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Summary. The measurement of human immunodeficiency virus ribonucleic acid levels over time
leads to censored longitudinal data. Suitable models for dynamic modelling of these levels need
to take this data characteristic into account. If groups of patients with different developments of
the levels over time are suspected the model class of finite mixtures of mixed effects models
with censored data is required. We describe the model specification and derive the estimation
with a suitable expectation—maximization algorithm. We propose a convenient implementation
using closed form formulae for the expected mean and variance of the truncated multivariate
distribution. Only efficient evaluation of the cumulative multivariate normal distribution function
is required. Model selection as well as methods for inference are discussed. The application is
demonstrated on the clinical trial ACTG 315 data.
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1. Introduction

Dynamic models for human immunodeficiency virus ribonucleic acid (HIV RNA) levels are
used to estimate viral dynamic parameters for the whole population and for each individual
patient in an acquired immune deficiency syndrome clinical trial. These models provide a good
understanding of the pathogenesis of HIV infection and the evaluation of anti-retroviral ther-
apies. The analysis is based on the HIV type 1 (HIV-1) viral load which is primarily used to
measure HIV-1 infection. However, accurate quantification is in general not possible for low
levels, i.e. a lower detection limit is given under which no accurate measurement is possible and
censored observations are reported.

Previous work on dynamic models for HIV RNA levels used a variant or simplification of
non-linear mixed effects models while accounting for censored data and applied the method
proposed to a (subset) of the HIV-1 viral load data from clinical trial ACTG 315 (Lederman
et al., 1988). This trial was a prospective study to assess the virologic and immunologic effects
of combination anti-retroviral therapy among HIV-1-infected people, where the disease was

Addpress for correspondence: Bettina Griin, Institut fiir Angewandte Statistik, Johannes Kepler Universitit
Linz, Altenberger Strale 69, 4040 Linz, Austria.
E-mail: Bettina.Gruen@jku.at

Reuse of this article is permitted in accordance with the terms and conditions set out at http://wileyonlinelibrary.
com/onlineopen#OnlineOpen_Terms.

© 2011 Royal Statistical Society 0035-9254/12/61201



202 B. Griin and K. Hornik

moderately advanced (Kuritzkes et al., 2000). The HIV-1-infected patients were treated with
potent antiviral therapy consisting of ritonavir, lamivudine and azidothymidine. 53 patients
were enrolled, but five patients discontinued because of intolerance to the treatment and other
problems (Wu and Wu, 2002a). Plasma HIV-1 RNA levels were repeatedly measured with sched-
uled measurements on days 0, 2, 7, 10, 14, 21 and 28 and at weeks 8, 12, 24 and 48 after initiation
of treatment. The lower limit of detection was 100 copies ml~!, which was reached within the
first weeks of treatment by a considerable proportion of patients. Additional information avail-
able for each patient includes measurements of physiological markers taken at baseline and
demographic information.

In total 502 observations from 48 individuals on HIV RNA levels are available from the study,
with measurements taken at times ranging from 0 to 413 days since treatment. The amount of
censoring was rather high with 16% censored observations. 58% of the patients had at least
one censored observation; the average number of censored observations per patient was equal
to 1.65. Ignoring the censoring might therefore give biased results and hence the censoring
should be accounted for in the fitted model. The development of the HIV RNA levels over
time is shown in Fig. 1. The observations from the same individual are joined. Clearly different
groups of patients can be distinguished: for some patients the levels decline over time and stay
low, whereas for others the levels rise again after a decline at the beginning of the observation
period. This implies that a finite mixture model might be necessary to capture these differences.
In addition the individual levels also vary and this heterogeneity can be modelled by specifying
random intercepts.

The development of the HIV RNA levels over time was modelled by Wu and Ding (1999) us-
ing a hierarchical non-linear mixed effects model where they assumed two phases of exponential
decay with different rates of decay. Observations censored at 100 were imputed with 50. Exten-
sions of this model which accounted for censoring were presented in Wu (2002), Fitzgerald et al.
(2002) and Vaida et al. (2007). Fitzgerald et al. (2002) used multiple imputation, whereas Wu
(2002) and Vaida et al. (2007) used the expectation—maximization (EM) algorithm (Dempster
et al., 1977). Different methods to evaluate the E-step were employed in Fitzgerald ez al. (2002)
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Fig. 1. ACTG 315 trial data: logarithmic HIV RNA levels for the 48 patients over time
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and Vaida et al. (2007). Following Hughes (1999), Wu (2002) used a Monte Carlo method
to evaluate the E-step and Vaida et al. (2007) proposed a hybrid Monte Carlo and numeri-
cal integration EM algorithm. As a complementary analysis Wu and Wu (2002b) considered
the identification of significant baseline host factors by using demographic and physiological
markers to explain interindividual variation in the HIV RNA level development over time.

The application of non-linear mixed effects models assumes that the functional relationship
between the explanatory and the dependent variable is known. For dynamic models for HIV
RNA levels the assumption is that the logarithmic HIV RNA levels exhibit an exponential decay
over time. The rate of decay is in general allowed to vary over time by splitting the observation
period into two phases where the decay rate is constant in each phase. This approach allows
parsimonious modelling of a complex relationship. However, it imposes a certain structure. In
this case it is implied that the HIV RNA levels decrease over time. As an alternative approach
this paper considers finite mixtures of mixed effects models with censored data for modelling
HIV RNA levels over time. The functional relationship between the independent and dependent
variables is assumed to be unknown and is flexibly estimated by using spline regression. The
required flexibility of the spline functions as well as the number of groups required to capture
the heterogeneity between patients are determined in the model selection step. The mixture
model specification allows us to investigate whether the same functional relationship holds for
all patients or whether groups of patients with different HIV RNA level developments exist.
Hence, this model can either be used

(a) if the a priori functional relationship is not known or
(b) to check whether the assumed functional relationship is suitable.

In previous work the need to model interindividual differences was acknowledged by fit-
ting mixed effects models. The model in this paper addresses the problem that interindividual
differences might not be sufficiently captured by the random effects. These differences are more
flexibly modelled by using a mixture model which allows for distinct groups with different
HIV RNA level developments over time. Because the model class proposed also contains the
model with only one component, model selection tests whether the models that were used in
the previous work sufficiently captured interindividual differences. In addition, one can use the
proposed model class to question the assumption of an exponential decay of the levels over time
by determining the functional relationship in a data-driven way.

We present the model class of finite mixtures of mixed effects models for censored data together
with a suitable estimation method. We outline a fast implementation of the EM algorithm. A
specific version of the EM algorithm for this model class is derived by extending the version
proposed for finite mixtures of mixed effects models (see for example Xu and Hedeker (2001))
to allow for censored observations also. We also exploit the fact that formulae for the mean and
the variance for a truncated multivariate normal distribution were developed by Tallis (1961) to
arrive at a fast implementation as in Vaida and Liu (2009) who developed an EM algorithm for
fitting linear mixed effects models with censored responses. The resulting EM algorithm has the
advantage that the expectation (E-)step as well as the maximization (M-)step are given in closed
form (if evaluation of the cumulative multivariate normal distribution function is assumed to
be given). In addition suitable strategies for model selection and inference are proposed.

An implementation of the estimation method proposed is available in the package f1exmix
(Leisch, 2004; Griin and Leisch, 2008) for the statistical software environment R (R Develop-
ment Core Team, 2011). Package f1lexmix implements a general framework for fitting finite
mixtures by using the EM algorithm. The main fitting function in the package provides the
E-step and all data handling. A suitable M-step for the model class of finite mixtures of mixed
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effects models with censored data is available through function FLXMRImmc (). The current
release version of f£1lexmix including this functionality is available from the Comprehensive R
Archive Network (http://CRAN.R-project.org).

The paper is structured as follows. In Section 2 the model is specified and the estimation and
inference are outlined. The details of the EM algorithm as well as the derivation of the stan-
dard errors are presented in Appendix A. The model is applied to the ACTG 315 HIV RNA
level measurements data in Section 3. A simulation study investigating the performance of the
proposed methods for estimation and model selection is presented in Section 4. The paper ends
with some concluding remarks.

2. Finite mixtures of mixed effects models with censored observations

2.1. Model specification
Following Laird and Ware (1982) the standard mixed effects model is denoted by

Yi=Xa+Z;B; +e;.

Yi = (¥ij) j=1,...n; is the vector of n; outcomes observed for the ith individual. « is the vector
of fixed effects and (; is the vector of random effects for individual i. X; = (xl-Tj) j=1,...n; and
Zi= (ziTj) j=1,...n; are the corresponding design matrices. e; is the vector of random errors. ; and

e; are assumed to be independent with

Bi ~ N(0, D),
ei~N(©0,5°I;),

where N(u, ) denotes the multivariate normal distribution with mean y and variance—covari-
ance matrix Y and /; is the identity matrix of dimension equal to n; x n;. This implies that
Y; follows a multivariate normal distribution with mean E(Y;) = X;« and variance—covariance
matrix var(Y;) = Z,-\I!ZI-T +02; given X;, Z;, a, ¥ and o2

Extending this model by allowing for a mixture of normals with G components implies that

G
Y~ Zl mg N(Xiag, Zi U, Z] + o, 1;).
9=
The component weights 7, are restricted to be positive and sum to 1. The vector of parameters
is equal to 8 = (g, ag, vech(V), aﬁ)gzl ,,,,, G- vech(-) is the half-vectorization operator which
selects the unique parameters by taking the lower diagonal matrix (including the diagonal). The
basic model that was proposed by Laird and Ware (1982) is contained as a special case by setting
the number of components G to 1.

This model formulation assumes that the component membership is the same over different
observations from the same individual, i.e. the mixture distribution accounts for heterogeneity
between individuals. A different variant would arise if the component membership also varied
within individuals (see for example Yau et al. (2003) and Hall and Wang (2005)). However, the
resulting model is not a mixture of linear mixed effects models any more, because the random
effects are imposed on the mixture and not for each of the components. In addition the evalu-
ation of the E-step is completely different. Another possibility still would be to assume a finite
mixture distribution for the random effects, i.e. to estimate the random-effects distribution in a
semiparametric way instead of assuming that it follows a normal distribution (see for example
Aitkin (1999)).

Whereas mixtures of normal distributions are generically identifiable (Teicher, 1963; Yakowitz



Modelling Human Immunodeficiency Virus Ribonucleic Acid Levels 205

and Spragins, 1968), generic identifiability of mixtures of linear regression models depends on
the covariate matrix (Hennig, 2000). However, in the case of longitudinal data where the com-
ponent membership is fixed over repeated observations the condition on the covariate matrix
is likely to be fulfilled and, thus, parameter uniqueness for a given mixture distribution to be
ensured.

Variants of this general model class could impose equality constraints on some of the param-
eters over the mixture components. This means that either one, two or all three of

(a) the fixed effects,
(b) the variance—covariance matrices of the random effects and
(c) the variances of the error term

are assumed to be identical over components. For example for the fixed effects this restriction
implies that o,y = o for all g. In general only restrictions (b) and (c) will be of interest to check
whether a more parsimonious model suitably describes the data when regarding the two vari-
ance parameters as nuisance parameters and the fitted component means are in the main focus
of the analysis. In what follows only restrictions on the variances are considered.

The model formulation applies only if the values Y; for each individual are available. However,
we assume that we have partly censored data, i.e. instead of y;; for individual i at occasion j we
observe the pair (¢;;,c;j), where g;; is the (possibly censored) response and ¢;; is the censoring
indicator. In what follows we consider only left-censored observations, i.e. ¢;; =1 denotes left
censoring and ¢;; =0 indicates that an uncensored response is observed. This can certainly be
easily extended to the general case of left, right and interval censoring.

The observed data for each individual i are combined to Q; = (g;j)j=1,..»;, and C; =
(¢ij) j=1,...n;- These pairs (Q;,C;) of observed data for each individual are augmented with
latent unobserved variables to represent the data-generating process more easily. This leads
to the so-called complete data which consist of the uncensored observations Y; as well as the
random effects 5; and the component assignment indicators 7;. The component assignment
indicators 7; = (Vig)g=1...,G give the component g to which an individual belongs and it holds
that ~;, € {0,1} and ZqG:nl-g =1 for all i.

Hence, we can summarize the observed and the complete data as follows:

(a) observed data, (Q;,C;) fori=1,...,N;
(b) complete data, (Y;, 5;,7;) fori=1,..., N.

N denotes the number of observed individuals.

2.2. Estimation
The EM algorithm is a general method for maximum likelihood estimation in a missing data
setting. The algorithm exploits that in general the complete log-likelihood where missing data
are included is easier to maximize than the likelihood where only the observed data are used. Itis
an iterative method switching between an E-step and an M-step. In the E-step the expected com-
plete log-likelihood given the current parameter estimates and the observed data is determined
and the missing data are integrated out. In the M-step the expected complete log-likelihood is
maximized to determine new parameter estimates. The new parameter estimates which maxi-
mize the expected complete log-likelihood also give a higher value for the likelihood by using
only the observed data. If the likelihood is bounded the EM algorithm converges, in the sense
that the sequence of likelihood values converges to a stationary point (Dempster et al., 1977).
In the case of finite mixtures of mixed effects models with censored data three different kinds
of information are missing:
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(a) the group assignment ~; indicating which component individual i is from,
(b) the random effect 5; and
(c) the observations y;; of individual i and its jth observation if ¢;; =1.

The joint distribution of the complete data Y;, 5; and ~; is given by
fY, Bis i) = fY3, Bilvi) i) = fYilBi, i) f(Bilvi) f(i).

The distribution of Y; given §; and ~; with ;, =1 is the product of univariate normal distri-
butiqns for each y;; wi.th mean xiqug + ZiTjﬁi and Variance. 05. Bi giveg ~; with Vig = 1 foll.ows a
multivariate normal distribution with zero mean and variance—covariance matrix ¥,. Finally,

~; follows a multinomial distribution with vector of success probabilities equal to (7y)g=1, . G-
Hence, the complete log-likelihood for individual i is up to a constant given by

G 16 ni (yij = X0 — 2500
Ac(O1Y:. B 7) = 3 viglog(mg) = 5 3 v,-g{nilogw;) + 3

g=1 g=1 j=1 7

+10g(|\Pg|)+ﬁiT\I';1ﬁi}. (1)

In the E-step the expectation of the complete log-likelihood that is given in equation (1) is
determined conditionally on the current parameter estimates and the observed data. In this step
the law of the iterated expectation is used by first only integrating out the random effects and
then the underlying values of the censored observations and the component memberships. The
mean and the variance of the censored observations can be determined as proposed in Tallis
(1961) and Leppard and Tallis (1989) for truncated multivariate normal distributions (see also
Vaida and Liu (2009)). In addition to the mean and variance of the truncated multivariate nor-
mal distribution the quantities given in equations (3)—(8) in Appendix A need to be determined
for the E-step. Given the expected complete log-likelihood the M-step can be solved in closed
form. The update for the parameters in the M-step are given by equations (9)—(12) in Appendix
A.

The EM algorithm proposed naturally extends the proposed algorithm for mixtures of mixed
effects models (see for example Xu and Hedeker (2001)). Other versions of the EM algorithm
which are more in the line of Hughes (1999) or Vaida et al. (2007) are also possible. In both
Hughes (1999) and Vaida et al. (2007), suitable EM-type algorithms for mixed effects models with
censored data were proposed. The regression coefficients in the M-step are determined by using
a linear regression with a general variance—covariance matrix estimated for the random effects,
instead of plugging in the expected means of the random effects and using a linear regression
where the errors are independently identically distributed. In addition in both Hughes (1999)
and Vaida et al. (2007) the expected values for the censored observations of each individual
were determined by using a Gibbs sampler if the individual has more than two missing observa-
tions, instead of using the formulae that were proposed in Tallis (1961) and Leppard and Tallis
(1989).

The rate of convergence of the EM algorithm depends on the amount of missing data intro-
duced (McLachlan and Krishnan (1977), page 39). Because the variant proposed has three
different kinds of missing data it can be assumed that convergence will be slow and that a con-
siderable number of iterations is needed. However, each iteration is quite simple and can be
quickly evaluated because all terms are given in closed form. Only efficient evaluation of the
cumulative multivariate normal distribution is required. Convergence of the EM algorithm is
checked by determining the relative change in the log-likelihood of subsequent iterations. The
algorithm is stopped if this difference is smaller than an a priori specified threshold. The EM algo-
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rithm is started with an M-step using initial estimates for the group memberships, the random
effects and the underlying values of the censored observations. Because convergence is at best
to a local maximum, the best result of several runs of the EM algorithm with different random
initializations is determined to eliminate local maxima and to increase the chance of detecting
the global maximum. A comparison of different initialization strategies for finite mixtures of
linear and linear mixed effects models was presented in Scharl et al. (2010).

2.3. Inference
Selecting a suitable model from the model class of finite mixtures of linear mixed effects models
with censored data involves deciding on

(a) the number of components,

(b) the covariates in the regressions for the fixed effects,

(c) the covariates in the regressions for the random effects and
(d) constraints on the parameters over the components.

The additional assumption that the covariates are the same for all components considerably
reduces the range of possible models.

In general selecting the suitable number of components is a difficult problem in finite mixture
modelling which has not yet been completely resolved (see McLachlan and Peel (2000), page
175). A general recommendation for finite mixture models is the Bayesian information criterion
(BIC) despite the fact that the regularity conditions do not hold. Nevertheless the BIC has been
shown not to underestimate the number of components asymptotically (Leroux, 1992) and to
give good results in simulation studies (McLachlan and Peel (2000), page 209).

For finite mixtures of regression models, Wang et al. (1996) proposed a two-stage procedure for
model selection. In the first stage they selected the optimal number of components G among all
saturated models according to the BIC. In the second stage the optimal model is chosen among
all different component-specific models with the number of components fixed at G either by
using information criteria or likelihood ratio tests. In addition the second stage can be used to
determine whether the random effects and/or residual variances should be restricted to be equal
over components. In this second stage model selection methods from the literature on linear
mixed effects models can directly be used. To speed up the convergence of the EM algorithm
for fitting the models that are required in the second stage the algorithm can conveniently be
initialized by using the posterior probabilities of the saturated and unrestricted models selected
in the first stage.

In the context of finite mixtures of mixed effects models using B-splines, Luan and Li (2003)
and Ng et al. (2006) selected the number of components by using the BIC. In this model selection
step they kept the covariates and the random effects fixed. Celeux et al. (2005) used different
information criteria including Akaike’s information criterion (AIC), the BIC and the integrated
completed likelihood criterion to select the random effects, constraints over parameters and the
number of components. They also did not vary the covariates. Even though comparing different
criteria they favour the BIC. A comparison of the performance of the AIC and BIC is presented
in a simulation study in Section 4. The results clearly indicate a superior performance of the
BIC for selecting the correct number of components. This is in line with previous results and
recommendations.

Standard errors for the parameter estimates can be estimated by using the empirical informa-
tion matrix to perform inference for the selected model. For independent data it is convenient to
approximate the empirical information matrix by using only the gradient vector of the log-like-
lihood functions to avoid calculating second derivatives (see Basford e al. (1997)). Equations
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(13)—~(16) in Appendix A indicate how the scores for the component sizes 7, the fixed effects
coefficients «y, the residual variance O'g and the variance—covariance matrix of the random
effects ¥, are determined.

3. Application to the ACTG 315 data

3.1. Model estimation and selection
We assume that the functional form of the HIV RNA levels over time is not known and might
vary between groups of patients. This model formulation has the advantages that

(a) the application is possible without knowing the functional relationship between depen-
dent and independent variables and
(b) a supposed relationship can be validated.

We use B-splines of the time variable with different degrees of freedom as regressors. A similar
approach is often pursued for modelling expression levels of microarray experiments over time
(see for example Ng et al. (2006)). The numbers of degrees in addition to an intercept are varied
from 1 to 5 and the degrees of the piecewise polynomial are the minimum of 3 and the specified
number of degrees to have at most cubic splines. Different variants are fitted with respect to
the residual and the random-effects variances: they are either assumed to be equal over com-
ponents or different for each of the components. The variation of the degrees of freedom and
of the restrictions on the variances lead to 20 different models. For each of these models the
number of components is varied from 1 to 5. In addition the same models are also fitted without
random effects, i.e. the intercepts are assumed to be identical over respondents.

Each model is fitted with the EM algorithm as described in Section 2 by using five differ-
ent random initializations. The EM algorithm is stopped by using the relative change in the
log-likelihood as criterion and the threshold is set to 107%. The best model among all these
models is selected according to the BIC and the AIC. The BIC selects a mixture model with
four components, random intercepts and cubic splines with degrees of freedom equal to 4. For
the random-effects equal variances and for the residuals unequal variances are fitted. The AIC
prefers a mixture model with five components, random intercepts and cubic splines with degrees
of freedom equal to 4. The random-effects variances as well as the residual variances are selected
to be not restricted over the components. A comparison of the clusterings that are induced by
the posterior probabilities of the two models indicates that for four of the components of the
model selected with the AIC a good overlap with the four components of the model selected
with the BIC is given. The additional component in the model that is selected with the AIC
contains observations which are assigned to three different components in the model that is
selected with the BIC.

The two-stage approach for model selection that was proposed in Wang et al. (1996) cannot
directly be used because it is unclear what the saturated models are if the covariates are B-splines
of different degrees. However, their approach can be used to select suitable constraints for the
random-effects and residual variances. In this case first the best model with respect to the BIC
is selected from the models with number of components varied from 1 to 5 and the number
of degrees for the B-splines varied from 1 to 5 where unrestricted variances for the random
effects and the residuals are estimated. In this case in the first step also the model with four
components and 4 degrees of freedom for the B-splines is selected. This approach would hence
lead to the same result because in the second step the restricted model is preferred. Selection
with the AIC by using the two-stage approach also leads to the same model because for the AIC
no restrictions on the variances are preferred.
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3.2. Model interpretation

In what follows the mixture model that is selected by the BIC is considered in more detail. This
model has four components, random intercepts, cubic splines with degrees of freedom equal to
4, equal variances for the random effects and unequal variances for the residuals. This follows
the general recommendation to use the BIC for model selection. The component sizes that were
obtained are equal to 0.32, 0.26, 0.21 and 0.21. The numbers of patients who were assigned
to each component according to the maximum a posteriori probabilities are 16, 12, 10 and 10
respectively. The assignment of patients to the various components is unambiguous for most
patients. The mean maximum a posteriori probability is 0.96 and 90% of the patients have a
maximum a posteriori probability of at least 0.86.

The HIV RNA levels of the patients split into four groups according to the component assign-
ments are given in Fig. 2. In each panel the estimated means of the corresponding component
(with 95% confidence intervals) are also shown. Fig. 2 indicates that for patients from compo-
nents 1 and 4 the expected behaviour, the decrease in RNA level over time which levels off, is
observed. These two components could also be modelled by using the non-linear mixed effects
framework where the functional form is supposed to be a linear combination of two exponential
functions as in Vaida et al. (2007). However, components 2 and 3 have a different behaviour.
After a decrease at the beginning of the observation period, the levels of RNA increase again
later. Fitting this kind of functional behaviour would not be possible if it is fixed a priori to be
a linear combination of two decreasing functions. Fig. 2 also indicates that the uncertainty in
estimating the means is higher for censored observations than for uncensored.

(a)

log10(RNA)

T T
0 50 100 150
Day
Fig. 2. Logarithmic HIV RNA levels for the 48 patients over time separately for each component and the
fitted component mean (with the 95% confidence interval): (a) component 1; (b) component 2; (c) component
3; (d) component 4
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For each of the components a strong decay in HIV RNA levels is observed at the beginning
of the observation period. The length of this period of strong decay differs over components as
well as how HIV RNA levels change in the second stage. The end of this first time period could
be identified as the time of viral rebound for the second and third component where the HIV
RNA levels increase in the following period. Viral rebound occurs very soon after the beginning
of treatment for patients in component 3. For component 1 the levels decrease over the whole
observation period; the amount of decrease grows smaller only over time. For component 4 after
the first stage of decay the HIV RNA levels are stable over the remaining observation period.
This clearly shows that accounting for these differences in HIV RNA developments over time
allows for improved estimation of viral rebound which was for example also investigated by
using non-linear mixed effects models with censoring in Fitzgerald et al. (2002).

Predicting a priori from baseline host factors the component membership of patients is of
interest

(a) to explain interindividual differences based on these variables and
(b) to forecast the viral load trajectories of the patient for improved clinical decisions and
individualized treatments.

31 demographic variables and physiological markers have been measured at baseline in the clin-
ical trial ACTG 315. The data were described in Wu and Wu (2002b) where the variables are
listed and explained in Table 1. A Kruskal-Wallis rank sum test is used to check for signifi-
cant differences in the baseline covariates between the components. This procedure identifies
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Fig. 3. Parallel boxplots of the baseline host factors which differ significantly at the 5% level of significance
for the components induced by the mixture model: (a) CD8 cells; (b) CD838 cells; (c) pCD8 cells; (d) CD4
cells; (e) CD438 cells; (f) CD438dr cells
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six baseline covariates which differ significantly at the 5% level of significance between the com-
ponents. Parallel boxplots for the components for each of the variables are given in Fig. 3. All
covariates identified are related to CDS cells. This is different from Wu and Wu (2002b) who
in addition to CD8-cell-related covariates also selected the baseline RNA level and covariates
that are related to CD4 cells. However, Wu and Wu (2002b) used the baseline host factors to
identify variables where values of the covariates are associated with the (individual) decay rates.
By contrast, our approach identifies covariates where patients have similar values who also have
a similar HIV RNA level development pattern over time.

To investigate further the differences detected, pairwise comparisons using a Wilcoxon rank
sum test are performed, where the p-values are adjusted for multiple testing by using Holm’s
method and a level of significance of 5% is used. For CD8 cells significant differences are detected
between components 2 and 4. For CD838 cells significant differences are detected between com-
ponents 1 and 4 and components 2 and 4. For pCD8 cells significant differences are detected
between components 1 and 4. This indicates that component 4 significantly differs from the
other components on the basis of these baseline host factors. For component 3, no covariate
can be identified which exhibits a significant difference from any other component.

4. Simulation study

The performance of the model estimation and selection strategy proposed is evaluated by using
the parametric bootstrap. This allows us to check whether the available data are sufficient to
estimate the different groups in the data reliably. 100 samples are drawn from the fitted model
to the HIV RNA data in Section 3 which was selected as the best model by using the BIC. The
models are estimated in the same way as in Section 3, i.e. the number of components and the
number of degrees of freedom are varied from 1 to 5 and the variances of the residuals as well
as of the random effects are either restricted to be the same over components or are allowed to
differ.

Model selection is performed by choosing the best model according to the AIC and the BIC
from all models that were fitted to each bootstrap sample. The models selected are given in
Table 1. The BIC clearly performs better than the AIC by choosing the correct model for 53%
of the bootstrap samples whereas this is only so for 29% for the AIC. For the BIC the number
of components is only underestimated, but never overestimated. The reverse is true for the AIC.
The numbers of individuals are quite small for each component. Random sampling from the

Table 1. Selected models for the 100 bootstrap samples

Criterion Degrees of Variance Results for the following
freedom numbers of components:
Residuals Random
effects 2 3 4 5

AlIC 4 Unequal Unequal 0 0 3 14
4 Unequal Equal 0 0 29 15
5 Unequal Unequal 0 0 5 6
5 Unequal Equal 0 0 21 7
BIC 4 Unequal Unequal 0 0 1 0
4 Unequal Equal 0 13 53 0
5 Unequal Unequal 1 0 0 0
5 Unequal Equal 0 11 20 0
5 Equal Equal 0 0 1 0
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(a)

log10(RNA)

Day

Fig. 4. Logarithmic HIV RNA levels for the 48 patients over time separately for each component and the
fitted component means for the bootstrap samples when selecting the correct model: (a) component 1; (b)
component 2; (c) component 3; (d) component 4

mixture distribution therefore can easily lead to samples where only very few individuals are
drawn from one component and which is therefore not identified as a component when using
the BIC. The correct number of degrees of freedom is also selected for 67% of the bootstrap
samples when using the BIC. For the AIC for 61% of the samples the correct number of degrees
of freedom is selected and otherwise the flexibility of the spline functions is overestimated. The
AIC and BIC values differ only slightly between the true model and the selected model. The
BIC values are only at most 3.3% smaller for the selected models for 80% of the cases and the
AIC values of the selected models are only at most 5.6% smaller for 80% of the cases.

The estimated means for each component are compared if the correct model is selected. The
components are matched to maximize the agreement in the component assignment. Fig. 4 shows
the data split according to the model selected in Section 3. The estimated means of the compo-
nents of the original model are given together with the component means of the models fitted to
the bootstrap samples. A strong correspondence is observable to the 95% confidence intervals
estimated by relying on standard asymptotic theory as indicated in Fig. 2. This indicates that
the results by using standard asymptotic theory are reliable and the additional computational
effort of using the parametric bootstrap does not pay off.

The concordance between the component assignments determined for the ACTG 315 data
by using the original model and the correct model fitted to the bootstrap samples is evaluated
by using the Rand index corrected for chance (Hubert and Arabie, 1985). The mean corrected
Rand index over the 100 samples is 0.91 with a standard deviation of 0.09. The minimum Rand
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index corrected for chance is 0.51 and the maximum Rand index corrected for chance of 1 is
attained 25 times.

The simulation study indicates that the model that was fitted to the data is reasonable and
can be re-estimated surprisingly well by using data sets of the same size drawn from the fitted
model. In addition it indicates the superior performance of the BIC if the true number of latent
groups in the data is of interest.

5. Concluding remarks

An alternative approach for dynamic modelling of HIV RNA levels is proposed by using finite
mixtures of linear mixed effects models with censored data. A suitable EM algorithm for fit-
ting this model class in a frequentist setting is derived and possible methods for inference are
discussed. In contrast with previous approaches for fitting mixed effects models with censored
data by using the EM algorithm, no Gibbs sampling is involved for determining the means and
variances of the censored observations (Hughes, 1999; Vaida et al., 2007). The closed form
solutions that were given in Tallis (1961) and Leppard and Tallis (1989) are used as in Vaida
and Liu (2009). This requires only evaluating the cumulative multivariate normal distribution
function which can be efficiently done by using the method that was proposed in Genz (1992).

The application indicates that assuming that the functional relationship is known between the
dependent and the independent variables might lead to overly restrictive model specifications.
The model class proposed constitutes an addition to the available modelling toolbox which
allows us to check assumptions and to investigate alternative models. Because the model is a
direct extension and generalization of previously proposed approaches, model selection can
easily be integrated and a suitable model can be chosen.

Further possible extensions of the presented model class include also to relax the assumption
of normality for the remaining errors. For example, finite mixtures of multivariate 7-distributions
were previously used for robust mixture modelling and the error distribution could therefore be
replaced by a t-distribution. Following Peel and McLachlan (2000) the ¢-distribution could be
interpreted as a normal scale mixture model and in the future we would like to attempt to adapt
the EM algorithm for this model by including a latent gamma-distributed variable.

Using spline functions to model an unkown functional relationship is appealing because of
its flexibility and the possibility of choosing the necessary amount of smoothing by using model
selection methods. For finite mixtures, different numbers of degrees of freedom could be used
for each of the components. This would allow us to model components suitably where the degree
of smoothness varies considerably. For the present application this did not seem to be an issue
and the same amount of flexibility for the spline functions was suitable for each component.
Relaxing the assumption of equality of smoothness in the components would in general sub-
stantially increase the model space and fitting all different models would be infeasible. This
could be solved by employing two different approaches:

(a) a two-step approach where the other aspects of model selection are determined in the
first step and kept fixed in the second step where the degree of flexbility in each of the
components is determined and

(b) by including the determination of suitable degrees of freedom in the EM algorithm.

Both possible approaches should be investigated in future work.
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Appendix A: Data and computational details

The data were downloaded as ACTG315Long-TermViralDynamicsData.cfm and ACTG315Lon
gitudinalDataNLMEData?2 .cfm from the data set collection at http://www.urmc.rochester.
edu/smd/biostat/people/faculty/WuSite/.

All computations are done in R by using package £ 1lexmix and the new model driver FLXMR1mmc ().
For determining the mean and the covariance of the censored observations the algorithm that was pro-
posed in Leppard and Tallis (1989) was implemented by using package mvtnorm (Genz, 1992). Numerical
problems arise for very small probabilities, e.g. for observations from different components. To avoid these
problems observations with a small posterior probability (smaller than or equal to 107°) are omitted in
the M-step of this component. In addition, if infeasible results are obtained by using mvtnorm, they are
replaced by a rough, but feasible, alternative estimate.

Appendix B: Details on estimation and inference

B.1. EM algorithm

For convenience of notation the subscripts u (uncensored) and c (censored) are used for any vector of
observations from individual i to define the subvectors where ¢;; =0 and ¢;; = 1 respectively. This signifies
for example that

Yoi=ij:{j=1...,nilc;=0}),
Y= {i=1...,nile;=1}).

In addition 1.; indicates a vector of 1s with length equal to E;’:lc,- ; and I ; the identity matrix of the same
number of rows and columns. This notation also implies that

Yuz = Qu,i-
Y.; given Y, ; (or equivalently Q, ;) and ~;, =1 follows a multivariate Gaussian distribution with mean
and variance
Heig = E()[Yc,i‘ Qu,is Yig = 1] = EF)[YC,ilYu,is Yig = 1]
=Xeitty+ ZeiVo Zy (Zui Uy 23 4 0o L) ™ (Vs — Xuiay),
Ec,ig =vary (Yc,il Qu,i’ Yig = 1) =vary (Yc,i | Yu,is Yig = 1)
=Z,V, 2 + gz i —ZeiVyZy (ZuiVyZy, + 02 cL) T 20,2

This implies that the distribution of Y,; given (Q;, C;) and ;, =1 is a truncated multivariate Gaussian
distribution with upper bound Q.. Formulae for deriving the mean and the variance for a multivariate
Gaussian distribution truncated from below were given in Tallis (1961) and Leppard and Tallis (1989)

and can easily be analogously derived for a multivariate Gaussian distribution truncated from above. We
denote these means and covariances by

Hie.ig= EolYe,il Qi, Ci, vig =1],
Yeig=varg(Ye;10;, Ci,vig=1).
The analogously defined f, is equal to Y,,; and f]u,,-g is equal to a matrix of Os. In the E-step the expec-
tation of the complete log-likelthood with respect to the current parameter estimates 6 given the observed

data is determined. This integrates out the missing data. The expectation is iteratively determined by first
eliminating the random effects and determining

(yu a(/ Z;[} Eﬂ[ﬁilyia’yigzl])2
7

G
Eg[AlYi, vi]= Y viglog(my) — = z% nilog(c}) +log(|¥, |)+Z

g=1 Jj=1

ni zvarg (Bl Y, vig = l)z, _ _
+ 37 p T EglBilYi g = 11T, E B Y, g = 1]+ tr{ W, varg (3] Y, i = D} |-

Jj=1 g
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where
EglBilYi 7y =1]1=V,ZN(Z;W, Z] + o, 1)~ (Y; — Xiay)
1 !
= (—ZZ,.TZ,- + \I{;l> —ZZ,-T(Yi - Xiay)
Jg Jﬂ]

and

varg(ﬁ,-|Y,-, Yig = 1) = \I/g — \I/gZ;r(Zl\I/gZ;r =+ crjli)’IZi\I/g

1 -1
= (721.Tz,-+\119—1)
Ug

using (I +AB)~'=1— A(I+ BA)™'B (see also Xu and Hedeker (2001)).
The expectation with respect to # conditional on (Q;, C;) is then

G 16
Eg[Eg[AclY;, CillQi, Cil= 3" Eglvig Qi Ci]log(my) — 5 > Eglvigl Qi Ci] (anOg(oj) +log(|¥, )
g=1 g=1

1 & 1
+ 5 gty —3 (=) Oy = xjj0y = 25 Eall 31 Qis Ciy i = 1)
1 1

g J= g J=
+ % ijl cil{ (i) j — x50y — 25 Egl 31 Qi Ciuyig =111 + (Sig)jj— 221 (i) 1]
g J=
+ Eol3i1Qi, Cirmig = 11" El i1 Qi Cis vig = 11+ tr(\II;IFig)>- ®))
The various terms that are needed in equation (2) are
Ly =varg(Ee[Bi1Yi, vig =111 Qi, Ci, vig = 1) + Eg[vare (81 Yi, vig = D1 Qi, Ci, iy = 1], 3)
Egig Qir Clocmy @ Qe i fhesigs Beig) @ (Vuii Xuitgs ZuiWyZy i+ 0o ), )

Eo[Bi| Qi, Ci,vig = 11= Eg[Eol3i|Yi, vig = 111 Qi, Ci, vig =1]

1 1 . . _
= <—ZZ,TZI-+\IJ;1> —ZZiT{dlag(l,-—C,-)Y,-+d1ag(C,-)ul-g—X,-ag}, (5)
ag b G'g

g
. -1
Ee[varﬁ(/g[m,%g:1)|Q,~,C,v,'y[g:1]:(;Z?ZH—\I’Q_‘) : ©)
g
varg(Eo[BilYi, vig =111 Qi, Ci, vig = 1)
l ¢ _1711T” 1 L _17T
= 7221‘ Zi"‘\llg TZC,iZC”'!?iZZC". Tzi Zi+\11g ’ (7)
o Ty %4 %

Pe,ig =CoVe(Ye i, Eo[Bi|Yi, vig=111Qi, Ci, vig=1)

-1 1. A\
ZEc,ig;Zc.i ;Zi Zi+9, ). (®)

g 9

The analogously defined v, ;, is equal to a matrix of 0s. ®(x; 11, £) and ¢(x; i, X) denote the cumulative
distribution function and the density function of the multivariate normal distribution with mean p and
variance—covariance matrix X evaluated at x. diag(x) gives a diagonal matrix with x in the diagonal.

The M-step consists of determining the first derivatives of the expected complete log-likelihood given
the data and the current parameter estimates with respect to the parameters and setting them equal to 0.
The solution of these score functions is given in closed form.
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. 1 X
WgZﬁ;Ee[’YiﬂQi,Ci], &)

N N
Gy = (; Eg[vig) Qi Ci]XiTXi) {; Eg[vig) Qi Cf]X,-T{diag(li — C)Y; +diag(C) (i)

_ZiEU[/BilQiacia,Yigzl]}:ls (10)
\I}{]:Nﬁ: {ZEH[’ytquuC](Eﬂ[ﬂllle C,,’}’,q—l]E(.)[ﬁllQl, C,,’}/,{,—l] +qu)} (11)
1
&, = —ZEomng,aC]Z[{(l i) Vi

Zi’l E(?['Ylngls C; ]
+eij(fyy); — XijOCg - Zij EolBi10:, Ciovig =111 + Cij((iig)jj - ZZiTj(w[g)j.) + ZiTij,qu_/]~ (12)

These formulae can be easily modified to estimate fixed variances for the residuals or fixed variance—
covariance matrices for the random effects over components by weighted averaging over the component-
specific parameter estimates.

B. 2. Provision of standard errors

In the case where observations are independent and identically distributed the information matrix can be
approximated by the empirical information matrix (Basford ez al., 1997; McLachlan and Peel, 2000). The
empirical information matrix is equal to

1.0;0.C) =" 5(01, Ci:)5(0,. C3 )T,

i=1
Ql’ i:|~
The scores for 7, are determined for g=1,...,G —1.

|:8Acz Qi, C1:| — EG[’Yig|Qia Cl] _ EO[’Yig'Qis Ct]

om, Ty ive

where
A

5(Q;,Ci;0) = Ee{

(13)

The scores for the other parameters are determined for g=1,...,G.

aAu E ig |Qia Ci . . ~
{ Qi i] = il 2 ]X,-T{dlag(li—Ci)Yi+dlag(ci)/lig_Xiag—ZiEo[ﬁilQi,Ci,%g=1]},
’ (14)
oA Eg[vigl Qi, Cil 1 & ~ T
HCil=—F77>F7— —n+— i1 (Sig) ji — 22;;(Wig) ).
|: 8 2 o5 :| 203 n;+ (r; ;[C i) Z;/("/’ s

+Z;l;'ri//zij+{(1 cl/)yl/+clj(/‘l’l(])/ a(/ Z;'I;' Ee[ﬁfIQiacia ’Yi//: 1]}2]> (15)

A
|: C (_\IJ{;I_'_\I!;ll—\lng(jl

v,

Eg[vig Qi, Ci
0. }: 0[71|2Q ]

+ U, ElBi1Qi, Cisvig =1 Eol 31 Qi Cisvig = 1170, 1). (16)
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Again these formulae can be easily modified when fixed variances for the residuals or fixed variance—
covariance matrices for the random effects over components are estimated by weighted averaging over the
scores of the component-specific parameters.

References

Aitkin, M. (1999) A general maximum likelihod analysis of variance components in generalized linear models.
Biometrics, 55, 117-128.

Basford, K. E., Greenway, D. R., McLachlan, G. J. and Peel, D. (1997) Standard errors of fitted component
means of normal mixtures. Computnl Statist., 12, 1-17.

Celeux, G., Martin, O. and Lavergne, C. (2005) Mixture of linear mixed models for clustering gene expression
profiles from repeated microarray experiments. Statist. Modllng, 5, 243-267.

Dempster, A. P, Laird, N. M. and Rubin, D. B. (1977) Maximum likelihood from incomplete data via the EM
algorithm (with discussion). J. R. Statist. Soc. B, 39, 1-38.

Fitzgerald, A. P, DeGruttola, V. G. and Vaida, F. (2002) Modelling HIV viral rebound using non-linear mixed
effects models. Statist. Med., 21, 2093-2108.

Genz, A. (1992) Numerical computation of multivariate normal probabilities. J. Computnl Graph. Statist., 1,
141-150.

Griin, B. and Leisch, F. (2008) FlexMix version 2: finite mixtures with concomitant variables and varying and
constant parameters. J. Statist. Softwr., 28, 1-35.

Hall, D. B. and Wang, L. (2005) Two-component mixtures of generalized linear mixed effects models for cluster
correlated data. Statist. Modllng, 5, 21-37.

Hennig, C. (2000) Identifiability of models for clusterwise linear regression. J. Classificn, 17, 273-296.

Hubert, L. and Arabie, P. (1985) Comparing partitions. J. Classificn, 2, 193-218.

Hughes, J. P. (1999) Mixed effects models with censored data with application to HIV RNA levels. Biometrics,
55, 625-629.

Kuritzkes, D. R., Sevin, A., Young, B., Bakhtiari, M., Wu, H., Clair, M. S., Connick, E., Landay, A., Spritzler,
J., Kessler, H. and Lederman, M. M. (2000) Effect of zidovudine resistance mutations on virologic response to
treatment with zidovudine-lamivudine-ritonavir: genotypic analysis of human immunodeficiency virus type 1
isolates from AIDS clinical trials group protocol 315. J. Infect. Dis., 181, 491-497.

Laird, N. M. and Ware, J. H. (1982) Random-effects models for longitudinal data. Biometrics, 38, 963-974.

Lederman, M. M., Connick, E., Landay, A., Kuritzkes, D. R., Spritzler, J., Clair, M. S., Kotzin, B. L., Fox, L.,
Chiozzi, M. H., Leonard, J. M., Rousseau, F., Wade, M., Roe, J. D., Martinez, A. and Kessler, H. (1998) Immu-
nologic responses associated with 12 weeks of combination antiretroviral therapy consisting of zidovudine,
lamivudine, and ritonavir: results of AIDS clinical trials group protocol 315. J. Infect. Dis., 178, 70-79.

Leisch, F. (2004) FlexMix: a general framework for finite mixture models and latent class regression in R. J
Statist. Softwr., 11, 1-18.

Leppard, P. and Tallis, G. M. (1989) Algorithm AS 249: Evaluation of the mean and covariance of the truncated
multinormal distribution. Appl. Statist., 38, 543-553.

Leroux, B. G. (1992) Consistent estimation of a mixing distribution. Ann. Statist., 20, 1350-1360.

Luan, Y. and Li, H. (2003) Clustering of time-course gene expression data using a mixed-effects model with
B-splines. Bioinformatics, 19, 474-482.

McLachlan, G. J. and Krishnan, T. (1997) The EM Algorithm and Extensions, 1st edn. New York: Wiley.

McLachlan, G. J. and Peel, D. (2000) Finite Mixture Models. New York: Wiley.

Ng, S. K., McLachlan, G. J., Wang, K., Jones, L. B.-T. and Ng, S.-W. (2006) A mixture model with random-effects
components for clustering correlated gene-expression profiles. Bioinformatics, 22, 1745-1752.

Peel, D. and McLachlan, G. J. (2000) Robust mixture modelling using the t distribution. Statist. Comput., 10,
339-348.

R Development Core Team (2011) R: a Language and Environment for Statistical Computing. Vienna: R Foun-
dation for Statistical Computing.

Scharl, T., Griin, B. and Leisch, F. (2010) Mixtures of regression models for time-course gene expression data:
evaluation of initialization and random effects. Bioinformatics, 26, 370-377.

Tallis, G. M. (1961) The moment generating function of the truncated multi-normal distribution. J R. Statist.
Soc. B, 23, 223-229.

Teicher, H. (1963) Identifiability of finite mixtures. Ann. Math. Statist., 34, 1265-1269.

Vaida, F., Fitzgerald, A. P. and DeGruttola, V. (2007) Efficient hybrid EM for linear and nonlinear mixed effects
models with censored response. Computnl Statist. Data Anal., 51, 5718-5730.

Vaida, F. and Liu, L. (2009) Fast implementation for normal mixed effects models with censored response. J.
Computnl Graph. Statist., 18, 797-817.

Wang, P., Puterman, M. L., Cockburn, I. M. and Le, N. D. (1996) Mixed Poisson regression models with covariate
dependent rates. Biometrics, 52, 381-400.

Wu, L. (2002) A joint model for nonlinear mixed-effects models with censoring and covariates measured with
error, with application to AIDS studies. J. Am. Statist. Ass., 97, 955-964.



218 B. Griin and K. Hornik

Wu, H. and Ding, A. A. (1999) Population HIV-1 dynamics In Vivo: applicable models and inferential tools for
virological data from AIDS clinical trials. Biometrics, 55, 410-418.

Wu, L. and Wu, H. (2002a) Missing time-dependent covariates in human immunodeficiency virus dynamic models.
Appl. Statist., 51, 297-318.

Wu, H. and Wu, L. (2002b) Identification of significant host factors for HIV dynamics modelled by non-linear
mixed-effects models. Statist. Med., 21, 753-771.

Xu, W. and Hedeker, D. (2001) A random-effects mixture model for classifying treatment response in longitudinal
clinical trials. J. Biopharm. Statist., 11, 253-273.

Yakowitz, S. J. and Spragins, J. D. (1968) On the identifiability of finite mixtures. Ann. Math. Statist.,39,209-214.

Yau, K. K., Lee, A. H. and Ng, A. S. (2003) Finite mixture regression model with random effects: application to
neonatal hospital length of stay. Computnl Statist. Data Anal., 41, 359-366.



