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Abstract

SE HEE KIM: Semiparametric Models for Joint Analysis of Longitudinal
Data and Counting Processes.
(Under the direction of Dr. Donglin Zeng.)

In this dissertation, we study statistical methodology for joint modeling that cor-
rectly controls for the interplay among longitudinal and counting processes and makes
the most efficient use of data. Three types of joint modeling approaches are proposed
based on three different purposes of studies.

In the first topic, we develop a method for joint modeling of longitudinal data
and recurrent events in the presence of an informative terminal event. We focus on
data from patients who experience the same type of event at multiple times, such
as multiple infection episodes or recurrent strokes, have longitudinal biomarkers, and
may be subject to an event, for example death, that makes further observations
impossible. To analyze such complicated data, we propose joint models based on a
likelihood approach. A broad class of transformation models for the cumulative inten-
sity of recurrent events and the cumulative hazard of the terminal event is considered.
We propose to estimate all the parameters using nonparametric maximum likelihood
estimators (NPMLE), and we provide computationally efficient EM algorithms to im-
plement the proposed inference procedure. Asymptotic properties of the estimators
are shown to be asymptotically normal and semiparametrically efficient. Finally, we
evaluate the performance of the proposed method through extensive simulations and
application to real data.

In the second topic, we develop a method for joint modeling of longitudinal and
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cure-survival data. By cure-survival data, we mean time-to-event data in which a
certain proportion of patients never have any event during a sufficiently long follow-up
period. These patients are believed to have been cured by treatment, such as radiation
therapy or an initial surgery, and are often the source of heavy tail probabilities in
survival curves. To take into account the possibility of patients being cured, we
propose to model time-to-event through a transformed promotion time cure model,
jointly with a linear mixed effects model for longitudinal data. Due to transformations
applied to the promotion time cure model, the proposed method is able to be used
in cases where the proportionality assumption does not hold. All the parameters are
estimated using NPMLEs, and inference procedures are implemented via a simple
EM algorithm. Asymptotic properties of the proposed NPMLEs are derived based
on empirical process theory. Simulation studies are conducted and the method is
applied to the ARIC data in order to demonstrate the small-sample performance of

the proposed method.

In the third topic, we develop a partially linear model for longitudinal data with
informative censoring, where the main interest is in making inferences about the in-
dividual’s trajectory of longitudinal responses, which may be informatively censored.
Since a fully parameterized mean structure may be insufficient to capture the un-
derlying patterns of longitudinal and event processes, we propose to use a partially
linear model for longitudinal responses, where an unspecified underlying function is
formulated along with linear covariate effects, and a transformation model is used
for informative censoring times. We employ a sieve estimation for the nonparametric
trajectory of longitudinal responses, where the unknown trajectory is approximated
by cubic B-spline basis functions. All parameters are estimated based on a likelihood
approach, and inference procedures are implemented via the EM algorithm. We also

investigate a reliable way to select the number of knots and the best transformation.
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Through empirical process theory, asymptotic properties of the proposed estimators
are shown to provide desirable properties. The validity of the proposed method is

confirmed by simulated and real data examples.
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Chapter 1

Introduction

Joint modeling of longitudinal data and counting processes becomes increasingly pop-
ular in a wide range of applications. In these applications, the longitudinal data serve
as an outcome variable or a covariate with measurement errors, which are observed
at a series of times, while the counting process often represents time to single- or
multiple-endpoints, informative observation process, or informative censoring. Joint
modeling starts from separate model building for each process and links the models
together via correlated or common latent random effects in a variety of ways. Using
the joint modeling approach, we can build a model to assess the effect of covariates on
both longitudinal measures and time to events, can optimize the use of data through
the information shared between the processes, and can correct the biases due to the
dependence between the processes. In this dissertation, we focus on simultaneous
inferences for both longitudinal measures and time to single or multiple events, while

accounting for the dependence between them.



1.1 Joint Models of Longitudinal Data and Recur-
rent Events with Informative Terminal Event

We first consider joint modeling of longitudinal data and recurrent events along with
another event that discontinues further observations, such as death. We refer to
the latter event as a terminal event. Examples of recurrent events include multiple
strokes, the number of bladder tumors, or informative measurement times such as
emergency hospital visiting times. To model such a complicated system, we propose
joint models; a linear mixed effects model is used to model longitudinal data, and a
broad class of transformation models is used for the cumulative intensity and hazard
functions of recurrent and terminal events, respectively. Through transformations,
the proposed method is applicable more generally without the proportional hazards
or odds assumption. Random effects in the longitudinal model and other dependent
random effects in the recurrent event model are shared in the terminal event model,

and hence they account for their respective dependencies with the terminal event.

1.2 Joint Modeling of Longitudinal Data and Cure-

Survival Data

We next focus on the joint analysis of longitudinal and cure-survival data. By cure-
survival data, we mean time-to-event data in which a certain proportion of patients
never have any event during a sufficiently long follow-up period. These patients are
believed to being cured by treatment, such as radiation therapy or an initial surgery.
The potential of being cured can produce a heavy tail probability in the survival
curve, and ignoring the true cure proportion may be a source of bias in the estimates

of model parameters.



To take into account the possibility of patients being cured in survival data, we
model time to event through the promotion time cure model, jointly with a linear
mixed effects model for longitudinal data. The promotion time cure model does not
separate the population into cured or uncured subpopulations intentionally, unlike
other commonly used mixture cure rate models, and hence it does not involve identi-
fiability issues. Conditional on covariates and the shared random effects between the
two models, we assume longitudinal data are independent of cure-survival data. The
proposed method is flexible in terms of the fact that the proportionality assumption

does not need to be true for the survival event.

1.3 Partially Linear Model for Longitudinal Data

with Informative Censoring

Longitudinal data analysis has been challenged by informative censoring where the
censorship can provoke biases in estimating model parameters. Most existing methods
for jointly modeling longitudinal data and censored event assume the full paramet-
ric specification for the mean structure of longitudinal responses. While parametric
approaches are useful, questions always arise about the adequacy of the model as-
sumptions. Apparently, many longitudinal studies, for example HIV/AIDS clinical
trials, show that the parametric models are not sufficient to reveal the complicated
patterns of responses with covariates in practice. This motivates us to consider a par-
tially linear model that combines the unspecified underlying trajectory of longitudinal
responses with linear covariate effects.

Specifically, we propose a partially linear model for longitudinal responses and a
transformed survival model for informative censoring. This semiparametric modeling

approach allows sufficient flexibility to disclose complex patterns of longitudinal re-



sponses. In the proposed method, the dependence of longitudinal data on informative

censorship is modeled by shared latent effects.



Chapter 2

Literature Review

In this chapter, we review literature on statistical methods for longitudinal and
survival data in Section 2.1, for longitudinal and cure-survival data in Section 2.2, for
longitudinal data and recurrent events in Section 2.3, and for recurrent and terminal

events in Section 2.4.
2.1 Models for Longitudinal and Survival Data

In survival analysis, the most attractive models are the Cox proportional hazards
model (Cox, 1972) and the proportional odds model (Bennett, 1983), which have
been fully explored in theory and extensively used in practice. For two sets of co-
variate values, the proportional hazards models assume that the associated ratio of
the hazards to be constant over time, while the proportional odds models assume the
associated odds ratio of survival to be constant over time. The two models are spe-
cial cases of linear transformation models, which provide many useful alternatives. In
Section 2.1.1, we review the transformation models for survival analysis. These trans-
formation models will be one of the important features of the three topics proposed in
this dissertation. In longitudinal data analysis, the main interest lies in the pattern

or mean changes of responses measured at a series of observation times. To identify



the complicated trajectory of repeated measures, there has been increasing interest
and activity in the general area of partially linear regression models. In Section 2.1.2,
we review the methods and techniques developed for the partially linear models. The
acquired knowledge and skills for the partially linear regression models will be an
essential part for accomplishing the proposed work in Chapter 5. In longitudinal and
survival data analysis, joint modeling approaches are one of the most popular ways
to describe or control the dependence between longitudinal data and a time-to-event
from the same subject. Depending on the purpose of study, various joint modeling
approaches have been useful in different applications. In Section 2.1.3, we review the

various joint modeling approaches for longitudinal and survival data.

2.1.1 Transformation Models for Survival Data

A class of transformation models for survival functions was proposed by Cheng et al.
(1995), in which an unknown transformation of the survival time is linearly related
to the covariates with completely specified error distributions. Specifically, let T be
the failure time and let Z be a vector of covariates. We denote the survival function
of T given Z by Syz(t). Then, the Cox proportional hazards model can be written
as log(—log(Sz(t))) = H(t) + 8" Z, and the proportional odds model can be written
as —logit(Sz(t)) = H(t) + B"Z, where H(t) is a completely unspecified strictly
increasing function, and 3 is a vector of unknown regression coefficients. A natural

generalization of these models is

9(Sz(t)) = H(t) + B' Z,



where ¢ is a known continuous and decreasing function. It is easy to see that the above

equation is equivalent to the linear transformation model by Cheng et al. (1995),
H(t)=-B"Z + ¢, (2.1)

where € is a random error with a known distribution function F', where F = 1—g~!. If
F is the extreme value distribution F(s) = 1—exp{—exp(s)}, (2.1) is the proportional
hazards model, while if F' is the standard logistic distribution, that is Ple > s| =
exp(s)/{1+exp(s)}, (2.1) is the proportional odds model. We note that model (2.1)
is appealing in that it is a familiar linear model and includes the proportional hazards
and the proportional odds models as special cases. However, model (2.1) cannot
handle time-dependent covariates or cannot be generalized to counting processes such

as recurrent events.

Zeng and Lin (2006) proposed a class of semiparametric transformation models for
general counting processes to accommodate time-varying covariates on the intensity
functions of recurrent events. In particular, let N*(¢) be the number of events that
occurred by time ¢, and let Z(-) be a vector of time-varying covariates. Then, the
cumulative intensity function for N*(¢) conditional on {Z(s); s < t}, denoted by

Az(t), takes the form

As(t) = G < /0 "R (s) B2 dA(s)) , (2.2)

where R*(-) is the indicator process for the risk set, A(-) is an arbitrary increasing
function, and G is a continuously differentiable and strictly increasing function with

G(0) = 0, G(c0) = o0 and G'(0) > 0. As examples of the transformation function



G(-), the class of Box-Cox transformations,

p_
G(a:):%, p>=0

with p = 0 corresponding to G(x) = log(1 + z) and the class of logarithmic transfor-
mations
 log(1 4+ ~x)

Glz)= 22T 5
() S v

with v = 0 corresponding to G(x) = x can be considered. In both cases, the choice of
G(z) = x yields the proportional intensity or hazards models, while G(z) = log(1+x)
leads to the proportional odds models. We note that when N*(t) has a single jump at
the survival time 7" and Z is time-invariant, (2.2) reduces to the linear transformation

model (2.1) in that
log A(T) = —B"Z +log G~ (—log(€")),
where €* has a uniform distribution.

Zeng and Lin (2007a) further extended the class of semiparametric transforma-
tion models for the intensity function of counting process with random effects, which
allows non-proportional intensity and various frailty distributions. By introducing
the random effects, the proposed models account for the dependence of the recur-
rent event times within the same subject. Let X (-) and Z(-) be vectors of possibly
time-dependent covariates associated with the fixed and random effects, respectively.
Conditional on {Z(s), X (s),b; s < t}, the cumulative intensity function for N*(t)

has the form of

A X, Z:b) =G ( / t R (s) B X&)+ Z ) dA(s)) , (2.3)
0



where b is a set of random effects with a parametric density function. These models
are substantially flexible in the sense that one can have a wide variety of options for

the transformation G as well as the distribution of the random effects.

2.1.2 Partially Linear Models for Longitudinal Data

Parametric regression models for longitudinal data have received tremendous atten-
tion, and the related methods have been well developed. However, a major limitation
of these methods is that the fully parameterized mean structure may be insufficient in
modeling the complicated relationship between the responses and covariates in various
longitudinal studies. Examples include trajectories of CD4 cell counts in HIV/AIDS
research (Zeger and Diggle, 1994; Lin and Ying, 2001; Huang et al., 2002; Brown
et al., 2005); time-varying effects of gender and HIV status on the growth of infants
born from HIV infected mothers (Hoover et al., 1998); age effects on childhood respi-
ratory disease (Diggle et al., 2002); and treatment effects on the longitudinal number
of bladder tumors (Sun et al., 2005; Liang et al., 2009). These practical applica-
tions encouraged significant developments of nonparametric regression methods for
longitudinal data, in which unspecified functions of time or covariates provide enough
flexibility to reflect the complicated relationship between longitudinal outcomes and
covariates. Despite the fact that, a semiparametric partially linear regression model is
more desirable than modeling every covariate effect nonparametrically in many cases,
only limited work has been done on semiparametric regression for correlated data. We
review three ways of estimating parameters in the semiparametric regression models
using kernal smoothing, smoothing splines, and regression splines.

Kernal smoothing was considered by Zeger and Diggle (1994) and Lin and Carroll
(2001) for models with linear covariate effects and a nonparametric function of time

with correlated observations, among others. Let Y;; = Y;(t;;) (i = 1,...,n;j =



1,...,m;) be the jth outcome of the ith subject at time t;;. Zeger and Diggle (1994)
and Moyeed and Diggle (1994) proposed a semiparametric mixed effects model for

longitudinal data
Yy = u(ty) + X8 + Wilty;) + e, (2.4)

where p(t) is a twice-differentiable smooth function of time ¢, 3 is a vector of regres-
sion coefficients associated with covariates X;;, W;(t) is a subject-specific stationary
Gaussian process with mean zero, and ¢;; is a white measurement noise with constant

variance o2.

They suggested a backfitting procedure which initially estimates p(t)
by a kernel smoother with the bandwidth parameter chosen via cross-validation, and
then iteratively estimates u(t) and B using generalized least squares. For clustered
data, Lin and Carroll (2001) considered a marginal partially generalized linear model
and the profile-kernel method where the nonparametric function is estimated using
the local linear kernel regression and the regression coefficients are estimated using
the profile estimating equations. Surprisingly, the resulting regression parameter es-

timators by the conventional profile-kernel method failed to achieve semiparametric

efficiency.

A smoothing spline can be an alternative choice of the nonparametric estimation
of 44(t), which uses a piecewise polynomial function with all the observation times used
as knots and smoothness constraints imposed at the knots. The most commonly used
smoothing spline is the natural cubic smoothing spline, which approximates p(t) by
a piecewise cubic function with boundary constraints. The natural cubic smoothing
spline was studied by Zhang et al. (1998) to estimate the nonparametric function of
time in the partially linear model which was expanded from (2.4) with the addition of

subject-specific random effect terms. They estimated 3 and p(t) as a natural cubic

10



spline by maximizing the penalized likelihood function with the penalty term

A

Ts )\
a / P dt = W K
Ty

where A > 0 is a smoothing parameter controlling the balance between the goodness
of fit and the roughness of the estimated pu(t), 77 and T, specify the range of t,
po= (u(ti), ., pw(tom,))", and K is the nonnegative definite smoothing matrix
defined in the equation (2.3) of Green and Silverman (1994). A key feature of this
approach is that the proposed semiparametric model can be represented as a modified
parametric linear mixed model. Therefore, the smoothing parameter and variance
components can be estimated simultaneously using the restricted maximum likelihood

estimator.

Another attractive method to estimate the nonparametric function is regression
splines. The smoothing spline has the merit of not involving the knot selection issue
since it uses all the observation points as knots. However, when the sample size
is large, computational demands substantially grow and make it difficult to work
properly. In contrast, a key advantage of regression splines is its computational
simplicity. The regression splines is a basis function-based nonparametric regression
method, which uses a small number of knots and implements a parametric regression
using the bases. The most commonly used basis function for regression splines is
the B-spline basis. Rice and Wu (2001) adopted the B-spline basis with equally
spaced knots in estimating u(t) and a smooth random function W;(¢) in (2.4). The

approximated mean function is,

P
pu(t) = &B(t),
k=1
where {By(-)} is a basis for spline function on the time range with a fixed knot

11



sequence. Similarly, the random function for the ¢th subject can be approximated

with splines

Wi(t) = Z virBi.(t),

where {By(+)} is a basis for random spline function, which may be a different basis
than {By ()}, and vy, are random coefficients with mean zero and covariance matrix
V. Then, conditional on p and ¢, the approximated model is a classical linear mixed
effects model. Estimation of the parameters 3, £, 02, and the covariance matrix V can
be accomplished by the EM algorithm. In terms of regression splines method, choices
of the number and location of the knots for the splines are critical since estimation of
w(t) and W;(t) could be very sensitive to these choices. Rice and Wu (2001) suggested
using model selection techniques such as Akaike information criterion (AIC) and

Bayesian information criterion (BIC), and leave-one-subject-out cross-validation.

2.1.3 Joint Models for Longitudinal Data and Survival Event

Analysis of longitudinal and survival data can be classified into three categories,
depending on how one factors the joint distribution of repeated measurements and
an event time to meet the study objective. A joint model of the vector of repeated

measurement Y and the event time T corresponds to the factorization

fY,T) = fY D) A(T) = F(TIY)F(Y),

where f(.) denotes a density function. The three categories are referred to as a selec-
tion model, a pattern-mixture model, and a simultaneous model. First, in selection
models, time-to-event is the endpoint of interest, and the common primary objective
of the study is to assess the relationship between the event time and longitudinal

covariate process with measurement error. One example is modeling the probability

12



of death given trajectory of CD4 cell counts, that is f(T'|Y). Second, in pattern-
mixture models, the repeated measures are the primary endpoint, and investigators
are focusing on modeling f(Y|T') and mainly interested in the effect of covariates on
the longitudinal outcomes, while accounting for possible correlation with an event
such as non-ignorable dropout or death. In these cases, the longitudinal process is
subject to right-censoring because it is unobservable after the censoring time. Third,
in simultaneous models, repeated measures and survival time are both important
outcomes, namely f(Y,T) are focused. The primary goal of the joint analysis is to
evaluate simultaneously the effect of covariates on the two types of outcomes, while
accounting for the relationship between longitudinal and event time data. In all three
types of joint models, it is commonly assumed that observation times of the longitu-
dinal outcomes are usually not informative because they are measured at scheduled

follow-up visits. Recent literature is briefly reviewed in the subsequent paragraphs.

Selection models The association of longitudinal covariates with a failure time as
the primary endpoint can be assessed through joint modeling of the Cox proportional
hazards model of the failure time and a random process model of the longitudinal
covariates when the longitudinal covariates are intermittently measured with errors.
In this situation, the longitudinal covariates may not be observed at the failure times.
The presence of random error in a measured covariate causes the parameter estimators
to be biased toward the null (Prentice, 1982). A naive approach is to substitute the
closest observed covariate value prior to the failure time, often termed ‘last value
carried forward’, in the Cox partial likelihood for each subject at each failure time.
However, it is well known that substituting mismeasured values for true covariates in
the Cox model leads to biased estimation (Prentice, 1982). Various approaches have

been proposed to deal with measurement error.
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Tsiatis et al. (1995) proposed use of a two-stage method where, in the first stage,
empirical Bayes estimates of the random covariates are computed, and in the second
stage, they are imputed into the partial likelihood of the Cox model as true values of
time-dependent covariates at each event time point. However, the two-stage model
did not use any survival information in modeling the covariate process, and hence
information is not utilized as efficiently as it could be. In addition, the estimated
covariate values from stage one are regarded as fixed in stage two, thus the approach
does not convey uncertainty from stage one to stage two. Instead of simply utilizing
the predicted covariate values to find the parameters in the Cox model, Wulfsohn
and Tsiatis (1997) studied the two-stage method in a different way to maximize the
joint likelihood of the covariate process and survival data. The joint maximization
makes more efficient use of the data by utilizing information from both the longitu-
dinal covariates and survival simultaneously. Wulfsohn and Tsiatis (1997) used the
EM algorithm to estimate all the parameters in covariate and survival processes to-
gether, assuming random effects that characterize the longitudinal covariate process
are normally distributed. An attractive feature of this likelihood-based approach is
its robustness against departure from the normal random effects assumption. Hsieh
et al. (2006) confirmed that the likelihood-based procedure with normal random ef-
fects can be very efficient and robust as long as the longitudinal data are not too

sparse or do not carry too large measurement errors.

In contrast, considering other situations where the normality assumption on ran-
dom effects is violated or regarded as being too strict, Tsiatis and Davidian (2001)
proposed conditional score estimators. The underlying idea of the conditional score
approach was to treat the random effects as nuisance parameters for which a sufficient
statistic may be derived and construct a set of estimating equations conditioning on

the sufficient statistic. Then, the resulting estimating equations can be free of the
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random effects. The proposed model is semiparametric in the sense that it does
not require any distributional assumption on the random effects. Song et al. (2002)
also proposed another semiparametric model in which parametric assumptions on the
distribution of random effects may be relaxed to those following a smooth density.
They took a likelihood-based approach with the EM algorithm for the estimation
procedure. An important feature of this procedure, in contrast to the conditional
score approach, is that the investigation of robustness to parametric assumptions on
the random effects is possible. Song and Wang (2008) proposed an even more flex-
ible semiparametric model by adapting time-varying coefficients to the proportional
hazards model of the failure time, which allows the effect of coefficients to vary over
time, in addition to no distributional assumptions on the underlying longitudinal co-
variate process. An estimation procedure was constructed based on the conditional
score estimators, and asymptotic properties of the estimators were derived based on

martingale and empirical process theories.

Pattern-mixture models Vonesh et al. (2006) presented a joint model of longi-
tudinal and survival data, focusing on the estimation and comparison of serial trends
over time while adjusting for possible informative censoring due to patient dropout.
They strongly addressed the need for accounting for non-ignorable dropout/death
through extensive simulation studies. They used the generalized linear mixed effects
model for repeated measurements and a family of accelerated failure time (AFT)
models for conditioning the event time. The presented joint model was relatively
flexible in that the family of AFT models includes various proportional hazards mod-
els (e.g. Weibull, extreme value, piecewise exponential) and non-proportional hazards
models (e.g. log-normal). An alternative joint model was introduced by Liu et al.
(2007) for medical cost repeatedly recorded at fixed time intervals in the presence of

a terminating event, such as death. Both Vonesh et al. (2006) and Liu et al. (2007)
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modeled the terminal event as a function of covariates and linked the terminal event
to the pattern of repeated measures through shared random effects by the longitu-
dinal and survival components. Taking the likelihood-based approach, Vonesh et al.
(2006) used maximum likelihood (ML) estimation with the approximated observed
log-likelihood through the second-order Laplace’s method, while Liu et al. (2007) used

the ML estimation through the EM algorithm.

Simultaneous models Henderson et al. (2000) considered both longitudinal data
and recurrent or single event time to be equally important endpoints and jointly for-
mulated them via correlated latent Gaussian processes. For clustered data, Ratcliffe
et al. (2004) proposed a joint model for longitudinal and survival outcomes of interest,
which linked the two outcomes at the cluster-level random effects. In their method,
repeated measures were modeled using a mixed effects model that incorporates both
subject-level and cluster-level random effects, and survival data were modeled using
a Cox model with the cluster-level random effects to allow for between-cluster hetero-
geneity. While most of the joint models associated repeated measures with survival
data via common random effects or latent processes, Zeng and Cai (2005a) allowed
every unobserved random factor to differently affect the longitudinal measure and
survival time. Commonly, ML estimation was used with EM algorithm in Henderson
et al. (2000), Ratcliffe et al. (2004), and Zeng and Cai (2005a). However, the asymp-
totic properties of the proposed ML estimators were established for the first time by
Zeng and Cai (2005a).

2.2 Models for Cure-Survival Data

A cure model is applicable when there exist ‘immunes’ or ‘long-term survivors’ in

survival data. As a result of cure, cured subjects never experience an event endpoint
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but are censored because cure can never be observed. On the other hand, susceptible
subjects would eventually develop the endpoint if followed for long enough. The
primary interest in such studies can be on the effect of covariates on the cure rate as
well as on the time-to-event. In this section, we review the approaches of modeling
cure in survival analysis, which do not involve any longitudinal data, in Sections 2.2.1

-2.2.3.

2.2.1 Mixture Cure Models

One of the commonly used cure models is the so-called ‘mixture model’, named after
the basic concept that the underlying population consists of two subpopulations of the
cured and non-cured. The mixture cure model is the mixture of a certain proportion
7(Z;) belonging to the cured subpopulation and the remaining fraction 1 — 7(Z;)

being not cured, such that

Spop(t| Zi) = 7(Zi) + {1 = w(Z3) }Suc(t),

where Z; is the vector of covariates, and S,.(t) is the conditional survival function for
the uncured population. It is assumed that all patients in the non-cured subpopula-
tion will eventually experience the event while those in the cured subpopulation will
never. Early work on such models was done by Berkson and Gage (1952), Farewell
(1982, 1986), and Yamaguchi (1992) under completely specified parametric models.
Berkson and Gage (1952) used a mixture of exponential distributions with a constant
cure fraction w(Z;) = w. Farewell (1982) adopted the Weibull regression for survival

and the logistic regression for the cure fraction give by

m(Z;) = exp(B' Z;) /(1 + exp((B" Z3)). (2.5)
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Yamaguchi (1992) applied a cure model with a logistic mixture probability model

(2.5) and an accelerated failure time model with generalized gamma distribution.

Laska and Meisner (1992) extensively studied the cure model, specifically non-
parametric failure time models, adapting Kaplan and Meier (1958) estimation. More
recent work has focused on semiparametric approaches, mixtures of the cure fraction
modeled through a logistic link (2.5) and the survival distribution with a complete or
partial nonparametric component. Taylor (1995) introduced a more flexible mixture
cure model, an extension of Farewell (1982), by retaining the conditional survival dis-
tribution for uncured individuals as a completely unspecified function. To investigate
the effects of covariates on the time to event, other semiparametric mixture models
have been proposed (Kuk and Chen, 1992; Sy and Taylor, 2000; Peng and Dear, 2000;
Lu and Ying, 2004). Kuk and Chen (1992) estimated the regression parameters first
by eliminating the baseline survival function via a Monte Carlo approximation of a
marginal likelihood, and then estimated the baseline survival function using an EM
algorithm, given the regression parameter estimates. However, Sy and Taylor (2000)
and Peng and Dear (2000) studied alternative estimation techniques using the clas-
sic EM algorithm, to compute estimates for both the parametric and nonparametric
components. The theoretical properties of the resulting estimators for the propor-
tional hazards cure model remain to be established. Lu and Ying (2004) considered
a class of transformation models for the event time. They proposed to use general-
ized estimating equations for parameter estimation, and the asymptotic properties
were established by the usual counting process and its associated martingale theory.
However, their approach was limited to only time-independent covariates due to the
form of transformations. Although the mixture cure model is intuitively appealing,
it involves several unresolved issues discussed by Farewell (1986), Laska and Meisner

(1992), Taylor (1995), Chen et al. (1999) and Ibrahim et al. (2001). One problem
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associated with the mixture model is identifiability. This arises due to the lack of
information at the end of the follow-up period, caused by a significant proportion of
censored subjects before the end of study. As a result, we can have difficulties in
distinguishing whether the information from the censored subjects should be a part

of cured group or susceptible group.

2.2.2 Promotion Time Cure Models

An alternative way to incorporate the cure fraction in survival analysis is the pro-
motion time cure model, or referred to as the bounded cumulative hazard model
(Yakovlev et al., 1996). The literature existing on the promotion time cure models
is mainly the Bayesian context since the population survival function is improper.
These models have been proposed and studied by Yakovlev et al. (1996), Tsodikov
(1998), and Chen et al. (1999), among others. The promotion time cure model was
motivated by cancer clinical trials under the biological assumption that a patient
has N metastatic tumor cells remaining after treatment. Let N; be the number of
metastatic cancerous cells of the ith patient, which is an unobservable latent variable.
The N;’s are assumed to have a Poisson distribution with mean 7(Z;). We denote
the time for the kth metastatic cancer cell to produce a detectable tumor (promotion
time) by T, (k=1,... , N;) and assume that, conditional on N;, T,’s are identically
independently distributed with the cumulative distribution function F'(¢). If we un-
derstand F'(t) = 1 —S,.(t), it can be interpreted similarly to the distribution function
for the uncured patients in the mixture model. Then, the time to relapse of cancer

for the ith patient, defined by T; = mm{Tl, e ,TNi}, has a form of the population
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survival function

Soop(t|Zi) = P[Ni:O]+ZP[T1>t,...,TNi >t\Ni:k]P[Ni:k]

= exp{—7(Z;)} + Z {1- F(t)}k w(Z;) ele{_ﬂ(zi)}
= eXp{—ﬂ(Zi)F(t)}/. 26)

In the promotion time cure model (2.6), the survival function is integrated into one
formulation regardless of cured or uncured. The hazard function is given by w(Z;) f(¢),
where f(t) = dF(t)/dt. Thus, we can see that the model (2.6) retains the proportional
hazards structure when the covariates Z; are formulated through 7(Z;) = exp(8” Z;).
Moreover, if the regression coefficients 3 include an intercept term, say 3y, the baseline
cumulative hazard function is equal to exp(5y) F'(t), which implies that the model (2.6)
becomes the Cox’s proportional hazards model with a bounded baseline cumulative
hazard. For the cured patients, the survival rate at ¢ = co can be interpreted as the
cure rate, i.e., the cure rate is Sp.,(00) = exp{—n(Z;)} # 0, leading to an improper

survival function.

2.2.3 Transformation of Promotion Time Cure Models

In model (2.6), the independent assumption on {T} | N;; k = 1,..., N;} may not be
realistic in practice since they have common features shared by the same patient, such
as the patient’s underlying health condition or dietary habits. As a solution to adjust
the correlated cancer progression times, Zeng et al. (2006) have introduced a subject-
specific frailty ¢; and assumed that, given (N, ), Ty’s are mutually independent
with the distribution function F'(¢). Moreover, (; makes the most of an opportunity

to reflect the underlying heterogeneity for the rate of metastatic cancer cells by the
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assumption that N; follows the Poisson distribution with mean (;7(Z;), conditional
on (Z;,¢;). Following the similar derivation to (2.6), the resulting survival function

for the time to relapse T' takes a form
S(t)1Z:) = E, [exp{—m(Z;) F(t)G:}], (2.7)

where E, denotes the expectation with respect to ¢;. Explicitly specifying the distri-
bution for (; as a gamma distribution with unit mean and variance n, we can express

(2.7) as

S(t|z;,) = [1+777T(Zi)F(t)]‘1/’7

where G, (.) has a form of transformations with a parameter n such that

(14nz)~7, >0
Gn(x) =

exp(—x), n= 0.

This class of transformations includes the proportional hazards model (when 7 = 0)

and the proportional odds model (when 7 = 1) as special cases.

2.3 Models for Longitudinal Data and Recurrent

Events

For the analysis of longitudinal data with informative observation times, a variety of
joint models have been developed. Instead of considering a common set of observa-

tion times across all subjects, Lin and Ying (2001), Lin et al. (2004), and Sun et al.
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(2005), among others, proposed to use counting processes to describe arbitrary ob-
servation times. The counting process approach allowed subject-specific observation
times through directly adjusted covariate effects, thereby providing a flexible tool for
modeling the observation process. For the longitudinal component, Lin and Ying
(2001) and Sun et al. (2005) modeled the pattern of longitudinal outcomes using a
partially linear model, whereas Lin et al. (2004) modeled that using a nonparametric

function of linear coviariate effects.

In these models, different assumptions have been made for the longitudinal out-
come and observation processes. In Lin and Ying (2001), the observation process is
assumed to be independent of the longitudinal outcome process after adjusting for
some external covariates. In Lin et al. (2004), the intensity of the observation at
time ¢ is assumed to be independent of the longitudinal outcomes at that time point
given the past observed data; whereas in Sun et al. (2005), the longitudinal outcome
at time ¢ is assumed to be dependent only on some external covariates and the past
observation history such as the total and recent numbers of observations. Among
them, the commonly used approaches were the marginal models based on estimating
equations for both longitudinal data and time processes. Under these marginal ap-
proaches, it is challenging to obtain efficient estimators and also impossible to predict

future outcomes of an individual given the past information.

An alternative approach was suggested by Liang et al. (2009). Based on the
idea that the observation process may be correlated with the longitudinal outcomes
through some unmeasured confounders even after conditioning on external covariates
in practice, they studied the joint modeling approach using random effects. The lon-
gitudinal outcomes with irregular observation times were modeled through a partially
linear mixed model and the informative observation process was modeled by adopt-

ing a frailty nonhomogeneous Poisson process structure. However, their method is
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limited to the case where both the distribution of frailty and the conditional linear
mean structure between the random effects in longitudinal and observation processes

can be specified.

2.4 Models for Recurrent and Terminal Events

In this section, we review previous research on joint modeling of recurrent and termi-
nal events. Statistical methodology and theory for analyzing recurrent event data are
typically developed based on non-informative censoring times. In many applications,
however, when a failure event serves as a part of the censoring mechanism, mean-
ing that the failure event terminates observing further recurrent events (so-called
informative censoring), the independent censoring assumption can be violated. For
example, if the rate of recurrent tumors is high in a patient, this patient is also sub-
ject to increased risk of death. The most popular solution to model or control the
dependence of recurrent events with a terminal event or informative censoring is a

joint modeling approach.

Joint (or shared) frailty (or random effects) models have been studied by several
authors. In these models, the dependence between recurrent and terminal events were
specified via a common frailty variable allowed to have a multiplicative effect on their
respective rates. The most popular distributional assumption on the frailty was a
gamma distribution with unit mean to avoid the non-identifiability issue (Lancaster
and Intrator, 1998; Liu et al., 2004; Ye et al., 2007; Huang and Liu, 2007). Lancaster
and Intrator (1998) considered joint parametric modeling of recurrent event and sur-
vival data, using Poisson processes for the rate functions of the recurrent and terminal
events. Liu et al. (2004) considered proportional hazards frailty models where the re-

current and terminal event processes were jointly modeled by a shared gamma frailty.
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The frailty effect was allowed to be different for the two processes and time-dependent
covariates could be incorporated separately in both processes. A Monte Carlo EM
algorithm with a Metropolis-Hastings sampler in the E-step was adapted to obtain
the maximum likelihood estimators. However, the Monte Carlo EM algorithm is of-
ten computationally inefficient and less accurate than the standard EM algorithm.
Instead, Rondeau et al. (2007) studied a penalized likelihood approach, to estimate
parameters in the model proposed by Liu et al. (2004), adopting the sum of squared
norms of the second derivatives of the intensity and hazard functions as the roughness

penalty.

Without distributional assumptions on the latent variables and censoring time,
Wang et al. (2001) modeled the occurrence rate function for recurrent events with
informative censoring in semiparametric and nonparametric ways. They assumed
a subject-specific nonstationary Poisson process via a latent variable. However, the
proposed model is not applicable to situations where inferences for both the recurrent
and terminal events are of interest. To overcome this limitation, Huang and Wang
(2004) presented a joint model for recurrent event process and a failure time, while
informative censoring is allowed for observing both the recurrent events and failure
times. They assumed that the recurrent, failure, and censoring events are mutually
independent conditioning on the covariates and latent variables. They proposed a
“borrow-strength estimation” procedure, in which first the value of the latent variable
was estimated from recurrent event data, then the estimated value was used in the
failure time model. Since the proposed approach did not utilize the information of
the failure times in estimating the latent effect, it might be less efficient than it
could be. The semiparametric models proposed by Wang et al. (2001) and Huang
and Wang (2004) are flexible in that no parametric assumption was imposed on the

frailty by treating as a nuisance parameter, however, these models are not applicable
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to time-dependent covariates.

Most of the existing work required the proportional intensity or hazards assump-
tion and assumed time-independent covariates. Recently, Zeng and Lin (2009) de-
veloped transformation models for the recurrent and terminal events that can deal
with non-proportional hazards as well as time-varying covariates. Their proposed
models are flexible enough as one can choose different forms of transformation for
the respective events and as the class of transformations includes a variety of models
of interest such as the proportional hazards model and the proportional odds model.
Also, there is a wide range of choices open for the distribution of the shared random

effects as long as satisfying the imposed conditions.
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Chapter 3

Joint Models of Longitudinal Data
and Recurrent Events with

Informative Terminal Event

3.1 Introduction

In many biomedical studies, data are collected from patients who experience the same
type of event multiple times, such as repeated hospital admissions or medical emer-
gency episodes, recurrent strokes, multiple infection episodes, or tumor recurrences.
At the same time, some longitudinal biomarkers are observed either at the time of
occurrence of the event or at regular clinic visits. In addition, some subjects may
experience a terminal event such as death. As longitudinal markers, recurrent events,
and death are dependent on and informative of one another, analyzing one or two
of these processes but ignoring the dependence from the other processes may lead
to bias or result in inefficient inference. Therefore, it is important to jointly model
longitudinal markers, recurrent events, and death altogether. In this way, we will be

able to make the most efficient use of all data and identify the effects of variables



after correctly controlling the interplay among these processes.

There is scant literature considering the dependence of a terminal event in mod-
eling both repeated measures and recurrent event processes. Most recently, Liu and
Huang (2009) have developed a joint model for repeatedly measured CD4 cell counts
and related opportunistic infection recurrences while associating their relationship
with the mortality of HIV patients in the CPCRA (AIDS) study. In this study, since
the CD4 cell counts were observed at scheduled visits, the observation times were
non-informative. However, when the CD4 cell counts are measured at emergency
admissions or unexpected hospitalizations, the information of the number and times
of observations is critical, and hence it should be taken into account in modeling.
By treating the hospital visits as recurrent events, Liu et al. (2008) presented a joint
model of the medical cost process for chronic heart failure patients in the presence of
informative observation times and a dependent death event. The joint modeling ap-
proaches by Liu et al. (2008) and Liu and Huang (2009) required the proportionality
assumption for both recurrent and terminal events. In cases where the proportion-
ality assumption does not hold, their joint models may yield biased estimators. In
their inference procedures, the piecewise constant functions were adopted for estimat-
ing the underlying baseline intensity and hazards functions; however, there was no
general rule for selecting the number of knots that led to the best reflection of the
underlying baseline intensity functions. Moreover, the theoretical properties of the

suggested estimators have not been established.

In this paper, we will use general transformation models for both the recurrent
events and the terminal event, while accounting for the dependence among these
two event processes and longitudinal data. Our transformation models include the
proportional hazards models and the proportional odds models as special cases. We

will propose efficient estimates and establish their asymptotic properties. The rest
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of the chapter is organized as follows. In Section 3.2, we introduce joint models for
longitudinal measurements and recurrent events in the presence of a terminal event.
In Section 3.3, we estimate all the parameters using the nonparametric maximum
likelihood estimation (NPMLE) and provide computationally simple algorithms to
implement the proposed inference procedure. The theoretical work that shows the
weak convergence and efficiency of the proposed NPMLEs is given in Section 3.4.
Section 3.5 evaluates the performance of the proposed method through extensive
simulation studies, and the application to the Atherosclerosis Risk in Communities
(ARIC) data is reported in Section 3.6. We conclude with some remarks in Section
3.7. In Section 3.8, the EM algoritm is described in more detail, and the proof of the

established asymptotic properties are provided in Section 3.9.

3.2 Joint Models

Let Y (t) denote the longitudinal outcome measured at time ¢, N*(¢) denote the
number of the recurrent events occurring by time ¢, and 7" be the time to the terminal
event. We introduce latent random effects to account for the association among these
processes. Particularly, let b = (b7, 1) denote the subject-specific random effects
following a multivariate normal distribution with mean zeros and covariance matrix
Y. Let Z(t) be a vector of external covariates, possibly time-varying at time ¢, plus
the unit component. We assume that Y'(-), N*(-), and T" are independent conditional

on Z(-) and b. We then propose the following joint models:

Y (t|Z;b) = BYZ(t) + bV Zy(t) + €(t), (3.1)
An(tZ:0) = Gal [ exp {5 2a(5) + ¥ 29} (o). (3.2
M(tZ:0) = Gl [ exp {BZis) + ool A fare(s). (3)
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where 87 = (BT, 3%, 8T) is a vector of unknown regression parameters, Az(-) and
Ar(+) are unspecified increasing functions, ¢7 = (¢, ¢l) is a set of unknown con-
stants, and b o ¢ denotes the component-wise product of b and ¢. Both Z;(t) and
Zi(t) (i = 1,2,3) are some subsets of Z(t), but Z,(t) and Zs(t) do not have the unit
component. This allows that each of three outcomes (Y(-), N*(-),T) can depend on
different sets of predictors. Additionally, €(¢) is a white noise process with mean zero
and variance 0. Both G and G are continuously differentiable and strictly increas-
ing transformation functions to be specified in the analysis. For example, Gg(x) and

Gr(z) can take a form of the logarithmic transformation,

log(1+~x)/y, ~v>0

z, v =0,

or a form of the Box-Cox transformation,

{T+a) =1}y, >0

log(1 + z), v7=0.

According to the choice of v in both classes of transformations, the transformation
model can be the proportional hazards model or the proportional odds model.

Note in (3.3) that the hazards of the terminal event depends on longitudinal
measures through the shared b; and on recurrent events through the shared bs, re-
spectively. Thus, ¢ characterizes a degree of dependence explained by unobserved
latent factors in (3.1) and (3.2); ¢ = 0 implies that the dependence can be fully ex-
plained by the observed covariates. In addition, longitudinal measures are related to
recurrent events through correlations between b; and bs.

Let C' be the non-informative censoring time assumed to be independent of (Y(-),

N*(-), T, b) given Z, and let X = min(7, C) denote the observed terminal event
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time. The observed data for the ¢th subject with m; repeated measurements are
{Yi(tir), Ni(t), X, Ay, Z(t); ti < X3 t < Xy, i =1,...,n, k=1,...,m;}, where
Ni(t) = N (t N X)), Ay = I(T; < C;) with I(-) being the indicator function. Under
models (3.1)-(3.3), the log-likelihood function of the observed data from a random

sample of n subjects is given by

" S —(Yilta) — BT Zua(tu) — b7 Z1s(ta)? | |
Zlog/H = oxp ( ( k) B 12(2k) 1 1( k))
i=1 byl [ V2700 Oe .

1 Ri(t)AN}(t)

_ i . )
% H )\R(t) eﬂgz2i(t)+b522i(t) G/R(/O eﬁzTZzi(S)-i-bQTZzi(S) dAR(S))
t L

X -
X exp {—GR( / efs 295 22i() dAR(t))}
0

. X _ Ai
v [ Ar(X;) e Zsi(X)+00)T Zsi(X) i ( / B3 Z3i(t)+(b0d)T Z3i(t) g AT(t))}
0

X; ~
X exp {—GT(/ eBgTZgi(tH(bO@TZgi(t) dAT(t))} % f(b; 2b) db,
0

where R;(t) = I(X; > t) is the indicator for the risk set, AN/ (t) denotes the jump
size of the underlying recurrent event at time ¢, f(b; ;) denotes the multivariate
normal density function of b with covariance matrix 3,, and Ar(t) = AR(¢) and
Ar(t) = AL(t) are the derivatives of Ar and Ar, respectively. Note in (3.1) and (3.2)
that the obervation times of longitudinal outcomes do not need to be the same as the
recurrent event times. Instead, the longitudinal measures may be observed at some

scheduled visits or at the times when the recurrent events occur.
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3.3 Inference Procedure

3.3.1 Nonparametric Maximum Likelihood Estimation

We propose to use the nonparametric maximum likelihood estimation (NPMLE) for
estimating parameters (3, ¢, 02, 3) and infinite-dimensional parameters Az(t) and
Ar(t). In the log-likelihood, we assume the cumulative intensity function Ag(¢) and
the cumulative hazards function Ar(t) to be step functions with the jumps at the
observed event times, and we replace the intensity Ag(t) and the hazards \r(t) with
the jump size of Ag and Ar at time ¢, denoted by Agr{t} and Ar{t}, respectively.

The modified log-likelihood function is given by

ln(ﬁa d)u 0-37 Zba AR7 AT)
= Zlog/n
i=1 b =1

- t -
v H [AR {t} P2 2407 2i0) G ( /0 % Z2i(s)+b3 Z2i(s) dAR(S»}
t

2
20¢

1 exp —(Yi(ti) — B Z1i(tix) — blTZu(tik))Q
\/2mo?
Ri(H)AN? (t)

X -
X exp {—GR( / &2 2 () +65 Z22i() dAR(t))}
0
A

. X .
2 [ Ap{X;} %8 ZsiXiH(boo)T Zsi(X) o ( / B3 Z3i(t)+(bod) T Z3i (t) dAT(t))}
0

X; .
X exp {—GT( / e Zsi(t)+(b00) " Zi(1) dAT(t))} x f(b; ) db. (3.4)
0

Hence the likelihood can be expressed as a function of a finite number of parameters,

which include (3, ¢, 02, 3) and the jump sizes of A and Ar.

3.3.2 EM Algorithm

To obtain the NPMLESs and their variance estimators, we use the expectation-maximization

(EM) algorithm (Dempster et al., 1977), treating the subject-specific random effects
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b; as missing data. In the E-step, we compute the conditional expectations of the log-
likelihood for the complete data, given the observed data and the current parameter
estimates. Particularly, using numerical approximation methods such as the Gaussian
quadrature, we can evaluate the integration of certain functions of b;, say g(b;). We
denote such expectation by E[g(b;) | Yi(t), Ni(t), X;, A, Z(t)], hereafter abbreviated
as F[g(b;)]. In the M-step, we maximize the conditional expectation of the complete-

data log-likelihood function given the observed data. Specifically, the closed-forms of

the maximizers exist for (8, 02, %) as follows:

B = (2 2,) ' ZI (Y — E[Z:by)),

~2
O

E[(Y — Z\By — Zib)" (Y — ZiBy — Zib)] / Zmia
i=1

3 = Eby 07,

where Y denotes the vector of longitudinal measurements at the observed times, and
Z; and Zl denote matrices with each row equal to the observed covariates Z; (t)T and
Z1(t)T at the same times, respectively. For the rest of parameters (0, 83, ¢, Ar{.},
Ar{.}), the quasi-Newton algorithm is used to update the parameter estimates at

each M-step.

When covariates of the recurrent and terminal events (Zs, Zs, Zs, Zg) are time-
independent, we propose to use recursive formulae, provided in Section 3.8, in order to
reduce the number of parameters to be maximized to a very small set of parameters.
Basic ideas of the recursive formulae can be described as follows. In the forward
recursive formula, since Ag(¢) and Ar(t) can be calculated from the jumps which are
observed before time t, only (Ag, A1) are involved in the quasi-Newton iteration,
where A1z and A7 are the jump sizes at the first observed event times of the recurrent

and terminal events, respectively. In the backward recursive formula, similarly, Ag(t)
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and Ar(t) can be expressed as a function of the jumps which are observed after time ¢
and the sum of all jumps. Thus, the backward recursive formula requires to maximize
only the last jump sizes and the sums of all observed jump sizes of the recurrent and

terminal events.

To estimate the variances and covariances of the NPMLESs, we compute the ob-
served information matrix via the Louis formula (Louis, 1982) as given in Section 3.8.

Then, the inverse of the observation information is the estimator of the covariance

matrix of the NPMLEs.

3.4 Asymptotic Properties

Let 6 be the vector of (3, ¢, 02, Vec(Xy)) and let (6, Aor(t), Aor(t)) be the true
parameter values of (6, Ag(t), Ar(t)), where Vec(3;) denotes the vector consisting of
the upper triangular elements of >J,. We then establish the asymptotic properties of

the NPMLEs under the following conditions:

(A1) The parameter value 6, belongs to the interior of a compact set © within the
domain of #. Additionally, Ajr(t) > 0 and A\, (t) > 0, for all ¢ € [0, 7], where 7 is
the duration of the study.

(A2) With probability 1, Z(.) is left-continuous with uniformly bounded left and right
derivatives in [0, 7].

(A3) For some constant oy, P(C' > 7| Z) > o > 0 with probability 1.

(A4) E[N*(1)] < oo with probability 1.

(A5) For some positive constant My, M;* < 02, < My and My ' < ¢"'Sgp ¢ < M, for
any constant vector ||c|| = 1.

(A6) The transformation functions Gg(.) and Gr(.) are four-times differentiable with
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Gr(0) = Gr(0) = 0, G%(0) > 0, and G/(0) > 0. In addition, there exist pos-
itive constants py and ko such that for any integer m > 0 and for any sequence

O<z <..<wz, <y,

m

[T40+ ) Grla)} exp{=CGry)} < wf'(L+y)™, and

(1+2) Gp(z)exp{=Gr(z)} < pm(l+z)"™.

Furthermore, there exists a constant py > 0 such that

@ Grx) (1 +z)r z Grp(w) (1 + )

" (3) 4) " (3) (4)
. { Gil)] + 16 ()] + |G (@) } - { G(@)] + 167 ()] + 167 (@) } o

where Gg’), G%), Gg), and G’% ) are the third and fourth derivatives.

(A7) For some t € [0, 7], if there exist a deterministic function ¢(¢) and v such that
c(t) +vTZ(t) = 0 with probability 1, then ¢(t) = 0 and v = 0.

(A8) For some t € [0, 7], ZT(t)Z;(t) (i = 1,2) has full rank with some positive proba-
bility.

(A9) Let K be the number of repeated measures and let d;, be the dimension of b;.
With probability one, P(K > d;) > 0.

Conditions (A1) - (A3) are the standard assumptions for survival analysis. Con-
ditions (A4) - (A5) are necessary to prove the existence of the NPMLEs. It can be
easily verified that Condition (A6) holds for all transformations commonly used, in-
cluding the classes of Box-Cox and logarithmic transformations described in Section
3.2. Conditions (A7) - (A8) entail the linear independence of covariates for the fixed
and random effects. Condition (A9) prescribes that some subjects have at least d,

repeated measures.
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Under the above conditions, the following theorem shows the consistency of the

NPMLEs (0, A, Ar).

Theorem 3.1. Under Conditions (A1) - (A9),

6 — 6l =0, sup [Ar(t) = Aor()] — 0, sup |Ar(t) — Aor(t)] = 0, a.s.

t€[0,7] t€[0,7]

Theorem 3.1 then leads to the following results on the asymptotic normality of

(é, Ag, AT) and the asymptotic efficiency of 6.

Theorem 3.2. Under Conditions (A1) - (A9), /i (—0y, Ar—Aor, Ar—Aor) weakly
converges to a zero-mean Gaussian process in R% x BV[0,7] x BV[0,7], where dg
is the dimension of 8 and BV[0, 7] denotes the space of all functions with bounded
variations in [0,7]. Furthermore, the asymptotic covariance matriz of \/ﬁ(é —6)

achieves the semiparametric efficiency bound for 6.

Furthermore, in Section 3.9, we show that the inverse of the observed information
matrix is a consistent estimator of the asymptotic covariance matrix of the NPMLEs.
This result allows us to make inference for any functional of (6, Ar, Az). To prove
Theorems 3.1 - 3.2, we apply the general asymptotic theory of Zeng and Lin (2007).
The desired asymptotic properties of the NPMLEs are established followed by the
arguments in Appendix B of Zeng and Lin (2007) if we can verify that their regular-
ity conditions hold for our joint model setting. Checking the regularity conditions,

however, is challenging in our cases. The detailed proofs are provided in Section 3.9.

3.5 Simulation Studies

In this section, we examined the performance of the proposed methods through ex-

tensive simulation studies. We considered a dichotomous covariate of Z; taking the
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value of 0 or 1 with the equal probability of 0.5 and a continuous covariate of Z,
randomly sampled from the uniform distribution on [-1, 1]. We generated data
for the longitudinal outcomes from Y (¢ | Z1, Zo; by) = 0.7 + Zy + 0.57Z; + by + €(t),
where €(t) ~ N(0,02) with 02 = 1, the recurrent event process from the cumu-
lative intensity of Ag(t|Z1, Za; by) = Gpr(eZ110522t02Ap(1)), where Agr(t) = wit,
and the terminal event time from the cumulative hazards of Ap(t|Z, Zs; by,b2) =

Gr(e#1 05224 drtb202 \ (1)), where Ap(t) = vot?.

For each subject, the correlation within repeated measures was reflected by a
random effect of b; ~ N(0,0%), and the correlation within recurrent event times was
reflected by another random effect of by ~ N(0,03). In addition, the dependence
between the longitudinal measures and the recurrent event times was given by p,
which was the correlation between (by,by). Particularly, we chose 07 = o3 = p = 0.5.
We considered two cases of ¢ = (0.5,0.2) and (0,0.2), where we simulated some
positive dependence between the longitudinal measures and the terminal event (i.e.,
¢1 = 0.5) or no dependence explained by random effect b; (i.e., ¢;1 = 0) in the

latter. Also, combinations of the proportional intensity or hazards models and the
proportional odds models were considered to be the transformations for G(.) and
Gr(.).

The non-informative censoring time C; was randomly sampled from the uniform
distribution on [1, 5], and (4, 12) was chosen according to the considered transforma-
tion models in order to achieve the desired total number of recurrent event times of 2~
3 and the desired censoring rate of 35%, on average. We set longitudinal observation
times to be fixed intervals so that a subject had about six longitudinal measurements,

on average.

The results presented in Table 3.1 and Table 3.2 are based on 1000 replications for

n=200 and n=400. Table 3.1 - 3.2 include the difference between the estimate and true
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parameter (Bias), the sample standard deviation of the parameter estimators (SE),
and the average of the standard error estimators (SEE), and the coverage probability
of 95% confidence intervals (CP). The confidence intervals for Ag(.) and Az(.) are
constructed based on the log transformation, and those for p are based on the Fisher
transformation. In addition, we use the Satterthwaite approximation to compute the

confidence intervals of 02, o7, and o73.

Table 3.1 shows that the NPMLEs under Gg(z) = x and Gy (z) = x are noticeably
unbiased, the standard error estimators calculated via the Louis formula well reflect
the true variations of the proposed estimators, and the coverage probabilities are in
a reasonable range, even with a moderate sample size of 200. As the sample size
increases to 400, the biases slightly increase for some estimates; however, they are
still very small comparing to the sizes of true parameter values and the variations
of the parameter estimators become smaller, and hence the coverage probabilities
still lie in a reasonable range. The simulation results shown in Table 3.2 are similar
to those for Table 3.1, indicating that the proposed method seems to work well for
the transformation models of Gg(z) = x and Gr(z) = log(1 4+ z). We also studied
other combinations of transformations such as (Gg(z), Gr(z)) = (z, log(1 4+ z)) and
(Gr(z),Gr(z)) = (log(l 4+ x), log(1 + z)), and the results are similar and hence

omitted here.

3.6 Data Application

We apply the proposed method to the data from the cohort components of the
Atherosclerosis Risk in Communities (ARIC) study. The cohort component was de-
signed to investigate the trends in rates of hospitalized myocardial infarction (MI)

and fatal coronary heart diseases (CHD) in men and women aged 45-64 years from
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four US communities; Minneapolis suburbs (Minnesota), Forsyth County (North Car-
olina), Washington County (Maryland), and Jackson County (Missisippi). It is well
known that some risk factors for coronary heart diseases differ considerably by race
and gender, therefore, our research focuses on a total of 1651 subjects who are white

males living in Forsyth County.

The existing studies (Chambless et al., 2003; Wattanakit et al., 2005) found that
systolic blood pressure (SBP) is an important risk factor for both incidence and
recurrence of CHD event in the ARIC data. Also, we observe from the preliminary
analysis that patients who have experience more recurrent CHD events are likely to be
in a higher risk of death. Thus, the primary objective of this analysis is to characterize
these relationships between SBP changes over time, recurrent CHD events, and death,
to assess the effects of baseline covariates on these three outcomes, and to utilize the
final models for the accurate prediction of risk of recurrent CHD events and death.
To model such a complicated system, we propose a joint transformation random effect
model for the main outcomes consisting of three components: (a) longitudinal systolic

blood pressure (SBP) measures, (b) recurrent CHD events, and (c) death.

Beginning with the first screen examination (baseline) in 1987-89, longitudinal
measures were collected at approximately three-year intervals, in 1990-92, 1993-95,
and 1996-98. The recurrent event of interest is the (multiple) occurrences of CHD
events including definite MI, probable MI, definite fatal CHD, definite fatal MI, or
possible fatal CHD events, which are classified based on Mortality and Morbidity
Classification Committee (MMCC) reviews or computer algorithm if MMCC reviews
are not required. Follow-up process for the recurrent CHD events and death continued
until 2005 through reviewing death certificates and hospital discharge records and
investigating out-of-hospital deaths, while the follow-up for longitudinal measures

ended with each patient’s last examination (up to 1998). The median follow-up time
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was 16.8 years with the largest follow-up time being 19 years, and 24% of patients
died during the study period. 221, 41, and 15 patients have experienced one, two,

and more than two CHD events, respectively.

In our joint model, we included the baseline covariates of age, Body Mass Index
(BMI), SBP, use of hypertension lowering medications, and existence of diabetes, and
visiting time in years, which were significant variables from preliminary studies fit-
ting separate models for each of the three outcomes of interest. The subject-specific
random intercepts b; and by are included in the joint model to cope with correlations
within and between three outcomes. We also considered the class of transforma-
tions log(1 + ~vz) /v for Gg(z) and Gr(z). This class includes the proportional inten-
sity /hazards and proportional odds models. We used the Akaike information criterion
(AIC) to determine the best transformation model. Figure 3.1 shows the surface of
the log-likelihood function corresponding to the combination of transformations for
Ggr(z) and Gr(z). The combination of Gr and G with the largest log-likelihood
value corresponds to the proportional intensity model for the recurrent CHD events

and the proportional odds model for death.

Table 3.3 summarizes the estimation results under the selected best model. Both
age at entry and baseline measures of SBP were significant for all three outcomes.
Elder patients with higher levels of SBP at baseline had the elevated SBP levels over
time, a higher intensity rate of CHD occurrences, and a higher risk of death. Sur-
prisingly, baseline BMI affected all three outcomes jointly with other factors such
as a patient’s age and baseline SBP level. Interactions between baseline BMI and a
patient’s age had a significant effect on the rates of CHD and death, while those be-
tween baseline BMI and SBP were statistically significant in explaining SBP changes
over time. If a patient who had SBP higher than 152 mmHg and took hypertension

medications at baseline, then the patient was likely to have lower longitudinal SBP
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levels over time than those who did not take the medications. We also find that

patients diagnosed with diabetes were at higher risks of CHD events and death.

For the model association, the observed covariates in the fitted model seemed
to fully explain dependence between the longitudinal observations of SBP and CHD
events as well as dependence between repeated measures of SBP and death. However,
there seemed to be some positive correlation between recurrence of CHD and death
due to the unobserved random factor. This result coincided with the expectation that
patients who get admitted to hospital more frequently with CHD are at even higher
risk of death. These findings may lead us some interesting application points of the
analysis: 1) to predict the survival distribution after the incidence of CHD at a fixed
time s, and 2) to estimate the expected SBP levels over time after the incidence of
CHD at a fixed time s. To answer the question 1), the conditional survival distribution

can be calculated as

PIT>t|Z,AN*(s) = N*"(s) =1,T > s; t > 5]

t u o r u
fb e_G'T(] 653 Z3(u)+(boop) ! Z3( )dAT u))f(AN*<S> — N*(S) _ 1,T > S‘Z, b) f(b’ Eb) db
* *(s)=1,T > s|Z, 2 '
THAN(s) = N T > 5| Z,b) f(b; 5) db

Also, for the question 2), the conditional expectation of longitudinal SBPs is given

by, for t > s,
ElY(t)]|Z, AN*( )= N*(s) = T>3't>s]
fb{ )+ ()} FAN(s) = N*(s) = LT > 5|2,5) £(b; %) db

fb (AN*(s) = N*(s )— 1,T > s|Z,b) f(b; %) db

For illustration purposes, the predicted survival distribution and the longitudinal SBP
levels for a subject who had one CHD event at study year 5 and average baseline

measures of age, BMI, and SBP with neither hypertension nor diabetes are displayed
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in Figure 3.2, along with the point-wise 95% confidence intervals. The confidence
intervals are obtained by applying the functional delta method and evaluating at the

NPMLEs.

3.7 Concluding Remarks

We have presented joint transformation models for repeated measures and recurrent
event times with an informative terminal event. We have provided an efficient EM
algorithm to compute the maximum likelihood estimators of the cumulative intensity
and hazards functions as well as regression parameters. The nonparametric maxi-
mum likelihood estimators are shown to be consistent, asymptotically normal, and
asymptotically efficient. The proposed approach has been applied to the ARIC data,
and the resulting joint models can be used in predicting a patient’s future survival

rate and longitudinal measures given his/her past history.

To obtain the variance estimates of (0, Ag(t), Ap(t)), we have used the inverse of
the observed information matrix evaluated at the NPMLEs. Even if this approach
yields consistent variance estimators, inverting such a large dimensional matrix may
be intimidating if there are a large number of observations. This limitation can be
overcome by using a profile likelihood (Murphy and van der Vaart, 2000) rather than a
full likelihood if the parameter of interest is only 6. Particularly, let p/,(0) be the pro-
file log-likelihood function for 6, expressed as ply,(0) = sups, . S (0, Ar, Ar),
where ¢;(0, Ag, A7) is the observed log-likelihood function for the ith subject. Then
the negative second-order numerical difference of pf,,(0) at 0 = 6 can approximate the
inverse of the asymptotic variance of 0 (Zeng and Cai, 2005b). In this approach, we
need to compute ARG and ATG which maximize the observed log-likelihood function

for a fixed 6 in the neighborhood of g, By utilizing the EM algorithm in Section 3.3.2,
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but holding @ fixed all the time in both the E-step and M-step, we can calculate Ape
and ATg.

Our model assumes that longitudinal measures are linearly related to all covari-
ates considered. Where it is believed that the longitudinal measures are nonlinearly
related to some predictors, we can increase the flexibility of our joint models by includ-
ing some nonparametric functions of those predictors additively in the longitudinal
components. We can also extend our model to multiple types of recurrent and/or

terminal events.

3.8 E-step and M-step in EM Algorithm

In this section, we describe numerical algorithms to obtain the NPMLEs and their
variance estimators along with recursive formulae for the jumps of the cumulative
intensity and hazards functions. For simplicity, we consider time-invariant covariates
in the models for recurrent and terminal events, and we define ¢o; = eP3 Zoitb Zoi g
qzi = €° 5 Zai+(b00)" Z3i Tp the E-step, we calculate the conditional expectation of g(b),
b= (bT,b1)T given the observed data O; = {Y;(ti.), N;(t), Xi, Ai, Z(t) ; ta, < Xi, t <

Xi;,i=1,...,n, k=1,...,m;} and current parameter estimates as follows:

h(O;|b) f (b; ) db
Jy (O\b) (b; ) db

Blg(e)] = 290

where

my

h(O;|b) = exp{ [ (o] le (tir))” — 2(Y;(tix) — ﬁlei(tik))b{21i<tik)} /203}

k=1

X exp {Z Ri(t)AN; (t){b% Zo; + log G/R(q%AR(t))] — GR(qziAR(Xi))}

—

t

x exp { Adlb 0 6+ log G (s (X0))] — Grasfr (X0) b
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An appropriate numerical approximation, such as Gaussian quadrature with Hermite
orthogonal polynomial, can be considered to evaluate the integrals in conditional
expectations. In the M-step, we maximize the following objective function of the

expected log-likelihood for complete data:

Zn: i {~10802/2 — B |(Yiltu) - A7 Zui(tw) — V] Z0)* /257 }

i=1 k=1

¥ z [ B {10g An{t) + 58 2+ Bl Zas + Ellog Glplasn(t))]} N7 (1)

_ Z { [Gr(g2iMr(X5)) + GT(Q&'AT(XZ'))}

+ Z E[log f(b; %)) (3.5)

i=1

Maximizing (3.5) over (01, 02, 3) is simple, while the rest of parameters do not yield
the closed-form of maximizers, and hence it is required to involve a reliable numerical
approach. We consider one-step Quasi-Newton algorithm to find a maximazer of the

objective function over a set of parameters (s, fs, ¢, Ar{.}, Ar{.}).

Maximizing over a high dimension of Ag{.} and Ar{.} may cause a computation
problem. Accordingly, we introduce a forward recursive formula and a backward
recursive formula that lessen the burden on maximization. Let wy, < wa, < ... < Wpy,r
be the ordered recurrent event times observed and \ig, Aag, ..., A, g be the jump sizes
of Ar corresponding to those ordered time points, where m,. is the total number of the
observed recurrent events. In a similar way, let wy; < wy; < ... < Wy, be the observed
terminal event times and A7, A\or, ..., A, be the jump sizes of Ar corresponding to
those ordered time points, where m; is the total number of the observed terminal

events. By differentiating (3.5) with respect to Ajr (j = 1, ..., m,) and setting the
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derivative to be zero, we have

OZLjLi/Ri(t)E{I(wwﬁ)

AjR i=1

Grg2Ar(t))
G (quR(t

vz

_ Z [1(X: 2 ) Grlanhn(X0)) g2i]

where G(7) = d?Gr(x)/dr?. Since the derivatives with respect to \jz and \j, g

are both equal to zero, we obtain the following equation of

n

1 1 -
= — 4 ROE | [(w;, <t<wiyii,
DD [0 | o)

Gr(g2R(t)
G, (QQZAR(

) G2i X
] o
-3 E (< Xi < wii1,) Grlaain(X0) aai] (3.6)

for j = 1,...,(m,—1). The fact that Ar(s) = Mg + Aer + ... + A\jg for time s such
that w;, < s < wjy1, ylelds a forward recursive formula of (3.6) that calculates
Aj+1.r from (Aig, ..., Ajr). To obtain a backward recursive formula, we define ¢, =
Ar(wp,r) = Z;Zl Njr and fj = \jr/(,, then fj, is calculated from (fj11.y oy fingr)
and (.. The backward recursive fomula for the cumulative intensity function is given

by

1 - Gr(a2Ar(Ty)) g2
- Cr |: Wiy \ il < W T R, M
f]r f]—i—l r zzl lzl ’ l o ) GR(QQZ'AR(T;l»

n

+ G0 B Ty, < Xi < wiiy) Grlasbr(X)) @], (37)

=1

where Tj; is the [th observed recurrent event time, n; is the total number of the
recurrent events for the ith subject, and Ag(s) = ¢.(1 — >t fir) for wy, < s <

wjy1,. Similarly, the forward recursive formula for A;;; 7 and the backward recursive
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formula for f;; take a form of

n

1 1 A Gr(gzAr (X)) Q:’n}
=+ N E [ Twy <X <w h
Njrir AT ; { (e < #1t) Gr(g3ihr(X;))
— ZE [[(w]t X, < w]+1t) G,T(Q&'AT(Xi)) QSi] ) (3-8)

i=1
where G7p(x) = d>Gr(x)/dz® and Ar(s) = S01_, Nir for wyy < s < wji1, and

1
fgt f]—l—l t

B CtZA E { wj < Xi < wjg1y) Gr(gsilr(Xi)) CJ3Z]

Gr(gzihr(X;))

+ ¢ Z E [I(wjt < X < wyiry) Grlgsidr(X)) Q:ﬁ} : (3.9)

where ¢, = Ap(wp, ) = S0 Ay fir = Nir/G, and Ax(s) = G(1 — 32001 fu)
for wj; < s < wj;1,. We note that the forward recursive equations (3.6) and (3.8)
diminish parameter sets for Ag{.} and Ar{.} needed to be maximized in (3.5) from
(MR ooy Ay Ry ATy +ooy Amyr) 10 (AR, A1), and so do the backward recursive equations

(3.7) and (3.9) from (A1R, .oy Ay iy M7 <oy Amer) 80 (G frnsrs Gy finat)-

To obtain the NPMLESs, we iterate the E-step and M-step until the maximizers
converge at a certain rate. The variances of the NPMLEs can be estimated from the
inverse of the observed information matrix for (3, ¢, 02, Xy, MR, oy Ay Ry AT oy Ay T )-
The observation information matrix can be computed from the complete-data log-

likelihood function denoted by ¢ for the ¢th subject using the following formula of

n

= DBV [0 = YO {EIVE(B)™ 0] - E[VE(b) |07}

i=1

where u®2 = yu”, V and V? denote the first and the second derivatives with respect
to parameters, and E denotes the conditional expectation of a function of b given the

observed data.
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3.9 Proof of Asymptotic Properties

This section proves Theorems 3.1 - 3.2 stated in Section 3.4 by applying the general
asymptotic theory of Zeng and Lin (2007). Specifically, it is easy to see that our
conditions (A1) - (A9) imply (C1) - (C4), (C6), (C8) of Zeng and Lin (2007b), and
it remains to prove the two identifiability conditions (C5) and (C7) of Zeng and
Lin (2007b). The first identifiability is the key step to prove the consistency of the
NPMLEs, and the second is to entail the invertibility of the observed information

matrix at the true parameters for the proof of the asymptotic normality.

Proof of the First Identifiability

Proof. First, we verify the first identifiability condition (C5) in Appendix B of Zeng

and Lin (2007b). Suppose that the likelihood function for (3, ¢, 02, ¥, Ag, A7) is

the same as that for the true parameter values (5o, ¢o, 02, Xob, Aor, Aor). That is,

[T N IO P A,
b us 27r02 P 202

< H |:AR B%"ZQ +bTZ2(t) G (qQ(t))] R(t)AN*(t)

" [MX) A AT G (44(X))]

x exp{—Gr(q2(X)) — Gr(gs(X))} f(b;3) db

u (Y (te) — B Za (1) — b1 Zy(t1,))?
N /b,H [ 27T(f0e P {_ 20%, }]

=1
A *
X H [ ﬁ02Zg(t)+bTZg( Vs (qOQ(t))]R(t) N*(t)
t

> |:)\0T(X) 8323(X)+(bogo) " Z3(X) ! (qu(X))]A

x exp {—Gr(qo2(X)) — Gr(qos(X))} f(b; Xos) db, (3.10)
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where ¢(t) = f(]t B3 Z2(5)+b3 Z2(s) dAr(s), q3(t) = fOt B3 Z3(s)+(bog) " Z3(s) dAr(s), and
qo2(t), qos(t) are go(t), g3(t) evaluated at the true parameter values, and f(b; %)
is the density function of the (multivariate) normal distribution with mean zeros and

covariance matrix . From now, we take the following actions on both sides of (3.10).

Step 1. For the proof of the identifiability of the longitudinal component, we con-
sider a case with the observed longitudinal measures at time s;q, ..., s1x for arbitrary
K, R(t)=1, AN*(t) =0, A=0, and X = 0.

Considering E[Y (s1x)] and using the fact that

/ by f (b So) dby = / by f (b Sop) dby = 0,

we have 37 Zi(s1) = 8L Z1(s11), for k = 1,..., K. By Condition (A7), we prove

B1 = Po1. Now, we consider Var(Y (s1x)) and obtain

/b{aﬁ + ble(slk)zl(slk)Tbl} f(b;33) db

= /{Jge + b1TZl(S1k)Zl(S1k)Tb1} f(b; Xop) db,
b

for k =1,..., K. Then, we have 02 = o3, from (AS).

Step 2. For the recurrent events and the terminal event components, set R(-) = 1,
A =0, X = t3, and suppose that N*(-) has jumps at S1,. .., 82k, Sop,--.,Sep; fOT
any arbitrary (K + M) in [0, t3].

For simplicity, we can drop the longitudinal component in (3.10) by integrating
over y(t) for the observation times t. We integrate (3.10) with respect to Sa1, ..., Sox
from 0 to toq, ..., tax, while integrating with respect to 3'21, cee S;M from 0 to t3. Since

So1, ..., Sax are arbitrary, multiplying % Hszl(iwk)“k/ak! and taking summation over

48



M and aq,...,a; from 0, 1, ..., oo results in

/beXP {Z iwpGRr(ga(tor)) — GT(CJ3(753))} J(b; ) db

= /bGXP {Z iwrGRr(qo2(tar)) — GT(Qos(t?a))} f(b; Zop) db.

k=1

This equation implies that Gg(q2(t2r)) and Gg(qoa(tar)) for k =1,..., K are the same
in distribution as a function of b ~ e~C7(@®)) f(ph; 33) and b ~ e~Cr(@sE) f(h: 3,
respectively. By the one-to-one mapping of Gg and logarithm function, the distribu-
tion of log(z2- -@2(t2r)) and log (7 -o2(t2¢)) are the same for k = 1,..., K. That is,

for ¥(tq,t3) such that to < t3,

/{1og Ar(ts) + BT Zy(t5) +b§ZQ(t2)} ~Gra) £(p: 53, db
b

— / {1og Nor(t2) + 5 Zs(ts) + bT Zz(tg)} =Gr(a(ts)) (b 30, db.
b

From the equality of [, e=¢7(@(2) f(b; 53y) db = [, e=C7(@03(2)) f(b; 35,) db and the con-
dition (A7), we can show [y = [y and Ag(t) = Aor(t), and hence

oxp {=Gr(gs(ts))} f(b; Xp) = exp {=Gr(qos(ts))} f(b; Zop).

By setting t3 = 0 in the foregoing equation, we obtain f(b;%;,) = f(b;X0) fol-
lowed by ¥, = Yo, because b is normally distributed. Subsequently, it is true that
exp{—Gr(qs(t3))} = exp{—Gr(qo3(t3))}. Applying similar arguments above, we can

obtain the following equation

log Ar(ts) + B Zs(ts) + b7 (¢ o Zs(1s))

= log Aor(ts) + B3 Zs(ts) + b7 (do 0 Zs(ts)).

49



Since E[b] = 0 on both sides, we conclude that f5 = [y3 and log Ar(t) = log Aor(t) by
(A7). Clearly, ¢ = ¢y by (AS). O

Proof of the Second Identifiability

Proof. Next, we verify the second identifiability condition (C7) in Appendix B of Zeng
and Lin (2007b). It starts from the score equation along with the path (5o + nu,

Boz2 +nv2, Boz+nvs, 086+77V4> Go+nVs, Lop+nU, A0R+77f hi dAor, A0T+77f ha dAor).

Step 1. 'To make the score equation simple for the proofs of 1y =0 and vy = 0, we

consider the same setting as used in Step I of the first identifiability proof. We define

Vit =S5l + Y Zi(si) 20 (sw) fo%. and =Y auZi(sw) /o,
k k

then, the score equation is given by

K K
1 1 1
( ) IEObll_szlzeXP{— Ci/(20§e)+ubTVbub/2}
k=1

2
2mog,

K

v ~ ~ ~ ~ ~

< Y oo {2 Vi Zalswen + Vi Za(s) 21 (s1) Vo + 21 (s1) Ve Za(s11) §
k=1 =" 0e

Uy K VfZ1(51k> T ~
- K +Z—2 {Ck — My V;,Zl(slk)}], (311)

2
2006 ke1 O0e

where ¢ = y(s1) — 88, Z1(s11), and K is the number of repeated measures.

Since Ve > 0, Pr [|Y(t) — S5, X1(t)] < €] > 0, we have
(2000) " va [K - Zf(sk)%zl(sk)/age] = 0.
k

Under (A9), we conclude vy = 0 because tr[>", ZT (si)VoZ1(sk)/02.] < dy, where d,

20



stands for the dimension of b;. Then, (3.11) becomes equivalent to

T 7T
vi Zj

2
T0e

A

00

I (Y - ZlﬁOl) - O

e

where YT = (y(SH), R 7y(31K))7 Z,ir = (Zl<811), . 7ZI(SlK>)7 and Z,ir = (Zl<811),
. Zl(le)). Followed by the fact that [I — Z~1V1,Z~1T/age] is positive definite, we

just prove v; = 0.

Step 2. For the second identifiability of the recurrent and terminal events, we repeat
the same process as Step 2 of the first identifiability proof with the score equation

and obtain

K
> Ciltar, b) — Calts, b) +
k=1

J

f(; Zop)

X exp {Z ikaR(qOQ(tgk) — GT(qu(tg))} f(b7 Zob) db = 07 (312)

k=1

where

Ci(t,b) = /O(VgTZQ(Sth(S)) 902(5) ds G (qo2(t))/Gr(qo2(t)), and

Calt.t) = [ (A7) + (o) Za(s) + a(s)) do(5) s G ama(0)/ Gl (0)

Application of the Fourier transformation to (3.12) results in

S e B [C1(tar, b) e T @) | G (qoa(tar)) = &1, -, Grlqoa(tax)) = k] f
— By [Cy(ts, b) e (030 | Gr(goa(tar)) = & - . ., Grlqoa(tar)) = €x] fe
f/(bz—w e Or0s(5) | Gp(goa(tar)) = &1, - . ., Gr(qoa(tar)) = €k fe

f(b: Zop)
= 0, (3.13)

+ By
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where fe = f(&,...,&k) is the joint density of {Gr(qo2(t21)), ..., Gr(qo2(t2k))}. By
integrating out (&1, ..., &k ) and setting t3 = 0, we make each term of (3.13) zero. From
the first term Ej [C(tor,b)] = 0 (k = 1,..., K), it follows that vd Zy(tar) + hy(tax)
has a trivial solution. Under the assumption (A7), we show that v, = 0 and hy = 0.

Subsequently, the similar argument for ¢3 > 0 leads (3.13) to

(b 50) v
_02(t37 b) + m =0

Clearly, f'(b;X0) vy = 0 yields v, = 0 because f’ is the derivative of the normal
density. Finally, we attain to v Zs(ts) + (b o vs)" Zs(ts) + ha(ts) = 0 followed by
vs = 0, v, = 0, and hy = 0. We complete the proofs of Theorems 3.1 - 3.2 by
Theorems 1 - 2 in Zeng and Lin (2007b). O

Let I,, denote the negative Hessian matrix of the observed log-likelihood function
with respect to (6, Ag{-}, Ar{-}). As a remark, by following Theorem 3 in Zeng and

Lin (2007b), we can show that I,, is invertible for large n, and
(V' U Up)nd, (v" U, Up)"
is the consistent estimator of the asymptotic variance of
vn {VT(é — 0y) + / ug(t) d(Ag — Aog) + / urp(t) d(Ar — AOT)} :

where Ug and Uy are vectors of ug(-) and up(-) at the observed recurrent and terminal

event times, respectively.
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Table 3.1: Simulation results for Ggr(x) = Gr(z) = x.

N =200 N =400

Parameter True Bias SE SEE CP Bias SE SEE CP

¢ = (0.5, 0.2)
B 0.7 011 .083 081 .934  -010 .059 .058 .944
1.0 012 123 118 .935  -.012 .086 .083 .946
0.5 008 102 .108 .947  -.007 .072 .072 .953
o2 1.0 002 041 .041 958  -.000 .031 .029 .940
B 1.0 012 138 138 .951  -.021 .094 .097 .955
0.5 007 118 119 .952  -.009 .084 .083 .949
Ag(r/4) 1.0 014 111 112 .948  -.012 077 .079 .955
Ar(r/2) 2.0 033 213 215 .942  -.026 .149 152 .946
B 1.0 019 199 204 962  -.003 .137 .141 .957
0.5 012 175 171 954  -.000 .118 .118 .954
¢ 0.5 028 214 211 960  .005 .147 .143 .944
0.2 016 219 219 .960  -.010 .153 .149 .945
Ar(T/4) 0.1 003 022 .022 962  -.002 .016 .016 .953
Ar(T/2) 04 009 069 .069 .953  -.003 .048 .049 .960
o2 0.5 013 .068 .067 .951  -.006 .049 .048 .951
o2 0.5 013 095 .092 946  .013 .063 .064 .947
p 0.5 006 .091 .095 .955  -.005 .066 .066 .961
¢ = (0, 0.2)
B 0.7 009 082 .082 .939  -.009 .057 .058 .950
1.0 014 116 .118 .947  -016 .084 .083 .936
0.5 001 .101 .103 .947  -.005 .072 .072 .952
o2 1.0 001 042 .041 952  -.000 .029 .029 .949
B 1.0 016 139 139 .940  -.017 .099 .097 .932
0.5 004 121 118 .947  -.008 .082 .083 .949
Ar(r/4) 1.0 012 108 .113 .955  -.015 .082 .079 .938
Ag(r/2) 2.0 028 209 216 .949  -.031 .159 152 .942
B 1.0 015 196 .191 950  .003 .135 .133 .947
0.5 009 163 .160 946  .003 .107 .110 .960
¢ 0.0 001 204 200 954 007 .139 .135 .953
0.2 008 234 221 .944  -018 .157 .148 .947
Ar(T/4) 0.1 002 .022 022 .958  -.001 .015 .015 .941
Arp(T/2) 04 001 .068 .067 .960  -.001 .047 .047 .944
o2 0.5 007 .069 .068 .954  -.004 .046 .047 .960
o2 0.5 010 092 .093 946  .010 .063 .064 .948
p 0.5 002 .096 .094 .947  -.003 .066 .065 .941
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Table 3.2: Simulation results for Gr(z) = z and Gr(x) = log(1 + x).

N =200 N =400

Parameter True Bias SE SEE CP Bias SE SEE CP

¢ = (0.5, 0.2)
B 0.7 009 .084 082 .935  -.008 .058 .058 .949
1.0 003 120 .119 .956  -.006 .085 .084 .939
0.5 007 .104 .103 .943  -.002 .074 .073 .940
o2 1.0 002 .041 041 955 .00l .030 .029 .946
B 1.0 -003 157 .156 .957  -.006 .107 .108 .956
0.5 009 135 132 .950  -.001 .091 .092 .949
Ar(T/4) 06 006 .081 .080 .949  -.006 .056 .056 .943
Ar(r/2) 1.2 012 156 .154 .953  -.016 .109 .107 .939
B 1.0 010 282 284 952 001 .198 .198 .954
0.5 004 228 241 966  .005 .168 .169 .951
¢ 0.5 009 349 367 .969 007 .245 .246 .957
0.2 012 436 444 969  -.011 .301 .299 .949
Ar(T/4) 0.1 004 036 .037 965  -.002 .026 .026 .966
Ar(T/2) 04 000 136 131 .953  .000 .093 .092 .948
o2 0.5 009 070 .069 .956  -.004 .049 .049 .949
o2 0.5 015 145 112 945 009 .078 .078 .941
P 0.5 002 .108 .108 .961  -.004 .073 .075 .953
¢ = (0, 0.2)
B 0.7 008 .082 082 .950  -.008 .057 .058 .954
1.0 001 120 .119 .953  -.005 .084 .084 .948
0.5 001 .106 .103 945  -006 .071 .072 .958
o2 1.0 001 .041 041 947 001 .028 .029 .953
B 1.0 011 151 .152 .956  -.005 .111 .108 .938
0.5 005 .134 130 944  -002 .092 .092 .944
Ag(r/4) 015  -001 .081 .079 .944  -.007 .056 .055 .943
Ar(r/2) 0.6 005 151 151 .947  -.019 .106 .106 .949
B 1.0 013 276 276 951 023 .193 .192 .947
0.5 009 234 235 950 003 .163 .164 .947
¢ 0.0 014 367 357 963  .008 246 .241 .956
0.2 029 459 440 .956  -.045 .207 .293 .942
Ar(r/4) 0.1 004 036 .036 .955  -.004 .025 .025 .949
Ar(T/2) 04 004 126 128 959  -.010 .085 .087 .952
o2 0.5 006 .070 .068 .951  -.005 .049 .048 .955
o2 0.5 007 112 110 943 011 .077 .077 .946
P 0.5 007 108 .107 .959  -.004 .073 .074 .959
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Table 3.3: Analysis results for the ARIC study. The Fisher transformation is used
for testing p, while the 50:50 mixture of y? distributions is used for testing variances.

Effect Estimate  Std.FError p-value
Longitudinal measures of SBP
Intercept -0.093 0.025 0.0002
Age 0.126 0.024 < .0001
BMI (kg/m?) 0.009 0.015 0.5441
SBP (baseline, mmH g) 0.615 0.020 < .0001
Hypertension medication (yes vs. no) 0.238 0.040 < .0001
Visit Year 0.038 0.003 < .0001
BMI * SBP -0.059 0.015 < .0001
SBP * Hypertension medication -0.149 0.042 0.0004
o? 0.280 0.008 < .0001
Recurrent CHD event
Age 0.974 0.160 < .0001
BMI (kg/m?) 0.115 0.066 0.0786
SBP (baseline, mmH g) 0.222 0.093 0.0164
Diabetes (yes vs. no) 1.168 0.225 < .0001
Age * BMI -0.238 0.089 0.0074
Terminal event
Age 2.521 0.667 0.0002
BMI (kg/m?) 0.206 0.118 0.0806
SBP (baseline, mmH g) 0.264 0.152 0.0819
Diabetes (yes vs. no) 1.273 0.460 0.0057
Age * BMI -0.439 0.160 0.0062
o1 -0.141 0.329 0.6684
02 1.962 0.498 < .0001
Variance components for random effect
o2 0.183 0.011 < .0001
o3 2.905 0.511 < .0001
p 0.059 0.055 0.2819
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10 1.0

Figure 3.1: Log-likelihood surface under the logarithmic transformations for the ARIC
study. The x-axis and y-axis correspond to the transformation parameter v for re-
current events and terminal event, respectively.
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Figure 3.2: Predicted survival probability (a) and the expected longitudinal SBP
levels (b) for a subject who had one CHD event at the 5th year of study. The solid
curves are point estimates, and the dotted curves are the 95% confidence bands.
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Chapter 4

Joint Modeling of Longitudinal

and Cure-Survival Data

4.1 Introduction

In many medical studies, patients are repeatedly followed-up with a series of clinical
markers measured until some survival event occurs. To investigate the association be-
tween such longitudinal biomarkers and time to the event, joint modeling approaches
have become more and more popular (Wulfsohn and Tsiatis, 1997; Xu and Zeger,
2001; Tsiatis and Davidian, 2001, 2004; Hsieh et al., 2006; Vonesh et al., 2006; Liu
et al., 2007; Song and Wang, 2008). When the event of interest is an event other
than death, it is not uncommon that a certain proportion of subjects might never
experience such an event; these patients are considered cured. For example, patients
can be cured when cancer is treated by radiation therapy or an initial surgical inter-
vention if the treatment removes all the cancer cells. The survival data with cured
subjects generally present a heavy censoring rate at the end of a long follow-up, and
the joint modeling approaches based on the classic survival models may not always

be appropriate. It has been shown by Brown and Ibrahim (2003b) that joint cure



rate models performed better than joint models ignoring cure in terms of biasedness

of regression coefficients when a true cure proportion existed in the study population.

Two classes of cure rate models are commonly used to analyze cure-survival data:
mixture cure model and promotion time cure model. For a detailed examination of
these models, we refer readers to Section 2.2. There has been scant literature about
jointly modeling longitudinal and survival data with a cure fraction. The mixture
cure model with a longitudinal disease progression marker as a covariate has been
studied by Law et al. (2002), Yu et al. (2004), and Yu et al. (2008) to model a clinical
recurrence, for which a fraction of patients are cured by the treatment and are immune
from recurrence. Specifically, they used a mixed-effects model and a time-dependent
Cox proportional hazards model conditioning on the unobserved random effects to
build a model for the patients who are susceptible to recurrence in the uncured sub-
population. In these models, different assumptions have been made for the baseline
hazard function. Law et al. (2002) assumed the baseline hazard to be nonparametric
and obtained maximum likelihood estimators of the parameters via a Monte Carlo
EM algorithm. In contrast, Yu et al. (2004) took a Bayesian approach with the base-
line hazard following a Weibull distribution. The Weibull assumption was made for
the computational simplicity in using Markov chain Monte Carlo methods. Their es-
timation results were similar to those achieved by the maximum likelihood estimation
in Law et al. (2002). Yu et al. (2008) extended the use of a Weibull baseline hazard

to a generalized Weibull baseline hazard in order to allow more flexibility.

On the other hand, Brown and Ibrahim (2003b) and Chen et al. (2004) have
proposed joint models with a proportional hazards structure for longitudinal and
survival data with a cure fraction, where the promotion time cure models were used
to fit event times. Brown and Ibrahim (2003b) focused on modeling the association

between the longitudinal markers and time to survival endpoint with the possibility
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of cured patients. Chen et al. (2004) employed a mixed-effects model for longitudinal
biomarkers and the promotion time cure model with a proportional hazards structure
for survival times. In this model, random effects were shared by the longitudinal and
survival components to account for the correlation between them. In both Brown
and Ibrahim (2003b) and Chen et al. (2004), a piecewise exponential distribution was
considered to estimate the baseline distribution function, and Bayesian approaches

were used for inference.

In this paper, to correctly handle the heavy tail of survival distribution by long-
term survivors, we propose a mixed-effects model for longitudinal data and a trans-
formed promotion time cure model for survival times in data where a portion of the
patients can be cured. These two models share the same frailty, but with differ-
ent magnitude. Using transformation gives a flexible way to fit survival data. We
propose to use nonparametric maximum likelihood estimation for efficient inference.
In Section 4.2, we introduce the proposed joint models. In Section 4.3, we provide
the nonparametric maximum likelihood estimators (NPMLE) and describe a sim-
ple algorithm used for implementing the proposed inference procedure. In Section
4.4, we establish asymptotic properties of the proposed estimators. We evaluate the
numerical performance of the proposed method through both simulation studies in
Section 4.5 and an application to the Atherosclerosis Risk in Communities (ARIC)
data in Section 4.6. Finally, concluding remarks are given in Section 4.7 and proofs

of asymptotic properties are provided in Section 4.8.

4.2 Joint Models

Let Y (t) be the longitudinal measurement at time t, 7' be the time to the survival

event, and Z = {Z(t); t > 0} be the covariate process, where Z(t) is the vector
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of external covariates at time ¢, possibly time-varying. We introduce latent random
effects to account for the correlation between longitudinal and survival components
on the same subject. Particularly, let b denote the subject-specific random effects
following a multivariate normal distribution with mean zeros and covariance matrix
Yp. We further assume that Y (¢) and T' are independent, conditional on Z and b.
Then, the proposed joint models for the longitudinal data Y'(-) and the population

survival function of T with a cure fraction are given by

Y(t|Z,0) = afZi(t) + b7 Z(t) + €(t),

t -
S(t|Z,b) = exp{—H ( / e Z2(WF(Web) Za(w) dF(u))}, (4.1)

0

where a and  are vectors of unknown regression parameters in the longitudinal and
survival components, respectively, Z,(t) and Z(t) (k = 1,2) are subsets of Z(t) plus

the unit component, and F(t) is an unspecified distribution function of the event

2

times. In addition, €(¢) is a white noise process with mean zero and variance o2, 1 is
a set of unknown constants with the same number of elements as b, and ¥ o b denotes
the component-wise product of 1) and b. Note in (4.1) that the correlation among the
longitudinal outcomes is formulated through the latent random effects b, and that
the association between longitudinal outcomes and the event time is characterized by
1 with the shared latent variables b. Thus, for a fixed covariate Z, ¢ > 0 implies
the larger longitudinal measures are, the higher hazard rate of the event is. On the

other hand, ¥ = 0 implies that the association can be fully explained by the common

covariates in both longitudinal and survival components.

In the model (4.1), H(-) represents a transformation function of the conditional
cumulative hazard function, which is required to be pre-specified in the analysis. The

transformation functions are assumed to be continuously differentiable and strictly
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increasing. For example, H(x) can take a form of the logarithmic transformation,

H(x) = log(1 + nz)/n, n>0

x, n = 0.
The choices of n = 0 and n = 1 lead to the proportional hazards structure and the

proportional odds structure, respectively.

We notice that the survival model for the entire population in (4.1) includes the

cure rate model by letting ¢ = co. That is, the cure rate model can be expressed as

thm S(t | Z, b) = exp {_H (/ eﬁTZ2(u)+(¢ob)T22(u) dF(U)) } .

0

Thus, our joint cure-survival model (4.1) allows us to explore a link between the
longitudinal measures and the probability of being cured through the shared random
effects as well as covariates. Especially, when Z,(t) and Z(t) are time-independent

covariates, zo and Zs, respectively, the cure rate can be simplified to

exp[—H (exp{"z; + (¢ 0 b)" 25})].

In fact, it is always true that the conditional cure rate is lim; .o, S(¢| Z,b) > 0

(improper survival function), because H is assumed to be finite.

Let C be the non-informative censoring time which is independent of (Y'(+), 7', b)
given Z, and let X = min(7,C) denote the observed event time. The observed data
for the ¢th subject with m; repeated measurements are defined as O;= {Y;(ti), X;,
Ny, Z(t); tie < Xyt < Xp,i=1,...,n, k=1,...,m;}, where A; = I(T; < C;) with

I(-) being the indicator function. Under the model (4.1), the log-likelihood function
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for the observed data is given by

n i 1 —(Yi(tin) — T Zy(t) — b7 Zyi(tir))?
;log/bnl exp{ ilta) 2<<7§) ( ))}

k=1

\/2mo?

- Xi . Ai

% |:f(Xz) eﬁTZQi(Xi)‘l'(wOb)TZQi(Xi) H/(/ eﬁTZQZ'(u)—‘,-(z/Job)TZQi(U) dF(u))}
0

X ~
X exp {—H( / el Z2i(w+(Yob)" Z2i(u) dF(u))} X f(b; ) db, (4.2)
0

where f(b; ¥;) is the density function of b with the parameters ¥, and f(t) =

dF(t)/dt and H'(x) = dH(z)/dx are the first derivatives of F'(t) and H(x), respec-

tively.

4.3 Inference Procedure

4.3.1 NPMULEs for Transformation Models

We propose to use the nonparametric maximum likelihood estimation (NPMLE) for
estimating parameters 6 = («, 3, ¥, 02, Vec(2)) and infinite-dimensional parameter
F(t), where Vec(%,) denotes the vector consisting of the upper triangular elements
of 3. To obtain the NPMLESs, in the log-likelihood function (4.2), we treat F as a
step function with jumps only at the observed failure times and replace f(t) by the
jump size of F' at t, which is denoted by F'{t}.

For commonly used transformation functions such as a logarithmic transformation,
exp{—H (z)} can be expressed as the Laplace transformation of some function ¢(t),

t > 0, such that

exp{—H(z)} = /000 exp(—xt) ¢(t) dt.

For example, if we choose ¢(t) = /7L exp(—t/n)/{['(1/n)n'/"}, then it is true that

H(x) = log(1 + nx)/n. Applying the Laplace transformation with a subject-specific
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frailty ¢; and using the fact that

JT@NMK—H@H:iAMCMM—MDMOdQ

the observed log-likelihood function (4.2) can be rewritten as

L,(0, F{-})
n e 1 —(Yi(tu) — ¥ Zy(ti) — b Zyi(tar))?
=z§@l£[ eXp{(() 2; <»}]

2
2mo?

x / [Ci FLX,} o8 2o Koot 2]
Gi

X; ;
X exp {_ /O G eﬁTZQi(")Jr(d’Ob)TZ%(u) dF(u)} ¢(Cz‘) dé;
x f(b; Sy) db, (4.3)

where we assume that ¢; and b are independent. The most attractive feature about
taking transformation in this way is that the modified log-likelihood (4.3) can be seen

as the proportional hazards frailty model with the conditional hazard function

Mt Z(t), Gy b)) = G f(t) exp{ BT Zai(t) + (1 0 b)Y Zoi(t)}.

This makes the algorithm more stable and computationally efficient.
Now, the computation of the NPMLEs is identical to maximizing the modified log-
likelihood function with respect to € and all jump sizes of F' at the observed failure

times. This maximization can be carried out through the following EM algorithm.

4.3.2 EM Algorithm

We describe the EM algorithm, treating (; and b as missing data to compute the

NPMLEs of (6, F{-}). In the E-step, we calculate the conditional expectation of
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the log-likelihood function for the complete data, given the observed data O; and
the current parameter estimates. Particularly, we need to evaluate the integration
of certain functions of ((;, b), say E[(; g;(b) | O;]. Hereafter, we drop the conditional
part on the observed data and the current parameter estimates, and abbreviate such
expectation E[¢; g:(b) | O] as E[Ci g:(b)]. Computation of this expectation can become
doable by first obtaining the nested conditional expectation of (;, given b and the
observed data. That is, E[¢; gi(b)] can be calculated as Ey[ E,[C; | b] g;(b)]. With the

fact that the conditional distribution of (; given b is proportional to

X; N
Gut) = exp { = [ G e gy}
0

and the useful relationships by the Laplace transformation, the conditional expecta-

tion of (; given b has the form of

sz ¢(CZ) (= H”(jl(b)) &
Eclali = [ G 4G = H'(@(0) — | 20D
‘ Jh(G:,0) 6(G) d H'(2;(b))
where Z;(b) = fOXi ef" Z2iw)+(Wob) T Zoilw) B (). Once B[ | D] is calculated, which is a
function of b, the conditional expectation E[(; g;(b)] can be computed using numer-
ical approximation methods such as the Gaussian quadrature with Hermite orthog-
onal polynomial. Since the conditional distribution of b given O; is proportional to

L'(O;| b) f(b; 3), the conditional expectation is calculated by

BlGan®)] = [ Eelal8a0) pr ol
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where

1

k=
X
X exp {Az [ ob TZQZ i)+ logH'(/ BT Z2i(w)+(od)T Zai(u dF( ))}}
0

X _
X exp {_H (/ eﬂTZQi(U)Jr(d)Ob)TZ%(U) dF(u)) } )
0

[(0s]b) = { Z [ (" Z1a(tin))® = 2(Yi(tx) — of Zus(ta)) bTZu(tz'k)] /(203)}

In the M-step, we maximize the following objective function of the expected log-

likelihood for the complete data:

i i {_ log 0?2 /2 — E [(Yz(tzk) —a Zy,(ty) — bTZli(tik))Q/(2Uz)] }

i=1 k=1

+ Z A; {log G +log F{X;} + 87 Zoi(X,) + B[y o b}TZ%(Xi)}

i=1

n Xi .
F B | [ G e B ap )| 4 £l 0(6) + log £(0: 5] |
i=1 0

under the restriction of Y | A;F{X;} = 1. Maximizing the above objective function
over (a, 02, 33) is simple; whereas the rest of parameters (3, v, F{.}) do not yield
the closed-form of maximizers, and hence it is required to involve a reliable numerical
approach. By introducing the Lagrange multiplier u, we solve the following equation

for 3:

. Sy Ri(Xi) Zaj (X0 E [( e X0]
A Zoi(X;) — =2 - =0, 44
; { ) Y Bi(XG)E |G e D] 4 p .

the following equation for :

S Bi(X)E G e (bo Zyy(X,))]
Zj:l Ry ( z)E [Cj eq%(Xi)] T+

i ARE [b o Zgl(Xz)i| =0, (4.5)
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and the following equation for yu:
Y AF{X} =1, (4.6)
i=1
where R;(t) = I(X; > t) and qo;(t) = 57 Zo;(t) + (¢ 0 b)T Zo;(t). In addition, F is
estimated as a step function with the following jump size at X; :

A;

O L R OOB G o]+

(4.7)

To solve these equations at each M-step, we consider a two-step optimization. In the
first step, we estimate p using the bisection method based on the equation (4.6) and
the fact F{X;} >0 (i =1,...,n). Since the left side of (4.6) is a monotone decreasing
function of u by considering F{X;} as a function of u in (4.7), the solution always
exists. In the second step, to update 3 and 1, we plug the estimates [i into equations
(4.4) and (4.5), treat them as the functions of fi, and solve the equations using one-
step Newton-Raphson algorithm. Updating the jump sizes of F' can be easily done

by the equation (4.7) with fi.

To obtain the NPMLESs, we iterate the E-step and M-step until the parameter es-
timates converge. The variances of the NPMLEs can be estimated from the inverse of
the observed information matrix for all parameters of (6, F'{-}), under the restriction
of > A;F{X;} = 1. The observation information matrix can be computed from
the complete data log-likelihood function denoted by ¢ for the ith subject using the

following Louis formula (Louis, 1982) of

=SBV |0 - Y {EIVE®® |0 - EIVED) |0J7)

i=1

where u®? = yu”, V and V? denote the first and the second derivatives with respect
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to parameters, and E denotes the conditional expectation of a function of b given the

observed data and is evaluated at the NPMLEs.

4.4 Asymptotic Properties

Let (A, F) denote the NPMLEs and (6, Fy)) denote the true parameter values of (6,
F). Under the regularity conditions, we will establish the asymptotic properties of

the NPMLEs under the following conditions:

(A1) The true parameter value 6y belongs to the interior of a compact set © within
the domain of 6.

(A2) With probability 1, Z(t) is left-continuous with uniformly bounded left and right
derivatives in [0, o).

(A3) For some constant dy, P(C' = oo| Z) > &y > 0 with probability 1.

(A4) For some positive constant My, M ' < 02, < My and My ' < TS, ¢ < M, for
any constant vector ||c|| = 1.

(A5) The transformation functions H(-) are four-times differentiable with H(0) = 0

and H'(0) > 0. In addition, there exist positive constants ug and kg such that
(1+ @) H' () exp{—H(x)} < puo(1+2) 7.

Furthermore, there exists a constant py > 0 such that

sup
x

" (@) + |HO ()] + [HO ()]
{ H'(z) (1 + z)e0 }<“

where H®) and H® are the third and fourth derivatives.

(A6) For some t € [0, o0], if there exist a deterministic function ¢(¢) and v such that
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c(t) +vT'Z(t) = 0 with probability 1, then ¢(t) = 0 and v = 0.

(A7) With some positive probability, ZITZ 1 has full rank, where Z; denotes a matrix
with each row equal to the observed covariate Z;(t)T at the time of each measure-
ment.

(A8) Let K be the number of repeated measures and let d, be the dimension of b.
With probability one, P(K > dy| Z, X) > 0.

Conditions (A1) - (A3) are the standard assumptions in survival analysis. Condi-
tion (A4) is necessary to prove the existence of the NPMLEs. It can be easily verified
that Condition (A5) holds for all transformations commonly used, including the log-
arithmic transformations described in Section 4.2. Conditions (A6) - (A7) entail the
linear independence of design matrices of covariates for the fixed and random effects.
Condition (A8) prescribes that some subjects have at least dj, repeated measures.

Under the above conditions, the following theorem shows the consistency of the

NPMLEs (4, F).

Theorem 4.1. Under Conditions (A1) - (AS8),

0 — 0] — 0, sup |F(t)— Fy(t)| — 0, a.s.

te[0,00]

Theorem 4.1 then leads to the following results on the asymptotic normality of

(é, F ) and the asymptotic efficiency of 0.

Theorem 4.2. Under Conditions (A1) - (A8), \/r (0 — 0y, F(t) — Fy(t)) weakly con-
verges to a zero-mean Gaussian process in R% x BV [0, 00], where dy is the dimension
of 0 and BV |0, oo| denotes the space of all functions with bounded variations in [0, o).
Furthermore, the asymptotic covariance matriz of v/n (9 —0y) achieves the semipara-

metric efficiency bound for 6.
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Furthermore, in Section 4.8, we show that the inverse of the observed information
matrix is a consistent estimator of the asymptotic covariance matrix of the NPMLESs.
This result allows us to make inference for any functional of (0, F(t)). To prove
Theorems 4.1 - 4.2, we apply the general asymptotic theory of Zeng and Lin (2007).
The desired asymptotic properties of the NPMLEs are established followed by the
arguments in Appendix B of Zeng and Lin (2007) if we can verify that their regularity
conditions hold for our joint cure-survival model setting. Checking the regularity
conditions, however, is challenging in our cases. The detailed proofs are provided in

Section 4.8.

4.5 Simulation Studies

In this section, we demonstrate the small-sample performance of the proposed method

through extensive simulation studies. The longitudinal data are generated from

Y (t|21,292,0) =0.74 21 — 0.525 + b+ €(t),

and the survival data with a cure proportion are generated from transformation mod-

els

S(t| 21, 22,0) = exp {—H (e??* 7= F(¢)) },

where z; is a dichotomous covariate taking the value of 0 or 1 with the equal prob-
ability of 0.5, z5 is a continuous covariate generated from a uniform distribution on
-1, 1], and €(t) ~ N(0,0?) is assumed with ¢? = 1. The true failure distribution
function in the uncured subpopulation is set to be F'(t) = 1 — exp(—t).

For each subject, the correlation within repeated measures is reflected by the

subject-specific random intercept b ~ N(0,07) with o2 = 0.5, and the negative, no,
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and positive dependences between the longitudinal measures and the cure-survival
rate are simulated through different ¢ values of -0.3, 0, and 0.3, respectively. For the
cure-survival model, we consider three types of transformations H(-) representing the
proportional hazards structure (7 = 0), the proportional odds structure (n = 1), and

a transformation in the middle of them with n = 0.5.

The non-informative censoring time C; is generated from a uniform distribution
with varying rates, depending on the chosen transformation, to design a 30~45%
chance of being right-censored and a 20% chance of being cured. We set longitudinal
measures to be observed every 0.2 unit of time so that each individual can have about

3 repeated measures, on average.

The results based on 1000 replications are presented in Tables 4.1 - 4.3 for n=200
and n=400. Tables 4.1 - 4.3 include the average of the differences between the true
parameter and the estimates (Bias), the sample standard deviation of the parameter
estimators (SE), and the average of the standard error estimators (SEE), and the
coverage probability of 95% confidence intervals (CP). The confidence intervals for

o2 and of are constructed based on the the Satterthwaite approximation.

Table 4.1 shows that the NPMLEs under the proportional hazards structure
H(x) = z are noticeably unbiased, the standard error estimators calculated via the
Louis formula well reflect the true variations of the proposed estimators, and the cov-
erage probabilities are in a reasonable range, even with a moderate sample size of 200.
As the sample size increases to 400, the biases slightly increase for some estimates;
however, they are still very small comparing to the sizes of true parameter values and
the variations of the parameter estimators become smaller, and hence the coverage
probabilities still lie in a reasonable range. The simulation results shown in Tables
4.2 - 4.3 are similar to those for Table 4.1, indicating that the proposed method seems
to work well for H(x) = 2log(1 4 x/2) and H(x) = log(1 + z).
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4.6 Data Application

The proposed method is applied to the data from the Atherosclerosis Risk in Com-
munities (ARIC) study. The main interest of this analysis is to jointly model the
longitudinal pattern of systolic blood pressure (SBP) with the incidence of hospital-
ized myocardial infarction (MI) or fatal coronary heart diseases (CHD) in patients
aged 44-66 years. Our research focuses on a total of 870 white patients living in
Forsyth County, who were diagnosed with hypertension at the first examination in
1987-89. This is because the effect of race, known to be a critical factor for the
incidence, is nested within the center effect in the ARIC study.

For each subject, SBP was measured four times at approximately three-year inter-
vals, in 1987-89, 1990-92, 1993-95 and 1996-98. On the other hand, the event time of
interest, defined as the first time to have either MI or fatal CHD by hospital discharge
records, was followed up from 1987 to 2005 with a median follow-up of 16.6 years.
During 19 years of the study period, we observe that 158 patients had experienced
MI or fatal CHD.

Based on the Kaplan-Meier survival curve in Figure 4.1 (a), we find that the
estimated survival rate at the end of study is very high (79%) even after a sufficient
follow-up period (19 years). We presume that the high tail probability of the survival
curve is due to the patients who are immune to cardiovascular disease, and to adjust
this high censoring rate at the end of study, we believe that a cure rate model is a
suitable approach for the ARIC data. In fitting the cure rate model, we treat patients
as being “cured” or “immune” if they were censored beyond 17.5 years (the largest
observed failure time), and 198 patients were considered immune (X; = oo) in the
ARIC data. We note that some of patients who were right-censored before 17.5 years
might indeed have been immune to cardiovascular disease, but it is inconclusive due

to the right-censoring.
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We fit the proposed joint model for the longitudinal SBP trend and MI or fatal
CHD event with the patient’s baseline information; age at entry, gender, low density
lipoprotein (LDL) cholesterol, high density lipoprotein (HDL) cholesterol, and indi-
cators for hypertension lowering medication use, diabetes (with fasting glucose >126
mg/dL) and ever smoker were included as covariates. Among them, LDL- and HDL-
cholesterols are standardized at mean 0 and standard deviation 1, and age variable is
centered at the mean age of 54 and divided by 10 to represent a decade. In addition,
a subject-specific random intercept is included in both longitudinal and survival mod-
els to account for the correlation between these two outcomes. We notice that the
shared random intercept can also quantify the association between the longitudinal

SBPs and the event, given covariates.

We apply transformation models H(z) = log(1 + n)/n to cure-survival data by
varying values of 7 in [0, 1]. This class of transformation allows us to explore the
possibility of the proportional hazards and the proportional odds structures in cure-
survival data. We use the Akaike information criterion (AIC) to determine the best
form of transformation (i.e. 7). Using the proposed method in Section 4.3, the NPM-
LEs for the regression coefficients are computed under each transformation model.
The observed log-likelihood function increasing over [0, 1] indicates that the propor-

tional odds cure model is the best fit to the data.

Under the selected best transformation model, Table 4.4 summarizes the estima-
tion results and Figure 4.1 (b) displays the estimated survival distribution for the
uncured patients (X; < 00), i.e., S(t) = 1 — F(t), along with their pointwise 95%
confidence bands. We note that the tail probability in the estimated survival curve
reaches zero in Figure 4.1 (b). The results in Table 4.4 show that age and the use
of hypertension lowering medication are significant factors to explain the pattern of

longitudinal SBP, while age, LDL-cholesterol, and diabetes status are significant fac-
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tors for MI or fatal CHD events. In more detail, older patients who do not take
hypertension medications tend to have higher SBP levels. In terms of MI or fatal
CHD events, the risk grows with age and LDL-cholesterol level. Male patients who
have diabetes are exposed to higher risk of MI or fatal CHD events. For the random
effect b, through the significant variance component &3, we note that heterogeneity
between patients exists in repeated measures. We also notice that the highly signifi-
cant 1& suggests that there is a strong association between the longitudinal SBP levels
and MI or fatal CHD - patients with increased SBP levels are likely to have the higher

risk of MI or fatal CHD event.

As an example of quantitative interpretation of the results, the marginal survival
rates (<17.5 years) and immune fractions (>17.5 years) for the whole population
are given in Figure 4.2. By comparing each curve to reference (age of 54, female,
HDL-cholesterol 42 mg/dL, LDL-cholesterol 136 mg/dL, no hypertension medication
use, never smoking, no diabetes), we can see that the immunity ratios of (age of 74,
male, LDL-cholesterol 170 mg/dL, diabetes) relative to reference are (0.76, 0.82, 0.88,
0.74), respectively.

Lastly, we compare the results from our proposed joint model (in Table 4.4) with
the one from two separate marginal models (i.e., a linear mixed effects model and a
proportional hazards cure model). We find that ignoring the cure fraction and the
correlation between the longitudinal and survival components (¢) and fitting separate

marginal models shows substantial variations in the model estimates.

4.7 Concluding Remarks

We have proposed the joint transformation model for longitudinal and survival data

with a cure fraction. Ignoring a heavy tail probability in the survival function, caused
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by a true cure proportion in the study population, will produce biased estimates for
both regression coefficients and survival prediction. The unique features of the pro-
posed model, compared to the existing joint models, are that it takes the possibility
of patients being cured or immune to disease into account and it allows us to ex-
plore a feasible proportional hazards or proportional odds structure in the cure rate
model through varied forms of transformations. We have used the NPMLEs to make
inferences on the model parameters, and the NPMLEs have been shown to be asymp-
totically efficient. The new EM algorithm has offered a simpler and more stable way
to compute the NPMLESs. In addition, the proposed method has been well evaluated

through simulation studies and illustrated using the ARIC data.

The proposed approach has the advantage of handling time-varying covariates in
the cure-survival model. Lu and Ying (2004) generalized transformation cure models
based on a type of mixture cure model. However, their approach is limited to only
time-independent covariates due to the form of transformations. Furthermore, the
extra constraint on the tail of the estimated transformation function is necessary to
resolve the identifiability issue of cure parameters with a finite sample size, likewise
in the usual mixture cure models (Taylor, 1995; Sy and Taylor, 2000; Peng and Dear,
2000).

In this paper, we assumed that the number of observations of repeated measures
are independent of survival data. Our joint cure model can be extended in a way
to account for the informative observation process. The AIC was used to determine
the best transformation, but there exist other criteria for model selection such as the
Bayes information criterion and cross-validation (‘leave-one-subject-out’). Further
method development for model checking would be useful for the practical application

of the joint models.
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4.8 Proof of Asymptotic Properties

This section proves Theorems 4.1 - 4.2 stated in Section 4.4 by applying the general
asymptotic theory of Zeng and Lin (2007). Specifically, it is easy to see that our
conditions (A1) - (A8) imply (C1) - (C4), (C6), (C8) of Zeng and Lin (2007b), and
it remains to prove the two identifiability conditions (C5) and (C7) of Zeng and
Lin (2007b). The first identifiability is the key step to prove the consistency of the
NPMLESs, and the second is to entail the invertibility of the observed information

matrix at the true parameters for the proof of the asymptotic normality.

Proof of the First Identifiability

Proof. First, we verify the first identifiability condition (C5) in Appendix B of Zeng
and Lin (2007b). Suppose that the likelihood function for (a, 3, v, 02, Vec(X)) is
the same as that for the true parameter values (g, 3o, Yo, 05, Vec(Xgp)). That is,

for arbitrary K > 0,

/ (27?03)_§ exp

2
b 207

{_ Y — Zia— Z0)T(Y — Zia — Z1b) }

X | (@) e BEHEDTLE 1 (g(r) % exp{—H(q(x)} (b 53) db

2
20¢,

b

% [fo(ilf) eﬁ(JTZQ(a:)Jr(bowo)TZz(x) H'(qo(x))]Aexp{—H(qo(x))} f(b;20y) db(4.8)

where bold Y denotes the vector of the observed longitudinal measures at time
S1,...,8K, and Z; and Zl in bold type denote matrices with each row equal to the

observed covariate Z;(s;)? and Zl(sk)T at k = 1,..., K, respectively. In addition,
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q(t) = [, BT Z2(w)+ (o) Za(w) () and qo(t) is q(t) evaluated at the true parameter
values, and f(b; %) is the density function of the (multivariate) normal distribution

with mean zeros and covariance matrix ;. From now, we take the following actions

on both sides of (4.8).

Step 1. For the proof of the identifiability of the longitudinal component, we con-
sider a case A =0 and X ~ 0.

Using the fact that [b f(b;%,) db = [ b f(b; o) db = 0 and considering E[Y (sy)]
conditional on b, we have o’ Z,(sy) = ol Zi(s;.), for k = 1,..., K. By Condition
(A6), we prove a = . Similarly, we consider E[Y (sx)Y (sg)] and Var(Y (si)), given
b, and obtain for k # k'

/b{OéoTZl(Sk) + bTZl(Sk)} {ang(s;g/) + bTZl(sk/)} F(b; %) db

= /b{%TZI(Sk) + bTZl<5k)} {OéoTZl(Sk/) + bTZl(Sk’)} f(b; Xop) db,

followed by the proof of ¥, = X, from (A6), and

/{ag + szl(sk)Zl(sk)Tb} F(b; ) db

b

= [{oh + ¥ 2 Zutse) 0} 105 )

b

for k=1,..., K. Accordingly, we have that o2 = o3,.

Step 2. For the survival component, suppose A = 0 and X = ¢. Then, (4.8) implies

Ey [exp{—H(q(t))}] = Ey [exp {—H (qo(t))}],
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where b follows a normal distribution with mean p, = VI,Z?(Y — Zjap) /o2, and

covariance matrix V, = [Xg, + Z?Zl/age]_l. For fixed Y, Z,, and Z, since b is the

complete statistic for y;, we can have that

t
exp {_H ( / I LTI g (U))}
0

t
= exp {—H(/ eﬂgZ2(u)+(b°¢0)T22(u) dFO(u))} )
0

Furthermore, it is followed from the one-to-one mapping of H and exponential func-

tion that

log(f(£)) + BT Za(t) + 0" (¢ 0 Za(1)) = log(fo(t)) + g Za(t) + 0T (9 © Za(t)),

with probability 1. By taking the expectation with respect to b for fixed Y, Z;, and
Z1, we conclude that § = 8y, f(t) = fo(t) and ¥ = v, from the Condition (A6). [

Proof of the Second Identifiability

Proof. Next, we verify the second identifiability condition (C7) in Appendix B of Zeng
and Lin (2007b). It starts from the score equation along with the path (g + &vy,
Bo + Eva, o + Evs, 03, + Eva, Vee(Zop) + vy, Fo + € [ hdFy). We define Dy, as the

symmetric matrix such that Vec(Dy) = v.

Step 1. To make the score equation simple for the proofs of 1 = 0, v, = 0 and
Dy, = 0, we consider the same case A = 0 and X ~ 0 as used in Step 1 of the first

identifiability proof. We define
Vil =S+ 2,210k, and gy =V, Zy (Y — Ziao) /o3,
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then, the score equation is given by

1 _ 1 _ _ 1 _ _ Vy =1 7
0 = —§T1“(20b1Db) - §“bTEoz>1Db ) ITNE 5Tlr(z%lD,, SV + FTr(Z1 Z\Vy)

Oe
wuK N vIZEY — Ziag — Z1w)
203, Tt

1% ~ ~T ~
A {(Y — Z1ao)(Y — Zyao) — 2(Y — Zrao)Zapy + 1T Z, Zlub} . (4.9)

]
20y,

By comparing coefficients for the constant, linear and quadratic terms of (Y — Z;ay),

we have that

~T~
Te(Z, Z,V, 1 1
0 = 21/42 [K — r( 12 L b)] + —Tr(Zgleb) — —Tr(Egleb E&}Vb), (4.10)
Ofe Ofe 2 2
TzT  ZWZ!
0 = AZi- 24 (4.11)
006 UOe
~ ~T ~ ~ T -~ ~ T ~ 1 1 5T
0 — Uy 7 22\ Z, W24, Z\V,Z | Z 1\ VX, Dy X, Vo, 419
9204 [ B oL + od ]+ 204 (4 )
Oe Oe Oe Oe

Since [I — 21%2?/086] is positive definite, we can see that v; = 0 in (4.11). To
simplify (4.12), we multiply Z? from the left, Z; from the right, and then [ZlTZl]*l
from the right on both sides of (4.12). Using the fact that X3! Dy = I — Z?Zlvb/age,

the equation (4.12) becomes

=T - =T - _
vi |, Z,Z\Vh| | Z,ZViYy' Dy 0 (4.13)
202 ol 202 - '
Oe Oe Oe
and the equation (4.10) becomes
~ T ~
Vs Te(Z, Z,Vy) 1 ~T 1
— Tv(Z, Z,Vy, Xy, Dy) = 0. 4.14
202, o2, 252 1(Zy Z1V, Xy, D) ( )
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After taking the trace of (4.13) and subtracting from the equation (4.14), we obtain

that
Vy

(K —dy) =0,

205,
where dj, stands for the dimension of b. Based on Condition (A8), we conclude that

vy = 0, and hence D;, = 0 in (4.13) by Condition (AT7).

Step 2. For the second identifiability of the survival component, we set A = 0 and

X =1t. Then, the score equation can be written as

By [exp{—H (qo(t))} H(qo(t)) 4o(t)] = 0, (4.15)

where go(t) = [J{h(u) + vd Zo(u) + (3 0 )T Zy(u)} &8 22+ (bov0) Z2(4) G 15 (), and b
is normally distributed with mean p;, and covariance matrix V;. By the completeness

of the exponential family of b, we can have

exp{—H (qo(t))} H(qo(t)) Go(t) = 0,

for any fixed Y, Z; and Z,; with probability 1. Since H(q(t)) > 0 for V¢t > 0 from

(A5), we can obtain ¢o(¢) = 0, and hence
h(t) + vE Zy(t) + (v 0 b)T Zy(t) = 0.

Clearly, we attain v =0, v3 = 0 and h = 0 by (A6). O

Finally, we complete the proofs of Theorems 4.1 - 4.2 by Theorems 1 - 2 in Zeng and
Lin (2007b). Let I,, denote the negative Hessian matrix of the observed log-likelihood
function with respect to (6, F{-}). As a remark, by following Theorem 3 in Zeng and

Lin (2007b), we can show that I, is invertible for large n, and (v, UT) nI *(vT, UT)T
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is the consistent estimator of the asymptotic variance of

vn {ﬂ(é —0y) + /u(t) d(F — Fo)} :

where U is the vector of u(-) at the observed failure times.
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Table 4.1: Simulation results for H(z) = x. t, represents the pth percentile.

N =200 N = 400

Parameter True Bias SE SEE CcP Bias SE SEE CP
Y =-0.3

« 0.7 -0.009 0.101 0.099 0.944 -0.012 0.073 0.074 0.952

1.0 0.002 0.143 0.142 0.952 -0.004 0.104 0.103 0.947

-0.5 0.002 0.125 0.129 0.954 -0.000 0.093 0.096 0.951

o? 1.0 -0.001 0.064 0.064 0.956 -0.000 0.042 0.041 0.946

15} 0.5 0.009 0.133 0.136 0.951 0.009 0.096 0.094 0.946

-1.0 -0.020 0.165 0.168 0.946 -0.016 0.120 0.118 0.945

Y -0.3 -0.010 0.192 0.204 0.968 -0.026 0.148 0.144 0.952

F(tas) 0.25 -0.005 0.033 0.035 0.949 -0.003 0.025 0.025 0.946

F(ts0) 0.50 -0.004 0.048 0.051 0.954 -0.005 0.035 0.035 0.951

F(trs) 0.75 -0.003 0.053 0.054 0.942 -0.002 0.036 0.036 0.952

of 0.5 -0.008 0.088 0.090 0.963 0.006 0.066 0.064 0.942
Y =0.0

o 0.7 -0.008 0.102 0.098 0.936 -0.010 0.070 0.070 0.941

1.0 -0.002 0.147 0.141 0.943 -0.001 0.099 0.099 0.959

-0.5 0.002 0.129 0.127 0.942 0.008 0.089 0.090 0.953

o? 1.0 0.001 0.062 0.064 0.963 -0.002 0.046 0.045 0.947

15} 0.5 0.007 0.130 0.129 0.955 0.004 0.089 0.090 0.956

-1.0 -0.013 0.166 0.160 0.941 -0.009 0.116 0.112 0.935

P 0.0 -0.017 0.186 0.190 0.967 -0.018 0.128 0.130 0.952

F(tas) 0.25 -0.003 0.034 0.034 0.941 -0.002 0.023 0.024 0.945

F(ts0) 0.50 -0.004 0.050 0.049 0.936 -0.002 0.035 0.034 0.944

F(ts5) 0.75 -0.002 0.054 0.052 0.937 -0.001 0.037 0.037 0.948

o? 0.5 -0.009 0.084 0.088 0.965 -0.003 0.062 0.062 0.961
¥ =0.3

o 0.7 -0.011 0.098 0.099 0.955 -0.011 0.071 0.070 0.943

1.0 0.002 0.141 0.141 0.944 -0.001 0.100 0.099 0.944

-0.5 0.001 0.122 0.129 0.959 0.006 0.094 0.090 0.944

o? 1.0 0.001 0.062 0.065 0.960 -0.001 0.046 0.046 0.946

16} 0.5 -0.003 0.133 0.135 0.948 -0.003 0.093 0.093 0.953

-1.0 -0.015 0.166 0.168 0.954 -0.002 0.112 0.115 0.958

P 0.3 -0.003 0.200 0.202 0.953 -0.023 0.137 0.136 0.955

F(tos) 0.25 -0.002 0.033 0.035 0.961 -0.000 0.023 0.025 0.953

F(ts0) 0.50 -0.001 0.050 0.051 0.950 -0.000 0.034 0.035 0.955

F(trs) 0.75 -0.000 0.053 0.053 0.937 0.000 0.037 0.037 0.950

op 0.5 -0.011 0.085 0.089 0.966 -0.007 0.060 0.062 0.958
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Table 4.2: Simulation results for H(z) = 2log(1 4+ #/2). t, represents the pth per-

centile.
N =200 N = 400
Parameter True Bias SE SEE CcP Bias SE SEE CP
Y =-0.3
Q 0.7 -0.001 0.096 0.099 0.953 -0.008 0.070 0.070 0.944
1.0 -0.004 0.137 0.138 0.954 -0.002 0.097 0.098 0.942
-0.5 0.003 0.126 0.125 0.952 0.002 0.087 0.088 0.956
o? 1.0 0.004 0.063 0.063 0.943 -0.000 0.045 0.044 0.938
I6] 0.5 0.009 0.174 0.174 0.944 0.010 0.121 0.121 0.955
-1.0 -0.021 0.209 0.209 0.950 -0.014 0.149 0.146 0.945
P -0.3 -0.034 0.286 0.278 0.955 -0.034 0.199 0.192 0.944
F(tas) 0.25 -0.005 0.036 0.038 0.949 -0.003 0.027 0.026 0.944
F(ts0) 0.50 -0.005 0.054 0.054 0.948 -0.004 0.038 0.038 0.950
F(trs) 0.75 -0.004 0.059 0.057 0.932 -0.002 0.040 0.040 0.948
of 0.5 -0.008 0.091 0.087 0.949 -0.002 0.064 0.061 0.950
¥ =0.0
o 0.7 -0.008 0.104 0.099 0.930 -0.005 0.070 0.070 0.952
1.0 -0.005 0.144 0.138 0.950 -0.002 0.099 0.098 0.943
-0.5 0.011 0.121 0.124 0.954 0.006 0.084 0.088 0.954
o? 1.0 -0.001 0.064 0.062 0.945 -0.001 0.044 0.044 0.946
15} 0.5 0.005 0.171 0.170 0.945 0.003 0.120 0.118 0.949
-1.0 -0.012 0.211 0.204 0.951 -0.007 0.152 0.143 0.939
0 0.0 -0.031 0.286 0.270 0.936 -0.027 0.191 0.188 0.943
F(tas) 0.25 -0.005 0.035 0.037 0.945 -0.003 0.027 0.026 0.942
F(ts0) 0.50 -0.007 0.051 0.053 0.953 -0.003 0.038 0.038 0.952
F(ts5) 0.75 -0.004 0.056 0.056 0.939 -0.001 0.040 0.040 0.948
of 0.5 -0.009 0.082 0.085 0.966 -0.007 0.059 0.060 0.958
¥ =0.3
o 0.7 -0.005 0.102 0.098 0.943 -0.006 0.067 0.070 0.961
1.0 -0.005 0.141 0.138 0.936 -0.004 0.095 0.098 0.951
-0.5 0.006 0.123 0.124 0.951 0.003 0.086 0.088 0.961
o? 1.0 -0.002 0.062 0.062 0.952 0.000 0.043 0.044 0.952
16} 0.5 0.000 0.169 0.173 0.954 -0.007 0.121 0.120 0.947
-1.0 -0.018 0.212 0.208 0.949 0.001 0.144 0.145 0.958
P 0.3 -0.011  0.287 0.275 0.950 -0.028 0.191 0.190 0.946
F(tos) 0.25 -0.004 0.035 0.037 0.949 0.000 0.027 0.026 0.939
F(ts0) 0.50 -0.002 0.053 0.054 0.950 0.000 0.038 0.038 0.953
F(trs) 0.75 -0.001 0.057 0.057 0.949 0.001 0.041 0.040 0.951
of 0.5 -0.010 0.083 0.086 0.964 -0.004 0.061 0.061 0.957
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Table 4.3: Simulation results for H(z) = log(1 + ). t, represents the pth percentile.

N =200 N = 400

Parameter True Bias SE SEE CcP Bias SE SEE CP
Y =-0.3

« 0.7 -0.002 0.099 0.098 0.945 -0.002 0.071 0.070 0.942

1.0 -0.008 0.137 0.136 0.949 -0.005 0.095 0.096 0.958

-0.5 0.007 0.125 0.122 0.944 0.000 0.088 0.086 0.947

o? 1.0 -0.003 0.062 0.061 0.952 -0.001 0.043 0.043 0.953

15} 0.5 0.009 0.213 0.207 0.948 0.003 0.139 0.144 0.960

-1.0 -0.030 0.255 0.245 0.938 -0.008 0.175 0.170 0.950

Y -0.3 -0.048 0.359 0.348 0.943 -0.028 0.254 0.243 0.944

F(tas) 0.25 -0.006 0.040 0.040 0.939 -0.003 0.028 0.028 0.951

F(ts0) 0.50 -0.006 0.059 0.058 0.941 -0.000 0.041 0.041 0.950

F(trs) 0.75 -0.003 0.063 0.061 0.940 -0.000 0.044 0.043 0.942

of 0.5 -0.008 0.083 0.085 0.965 -0.004 0.063 0.060 0.940
Y =0.0

o 0.7 -0.008 0.102 0.099 0.933 -0.004 0.072 0.070 0.952

1.0 0.000 0.142 0.136 0.947 0.000 0.097 0.097 0.956

-0.5 0.004 0.122 0.122 0.957 -0.001 0.087 0.086 0.944

o? 1.0 0.003 0.060 0.061 0.955 -0.001 0.043 0.043 0.946

15} 0.5 0.005 0.205 0.203 0.954 -0.001 0.144 0.142 0.953

-1.0 -0.016 0.239 0.241 0.948 -0.009 0.166 0.168 0.947

P 0.0 -0.031 0.359 0.349 0.942 -0.025 0.244 0.240 0.945

F(tas) 0.25 -0.005 0.041 0.040 0.940 -0.002 0.027 0.028 0.953

F(ts0) 0.50 -0.003 0.057 0.058 0.944 -0.000 0.041 0.041 0.952

F(ts5) 0.75 -0.001 0.061 0.060 0.934 -0.000 0.043 0.043 0.933

o? 0.5 -0.015 0.085 0.083 0.957 -0.003 0.061 0.060 0.949
¥ =0.3

o 0.7 -0.001 0.097 0.099 0.947 -0.008 0.069 0.070 0.949

1.0 -0.008 0.138 0.136 0.939 0.005 0.096 0.096 0.951

-0.5 -0.001 0.121 0.122 0.958 0.007 0.085 0.086 0.949

o? 1.0 0.002 0.062 0.061 0.946 -0.001 0.042 0.043 0.959

16} 0.5 -0.007 0.205 0.205 0.956 -0.004 0.146 0.143 0.943

-1.0 -0.019 0.253 0.243 0.941 0.002 0.173 0.170 0.942

P 0.3 -0.035 0.352 0.350 0.956 -0.031 0.246 0.243 0.951

F(tos) 0.25 -0.004 0.039 0.040 0.943 -0.000 0.029 0.028 0.936

F(ts0) 0.50 -0.004 0.058 0.058 0.951 0.000 0.042 0.041 0.949

F(trs) 0.75 -0.003 0.062 0.061 0.931 -0.000 0.043 0.043 0.942

op 0.5 -0.012 0.083 0.084 0.960 -0.007 0.059 0.060 0.950
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Table 4.4: Analysis results for the ARIC study. The 50:50 mixture of x? distributions
is used for testing variances.

Effect Estimate Std.Error p-value

Longitudinal measures of SBP

Intercept 1.057 0.064 < .0001
Age 0.334 0.045 < .0001
Male -0.015 0.057 0.7910
LDL-cholesterol (mg/dL) 0.011 0.023 0.6409
HDL-cholesterol (mg/dL) 0.025 0.021 0.2260
Hypertension medication (yes vs. no) -0.561 0.055 < .0001
Ever smoker (yes vs. no) -0.052 0.053 0.3306
Diabetes 0.100 0.077 0.1975
o? 0.500 0.016 < .0001
of 0.337 0.025 < .0001
MI/fatal CHD event
Intercept -2.231 0.271 < .0001
Age 0.526 0.174 0.0025
Male 0.700 0.224 0.0018
LDL-cholesterol (mg/dL) 0.248 0.085 0.0034
HDL-cholesterol (mg/dL) -0.130 0.091 0.1502
Hypertension medication (yes vs. no) -0.030 0.207 0.8853
Ever smoker (yes vs. no) 0.308 0.207 0.1368
Diabetes (> 126 vs. <126 mg/dL) 1.152 0.231 < .0001
P 0.487 0.206 0.0182

86



(@) (b)

8 _ o |
- i
N @ _
g T o
2 2
= o = o
] O - ] o 7]
Qo o Qo
o o
o o
g g
S s X
5 9 A 5 o
n o N
N p—
8 S
o
o
o
| | | | | | |
0 5 10 15 0 5 10 15
Years of follow—up Years of follow—up

Figure 4.1: In the ARIC data (a) Kaplan-Meier survival curve of the entire study
population; (b) Estimated survival curve of the non-immune subpopulation under
the joint cure-survival model with the proportional odds structure. The solid curves
are point estimates, and the dotted curves are 95% confidence bands.
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Figure 4.2: Predicted marginal survival rates of the entire population using the results
in Table 4.4. The rates beyond the cure threshold are interpreted as the immune
fractions or the cure rates (CR). Reference is taken for age of 54, female, HDL-
cholesterol 42 mg/dL, LDL-cholesterol 136 mg/dL, no hypertension medication use,
never smoking, and no diabetes.
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Chapter 5

Partially Linear Model for
Longitudinal Data with

Informative Censoring

5.1 Introduction

Joint analysis of longitudinal and survival data, where the longitudinal data are re-
peatedly measured at irregular times, but are subject to informative right-censoring,
has received considerable attention in recent literature. Methods and theory for the
joint analysis with the fully parameterized mean structure of longitudinal responses
have been well developed (Zeng and Cai, 2005a,b), while some work has considered
relaxing distributional assumptions on random effects (Tsiatis and Davidian, 2001;
Song et al., 2002; Brown and Ibrahim, 2003a). However, in some longitudinal data,
the full parametric specification between longitudinal responses and covariates may
be insufficient to reflect the complicated patterns. Examples include longitudinal tra-
jectories of CD4 cell counts (Zeger and Diggle, 1994; Lin and Ying, 2001; Huang et al.,

2002; Brown et al., 2005) and time-varying treatment effects (Hogan et al., 2004) in



HIV/AIDS research; time-varying effects of gender and HIV status on the growth of
infants born from HIV infected mothers (Hoover et al., 1998); age effects on child-
hood respiratory disease (Diggle et al., 2002); and treatment effects on the number of
bladder tumors over time (Sun et al., 2005; Liang et al., 2009). In other applications,
it was shown that these longitudinal measures were affected by informative drop-out
of patients, for instance, due to death or side effects of treatments (Vonesh et al.,
2006; Liu et al., 2007). Motivated by these practical examples, we focus on modeling
trajectories of longitudinal responses with an unspecified smooth function and linear
covariate effects, while taking informative right-censoring into account. We treat the
informative censorship as an event that terminates subsequent observations such as
death and withdrawal. Advantages of the semiparametric approach are that it allows
for an easier interpretation of the covariate effects, compared to standard nonpara-
metric regression models, and is a natural way to assess the effect of covariates on

the censoring process.

In the absence of informative censoring, partially linear models for repeated mea-
surements were developed by Zeger and Diggle (1994), Moyeed and Diggle (1994),
Zhang et al. (1998), Rice and Wu (2001), and Lin and Carroll (2001), among oth-
ers. For estimation, they adapted different nonparametric regression techniques such
as kernal smoothing, smoothing splines, and regression splines. For a more detailed

literature review, we refer readers to Section 2.1.2.

In the presence of informative censoring, Hogan et al. (2004) developed a varying-
coefficient mixture model of longitudinal data, conditional on a discrete or continuous
censoring time. In the conditional model, covariate effects were allowed to depend on
informative censoring time through an unspecified coefficient function of the censoring
time, and step functions or cubic smoothing splines (depending on the continuity

of the underlying censoring time) were used for estimation of coefficient functions.
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Due to the conditional structure, use of their model is restricted to investigators
who need to assess how the covariates affect differently longitudinal data and the
censoring process. In contrast, a joint model was proposed by Brown et al. (2005),
where patterns of longitudinal markers using a partially linear model and an event
time using a proportional hazards model were simultaneously modeled. They used
cubic B-splines to estimate the nonparametric function in the longitudinal component,
while using piecewise constants to estimate the baseline hazard function. Estimation

procedures were implemented through a Bayesian approach.

In this paper, we propose a partially linear model for longitudinal data while al-
lowing simultaneously the underlying censoring times to be possibly dependent on
covariates through general transformation models, including the proportional haz-
ards and the proportional odds models as special cases. We use B-splines to estimate
the baseline function of repeated measurements. A key advantage of B-splines is its
computational simplicity in the use of a small number of knots and implementation
of a parametric regression using a fixed number of base functions. Use of the B-
spline method counterbalances the model complexity in the joint modeling approach.
Through the flexible but readily interpretable modeling approach, we can detect sig-
nificant changes in the level or direction of the trajectory, which may not be found in
linear mixed effects models due to the underlying parametric model constraints, and

we can also correct biases caused by informative censoring.

The rest of the chapter is organized as follows. We introduce the partially linear
model of longitudinal data with informative censoring in Section 5.2, and we describe
efficient inference procedures based on maximum likelihood estimation (MLE) via a
simple EM algorithm in Section 5.3. In Section 5.4, we establish asymptotic proper-
ties of the proposed MLEs. We assess the validity of the proposed method through

simulated datasets in Section 5.5 and an example of medical costs data in Section
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5.6. Finally, we conclude with some remarks in Section 5.7 and provide proofs of the

asymptotic properties in Section 5.8.

5.2 Joint Models

Let Y (¢) be the longitudinal response at time ¢, and let 7" be the informative censoring
time. We define X = {X (¢); t > 0} and Z = {Z(t); t > 0} as the covariate processes
of fixed and random effects, respectively, where X (t) and Z(t) are the vectors of
external covariates at time ¢, possibly time-varying. We introduce a common latent
variable b to account for the correlation between Y (t) and 7', assuming b follows a
(multivariate) normal distribution with mean zeros and covariance matrix ;. We
further assume that Y (¢) and T are independent, conditional on X, Z and b. We

then propose to jointly model Y (¢) through a partially linear model
Y(t| X, 2,0) = at)+ 87X (t) + b Zy(t) + €(t), (5.1)
and T through the transformed Cox model with the cumulative hazard function

At| X, Z2,0) = H (/0 exp{7" Xo(u) + (qﬁob)TZg(u)}dA(u)), (5.2)

where «(t) is the underlying nonparametric trajectory, 5 and 7 are the vectors of
unknown regression coefficients, and A(+) is an unspecified increasing function. In the
models, X;(t) and Z;(t) (i = 1, 2) are subsets of X () and Z(t), respectively, and €(%)
is a white noise process with variance o2. In the model (5.2), ¢ is a set of unknown
constants with the same number of elements as b, and ¢ o b denotes the component-
wise product of ¢ and b. We note that informative censorship in longitudinal data is

adjusted by ¢ in (5.2) with the shared frailty b and the common covariates between

92



the longitudinal and censoring models.

In the model (5.2), H(-) represents a transformation function of the cumulative
hazard function of the censoring time, which is required to be specified in the analysis.
The transformation function is assumed to be continuously differentiable and strictly

increasing. For example, H(z) can take a form of the logarithmic transformation,

H(z) = log(1 + nz)/n, n>0

x, n = 0.
The choices of n = 0 and n = 1 lead to the proportional hazards model and the

proportional odds model, respectively.

Let C be the non-informative censoring time assumed to be independent of (Y'(-),
T, b) given X and Z, and let V = min(7,C) denote the observed censoring time.
The observed data for the ith subject with n; repeated measurements are denoted by
O,={Yi(ti;), Vi, Ai, X(t), Z(t); ti; < Vi, t < Vi, i=1,...,n,7=1,...,n;}, where
A, = I(T; < C;) with I(-) being the indicator function. The log-likelihood function

for the observed data is given by

2
20

Zlog/l_l
i=1 b =1

Vi A
™ |:)\(‘/Z) evTXm(Vz‘)-ﬁ-(dﬁOb)TZm(Vi) H’(/ evTXm(U)-i-((ﬁOb)TZzi(u) dA(u)>:|
0

- { —(Yi(ti;) — alti;) — BT X1i(t;) — b7 Zvi(ti))? }
\/2mo? P
Vi
X exp {—H( / e Xai(u)+(9ob) " Z2i(u) dA(u))} x f(b; ) db, (5.3)
0

where f(b; ¥p) is the density function of b with the parameters 3, and A\(¢) = dA(t)/dt

and H'(z) = dH(x)/dx are the first derivatives of A(t) and H(x), respectively.
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5.3 Inference Procedure

We propose to use sieve maximum likelihood estimation (Shen, 1997) for infinite-
dimensional parameter «(t), and nonparametric maximum likelihood estimation for
parameters 6 = (3, v, ¢, 02, Vec(2)) and infinite-dimensional parameter F'(t), where

Vec(Xp) denotes the vector consisting of the upper triangular elements of 3.

5.3.1 Sieve Approximation

Suppose that the subjects are followed up for a fixed time 7. We approximate «(t)
in (5.1) through a finite number of basis functions in a sieve space of ¢ in T = [0, 7],

as follows:
m~+p+1

alt) ~ Y GBL),
k=1

where {B}(-)} is a basis function of ¢ with the degree p, j, is the regression coefficient
with a fixed knot sequence, and m is the number of control (interior) points in the

sieve space. Specifically, the sieve space for a(t) is defined as

m-—+p+1 m+p+1
)

Sn(p,m, M,,) = {a(t) Cat) = Z e B (1), Z ICk| < M,

on a finite partition of T

{0251:"':5p+1<5p+2<“’<3m+p+1<Sm+p+2:“’:3m+2(p+1):T}'

The second condition in S, (p, m, M,,) guarantees the sieve space is a bounded set in
a finite dimensional space. Unlike parametric regression, the number of knots and

the basis function at each knot k need to be estimated from the data. In particular,
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we use cubic B-spline functions (p = 3),

t — —t
BU(t) = — X Bri(p) 4 AT prlgy for te [0,7]
Sk+p — Sk Sk4+p+1 — Sk+1

and BY(t) = I(sx <t < spyq1) for k=1,...,(m+ p+1). Figure 5.1 displays one
example of the cubic B-spline curves {Bp(t)}}_; for ¢ € [0,1] with 5 control points
{0.1, 0.15, 0.2, 0.4, 0.7}. We notice in Figure 5.1 that, for a given ¢ value, only at
most 4 basis functions among {B}(t)} are nonzero, therefore, a(t) is approximated
by a linear combination of {B}(t)} on (p + 1) nearest knot points at any point ¢.
We let the data choose the control point {s;} by using percentiles of the observed
longitudinal measurement times. It can prevent an optimization problem in {(}
estimation, caused by the sparse data from informative right-censoring in the later
study period. Conditional on m, we can use the methodology that has been developed

for the parametric longitudinal data analysis in this nonparametric context.

5.3.2 NPMLESs for Transformation Models

To obtain the NPMLEs, in the log-likelihood function (5.3), we treat A as a step
function with jumps only at the observed failure times and replace A(t) by the jump
size of A at ¢, which is denoted by A{t}.

For commonly used transformation functions such as a logarithmic transformation,
exp{—H(x)} can be expressed as a Laplace transformation of some function (¢)
for £ > 0. For example, if we choose a gamma frailty ¢ with the density function
§(&) = &Y exp(—£/n)/{T(1/n) n*/"}, we can show that the transformation H in

Section 5.2 can be expressed by
| exp(=a)8(6) ds = (14 5a) /1 = exp(~H(w)}
0
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Applying the Laplace transformation on H(-) and the sieve approximation for «(t)

and using the fact that

H' () exp{—H(z)} = / " oxp(—at) 6(¢) de,

the observed log-likelihood function (5.3) can be rewritten as

. Yi(tiy) — CTBP(ty;) — 67 X1i(ty) — b Zus(ty) Y
:;IOg/b(QWU _2exp[ Z{ —¢ (ti;) fgg 1 (i) 1t >}

/ (€ AV} exp{n ™ Xau(Vi) + (6 0 b)T Zos(Vi)} ™

X exp {— / £ 7" Xai(u)H(9ob)" Z2i(u) dA(u)} 5(€)de x f(b; 2) db,  (5.4)
0

where ¢ = (C1,...,Cn)T, BP(t) = (BY(t),...,BE(t))T, and £ is assumed to be inde-
pendent of b. The most attractive feature about using the Laplace transformation is
that the modified log-likelihood (5.4) can be seen as the proportional hazards frailty

model with the conditional hazard function

A(t | X: Za 57 b) = SA(t) eXp{’YTX%(t) + (¢ © b)TZ2z(t)}

This makes the algorithm more stable and computationally efficient. Now, the com-
putation of the MLEs is identical to maximizing the modified log-likelihood function
over S,(p,m,M,), 6 and all jump sizes of A at the observed failure times. This

maximization can be carried out through the following EM algorithm.

96



5.3.3 EM Algorithm

We describe the EM algorithm, treating ¢ and b as missing data to compute the
MLEs of ((, 8, A{-}). In the E-step, we calculate the conditional expectation of the
log-likelihood function for the complete data, given the observed data O; and the
current parameter estimates. In other words, we need to evaluate the integration
of certain functions of (£, b), say E[€ g;(b)|O;]. Hereafter, we drop the conditional
part of the observed data and the current parameter estimates, and abbreviate such
expectation E[€ g;(b) | O;] as E[€ g;(b)]. Computation of this expectation can become
doable by first obtaining the nested conditional expectation of £, given b and the
observed data. That is, E[¢ g;(b)] can be calculated as Ey| Ee[€ | b] gi(b)]. With the

fact that the conditional distribution of & given b is proportional to

Vi
h(€,b) = é’Ai exp {_/ ge’YTXQi(u)‘f'(‘ﬁob)TZQi(u) dA(u)} 7

0

and by application of the Laplace transformation, the conditional expectation of &

given b has the form of

ety e MEDIE
Belelo = [ € prié gz 1€ = OO - 3

where 7;(b) = fovi 1" Xai()+(9o) Zaiw) A (1), Once Eg [€]b] is calculated, which is a
function of b, the conditional expectation E[€ g;(b)] can be computed using numer-
ical approximation methods such as the Gaussian quadrature with Hermite orthog-
onal polynomial. Since the conditional distribution of b given O; is proportional to

I'(O;| b) f(b; 34), the conditional expectation is calculated by

ﬂ@@ﬂ=l@KMm@IF

b
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where

T(O;|b) = exp{ Z {bTZh (i } - QbTZu‘(tij)[Yi(tzj) - CTBp(tij) - ﬁTXli(tij)] }

2
207

Vi
X exp {Ai |:(¢ o b)TZQi(‘//L') +log H (/ e’YTXZi(U)+(¢Ob)TZ2i(U) dA(u))} }

0

v
X exp {—H </ 7" Xai(u)+(¢ob)T Zai(u dA( ))}
0

In the M-step, we maximize the following objective function of the expected log-

likelihood for the complete data:

> Z {— logo?/2 — E [{Yi(ty;) — ("B (tij) — 8" Xui(ti;) — b" Zui(ti;)}?/ (202)] }

i=1 j=1

+ 3 A {log€ +log AM{Vi} + 97 X (Vi) + Elg 0 17 Z(Vi) }

i=1

n v;
# Y { - | [ e en i anw)] + B llogs(e) +1og /5] |
i=1 0

Maximizing the above objective function over ({, 3, 02, %) is simple as a classic
linear regression; whereas the rest of parameters (v, ¢, A{.}) do not yield the closed-
form of maximizers. Involving a reliable numerical approach, we solve the following

equation for ~:

Y 2=t 1 (V) Xy (Vi) E ElgemMW]
;Ai{XZi(Vi)_ S, Ry (V) B [€ et }0> (55)

and the following equation for ¢:

S0 Ri(Vi) E [€ e (bo Zy;(V7))] }
A [bo Zs(V;)] — =0, 5.6
Z { (Vo) SRy (Vi) B [€ e (56)

where R;(t) = I(V; > t) and qo(t) = 77 X5;(t) + (¢ 0 b)T Z5;(t). In addition, A is
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estimated as a step function with the following jump size at V;:

A;
Z;}:l R;(V)) E [5 eqzj(%)] )

AV} = (5.7)
At each M-step, we update v and ¢ by solving the equations (5.5) and (5.6) through
one-step Newton-Raphson algorithm. Updating the jump sizes of A can be easily
done by the equation (5.7).

To obtain the MLEs, we iterate the E-step and M-step until the parameter esti-
mates converge. The variances of the NPMLESs can be estimated from the inverse of
the observed information matrix for all parameters of (¢, 6, A{-}). The observation
information matrix can be computed from the complete data log-likelihood function

denoted by ¢5 for the ith subject using the following Louis formula (Louis, 1982) of

n

=Y BV 0] = Y {EIVE®® 0] - EIVED) [0)°)

i=1

where ©®? = yu®, V and V? denote the first and the second derivatives with respect
to parameters, and E denotes the conditional expectation of a function of b given the

observed data.

5.4 Asymptotic Properties

Let (&, 0, A) denote the MLEs and («y, 0o, Ag) denote the true parameter values of
(e, 8, A). Suppose the study duration is T = [0, 7]. Under the regularity conditions,
we will establish the asymptotic properties of the MLEs under the following condi-

tions:

(A1) The true parameter value §, belongs to the interior of a compact set © within
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the domain of 6.

(A2) With probability 1, X (t) and Z(t) is left-continuous with uniformly bounded
left and right derivatives in [0, 7].

(A3) For some constant dy, P(C' > 7| X, Z) > 0y > 0 with probability 1.

(A4) For some positive constant My, My "' < 02, < My and My ' < ¢'Sg, ¢ < My for
any ||| = 1.

(A5) The transformation functions H(.) are four-times differentiable with H(0) = 0

and H'(0) > 0. In addition, there exist positive constants o and kg such that

(1+ ) H'(z) exp{—H(z)} < po(1 +2)".

Furthermore, there exists a constant py > 0 such that

sup
x

MLGCIES L ST
H/(z) (1 + o)

where H® and H® are the third and fourth derivatives.

(A6) For some t € [0, 7], if there exist a deterministic function ¢(t) and v such that

c(t) +vT X (t) = 0 with probability 1, then ¢(t) = 0 and v = 0.

(A7) With some positive probability, ZF{Z 1 has full rank, where Z; denotes a matrix

with each row equal to the observed covariate Z;(t)7 at the time of each measurement.

(A8) The potential observation process of Y (¢) has a continuous intensity over [0, 7].

(A9) For some fixed integer r > 4, ap(t) lies in W™ (R), where W"*°(R) is a Sobolev

space consisting of the functions with bounded rth derivatives.

(A10) For fixed constant ro such that 1/(4r) < rq < 1/7, there exist m and M,

satisfying

m = 0(n"), and M, = O(loglogn).
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Conditions (A1) - (A3) are the standard assumptions in survival analysis. Condition
(A4) is necessary to prove the existence of the NPMLEs. It can be easily verified that
Condition (A5) holds for all transformations commonly used, including the logarith-
mic transformations described in Section 5.2. Conditions (A6) - (A7) entail the linear
independence of design matrices of covariates for the fixed and random effects. Con-
dition (A8) prescribes that some subjects have sufficient repeated measures. Finally,
Condition (A9) grants sufficient smoothness of «y, and the size of the sieve space S,
is determined by Condition (A10).

Under the above conditions, the following theorem shows the consistency of the

~ ~

MLEs (4, &, A).

Theorem 5.1. Under Conditions (A1) - (A10),
10— 0ol — 0, [|&(t) — ao(t)lwreiry — 0, A®E) = Aoty — O,  a.s.,

where || - |[w1.ee(ry is the Sobolev norm on T and || - ||z (1) is the supremum norm

on T.

Now, we need to obtain a tighter bound for the convergence rate of the estimates,

which is stated in Theorem 5.2.

Theorem 5.2. Under Conditions (A1) - (A10),
la(t) — ao()I2,p) + IIAE) = A1, (p) < Op(m™") + 0, (=12,

where || - ||1,(p) is the Ly-norm.

Theorems 5.1 - 5.2 then lead to the following results on the asymptotic normality

and semiparametric efficiency of 6.
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Theorem 5.3. Under Conditions (A1) - (A10), /n (0 — 6y) weakly converges to a
zero-mean Gaussian process in R%, where dg is the dimension of 0. Furthermore, the
asymptotic covariance matriz of \/ﬁ(é — 6y) achieves the semiparametric efficiency

bound.

Furthermore, in Section 5.8, we show that the inverse of the observed information
matrix is a consistent estimator of the asymptotic covariance matrix of \/n 6. This
result allows us to make inference for any functional of #. The detailed proofs are

provided in Section 5.8.

5.5 Simulation Studies

In this section, we conduct extensive simulation studies with small sample sizes to

assess the validity of the proposed method. The longitudinal data are generated from

Y(t|x1,22,0) = at) + 21 — 0.529 + b+ €(t),

and the informative censoring times are generated from the following transformed

survival model

A(t | X1,T9, b) = H(exp{ﬂh - 05*1'2 + ¢b} A(t))a

where x; is a dichotomous covariate taking the value of 0 or 1 with the equal proba-
bility of 0.5, x5 is a continuous covariate generated from a uniform distribution on [-1,
1], and €(t) ~ N(0,0?) is assumed with o> = 1. The true cumulative hazard function
is set to be A(t) =t. Two types of baseline function «(t) are considered to represent
non-linear trends in Y (£): a(t) = sin(nt) ez /(1 4 e2) and a(t) = (t — 0.8)%.

For each subject, the correlation within repeated measures is reflected by the
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subject-specific random intercept b ~ N(0,07) with o7 = 0.5, and the negative,
no, and positive dependences between the longitudinal measures and the informative
censoring rate are simulated through different ¢ values of -0.3, 0, and 0.3, respectively.
Also, we consider the transformations for H(-) representing the proportional hazards
model H(x) = z (when n = 0) and the proportional odds model H(z) = log(1 + z)

(when 1 = 1) in the survival data.

We generate the non-informative censoring time C; from a uniform distribution
[0.5, 2.5] and set longitudinal responses to be repeatedly measured about 6 times,
on average, at any times before censoring to design a 60~75% of subjects who are

informatively censored, depending on the chosen transformation.

We also investigate the effect of the number of knots on «(t) estimation by compar-
ing estimates from three different sets of the control points used for the B-spline ap-
proximation. The considered sequences of the control points are three sets of the pth
percentiles of observation times {g,}, specifically, {gos, gs0, 975}, {@15, @30,---,qo0},
and {qi10, G20, - - - , qoo }, which are denoted by m = 3, m = 6, and m = 9, respectively,

in Tables 5.1 - 5.4.

The simulation results based on 1000 replications are presented in Tables 5.1 -
5.4 for n=200 and n=400 when a(t) = sin(rt) e2 /(1 4 e2). Table 5.1 and Table 5.3
include the average of the differences between the true parameter and the estimates
(Bias), the sample standard deviation of the parameter estimators (SE), and the

average of the standard error estimators (SEE), and the coverage probability of 95%

2

2 and o} are constructed

confidence intervals (CP). The confidence intervals for o
based on the the Satterthwaite approximation. To summarize the performance of the
proposed &(t), Bias, SE, the mean square error (MSE), and the ratio of the MSE for
a(t) estimates in the joint model to the counterpart in the marginal model (MSER)

are provided in Table 5.2 and Table 5.4.
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Table 5.1 shows that the NPMLEs under H(z) = z are noticeably unbiased, the
standard error estimators calculated via the Louis formula well reflect the true vari-
ations of the proposed estimators, and the coverage probabilities are in a reasonable
range, even with a small sample size of 200. As the sample size increases to 400, we
may see that the biases slightly increase for some estimates; however, they are still
very small comparing to the sizes of true parameter values and the variations of the
parameter estimators become smaller, and hence the coverage probabilities still lie in

a reasonable range.

Table 5.2 shows that the variations among the estimates and the MSE in estimat-
ing «(t) become smaller as the sample size increases, whereas they become larger as
the number of knots increases. These results appear rather general since the biases
are negligible. However, in the comparison of the biasedness, there exist no general
rules by the sample size or the number of knots; use of 6 control points yields the
smallest bias with n=200, in contrast to 9 control points with n=400. When we
compare the estimates from the joint model to the marginal model, the use of the
joint model clearly produces the more accurate and efficient estimation in that the
approach using the joint model reduces the Bias and MSE with the smaller variations

in the estimates.

The simulation results shown in Tables 5.1 - 5.2 are similar to those for Tables 5.3 -
5.4, indicating that the proposed method seems to work well for the other transforma-
tion models H(x) = log(1+x). Figure 1 also compares the performance of the number
of knots and transformations visually, and it supports that the proposed estimators
of a(t) behave well in both transformation models when a(t) = sin(rt) 2 /(1+e2) as
well as a(t) = (t—0.8)%. We have also studied the performance with a(t) = (t —0.8)?,
and the results are similar to those for a(t) = sin(nt) €2 /(1 + e2) and hence omitted

here.
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5.6 Data Application

We illustrate the application of the proposed method through medical cost data for
chronic heart failure patients, which are obtained from the clinical data repository
database in the University of Virginia (UVa) Health System. The data were collected
from a total of 1475 patients who were at least 60 years old and first diagnosed and
treated with heart failure in 2004 until their death or last hospital admission (up to
July 31, 2006). The cohort consists of 55% males and 73% whites with an average
age of 72.

A main focus of the study is on adjusting the underlying trend of the medical
cost which is defined by the actual monetary expense of the hospital at each visit.
Preliminary studies, however, showed that the medical costs were subject to the
time of the patient’s death, and hence we believe that censoring by death can be a
crucial factor in describing the trend of medical costs. Thus, we propose to model
the medical cost data jointly with the informative censorship (death). In this study,
medical costs of each patient were measured about 11 times on average, up to 45
times, with a median follow-up time of 21 months. Among the cohort members, 297
patients (about 20%) were informatively censored by death.

We model the log-transformed costs and the censoring time with gender, race,
and age (up to a quadratic term) as covariates. The age variable is centered at mean
0 and rescaled to represent every 10-year unit change. Visiting time (in years), as a
nonparametric function «(t), is also included into the longitudinal model component.
To construct B-spline curves for «(t), as discussed in Section 5.3, we use m percentile
points of visiting times as the sequence of control points. In addition, a subject-
specific random intercept is included in both longitudinal and survival models to
account for the dependence of medical costs on informative censoring. We notice

that the coefficient of shared random intercept can also quantify their dependence,
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conditional on covariates.

For the survival component, we apply transformation models H(z) = log(1+4n)/n
by varying values of 7 in [0, 1]. This class of transformation allows us to explore the
possibility of the proportional hazards and the proportional odds structures in survival
data. Under each set of (m, 1), the MLEs for the regression coefficients are computed
using the proposed method in Section 5.3, using the least square estimates as initial
values in the EM algorithm. To select the number of control points m, we can adopt
model selection approaches such as the Akaike information criterion (AIC), Bayesian
information criterion (BIC), and ‘leave-one-subject-out’ cross-validation, although we
let the BIC choose the best set of the number of control points and transformation.
In Figure 5.3, the smallest BIC value corresponding to (m,n) = (5, 0.5) indicates that
use of 5 control points and the transformation in the middle of proportional hazards

and odds models, (i.e. H(z) = 2log(1l + 0.5z)) produces the best fit to the data.

Under the selected best model, Table 5.5 summarizes the estimation results. The
results show that nonwhite male patients tend to bear a higher cost incurred by
chronic heart failure at each hospital visit. The squared age is also a significant
factor to explain the trend of medical costs. In more detail, patients 69 years old
meet the highest medical cost, and the younger or older patients than 69 years of age
spend less money at each hospital visit. In the survival model, nonwhite male patients
have a higher risk of death, and the risk grows with aging. For the random effect b,
through the significant variance component ¢;%, we note that heterogeneity between
patients exists in repeated measures. We also notice that the highly significant quS
suggests that patients at the higher risk of death are likely to meet a higher medical
cost by chronic heart failure. This result is consistent what is shown in Figure 5.4.
By comparing the estimated underlying trajectory of cost in the joint model fit to

the marginal model fit along with residual means of {Y () — 37X, (#)} in Figure 5.4,
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we can see that the marginal model appears to overestimate the underlying medical
costs in the first half of the curve, where most of patients are informatively censored
by death, and appears to underestimate in the second half of the curve, where most
of patients are randomly censored. We can thus conclude that the joint model adjusts

well the bias caused by dying patients’ high medical costs.

5.7 Concluding Remarks

We have proposed the partially linear model for longitudinal data with informative
censoring by modeling the longitudinal data simultaneously with the transformed
survival model to adjust the dependence on informative censoring. For estimation,
we have used the MLEs through B-spline approximation of the baseline function in
the longitudinal data and through step functions of the baseline cumulative hazard
in the censoring mechanism. In addition, the EM algorithm has been presented
for implementation, which is shown to be computationally efficient. The resulting
MLESs are theoretically justified, and the proposed joint approach has clearly shown
the potential to correct biases induced by ignoring informative censoring using the

simulated data and a real example.

In this paper, we assumed that the underlying counting process of measurement
times are independent of the pattern of longitudinal data. Our partially linear model
can be extended in a way to account for the informative observation process. The BIC
was used to determine both the best transformation and the selection of the number
of knots, but we can explore and compare the validity of other model selection criteria
such as the AIC and cross-validation in the future. Methods on model checking would

be useful for the practical application of the joint models.
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5.8 Proof of Asymptotic Properties

This section proves Theorems 5.1 - 5.3 stated in Section 5.4 by using techniques from

the empirical process theory.

Proof of Theorem 5.1

Proof. The whole proof can be divided into three steps: first, we construct some
functions in the sieve space, which approximate the true parameters; then by using
empirical process theory, we obtain one key inequality; finally, this inequality is used

to obtain the consistency.

Step 1. We construct some functions in S, (p, m, M,,) to approximate the true pa-
rameters. From the properties of B-spline functions, we can define a linear operator

Q mapping W (T),

where Uy, are linear functionals in L. (T) and (T) = [0, 7]. Moreover,
m~+p+1
> 1Wlgll < @p+ 1) + )9 gl oemy;

k=1

and according to Theorem 12.7 of Schumaker (2007),

Clp+1)

1909] = gllLo(r) mr 19| Loo (1)

Thus, we define ay,(t) = Qlag]. As a result of the fact that S 7P BP(t) = 1, ag(t)

lies in the sieve space S, (p, m, M,) and moreover, the following boundness hold
oo — ol Loc(r) < O(m™").
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Step 2. We obtain a key inequality based on empirical process theory. Let P, be
the empirical measure determined by n iid subjects, let P be its expectation, and
let G,, be the empirical process given by /n(P, — P). For simplicity of notation,
we denote G(a,0,A) as the likelihood function from one single observation. Since

(&,0, A) maximizes P,[log G(a, 8, A)] over the sieve space, it follows that

P, [log G(&, 6, A)] = P, [log G(aw, 6o, A)],

where A is a step function with jumps only at the observed failure times and it

uniformly converges to Ay with convergence rate n~'/2. Equivalently,
v, 0, A A A
n 112G, 10gG(O"—9’~) > P 10§;M +P logG(Oé(),—M . (5.8)
G, 6o, A) G(ao, 0o, Ao) G(a, 6, A)

First, we can show that the left-hand side of (5.8) is bounded, using empirical

process theory. Consider a class of functions £,, defined by

A A
L, =< log G(an,—90,~); ap € Sp(p,m, My,) » .
G(an,Go,A)

Since ||BL(-)||.. = 1, any function of &, given in £, is bounded by O(e**"). By
assumptions (A1)-(A6), G(au,, 6, A) is bounded away from 0, and hence the class £,
has an upper bound O, (M,,). After tedious calulation, we can show that the function
in £,, is Lipschitz continuous with respect to «, and the Lipschitz constant is bounded
by O, (e, for a fixed constant ¢;. By computing the bracket number of £,, and

applying Theorem 19.35, van der Vaart (1998), in probability we have

(M) (m+p+1)
n M can 1
VAE|P, - Pl < / \/10 ¢ m“” )> de

0, (1) m*/?(log M, )M2
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so, the left-hand side of (5.8) is bounded by O,(M2m'/?(log M,,)/+/n) from above.
Second, since the functional G(-) is Lipschitz continuous with a and A uniformly

converges to Ag, we can show that the first term of the right side of (5.8) is

G(an, b0, A)

P N
G(Oé()’ 007 AO)

log

> = 0p(1) {llan = ol + 1A = Aollz.. }

> =0, { o+ O}

Third, since the second term of the right side of (5.8) is the Kullback-Leibler infor-

mation, and by linearizing, we obtain

G(O{07907A0):| M, ~ A 7
P |log——2222200 >0 09 M /)G (aw, B, No) — G(&, 0, N)||%. .
log GetB| > 0 ot Ao) = 66 . )l

Thus, combining the above results, we can show that

R PN 661Mn/2 GCIM"/QMgml/Q log Mn
1G a0, 80, Ao) — G(a, B, M), 0 < O ( ) (5.9)

m*+ N4

Step 3. We obtain the Lo-convergence of the estimators. Suppose we select m and

M, satisfying Assumption (A10), then we can obtain from (5.9)
||G(a07 0o, AO) - G<é‘7 é? A)H%Q(P) < Op(1> Dn<m’ Mn)a

where D,,(m, M,) = eMn/2m=7 4 ectMam1/21og(M,,) /v/n. From the above inequality
and identifiability conditions of the parameters, we can obtain that ||& — Oon%Q(T) is
bouned by O,(1) D, (m, M,,) from above. Moreover, D,,(m, M,,)'/? is the convergence

rate of &.

To obtain the convergence of & in W1*-space, we notice from Theorem 4.22 of

Schumaker (1981) that the W™*-norm of & is bounded by O(e®»m") from above for
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some constant ¢o. Hence, according to the Sobolev interpolation inequality (Adams

and Fournier, 1975), we obtain
[G&(t) — ao(t)|[wreer) < O(1) €™M m™" D, (m, M,,) ™72, (5.10)

where 71 = 3/(2r). By Assumption (A10), the right side of (5.10) converges to zero.
Thus, Theorem 5.1 holds. O

Proof of Theorem 5.2

Proof. We use the results of Theorem 5.1. Since & is within a W1>-neighborhood of
ag, now L, has a bound covering function and the integration of the entropy for the
class £, is finite. Moreover, the function in the left side of (5.8) uniformly converges
to zero. Thus, we can apply Theorem 2.11.23 of van der Vaart and Wellner (1996),
to obtain that the left side of (5.8) is bounded by 0,(1/y/n). By Taylor expansion of
the right side of (5.8) at the true parameters and Theorem 5.1, the right side of (5.8)

is bounded from below by

= 0p(1) {lla = a0l + 1A = AollE.n) }

+ Op(l)HG<O‘07 90>A0) - G(d7 év A)”%Q(P)'
Providing Theorem 5.1, we obtain that

50 A 0p(1)  Oy(1
|G(, 0o, Ao) — G(a, 0, A)H%WD) < % + nz;g).

From the parameter identifiability condition, the left-hand side can be further bounded
from below by the Ly(P)-norm of |A — Ag| and |& — ap|. Thus, we conclude Theorem

5.2. [l
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Proof of Theorem 5.3

Proof. We will prove Theorem 5.3 by writing /7 (6 — 6,) as a linear functional of
the empirical process G,,. Let {(«a, A, 6) be the log-likelihood function from a single

subject, and let ¢y = (ayp, Ao, bp).

Step 1. We define a least favorable direction for ;. We treat ¢» = (a, A) as the
vector of nuisance parameters with 1y = (g, Ag), and then the tangent space for
Y is given by H = {h(t) = (hi(t), ha(t)); h(t) € La(T?)}. Let £y (2o, 00)[h] be the
derivative of ¢y with respect to ¢ along with the direction h; for o and the direction
hy for A, and let y(1)g,00) be the derivative of ¢y with respect to . Then, a least

favorable direction for 0 is defined as a tangent function h(t) € H for ¢ that satisfies

0y, (1o, 00) Ly (0, 00) [R] = € (100, 00)lo (0, 00)  a.s.,

where £;,(ty, 0) is the adjoint operator of £y (¢, 0p) in the Hilbert space Ly(P).

Step 2. We prove the existence and smoothness of the least favorable direction.
The existence can be shown by proving the operator £}, (10, 6o){y (10, 6) is invertible
based on the Lax-Milgram theorem. The details of proofs are the same as in Zeng

(2005).

Step 8. We construct the projection of hq(t) on the tangent space of the sieve
space. The tangent function for 1) at 1[1 = (4, A) in the sieve space can be chosen by

By = (hin(t), hodA) in Ly(T?) such that
1hin = Ial|2,p) < O(m™2") + 0y (n™172).
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Step 4. We derive the empirical process for v/n (6 — ). Since (1, §) maximizes
the log-likelihood over the sieve space, the score along the path (1[1 + vh,, 6+ V) is

zero when v = 0. Thus, it holds that

Since the function in the left side of (5.11), indexed by both (b, h,) € Wi and
g O, belongs to P-Donsker class, we apply Theorem 2.11.23 of van der Vaart and
Wellner (1996). By linearizing the right side of (5.11) at the true parameters and

approximating h,, to h, we obtain that

— P{Lys (0, 00)[h] + Log (b0, 00) }/n (6 — )
= Gn{ly (o, 00)[R] + Lo(tbo, 00) }

+ \/EOp(II@E - ¢0||%2(P) + [|An — h||%2(P) + 10 — 6o)%).

Since the second term in the right side of the above equation is 0,(1) by Theorem
5.2 and (A10) and — P{lye (10, 00)[h] + Cea (0o, 8o)} > 0, the asymptotic normality of

V7 (0 — 6,) holds. Moreover, the influence function of 6 is given by

[— P{lyo(t0, 00)[R] + oo (Lo, 00) Y]~ { Ly (b0, 00) [h] + Lo (1o, o)}

Clearly, the above influence function is contained in the tangent space, therefore, we

conclude that 6 is semiparametrically efficient. O
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Table 5.1: Simulation results for H(z) = z and «(t) = sin(nt) exp(t/2)/{1+exp(t/2)}
based on m=6 control points of B-spline curves. 7, represents p% of 7 (study dura-
tion).

n = 200 n = 400

0] True Bias SE  SEE CP Bias SE  SEE CP
-0.3 4 1.0 0.004 0.125 0.129 0.956 0.001 0.088 0.090 0.953
B -0.5 -0.000 0.107 0.108 0.945 0.001 0.075 0.076 0.953

o’ 1.0 -0.007 0.039 0.041 0.963 -0.003 0.028 0.029 0.953

of 0.5 -0.006 0.073 0.073 0.947 -0.006 0.049 0.051 0.956

" 1.0 -0.008 0.180 0.202 0.968 -0.013 0.126 0.135 0.968

Yo -0.5 0.003 0.151 0.152 0.957 -0.005 0.107 0.106 0.946

) -0.3 0.005 0.154 0.160 0.972 0.006 0.105 0.109 0.956

A(720) 0.3 0.003 0.048 0.052 0.963 0.004 0.033 0.036 0.968
A(740) 0.6 0.008 0.085 0.092 0.962 0.008 0.060 0.063 0.952
A(760) 0.8 0.012 0.127 0.132 0.954 0.014 0.089 0.090 0.947
A(7g0) 1.1 0.024 0.182 0.179 0.962 0.019 0.123 0.122 0.948

0 M 1.0 -0.007 0.128 0.125 0.940 -0.002 0.088 0.088 0.952
2 -0.5 -0.002 0.108 0.107 0.951 0.002 0.075 0.075 0.953
o? 1.0 -0.008 0.043 0.041 0.935 -0.004 0.029 0.029 0.946
o} 0.5 -0.010 0.075 0.072 0.936 -0.008 0.052 0.051 0.951
0! 1.0 -0.002 0.174 0.178 0.949 -0.016 0.122 0.123 0.949
Yo -0.5 -0.005 0.147 0.148 0.954 0.001 0.103 0.103 0.955
) 0.0 0.002 0.148 0.151 0.955 0.001 0.104 0.105 0.953
A(7a0) 0.3 0.003 0.046 0.048 0.962 0.005 0.034 0.033 0.946
A(740) 0.6 0.006 0.081 0.084 0.961 0.011 0.058 0.059 0.948
A(760) 0.8 0.012 0.120 0.122 0.961 0.013 0.084 0.085 0.949
A(780) 1.1 0.021 0.168 0.169 0.964 0.024 0.116 0.118 0.959

0.3 [ 1.0 -0.004 0.121 0.129 0.961 -0.006 0.085 0.090 0.962
Ba -0.5 -0.003 0.107 0.107 0.947 -0.001 0.076 0.076 0.947
o? 1.0 -0.006 0.042 0.041 0.943 -0.005 0.030 0.029 0.940
o} 0.5 -0.009 0.072 0.072 0.954 -0.004 0.053 0.051 0.951
o 1.0 -0.010 0.184 0.201 0.962 -0.024 0.131 0.136 0.958
Yo -0.5 0.000 0.153 0.152 0.941 0.000 0.102 0.106 0.951
) 0.3 -0.006 0.154 0.160 0.966 0.003 0.104 0.109 0.969
A(70) 0.3 0.003 0.048 0.052 0.956 0.004 0.034 0.036 0.955
A(T40) 0.6 0.006 0.085 0.091 0.957 0.010 0.060 0.063 0.954
A(760) 0.8 0.014 0.126 0.131 0.957 0.017 0.088 0.091 0.947
A(70) 1.1 0.022 0.175 0.178 0.956 0.025 0.121 0.123 0.948
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Table 5.2: Simulation results for H(x) = x and a(t) = sin(wt) exp(t/2)/{1+exp(t/2)}
based on m control points of B-spline curves. 7, represents p% of 7 (study duration).

Joint Model Marginal Model
m True Bias SE MSE Bias SE MSE MSER
n = 200
3 amyp) 0.52 0.009 0.099 0.010 -0.029 0.104 0.012 0.835
a(ty) 0.35 -0.020 0.106 0.012 -0.116 0.122 0.028 0.411
a(1gp) -0.38 0.027 0.117 0.014 -0.115 0.143 0.033 0.430
a(tgy) -0.66 -0.033 0.146 0.022 -0.213 0.203 0.086 0.260
6  a(myp) 0.52 -0.001 0.116 0.013 -0.040 0.126 0.017 0.770
a(ty) 0.35 -0.001 0.115 0.013 -0.099 0.133 0.028 0.476
a(1gp) -0.38 -0.004 0.133 0.018 -0.142 0.161 0.046 0.383
a(tgy) -0.66 0.007 0.171 0.029 -0.176  0.233 0.085 0.343
9 a(myp) 0.52 -0.004 0.122 0.015 -0.041 0.134 0.020 0.759
a(ry) 0.35 -0.006 0.124 0.015 -0.104 0.145 0.032 0.484
a(Te) -0.38 -0.005 0.135 0.018 -0.143 0.163 0.047 0.387
a(tgy) -0.66 0.009 0.172 0.029 -0.175 0.234 0.085 0.347
n = 400
3 amyp) 0.52 0.013 0.068 0.005 -0.029 0.072 0.006 0.781
a(ry) 0.35 -0.014 0.073 0.006 -0.115 0.083 0.020 0.276
a(1gp) -0.38 0.026 0.078 0.007 -0.121 0.099 0.024 0.278
a(tgy) -0.66 -0.038 0.100 0.011 -0.220 0.145 0.069 0.164
6  a(mp) 0.52 0.004 0.079 0.006 -0.038 0.087 0.009 0.700
a(ry) 0.35 0.005 0.080 0.006 -0.096 0.091 0.017 0.374
a(1gp) -0.38 -0.004 0.089 0.008 -0.152 0.112 0.036 0.221
a(1gy) -0.66 -0.000 0.116 0.014 -0.181 0.163 0.059 0.228
9  a(myp) 0.52 0.003 0.083 0.007 -0.039 0.091 0.010 0.704
a(ry) 0.35 0.002 0.088 0.008 -0.100 0.099 0.020 0.392
a(1gp) -0.38 -0.006 0.090 0.008 -0.153 0.114 0.036 0.224
a(tgy) -0.66 0.001 0.117 0.014 -0.179 0.164 0.059 0.231
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Table 5.3: Simulation results for H(z) = log(1+ x) and «(t) = sin(nt) exp(t/2)/{1+
exp(t/2)} based on m=6 control points of B-spline curves. 7, represents p% of T
(study duration).

n = 200 n = 400

0] True Bias SE  SEE CP Bias SE  SEE CP
-0.3 4 1.0 0.005 0.124 0.121 0.947 0.001 0.082 0.085 0.956
Ba -0.5 0.002 0.106 0.104 0.950 0.001 0.074 0.074 0.944

o’ 1.0 -0.005 0.036 0.037 0.944 -0.003 0.026 0.026 0.951

of 0.5 -0.006 0.071 0.069 0.949 -0.005 0.049 0.049 0.945

" 1.0 -0.054 0.264 0.278 0.956 -0.056 0.193 0.193 0.938

Yo -0.5 -0.005 0.228 0.232 0.954 0.006 0.159 0.162 0.954

) -0.3 0.002 0.264 0.258 0.950 0.005 0.185 0.180 0.945

A(720) 0.3 0.011 0.063 0.065 0.953 0.010 0.045 0.045 0.956
A(740) 0.6 0.026 0.121 0.122 0.945 0.020 0.083 0.084 0.949
A(760) 0.8 0.041 0.185 0.185 0.943 0.035 0.128 0.128 0.952
A(7g0) 1.1 0.055 0.258 0.258 0.956 0.048 0.183 0.179 0.951

0 5 1.0 -0.003 0.118 0.121 0.960 0.001 0.087 0.085 0.945
2 -0.5 0.002 0.107 0.104 0.943 0.001 0.074 0.074 0.947
o? 1.0 -0.005 0.038 0.037 0.935 -0.004 0.025 0.026 0.958
o} 0.5 -0.009 0.069 0.068 0.953 -0.005 0.049 0.049 0.953
0! 1.0 -0.047 0.262 0.271 0.945 -0.058 0.187 0.189 0.937
Yo -0.5 -0.006 0.227 0.229 0.946 0.006 0.156 0.161 0.962
) 0.0 0.000 0.248 0.256 0.959 0.002 0.180 0.178 0.952
A(7a0) 0.3 0.008 0.062 0.063 0.956 0.013 0.046 0.045 0.945
A(740) 0.6 0.022 0.119 0.119 0.952 0.025 0.085 0.084 0.944
A(760) 0.8 0.036 0.188 0.181 0.946 0.037 0.129 0.127 0.942
A(780) 1.1 0.0564 0.264 0.255 0.945 0.052 0.183 0.178 0.940

0.3 [ 1.0 -0.005 0.122 0.121 0.943 -0.005 0.085 0.085 0.951
B2 -0.5 0.003 0.107 0.104 0.944 -0.005 0.074 0.074 0.935
o? 1.0 -0.005 0.039 0.037 0.937 -0.003 0.027 0.026 0.952
o} 0.5 -0.011  0.071 0.068 0.950 -0.005 0.051 0.049 0.943
o 1.0 -0.052 0.278 0.278 0.941 -0.044 0.187 0.193 0.952
Y2 -0.5 0.003 0.230 0.232 0.957 0.002 0.162 0.162 0.948
) 0.3 0.007 0.257 0.259 0.955 -0.007 0.176 0.180 0.954
A(70) 0.3 0.009 0.063 0.064 0.962 0.008 0.047 0.045 0.936
A(T40) 0.6 0.022 0.115 0.121 0.966 0.017 0.086 0.084 0.935
A(760) 0.8 0.037 0.178 0.183 0.956 0.029 0.128 0.127 0.949
A(70) 1.1 0.057 0.267 0.258 0.955 0.037 0.181 0.178 0.942
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Table 5.4: Simulation results for H(z) = log(1+ z) and «a(t) = sin(nt) exp(t/2)/{1+
exp(t/2)} based on m control points of B-spline curves. 7, represents p% of 7 (study

duration).
Joint Model Marginal Model
m True Bias SE  MSE Bias SE MSE MSER
n = 200
3 a(me) 0.52 0.003 0.095 0.009 -0.035 0.100 0.011 0.806
a(ty)  0.35 -0.012 0.099 0.010 -0.069 0.107 0.016 0.612
a(1gp) -0.38 0.024 0.107 0.012 -0.049 0.128 0.019 0.642
a(1gy) -0.66 -0.014 0.126 0.016 -0.097 0.168 0.038 0.426
6 a(me) 0.52 0.000 0.100 0.010 -0.037 0.106 0.013 0.784
a(ty) 0.35 0.003 0.108 0.012 -0.054 0.117 0.017 0.701
a(1go) -0.38 0.005 0.112 0.013 -0.068 0.136 0.023 0.547
a(1gy) -0.66 0.009 0.133 0.018 -0.073 0.174 0.036 0.499
9 a(myp) 0.52 0.000 0.115 0.013 -0.037 0.122 0.016 0.804
a(ry)  0.35 0.006 0.115 0.013 -0.050 0.127 0.018 0.714
a(1gp) -0.38 0.004 0.122 0.015 -0.069 0.146 0.026 0.567
a(1gy) -0.66 0.009 0.135 0.018 -0.073 0.176 0.036 0.504
n = 400

3 a(me) 0.52 0.005 0.065 0.004 -0.030 0.071 0.006 0.729
a(mp) 0.35 -0.013 0.065 0.004 -0.072 0.076 0.011 0.405
a(1go) -0.38 0.021 0.071 0.005 -0.052 0.088 0.010 0.526
a(1gy) -0.66 -0.018 0.082 0.007 -0.100 0.110 0.022 0.319
6 a(me) 0.52 0.002 0.069 0.005 -0.033 0.075 0.007 0.709
a(ty) 0.35 0.003 0.072 0.005 -0.056 0.083 0.010 0.511
a(1go) -0.38 0.001 0.074 0.006 -0.071 0.093 0.014 0.404
a(1gy) -0.66 0.006 0.087 0.008 -0.076 0.117 0.019 0.390
9  a(me) 0.52 0.000 0.082 0.007 -0.033 0.090 0.009 0.720
a(ry)  0.35 0.004 0.075 0.006 -0.053 0.087 0.010 0.532
a(1go) -0.38 -0.001 0.080 0.006 -0.074 0.100 0.015 0.416
a(1gy) -0.66 0.007 0.087 0.008 -0.075 0.117 0.019 0.396
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Table 5.5: Joint analysis results of the medical costs data. The 50:50 mixture of 2
distributions is used for testing variances.

Effect Estimate Std.Error p-value
Longitudinal medical cost
Age -0.116 0.042 0.0054
Age? -0.184 0.048 0.0001
Male (vs. Female) 0.112 0.061 0.0691
White (vs. Nonwhite) -0.248 0.069 0.0003
o? 2.336 0.027 < .0001
of 1.034 0.051 < .0001
Death (informative censoring)
Age 0.524 0.088 < .0001
Male (vs. Female) 0.246 0.127 0.0535
White (vs. Nonwhite) -0.272 0.127 0.0319
o 0.867 0.078 < .0001
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Figure 5.1: Example of basis functions (cubic B-spline) for time ¢ in [0, 1] under 5
control points {0.1, 0.15, 0.2, 0.4, 0.7}.
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Figure 5.2: Simulation results for the baseline coefficient function by (a) H(z) =
and a(t) = sin(rt) ez /(1 +e2); (b) H(z) = log(1 + ) and a(t) = sin(xt) e2 /(1 + 2
(c) H(z) = z and «a(t) = (t — 0.8)% and (d) H(z) =log(1+ z) and a(t) = (t — 0.8)%
The solid curves are true values, the dashed curves are estimates under m=3, the
dash-dotted curves are estimates under m=6, and the dotted curves are estimates
under m=9.
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BIC

Figure 5.3: Bayesian information criterion (BIC) for the transformation H(x)

67545 67550

67540

Transformation (n)

log(1 + nz)/n and the number of control knots (m). From top to bottom, the dot-
long-dashed curve is for m=8, the long-dashed curve is for m=7, the short-dashed
curve is for m=4, the dot-short-dashed curve is for m=6, the dotted curve is for m=3,
and the solid curve is for m=5.
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Figure 5.4: Baseline coefficient function of hospital visit time in the medical cost data
under the best fit of transformation H(z) = 2log(1+ 0.5z) and 5 control points. The
solid curves are estimates from the joint model, the dashed curves are estimates from
the marginal model, and the dots are residual means of {Y (t) — 57X, (¢)}.
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Chapter 6

Summary and Future Research

In this dissertation, we have studied semiparametric models for joint analysis of lon-
gitudinal data and counting processes, where the models of each component were
connected through the shared random effects. Particularly, in Chapter 3, we devel-
oped joint models of longitudinal data via the linear mixed effects model and recurrent
and terminal events via transformation models. The proposed joint models captured
latent relationships among the longitudinal responses and two events. In Chapter
4, we studied the joint analysis of longitudinal data and cure-survival data, using
the linear mixed effects model and the transformed promotion time cure model. We
found that the proposed joint models corrected biases in the regression coefficient
estimates, induced by ignoring the true cure proportion in survival data and the
correlation between longitudinal and cure-survival data. In Chapter 5, we modeled
nonlinear trajectories of longitudinal data with informative censoring. We relaxed
usual parametric model specification of the longitudinal data by using the partially
linear model, and we adopted transformed survival models to account for informative
censoring. We showed that the proposed joint modeling approach can reduce biases
in the estimation of the parametric and nonparametric coefficients.

In all of the methods, the maximum likelihood approach was used under proper



conditions on infinite-dimensional parameters. We assumed the baseline cumulative
intensity or hazards functions to be step functions, and the underlying trajectory of
longitudinal responses were assumed to be smooth enough for B-spline approximation.
By treating the shared random effects as missing data, simple EM algorithms were

provided to compute the MLEs.

The asymptotic properties of the MLEs were studied and were shown to provide
desirable properties, consistency, normality and semiparametric efficiency. Most of
the proofs relied on modern empirical process theory. We also investigated the finite
sample properties of the proposed methods via extensive simulation studies. Simula-
tion results based on various scenarios confirmed that the proposed methods worked
properly under reasonably finite sample sizes. The proposed methods were also ap-
plied to real data examples for illustration; specifically, the ARIC data was used to
analyze the longitudinal SBP, recurrent CHD events, and death in Chapter 3 and to
analyze the longitudinal SBP with MI or fatal CHD event in Chapter 4. In Chapter
5, we analyzed the medical costs of chronic heart failure patients, while accounting

for death as the informative censoring event.

The proposed methods in this dissertation research can be extended in several di-
rections. In Chapters 4 - 5, measurement times of longitudinal data were assumed to
be non-informative. In practice, they may contain important information if observed,
for example, at emergency admissions. A natural way of adjusting the informative
observation times is to combine another counting process with the proposed models.
The proposed work in Chapter 5 can be continued to the context of time-varying co-
efficients models that accommodate more than one nonparametric functions of time.
New methods for time-varying coefficients models with informatively censored data
would be useful for analyzing clinical trial data where the effects of treatments may

vary over time. We can also extend the joint modeling approach to develop methodol-
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ogy for interval-censored data with longitudinal covariates. Lastly, further research on
the model selection techniques to check the adequacy of the model assumptions and
to select the best transformation would be worthwhile to continue for the practical

applications of the research.
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