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Abstract

Flexible Bayesian Nonparametric Modeling for Time-to-event Data

by

Yunzhe Li

This dissertation presents the development of innovative Bayesian nonparamet-
ric models tailored for the complex demands of analyzing time-to-event data, specifically
for problems in survival analysis. These models offer flexibility and computational ef-
ficiency in estimating various functionals of the survival distribution. The first thesis
component introduces a flexible Erlang mixture model for survival analysis, structured
on a weighted combination of Erlang densities with integer shape parameters, and a
common scale parameter. The mixture weights are constructed through increments
of a distribution function on the positive real line, which is assigned a Dirichlet pro-
cess prior. The model balances general inference for survival functionals with efficient
posterior simulation. The modeling approach is extended to accommodate multiple ex-
perimental groups through a dependent Dirichlet process prior. Moving to the second
part of the dissertation, a Dirichlet process mixture model with a log-logistic kernel is
proposed. The model incorporates covariates through a density regression framework,
allowing variations in mixture weights and mixing parameters as functions of covari-
ates. The model yields flexible inference for density, survival, and hazard functions
across the covariate space. The final dissertation component explores a joint modeling
approach for recurrent events and survival time, relevant for medical studies where the

Xiv



recurrent events process and the risk of death are related. Here, the density functions
for the survival times and the gap times of recurrent events are modeled by dependent
Dirichlet process mixtures with a log-logistic kernel. This modeling approach builds
dependence between survival times and recurrent events through bivariate random ef-
fects. The joint modeling framework aims to provide flexibility in inferring marginal and
conditional functionals of survival and gap times. For all proposed models, we discuss
model properties, prior specification, and posterior simulation techniques, illustrating

their effectiveness through synthetic and real data examples.
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Chapter 1

Introduction

Time-to-event data, also known as survival data or failure time data, arise in
many fields of study, including medicine, biology, engineering, public health, epidemiol-
ogy, and economics. The focus is on the time duration until the occurrence of an event
of interest, which could range from death and disease recurrence to equipment failure
or any event signifying a change in status or outcome. From a frequentist standpoint,
Klein & Moeschberger (1997) provide a comprehensive review of survival analysis meth-
ods. Ibrahim et al. (2001) offer a detailed review of Bayesian modeling and inference
approaches to survival data.

A more complex scenario in survival analysis involves recurrent events, where
subjects may experience multiple non-fatal events within a certain period before a ter-
minal event occurs. Cook & Lawless (2007) discuss such scenarios, emphasizing the
importance of jointly modeling terminal and recurrent events to accurately capture the

dependencies and provide meaningful insights.



This dissertation is focused on developing flexible Bayesian methods for estima-
tion of functionals in survival analysis, including density, survival, and hazard functions.
Section 1.1 provides an introduction to survival analysis and joint analysis of survival
times and recurrent events. Subsequently, Section 1.2 outlines our research objectives

and provides an overview of this dissertation.

1.1 Background

1.1.1 Survival analysis

Let T be a continuous random variable representing survival time, defined on
R*. The probability density function is denoted by f(¢). The survival function, denoted

as S(t), represents the probability that the time to an event exceeds t and is defined as

S(t)=Pr(T >t)= /too f(u)du.

Additionally, the hazard function, denoted by h(t), describes the instantaneous failure

rate and is defined as
h(t) =limaioP(t < T <t+At|T > 1),

and it can be calculated by the ratio of density to survival function, h(t) = f(t)/S(¢).
Conversely, the survival function can also be derived from a hazard function by S(t) =
exp (— fg h(u)du).

A common challenge in survival analysis is right censoring, where survival times

are observed for only a subset of the subjects under study, while for others, survival

2



times are only known to exceed certain values. Specifically, an observation is considered
right-censored at c if it is only known that the survival time is greater than c.

Let n denote the total number of subjects under study. For the i*" subject,
let t; be its survival time, and ¢; be the right censored time. Thus, the final follow-up
time is defined as 7; = min(¢;,¢;). Let v; be a binary indicator, where v; = 1 indicates
an observed survival time.

Assume t;’s are independent and identically distributed (i.i.d.) with density

f(t) and survival function S(t), then the likelihood function for all subjects is given by
n
L =T 1r)y" (s .
i=1
The observed survival times and censored times contribute to the likelihood through
the density and survival function, respectively.

Survival data are often collected along with covariates that provide additional
information about the subjects. These covariates might include demographic details,
treatment types, genetic markers, or other relevant factors that can influence the time-
to-event outcome. Incorporating covariates into survival analysis allows for more nu-
anced and precise modeling, leading to better inference and prediction of survival times.
Two popular regression model formulations for survival data are the proportional haz-
ards (PH) model and the accelerated failure time model (AFT).

The PH model assumes that the hazard function h(t | ) for a subject with

covariate vector x is given by:

h(t | @) = ho(t) exp(B'z),

3



where hy(t) is a baseline hazard function, which can be modeled through parametric or
nonparametric approaches. And exp(83'x) is a multiplicative effect on baseline hazard
function. As the name indicates, for two different covariate vectors x; and xo, the

hazards ratio is expressed as

1 ,
W = exp(B'(z1 — x2)),

which is constant, in time, meaning crossing hazards are not allowed in the PH model.
As an useful alternation to the PH model, the AFT model assume that the

log-transformed survival time is linearly related to the covariates. For survival times ¢,

i=1,..., N, the basic form of the AFT model might be written as:
log(t) = B'x; + ¢,

where ¢; are i.i.d. random variables with a unspecified common distribution function
F, which can be modeled through parametric or nonparametric approaches. The AFT

model indicates that the survival function of a subject with covariate x at time ¢t is

S(t|x) = So(texp(B'z)),

where Sy is the baseline survival function. However, the crossing survival functions over
the covariate space is unavailable.

Both the PH and AFT models impose a parametric linear component in the
model formulations, which can be too restrictive under certain circumstances. For
instance, the hazard and survival functions for two different covariates might not main-
tain a consistent stochastic ordering over time. Covariates effects might be negative

4



at the beginning of the study and positive by the end. Specifically, for two different
covariates, z1 and xe with 1 < xg, it is possible to have h(t | x1) < h(t | x2) and
S(t | x1) < S(t| x2), for small t, but h(t | x1) > h(t | x2) and S(t | z1) > S(t | z2) for
large t. Thus, a more sophisticated model is needed.

The first two projects in this dissertation aim to provide new statistical tools
for analyzing survival times, both with and without covariates, under the Bayesian
nonparametric modeling framework, which allows for flexibility regarding the survival

response distribution and the regression relationship.

1.1.2 Joint analysis for survival times and recurrent events

In more complex scenarios, survival times are often observed alongside a se-
ries of recurrent events. Subjects may experience multiple non-fatal events repeatedly
within a certain time frame until a terminal event occurs. In this context, recurrent
events and terminal events are considered two different types of events. One example
is in medical studies where patients might have multiple hospital readmission before an
eventual death. For more more detailed reviews, we refer to Cook & Lawless (2007) for
a discussion of general framework and Sinha et al. (2008) for a more recent review of
Bayesian methodologies.

When modeling recurrent events, two primary types of point processes are often
considered: the Poisson process and the renewal process. The Poisson process describes
situations where events occur randomly, with the number of events in nonoverlapping

time intervals being statistically independent. It is defined through its intensity function,



A(t), for t > 0, a nonnegative integrable function. In this case, the Poisson process,
where intensity function is constant over time, is referred as the homogeneous Poisson
process. In this case, the gap times between successive events follow an exponential
distribution. When the intensity function varies over time, the process is known as a
nonhomogeneous Poisson process, which is suitable when the event rate changes over
time. Based on the intensity function, the likelihood for the Poisson process model
observed in time window (0,¢) with point pattern {0 < y; < y2 < -+ < yy < t} is
proportional to Hfil AMy;) exp(— fg Aw)du).

The renewal process is another extension to the homogeneous Poisson process,
but instead of focusing on the intensity function, it models the distribution of gap
times between events. In a renewal process, these gap times are assumed to be i.i.d.
Let w; = y; —yi—1 (1 = 1,2,...) with yo defined as 0, and let {w;,ws,...,wy} be
a collection of gap times within a time window (0,¢). The likelihood function can be
written as []V, fr(wi)Sr(t — Z;Vﬂ wj), where fr and Sg are density and survival
functions of gap times. This formulation accounts for the observed gap times and the
gap between the last observed event and the upper bound of the time window.

The joint modeling of survival times and recurrent events typically employs
a random effects framework to establish the dependence between these two types of
events. For subject i, let ¢; and &; be positive-valued random effects associated with
survival times and recurrent events, respectively. Suppose that, conditional on (e;,&;)
and covariate vector x;, survival times are independent of recurrent events and have a

density function fg(- | €, x;), which is typically modeled by either PH or AFT models.



For recurrent events under the Poisson-process assumption, the intensity function is
modified to A;(t | &, x;), where random effects and covariates term exp(3'x;) are usually
modeled as multiplicative effects on a baseline intensity function. Alternatively, under
renewal-process assumption, recurrent events are modeled through the density function
of the gap times. Similar to the survival analysis, the gap times conditional on random

effects and covariates are modeled through PH or AFT models.

1.2 Research Objectives

Bayesian nonparametric (BNP) models are known for their remarkable flexibil-
ity and have been studied in many fields. Unlike traditional parametric models, which
rely on a fixed number of parameters, BNP models employ priors that are probability
models for infinite-dimensional parameters. This approach allows BNP models to adapt
to the complexity of the data without being constrained by predetermined functional
forms.

For a comprehensive overview of BNP inference and computational strategies,
Miiller et al. (2015) provide details discussions on practical implementation. On the
theoretical perspective, Ghosal & Vaart (2016) cover the foundational aspects of BNP
models.

This dissertation introduces new Bayesian nonparametric models designed to
meet the complex demands of analyzing time-to-event data. These models offer flexi-

bility and computational efficiency in estimating various statistical functionals.



In Chapter 2, we construct a flexible Erlang mixture model for survival anal-
ysis. This model is composed of Erlang densities with common scale parameter and
integer-valued shape parameters. The mixture weights are defined by increments of a
distribution function on the positive real line R™. By assigning it a Dirichlet process
(DP) prior, the model allows for flexible estimation for density, survival, and hazard
functions. The model can be viewed as a basis representation through Erlang densi-
ties, with the number of basis densities being random. A key feature of this model
is its ability to enable efficient posterior computation via Markov chain Monte Carlo
(MCMC) methods. The model is then extended to accommodate multiple experimental
groups through a dependent Dirichlet process (DDP), with a focus on control-treatment
groups. This model extension retains the flexibility for the time-to-event distributions,
avoiding specific parametric assumptions, such as those in proportional hazards (PH)
and accelerated failure times models.

Moving to the second part of the dissertation in Chapter 3, we propose a
Dirichlet process mixture (DPM) model with a log-logistic density kernel, referred by
DPM-LL. Similar to Erlang mixture models, this model is able to flexibly capture a
wide range of functional shapes for density, survival, and hazard functions. A major
advantage of the DPM-LL model is that it allows a relatively straightforward extension
to accommodate multiple covariates through a density regression framework. Unlike the
model in Chapter 3 with the basis representation, this approach is constructed through
traditional mixture model setting, allowing both mixture weights and locations to vary

as functions of covariates.



In Chapter 4, we develop a joint model for survival times and gap times of re-
current events. This model integrates Bayesian nonparametric mixture models for both
survival and gap times. By employing the DDP mixture model with a log-logistic kernel
for the mixing distributions across the covariate space, we incorporate covariates into
both the mixture atoms and weights. This model connects nonparametric mixture mod-
els for survival and gap times through bivariate random effects, allowing it to capture
non-standard density and survival functions across various covariates and to estimate
conditional survival probabilities given no occurrence of recurrent events. We explore
the model properties and posterior simulation, illustrating the methodology with real
data. The model’s efficacy is assessed through out-of-sample predictions, validating its

practical applicability and flexibility.



Chapter 2

Bayesian Nonparametric Erlang

Mixture Modeling for Survival Analysis

2.1 Introduction

The Erlang mixture model is defined as a weighted combination of M Erlang
densities f(t | M,0,w) = 2%21 wim Er(t | m,0), for t € R*, where Er(t | m,6) repre-
sents the Erlang densities with integer shape parameters, m, and scale parameter, 6,
shared by all densities. In the formulation, M and w = (wy,...,wys) are the number
of mixture components and the mixing weights, respectively. The model is completely
specified by M, w and #. Hence, in contrast to traditional mixture models, Erlang mix-
tures comprise identifiable mixture components and a parsimonious model formulation
built from kernels that involve a single parameter that needs to be estimated. Indeed, it

is more natural to view the model as a basis representation for densities on R*, where
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the Er(¢ | m, ) densities play the role of the basis densities and the w,, provide the
corresponding weights. Erlang mixtures are flexible, making them particularly useful
in providing approximations for general densities on R™. For example, Venturini et al.
(2008) used the Erlang mixture model for density estimation, with fixed M and with a
Dirichlet prior distribution for w. Another example is Ayala et al. (2022) that developed
a Dirichlet process mixture model (Antoniak 1974) with Erlang kernels for phase-type
distributions of a Markov process. The resulting model can be expressed as a mixture
of Erlang distributions in a form similar to f(¢ | M, 0, w).

Different from the aforementioned approaches, the weights w in Erlang mix-
tures can be constructed as increments of a distribution function G on R*. In particular,
we let wy, = G(ml) —G(m—1)0), form=1,....M —1,and wyy =1 - G((M — 1)8).
This formulation yields an important theoretical result for Erlang mixtures: as M — oo
and 6 — 0, the Erlang mixture density converges pointwise to the density of G (e.g.,
Butzer 1954, Lee & Lin 2010).

The Erlang mixture structure, in conjunction with the theoretical support
from the convergence result, provides an appealing setting for nonparametric Bayesian
modeling and inference. The key ingredient for such modeling is a nonparametric prior
for distribution G, which, along with priors for § and M, yields the full Bayesian model.
Regarding relevant existing approaches, we are only aware of Xiao et al. (2021) where
the Erlang mixture is used as a prior model for inter-arrival densities of homogeneous
renewal processes. Also related is the prior model for Poisson process intensities in Kim

& Kottas (2022), although for that model the weights are defined as increments of a
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cumulative intensity function.

To our knowledge, Erlang mixtures have not been explored as a general method-
ological tool for nonparametric Bayesian survival analysis, and this is our motivation
for the work in this article. The nonparametric Bayesian model is built from a Dirich-
let process (DP) prior (Ferguson 1973) for distribution G, which defines the mixture
weights, and from parametric priors for 8 and M, which control the effective support
and smoothness in the shape of the Erlang mixture density. The modeling approach is
sufficiently flexible to handle non-standard shapes for important functionals of the time
to event distribution, including the survival function and the hazard function. We dis-
cuss prior specification for the model hyperparameters, and design an efficient posterior
simulation method that draws from well-established techniques for DP mixture models.
The model is extended to incorporate survival responses from multiple experimental
groups, using a dependent Dirichlet process prior (MacEachern 2000, Quintana, Miiller,
Jara & MacEachern 2022) for the group-specific distributions that define the mixture
weights. The model extension retains the flexibility in the group-specific survival densi-
ties, and it also allows for general relationships between groups that bypass restrictive
assumptions, such as proportional hazards.

Survival analysis is among the earliest application areas of Bayesian nonpara-
metrics. The literature includes modeling and inference methods based on priors on the
space of survival functions, survival densities, cumulative hazard functions, or hazard
functions. Reviews can be found, for instance, in Ibrahim et al. (2001), Phadia (2013),

Miiller et al. (2015), and Mitra & Miiller (2015). The part of this literature that is more
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closely related to our proposed methodology involves DP mixture models for the sur-
vival density. Such mixture models have been developed using kernels that include the
Weibull distribution (e.g., Kottas 2006), log-normal distribution (e.g., De Iorio, John-
son, Miiller & Rosner 2009), and gamma distribution (e.g., Hanson 2006, Poynor &
Kottas 2019). The convergence property for Erlang mixtures is the only mathematical
result we are aware of that supports the choice of a particular parametric kernel in
mixture modeling for densities on R*.

Our main objective is to add a new practical tool to the collection of nonpara-
metric Bayesian survival analysis methods. The DP-based Erlang mixture model may
be attractive for its modeling perspective that involves a representation of basis den-
sities, its parsimonious mixture structure, and efficient posterior simulation algorithms
(comparable to the ones for standard DP mixtures).

The rest of the article is organized as follows. Section 2 introduces the method-
ology, including approaches to prior specification and posterior simulation (with details
for the latter given in the Appendixes). Sections 3 and Section 4 present results from
synthetic and real data examples, respectively. Finally, Section 5 concludes with a

summary.
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2.2 Methodology

2.2.1 The modeling approach

Erlang Mixture Model We propose a structured mixture model of Erlang densities
for the density, f(t), of the time to event distribution, aiming at more general infer-
ence for survival functionals than what specific parametric distributions can provide.

Specifically, let

M
f) = f(t| M, 0,w) = > wnEr(t|m,0), teR, (2.1)
m=1
where w = {wy,, : m=1,..., M} denotes the vector of mixture weights, and Er(- | m, 6)

the density of the Erlang distribution, that is, the gamma distribution with integer
shape parameter m and scale parameter 6, such that the mean is mé and the variance
m@?. Given the number of the Erlang mixture components, M, the kernel densities in
(2.1) are fully specified up to the common scale parameter . Hence, compared with
standard mixture models, for which the number of unknown parameters increases with
M, the model in (2.1) offers a parsimonious mixture representation.

A key component of the model specification revolves around the mixture
weights. These are defined through increments of a distribution function G with sup-
port on R*, such that w,, = G(mf) — G((m —1)8), form =1,...,.M — 1, and wy; =
1 —G((M —1)0). This formulation for the mixture weights provides appealing theo-
retical results for the Erlang mixture model in (2.1). In particular, as M — oo and
60— 0, f(t| M,0,w) converges pointwise to the density function of G. The convergence
property for the density can be derived from more general probabilistic results (e.g.,
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Butzer 1954); a proof of the convergence of the distribution function of f(t | M, 0, w)
to G can be found in Lee & Lin (2010). This result highlights that using a prior with
wide support for G is crucial to achieve the generality of the model in (2.1) required
to capture non-standard shapes for the time to event distribution. We provide details
below on the nonparametric prior for (G, as well as on the priors for parameters 6 and
M.

The model in (2.1) also offers a flexible, albeit parsimonious mixture represen-
tation for the survival function, S(¢ | M, 0,G), and the hazard function, h(t | M,0,G).
Note that, having defined the mixture weights w through distribution G, we use the
latter in the notation for model parameters. Denote by Sg, (- | m, ) and hg,(- | m, ) the
survival and hazard function, respectively, of the Erlang distribution with parameters

m and €. Then, the survival function associated with the model in (2.1) is given by

M
S| M,0,G) = > wmSul(t|m,0), (2.2)

m=1

that is, it has the same weighted combination representation as the density, replacing
the Erlang basis densities by the corresponding survival functions. Moreover, the hazard

function under the Erlang mixture model can be expressed as
M
h(t | M0,G) = > wh(t) hex(t | m,0), (2.3)
m=1

where wi, (t) = wmSEe(t | m, 0)/{2%:1 W Ser(t | m’,0)}. The hazard function is a
weighted combination of the hazard functions associated with the Erlang basis densities,
and, importantly, the mixture weights in (2.3) vary with ¢. Such time-dependent weights

allow for local adjustment, and thus h(t | M, 0, G) can achieve general shapes, despite
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the fact that the basis hazard functions, hg,(t | m,6), are non-decreasing in t (constant
for m = 1, and increasing for m > 2).

We note that Erlang mixtures can be viewed as extensions of Bernstein poly-
nomial densities, defined on the unit interval to R*. The Bernstein polynomial density
is given by f*(y | K,q) = Zszl qxBe(y | k, K — k + 1), where Be(- | a,b) is the beta
density with mean a/(a + b). The mixture weights are defined through increments of a
distribution function G* on the unit interval, such that ¢, = G*(k/K) - G*((k—1)/K),
for k=1,..., K, where G* is a probability distribution over the unit interval. Here, as
K — oo, f*(y | K, q) converges uniformly to the density of G*. Bernstein polynomials
have been explored for density estimation on compact sets following the work of Petrone
(1999a,b). Applications and extensions of the basic model include density estimation on
higher dimensional spaces (Zheng et al. 2010), density estimation with multiscale mix-
tures of Bernstein polynomials (Canale & Dunson 2016), density regression (Barrientos

et al. 2017), and modeling for bivariate stable distributions (Richardson et al. 2020).

Dirichlet Process Prior for G As previously discussed, a key model component is
distribution G as it defines the mixture weights w,, through discretization of its distri-
bution function on intervals B,, = ((m — 1)0,m#], for m = 1,...,M — 1, and By, =
((M —1)8,00). We place a DP prior on G, i.e., G | a,Gy ~ DP(«, Gp), where oo > 0
is the total mass parameter and Gy the centering distribution (Ferguson 1973). We
work with an exponential distribution, Exp((), for Gy, with random mean ( assigned

an inverse-gamma hyperprior, ¢ ~ inv-Ga(a¢,bc). We further assume a gamma hy-
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perprior for the total mass parameter, o ~ Ga(aq,by). Given M, the DP prior for G
implies a Dirichlet prior distribution for the vector of mixture weights, w | M, «,( ~
Dir(aGo(By),...,aGo(Bu)).

The nonparametric prior for G is of primary importance. The DP prior allows
the corresponding distribution function realizations to admit general shapes that can
concentrate probability mass on different time intervals B,,, thus favoring different
Erlang basis densities through the associated w;,. The key parameter in this respect is
«, as it controls the extent of discreteness for realizations of G and the variability of
such realizations around Gg. As an illustration, Figure 2.1 plots prior realizations for
the mixture weights and the corresponding Erlang mixture density under three values
of @ (o = 1,10 or 100), using in all cases M = 50, § = 0.5, and Gy = Exp(5). The
smaller o gets, the smaller the number of effective mixture weights becomes. Also, for
larger a the Erlang mixture density becomes similar to the density of Gg, which is to be
expected from the pointwise convergence result and the fact that larger o values imply

smaller variability of G around Gy.

Priors for § and M Under the model construction for the mixture weights,  controls
the step size of the increments and thus how fine the discretization of G is. Moreover,
 controls the location and dispersion of the Erlang basis densities in (2.1). With
smaller 6, the Erlang densities are more concentrated around their mean m#, and the
discretization of G becomes finer. Hence, as the pointwise convergence result suggests,

smaller 6 values may be needed to accommodate non-standard density shapes. Also,
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Figure 2.1: Prior realizations of the mixture weights w (top row) and the corresponding
densities f(t | M,0,G) given by the red solid lines (bottom row), under o = 1,10, 100
(left, middle, right columns). In all cases, M = 50, § = 0.5, and Gy = Exp(5). The

black dotted line in the bottom row panels is the density of Gj.

the last component in (2.1) has mean M6 (with variance M#?), and thus the effective
support of f(t | M, 0, G) is jointly determined by M and 0; with smaller 6, a greater value
of M is needed to achieve the same effective support. Figure 1 in the Supplementary
Material plots prior realizations of the Erlang mixture density for different combinations
of (M, 0) to illustrate how M and 6 jointly affect f(t | M,0,G).

We work with a joint prior for 8 and M, p(0, M) = p(0)p(M | §). We assume

0 ~ Ga(ag,bg), and conditional on 6, assign to M a discrete uniform distribution,

18



M | 6 ~ Unif([M1/0],...,[M2/0]), where [a] is the smallest integer that is larger or
equal to a. To specify the hyperparameters ag, bg, My and Ms, we use a relatively
conservative approach, based on the range of the data. For Mj, we choose a value
greater than the largest value in the data, and set Ms = c¢M; for a relatively small
integer ¢. The motivation for this choice is to ensure that the effective support of the
Erlang mixture model is sufficiently large for the particular data application. To specify
the prior hyperparameters for 6, we notice that Mj/6 ~ inv-Ga(ag, M;/bg), based on
which we recommend selecting values for ag and by such that IE(M;/0) is between 10 and
50. Also, we use ¢ = 3 or 4 that imply E(Ma2/6) is between 20 and 150 or between 40
and 200, for the simulation studies in Section 3 and the real data analyses in Section 4.
This specification provides an adequate number of basis densities a priori for sufficient

flexibility for the examples.

Posterior Simulation The data point for the it subject is recorded as g; = min(t;, c;),
where t; is the survival time and ¢; the (independent) administrative censoring time,
for i =1,...,n. The data set can be represented through D = {(y;,v;) : i =1,...,n},
where the v; are binary censoring indicators such that v; = 1 if ¢; is observed, and v; =0

otherwise. Then, the likelihood function can be written as

L(M,0,G;D) = [ [{f (wi | M,0,G)}" {S(ys | M,0,G)} ™", (24)
=1

where f(- | M,0,G) = f(- | M,0,w) and S(- | M,0,G) are given in (2.1) and (2.2),
respectively.
We implement posterior inference via Markov chain Monte Carlo (MCMC)
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simulation, using standard posterior simulation methods for DP mixture models (e.g.,
Escobar & West 1995, Neal 2000). The Erlang mixture density in (2.1) can be expressed
as a DP mixture by exploiting the definition of the weights w,, through distribution G,
resulting in the following alternative mixture representation:

f(t|M,0,G) = ZmeerH /{Zﬂgm Ert|m0)}dG(¢)).

m=1

Here, 15(+) is the indicator function for set B, and, as before, B,,, = ((m —1)8, m#é], for
m=1,...,M —1,and By = (M — 1), 00).

For posterior simulation, we augment the likelihood in (2.4) with subject-
specific latent variables, ¢; | G i G, which indicate the mixture component for the
associated observations. In particular, if ¢; falls into interval B,,, the i*" observation
corresponds to the m'* Erlang basis density. The posterior distribution involves G, M,
6, the set of latent variables ¢ = {¢; : i = 1, ...,n}, and the DP hyperparameters («, ().
We marginalize G over its DP prior and work with the prior full conditionals for the ¢;,
implied by the DP Pdlya urn representation (Blackwell & MacQueen 1973a), to sample
from the marginal posterior distribution for all model parameters except G. To this
end, we employ the MCMC method in Escobar & West (1995); the details are given in
Appendix A.

Although we do not sample the mixture weights w during the MCMC simu-
lation, it is straightforward to obtain posterior samples for w, using their definition in

terms of distribution G.

The conditional posterior distribution for G, given (a, () and ¢, is character-
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ized by a DP with updated total mass parameter o = a+n, and centering distribution
G§ = ala+n)"'Exp(¢) + (a+n)"t 3" | §y,. Hence, using the DP definition, the con-
ditional posterior distribution for w, given M, («, (), and ¢, is a Dirichlet distribution
with parameter vector (a*G§(B1),...,a*G§(Br)).

Two points about the posterior simulation method are worth making. First,
note that the model parameters do not explicitly contain the vector of mixture weights.
The mixture weights are estimated through the posterior distribution of G, which plays
the role of the relevant parameter. This is practically important in that the dimension of
the parameter space does not change with M, and we thus do not need to resort to more
complex trans-dimensional MCMC algorithms. Second, the DP-based Erlang mixture
model offers an interesting example where full posterior inference can be obtained from
a DP mixture model without the need to truncate or approximate the DP prior. This is
a result of the use of a marginal MCMC method, as well as of the fact that distribution
G enters the model only through increments of its distribution function, which define

the mixture weights.

2.2.2 Model extension for control-treatment studies

A practically relevant scenario in studies where survival responses are collected
involves data from multiple experimental groups, typically associated with different
treatments. Evidently, it is of interest in these settings to compare time to event distri-
butions across different groups. We develop an extension of the Erlang mixture model

in this direction, focusing on the case of two groups for, say, a generic control-treatment
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study. Our objective is to retain the flexible modeling approach for the time to event
distributions, avoiding restrictions to specific parametric shapes or rigid relationships,
such as proportional hazards. We also seek a prior probability model that allows for
dependence, and thus borrowing of information, between the two distributions.

We use the dependent DP (DDP) prior structure (MacEachern 2000) that
extends the DP prior for distribution G to a prior model for a collection of covariate-
dependent distributions, G, where x indexes the distributions in terms of values in the
covariate space. Our context involves a binary covariate x € X = {ctr,trt}, where ctr
and trt represent control and treatment groups, respectively. The DDP prior builds
from the DP stick-breaking representation (Sethuraman 1994) by utilizing covariate-

dependent weights and/or atoms. We work with a common-weights DDP prior model:

o
Ge =Y pidy, forzeX, (2.5)
/=1

with p1 = vy, pr = vy Hf;ll(l —v,), for £ > 2, where the vy are i.i.d. from a Beta(1, a)
distribution, and the atoms ¢j = (%, ¥r) arise i.i.d. from a bivariate distribution
Go; moreover, {ve} and {¢}} are independent sequences of random variables. Note
that, under this construction, G, follows marginally a DP(«a, Go,) prior, where Gy, for
x € X, are the marginals of Gg associated with the control and treatment groups. For
G, we consider a bivariate log-normal distribution, such that ¢} | p, % LN 2(p, X).
We place a bivariate normal, Na(f, ), hyperprior on p, with g and ¥y fixed, an
inverse-Wishart, inv-Wishart(r, R), hyperprior on ¥, with r and R fixed, and a gamma

hyperprior on the total mass parameter a.
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Allowing also for group-specific number of Erlang basis densities, M, as well
as group-specific Erlang scale parameter, 6,., the extension of the Erlang mixture model

in (2.1) can be expressed as

My
fot) = f(t] My, 05,Gr) = Y wam Ex(t | m,0,), teR", (2.6)

m=1

where Wy = Gz(mby) —Gx(m—1)0,), m=1,..., My —1, and wypr, = 1 — G (M, —
1)6,). Similar to the model in (2.1), the group-specific Erlang basis densities are fully
specified given M, and 6#,. The prior probability model in (2.6) induces dependence
between the control and treatment group densities through the dependent distributions
G and Gy in (2.5). These random discrete distributions have common weights and
dependent group-specific atoms. The effect of the common weights (total mass param-
eter ) and of the dependent atoms (parameters of distribution Gg) can be studied, for
instance, through the covariance between random probabilities under the time to event
distributions associated with (2.6). The mathematical derivation of this covariance is
given in the Supplementary Material.

The survival functions, S, (), and hazard functions, h,(¢), under the extended

model have a mixture representation similar to (2.2) and (2.3),

My My
Se(t) = Y wom See(t | m,02)  and  ho(t) = > wh,(t) hee(t | m,02),  (2.7)
m=1

m=1

where W, (t) = Wam Sur(t | m,02) /{3 M| wapr See(t | m/,6,)}. Note that both the
mixture components and weights are indexed by x. Again, the time-dependent weights
in the hazard mixture form allow for local adjustment, and thus for flexible group-

specific hazard rate shapes. Importantly, the prior model allows for general relationships
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between the control and treatment group hazard functions. In particular, inference is
not restricted by the proportional hazards assumption, implied by several commonly
used parametric or semiparametric survival regression models.

To complete the full Bayesian model, we place priors on 6, and M, using again
the role of these parameters (discussed in Section 2.2.1). More specifically, for each x,
the joint prior, p(0,, My) = p(0.)p(My | ;). We further assume 6, ind Galagzg, bzp),
and M, | 0, g Unif ([My1/02], ..., [Mz2/0,]). We use an approach similar to the one
described in Section 2.2.1 to specify M, and M,s, and the hyperparameters for 60,.

Posterior simulation for the DDP-based Erlang mixture model proceeds with a
relatively straightforward extension of the MCMC simulation method in Section 2.2.1.
The details are provided in Appendix B.

The primary focus of this paper is on the DP-based Erlang mixture model for
survival analysis and its extension for the control-treatment setting. We note however
that the DDP-based Erlang mixture model can be further extended to accommodate
a general p-variate covariate vector . For example, we may consider a linear-DDP
structure (De Iorio, Johnson, Miiller & Rosner 2009) to extend G, in (2.5) to G4 =
> ey e Oy (), Where Yy (x) = exp((1, 2")B¢) with the B¢ i.i.d. from a baseline distribu-
tion. The structured DDP prior for G, yields covariate-dependent mixture weights, and
thus a nonparametric prior model for covariate-dependent survival densities and hazard
functions. A regression model may also be used for M and/or 6. Different from the
linear-DDP mixture of log-normal distributions in De Torio, Johnson, Miiller & Rosner

(2009), the extended model retains the parsimonious Erlang mixture structure.
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2.3 Simulation Study

We use three simulation scenarios to illustrate the models developed in Section
2.2. For the Erlang mixture model for a single distribution, we consider simulated
data from: a two-component log-normal mixture to demonstrate the model’s capacity
to estimate non-standard density and hazard function shapes (Section 2.3.1); and a
log-normal distribution sampled with different levels of censoring (Section 2.3.2). The
DDP-based extension of the model is illustrated in Section 2.3.3 with a synthetic data
example based on a log-normal control distribution and a two-component log-normal
mixture treatment distribution, specified such that the corresponding hazard functions
cross each other.

For all data examples considered here and in Section 2.4, we used the approach
discussed in Section 2.2 to specify the prior hyperparameters. Consistent with inference
results obtained from DP mixture models, we have observed some sensitivity to the
prior choice for «. The effect on the posterior distribution for « is more noticeable
for the small cell lung cancer data of Section 2.4.2 (involving the smallest sample size
among our data examples). However, posterior inference results for survival functionals
are largely unaffected even under fairly different priors for c. When the sample size is
relatively small for each group, we recommend applying the DDP-based Erlang mixture
model with a prior for a that supports small to moderate values, such as the Ga(5, 1)
prior used in Sections 2.3.3 and 2.4.2.

We examined convergence and mixing of the MCMC algorithms using standard
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diagnostic techniques. In our experiments, we observed that parameters 8 and M are
highly correlated, and moderate thinning was used to improve efficiency. A general
approach we take is to run the MCMC chain for 100,000 iterations, then discard the

first 25% posterior samples and keep every 38th iteration for posterior inference.

2.3.1 Example 1: Bimodal density

We simulate n = 200 survival times from a mixture of two log-normal dis-
tributions, 0.4 LN(1,0.4) + 0.6 LN(2,0.2), which yields a bimodal density and a non-
monotonic hazard function. The true underlying functions f(t), S(¢) and h(t) are plot-
ted with solid lines in Figure 2.2. Regarding prior specification, we used: o ~ Ga(2,1);
¢ ~inv-Ga(3,4); 0 ~ Ga(1,1); and, M | 0 ~ Unif ([M1/0],...,[M2/0]), with M; = 13
and My = 3 x M;.

Posterior inference is summarized in Figure 2.2. The complex features of the
underlying survival functionals are captured well by the model. In particular, the infer-
ence results for the hazard function demonstrate the effectiveness of the model structure
in (2.3) with the time-dependent weights allowing for local adjustment and estimation
of a non-standard hazard function shape.

The posterior distribution for the common scale parameter 6 is substantially
concentrated on smaller values relative to its prior, in particular, the posterior mean and
95% credible interval estimates for 6 are 0.28 and (0.13,0.39). Recalling the definition
of the mixture weights, this indicates the level of partitioning needed to accommodate

the non-standard, bimodal shape of the underlying density. The posterior mean and
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Figure 2.2: Simulation Example 1. Posterior mean (dashed lines) and 95% interval
estimates (shaded regions) for the density function (left panel), survival function (middle
panel) and hazard function (right panel). The red solid line in each panel corresponds
to the true underlying function. The black marks on the x-axis in the left panel show

the observed survival times.

95% credible interval estimates of the number M of mixture components are 101 and
(44,223). However, the number of effective mixture components (i.e., effective basis
densities) is considerably smaller than M. As an informal rule, we identify an effec-
tive Erlang basis density through its corresponding mixture weight taking value greater
than a threshold of 0.01. Then, the number of effective mixture components is about
4 (on average across posterior samples). For a graphical illustration, Figure 2.3 plots
three randomly selected posterior realizations of f(¢t | M,0,G). The associated poste-
rior draws for (6, M) are (0.2,153), (0.33,78), and (0.25,54), whereas the number of
effective Erlang basis densities is only 4, 2, and 5, respectively. The weighted effective

basis densities (i.e., wy, X Er(t | m, @) for m such that w,, > 0.01) are also plotted in
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(a) 6 =0.20, M = 153 (b) 6 =0.33, M =178 (c) # =0.25, M =54
Figure 2.3: Simulation Example 1. Plots (a)-(c) show the posterior realization of f(¢ |
M, 6,G) (red solid line), based on three randomly chosen posterior samples. Each dashed
line represents the Erlang basis density Er(¢ | m, ) for components with w,, > 0.01,
multiplied by its corresponding weight. The black solid line is the true underlying

density.

Figure 2.3. This example highlights the critical importance of the nonparametric prior

for distribution G that defines the weights for the Erlang mixture model.

2.3.2 Example 2: Unimodal density with censoring

For the second synthetic data example, we generate survival times from a
log-normal distribution, t; g LN(5,0.6), ¢ = 1,...,n with n = 200. The priors for
the model parameters are: o ~ Ga(2,1); ¢ ~ inv-Ga(3,1000); 6 ~ Ga(2,25); and
M | 6 ~ Unif ([1000/67], ..., [3000/6]).

As shown in Figure 2.4(a)-(c), the model estimates well the density, survival

and hazard function. The point estimate for the hazard function is less accurate beyond

t = 400, which is to be expected given the very few observations that are greater than
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Figure 2.4: Simulation Example 2. Posterior mean (dashed lines) and 95% interval
estimates (shaded regions) for the density function (left panel), survival function (middle
panel) and hazard function (right panel). The red solid line in each panel corresponds
to the true underlying function, and the black and red rugs in the left panel show the
survival and censoring times, respectively. For the results in the first row, the survival
times are fully observed, whereas 12% and 33.5% of the observations are censored for

those in the second and third rows, respectively.
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that time point, although the interval estimate contains the true function throughout
the observation time window.

In addition, we examine the model’s performance for data with censored ob-
servations. We simulate censoring times ¢; from an exponential distribution with mean
parameter r, and define the observed times as y; = min(¢;,¢;), with binary censoring
indicators v; = 1(y; < ¢;). We generate the ¢; under two different values of k, result-
ing in two datasets with different proportions of censored observations, g = 12% and
33.5%. Figure 2.4(d)-(i) plot posterior mean and 95% interval estimates for the density,
survival and hazard functionals. We note that censoring does not substantially affect
the quality of the inference results, with the true function contained in all cases within
the posterior interval estimates. The width of the posterior uncertainty bands increases
with the larger censoring proportion. The increase is more noticeable for the hazard

function estimates.

2.3.3 Example 3: A control-treatment synthetic data set

Here, we examine the performance of the DDP-based Erlang mixture model
of Section 2.2.2. We consider a binary covariate, x; = ctr or trt, with 100 responses
in each group, such that n = 200. We generate t; S LN(5,0.6) for subjects with

"k 0.4LN(5,0.4) + 0.6LN(6,0.2) for subjects with z; = 7. The

r; = C, and t;
true density, survival and hazard functions are shown in Figure 2.5. The control group

density is unimodal, whereas the treatment group has a bimodal density and a non-

standard, non-monotonic hazard function. The truth is specified such that we have
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Figure 2.5: Simulation Example 3. Panels (a) and (b) plot the estimates for the control
and treatment group density, respectively (the rug plots show the corresponding survival
times). Panels (c) and (d) compare the estimates for the survival and hazard function,
respectively. In each panel, the dashed lines denote the posterior mean estimates, the
solid line the true underlying function, and the shaded regions indicate the 95% credible

intervals. Red and blue color is used for the control and treatment group, respectively.

crossing hazard functions for the two groups, a scenario that traditional proportional
hazards models cannot accommodate.
Regarding the prior hyperparameters, we set: « ~ Ga(2,1); u ~ No((5,5.5)",1015);
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ind.

Y. ~ inv-Wishart(4, 312); 6, g Ga(2,20); and M, | 6, ~ Unif ([1000/6,], ..., [3000/6.]).
As shown in Figure 2.5, the model captures effectively the shape of the survival func-
tionals, despite the fact that the functions vary greatly across the two groups, and
it successfully recovers the non-proportional hazards relationship between the groups.
Again, with respect to hazard estimation, the point estimates are generally less accurate
and the interval bands are wider for larger time points where data is scarce.

For comparison, we apply the linear-DDP (LDDP) model with log-normal
kernels in De Iorio, Johnson, Miiller & Rosner (2009). R package DPpackage (Jara et al.
2011) is used to fit the LDDP model to the dataset. While the LDDP model estimates
of f,(t) are generally reasonable, they show relatively poor performance, especially for
t < 300, where both conditions have a reasonable number of observations. This misfit
may be attributed to the linear-DDP model structure, which assumes shared weights
for the conditions and linearity for the locations. Note that the Erlang-DDP model in
(2.6) has condition-specific weights and does not assume any particular structure on the
locations. More details are provided in Section 3 of the Supplementary Material.

For additional sensitivity analysis, we explore different specifications of the
fixed hyperparameters for the priors of p and ¥ and refit the data. In particular, we
change the specification of ¥y, 7 and R. We observe that these changes had a minimal
impact on the posterior inference. Details are given in Section 4 of the Supplementary

Material.
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2.4 Data Examples

2.4.1 Liver metastases data

We consider data on survival times (in months) from 622 patients with liver
metastases from a colorectal primary tumor without other distant metastases, available
from the R package “locfit”. The censoring proportion is high, with 259 censored
responses. The data set has been used in earlier work to illustrate classical and Bayesian
nonparametric methods for density and hazard estimation; see, e.g., Antoniadis et al.
(1999) and Kottas (2006).

To apply the DP-based Erlang mixture model, we set the priors as follows:
a~ Ga(b,1); ¢ ~inv-Ga(3,80); 0 ~ Ga(2,2); and, M | 6 ~ Unif([100/6]1,...,[300/61).
Inference results for the density, survival, and hazard function are reported in Figure 2.6.
The model estimates a unimodal survival density (with mode at about 13 months), with
a non-standard, skewed right tail. The hazard rate estimate increases up to about 17
months, stays roughly constant between 17 to 35 months, and then decreases. The
width of the posterior uncertainty bands for the hazard function increases considerably
beyond 40 months, which is consistent with the fact that there are very few responses
beyond that time point, and almost all of them are censored. Density and hazard rate
estimates with similar shapes were obtained from the previous analyses in Antoniadis
et al. (1999) and Kottas (2006). Overall, this example supports the findings from the
simulation study regarding the Erlang mixture model’s capacity to effectively estimate

non-standard density and hazard function shapes.
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Figure 2.6: Liver metastases data. Panels (a), (b) and (c) plot posterior mean (dashed
lines) and 95% interval estimates (shaded regions) for the density, survival and hazard
function, respectively. The rug plot in panel (a) shows observed (black) and censored

(red) survival times.

2.4.2 Small cell lung cancer data

To illustrate the DDP-based Erlang mixture model with real data, we consider
the data set from Ying et al. (1995) on survival times (in days) of patients with small
cell lung cancer. The data correspond to a study designed to evaluate two treatment
regimens of drugs, etoposide (E) and cisplatin (P), given with a different sequence, with
Arm A denoting the regimen where P is followed by E, and Arm B the regimen where E
is followed by P. A total of 121 patients were randomly assigned to one of the treatment
arms, resulting in 62 patients in Arm A, and 59 in Arm B. The survival times of 23
patients (15 in Arm A and 8 in Arm B) are administratively right censored.

The DDP-based Erlang mixture model is applied with z € X = {A, B}. The

ind.

priors are set as follows: 6, ~" Ga(50,2); M, | 0, g Unif ([2500/0,], ..., [10000/6,]);
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Figure 2.7: Small cell lung cancer data. Panels (a) and (b) plot estimates for the Arm
A and Arm B density; the rug plots show observed (black) and censored (red) survival
times. Panels (c) and (d) compare the estimates for the survival and hazard function.
In each panel, the dashed lines denote the posterior mean estimates, and the shaded
regions indicate the 95% credible intervals. Red and blue color is used for the Arm A

and Arm B group, respectively.
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Figure 2.8: Small cell lung cancer data. Panels (a) and (b) show, through violin plots,
the posterior distributions of the difference between the two treatment survival and
hazard functions at six specific time points, ¢ = 100, 300, 500, 700, 1000, and 1500 days.
The short black solid lines within each violin plot indicate the 95% posterior credible

interval.

a~ Ga(2,1); p ~ No((6.7,6.3)',1013); and ¥ ~ inv-Wishart(13,3015).

Posterior mean and interval estimates for the density, survival, and hazard
function are compared across the two treatments in Figure 2.7. The Arm B density
estimate is more peaked, and the mode under Arm B is estimated to be smaller than

that under Arm A. The posterior mean estimates for the survival functions indicate that
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survival time under Arm B is stochastically smaller than that under Arm A. However,
we note the overlap in the interval estimates for the two treatment survival functions for
smaller time points and, more emphatically, for time points beyond about ¢ = 700 days.
Based on the hazard function posterior mean estimates, the hazard rate under arm B is
larger than that under arm A, with the exception of the time interval from about 700
to 1100 days that corresponds to a crossing of the estimated hazard functions. In this
case, there is even more substantial overlap of the interval estimates, driven by the large
posterior uncertainty for the arm B hazard rate estimate. Nonetheless, the estimates
strongly suggest that the proportional hazards assumption is not suitable for this study.

For a more focused comparison of the two treatments, Figure 2.8 plots the
entire posterior distribution for the difference between the survival and hazard functions
at six specific time points, ¢ = 100, 300, 500, 700, 1000, and 1500 days. The lines
within each violin plot indicate the 95% posterior credible interval for Sp(t) — Sa(t)
and hp(t) — ha(t), and can thus be contrasted with the horizontal reference line at 0.
Based on the 95% interval estimate, treatment A outperforms treatment B at ¢ = 300,
500 and 700 days with respect to survival probability, and at ¢ = 300 days according to

hazard rate.

2.5 Summary

We have developed a parsimonious Erlang mixture model as a general method-

ological tool for nonparametric Bayesian survival analysis. The model is built from a
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basis representation for the survival density, using Erlang basis densities with a com-
mon scale parameter. The weights are defined through increments of a random dis-
tribution function, which is flexibly modeled with a Dirichlet process prior. Utilizing
a common-weights dependent Dirichlet process prior, the model has been extended to
accommodate a categorical covariate associated with a generic control-treatment set-
ting. The proposed methodology provides a useful balance between model flexibility
and computational efficiency. The models were illustrated with synthetic and real data

examples.
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Chapter 3

Bayesian Nonparametric Survival
Regression Model using Log-logistic

kernel

3.1 Introduction

The log-logistic model, a distribution that belongs to the family of general-
ized linear models, has become increasingly relevant for analyzing time-to-event data.
Originating from life data analysis, its application has spanned various disciplines, in-
cluding medical studies, engineering, and social sciences. Historically, the log-logistic
distribution was regarded as an alternative to the more frequently used Weibull and
log-normal distributions, particularly in the realm of survival analysis. The log-logistic
model offers certain benefits, such as its flexible shape for the hazard function, a closed-

form expression for both survival and hazard functions, and heavier tails (Cox & Oakes
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1984; Bennett 1983). Over time, numerous studies have focused on the applications
and extensions of the log-logistic model. For example, Collett (2003) highlighted its
implementation in medical research, while Klein & Moeschberger (1997) emphasized
the model’s suitability for censored and truncated data.

In this study, we present an innovative approach that combines the log-logistic
model with the BNP methods. The aim is to augment existing survival analysis tools
by enhancing both their flexibility and computational efficiency. While parametric and
semi-parametric methodologies have predominantly filled the literature, the BNP tech-
niques introduced here stand out for their minimal reliance on distributional assump-
tions. Historically linked with survival analysis, extensive literature exists on BNP,
delving into topics like survival densities, functions, and hazard mechanisms. For an
in-depth exploration of these core methodologies, readers can consult seminal works
such as those by Ibrahim et al. (2001), Phadia (2013), Miiller et al. (2015), and Mitra
& Miiller (2015).

DPM models occupy a significant position in the BNP literature. These models
serve as bridges between traditional parametric distributions and the more expansive
world of BNP. In essence, they form a countable mixtures of parametric distributions,
enabling greater flexibility from a modeling perspective and efficient computation via
Markov chain Monte Carlo (MCMC) approaches (Escobar & West 1995; Neal, 2000).

In particular, if G is a DP(«, Gy) with total mass parameter a and baseline distribution
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Gy, the DPM models can be represented as (Sethuraman 1994),

ft1G) = Zplktwl

where k(-) and 6; are generic notations for kernel function and mixing parameters. p;
are mixture weights follow a stick-breaking process, p; = vy [[, (1 — v), with v, -
Be(1, @), and atoms 6; are i.i.d. from the baseline distribution. Our investigation is
specifically on combining a log-logistic kernel with DPM.

The DPM models allow a straightforward extension to incorporate covariates

through either atoms or mixture weights, or both, in the DP prior, referred as dependent

DP (DDP) (MacEachern 2000). Specifically, the density function is written as:

]G z) = sz k(t | 6i(2)),

where x is a generic notation for covariates. Various methods have been explored in
the literature to introduce covariates through atoms or weights. Pioneering work of
covariates-dependent mixture weights has been introduced by Miiller et al. (1996) where
a joint framework modeling both response and covariates via a mixture of multivariate
normals under DPM. This methodology has since been expanded upon by researchers
as Taddy & Kottas (2010), Wade et al. (2014), DeYoreo & Kottas (2018), and has
found applications across various disciplines. Product partition models (PPM) share
much in common with the joint modeling methodologies, which were first studied by
Hartigan (1990) and Barry & Hartigan, and later extended by Miiller et al. (2011)
and Park & Dunson (2010) to account for covariates. This congruence is particularly
evident when the PPM-based response partition aligns with a DP-induced model and
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the covariate model is probabilistic in nature. Another branch of extensions in atoms
has been explored by De Iorio, Miiller, Rosner & MacEachern (2004) and De Iorio,
Johnson, Miiller & Rosner (2009), where a linear combination of covariates replaces the
mean parameter in the normal kernel, thus referred as the linear DDP (LDDP) model.
These methodologies have also been studied in the work of Shi et al. (2021), which
built upon the DPM model with a Weibull kernel (Kottas 2006), for competing risks
regression. In this study, we extend the DPM-based log-logistic model by combing the
response-covariates joint modeling approach with LDDP.

The remainder of this article is structured as follows: Section 2 details the
methodology, encompassing approaches to prior specification and posterior computation
(with the appendix offering in-depth simulation details). Sections 3 and 4 present results
from synthetic and real data examples, respectively. We conclude with a summary in

Section 5.

3.2 Methodology

This section begins by presenting the intrinsic characteristics of the log-logistic
distribution in Section 3.2.1 followed by a discussion of its central role as a kernel
function under the DPM framework for survival analysis in Section 3.2.2. Then we

describe the prior specification mechanism and posterior computation in Section 3.2.3.
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3.2.1 Log-logistic kernel

The log-logistic distribution has demonstrated its value in the field of survival
analysis (Bennett 1983). This distributions is similar with the log-normal density in
shape but has a heavier tail. Under specific parameter conditions, its form can decrease
monotonically. Moreover, there are closed-form expression for its density, survival, and
hazard functions.

The functions for the log-logistic distribution are as follows:

z)¢*1 1 3 (%
oy and SLu(t[6,9) = —— 5 and hur (t] 6, 9) = -

(
0,9) = PN

= |ole-

{

where fLi(- | 0,¢), SLL(- | 0,¢) and hii(- | 0, ¢) respectively represent density, survival,
and hazard functions, parameterized by a scale parameter 6 and a shape parameter ¢.
The median of the log-logistic model is equivalent to the model’s scale parameter.

The density and hazard function exhibit a unimodal shape when the shape
parameter ¢ is greater than 1; otherwise, the density decreases monotonically. The
shape parameter is also associated with the model’s dispersion in that a larger value of
¢ indicates a more tightly concentrated model.

Besides the similarities in shape between the log-logistic and log-normal distri-
butions, there’s a deeper relationship between them. Our research reveals a log-normal

scale mixture representation for the log-logistic model.

Remark 1 Let frr(t | 0,¢) denote the density of a log-logistic distribution with scale

parameter 0 > 0 and shape parameter ¢ > 0, and let fin(t | p,0?) denote the density
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of a log-normal distribution with parameters ;1 € R and o® > 0. Consequently, the log-

logistic distribution can be represented as a scale mixture of log-normal distributions:

fro(t ‘ 0,¢) = /OOO fLn (t | log(8), (u¢2)_1)p(u) du,

where p(u) is an alternating-sign sum of inverse-Gamma densities given by

- (n+1)2
(u) = 2(=1)"fiw-ga |0 | 1, —5—" ],
P =2 o (w11, 25)

and finp-ca(u | v, B) represents the density of an Inverse-Gamma distribution with shape

parameter o > 0 and scale parameter 5 > 0.

This finding mirrors the work of Stafanski (1991), who convincingly showed
that a standard logistic distribution can be represented as a scale mixture of the standard

normal distribution, intricately linked with a Kolmogorov-Smirnov-related distribution.

3.2.2 Model for Survival Analysis

We now advance our discussion to the integration of the log-logistic kernel
within the DPM framework for survival analysis, referred as the DPM-LL model. The

proposed model has the following formulation,

f(t\G):/fLL(t]9,¢)dG(0,q§) and G ~ DP(a, Go),

where « is the DP total mass parameter and G represents the baseline distribution.
The versatility of this model arises from the mixing on both scale and shape parameters
of the log-logistic distribution, thereby enabling the modeling of a wide spectrum of
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distributional shapes on R". The density function and survival function have an almost
sure representation as discussed in Sethuraman (1994), using the stick-breaking process

definition. They are expressed as follows:

ft]G) = szfLLtwl,qbz)andSt\G ZplSLLtwl,qbl) (3.1)

where stick-breaking weights (p1,pe,...) are generated through latent i.i.d. random
variables v, i Be(1,a), with py = vy, p; = vy Hi_:ll(l —wv,) for I = 1,2,.... The
distinct values (6], ¢;) are independently generated from the baseline distribution.

In survival analysis, the hazard function is a fundamental quantity. It is defined
as the instantaneous failure rate for an event (such as death) to occur, given that
the event has not yet happened up to that time. Under the stick-breaking process

construction, we can the hazard function of the DPM-LL model as a time-dependent

mixture of log-logistic hazard functions:

Wt G) = > mi®)heelt | 67,67, (3.2)
=1

where pi(t) = piSLL(t | 05, 07)/ > mey prSti(t | 65, ¢F). This mixture representation
with time-varying weights facilitates local adjustment for capturing various shapes of
the hazard function, thus overcoming the shape restriction of individual log-logistic
hazard functions.

A vital component of this DPM-LL model is the baseline distribution Gg. It
determines the expected distribution of the proposed model as E(f(- | G)) = [ fui(- |
8, $)dGo(8,¢). The choice of the baseline distribution aims to enable efficient compu-
tation, allow model’s flexibility, and incorporate prior information through its hyper-
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parameters. To achieve conditional conjugacy with the hyperparameters, we place the

prior base measure on log(#) and ¢? as:

Go(0,9 | o, 05, ap, bs) = N(log(0) | g, 03)Ga(e? | ag, bs),

where Ga(- | a,b) denotes the Gamma distribution with a mean of ab. In the following

section, the prior specification and posterior computation method will be discussed.

3.2.3 Prior specification and posterior computation

The DP prior for random mixing distribution G, given by DP(«a, Gy), is crucial
in the context of our proposed model construction. The total mass parameter « of the
DP determines the variability of the generated realizations from a prior distribution. As
recommended by Escobar & West (1995), we assign a Gamma prior distribution to «,
denoted as a ~ Ga(aq, by). In our experience in simulation studies, letting a, = 2 and
b, = 1 is sufficient for functional estimations tasks. The prior density function given
the choice of the baseline distribution is affected by four hyperparameters, including gy,
03, ag and by. Each of the hyperparameter could be assigned a hyper prior to enhance
the model’s effectiveness.

For simplicity, 03 and ag can be pre-fixed. Let pg have a N(sg, Sp) prior with
mean sg and variance Sp, and by have a inv-Ga(ry, Rg) prior.

This results in a marginal prior base measure of log(f) following a normal
distribution, N(sg, Sp 4+ 03), and the marginal prior base measure of ¢? is proportional

to (¢2)% 1 (¢? + Ry)~(@+79) with mean value equal to agRs/(ry — 1). When Ry = 1,
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the distribution is a Beta prime. In practice, the hyperparameter r4 can be set as the
smallest integer value (3) that produces and an inverse-gamma distribution with finite
mean and finite but largest variance. The selection of values for a4, 74 and R, allows
incorporation of prior information about the density function’s shape and dispersion.
Specifically, smaller values of ¢? correspond to more decreasing mixture components
with large dispersion.

To validate the hyperparameter setting, it is helpful to visualize prior estimates.
Under a given set of hyperparameters, the prior estimates for the density, survival, and
hazard functions can be approximated using the truncated version of Equations (3.1)
and (3.2) at level of N where N is chosen large enough to ensure that Zf\i 1~ L

Our method to posterior computation is founded on an augmentation model
that enables a Gibbs sampler. Each subject is assigned a membership indicator, L;,
which takes values in 1,...,k. Here, k represents the total number of distinct atoms
arising from the DP prior, and ¢; denotes the survival times of the n subjects. As such,

the following hierarchical model can be structured:

k
P(Li,....,Ly,|a) = o [, T()
9 ) n H:L:]_(Oé‘i‘z_l)?

log(67) | pig. 05 =" N(ug,03) for i =1,....k,
&2 | ag by "X Ga(ag, bg) for 1 =1,... .k,

ti| Li,0*,¢* " LL(0;,.¢},) fori=1,....n,

where * = (0] : 1 =1,...,k), and ¢* = (¢] : [ =1,...,k).
Survival analysis often contends with right censoring, a common issue where
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observations of study participants are curtailed due to non-informative reasons such
as administrative constraints. Generally, data are recorded as y; = min(¢;,¢;) for i =
1,...,n, where t; indicates survival time and ¢; indicates the right censoring time. Given
this, the entire dataset can be expressed as D = (y;,v;) : i = 1,...,n, where v; is a binary
censoring indicator, with v; = 1 if ¢; is observed and v; = 0 if ¢; is right-censored.

Then the likelihood function of the augmented model can be written as

L(‘I);D) = Z{fLL(yz | 922,, gj)zl)}ul{SLL(yl ‘ ezi’(ﬁzi)}l—wj
=1

where ® indicates all parameters.
We implement posterior inference via Markov chain Monte Carlo (MCMC)
simulation, using standard posterior simulation methods for DPM models (e.g., Escobar

& West (1995), Neal (2000)). The computational details can be found in Appendix B.

3.3 Model extension for regression

In survival analysis, survival responses are often collected with covariates.
There might be a complex relationship between responses and covariates. To address
this challenge, we extend the DPM-LL model to incorporate with covariates and add it
to the regression toolkit. In practical applications, there are cases where certain covari-
ates should not be treated as random variables. An example would be in a controlled
experiment where group assignments are predetermined, not random. Suppose we have
a p-dimensional covariate vector, &, which is random, and a ¢-dimensional covariate
vector, z, which we consider as fixed. As discussed, we proposed a regression model
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combing the response-covariates joint model and LDDP in the following way:

ftx | Goz) =) pfin(t| 6 exp{(2,2)B]}. o) fla | @),
=1

where f(x | €2) is a general representation for the joint probability density /mass function
of covariates. {p;,l = 1,2,...} are stick-breaking weights and {(6;,8],¢;,}) : | =
1,...} are ii.d. from the baseline distribution Gy, where B is p + ¢ dimensional. The

resulting conditional density function of ¢ is then

f(t ’ OS,G, Zwl fLL t ‘ 9l exp((w z )Bl) ¢Zk)7 (3'3)

where wi(x) = pif(x | QF)/ > 2 prf(x | ). The conditional survival and hazard

functions can also be obtained in the same manner, expressed as,

Stz G, 2 sz )Su(t | 6f exp((@', 2)87), ¢7), (3.4)
and

ht |z, G z) = iajl(tvw)hLL(t | 6 exp((', 2)B), 1), (3-5)
where

@i(t, ) = wi(x)SLL(t | 6] exp((2', 2)B]), )
Yorey wr(x)SLL(t | 05 exp((/, 2)B)), ¢F)

The choice of covariates kernel functions, f(x | €2), and their correspond-
ing baseline distribution, Go(€2), depends on the nature of the covariates, which may

be continuous, count, or categorical. Considering the computational ease, we assume

conditional independence between covariates, as, f(x | Q) = ?:1 flz; | ) and
Go(x) = ;’:1 G(()j)(Qj). Suitable conjugate models are selected for each type: a
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normal-normal model for continuous covariates, a Poisson-Gamma for a count-type,
and Beta-Binomial for categorical ones,

Recall from Section 3.2.2 that prior base measures for log(#) and ¢? are defined
as N(ug, 03) and Ga(¢? | ag, bys), respectively. We extend these to include independent
baseline distributions for the mixing parameter 3 as a product of normal distributions,
H?:{ N(Bj | p;, a%j). This configuration ensures the capability of dealing with various
types of covariates while retaining the desired computational efficiency.

To complete the Bayesian framework, we begin by fixing a%j, forj=1,...,p+
¢, and assign independent normal hyper prior distributions to each pg; g N(sBj, Sﬁj),
which yields a marginal multivariate normal baseline distribution of 3, expressed as
Np1q(8s, 85 + ¥g), where sg = (sp,,.--,58,,,)'s Sg = Diag(Sg,,...,5,,,), Xg =

Diag(a%l, . ,agpﬂ). As for parameter settings, we suggest a sg = (0,...,0)’, based on

our experiences with synthetic data. Also agj and Sg, are recommended to be set to a
small number between 0.5 and 1.5, although the specific selection may vary depending
on the context.

Similar to DPM-LL model, prior estimates can be used to validate hyperpa-
rameter specification. For a specified set of hyperparameters and covariates x, the prior
estimates of the conditional density (3.3), survival (3.4), hazard (3.5) functions can be
approximated through truncation.

The implementation of posterior simulation for the BNP log-logistic regression

model is based on its DPM representation of the model for both survival responses

and covariates. Thus, the computation extends naturally from the previous algorithm.
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Detailed procedures are provided in Appendix C.

3.4 Simulation study

In this section, we demonstrate the application of the proposed model, detailed
in Section 3.2.2 through synthetic data examples. This first dataset is constructed from
a mixture of three Gamma distributions, manifesting in a non-standard unimodal shape
for its density function. We further examine the model’s performance in the presence
of right-censored observations due to independent censoring.

In addition, we will illustrate the extension of the model in Section 3.4.2,
using synthetic data with one binary and one continuous covariate. The goal here is to
exhibit how our model can be adeptly adapted as a tool for quantile regression, thereby
demonstrating its multifaceted utility.

For all data examples considered in Sections 3.4 and 3.5, we specify the prior
hyperparameters using the approach described in Sections 3.2 and 3.3. Standard di-
agnostic techniques are employed to examine convergence and mixing of the MCMC
algorithms. We run the MCMC chain for 20,000 iterations, then discard the first 5,000
samples, and use every seventh sample from the remaining iterations for the posterior

inference.

3.4.1 Simulation example 1: survival times without covariate

In this example, 400 survival times are simulated from a mixture of three
Gamma distributions, given by 0.3Ga(6,2) + 0.4Ga(2,8) + 0.3Ga(10, 3), which yields
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Figure 3.1: Synthetic data example 1.
datasets with varying degrees of censoring (0%, 21.5%, and 40%). Each column cor-
responds to different functional estimates: density, survival, and hazard function, re-
spectively. Each subfigure shows the posterior mean estimates (dashed lines), the 95%
pointwise posterior credible intervals (dark shaded regions), the 95% prior pointwise

credible intervals (light shaded regions), and simulation truth (solid lines). Rug plots
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in the first column display observed (black) and censored (red) survival times.
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a complex unimodal density. With respect to the hazard function, a subtle decline is
observable from ¢t = 10 to ¢ = 20. The true underlying functions for density, survival,
and hazard are displayed as solid lines in Figure 3.1(a)-(c). The prior distributions are
designed as follows: a ~ Ga(2,1), pg ~ N(2,0.5), by ~ inv-Ga(3,20), while a, and o}
are fixed at 4 and 1 respectively. The corresponding 95% pointwise prior credible interval
estimates are also illustrated with light shaded regions. With these hyperparameter
values, the prior interval estimates exhibit wide uncertainty bands over the range of
observed survival times, as illustrated by the rug plot in black in each subfigure.

Figures 3.1(a)-(c) present the posterior point and interval estimates as dashed
lines and dark shaded regions, respectively. The non-standard unimodal shape of the
true underlying functions is effectively captured by the model. The model’s substan-
tial learning from the data is visibly represented through the transition from light to
dark regions in each panel. In particular, the inference results for the hazard function
demonstrate the local adjustment, where the decreasing hazards from ¢ = 10 to 20 is
captured.

To examine the model’s performance with censored data, we employed a ran-
dom censoring mechanism and generated 400 censoring times from a Gamma distribu-
tion, denoted by ¢; for i = 1,...,n. As discussed, we defined y; as min(¢;,¢;), and y;
as 1if ¢; > t;, and 0 otherwise. By changing the parameter in the Gamma distribution
for censoring times, we obtained two separate sets of data that contain 21.5% and 40%
censoring, respectively. The same set of priors and the same MCMC implementation

were employed for each of these censored datasets.
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As visualized in panels (d)-(i) of Figure 3.1, censoring does not substantially
impact the inference. This is evidenced by the consistent containment of the true
function within the posterior interval estimates across in all instances, particularly for
density and survival functions. Notably, the hazard function is well captured given a
sufficient data, in these particular data examples, t < 40. As the proportion of censoring
expands, the posterior uncertainty bands concurrently widen, a trend especially evident

in the estimates for the hazard function.

3.4.2 Simulation example 2: survival times with two covariates

Here, we evaluate the performance of the extended model for handling non-
linear regression problems. Consider a case with one binary (z) covariate indicating
experimental group assignments and one continuous (z) covariate. Let z; = 0, for
i=1,...,300, and z; = 1 for i = 301,...,600. And let x; ~ N(0,1) for i = 1,...,600.
Conditional on z and z, we simulate survival times from a log-normal distribution,
LN(p.(),02), where its median, exp(u.(z)), is a nonlinear function of x for each value
of z, in detail, 4exp(—0.3(x + 0.5)?) + 0.5 and 4exp(—0.222) + 2.5, and o2 is set as
o2 =0.6% and o} = 0.8%.

In line with our previous discussion, we used a normal kernel for the continuous
covariate . A hierarchical representation can be constructed with the use of a latent
variable, such as = | p ~ N(u,7%), u ~ N(u | s4,Su). 72, su, and S, are fixed at
prespecified values. The marginal normal model is obtained for p as N(u | s, S, + 72).

If no further prior knowledge is provided for value assignments for 72, s,, and S,,, we
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recommend the standard approach that sets s, = 0, and 72 to be comparably smaller
than the sample variance of z, and let S,, be large to increase prior variance. In this
example, we let s, =0, S, = 10, and 72 =0.5.

The hyper priors that are related to responses are set in the following way,
ag =10, ry = 3, Ry = 20, sp = 0.5, Sp = 0.5, 03 =1,53 =0, 53 =0.5, and Jg =1.In
addition, we let a, = 2 and b, = 1. The pointwise prior 95% credible interval estimates
are illustrated in Figure 3.2 in light gray shades providing large support for all the
density, survival, and hazard functions.

Posterior inferences are summarized in Figure 3.2, with dark gray shades in-
dicating 95% pointwise posterior estimates and dashed lines denoting posterior mean
estimates, illustrating the model’s success in capturing the true underlying function
(solid lines) across the range of covariates. The transition from the prior to posterior
estimates clearly demonstrates the model’s substantial learning from the data. Our
extended model can be readily adopted to a quantile regression model for any cho-
sen percentile of survival times. Given covariates xg, 29, and one draw of posterior
samples ©®) the posterior Pth percentile survival time Q can be obtained through
equation 0.01P = 1 — S(Q | x9,0®), 2) by searching through the discretization of
S(Q | 20,01, ), the details for functional evaluation are described at the end of Ap-
pendix C. Figure 3.2 displays estimated median and 75th percentile of survival times
over grids of the continuous covariate x for z = 0 (in red) and z = 1 (in blue). The
extended model is capable of capturing the nonlinear shape of two different percentiles

of survival times over the grid of x, alongside the correct stochastic order of for z = 0
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and 1, with its point estimates enclosing the true values within the 95% uncertainty

bands.

3.5 Real data example

In this section, we examine the model on a real dateset comprising survival
times (measured in days) of 121 patients diagnosed with small cell lung cancer, as de-
tailed in Ying et al. (1995). These patients were randomly allocated to one of two
treatments regimes, denoted as Arm A and Arm B. Arm A’s protocol involved adminis-
tering cisplatin (P), followed by etoposide (E), to the patients, while Arm B’s treatment
plan involved reversing this order, with etoposide (E) given first, followed by cisplatin
(P). Of the 62 patients under Arm A’s treatment, 15 experienced right censored survival
times, and similarly, of the 59 patients in Arm B, 8 experienced right censored survival
times. Additionally, patient age at the time of study entry is provided, which, for the
purpose of this analysis, we have standardized to have a mean of zero and a variance of
one.

For the purpose of demonstrating our model, we represent treatment assign-
ments as z, and the standardized age as x. Similar to the simulation example 2
(in Section 3.4.2), we assume a normal kernel for x, thus z | u, 72 ~ N(u,72), and
p ~ N(su,S,). The hyperparameters are specified as follows: we assign b, an inverse
Gamma distribution, inv-Ga(3,10), and pp a normal distribution, N(6,0.5). Similarly,

pa is assigned a normal distribution, N((0,0)’,0.5I2), and « is assigned a Gamma dis-
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tribution, Ga(2,1). In addition, ay, ag, ag, Suy Sy, and 72 are fixed at 10, 1, 1, 0,
10, and 0.5, respectively. The 95% pointwise prior interval estimates for density given
different covariates are displayed in Figure 3.4 with light gray shades with reasonable
wide coverage.

Figure 3.4 also showcases the model’s adaptability in capturing the conditional
density estimates, where pointwise posterior point and interval estimates are shown
in dark gray shades and dashed lines. The model consistently implies a unimodal
shape for the conditional density across different values of the covariate. Notably, the
conditional density for Arm A exhibits more discrepancy than Arm B at the same age.
In Figure 3.5(a) and 3.5(b), posterior point estimates for the conditional survival and
hazard functions are presented. For a given age, Arm A exhibits a higher survival curve
and lower hazard curve than the Arm B. Within the same treatment group, there is
a stochastic order of hazards and survival probabilities for ages 54, 62, and 70 groups,
however, this order doesn’t hold for age 45. In Arm A group, age 45 has crossing hazards
with age 62 at ¢ = 1800 and crossing survival probabilities with age 62 at ¢ = 1000. The
crossing hazards and survival probabilities also appear in Arm B group. This finding
indicates a nonlinear relation between survival times and age given a treatment group.

To reveal the nonlinearity between age and survival times, we represent Fig-
ure 3.6 where the median and 75th percentile regression functions over the grids of age,
separately for Arm A and Arm B are displayed. Both pointwise posterior median and
50% credible interval estimates are shown. The model infers a nonlinear relationship be-

tween survival times and age for both treatment arms, pointing the peak of the median
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and 75th percentile survival times when age falls between (55,60). For both median
and 75th percentile survival times, Arm A consistently exhibits higher survival times

than Arm B across all ages.

3.6 Summary

In summary, this research presents an advanced Bayesian nonparametric method
tailored for comprehensive inference in survival data analysis. By integrating a Dirich-
let process mixture model with a log-logistic kernel, which is a well-established tool
in survival analysis but underrepresented in Bayesian nonparametric studies, we offer
a nuanced understanding of the complexities inherent in survival data. Our approach
is computationally efficient, facilitated by the use of Markov chain Monte Carlo tech-
niques and Pélya-gamma data augmentation method for posterior computations. We
also revealed a log-normal scale mixture representation of a log-logistic model.

A key innovation in our study is the extension of the core model to incor-
porate covariates via a density regression framework. This is achieved through core
components.

This novel approach allows local adjustment in mixture weights of covariates
which can be considered random variables. Moreover, in randomized experimental stud-
ies, experimental group assignments may not be considered random. The extended
model consider those covariates as a part of the log-linear model. First, we introduce

a log-linear model for the scale parameter of the log-logistic kernel, following the linear
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dependent Dirichlet process model as outlined by De lorio, Johnson, Miiller & Rosner
(2009). Second, we extend the model to include a joint kernel function that simulta-
neously models covariates and responses, building on the foundational work by Miiller
et al. (1996).

In conclusion, this study enriches toolkit available for advanced and flexible

survival analysis approaches.
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Figure 3.2: Simulation 2. Each row presents functional estimates with varying values

of covariate (z,

x) ((1,-1), (0,0), (1,0)). Each column corresponds to different functional

estimates: density, survival, and hazard function, respectively. Each subfigure shows the

posterior mean estimates (dashed lines), the 95% pointwise posterior credible intervals

(dark shaded regions), the 95% pointwise prior credible intervals (light shaded regions),

and the simulation truth (solid lines).
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Figure 3.3: Simulation 2. The Figure displays pointwise posterior estimates for the
median (panel a), and 75th percentile (panel b) of survival times across the continuous
covariate = range (-1.64, 1.64). Point estimates are represented by dashed lines and
95% credible intervals are highlighted with shaded regions. The red color denotes z = 0

while the blue color indicates z = 1. The underlying truth is represented by solid lines.
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Figure 3.4: Small cells lung data. Each row presents survival estimates with different
treatment Arm (A and B). Each column corresponds to different values of age (45,
54, 62, 70, 79). Each subfigure shows the posterior mean estimates (dashed lines),
95% pointwise posterior credible intervals (dark shaded regions), and 95% prior interval

estimates (light shaded regions).
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Figure 3.5: Small cells lung data. The first row shows the posterior mean estimates of
the conditional survival function, while the second panel displays posterior estimates of
the conditional hazard function. The left and right columns are corresponding to Arm

A and Arm B, respectively. Each color corresponds to a distinct age of patients.
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Chapter 4

Bayesian Nonparametric Regression
Model for Joint Modeling of Recurrent

Events and Survival Times

4.1 Introduction

Recurrent events commonly arise in clinical trials, reliability studies, and other
fields, for instances, recurrent infections, rehospitalizations, and machine repairs. These
sequences of events can often be terminated by some fatal events, such as death or a
critical system failure. It is possible that the frequency of recurrent events and timing
of termination events (survival times) are related. Thus, the development of a nuance
understanding of the dependence between recurrent events and survival times is crucial.
Addressing this need effectively requires a sophisticated and flexible joint modeling

framework that can intricately model the dependencies between recurrent and terminal
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events.

Historically, the statistical modeling of recurrent events has been approached
by two primary frameworks, as reviewed by Cook & Lawless (2007). The first frame-
work assumes a continuous intensity function, typically employing various Poisson-type
processes to model for recurrent events. Alternatively, the second framework makes a
renewal-process assumption. This modeling approach concentrates on the density func-
tion of the gap (interval-arrival) times between events, offering a different perspective
on the temporal structure of the data.

Survival analysis is a well-studied topic in statistics, with proportional hazards
(PH) models being the most well-known for survival regression, where covariates con-
tribute multiplicatively to the hazard rate. Accelerated failure time (AFT) models offer
an alternative approach, assuming a probabilistic model for log-transformed survival
times. Comprehensive reviews of both frequentist and Bayesian methods can be found
in Klein & Moeschberger (1997) and Ibrahim et al. (2001).

Under the context of the joint analysis of recurrent events and survival times,
a commonly used modeling approach for establishing dependency is through the use
of random effects. Conditional on the random effects, recurrent events and survival
times are assumed to be independent. Typically, recurrent events are modeled using
a nonhomogeneous Poisson process (NHPP) regression model, while survival times are
often approached with PH or AFT models. This method has been widely adopted
across various studies, including those by Liu et al. (2004), Rondeau et al. (2007), and

Ye et al. (2007), with a notable focus on Bayesian implementations by Sinha et al.

66



(2008), Ouyang et al. (2013), and Lee et al. (2019). Specifically, in the studies by Sinha
et al. (2008) and Ouyang et al. (2013), a PH approach is used. Both studies assume a
shared Gamma random effects model, where the NHPP model and survival model share
the same effects. On the other hand, Lee et al. (2019) employs an AFT approach and
enhances model flexibility by placing a Dirichlet process (DP) prior on random effects
model.

An alternative strategy is to utilize the second approach for recurrent events
under the joint modeling framework. For instance, Huang & Liu (2007) applied PH
models for both gap and survival times within a frequentist framework. This model was
further enhanced by Yu & Liu (2011) who incorporated a nonlinear covariate function
via penalized splines within the recurrent events component. Tawiah et al. (2019)
incorporated a cure fraction into their model development, expanding its applicability.

From a Bayesian perspective, Paulon et al. (2020) adopted AFT models for
conditional survival and gap times. Instead of modeling the density function of gap
times directly, Boom et al. (2022) chose to model the number of recurrent events, then
implemented an autoregressive model to relax the independence assumption among
gap times. Both studies employed a DP prior on random effects. In a more specialized
context, Wen et al. (2016) addressed the complexity of having multiple types of recurrent
events (local and distant) by using three PH models to simultaneously model these
recurrent events along with survival times, incorporating a bivariate random effects
model for each type of recurrent event and a combination of two random effects for

survival times. Similar to these approaches, we assume subject-specific random effects
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to introduce dependencies between survival times and recurrent events. Additionally,
we relax the PH and AFT assumptions and model the density functions of survival and
gap times within a Bayesian nonparametric framework.

The main novel methodological contribution of this work is to model con-
ditional densities of gap and survival times using Bayesian nonparametric regression
models. We place dependent Dirichlet process (DDP) mixture priors on the density
functions of survival and gap times. The DDP, as initially conceptualized by MacEach-
ern (2000), provides flexibility in modeling a collection of distributions varying across
covariate space. In the DDP, each set of random measures is configured to be marginally
a DP-distributed random measure for any given covariate value « € x. This is achieved
by adapting the stick-breaking process construction (Sethuraman 1994) of a DP, which
can be expressed as:

Gal) = ) {Vz(w) [T - Vr(iv)]} 99, () (),
=1

r<l

where Vj(x) are independent stochastic processes across the covariate space y with
Beta marginal distributions. The 6;(x) are also independent stochastic processes with
index set x and Ggo marginal distributions. This Bayesian nonparametric regression
modeling approach extends traditional joint models to accommodate more complex data
structures across the covariates space.

The rest of the article is structured to in the following way. In Section 4.2,
we briefly reviews the joint modeling framework with survival and gap times. The

detailed description of methodological development is introduced in Section 4.3. The
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model is then illustrated with an Esophageal cancer patients dataset in Section 4.4. We

summarize the paper in Section 4.5

4.2 Joint Model for Gap and Survival Times

Consider a dataset comprising n individuals, where Yo := 0 marks the initia-
tion of recurrent events. The observation endpoint 7; represents either the survival time
T; or an independent right-censored time Cj, hence 7; = min(C;,T;). The censoring
status is indicated by a binary variable v;, with 0 for censored observations and 1 for
recorded deaths.

Denote N; > 0 as the count of recurrent events observed within (0, ;] at times
Yio =0<Y; <--- <Y, <7 The intervals between recurrent events, termed gap
times, are defined as W;; = Y;; —Y; ;1 for j = 1,..., N;. It is noteworthy that the final
gap time for each subject is censored by their survival or censored time, 7; — Y; n;,.

As mentioned, our approach for modeling the dependency between survival
and gap times involves subject-specific random effects. This framework generally posits
conditional independence between survival and gap times given random effects. Unlike
the popular shared random effects, we assume correlated random effects, (e;,&;), for
ith subject. This model enhances flexibility by enabling simultaneous control over the
magnitude of individual random effects and the degree of dependency between them.
A similar random effects model has been used in Tawiah et al. (2019). Suppose x is a

covariates vector. The models for survival times and gap times are formulated as follows
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fori=1,...,n:

ind.

Ti| €, xi ~ fs(ti] €, xi),

_— .
Wi | & "X fr(wij | &), =1,..., Ny,

where fg and fr denote regression models for survival and gap times, respectively. The

likelihood function for all observations is written as,

n N;
L=T[{fs(ril e )} {Ss(ri| i)} ™ [ ] fr(wij | &, i) Sr(ri — win, | &),

i=1 j=1
where Sg and Sg denote the survival functions corresponding to survival and gap times,
respectively. This formulation accounts for censored observations through their survival
function, ensuring that the likelihood function incorporates both the observed events
and the censored information.

In the existing literature, the functions fg and fr are commonly modeled
using the PH models (Huang & Liu 2007, Yu & Liu 2011) or AFT models (Paulon et al.
2020). These models impose constraints that prevent the hazard or survival functions
from crossing. To address the need for greater modeling flexibility across the covariate

space, we introduce DDP mixture models in the subsequent section.

4.3 Joint Model with Bayesian Nonparametric Mixtures

4.3.1 Model formulation

In this work, we introduce a novel framework for the joint analysis of sur-
vival and gap times, expanding upon existing methodologies by employing a Bayesian
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nonparametric approach. This approach allows for the modeling of general shapes of
density and survival functions within and across the covariate space.
We employ DDP mixture models to articulate the conditional density of sur-

vival and gap times as follows:

Fs(t| Gave) = / k(t | 6(x), )dGa, Ga ~ DDP(®,Coa),

fa(w | Hoy€) = /k(w | M), €)dHy, Hy ~ DDP(A, Hog),

where k(-) represents a generic mixture kernel density function, G and H, are mixing
distributions, ® and A are parameters associated with mixture weights of G, and H.
And Goz and Hy, are dependent baseline distributions.

As mentioned, the DDP defines the set of random distributions that are
marginally DP-distributed measures. G has a stick-breaking representation (Sethura-
man 1994) as: Gg(-) = D121 pi(2)dg, () (-). We start to build the model from extending
atoms by imposing a linear model with covariates on point masses, 6;(x) = B0 + B,
as in De lorio, Johnson, Miiller & Rosner (2009). Developing covariate-dependent mix-
ture weights that maintain marginal Beta distributions poses a significant challenge.
Our modeling approach simplifies this by focusing on a binary component in x, typ-
ically representing group assignments in control-treatment studies. The groups are
denoted by the variable z, with ctr indicating control group and trt for the treat-
ment group. This leads to dependent mixture weights for each group, formulated as
pi(x) =pa=Vu le;ll(l — V.r). Here, we incorporate a latent bivariate Beta distribu-

tion for the generation of paired mixture weights, a methodological choice that preserves
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the marginal distribution as Beta.

We construct the dependent weights of mixing distribution through a bivariate
Beta distribution introduced by Olkin & Trikalinos (2015), which is built upon a Dirich-
let distribution and can provide correlation in (—1, 1). Specifically, (A11, Ao, Ao1, Ago) ~
Dir(a11, @10, ao1, agp), then define Viy = A1+ Ao and Vi = A1+ Agr. Thus, the bi-
variate distribution, (Ve Vire) ~ Bi-Be(Ago, Ao1, A1g, A11), results two marginal Beta
distributions, Vit ~ Be(a11 + a1o, 01 + ago) and Vi ~ Be(air + o1, a0 + aoo)-
The desired marginals are obtained by setting a1 = 1 — g, a0 = @p1 = ap, and
apo = a — ag, such that the random mixing distributions have the same marginal DP
prior. As outlined by Olkin & Trikalinos (2015), this construction for the bivariate beta
distribution can be extended to ¢ > 2 dimensions. However, such extensions necessitate
a complex setup involving 29 — 1 latent variables.

The level of dependence between survival times and recurrent events may vary
across treatment groups. To address this, we assume group-dependent random effects
and choose to use a bivariate lognormal distribution, formulated as (€2, &;.)" | Zez L
LN2((0,0)', X.,), where the median of the distribution is fixed at (0, 0)’ for avoiding iden-
tifiability issue. The structure of 3.,, with its diagonal elements quantifying the random
effects’ magnitude and the off-diagonal elements introducing dependency between sur-
vival and gap times, is pivotal in capturing the complexity interrelations inherent in the
data.

For the kernel of our mixture models, we select the log-logistic distribution for

its proficiency in accurately modeling the density and survival functions as described in
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Chapter 3. Under our joint modeling framework, both survival and gap times share the
same formulation, which is expressed as:

fti] Goyezyms) = ) {szH(l - Vzr)} frn(ti | 0F exp(87) /€izy 47)

r<l

flw | Hy&ooms) = Y {Wzl [1a- Wzr)} frn(wij | N exp(@i]) [z i),

fori =1,...,n, and for j = 1,..., N;, where fyr(a,b) denotes the log-logistic density
with scale parameter a and shape parameter b. Atoms (6/,8/,¢;) and (A, v/, 1))
are i.i.d. arising from Gy and Hy, mixture weights are constructed through bivariate
latent variables (Vig1, Virer) - Bi-Be(1 — o, oo, ap, @« — ag) and (Tepr g, Tert 1) -
Bi-Be(1 — (o, ¢0,¢0,¢ — ¢p). This model formulation incorporates dependent atoms as

well as dependent weights to allow extra dependency through a log-linear component

to the kernel distribution.

4.3.2 Prior specification

In the context of DDP models, the selection of the baseline distribution is piv-
otal, balancing computational efficiency and the model’s adaptability. For Gy, we opt
for a composite baseline distribution encompassing N(log(6*) | ug,3), N(B* | ug, £p),
and Ga(¢*? | ag,bg). A similar approach is adopted for Hy, utilizing N(log(\*) | pa, 03),
N(* | py, B4), and Ga(n*? | ay, by,). This selection offers extensive support and incorpo-
rates hyperpriors for the parameters, facilitating swift parameter updates via the Gibbs
sampler. In practice, parameters such as o9, X3, a4, 0, X, and a, can be fixed, with
priors assigned as 119 ~ N(sg,59), g ~ N(sg,58), by ~ inv-Ga(ry, Rg), px ~ N(sx,Sy),
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pry ~ N(s4,55), and b, ~ inv-Ga(ry,, R,). This setup results in a marginal prior base
measure of log(6*) following a normal distribution, N(sg, Sy + 07), and the marginal
prior base measure of ¢*2 is proportional to (¢*2)%~1(¢*2 + Ry)~(®*7¢) with mean
value equal to agRg/(ry —1). When Ry = 1, the distribution is a Beta prime. For prac-
tical implementation, the hyperparameter ry can be set as the smallest integer value (3)
that yields an inverse-gamma distribution with finite mean and finite but largest vari-
ance. The selection of values for ag, r4 and Ry allows incorporation of prior information
about the density function’s shape and dispersion. Specifically, smaller values of ¢*2
correspond to more widely dispersed mixture components. This approach is similarly
applied to py, p, and by,.

For the bivariate Beta prior applied to the paired latent stick-breaking weights,
(Vetris Vire 1), which follows Bi-Be(1 — o, o, g, @ — op) with 0 < o9 < 1 and o > av,
we adopt a joint prior distribution for ay and « as p(ag, @) = p(ap)p(a | ag). Here,
ag is subject to a Beta prior Be(ag,by), and conditional on «p, o has a Pareto prior
Pa(co, ap), characterized by shape parameter ¢y and scale parameter «g. For the gap
times baseline distribution Hy, a similar structure is applied: (o ~ Be(ay,b;) and ( |
Co ~ Pa(c1,p). We then assign independent inverse-Wishart priors for X.,, denoted as
Yes i inv-Wish(c,, C,) for each group. These priors are characterized by a mean of
Ce/(ce — 3). Given a set of hyperparameters, we visualize prior estimates of marginal

and conditional density and survival functions to validate values of hyperparameters.
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4.3.3 Posterior computation

We obtain samples from the posterior distribution of the DDP mixture model
using the blocked Gibbs sampler (Ishwaran & James 2001). Our Markov chain Monte
Carlo (MCMC) posterior simulation method utilizes a truncated approximation to the
mixing distribution, denoted by G,p and H,p for survival and gap times, with trunca-

tion levels Bg and By, respectively. These approximations are defined as:

Bg
* *  xy 4.d.
Gz = Y padirgrar, (605,87, ¢1) "< G,
=1

By
-~ v e did.
H.p =~ szl‘s(kfrﬁ‘,m*)’ (ALY m) "~ Ho,
=1

with the construction of mixture weights p,; and w,; designed to reflect the dependency
across treatment groups. By introducing configuration variables L;, € {1,..., Bg} for
survival times, Us;j, € {1,...,Bg} for gap times, where i = 1,...,n, j = 1,..., N,

z € {ctr,trt}, the joint model can be expressed in a hierarchical representation,
ind.
,Ti ‘ Li270*76*7¢*76izawi K LL(szz eXp(IBZizwi)/eiZ7¢ziz)7
Liz I p. ~" przoi(Liz), forl=1,..., Bg,
Wl] | Uij27 A*a 7*7 77*, giZa T ~ LL()\*UUZ exp(*y(’}l_jzwi)/fiz, 77(*],-3-2)7

ind.
Uijz ‘ Wiy RS wlzél(Uijz), forl = 1, .. .,BH,

75



where survival and gap times, and covariates are rearranged to corresponding groups.

Thus, the likelihood function of augmented model can be written as

n Ni
L = 1] fun(wij | Ay, exp(vg,,.®i) /&izm0,,.)
i=1 | j=1
XSLL(Ti = Ui | AU, . . XY, . i) [Sizs 0, )

x { fun(mi | 07, exp(BL, @) /€iz, 07, )

x (S (ri | 07, exp(BE,, @) feixn07,)}

The detailed MCMC algorithm is elaborated in the Supplementary Materials.

Given the conditional independence of survival and gap times, marginal den-
sity, survival functions are readily derived by marginalizing over the random effects
distribution. This process is facilitated at any time ¢ and for covariates «, through the

following expressions:

fS(t | ®S7m) = /fS(t | GB7€Zam)fLN(€z | Oazez,l,l)deza
Ss(t| O a) — / Ss(t | G n @) fin(es | 0, Somrr)des,
frlw| Opx) — / Frlt | His &, @) fin(€ | 0, Senn)des,

SR(w | @R7m) = /SR(t | HB7£Z7x)fLN(§Z | 07 Zez,2,2)d£z>

where ©g and OFf represent the parameters corresponding to survival times and recur-

rent events. Although direct integration does not yield closed-form expressions, we can
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obtain posterior estimates through Monte Carlo approximations:

fst16f),z) ~ *ZZp (| 0 exp(a@' B) /e @), ¢/,

Tzr_u 1

Ss(t] 0P z) ~ —ZZ}) St | 0% exp(a’BY) /el ® o)),

T

ir=11=1
b s (b
frw|0Y, 2) ~ *Zszl ) fin(w | AP exp(a/y®) /gin® n®),
Tzr—ll 1
Sr(w |0, 2) ~ —Zzwzl Ser(t | A exp(a/y(?) /et ® 50y,
7”@,«_11 1

where (eir’(b), i’”(b))’ ing- LL((0,0)’, I )) for i, = 1,...,n,, and superscript (b) repre-
sents b posterior sample from the MCMC. This approach enables the acquisition of
point-wise functional estimates over a grid of time.

In exploring the interplay between recurrent events and survival times, our
focus lies on the conditional survival probability, given no recurrent event occurrence
up to time to, Pr(T >t | T > to,N = 0,2,05,0p), which implies that the first
gap time exceeds tg. Under our joint model, the conditional survival probability is

formulated as:

Ee {SS(t | 627657$)SR(t0 ’ 527®R7w)}
Ec {Ss(to | €2,0g5,x)Ss(to | &2, OR, @)}’

where the expectation is with respect to the bivariate random effects model. Its posterior

PI“(T >t | T > tg, W1 > to,@s,@R,m)

estimates can be approximated by:

S {08 St 1 6 exp(@ B /el 6y S5 @) s to | A exp(ara M) e @ a) }
Loy R sintto 107 exp@ B /e, 67 BHA“)SLL(tou”exp(sc )6, a")}

The posterior functional estimates can provide valuable insights into subjects’ condi-

tions under various scenarios. The posterior marginal density estimates can reveal the
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distribution’s shape, highlighting features such as multi-modality, skewness, and heavy
tails. Additionally, the posterior marginal and conditional survival probabilities can be
utilized to compare the effectiveness of control versus treatment groups.

The fully specified stochastic Bayesian joint models for survival times and
recurrent events can be used to predict future outcomes. For a hypothetical patient
given a covariate vector xgp, which contains the group assignment zp, we can jointly
pth

predict a survival time ¢’ and realization of recurrent events v/, ...,y upto t’. For

posterior sample, we can generate predictive survival and gap times as follows:

e Draw (eg;), §§)) from LN((0,0)’,E&%).

e Conditional on eg;) , generate a predictive survival time ¢’ from the truncated mix-

ture survival model, Zfial pg()))lLL(t | HZ(b) exp(wo,ﬁl(b))/egg), (ﬁl(b)).

e Conditional on 52?, take N’ + 1 independent draws {w}:j=1,...,N'+ 1} from
its posterior distribution, Zf;}{ wi?lLL(w | )\l(b) exp(mofyl(b))/ég),ﬁl(b)), such that
SN wh <t < SN

We demonstrate the utility of our model through out-of-sample predictions. The model
performance is evaluated by comparing observed and predicted survival times and num-
ber of recurrent events. Additionally, we calculate conditional predictive probabilities

for prediction matching observation in leave-one-out cross-validation. Finally, we com-

pare the predictive accuracy of several other joint models with our proposed model.

78



4.4 Esophageal cancer data example
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Figure 4.1: EC Data. Panel (a) displays Kaplan-Meier survival curves for patients.
Panels (b)-(c) illustrate histograms of effusions counts for each treatment group. And
panels (d)-(f) present empirical estimates of the conditional survival probabilities given
no occurrence of effusion upto tg, Pr(T >t | T' > t9, N(to) = 0), , where ty =0.5, 2.5,

and 5.0. We depict 3DCRT group in red and IMRT group in blue.

We applied the proposed methodology to a dataset of esophageal cancer (EC),
consisting 466 patients who underwent either three-dimensional conformal radiotherapy
(3DCRT) or intensity-modulated radiotherapy (IMRT). The dataset records from the

initiation of treatment to death or administrative censoring, with 29 censored observa-
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tions in the 3DCRT group and 84 in the IMRT group. Some patients also experienced
recurrent effusions around heart or lungs. In addition to treatment type, the dataset
includes prognostic covariates such as age, body mass index (BMI), performance status
(KPS score), tumor histology, and cancer stage. Continuous variables, age and BMI,
were standardized to have a mean of 0 and variance of 1. Binary covariates were coded
as follows: KPS score = 1 for good, histology = 1 for adenocarcinoma, and cancer stage
= 1 for advanced stages (3-4). Treatment types were coded with 3DCRT as 0 (control)
and IMRT as 1 (treatment), since the IMRT is a more modern approach. This dataset
has been studied by He et al. (2016) utilizing a semi-competing risks model to investi-
gate time-to-effusion and survival post-effusion. Subsequent enhancements by Chapple
et al. (2017) introduced Bayesian variable selection, and Lee et al. (2019) extended the
analysis to accommodate all effusion events per patient via a semi-parametric Bayesian
joint model with a Poisson process assumption on recurrent events. The previous stud-
ies revealed that IMRT decreased modalities relative to 3DCRT. However, the models
for survival times in these studies are based on either PH or AFT assumptions.
Kaplan-Meier survival curves depicted in Figure 4.1(a) suggest that the IMRT
group generally exhibits better survival than the 3SDCRT group throughout the observa-
tion period. Intriguingly, the conditional survival probabilities illustrated in subfigures
(d) and (e) reveal a dynamic interplay between the two treatments. With an increase
in the reference time tg, the point at which conditional survival probabilities for the two
groups intersect shifts to earlier times as ty progresses from six months to five years.

Additionally, Panels (b) and (c) highlight the infrequent occurrence of effusions, peaking
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at seven incidents, with a significant proportion of patients experiencing no effusions at

all.

4.4.1 Analysis with only treatment variable

We implement the joint model on the dataset, incorporating solely the treat-
ment assignment covariate. For the prior hyperparameters, we set the values as follows:
ap = by = a1 = by = 2, ¢g = ¢1 = 4, indicating a balanced initial belief in the distri-
bution of the treatment effects. The scale parameters 03 and 0/2\ are assigned a value
of 2, reflecting moderate variability in the log-transformed scale parameters for survival
and gap times, respectively. The mean parameters for the log-transformed scale, sg
and sy, are set to 0.45 and 0, with corresponding variances Sy = S) = 1, suggesting
a central tendency with a reasonable spread. For parameters $* and 7*, we assume a
mean of 0 (sg = s, = 0) with variances Y3 = ¥, = 2 and S = S, = 2, capturing
the uncertainty in the treatment effect size. The shape parameters for the log-logistic
distribution, a4 and a,, are set to 3, with the inverse-Gamma parameters for the scale,
re =1, =6 and Ry = R, = 30, chosen to reflect a belief in the variability of the shape
parameters. Lastly, for the covariance matrix of the random effects, ¥.,, we employ an
inverse-Wishart prior with ¢, = 18 and C, set to a diagonal matrix with elements (4,4),
resulting prior predictive random effects remained within a plausible range. This hy-
perparameter configuration in the prior models allows for substantial uncertainty across
different functionals. We present their pointwise interval estimates based on the prior

models in Figures 4.2 and 4.3.
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Figure 4.2: EC Data with Treatment Assignments Only. This figure presents posterior
mean estimates (dashed lines) and 95% pointwise credible intervals for posterior (dark
shaded regions) and prior (light shaded regions) estimates. Panels (a) and (b) display the
survival times density and survival function, respectively, while panels (c¢) and (d) show
the gap times density and survival function. All estimates are derived after marginalizing
over the posterior and prior random effects models. The 3DCRT group is represented

in red and the IMRT group in blue.

We examined convergence and mixing of the MCMC algorithms using standard
diagnostic techniques. We ran the MCMC chain for 100,000 iterations, then discarded

the first 25% posterior samples and keep every 38th iteration for posterior inference.
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Figure 4.3: EC Data with Treatment Assignments Only. This figure presents posterior
mean estimates (dashed lines) and 95% pointwise credible intervals for posterior (dark
shaded regions) and prior (light shaded regions) estimates. Panels (a)-(c) depict condi-
tional survival probability given no occurrence of effusion up to tg years, progressively
displaying time points at tg = 0.5, 2.5, and 5 years from left to right. All estimates
are derived after marginalizing over the posterior and prior random effects models. The

3DCRT group is represented in red and the IMRT group in blue.

The posterior estimates for survival and gap times density, along with survival functions
presented in Figure 4.2, suggest that IMRT is associated with higher survival probabil-
ities and less frequent effusions. This includes longer gap time between effusions in the
lungs and heart and longer survival times. However, in Figure 4.3, the posterior mean
estimates of conditional survival probabilities, given no occurrence of effusions up to
to years, demonstrate a gradually reversing stochastic order between the 3DCRT and
IMRT groups as tg increases. A similar trend is observed by using Kaplan-Meier curve,

as shown in Figure 4.1 (d)-(e). Notably, our posterior estimates provide smoothed point
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Figure 4.4: EC Data with Treatment Assignments Only. This figure presents generated
random effects from posterior (black) and prior (blue) random effects models. Panel (a)

focuses on the 3DCRT group, while panel (b) presents for the IMRT group.

estimates along with quantification of uncertainty, enhancing their interpretative value.

The posterior predictive random effects for the 3DCRT and IMRT groups
are illustrated in Figure 4.4. These effects show varying levels of association between
survival and gap times across the groups, highlighting the importance of employing

distinct random effects models for each treatment group.

Model Assessment To evaluate the model’s accuracy, we conducted out-of-sample
prediction by randomly selecting 25% of the dataset (117 patients) as the test set,
with the remaining 349 patients used for training. The model focused solely on the
treatment covariate, employing the same hyperparameters outlined in the previous part.
The model was used to predict recurrent effusion events up to the last observed time
(survival or censored time) for each patient in the test set, as outlined in Section 4.3.3.

We evaluated the accuracy of effusion predictions by comparing the predicted number of
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Figure 4.5: Out-of-Sample Prediction Accuracy for the EC Data with Treatment Assign-
ments only. The top row presents histograms of the probabilities for exact effusion count
matches (Pr(N; = N;)), while the bottom row depicts the probabilities of predicted effu-

sion counts falling within one of the actual observed counts (Pr(N; —1 < N; < N; +1)).

effusions, N;, against the actual observed counts. Our metrics included the probability
of exact matches, Pr(Ni = N, | z;), and the probability of predictions within one count
of actual observations, Pr(N; — 1 < N; < N; +1 | ;). Figure 4.5 showcases the
model’s proficient capability in forecasting effusion events, where the predicted counts

are generally within a one-event margin of the actual observations.
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4.4.2 Analysis with additional covariates
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Figure 4.6: EC Data with All Covariates. This figure presents posterior mean esti-

mates (dashed lines) and 95% pointwise credible intervals for the density estimates

after marginalizing over the posterior random effect model given different values of xj.

The configurations in panels (a)-(f) are as follows: (0,0,0,0,0) serving as the base-

line, (1,—1,0,0,0) representing older age and lower BMI, (1, 1,0,0,0) for older age and

higher BMI, (0,0,1,0,0) indicating good performance status, (0,0,0,1,0) for a history

of adenocarcinoma, and (0,0,0,0, 1) reflecting cancer stages 3-4. The 3DCRT group is

represented in red and the IMRT group in blue.

The analysis was extended to include previously discussed prognostic covari-
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Figure 4.7: EC Data with All Covariates. This figure displays posterior mean estimates
for survival functions with the left panel showcasing the 3DCRT group and the right

panel displaying the IMRT group. Each color within the panels represents a specific

fixed covariate.

ates: age, BMI, performance status, tumor histology, and cancer stage, all alongside
treatment types. These covariates, standardized and coded appropriately as discussed,
were incorporated into the model to evaluate their impact on both survival times and
effusion events.

The same hyperparameters are applied here for the following parameters as
detailed in the previous section, ag, bg, a1, b1, cg, c1, 03, 0/2\, 50, Sx, Sp, Sx, Ag, Gy, T¢,
ry, Ry, Ry, cc and Cc. The adjustments is is needed for accommodating the increased
dimensionality of the covariates. We set g = 2Ig, 3, = 2Ig, where Ig denotes an
identity matrix. This adjustment ensures that the covariates are appropriately scaled.

Additionally, the mean vectors for these coefficients are set to zero, sg = 0g and s, = 0p.
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Figure 4.8: EC Data with All Covariates. This figure displays posterior mean (dashed
lines) and 95% pointwise credible intervals illustrating the differences in survival prob-

abilities between IMRT and 3DCRT groups. The red solid lines serves as a reference

indicating no difference between the groups.

The scale matrices for the prior distributions of these coefficients are also adjusted to Ig,
ensuring that Sg = 2Is and S, = 2I, which matches the dimensionality and maintains
consistency across the model parameters.

The posterior inferences for marginal density and survival functions across var-
ious covariates are displayed in Figure 4.6. We selected specific values for the covariate

vector components, including age, BMI, KPS score, histology, and cancer stage. The
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Figure 4.9: EC Data with All Covariates. This figure displays the posterior mean
estimates of the differences in conditional survival probability up to tg years between
IMRT and 3DCRT groups. Each color within the panels represents a specific fixed

covariate.

binary covariates—KPS score, histology, and cancer stage—are each set to 1. The con-
tinuous covariates—age and BMI—are standardized and fixed at 1 for high values and
-1 for lower values. Across these covariates, the density of the 3DCRT group exhibits
greater concentration in the early years compared to the IMRT group. Notably, subfig-
ures (c) and (d) underscore the IMRT group’s nonstandard density shapes, displaying
a small bump at early times. Subfigure (f) reveals a sharp mode in the 3DCRT group’s
density for small values of t.

The posterior mean estimates of survival function for both the 3DCRT and
IMRT groups, presented in Figure 4.7, vary across different covariates. Patients with a
good performance status (KPS+) in each group show markedly higher survival probabil-
ities, whereas those in advanced cancer stages (3-4) have the lowest survival probabilities

early on. The differences in their posterior estimates of survival functions between the
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IMRT and 3DCRT groups, expressed as Sg(t | Og, (trt,xf)) — Ss(t | Og, (ctr, xj))
where x; represents covariates excluding treatment assignments, are further detailed
in Figure 4.8. This figure includes posterior point estimates and 95% pointwise credi-
ble intervals highlighting significant early discrepancies across most covariates. These
differences lessen and become more uncertain as time progresses.

Figure 4.9 explores the differences in posterior estimates of conditional survival
probabilities between the two treatment groups, given no occurrence of effusions up to
to years, formulated as Pr(T >t | T > ty,N = 0,0g,0p,ctr,xj) — Pr(T >t |T >
to, N = 0,0g,0p, trt,x)). Early on, at to = 0.5 years, the IMRT group shows lower
conditional survival probabilities for patients in advanced cancer stages (3-4), but higher
for other covariates. As ty increases, the conditional survival probabilities for the IMRT
group consistently exceed those of the 3SDCRT group. This suggests that, despite initial
disadvantages in later-stage cancer, IMRT may pose higher mortality risks among older

patients when effusions are absent.

Survival times | Effusion counts Joint
joint-DDP -1610.9244 -493.3734 -2074.0173
joint-parametric-renewal -1628.1498 -513.6613 -2122.3151
joint-parametric-Poisson -1672.2402 -473.1304 -2164.2198

Table 4.1: Sum of log conditional predictive probabilities under different models for the

EC data.

Comparison with other models We compare our joint model against two paramet-

ric alternatives, 1) a parametric version of our proposed model using log-logistic median
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Figure 4.10: EC Data with All Covariates Leave-one-out Cross-validation. This figure
illustrates the conditional predictive probabilities for survival times. Panels (a) and (b)
display results from our joint-DDP and a joint-parametric-Poisson models, respectively.
Panel (c) presents the log-transformed ratio of conditional predictive survival probabil-

ities between the joint-DDP and joint-parametric-Poisson models.
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Figure 4.11: EC Data with All Covariates Leave-one-out Cross-validation. This figure
illustrates the conditional predictive probabilities for the number of effusions. Pan-
els (a) and (b) display results from our joint-DDP and joint-parametric-Poisson models,
respectively. Panel (c) presents the log-transformed ratio of conditional predictive prob-
abilities of the number of effusions between the joint-DDP and joint-parametric-Poisson

models.
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regression for both survival and gap times, referred as joint-parametric-renewal model,
and 2) a parametric model that integrates a Weibull AFT model for survival times and a
non-homogeneous Poisson process with a Weibull intensity function for modeling recur-
rent events, referred as joint-parametric-Poisson model. Both models are conditioned
on the random effects generated from a bivariate lognormal distribution.

The models are compared through leave-one-out cross-validation method. For
subject ¢, we fit the model on the leave-one-out dataset D_; and collect B posterior
samples, then generate predictive survival times {f; : b = 1,..., B} and gap times
{wpj:j=1,..., Ny,b=1,... , B} jointly, where N, is the number of predictive effusion
events using b*™® saved posterior sample, as described in 4.3.3. The parametric-joint-
renewal model employs the same prediction algorithm. For the parametric-joint-Poisson
model, a slight modification is implemented: predictive survival times are generated
along with the counts of effusion events instead of gap times. The prior specification
for each parametric joint is given in the Supplementary material.

We calculate three types of cross-validated posterior predictive probabilities
for model comparison with respect to predicting survival times, count of effusions, and

both jointly. Three probabilities are defined as follows:

e For survival times, given the covariate vector x;, the cross-validated posterior

predictive probability (CPP) is calculated depending on whether the observation
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is censored:

Pr(t; —1/24 <t <t; +1/24 | x;,D_,), if v; = 1,
CPP? =

Pr(ti < L:‘ mi,D_i), if V; = 0.
This measures the probability that the predicted survival time ¢ is within two

weeks of the observed survival time or after the censored time.

For recurrent events, we compute the conditional predictive probabilities of the

count of effusions for subject i:

PI‘(Nz = Nl ‘ wi,D_i), if V; = 1,
CPPE =

PI‘(NZ < Nz ‘ :L'i,D_,-), if V; = 0.
This measures the probability that the count of predicted effusions equals the
observed effusion counts if the death is observed, and the probability that the

predicted count exceeds the observed count when the observation is censored.
Joint probability for survival and recurrent events:

Pl"(ti — 1/24 < ES t; + 1/24, N; = Nl | .’vi,D,i), if y; =1,
CPP;, =

Pr(ti < Z?, Ni

IN

Ni | :Bi,’D_Z‘), if v, = 0.
This assesses the joint accuracy of the model in forecasting both the timing of

survival and the count of recurrent events.

A higher conditional predictive probability suggests a better model fit. Fig-

ures 4.10 and 4.11 show the values for our DDP-based joint model (joint-DDP) with a
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renewal process assumption (panel (a)) and a parametric joint model based on a Poisson
process assumption (joint-Poisson) (panel (b)), along with their log-scaled ratios (panel
(c)). Overall, our model demonstrates superior predictive performance for patients with
survival times ranging from 0 to 2 years and beyond 5 years, particularly excelling for
patients with censored survival times. Regarding the predicted number of effusions, our
model generally performs better for patients who did not experience any effusion events.

Similar to the log-pseudo marginal likelihood statistics (LPML), we compute
the sum of the log conditional predictive probabilities as a summary score for model
comparison. Table 4.1 reveals that models with a renewal process assumption generally
perform better in predicting survival times but are less effective at predicting the count
of effusions. Both renewal-process-based models yield lower scores for joint predictions.
Among these, the proposed joint model with a Bayesian nonparametric regression ap-

proach outperforms the parametric counterpart across all three assessment types.

4.5 Summary

We have developed a comprehensive joint modeling framework for recurrent
events with informative terminations. This framework utilizes a conditional renewal-
process model for recurrent events and models survival and gap times using DDP mix-
tures, incorporating bivariate random effects. A particular focus is placed on control-
treatment groups by making the DDP mixture weights dependent on treatment assign-

ments and integrating a log-linear model with all covariates into the mixture atoms.

94



This approach significantly enhances the model’s flexibility in representing complex
functional shapes, including densities, survival functions, and conditional survival prob-
abilities.

The model is demonstrated using a real data example with a binary covariate
indicating treatment assignment. In this example, we presented marginal posterior es-
timates for density, survival functions, as well as conditional survival probability given
no occurrence of recurrent events. The model is assessed through out-of-sample pre-
dictions, using 75% of the data for training and 25% for testing. We compared the
predicted and observed number of recurrent events. Furthermore, we applied the model
on the same dataset, including additional covariates, both binary and continuous. The
proposed model is compared against two parametric joint models: one based on a re-
newal process and another on a Poisson process. Model performance is evaluated using
leave-one-out prediction techniques, focusing on the conditional predictive probability.
Overall, both renewal-process-based models perform more effectively in joint prediction
tasks. Moreover, the proposed model, utilizing a Bayesian nonparametric regression
approach, outperforms its parametric counterparts in predicting survival times, the

number of recurrent events, and joint prediction tasks.
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Chapter 5

Conclusion

This dissertation contributes to the field of survival analysis through the de-
velopment of Bayesian nonparametric models. These model enhance flexibility, improve
computational efficiency, and better handle complex data structures.

We first introduced a parsimonious Erlang mixture model, designed as a robust
methodological tool for nonparametric Bayesian survival analysis. The model is built
on a basis representation using Erlang densities with a common scale parameter. The
mixture weights are derived from increments of a random distribution function, flexi-
bly modeled with a Dirichlet process prior. By extending this model to accommodate
binary covariates in a control-treatment setting through a common-weights dependent
Dirichlet process prior, we achieved a balance between model flexibility and computa-
tional efficiency. This approach was demonstrated using both synthetic and real data
examples, illustrating its practical applicability in various survival analysis scenarios.

We further developed a Bayesian nonparametric method that integrates a
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Dirichlet process mixture model with a log-logistic kernel. The model’s computational
efficiency is enhanced by employing MCMC techniques and the Pdlya-gamma data aug-
mentation method for posterior computations. An extension of the core model is to in-
corporate covariates via a density regression framework. This extension allows for local
adjustments in mixture weights, treating covariates as random variables. Additionally,
the model integrates covariates into the log-linear model for the scale parameter of the
log-logistic kernel. We illustrated the model on both synthetic and real data examples.

The final component of this dissertation is the development of a comprehensive
joint modeling framework for survival times and gap times of recurrent events. This
framework utilizes the DDP mixture models with log-logistic kernel for survival and gap
times. The model is particularly focused on control-treatment groups, making the DDP
mixture weights dependent on treatment assignments and integrating a log-linear model
with covariates into the mixture atoms. We connected the Bayesian nonparametric
mixtures with survival and gap times via bivariate random effects. This approach
enhances the model’s flexibility in representing complex functional shapes, including
densities, survival functions, and conditional survival probabilities, particularly when
there are no recurrent events.

The effectiveness of this model was demonstrated using a real dataset, com-
paring the outcomes of patients receiving two different treatments. The model’s per-
formance was validated through out-of-sample predictions, splitting the dataset into
training and testing sets for modeling fitting and model assessment, respectively. It was

compared against two parametric joint models based on renewal and Poisson processes,
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respectively. Evaluations using leave-one-out prediction showed that the Bayesian non-
parametric regression approach consistently outperformed its parametric counterparts,
demonstrating superior performance in joint prediction tasks.

Overall, Bayesian nonparametric models are highly suitable for survival anal-
ysis and the joint analysis of survival times and gap times of recurrent events. These
model can accommodate complex dependencies and provide robust performance across
various applications. The methodologies developed here not only enhance current an-
alytical capabilities but also pave the way for future research in survival analysis and
related fields. Additionally, exploring fully nonparametric Bayesian model to jointly
analyze survival times and recurrent events would be an interesting direction for future

research.
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Appendix A

Supplementary Material: Bayesian
Nonparametric Erlang Mixture

Modeling for Survival Analysis

A.1 MCMC algorithm for the DP-based Erlang mixture

model

In this section, we provide details of posterior simulation for the DP-based

Erlang mixture model in Section 2.2.1. Recall that we have the augmented model using
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latent variables ¢;,

M
ti] 6,0, M "N 1p, (6)Ex(t | m,6),
m=1

n 1 i—1
(b1, 60) [a,C ~ Exp(én | O]] ﬁEXP(@ Q)+ mde(@) ;
: —

=2 J]=

¢ ~ inv-Ga(ac,be),
0 ~ Ga(ag,bg),

M|0 ~ Unif([M/0],...,[M2/0]),
a ~  Ga(ag,ba),

where B, = ((m — 1)8,mf] for m = 1,...,M — 1, and By = ((M — 1)0,00). Here,
Er(t | a,b) denotes the density of the gamma distribution with shape parameter a
and scale parameter b evaluated at ¢, and Exp(¢ | a) the density of the exponential
distribution with mean parameter a evaluated at ¢. The likelihood function under the

augmented model can be written as

n M
LM, 0,6:D) = [ 3 {15, (6)Ex(y | m.0)}" {Lp,, (6)Sec(yi | m. )} ™, (A1)

i=1m=1

where SEr(yl ‘ mve) = fyio EI‘(U ’ mve)dua ¢ = (¢17‘~ '7¢n)7 and D = {(y“Vz),’L =
1,...,n}. The joint posterior distribution of the random parameters, ¢, 8, M, ¢, and «
is

M

p(¢,0,M.¢,a| D) o [ D {15, (60)Ex(yi [ m,0)}" {1, (¢:)Se:(yi | m,6)} "

=1 m=1

x p(@ | o, O)p(Q)p(0)p(M | 0)p(«).

We use a Metropolis-within-Gibbs algorithm for posterior simulation if direct sampling
is not available. The parameters in the proposal distributions for Metropolis-Hastings
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update are automatically tuned by adaptive Metropolis-Hastings algorithms in Roberts
& Rosenthal (2009a) for fast convergence and improved mixing. We checked mixing and
convergence of the Markov chain and did not find any evidence indicating those issues.

The full conditionals are given below.

1. M and 6

e Sample M from the following categorical distribution,

PM =] =) = gy ,
iMi[% L(M =iy, 0,¢;D)

where jyy = le—‘ FWQ—‘

2 R A

where L(jar, 60, ¢; D) is the likelihood function of the augmented model in

(A.1) evaluated with M = jp; and the current values of ¢ and 6.

e The full conditional of 9 is

p(0 | —) oc Ga(0 | ag,be) L(M, 0, $; D).

We update 6 using a random walk Metropolis-Hasting algorithm.

e We also jointly update (M, 0) via a Metropolis-Hasting algorithm. Given the
current values (M@~ 9(t=1) at iteration t, we first generate a proposal, 8*

of 8; log(#*) ~ N(log(*=1), €), where € is an adaptive step size, and generate
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M* from

o ar(t=1))2 -1
q(M* = jum ‘ M(t_l),e*) _ {(]M M ) + 1} ’

Z[T21 % }{(iM — MO=D)2 4 13

i]\/[:’VTl
where jp;r = {Ml-‘ {MQ-‘
o o |

We then accept (6*, M*) with probability min(1,r*), where

_ 6 p(6*)p(M* | 6*)L(M*,6*, ¢ D)g(M Y | 94—, M)
T 9=Dp(0t-D)p(M D | 9E-D)L(ME=1) 9t=1) ¢: D)q(M* | 6%, ME-D)’

r*

2. ¢
Let ¢* = (¢7,...,¢5) the set of all distinct values in (¢1,...,¢,) and n* the

number of elements in ¢*. The full conditional of ¢ is

*

n
inv-Ga | a¢ + n*, be + Z (ﬁ;
j=1
3. «
We use the augmentation method in (Escobar & West 1995) to update a. We

first introduce an auxiliary variable n, n | a,n ~ Be(a+ 1,n), and sample a from

a mixture of two gamma distributions;

ag +n*—1

- - G ot *7 b;1 —1 -1
" n(ba’ —log(n)) + aa +n* — 1 aaa+ 17 ( og(n)))
n(by! —log(n))

n(ba' —log(n)) + ag +n* — 1

_l’_

Ga(aq +n* — 1, (b —log(n))™h).

4 b
Let ¢ = (¢7 ,...,¢}._) be the set of distinct values in ¢_;, where ¢_; =
(61, -+, Giz1s Git1,--.,¢Pn) and n*~ is the number of elements in ¢; . Let n; be
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the number of elements in ¢_; that equal gzﬁ;_. The full conditional of ¢; is

«
¢i ‘ ¢—iayiaa7€79’M ~ Cio*— — h(¢l | yi?97M7 C)
aqo + > 51 n; G5

n*—

+) e Oye— (1),

n*x— —
j=1 @40 + Zk:l n.qr -’

where
G = Z_ {Grxp(mO | ¢) — Grxp((m —1)0 | O} {Ex(y; | m,0) Y {Srx (i | m, 9)}1_%
+ {1 — GExp((M - 1)‘9 ‘ C)} {Er(yi | m, 9)}V7{5Er(yz | m,@)}lil”",
9i = 2 ]]'((mfl)e,me] (¢;7){Er(y, | m, 9)}%{5&(% | m, 6)}171/1-

+ 1((ar—1)0,00) (05 ) {BEr(yi | m, )} {Sex(yi | m, 0)} ",

with Gixp (- | () denoting the exponential distribution function with mean ¢, and

M
(i |y 0, M,0) = Y QuT-Exp,,(¢i | ),

m=1

with
Q= {Br(y | m,0)}" {Sur(ys | m,0)} "
X(GExp(mH | g) - GExp((m - 1)0 ’ C))q()_la m = 17 ) M — 17
Qu = {Br(yi | M,0)}" {Se:(ys | M, )} ™"

(1= Grp((M = 1)0 | {))gy "

Here, h(¢; | vi,0, M, () is a mixture of truncated exponential distributions, and
T-Exp,,(¢ | ¢) is the density function of the truncated exponential distribution
with mean parameter ¢ with the support ((m — 1)0, m#]. ¢; is equal to (b}‘-_ with
probability n; g; /A, where A = aqp + EZ; ny, qp; or it is drawn from h(¢; |
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ti, 0, M, (). The inverse-cdf sampling method can be used to draw a sample from

h(¢i | ti, 0, M, Q).

A.2 MCMC algorithm for the DDP mixture model

We present here the posterior simulation details for the model developed in

Section 2.2.2. The augmented model using latent variables ¢; = (¢¢i, ;) is written

as
t’i ‘ Mwwezm@zl ZIL\EL Z ]]'Bsz(sOIzﬂ)Er(t | m’ 911)7 Z = 1a R ,TL, and T € {C’ T}a
m=1
n 1 i—1
(Prs--sn) oy~ LNa(pr | p, 2 H{a TLN2(pi | 1, )+a+i_125¢j(%)},
i=2 j=1

0, & Ga(azo, beo),
M, |6, " Unif([Mu1/6.],. .., [Ms/02]),
a ~ Ga(aa,ba),
o~ No(@, Xo),
¥ ~  inv-Wish(r, R),

where By,m = ((m—1)0y,,m0y,| form =1,..., My, —1, and By, m,, = (Mg, —1)0s,, 00).

The likelihood function for the augmented model for observation ¢ is

1—v,;

My, Vi My,
Li(Mzivezm (pzi,yi;D) = Z ]]-Bmim((Pzi,,i)Er(yi | m, 917)] |:Z ﬂBmim (@Ii,i)SEr(yi | m, 911)

m=1 m=1

where D = {(yi,vi,zi),i = 1,...,n} denotes data. Similar to the algorithm in Ap-
pendix A, we use an adaptive Metropolis-within-Gibbs algorithm in Roberts & Rosen-
thal (2009a) for the Metropolis-Hastings updates. Mixing and convergence of Markov
chain are checked, and no evidence indicating those issues is found. The full conditionals
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are given below.

1. M = (M¢, My)

Sample M¢ from the following categorical distribution,

. Lc(jm,0c, ;D) . Me Mco
p(MC:]M ’ _): "1\402" ) ]M: HC 3ty GC 9
|0 s Leling, 00, @3 D)
lM_[ ¢ 1

where Lc(ja, 0o, ;D) = Hmizc Li(jp,0c,0c0i; D). We then draw My in a

similar way.

2. 6 = (0, 07)

The full conditional of @ is

p(0 | —) o Ga(bc | ace, boo)Ga(Or | aze,bre) | [ Li(Ma,, 0z, 9,65 D)-
=1

We use the algorithm in Roberts & Rosenthal (2009a) to sample 0. Let ¢~ =

(ngl), Héf*l)) the current values of 8. A proposal of 0 is generated from

log(6*) ~0.95N(log(0*1),2.38%/2%.,,) + 0.05N(log(8~1)),0.01/215),

where ¥, is the empirical covariance matrix of log(#) based on the run so far.
Then we accept 8* with probability min(1,7*), where

. 0507-Ga(0ace, beo)Ga(0% | are, bre) [1;—y Li(M.,, 0%, ¢x, ;D)
T = e a0-D) G—1) -1 n 1) :
0c '0r “Galls | ace,bce)Ga(0r 7 | are,bro) [[;=) Li(Maz,. 0z, ", ¢u,,i:D)

3.
Let ¢* = (@], ..., @5«) be the set of distinct values in ¢, where n* is the number

of elements in ¢*. The full conditional of w is

No(p1,%1),
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where

-1 1 _ n "
and p =% |3 a+ 2 1210g(<pi)
i=1

5 =[5 + 0]

DY

The full conditional of ¥ is,
inv-Wishart(r*, R*),

where

*

r*=r+n"and R* = R+ (log(¢}) — p)(log(¢}) — ).
=1

e

We use the augmentation method in Escobar & West (1995) to update a. We
first introduce an auxiliary variable n, n | a,n ~ Be(a+ 1,n), and sample a from

a mixture of two gamma distributions;

Qo +1*—1

P

ol — Ga(aq +n*, (b1 — 1o -1
| n(b;l o log(n)) + Ao, + n* — 1 ( o ( [0 g(n)) )
n(by' —log(n)) -1 —1
Ga(ag +n*—1,(b," —lo .
n(b;l o log(n)) + o, +nr— 1 ( «@ ( « g(n)) )
Let ¢~ = (¢]7,...,¥._) be the set of distinct values in ¢ _; = (¢1,...,9i1,
@Pit1s--->Pn), where n*~ is the number of elements in ;. Let n; be number of

elements in ¢ _; that is equal to <p;_. The full conditional of ¢; is

«
Pi | (Io—i7u72707M7D ~ @ h(Lpl | yi’l‘L?Z?e’M)

ago + Y5y n; g

*—

n _
n; q;

o g+ 2 ;g
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where, for x; = C,

Me—1
> {Er(ys [ m,00)} 1 {Sex(yi | m,00)}

m=1

x {GLn(mOc | pojr, o) — (Gun((m = D)bc | peyr: Xoir)}

q0

+ {Br(yi | Mc,00)} {Su:(vi | Mc,00)} ™71 {1 — GLn((Me — 1)0c | poyr, Seir)}s

Mco—1
4G = il L((m-1)00,moc) (PG {Er(yilm, 00)} {Sge (vi|m, 00)}
+ L((Mp—1)0c00) (P H{Er (Wil Me, 00) 7 { Sex (ys| M, 0c) } 74,
poir = p1+ Z12/Z2(eri — p2),
Soir = Y11 — Yi12¥01/322

with GLn(- | oy, Zejr) denoting a lognormal distribution function with mean

poyr and variance Yo7, and

Mc
h(i | 4, 2,0, M) = LN(pri | p1,511) x Y QuT-LNp(ci | peprs Scpr)

m=1

with
Qn = {Er(yi [ m,00) " {Sm:(yi | m,0c)}
x {Gin(mbc | porr, Ser) — Gin((m = 1)0c | peyrs Sepr) Yo
form=1,...,Mc—1,
Qe = {Br(yi | Mc,00) Y {Se(yi | Mo, 0c)} ™"
x {1 = Gin((Me — 1)bc | pors Seyr) g

Similar to the algorithm of updating ¢; for the DP-based Erlang mixture model,
we let @; = go;* with probability n; g; /A, where A = aqp + ZZ; ny, qn, or draw
a new ¢; from h(yp; | y;, u, 2,0, M) with probability agy/A. To draw a sample
from h(p; | yi, 0, 2,0, M), we first draw p; from LN(p;,%11) and then, condi-

tional on @r;, draw ¢o; from a mixture of truncated lognormal distributions using
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an inverse-cdf sampling method, where each component, T-LN,, is a lognormal
distribution with support of ((m — 1)8¢c, mOc]. The same method is applied for

the observations with x; = T by simply switching C with T

A.3 Prior realizations from DP-based Erlang mixture

model

To illustrate the impact of (M,6) on f(t | M,0,w) in (1) of the main text, five
prior realizations of the Erlang mixture density are shown by varying the values
of (M, #) in Figure A.1. Three combinations of (M, #) are considered, and in all
cases a = 10, and an Exp(5) distribution for G are used. For panels (a) and
(b), MO = 20. The resulting density realizations have similar effective support,
although the ones in panel (b) involve more variable shapes, as expected since the
value of € is smaller than that in panel (a). For panel (c¢), M6 = 5, resulting in

noticeably smaller effective support for the realized densities relative to panels (a)

and (b).

A.4 Dependence structure under DDP-based Erlang

mixture model

Here, we examine the dependence structure between the control and treatment

time to event distributions under the DDP-based Erlang mixture model. In this
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Figure A.1: Prior realizations for f(¢ | M,0,G), under (M,60) = (10,2), (40,0.5), and
(10,0.5). In all cases, a = 10 and Gy = Exp(5). The black dashed line denotes the

density of Gy.

respect, we follow the standard approach for DDP prior models, that is, we study
the covariance (given prior hyperparameters) induced by the DDP prior across
the relevant random distributions. In our context (refer to Section 2.2 of the

main text), the random distributions are Fy(-), for z € {C,T}, with associated

densities,
My
folt) = f(t| My, 02,Ge) = > wem Ex(t | m,0,), teRY,
m=1

where wyy, = G4 (Bym), with By, = ((m—1)0,,mb,], form=1,..., M, —1, and

By, = (M — 1)6,,00). Moreover, recall that
Ge = > pibdy, xe{C,T}
(=1

with p1 = v, pr = vy Hf;ll(l — vy), for £ > 2, where vy | « i Beta(1, a),
e = (©&n ) | 1, Z Y Gy = LNy(p,Y), and {v¢} and {¢}} are independent

sequences of random variables.
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Denote by Fy,(- | m,0,) the Erlang distribution with parameters m and 6, and
by 1 the vector that comprises parameters (¢, 07, Mc, Mr) as well as the DDP
prior hyperparameters («, u,Y). Then, for any (measurable) set A C R, we can

write the associated random probabilities as

My
m=1

and, therefore, the (conditional) prior expectation for the control-treatment ran-

dom probability is given by

E(F(A) | $) = 3 B(Ga(Bam) | %) Fur(A | m,0.) = 3 Gou(Bam) Fe(A| m,0.). (A2)

Here, we have used the fact that, for each z € {C,T}, G, follows marginally a
DP(«, Go;) prior, where Goc and Gyr are the marginals of the DDP centering dis-
tribution G associated with the control and treatment group, respectively. Note
that the prior expectation in (A.2) does not depend on the total mass parameter
Q.

To develop the expression for the covariance between F(A) and Fr(A), we also

need
E(Fo(A)Pr(A) | ) = > Y B(Go(Bom) Gr(Br) | ) Fur(A | m,00) Far(A | k,601). (A.3)
m=1k=1

The product of the mixture weights can be written as

Gc(Bem) Gr(Bri) = {im L(pgy € ch)} {ips 1(7s € BTk)}

/=1 s=1

o0
= sz {(0%e, ©7¢) € Bom X Bri}
—1

o o0
+ YD peps Ly € Bom) L(¢hs € Brw).
(=1 s=1
l#s
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Hence, taking the expectation (conditional on 1)) and using the DDP prior defi-

nition, we obtain

E(Go(Bom) Gr(Bri) | %) = Go(Bem x Bri) > B0} | o)
=1

oo o0

+ Goc(Bom) Gor(Bri) > Y E(peps | a).
=1 s=1
l#s

Now, we can use the definition of the DDP weights p, through the underlying i.i.d.
Beta(1, o) random variables to obtain E(p? | ) = 2a*~/{(a + 1)(a + 2)¢}, and

thus Y52, E(p? | @) = (a + 1)~t. Moreover, for £ < s,

as—l

(Oé + 1)375+1 (O[ + 2)[

E(pfps | a) =

and, since the v, are i.i.d., the expression is the same for £ > s. Therefore,

x© X sfl
E(Gc(Bem) Gr(Brk) | ) = 2Goc(Bem) Gor(Bri) ZZ (0 £ 2)0
/=1 s:l
£<s
1
+ ? GO(BCm X BTk) (A4)

Finally, the expression for Cov(Fg(A), Fr(A) | ) can be obtained by combining
(A.4) with (A.3), and using also (A.2). An interesting special case for set A
s (t,00), resulting in the covariance between the control and treatment group
survival functions at any specified time point ¢+ € R*. The derivation can be
easily extended to different sets for the control and treatment group distributions.
Although the covariance expression is complicated, its various components can
be used to study the effect of the DDP prior common weights (through the total
mass parameter) as well as of the parameters of the centering distribution Gy for
the dependent atoms.

127



A.5 Additional results for Simulation 3: Comparison

with a Linear-DDP Model

We use Simulation Example 3 in Section 3.3 of the main text and compare the
DDP-based Erlang mixture model with the linear-DDP (LDDP) model with log-
normal kernels in De lorio, Johnson, Miiller & Rosner (2009). The LDDP model

assumes

ot |2.6) = o [ N(log(ts) | @:8.0%)dG(8.0%),

i
G|la,Gy ~ DP(a,Gp).
A conditional conjugate base measure is assumed; Go = N(B | up, Sp)Ga(o=2 |
T1/2,72/2). Conjugate hyperpriors are assumed for up, Sp and 725 pp ~ N(mg, So),
Sp ~ inv-Wishart(v,1) and 7 ~ Ga(7s1,7s2). A gamma prior is assumed for
a; a ~ Ga(aq,by). The hyperparameters are specified as follows; mg = (5,0.5),
So =05y, v =4, U1 =2y 71 =6, 71 =6, 7o = 2, ay = 3, and b, = 2. We

use a R package DPpackage in Jara et al. (2011) to fit the LDDP model.

Posterior inference results for survival functionals under the LDDP model are
illustrated in Figures A.2 and A.3. Panels (a) and (b) of Figure A.2 show the pos-
terior estimates under the DDP-based Erlang mixture model for easy comparison.
From panels (c¢) and (d), the posterior estimates of the density functions under the
LDDP model capture the overall shapes of the true density functions, but the esti-

mate for the control group has misfit for ¢ < 300. Figure A.3 shows the estimates
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of the survival functions and hazard functions under the LDDP model. Compar-
ing the inferences under the LDDP model to those under the DDP-based Erlang
mixture model, the DDP-based Erlang mixture model yields better estimates for

all survival functionals with improved accuracy for this simulation example.

A.6 Additional results for Simulation 3: Sensitivity

Analysis

In this section, we show sensitivity analysis for DDP-based Erlang mixture model
by varying the values of some fixed hyperparameters using Simulation 3 in Sec-

ind.

tion 3.3 of the main text. We first set a ~ Ga(2,1), 0, ~" Ga(2,10), M, |
0 g Unif([1000]6,, ..., [4000]6,). Then let g ~ No((5.0,5.5)",0.5I3), and X ~
inv-Wishart(8,0.512). Figure A.4 illustrates the posterior inferences. In addition,
we assume 0, 'S Ga(2,50), p ~ Na((5.0,5.5),10I3), and ¥ ~ inv-Wishart(8, 50I2),
while keeping the other fixed hyperparameter values the same. The posterior in-
ferences are shown in Figure A.5. Comparison of the inferences in Figures A.4

and A.5 to those in Figure 5 of the main text shows that the posterior inferences

are not sensitive to specification of ag, byg, Yo, 7 and R.
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Figure A.2: LDDP model in Simulation Example 3. Each panel plots the density
estimates for control (left panels) and treatment (right panels) groups. The results in
panels (a) and (b) are estimated by the DDP-based Erlang mixture model, and the
results in panels (c) and (d) are estimated by the LDDP model. In each panel, the
dashed lines denote the posterior mean estimates, the solid line represents the true
underlying function, and the shaded regions indicate the 95% credible intervals. Red

and blue colors are used for the control and treatment groups, respectively.
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Figure A.3: LDDP model in Simulation Example 3. Panels (a) and (b) plot the estimates
for the control and treatment group survival functions, respectively. Panels (c) and (d)
plot the hazard function estimates for control and treatment group, respectively. In each
panel, the dashed lines denote the posterior mean estimates, the solid line represents
the true underlying function, and the shaded regions indicate the 95% credible intervals.

Red and blue colors are used for the control and treatment groups, respectively.
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Figure A.4: Simulation Example 3 for Sensitivity Analysis - 1. 6, g Ga(2,10), p ~
N2((5.0,5.5)",0.5I3), and ¥ ~ inv-Wishart(8,0.515) are used. Panels (a) and (b) plot
the estimates for the control and treatment group density, respectively (the rug plots
show the corresponding survival times). Panels (c¢) and (d) compare the estimates for
the survival and hazard function, respectively. In each panel, the dashed lines denote
the posterior mean estimates, the solid line the true underlying function, and the shaded

regions indicate the 95% credible intervals. Red and blue colors are used for the control

and treatment groups, respectively.
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Figure A.5: Simulation Example 3 for Sensitivity Analysis - II. 6, g Ga(2,50), p ~
N2 ((5.0,5.5)",10I3), and ¥ ~ inv-Wishart(8,50I) are used. Panels (a) and (b) plot the
estimates for the control and treatment group density, respectively (the rug plots show
the corresponding survival times). Panels (c) and (d) compare the estimates for the
survival and hazard function, respectively. In each panel, the dashed lines denote the
posterior mean estimates, the solid line the true underlying function, and the shaded
regions indicate the 95% credible intervals. Red and blue colors are used for the control
and treatment groups, respectively.
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Appendix B

Supplementary material to Bayesian
Nonparametric Survival Regression

Model using Log-logistic kernel

B.1 Proof of lemma 1

To start, the log-logistic density function, fii,(¢ |6, ¢), is given by:

6 explo(log(t) — log(6))}
1+ exp{o(log(t) — log(6))}]?

fLL(t ‘ 97¢) -

)

which can be equivalently expressed in terms of the Polya-Gamma density, fpg(- | a,b),

as per equation (7) from Polson et al. (2013), yielding:

(log(t) — log(6))”
2(ug®)~!

fun(t|6,0) = % Oooexp{— }fpg(u\z,())du.
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In this expression, we identify the kernel of the log-normal distribution within the inte-

gral. By further completing the log-normal density representation, we obtain:

fin(t]0,¢) = \/j? /OoofLN(ﬂlog(ﬁ),(u¢2)_1)u_1/2fpg(u|2,0)du

Moreover, the density representation of fpg(u |2,0) is given by:

o0

n 2 n §
el 2= S A g (041

n=1

which leads the density representation:

0 9 9
fn(t] 0, ¢) / fun(t | log(), (ug®)™) > (-1 n+1 exp{—(n;ul)}du.

n=1

Finally, recognizing an inverse Gamma kernel within the summation, we obtain:

fun(t16,0) / fux(t | 10g(0), (ug?)” 22 Y i (1] 1, + 1)%/2) du

B.2 MCMC details - DPM-LL

We present here the posterior simulation details for the DPM-LL model. Con-

sidering configuration variable L; for each subject, where L; is a membership indicator.
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The augmented model is written as

ind.

ti| Li,0*, ¢* " LL(0;,, %) fori=1,...,n,

"l if 3L, =1 for j < i

P(Li=1|L,....Lii,a) = 4% ,
o +°i‘_1 otherwise
log(6]) | po, 02 "~ N(ug,02) for i =1,... .k,
o7 | be < Ga(ag, by) for l =1,... k,

pne ~ N(sg,Sp),
b¢ ~ inv—Ga(w, R¢),
a ~ Ga(ag, ba),

where n;; represents the number of elements in the set {L; =1:j < i}. The likelihood

function for the augmented model for all observations is

L(6*,¢*,L;D) = H{fLL(yz ‘ ‘92,-7¢Ei)}”"{SLL(yi | ezinSL)}l_yiy

i=1

where D = {(t;,v;) : i = 1,...,n} denotes data. The detailed posterior computation

algorithm based on the Algorithm 8 in Neal (2000) is presented as follows.

Updating membership indicators The algorithm keeps track of four sets of vari-

ables, cluster membership indicators L, number of clusters k, cluster sizes (nq,...,ng),
and distinct mixing parameters (0}, ¢;) for [ =1,... k.
For ¢ in 1,....n, each cluster membership indicator L; is updated iteratively

depending on all other parameters. Let superscript -’ denote notations after removing
L;. Assume L; = U',
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e if cluster I’ is not a singleton in L, let L_; = (Ly,...,L;_y, L y,...,L;) where
Lj_ = L; for j # i and L; is left blank. And let k&~ = k. For [ =1,..., k™, let
ng, if 7é I
n, = and let (0,7, ¢;7) = (0], ¢]).
n—1, ifl=10
e If cluster I’ is a singleton, i.e. ny = 1, let k= = k — 1, then we let Lj_ =
Lj, if Lj <l
for j # i. Moreover, for [ =1,..., k7, if I <U',let n, =m
Lj -1, if Lj >
and (0,7, 8,7 ) = (6, ¢[); otherwise, n; = ny1 and (0,7, ¢, ) = (0}, dj 1)
Then draw m auxiliary variables from the baseline distribution function independently,
O, 0;7) g Go, for I = k=~ +1,...,k~ +m. A new value for L; is drawn from

{1,..., k= + m} with the following probabilities,

ny{ fn(yi | 677,67 ) Y {Senlyi | 677,67 ) ) " for 1< U< k™
P(Li = l | L_i,—) X

iy 167,67 )Y {Sunlyi | 67,67 )} T for kT +1< U<k +m
e If L; is joining in an existing cluster, L; < k7, then let ¥ = k7, and for I = 1,... k, let

ny, i1+ L
07, 0r) = (6;,¢;7), and n; = ,and for j = 1,...,n, let L; = L; for

n, +1, ow.
A
o If L;isanew cluster, L; > k™ +1, thenlet k =k~ +1,forl =1,...,k—1,1et (67, ¢7) = (6, ", ¢; ),
m=mn;,forj=1,...,n,let Ly = L; for j #i. Finally, let ny, = 1, (0%, ¢%) = (GZZ,QS*L:), and

L =k.
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Updating distinct mixing parameters Given all other parameters, the posterior

full conditional of (6}, ¢#}) is upto a proportion,

p((6;,67) | =) o N(log(6) | o, 05)Gale;” | ag,by)

TT {fintoe 167, 60)3 {Suawi | 67, 6D))

A efficient sampling algorithm can be derived by using a Pdélya-Gamma (PG) data
augmentation technique introduced by Polson et al. (2013). We reorganize the above

expression can be rewritten in the following way

ko gk x " n oF\"1  [exp{¢] (log(t;)—log(0}))}]"i
p((0F, 6F) | =) o N(log(6})lo.03)Galé2lag,bs) TT0r. - (—l) i
(6F, ) 1 =) RS TERR e TR L= ) (1 exp (o7 (tog(es) —toa(87))) 1T

o N(log(6]) | np, 05)Gal(¢” | ag, by)

11 (?) Z/exp (0.5(v; — 1)tby) exp(—0.5¢;40%)p(e; ) de;,

L=l ~ "
where 1; = ¢} (log(y;) —log(6})) and p(e;) is a density function of PG(1+w;,0) evaluated
at ¢;. By introducing latent variables (ej,...,€,) for each observation, we first sample
latent variables (e1, ..., €n) from PG(1+v;, ¢7 (log(y;) —log(fr,))) independently. Then

conditional on (€1, ...,€,), draw (0}, ¢;), for L =1,... k from

log(0]) | €,— ~  N(jig,53),

-1
where &gl: (é_;’_(é;& Z'L:Li:l €i> ’ and 5/191:&3[ (%+¢72 Z'L:Li:l €i IOg(:y’L)—"_()‘L—]¢2k Z'L:Li:l(l_ui)> )
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and

p(97 | =) o Galag,by) x A,
-1

- 1
where G = 0.5 ) vi+agby =05 ci(log(y:) —log(6))* + 5|
) ) ¢
L=l L=l

and A = exp |05 Z (vi — 1)y (log(yi) — log(6;))
i:L;=l

If v; = 1 for all ¢ such that L; = [, draw ¢; from Ga(&¢,5¢) directly, otherwise, a

Metropolis Random-Walk algorithm can be applied.

Updating hyperparameters

p(by, o, 05 | —) o< N(ug | sg, Sp)inv-Ga(ay | cg, Co)inv-Ga(by | 74, Ry)

k
TINCog(0F) | 1o, 05)Ca(d7? | ag, bs)-
=1

We thus have

1 kN ' s S0 log(6)) 1 k\7!
— ~ N I _ _ eit=1 N L7 _ _

k
k 1
2 : * 2
o5 | — ~ inv-Ga (ce + 5,09 + 3 lgl(log(ﬂl ) — p) > ,

k
=1

Updating DP total mass parameter The full conditional of « is only related to
its prior, the number of observations, and the number of distinct clusters. Upto a

proportionality, it is written as

pla| =) o Gala | ag, ba)a*T(a) /T (a + n).
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Using the data augmentation method proposed by Escobar & West (1995), we could

update it in the following way,

nja,— ~ Be(la+1,n)

ag +k—1 1
aln, k, — Ga(ag + ky————)
n(i —log(n)) +aa +k—1 i — log(n)
n(p — log(n)) 1

+ Ga(aq +k —1, ).

n(p= —log(n)) + an +k — 1 i — log(n)

Posterior functional estimation To evaluate different functional estimations such
as density and survival functions, we use a truncation approximation through the fol-

lowing representation (Pitman 1996),

k
* * D *
G | (k, L, 0%, ¢%),a, (119,07, bs) = Gr1G™ + Y aid(gr o),
=1

where G* ~ DP(a, Go(,LL@,O'g,b¢)) and (q1,...,qk, qr+1) ~ Dir(ng,...,ng,«). Using

DP’s constructive definition (Sethuraman 1994) for G*, we obtain

o
G* = Zplé(él@z)(.)’
=1
=~ g i..d. _
where (6;, ¢;) SRS Go(ug,ag,bd,), v R Be(1,«), and p1 = vi,p = v lezll(l —

vy) for I > 1. With an appropriate truncation level N, we can obtain an approximated
G*, through
N
N =2 P04 ():
I=1
where py =1 — Zf\i Il p;. The approximation level is related to both N and «, for a

N
fixed a, E(Zf\il pla)=1- (O%_l) . If @« =1, the approximation level is then 0.999

140



for N = 10. Then the posterior GG is approximated by
N
Tk+1 ZP15(§, s+ Z G0 (0z.7)(
=1
In each MCMC iteration b, we can obtain a set of parameters b — (a(b),B*(b),
d)*(b), bg)), ,uéb), Q(b) LO) | 0 n(b)). Based on O we first draw a weight vec-
tor (ng), e 7‘11(21) ~ Dir(ngb), e ,n,gb), a(b)), and then obtain an approximated Gf\gb) =
{0”.0",6") : 1= 1,... N}, where (0", ¢{") "% Go((0",6") | b)), ", 0,")) and
pgb) = vgb), pl(b) = vl(b) Hifﬁl(l - vl(b)) for I > 1 with vl(b) b Be(1l,a) for I < N, and
=1- ZIN 11 pl(b Evatually, density and survival functions can be evaluated in the

following way,

f(-1e9)

Q

o), sz (16", 6" + Zq fun(- 650, px®))
and S(-] %) ~ ¢, sz“’)smc 160, 6) + Zq@sm(- 6:9), 00,
= r=1

Thus the posterior functionals can be evaluated on a grid of t.

B.3 MCMC details - Density Regression model

Here, we illustrate a generic method, although the specific computational de-
tails may vary across different scenarios, where different types of covariates are included.

The algorithm is a straightforward extension of the algorithm described in Appendix B.
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The augmented model is written as

* * * ind. * * *
ti | Ly, z,0%, 8%, ¢ '~ LL(0] exp(x;8],), ¢,)

x| L, ~ f(m|QLi),

[T, T(m)
P(Ly,...,L, |a) = oF =L ,
e bn ) Moifari-1)
.i.d.
log(el*) ‘ MZ,O’% " N(M9703)7
6% [by "K' inv-Gaag, by),
* a.d.
Bl ‘Mﬁao—% " N(Mﬁlpao—%lp)7
p
«  did. PP
QF 'R HG(()])( 1)
j=1

a ~  Ga(ag,by)-

For the rest parameters, we assume the following hyper priors, by ~ inv-Ga(rg, Rg),
po ~ N(sp, Sp), o5 ~ inv-Ga(cg, Cp), pg ~ N(sg, Sg), and ag, ~ inv-Ga(cg,Cg). In

subsequent sections, we will outline the updating algorithm for each parameter.

Update distinct mixing parameter For each ! € {1,...,k}, the full conditional of

(0f, B}, ¢;, ) upto a proportionality is

(6], 5,01, 4) o< N(log(6]) | ne, 03)Gal(e;” | ag, by)N(B} | nplp, o515)g0(S2)

[T (Feetws | 6 exo(@ ). 67))" (Suwyi | 6F exp(iBy), 67)' "

Using the Pélya-Gamma data augmentation trick the same way as in previous sections,

we design the following sampling mechanisam,

e (a) sample Q; for I = 1,...,k from its posterior full conditional, the actual sam-
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pling function depends on the choice of the kernel function and its prior base

measure.

(b) Sample Pélya-Gamma latent variables,
e | — ~ PG(1+v4, ¢7, (log(yi) —log(07,) — =:871,))-
(¢) Sample log(6;) from N(fig;,53;), where

. 1
O'gl: ?"—Q{)?Zfl

0 i:Li=l

~ ~ Mo * * *
figr = 55 2t 62 > eillog(yi) — TiB) +0.5¢7 > (1— 1)
¢ L=l L=l

(d) Sample B from N(fig;, Xs1), where
-1

. 1 .
Y= %12 +6;° Z €T
i:L;=l

and

~ - 1% * * *
figr = S 0—512 +67% ) eilog(yi) — log(67 ) + 0.5¢7 > (1 —v)a;
B i:Li=l i:Li=l

(e) For I =1,...,k, the full conditional for ¢; is proportional to Ga(ag, l~)¢) X A,

where
—1
~ T * * 1
ag = 0.5 Z Vi +ag, by =1 0.5 Z ei(log(y:) — log(6]) — =} B8})* + ™ ;
L=l L=l ¢
and

A=exp |05 Y (i —1)¢f (log(y:) — log(6;) — =}B)
L=l
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Updating membership indicators The updating precedure is adpated from the

previous algorithm directly. We keep tracking membership indicators L, number of

clusters k, cluster sizes (n1,...,ny), and all distinct mixing parameters U} = (6/, 6/, €2))

for I =1,...,k. Recall that the superscript -’ denotes notations with L; removed. For
1=1,...,n,assume L; =’

e if cluster /' is not a singletonin L, let k= =k, and L~ = (Ly,..., L; ), where L; =

ng, if [ 7é I

Lj for j #i and L; is left blank. For I =1,...,k7, let n; =
n—1, ifl=10
and let U™ = U7,

L]’, if L]’ <l
e If cluster [’ is a singleton, i.e. ny =1, k= = k—1, and let Ly =

Lj—l, iij>l/

for j # i. Moreover, for [ =1,..., k™, if I <l', let n, =mn; and ¥} = ¥}; other-

wise, n; =mny1 and ¥ = Uy .

Then draw m auxiliary variables from the baseline distribution function independently,

| i Gy, forl = k~+1,...,k~+m. A new value for L; is drawn from {1, ..., k= +m}

with the following probabilities, P(L; =1 | L_;, —)
— *— *— v *— k— 1-y; *— -
o ny {fun(yi | 07,8 ) {Selyi 10,7, ¢77) " f@i | Q7) for 1 <1< k™,

o a/m{firyi |07, 7))} " {Sur(y | Qf_7¢7_)}1_wf($i | Qf) for k= +1 <[ <

k=™ +m,
where f(x; | £2]) is the joint distribution of covariates.
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e If L; is joining in an existing cluster, L; < k—, then let £k = k—, and for [ =

L.k, let (6f,0/,9) = (0 ,¢;,Q"7), and ny = , and

n, +1, o.w.
forj=1,...,n,let Ly = L7 for j #i.
o If I; is a new cluster, L; > k= + 1, thenlet k =k~ + 1, forl =1,...,k—1, let
V=97, m=mn;, forj=1,...,n,let L; = L, for j #i. Finally, let ny = 1,

Uy = \IIZ, and L; = k.
Updating hyperparameters

p(b¢,ug,o'g | =) oc N(ug | Sg,Sg)inV—Ga(O'g | co, Co)inv-Ga(by | 74, Re)

K
[INQog(67) | 1o, 05)Gali? | ag, by)
=1

We thus have
1 kN ' sg S5 log(6)) 1 k\ !
o | ((59+U§) <59+ o3 ’(50+03> ’

—1 k % —1
|_ ~ N i_'_% 8£+Zl:1 5?:1 Jl i+%
ad S O‘Z) S a% "\ Ss O‘% '

k
and by | — ~ inv-Ga (7"¢ + kag, Ry + Z ¢f2>
1=1

Functional estimations It is the same method obtaining the posterior mixing dis-

tribution G,

k
D * 2 :

G ‘ k7La lIl*vav (M@vggabd)) = Qk—HG + qlé(\Pf)7
=1
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where G* ~ DP(a, Go(ug,ag,b¢)) and (q1,...,qk, qx+1) ~ Dir(ng,...,ng,«). Using

DP’s constructive definition (Sethuraman 1994) for G*, we obtain

> iy, (),
=1

where ¥, g Go(ug,ag, by), vl g Be(1,a), and p1 = v1,p; = v Hi_:ll(l —uy) for I > 1.

With an appropriate truncation level N, we can obtain an approximated G*, through

N
G = _mdg, ("),
=1

where py = 1 — Zz 1 pl The approximation level is related to both N and «, for a

fixed o, E(X N | @) =1— <a+1) . Then the posterior G is approximated by

N k
Gri1 Y20, () + Y ardus (")
=1 r=1

In each MCMC iteration b, we can obtain a set of parameters ) = (\Il*(b) b(b) (b),

02(b), L® k0 n(b)). Based on ©®) we first draw a weight vector (q%b), . .,q,(;izl) ~

Dir(n(b) n(b) «), then obtain an a imated G \Il(b l =
1oy, Q) pproximate {( ):l=1,...,N},

where \ill() ESLeN (* | b (b),uéb),ag(b)) and p(b) = vgb), pl(b) = vl(b) Hi 21(1 - vl( )) for

1.0.d.

[ > 1 with vl(b) ~" Be(l,a) for I < N, and pg\l;) =1- l]izl pl(b). Evatually, for given

covariates * = xg and z = 2y, we can estimate the conditional density and survival
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functions on grids of time,

f( 1 2o, H(b)) ~ qk+1 S 1Pl(b)fLL( |9(b) exp(moﬁl(b)) d’l(b))-i-z,'f 1 G frp (1o exp(cc(’)ﬁﬁb)),qsi(b)),

® = (b
_(b) p7 (2o | )

where p;” = — b = b —
0 S fo | ) + S o f (o | 257
oF 50)
and q(b) — 0 ar (b) ol 7) _ (b)
k+1Zl 15 fa’(J’Q )‘*’Z 1Q7" f(zo | €2
S(- 2o, HP) ~ 4, £, 5" 510 (10" explayB). 60+ 50y a7 51,0105 exp(ay8:) 01 @),
. H(b))
Wi | o g®y — 40120, H™)
Cloo B0 =S e, 1O)

B.4 Additional results with censored data

In Section 3.2, we demonstrated the application of the DPM-LLx model to
a dataset featuring both a binary and a continuous covariate in a complex scenario.
Additionally, we evaluated the model’s performance in handling censored data by im-
plementation a random censoring mechanism, as outlined in Section 3.1. Utilizing the
synthetic dataset from Section 3.2, we crafted two datasets featuring distinct propor-
tions of censored observations, namely, 24.2% and 44.2%. The prior hyperparameters
were set consistently across analyses, and the ensuing posterior inferences are depicted
in panels (d)-(i) of Figures B.1, B.2, and B.3. The prior 95% pointwise credible intervals
are represented by light gray shaded areas, encompassing a broad spectrum of values.
Dashed lines indicate posterior mean estimates, while posterior 95% pointwise credi-
ble intervals are marked by dark gray shaded regions. These findings demonstrate the

model’s proficiency in accurately capturing the underlying functions (depicted as solid
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lines) across varying covariate values, even in scenarios of light to moderate censoring.

B.5 Additional results of the small cells lung data anlaysis

In Section 3.5, we analyzed the small cells lung dataset with the DMP-LLx
model. We illustrate the additional results for survival and hazard estimates in Fig-
ures B.6 and B.8. The dashed lines show the posterior mean estimates with 95% pos-
terior and prior credible intervals are represented by dark and light shaded regions,
respectively.

In addition, we performed prior sensitivity analysis by change hyperparam-
eters. Let by ~ inv-Ga(5,20), and pg ~ N(5.5,1), and pug ~ N((0,0),I2), and o ~
Ga(5,1). For other parameters, we let as, 03, 0?3, Sus Sy, and 72 be fixed at 5, 2, 1515,
and 0.6. The posterior inferences for the density, survival, and hazard functions, across
a range of covariate values, are showcased in Figures B.5, B.7, and B.9. The results
indicate that the inferences remain relatively stable, even with moderate adjustments

to the prior hyperparameters.
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Figure B.1: Simulation 2. The three rows have density estimates on datasets with vary-
ing proportion of censored survival times (0%, 24.2%, and 44.2%). The three columns
present density estimates with different values of covariates (z, x). In each panel, poste-
rior mean estimates (dashed lines), 95% pointwise posterior credible interval estimates
(dark shaded regions), 95% pointwise prior credible interval estimates (light shaded re-

gions), and the simulation truth (solid lines) are shown.
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Figure B.2: Simulation 2. The three rows have survival function estimates on datasets
with varying proportion of censored survival times (0%, 24.2%, and 44.2%). The three
columns present survival function estimates with different values of covariates (z,z). In
each panel, posterior mean estimates (dashed lines), 95% pointwise posterior credible
interval estimates (dark shaded regions), 95% pointwise prior credible interval estimates

(light shaded regions), and the simulation truth (solid lines) are shown.
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Figure B.3: Simulation 2. The three rows have hazard estimates on datasets with vary-
ing proportion of censored survival times (0%, 24.2%, and 44.2%). The three columns
present hazard estimates with different values of covariates (z, ). In each panel, poste-
rior mean estimates (dashed lines), 95% pointwise posterior credible interval estimates
(dark shaded regions), 95% pointwise prior credible interval estimates (light shaded re-

gions), and the simulation truth (solid lines) are shown.

151



”k
’

S0 100 %0 2000 & so o o 0 6 sbo w0 1500 2000 ¢ s w150 20w 6 s w0 1500 2000
t t t t t

(a) (A, 45) (b) (A, 54) () (A, 62) d) (A, 70) () (A, 79)

Densiy
g & &
Density
8 8 R B8
Density
g &
Density
g &
Densiy
g &

i~

g & £
Density

g & g
Density

EE E
Density

g & g
Densiy

8 2

S0 100 10 2000 L R 6 s w0 1500 2000 ¢ s w150 2w & s w0 1800 2000
t t t t t

() (B, 45) (g) (B, 54) (h) (B, 62) (i) (B, 70) () (B, 79)

Figure B.4: Small cells lung cancer data. Each row presents density function estimates
with different treatment Arm (A and B). Each column corresponds to different values

of age (45, 54, 62, 70, 79).
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Figure B.5: Small cells lung cancer data. Sensitivity analysis. Each row presents density

function estimates with different treatment Arm (A and B).
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Figure B.6: Small cells lung cancer data. Each row presents survival function estimates

with different treatment Arm (A and B). Each column corresponds to different values

of age (45, 54, 62, 70, 79).
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Figure B.7: Small cells lung cancer data. Sensitivity analysis. Each row presents survival

function estimates with different treatment Arm (A and B). Each column corresponds

to different values of age (45, 54, 62, 70, 79).
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Figure B.8: Small cells lung cancer data. Each row presents hazard estimates with
different treatment Arm (A and B). Each column corresponds to different values of age

(45, 54, 62, 70, 79).
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Figure B.9: Small cells lung cancer data. Sensitivity analysis. Each row presents hazard

estimates with different treatment Arm (A and B). Each column corresponds to different

values of age (45, 54, 62, 70, 79).
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B.6 Model Comparison with parametric Weibull AFT model

In addition, we compare the DPM-LLx model with a parametric AFT Weibull
model using the small cell lung cancer dataset. The Weibull density function, conditional

on covariate x, is given by
F(t] @) = Gut? 0, exp(—duBua’) exp { 70, exp(~6,82') }

where the scale parameter is ., exp(a’3,,) and the shape parameter is ¢,,. Notably, the
Weibull AFT model can also be expressed within a PH framework. Thus, the hazards
ratio given covariate vectors & and @y is exp(—dwBw(x1 — x2)’).

The prior distributions for the parameters are specified as follows: 6,, ~
Ga(ag,bp), Bw ~ N(ug,2s), and ¢, ~ Ga(ag,by). For this dataset, the hyperpa-
rameters are set as follows: ag = 1 and by = 1000, ay = 1, and by = 1, pg is fixed at
(0,0)', and Xp is taken as Ip.

The hyperparameters for the parametric survival regression model are chosen
to ensure that the prior uncertainty is sufficiently broad over range of observed survival
times. The 95% prior interval estimates for density and survival function are demon-
strated by the light gray regions in Figures B.10 and B.11, respectively. Alongside the
prior interval estimates, we demonstrate the posterior point estimates as solid lines and
posterior 95% pointwise credible interval in dark gray regions.

Furthermore, the posterior mean estimates of survival and hazard functions
given different values of covariates are displayed in Figure B.12. The parametric as-
sumptions of the model result in hazard functions that are monotonically increasing.
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The analysis indicates that as age increases, the survival probability decreases while the
hazard increases. However, unlike the DPM-LLx model, the parametric model imposes
constraints that prevent the crossing of survival curves for different covariate values.
This limitation reduces the model’s flexibility in capturing more complex relationships
within the data.

The log-pseudo marginal likelihood statistic (LPML) is a metric that mea-
sures model performance based on cross-validated posterior predictive probability. It is
defined as the sum of the log conditional predictive ordinates (CPO). Specifically, the
CPO is calculated as f(¢; | t_;, x_;) for observed survival times and S(¢; | t_;, x_;) for
censored time, where subscript —¢ represents all subjects except the ith one. When
comparing the AFT Weibull model and the DPM-LLx model using LPML scores, we
observe a difference in their predictive performance. The LPML score for the AFT
Weibull model is -746.39, whereas the DPM-LLx model achieves a higher LPML score
of -735.56. This difference indicates that the DPM-LLx model provides a better fit
to the data, offering more accurate predictions and demonstrating greater flexibility in
capturing the underlying structure of the data compared to the parametric AFT Weibull

model.
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Figure B.10: Small cells lung cancer data using parametric Weibull AFT model. Each
row presents density function estimates with a different treatment arm (A and B). Each

column corresponds to different values of age (45, 54, 62, 70, 79).
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Figure B.11: Small cells lung cancer data using parametric Weibull AFT model. Each
row presents survival function estimates with different treatment Arm (A and B). Each

column corresponds to different values of age (45, 54, 62, 70, 79).
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Appendix C

Supplementary material - Bayesian
Nonparametric Joint Model for

recurrent events and survival data

C.1 MCMUC details - Blocked Gibbs sampler

The posterior computation is based on the Blocked Gibbs sampler, where the

mixing distributions G, and H, are approximated by its truncated version at level of Bg

and By, G,p and H,p, as G, = Zl‘icl pzza(ezﬂz,d)z)(') and H.p = leﬁi wzlé(/\z,'n,m)(')'
The mixing parameters are denoted by (6], 3}, ¢;) and (A/,~/,n;) for | =
1,..., N, respectively. For each survival and gap times, we introduce an indicator

variable as in the previous section. L, = {L,; : i = 1,...,n,}, for z = ctr,trt. Thus,
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forj=1,...,N;,, i =1,...,n,, z = ctr,trt, the full hierarchical model is written as,

ind.
T | L., 0%, 8%, 0", €is, Tis " LL(GLZ exp(ﬂfiz $is)/5i37 ¢*L7,z )7
ind.
Li: |pz "% piz6i(Liz), forl=1,...,Bg
-1
Piz = Viz H (1 - V'ro)7
r=1

Vie, Vir) | a0, « S Bi-Be(1 — ap, ap, g, @ — ),
(08(67), 87, &%) | 10,03, 115, S, a9,bs K" N(log(6]) | 1o, oF)N(B} | 1g, S )inv-Ga(é;? | ag,by),
o | ao, bo ~ Be(ao, bo)
a | ag,co ~ Pa(co, ap)

(1o, 1p,b¢) | 56,56,58,598,7¢, Ry~  N(sg,S9)N(sg, Sg)inv-Ga(re, Re)

* * * v'.‘d' * * *
Wijo | Uija, X550 0" izy 2in R LL(Ap,,, exp(Yg,;, %iz) /Sizomry,,, ), for L=1,..., B
ind
Uijz |wiz: ~" wiz01(Uijz),
-1
Wiz = Tz H (1 - 7T7‘0)7
r=1

(mc,mr) | €0, ¢ K% Bi-Be(1 — Co, o, G0, ¢ — Co),
(og(AF), ¥ 2) | 1ixs 03ty Syam, by R N(log(Af) | n, 03)N(Y} | piy, By)inv-Ga(n2 | ay, by),
Co | a1, b1 ~ Be(a1,b1)
¢l¢o,co ~  Pa(cr,Co)

(2, iy, by) | Sx, Sx, Sy, S~y T, Ry ~ N(sx, Sx)N(sy, Sy)inv-Ga(ry, Ry)

i.i.d.
(Cizzgiz)l ‘ Yez S LN((eizyéiz)/ | (07 0)/7262)7

Sez | e, Ce ~ inv-Wish(ce, Ce).

Update survival model indicators
The posterior computation algorithm starts from the survival times. The latent

indicator functions {L;, : i =1,...,n,,z = ctr,trt} are updated

p(Liz =1 =) o< piz { frn(7iz | 0 J€izs 67 7) 7 {SLL(7iz | 9;‘_/6iz,¢l_)}l_wz :
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Update survival model mizture weights
The mixture weights are updated through the latent constructive variables.

Forl=1,..., BG -1,

l-ap—1, ap—1, ap—1, a—ap—1 n B .n
p(u11e, w101, worrs woor | =) o< uyy Uior o1l Yoor (w111 + wa00)™€ (1 = w1y — uggr)>r=1"r¢

B
X (u11y + uo1)™7T (1 — ugyy — ugyy)>=r=1"rT

1—ag—1 -1 -1 a—ap—1 B .
oo w0 T T gD ey 0T (w4 wa00) ™ (uour + wgor)=r=1 "1
B
X (w111 + uo1) ™7 (uror + toor)=r=1""T,
where ny, represents the cardinality of the set {L;, =1 :7 = 1,...,n,,z = ctr,trt}.

Here, a Metropolis-hasting algorithm is applied here to sample (w117, U107, o175 Uoo01)-

Let the current state be u'? = u(t),u(t) ,u(t),u(t) , and the proposing state be uf =
1 110 Y101> o110 Yool proposing 1

(Ul Wiops oy Ugr)- Let @ denote the proposal distribution, Q(u* | ul(t)) = Dir(u* |

a*ul(t)), with E(uj | ul(t)) = ul(t), and a* controls the variance, in practice, we recommend

to set it at 100. The acceptance rate is

. ( Q(ul(“unP(uz*))
min | 1, ,
Q(u; | u\)P(ul)

* _ l—-ap—1, ap—1, cop—1, a—ap—1
P(u) Uiy Uror Yo UYoor

Bg Bg
(w111 + w101)™ (uorr + woor)>=r=1+1 " (uy1; + to1y)™T (uror + ugor)>=r=i+1 "7

The related hyperparameters o and «q are updated as

Ba
plasag | =) o pla | ao)p(ao) [ urouly  ugy  ugy "
=1

There is no closed form, thus Metropolis-hasting algorithm is applied here. Conditional

on ag) , o is proposed from Be(a(()t)7 1-— a(()t)) with mean a[()t). a* | af is proposed
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from Pa(2, afy). The proposing distribution is written as Q(og, o | oz(()t), a®) = Be(a |

a(()t), 1—a®)Pa(a* | 2,a8).

Update mizing parameters in survival model The mixing parameters (0}, 8;, ¢;) for | =
., Bg, are updated in the following way. For each I, if { ¢ {L,; :i=1,...,n,,2 =

ctr,trt}, draw each parameter from their prior base measure. Otherwise, we sample

them in the following way.

P67, B, ¢ | =) o< N(log(6)) | ne,05)N(B; | s, £5)Gal¢i” | ag, b)

( ) [exp{9i (log (i) + log(€:z) — log(0)) ]~
2= ctv trtiLi=l N % [1 + exp{¢; (log(7iz) + log(e;) — log(8;))}]"=

o N(log(87) | o, a6)N(B; | ns, Tp)Ga(di” | ag, bs)

X H H (Tm) /exp (0.5(viz — 1)tpoir) exp(—0.5ui 03 )p(wiz ) dui-,

z=ctr,trt i:L;, =l

where v, = @] (log(7iz) — «},8; + log(ei) + log(u.;) —log(;)), and p(u;.) is a density
function of PG(1 + v;,,0) evaluated at u;,. We first sample latent variables {u;, : i =
L..o,ng 2 = ctr,trt} from PG(1 + vz, 67, (log(7iz) — Bfzis + log(eiz) — log(07)))
independently. Then conditional on {u;, : i =1,...,n,,z = ctr, trt}, draw (0}, 8}, ¢}),

forl=1,...,Bg from

* ind. - -
log(07) | w,— "~ N(jigi, 59,
-1

where 63, = 2 + o2 Z Z Uiz ,

z=ctriirt i:L;, =l

and g = 091 ( Z Z Uiz IOg Tzz /Bzizxiz + log(eiz))

z=ctr,trt i:L;,

+0.5¢7 > Z(l—wz)>,

z=ctr,trt 1:L;,
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and

B | u,

where 3 "

and fig

and

p(¢r [ -)

where a,

by

and A

If Viy — 1

X

ind

~ N(ﬁ,@l7iﬁl)>
-1

= ZEI + ¢?<2 Z Z uizxizxgz

z=ctrtrti:L;,

= f]gl <#6251 + ;2 Z Z uiz(log(7iz) + log(€iz) — log(6]))x;-

z=ctriirti:L;,

+05¢2k Z Z(l — Viz).riz>,

z=ctr,trt i:L;

Ga(&¢, i)qg) X A,

05 > D vi:+ay,

z=ctritrt i:L;,

* * 1
0.5 Z Z i, (10g(7iz) — B iz + log(eiz) — log(67))* + b ,

z=ctrirti:L;,

exp | 0.5 Z Z(Viz — 1)¢; (log(7;2) — Bj xi + log(e;.) — log(6;))

z=ctritrt i:L;,

for all ¢ such that L;; = [, draw ¢; from Ga(&¢,5¢) directly, otherwise, a

Metropolis Random-Walk algorithm can be applied.

Updating hyperparameters in survival model

p(bg, pg, g | =) o< N(pg | sg, Sp)inv-Ga(by | 74, Rg)N(1s | 53,.58)

Bg

x [INCog(67) | 1o, 05)Ca(d7? | ag, bs)N(BT | s, E5).
=1
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We thus have

1 kN (s XPGlog))) (1 Be\ !
— ~ N I _ _Z ==L 9+ 7 _ _
o | <<59+03> <59+ = ’<59+ag> ,

Bg
by | — ~ inv-Ga <r¢ + kag, Ry + Z¢72> J
=1

- Ba _
and pg | — ~ N ((S[;l + BGEgl) 1 (S[;lsg + 251 Zﬂf) ) (55_1 + Bczgl) 1) .
=1

Updating gap membership indicators Let the indicators for gap times be {U;j, : j =
1,...,Niz,i=1,...,n,,0= C,T}, and their equivalent notations {th ch=1,...,N.+

Ny, z = ctr,trt}. Each cluster membership indicator Uy, is updated

pUh: =11 =) o wiffiL(wi: | A, exp(Yg, ziz)/€ng, )}

<(Suewigs | N, exp(yp, zi)fein, )Y

where w;;, = Ti; — ¥i,n,,,» for j > N;. The stick-breaking weights are updated through
the bivariate Beta latent variables in the same method for survival times.
Updating distinct mixing parameters in gap times model Given all other parameters, the
posterior full conditional of (], ¢}) is upto a proportion,
pOAT | =) o N(og(A) | ixs oX)N(Y | ey Zo)Galni? | ay, by)
No+n.

x> T {finwige | A exp(yi ziz) /i)

Z:C7T hiﬁhz:l
< {Sunwis | N exp(afzie) /G i)} 0

where ¢y, is an indicator if j = N,,. A similar Pélya-Gamma augmentation algorithm

164



is applied here. p(\/,~/,n/ | —) is proportional to

N(log(A7) | fox, GRIN(Y" | 14, 4)Ga(n? | ay, by)

e Jexpfnf (log(wijz) — ) ziz + log(&iz) — log(A})))}“=
<X I (GH)

Tt 1+ exp{n; (log(wijz) — ¥} ziz +1og(&i=) — log(A[))) H»=+1
z=ctr,trt . Uh —1

o N(log(n) | pa, o3)N(og(A]) | pex, 03)Ga(ni® | ay, by)

Lhz
X H ( ) /exp(_0~5(bhz - ]-)Sohlo) eXp(_0~5§hz§0}2ﬂo)p(<hz)d§hz7
Wijz

h:U),. =1
where ¢p, = 1) (log(wijz) + log(&iz) + log(shz) — log(Af) — [ zi2)), and p(sh.) is a
density function of PG(1 + ¢4,,0) evaluated at ¢p,. By introducing latent variables
(S10y - - - s SN, +n.,0) for each gap time, we then first sample latent variables (Sio, . - ., SN, 4n.,0)
from PG(1 + ¢pz, n[”i]hz (log(wij.) +log(&2) — log(/\*[i]hz) - 'y(’f]hzziz)) independently. Then
the conditional on (Sio, .. .,SN,4n,,0), draw (XS, v/, n;), for { =1,..., By from

IOg()‘zk) | Szy— N(ﬂ/\l? ﬁil)
1

where 53, = Z Z Shz ,

z=ctr,trt p. Uh =1

and iy, = (77)\1 < + 77[ Z Z Shz log wzyz '71*2112 + log(gzz))

z=ctr,trt p. Uh =1

ETED D SRS}

z=ctr,trt h:th:l

and

* ind. ~ =
Y | S, — ~ N(M'yla E'yl)v

where ih, = Z;l + 77l*2 Z Z ghzzizzz/'z
z=ctr,irt hif]hz
and ji,;, = Yy <u72;1 +n? Z Z u;z(log(wijz) — ¥/ ziz +log(&iz) — log(A))) iz

z=ctr,trt hiUh .

+05777 Z Z (1 - Lhz)ziz)a

z=ctr,trt hiﬁhz
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and

p(n | =) o Ga(&n,gn) x Ay

0.5 Z Z Lhz + Gy,

z=ctr,trt hith:l

where a,,

by (0.5 > X <hz(10g(wijz)+10g(§iz)_log(Af))2+bl) 7

z=ctr,trt hiﬁhz =1

and A, exp (0-5772‘ ST (e — D (log(wijz) + log(&iz) — log(A}) — 7 Z)) :

z=ctr,trt h:th:l
If v, = 1 for all h and all o such that U, = I, draw n; from Ga(dn,l;n) directly,
otherwise, a Metropolis random-walk algorithm is used.
Updating hyperparameters in gap times model
p(b, pix, iy | =)o N(pa | s, S))N(py | 8y, Syinv-Ga(by | 5, Ry)
Bu
x [ NCog(A) | 14, SN | 11y, 54) G | an, by).
=1

We thus have
1 BH -1 S) Zl‘i}i log()\zk) 1 BH -1
.~ N _ - - =1 2r U7 _ -
x| <<SA+U§> (SAJF 2 : S>\+U?\ :
1 on 1
andpy [— ~ N <(S'yl +BH2;1)_ <57137+271271*> ’(S;l +BHE;1)_ )
=1

By
and b, | — ~ inv-Ga <T,7 + Bray, R, + anﬁ) .
=1

Updating random effects The posterior distribution of random effect (e;,,&;,) is propor-
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tional to

pleiz, iz | =) o {fun(miz | 07, exp(Br,.@iz)/€iz, 07, )}

1- 1z
x {Str(ri | 05, exp(BL,.wiz) /e, 07 )}
NZZ
< T T fie(wig | M, exp(y,, %i2) /€ 07,
j=1
X SuL(wijz | Av,,, exp(Vu,,. 2iz) [Siz, 90,

XfLN((Gizaéiz)/ | (O)O)u Eez)-

Updating hyperparameter in random effects model We sample ¥, from

inv-Wish (

o1, G+ 3 (log(es2), log(6:2)) log(er2), log (6:2))

)

C.2 Sensitivity analysis

assignment. Here, we provide the sensitivity analysis to demonstrate the robustness of

In Section 4.4, we analyzed the Esophageal cancer dataset with only treatment

the model. The hyperparameters are adjusted as follows:

e Sensitivity 1. In the first scenario, we set ag = by = ¢ = a1 = by = ¢; = 3,
with scale parameters 03 = ai = 1, mean parameters sg = 0.45, sy = —0.1,
and their corresponding variances Sy = S, = 0.5. The variance for regression
coefficients ¥ 3 = ¥, = 1 is accompanied by zero means and unit variances for the
beta distributions. The shape parameters for the log-logistic distribution are set

as ag = a, = 4, with inverse-Gamma parameters r4, = r, = 3 and R4 = R, = 20.
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The covariance matrix Y., is defined by an inverse-Wishart prior with ¢, = 18

and C. = ((3,0)",(0,0.5)).

e Sensitivity 2. In the second setup, the hyperparameters are symmetrically set
to 4 (ap = byp = co = a1 = by = ¢; = 4), with scale parameters reduced to
03 = 0/2\ = 0.75. The mean parameters sy = 0.45, sy = 0, and their variances
Sy = S\ = 0.75 are adjusted accordingly. Variance for regression coefficients
Y3 =X, = 0.75 is set with zero means. The shape parameters for the log-logistic
distribution are ag = a, = 3, with inverse-Gamma parameters 74 = r, = 2 and
Ry = R, = 25. The covariance matrix Y., follows an inverse-Wishart prior with

ce = 18 and C, = ((3.5,0)’,(0,0.7)").

These setups aim to explore the model’s behavior under varying prior beliefs

and parameter configurations.

C.3 Prior specification for parametric joint models and

additional model comparison results

In Section 4.4, we compared proposed the proposed model with two parametric
joint models. The first one is based on the renewal process assumption of the recurrent
events while the second one makes a Poisson process assumption. Here, we give details

on their prior specifications.
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Figure C.1: The sensitivity analysis of the EC dataset is illustrated in this figure,
presenting posterior mean estimates (dashed lines) and 95% pointwise credible intervals
for posterior (dark shaded regions) and prior (light shaded regions) estimates. The
first and second columns display the density and survival function for survival times,
respectively, while the third and fourth columns show the density and survival function
for gap times. The figures in the first and second rows are based on priors from sensitivity
analyses 1 and 2, respectively. All estimates are derived after marginalizing over the
posterior and prior random effects models. The 3DCRT group is represented in red and

the IMRT group in blue.

Parametric joint model with renewal process assumption For the joint model
with a remewal process recurrent events assumption, the model is formulated in the
following way. Conditional on random effects, both models for survival and gap times

are univariate log-logistic distributions. For i = 1, ..., n, the hierarchical representation
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Figure C.2: The sensitivity analysis of the EC dataset is illustrated in this figure,
presenting posterior mean estimates (dashed lines) and 95% pointwise credible intervals
for posterior (dark shaded regions) and prior (light shaded regions) estimates. From left
to right, each column displays the conditional survival probability given no occurrence of
effusions with tg = 0.5, 1, 2, respectively. All estimates are derived after marginalizing
over the posterior and prior random effects models. The 3DCRT group is represented

in red and the IMRT group in blue.
of the model is written as:

ind.
ﬂ ‘ €ixi707/37¢ ~ LL(Hexp(Bch)/ez,qﬁ),
Wij | fi,il!i,)\,’y,n ~ LL()\GXP(’YCBZ‘)/&',?]), for ] = 1, .. .,Ni,

(1,&) | Ze "% LN((0,0), )
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Figure C.3: EC data with All Covariates Leave-one-out Cross-validation. This figure
presents the log-transformed ratio of conditional predictive probabilities of survival times

and the number of effusions between the joint-DDP and joint-Poisson models in panels

(a) and (b), respectively.

We assign prior distributions to each parameter as 6§ ~ LN(sg,S55), B8 ~ N(sg,53),
¢ ~ Ga(ag, bg), A ~ LN(sy,Sy), n ~ Ga(ay, by,), and X, ~ inv-Wish(c,, Ce).

Applying the model to the Esophageal cancer dataset, we specify the prior
hyperparameter values are following, so = 0, Sg = 100, sg = 0g, Sz = 100Ig, ay = 1,

By =1, s, =0,85\,=100Is, a, =1, b, =1, and ¢, = 18, and C, = 4I>.

Parametric joint model with Poisson process assumption Conditional on bi-
variate random effects, the joint model can be constructed in the following hierarchical
way, fori=1,...,n,
Ty | ei i, B, 6 " Weib(B:/ei, ),
where the survival function of the Weibull distribution is exp(—t;e;/ exp(Bx;))?). We
(

use a parametric Poisson process intensity function as §mny;n — 1) exp(Bx;)), for j =
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1,..., N;. Thus, the likelihood function for all subjects under the parametric joint model

with Poisson process assumption is then,

n N;

L = JJ(]]&expvainy" | exp(~&Aexp(ya:)t!)
i=1 \j=1

{fwein(ti | O exp(Ba;)/e;), phi)}* { Swein(t: | 0 exp(Ba;)/€;), phi)}' ™,
where fyweirb and Sweipb are density and survival functions of a Weibull distribution,
respectively.

The prior distributions for each parameter are follows, 8 ~ LN(sg, Sp), B ~
N(sg,S3), ¢ ~ Ga(ag,bs), A ~ LN(ay,by), and X, ~ inv-Wish(ce, Ce). The prior
hyperparameters are set as ag = 2, by = 1, sy = 07, Sy = 100, sg = 07, Sg = 10017,
ap =2,b, =1, sy =0, S, =100I7, c. = 18, and C, = 415.

Figure C.3 illustrates log-transformed ratio of conditional predictive proba-
bilities between joint-DDP and joint-parametric-renewal models for survival times and
count of effusion events in panels (a) and (b), respectively. Overall, the joint-DDP
model outperformed the joint-parametric-renewal model for both survival times and
effusion counts predictions. Specifically, the joint-DDP model has higher CPPS values
for censored times and higher values of CPP® values for instances with more than one

effusion event.

C.4 Additional results with survival regression model

In Section 4.2, we presented a joint modeling framework that integrates sur-
vival times with the gap times of recurrent events, utilizing bivariate random effects to
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account for the dependence between these two processes. Here, we focus specifically
on the submodel for survival times. This involves removing the components related to
recurrent events and random effects, resulting in a standalone model that we refer to
as the survival-DDP model. By comparing the performance of the survival-DDP model
with the full joint-DDP model, we aim to underscore the distinct advantages that joint
modeling offers in the context of survival analysis, particularly in its ability to leverage
additional information from recurrent events to improve predictive accuracy.

The hyperparameters are set to be the same with the corresponding ones in
the joint model. Specifically, we let ay = 3, by = 6, Ry = 30, 03 =2, 59 =045, Sp =1,
Yg = 2I5, sg = 05, Sg = 2I5, along with ag = 2, by = 2, and ¢y = 2.

As discussed in Section 4.4.2, we computed the sum of the log conditional
predictive probabilities for survival times to assess model performance. The results for
the various joint models are presented in Table 4.1. A larger sum indicates better model
performance. The survival-DDP model achieves a value of -1621.07, outperforming
the parametric joint models, which scored -1628.1498 and -1672.2402, respectively, in
predicting survival times. However, our joint-DDP model, with a score of -1610.9244,
demonstrated the best performance. This result highlights the joint model’s ability to
effectively incorporate information from the recurrent events data, leading to enhanced

predictive power.
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