rates less than 30%. Van Elteren tests
perform slightly better than Wilcoxon tests in some scenarios (usually in the mid-range of relative
reduction rate 5% — 15%). For tests provided by GEEs, the empirical and model-based version
have very similar power curve, but they have the least power compared to other methods. Their
empirical type I errors are considerably below the nominal significant level of .05. It is noticed that
tests in GEE models gain comparable power with respective to those of nonparametric methods in

cases of large dropout rates and high reduction rates. Meanwhile, the GLMMs provide the most



statistical powerful tests in all our cases, and there is no significant difference between empirical

and model-based GLMMs.

For comparison of point estimation performance among all methods, see figure 2 for standardized
bias and figure 3 for root mean squared error (RMSE). GLMMs and GEE models worked well
in estimating the reduction rates, and are not affected by changing dropout rates. There are no
significant difference between GLMMs or GEE model estimation in terms of standardized bias.
The accuracy (RMSE) of GEEs and GLMMs estimates are also similar, but GLMMs estimates
have better accuracy than that of GEEs for dropout rate less than 30%. While nonparametric
method (Hodges-Lehmann estimator) only performs well when dropout rate was low, best in term
of standardized bias when there is no dropout. As showed in figure 2, HL estimator has very large

bias compared to other methods when there is a significant amount of dropout in data.

The estimated standard errors for all methods are also summarized in figure 4. GLMMs do well
in estimating the “true” standard errors; estimated standard errors from empirical GLMMs spread
more than that of model-based GLMMSs. Furthermore, the empirical standard error, the standard
deviation of all estimated, is closed to mean of the estimated standard errors, which indicates
the unbiasedness of these estimation. HL estimator does relatively good, as showed in figure
4; empirical standard error is closed to mean of estimated standard errors. Meanwhile, standard
errors, estimated in GEE models, consistently over-estimate, compared to the empirical standard

CITOr.

Comparison of interval estimation among all methods is summarized in table 1. Hodges-Lehmann
estimator has the worse coverage probability when missing data due to dropout becomes signifi-
cant. However, it gives a great estimate (i.e. short CI length with coverage probability coincides
nominal probability) when there is no dropout or no treatment effect. The coverage of estimate in
GEE models, both empirical and model-based version, are consistently conservative for all cases,
and very similar to each other. The coverage in model-based GLMMs are the most conservative
with coverage probability of one in almost all cases, but their CI lengths are very large, almost
double length of empirical GLMMs’ estimate. The empirical GLMMs are relatively permissive

compared to other methods, but they have the shortest CI length.



5 Discussion and Conclusion

Overall, the GEE method in this study fails to be a good alternative approach due to the fact that
there is correlation among patient with center, while GEE model assumes that all subjects are
independent. Also, there is no significant improvement between model-based and empirical GEE
models indicates that empirical estimator of variance, while it is robust against misspecification of
covariance structure, is not robust against the correlation among subjects. It is also noted that the
only reason for bad behavior in hypothesis testing due to the overestimate of standard errors. For
GEE method to be applicable in this situation, a more sophisticated mean structure is needed to
overcome the over-estimate of standard errors. For example, the categorical variable center should
be included to compensate for the center random effect. This issue will be a topic for our future

study.

Nonparametric tests perform quite well compared to GEE method, but not as good as that in
GLMMs. The stratified Wilcoxon performs slightly better than the Wilcoxon, which indicates that
the baseline has somewhat effect on the power of the test. Meanwhile, the nonparametric estimator
performs worse, and is effected strongly by missing data due to dropout. It suggests that LOCF is
not an appropriate imputation when dropout is MCAR type, and more sophisticated techniques are

required to handle missing in this type of data.

In this simulation study, GLMMs appear to be the best model. Tests in both model-based and
empirical GLMMs have similar statistical power, but model-based GLMMs have smaller variance
of estimated standard error than that of empirical GLMMs. This phenomenon has been studied
rigorously under simple linear regression case in Kauermann and Carroll (2001) [3]. In that paper,
they show that the larger variance of estimated standard errors is the price for the robustness of em-
pirical GLMMs; it leads to under-coverage of empirical GLMMs. This issue has been confirmed in
our study. However, with 95% nominal probability, the coverage probabilities are all above 90%,
which seems to be acceptable. Therefore, we suggest to use empirical GLMMs for analysis of

count longitudinal data in context of clinical trial for drug development program.
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Power curves among all methods
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Figure 1: Power curves among different methods for different dropout rates. GLMMs work the
best; while GEE models have the least power, due to some violation of their assumptions. The

nonparametric testing work quite well among all methods.
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Figure 2: Standardized bias among different methods for different dropout rates. GLMMs and

GEE models have similar bias. The Lehmann-Hodges estimator works worse when dropout rate

increases.
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Root mean squared error among all methods
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Figure 3: Root mean squared error among different methods for different dropout rates. GLMMs
and GEE models have similar root mean squared error, but GLMMs have little better RMSE. The

Lehmann-Hodges estimator works worse when dropout rate increases.
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Figure 4: Box plots of all estimated standard errors. The dots in this panel represent sample
standard deviation, obtained from estimated coefficients of TREATMENT indicator. Box plots on

the same row have the same dropout rate, and safge column indicates of the same rate.
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