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Abstract

Motivated from a colorectal cancer study, we propose a class of frailty semi-competing risks
survival models to account for the dependence between disease progression time, survival time,
and treatment switching. Properties of the proposed models are examined and an efficient Gibbs
sampling algorithm using the collapsed Gibbs technique is developed. A Bayesian procedure for
assessing the treatment effect is also proposed. The Deviance Information Criterion (DIC) with an
appropriate deviance function and Logarithm of the Pseudomarginal Likelihood (LPML) are
constructed for model comparison. A simulation study is conducted to examine the empirical
performance of DIC and LPML and as well as the posterior estimates. The proposed method is
further applied to analyze data from a colorectal cancer study.

Keywords

Competing risks; Panitumumab; Partial treatment switching; Posterior propriety; Semi-Markov
model

1 Introduction

In chronic disease or cancer studies and clinical trials, it is very common to have both
terminating events and nonterminating events in the data. This type of situation is referred as
semi-competing risks, in which an event time can be censored by another event time but not
vice versa. A terminating event potentially censors a nonterminating event, but the
nonterminating event does not prevent subsequent observation of the terminating event. An
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example of this is the colorectal cancer clinical trial that we examine here, called the
panitumumab 408 study, which was conducted by Amgen Inc. (see Section 5). In this study,
disease progression is a nonterminating event, death is a terminating event, and disease
progression can be censored by death but not vice-versa. In addition to semi-competing
risks, treatment switching may also occur in clinical trials. In such trials, patients in the
control arm who experience an intermediate event, such as disease progression, may begin
taking the experimental treatment. In the panitumumab 408 study, there were a substantial
proportion of patients in the control arm who switched treatment after disease progression
(see Section 5). As discussed in Marcus and Gibbons (2001), an intent-to-treat (ITT)
analysis leads to attenuated treatment effect estimates, and thus one must properly model the
data accommodating this switching effect and then appropriately estimate the treatment
effect.

In semi-competing risks data, there are two major issues: dependent censoring and
identifiability. In order to deal with these issues, several modeling and inference approaches
have been developed. One major approach is to model the joint distribution of Tp and Tg,
where Tp denotes the time to terminating event and Tg denotes the time to nonterminating
event. Day and Bryant (1997) used frailty models for the joint survival function using a
relevant censoring process. Later, Fine et al. (2001) adopted this model and proposed a
novel estimator for the marginal distribution of Tg based on a bivariate location-shift model
with a completely unspecified underlying distribution for Tp and Tg. Although this method
is appropriate for modeling one recurrent event taking into account dependent censoring, it
cannot be applied to more than two recurrent events. Furthermore, various types of copula
models have been applied for modeling the joint distribution of (Tg, Tp) (Wang, 2003;
Ghosh, 2006; Peng and Fine, 2007). Another approach is to model the gap time Tg between
Tp and Tg (Mandel, 2010). Nonparametric estimation of the gap time distribution and
regression methods for gap time hazard functions have been developed. A third approach is
similar to the above gap time model. In addition to modeling Tg and Tg, another event time

T is introduced, which denotes the terminating event that happens without the
nonterminating event Tg. Shen and Thall (1998) used such a model for obtaining the

marginal distributions of Tg, Tg and 7';. They assumed that the distributions of Tg and 77,
are mutually independent. For the bivariate distribution of Tg and Tg, they used a bivariate
generalized von Morgenstern distribution, which characterizes the positive or negative
association between these two times using a single parameter. A conditional model is also
developed (Zeng et al., 2012). Instead of modeling the joint distribution of Tg and Tg, a
conditional model of Tg given Tg is used. Multistate modeling is another approach for
survival data with semi-competing risks, in which no event, nonterminating event, and
terminating event can be viewed as the three states in a multistate process. The focus of
multistate modeling is mainly on the transition probabilities between different states. Aalen-
Johansen estimators (Aalen et al., 1978; Andersen et al., 1993) can be used to estimate these
transition probabilities. However, this approach does not provide much information on the
dependence structure between the time to nonterminating event and the time to terminating
event. Except for Zeng et al. (2012), most of the aforementioned articles do not directly deal
with both semi-competing risks and treatment switching.

In this paper, we introduce a Bayesian frailty model for survival data with semi-competing
risks in the presence of partial treatment switching (i.e., not every subject in the control arm
switched to active treatment). In the frequentist inference, the Monte Carlo EM (MCEM)
algorithm is often used to obtain the maximum likelihood estimates in the presence of the
unobserved frailty variables. However, the MCEM algorithm may fail to converge when
fitting a semi-competing risks frailty model with unknown parameters in the frailty
distribution since the estimates of these unknown parameters are unstable. To overcome this
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challenging computational issue, we develop an efficient Gibbs sampling algorithm via the
introduction of latent variables, reparameterization, and the collopsed Gibbs sampler. The
Bayesian framework also allows us to characterize the conditions for model identifiability
by examining posterior propriety. In addition, to appropriately estimate the treatment effect,
we extend the method of Zeng et al. (2012) to derive the predictive survival function with
partial treatment switching under the semi-competing risks frailty model and carry out
Bayesian inference on this quantity without resorting to asymptotics.

The rest of the paper is organized as follows. Section 2 presents a detailed development of
the semi-competing risks model via a gamma frailty including explicit expressions for the
likelihood function based on the observed data. In Section 3, we characterize posterior
propriety conditions under this complex model, provide the Bayesian formulation of the
predictive survival function with partial treatment switching, develop an efficient Gibbs
sampling algorithm, and introduce two Bayesian model comparison criteria. A simulation
study is carried out to examine the empirical performance of the posterior estimates and
Bayesian model criteria in Section 4, and a detailed analysis of a subset of the data from the
panitumumab 408 study is presented in Section 5. We conclude the paper with a brief
discussion in Section 6. The proofs of all theorems and detailed derivations of the
computational development are given in the Appendices.

2 The Semi-Competing Risks Frailty Models

2.1 Models

To introduce the proposed model, we use the following notation. As motivated from the
panitumumab 408 study, we consider disease progression as a nonterminating event.
However, the proposed model can be applied to any other type of nonterminating event. Let
E be a dichotomous variable to denote the disease progression status of subjects, where E =
1 if the subject is in the disease progression population, which include subjects who
eventually develop disease progression before death, and E = 0 if otherwise. Also let Tp
denote the time from study entry to death for subjects with E = 0. For the disease
progression population (E = 1), we further let Tg denote the time from study entry to disease
progression and let T denote the time from disease progression to death. A graphical
illustration of these variables is shown in Fig. 1.

The proposed statistical model consists of the following three components. The first
component is to model the disease progression status E given the baseline covariates x and
the treatment indicator A (A = 1 if the subject is on the treatment arm and A = 0 if the subject
is on the placebo or control arm). To this end, we assume

P(E=1|A,z,q)
1—-P(E=1|A,z, a)

logit(P(E=1|4, =, a))=log { } =apt+Aa+a’ay, (21)

where ap, a1, and a; are unknown coefficients and a=(ay, a1, a'z)’. The second component
models the survival distribution of the non-progression population given x and A, which is
defined by

h, (t|A,x, E=0)=hg (t)exp{Aﬂo—l—m"yo}, (2.2)

where hp(t|A, X, E = 0) is the conditional hazard function of Tp given the covariates, hg(t) is
an unknown baseline hazard function, and (%, ) are unknown regression coefficients.

As shown in Fig. 1, Tg and Tg are potentially dependent. To capture this dependence, we
assume the frailty model
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hy,(t|A, 2, E=1)=hy(t)exp{AB1+x'v: }andh,, (t| A, z,V, T, E=1)=ha(t)exp{ AB21+V (1—A) Boo+ Ty Y21+2 122}, (2.4)
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where he(t|A, X, E = 1, o) is the conditional hazard function for Tg, hg(t|A, z E = 1, w) is the
conditional hazard function for T, both hy(t) and h,(t) are unknown baseline hazard
functions, and the £'s and y’s are regression coefficients. Here, V is the treatment switching
indicator (1 = switching; 0 = no switching) and z reflects the covariates collected at baseline
or at disease progression, which could be prognostic factors for the treatment switching
decision. In (2.3), wis a latent gamma-frailty, which is assumed to follow a Gamma
distribution, Gamma(1/7, 1/7), with mean one, variance 7 (z> 0), and density given by

1/7 1/7’
f(“’m:%ww texp(—w/7) Given o, Tg and Tg are conditionally independent.
Unconditionally, Tg and Tg are dependent and, moreover, the local measure of dependence
(Oakes, 1989) between Tg and Tg is gy = 1 + 7, indicating a positive association between
Teand Tg. When 7— 0, e — 1 and Tg and Tg become independent. The model defined
by (2.1) — (2.3) is thus called the semi-competing risks frailty model abbreviated by FM. As
an alternative to (2.3), we may consider the following models for Tg and Tg:

where y»1 is the regression coefficient corresponding to Tg and y»5 is the corresponding
vector of regression coefficients associated with z The model defined by (2.1), (2.2), and
(2.4) is called the conditional semi-competing risks model, denoted by CM. After some
algebra, we can show that the local measure of dependence between Tg and Tg under CM is
given by gcm =[/ig{expl-Ha(te) exp{Ak1 + V (1 — A)Boz + r21u + Z 12231 (U) exp(Afy + X
"171) x exp{-Hz(u) exp(AB1 + X" y1)}}du exp(te 121)] % [Jte {exp[-Ha(tc) exp{Af1+V
(1-A) oo+ 121U+Z 122101 (u) exp(ASL+X’ y1)xexp{~H1(u) exp(AB1+X y1)} exp(uyz1)}du] 2
for tg > 0 and tg > 0, where H]»(t):fghj(u)du for j=1, 2. Unlike ¢rpm, ¢cm depends on (tg,
tg). It is easy to see that ¢cp > 1 when y»1 <0, ocpm =1 when yq =0, and gcpm < 1 when
11 > 0. This result implies that CM allows a positive or negative association between Tg
and Tg. As discussed in Zhao (2009), FM is a homogeneous Markov model when hy(t) is
constant while CM is a homogeneous semi-Markov model since the hazard function for Tg
in (2.4) depends on the progression time Tg. On the other hand, the marginal distributions of
Tg and Tg after integrating out the gamma frailty belong to the class of generalized odds-
rate hazards (GORH) models (see Banerjee et al, 2007). As the GORH model is a hon-
proportional hazards model, FM is more robust to the proportional hazards assumption than
CM.

We further assume piecewise exponential models for the baseline hazard functions hg(t),
hy(t), and hy(t). Fork =0, 1, 2, let 0 < i1 < Sk2 < ... < Sk Ji be a finite partition of the time
axis. Thus, we have the Jy intervals: (0, sk1], (Sk1, Skal, -+ (Skax—1, Sk Js Where syy, = co. In
the ji interval, we assume a constant baseline hazard, hy(y|4) = Ay fory € (s j-1, Sjl-
Letting Ak = (Ak1, k2, ---A4Jk)’, the cumulative baseline hazard function corresponding to
hk(t) is given by
71—1
Hi(y|Ae)=Mej (¥ — skj—1)+ > _Akg(Skg — Sk,g—1)Whensy, j_1<y < sg; (26)
g=1

fork=0,1, 2.
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2.2 Likelihood Function

Suppose we have n subjects. Let y; denote the observed death time or censoring time, X; is
the vector of baseline covariates, A; is the treatment indicator, yg; is the observed disease
progression time, z; is the vector of covariates collected at baseline or at disease progression,
and V; is the indicator for treatment switching for the i!" subject for i = 1,..., n. Also let 1; be
the censoring variable such that 1; = 1 if y; is a death time and v; = 0 if y; is a right censoring
time, and let d; be the indicator variable such that d; = 1 if yg; is a disease progression time
and 0 if there is no disease progression for the it" individual. When d; = 0, yg; is assumed to
be equal to infinity. Finally, we use E; to denote the disease progression indicator such that
E; = 1 if subject i is in the disease progression population and O otherwise. Let

P(ELZO‘A“ x;, Ol)

/ -1 /
=[1+exp(ao+Aija1+x;az2)] , So(yilAi, i, Bo, Y0, Ao)=exp{—Ho(yi| Ao)exp(AiBo+x;70)}, fo(yi|Ais xi, Bo,

+Vi x (1 — A;)Ba2
+zyoand fo (Yo | As, Vi, 21, wi, B2, 72, A2)
=w;ha(Yg,|A2)exp{ A a1
+i(
— A;) P22

+Z;’72}52(yg,; Ai> ‘/la Zijy Wiy /82) Y2, )\2)
, where 5 = (1, 2) and aj is a latent frailty for the it subject. Based on the nature of the
semi-competing risks, the observations in the observed data can be classified into four
different cases. Under FM, the likelihoods for these four cases are derived as follows.

Case 1—Subject died at time y; and no disease progression was observed. Then we have E;
=0, dj=0and 1 =1 and the observation is D; = (Ej = 0, yj, dj = 0, v; = 1, Xj, Aj). The
likelihood function is given as follows:

Lyi(a, Bo, Y0, Ao| D) =P(E;=0|4;, zi, ) fo(yi| As, i, fos Y0, Ao)-  (2.5)

Case 2—Subject was observed to have disease progression at ygj and died at y;. Then we
have Ej = 1, dj = 1, and v; = 1, and the observation is d; = (Ej = 1, Vi, YGi = V¥i — Yei» di = 1,
=1, xj, A, Vi (1-4)), z) with the likelihood function given by:

Lai(a, Br,715 A1, B2, Y2, A2| Dy, wi) =P (Ei=1| A, i, @) f1(Y | Ais Ti5 w3, By Y15 AL) X f2 (Y, | Asy Vi 245 w3, B2, 725 A2)s
where P(Ei = 1|Ai, Xj, a) =1- P(Ei = 0|Ai, Xi, a).
Case 3—Subject was observed to have disease progression at yg;j and right censored at y;.
Then we have Ej =1, dj=1, and v; = 0, and the observation is D; = (Ej = 1, Ygi, YGi = Vi —

Yei, i =1, =0, X;, Aj, Vi(1 - Aj), ) with the likelihood function given by

Lsi(a, B1,715 A1, B2, 72, A2| Di, wi ) =P(E;=1|A;, ¢, &) f1(y o,

Case 4—Subject was only observed to be right censored at y; and no disease progression
occurred before y;. Then we have d; = 0 and 1; = 0 and the observation is D; = (y;, d; =0, 1 =
0, Xj, Aj) and for such a subject, it is possible that E; = 1 or Ej = 0. The likelihood function is
given by

Lifetime Data Anal. Author manuscript; available in PMC 2015 January 01.
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Lyi(a, Bo, Y05 Ao, B1, 715 At Di, wi)
=P(E;
=1|A;, i, @) S (ys|Ai, iy wi, B1, 71, A1) (2.8)
+P(E:
=0|4;, @, @) So(yi| A, i, Bo, Y0, Ao)-

Let Dops = (Dj, i = 1,..., n) denote the observed data, where Dj is defined by (2.5) — (2.8).
Then, the observed-data likelihood function under FM is given by

L(aaﬁ(h’y[)a )‘0761571’)‘1752?’72’ )‘2>T‘Dobs)

=]] {[Lu(a, Bo,70, M| D)4 == Lyy(a, B1, 1, A, Bo, 92, Ao | Dy A= 2.9)
i=1

X [Lsi(a,ﬁl,’71>>\1”323727/\2|Di)]1{di:1’w:0}[L4i(01,ﬁo,’70,)\0”313717/\1|Di)]1{di:0’w:0},

where 1{B} denotes the indicator function such that 1{B} = 1 if B is true and 0 otherwisg,
Lii(a, fo. 10, AolDy) is defined by (2.5), Loi(a, A1, 11,41, B, 12, 42IDi) = P(Ei = 1A, Xi, a)[(1

+ 7) h1(ygild1)
exp(AiB1+271)ha (Yo | A2 )exp{ Ai Bar +Vi (1 — A;)Baa+2;72) }

A2)exp{A;Ba1+V;(1 — Ai)ﬁgz-ﬁ-zgvz}}}

—(2+2)

X {1+T[H1 (yEz A1)exp (451 +w;’71)+H2 (yGi
=P(E;

:1|Ai7 x;, Oé)hl (ym

s Lai( o, Br, 71, A

A1)exp(A; By
+$;V1)

’ ’ 1-1
X AL+7[H1(y | M )exp(AiBr+a; M) +Ha (Y, | A2)exp(A; fa1+Vi(1 — Ai)/622+zi72}]}( ")
—P(E;

) andL4i (O[, /807

1
p

=1|Ai, zi, 0)[147H (y:|\1) x exp(AiSr+a;m)]
+P(E;
=0| A, zi, @) So(yi| Ai, i, Bo, 705 Ao)-
The likelihood under CM can be derived in a similar way. Specifically, under CM, P(E; = 0|

A, Xi, a), So(YilAi, Xi, A, 10.40), folYilAi, Xi, o, 10,40), and (2.5) remain the same while (2.6)
— (2.8) are obtained using

S1(Yp; | Ais i, B1,71, A1)
=exp{—H1(yp, | 1)
=exp(Aify
+m;71)}’ J1(Ypl Ais 3, By, A )=ha (Y, |’\1)eXP(Ai/31+m;’Yl)S1 (Y | Ais iy B, 715 M)y S2(Ye; | Ay Vis 24,
+Vi(1
— A;)B22
+Y 21 +272}S2 (Yo,
=(721, 7&2)/

A3, Vi, 2i, Yy B2, 72, A2)whereys
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3 Posterior Inference and Computation

3.1 Prior and Posterior Distributions

Let az(a/, Bo, ’y(/), Ag, 041, ’y;, )\/1, ﬂ;, 7;, )\/2, 7) denote the vector of all the model parameters.
To carry out a Bayesian analysis, we need to specify a prior distribution for &We assume

that a, (o, 1), (B, 1), (o1, B2, 1), Ao, A1, A2 and zare independent, a priori, and the
following priors are specified for these parameters:

an Ny, (0,%4), (50, %) ~Npo (0,50), (81,71) ~Npy (0, 51), (83, 72) ~Np, (0, 55), and 7~
IG(a,, b;), Which is an inverse Gamma distribution with mean b./(a, —1) and variance (b,)%/
[(a; — 1)%(a; — 2)], where p,, o, P1, and p, are the dimensions corresponding to the
respective vectors of the model parameters, and X3, 2y, 24, 25, and (a, b, ) are pre-
specified hyperparameters. Independently, we assume Aj ~ Gamma(a;, byj) forj = 1,..., Jx
andk =0, 1, 2. Let m(a), m (Ko, 10), 1 (B1, Y1), 2 (B2, 12), (T lay, Do), m0a(Ao), Mz (A1),
and 7m4(1) denote the above prior distributions, respectively. Then, the joint prior of @is
given by m(6) o« ma(@) MoK, 10) (A1, 1) (B2, 12) (7 [ar, 1) Moa(Ao) ma(A1) m24(42). In the
simulation study in Section 4 and the analysis of the real data from a colorectal cancer study
in Section 5, these hyperparameters were specified as 23 = 10001y, 2o = 10001p,, 21 =
10001p,, 2, = 10001p,, a; = b; = 0.01, and ayj = b =0forj=1,..., Jyand k=0, 1, 2, where
log 'p_o' lp;, and Ip, are the identity matrices._Using (2.9) and 7(6), the posterior distribution
of @given the observed data Dgps under FM is of the form

7T(0|Dobs) X L(0|Dobs)7r(6)- (31)

When 7(6) is proper, the posterior distribution 7(fDgps) is also proper. However, even when
7(6) is improper, the posterior distribution can still be proper under certain mild conditions.

To formally establish posterior propriety in this case, let ./'j denote the set which consists of
subjects who were in Case j and nj = |./j|, which is the total number of subjects in Case j for

j=1, ..., 4, respectively. Write X,=((1 — 2E;)z ,,,i € U}_;.4;)’, which is an (ny +ny +n3)
Xp, Matrix with rows (1 — 2Ei):c/m, where z_ =(1, A;, ;)". Let dioj = 1 if yi € (0,j-1, Soj
and 0 otherwise for j =1, 2, ...Jg for i € yy; &j1j = L if ygj € (S j-1, Syj] and O otherwise for j
=1,2,..J1and i € #UAg; and dpj = 1 if yj=YEi € (S2,j-1, Szj] and O otherwise for j = 1, 2,
.Joandie /U A3 Define X to be an nq x (Jg + pg) matrix with rows

(Si015 - - 6,05 » Ais a;) for i € A1, Xq an (np +ng) x(J; + py) matrix with

roWs((Gi11s - - 6,1, 5 A ) for i € A5, U A3 Xg an N x (I + p3) matrix with rows

(6i21, -+ 30,0, Ais Vi(1 — Ay), z;)for i € .4/, We are led to the following theorem.

Theorem 1—Assume m, (@) < 1, 7o (fo, 10) < 1, m(Br, 1) o< 1, m(Bp, 12) o< 1, and ayj =
bj=0forj=1,...,Jcand k=0, 1, 2. If the following conditions are satisfied: (i) X, is of
full rank; (ii) there exists a positive vector ¢ = (cq, ..., o+ ) € RM*M2*N3 j e each
component ¢; > 0, such that X;c:o; (iii) Xg, X1, and X, are of full rank; and (iv) a, > 0 and
b > 0, then the joint posterior 7(@Dgps) in (3.1) is proper, i.e., [ L(Dgps) /(B)dE< oco.

The proof of Theorem 1 is given in Appendix A. When ayj =byj=0forj=1, ..., Jxand k =
0, 1, 2, we specify improper (Jeffreys’s) priors for all the ;’s, namely, ex (M) ¢ Ay for
j=1,... yand k=0, 1, 2. Conditions (i) and (ii) ensure posterior propriety for a, Condition

(iii) leads to the posterior propriety of (Ao, /%, 1) and Conditions (iii) and (iv) are required
for the posterior propriety of (A1, A1, 11, 42, B, 12, T). Condition (iii) is quite mild and

Lifetime Data Anal. Author manuscript; available in PMC 2015 January 01.
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essentially requires that at least one event (death or disease progression) occurs in each
interval (syj-1, Skjl, and the corresponding covariate matrix is of full rank. These conditions
are easily satisfied in most applications and are quite easy-to-check.

3.2 The Predictive Survival Function with Partial Treatment Switching

An inferential research goal in this research is to compare the survival function of the death

time in the setting when no subjects have switched treatment. Let 7’7, (a) denote a potential
survival time when a subject receives treatment a at the time of randomization and stays on

the same treatment over the entire study duration. Let S,(t|0)=P(T"; (a)>t|6). Following
Zeng et al. (2012), we state the following two assumptions: (i) Treatment A is completely

randomized and 7", (a)=T, (a) if a subject never switches treatment; and (ii) Given (A =0, z,
Te=u)or (A=1,2z Tg=u), Vis independent of the potential outcomes {7 (0), T}, (1)}. We
note that these two assumptions are only used to compute Sg(t|6). Similar to Zeng et al.
(2012), under Assumptions (i) and (ii), we have

Sa(t|0)=[P(T,>t|A
=a,x, FE
=0, B0, 70, Ao) P(E
=0|A
=a,x,a)fr(x|A
=a)dx
+fm7z7w7uP(TG>t
—ul|A
=a,z,V (3.2)
=0,F
=1, B2, 72, A2, w) X f1(ulA
=a,x,w, f1,71, A1, w)duf(w|T)dw
x f,(z1A
=a,x, F
=1)P(E
=14
=a,z,a)f, (x|A=a)dzdz,
where fy(x | A = a) is the conditional density of X given A=a,andf; (z| A=a,x,E=1)is

the conditional density of Z given A = a, X, and E = 1. When Jy = J1 = J, = 1, after some
algebra, we obtain
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Sa(t]0)=[ exp{—troexp(ABy+ o)} P(E

=0|A
=a,x,a)f, (x|A

=a)dx

1 =

+fw’z ([ 1+Alexp(Aﬁ1+:B’fyl)t7']
" Arexp(AB1+x'y1) .

Aoexp{ABan+V (1 — A)Br+2z"y2} — Arexp(AB1+x'1)

1 = 1 1

<Al 1+/\1€XP(Aﬁ1+$/71)tT] -l 1+Agexp{ABa+V (1 — A)522+z’72}t7] e[ (24
=a,x, B
=1)P(E
=1|4

=a,x,a)fr(x|A=a)dzdx.

A detailed derivation of (3.3) is given in Appendix B. We assume nonparametric
distributions for fy(x | A = a) and fz(z | X, A = a, E = 1) as follows:

Fx(@lA=a)=3"" I(X;=z,A;=a)/ Z::ll (4j=a) and

)3 O Zi=2)K, (|| X; — X |NI(A;=a
fZ(Z‘X, A:a,E:1): jE€(Cases2,3) ( J ) n( J ||) ( J ) . ]
) A j€(Cases2,3) Kan (|| X] -X H)_I(A] :a:) _Slnce Sa(tl@ Isa
function of @, the posterior estimates of S,(t|@) can be easily obtained using the MCMC
samples from the posterior distribution of &

J

3.3 Posterior Computation

Due to the complexity of the likelihood structure for the proposed frailty model, an
analytical evaluation of the posterior distribution is not possible. In order to carry out
posterior inference, we develop an efficient Gibbs sampling algorithm to sample 8from the

posterior distribution in (3.1). We first consider the transformation \; = ;. The Jacobian of

% — g
this transformation is | OA;; o for k=1, 2. Write

0*=(av, Bo, Y0, A0, B1, 71, AT B2, 72, A, 7). After the transformation, the posterior distribution
of & is given by

77(0*|Dobs) X L(aa 509/707 /\07 /317 Y1, /\T/Tv ﬁ2’ Y2, /\3/75 T|Dobs)7ra,(a)770(ﬂ07 70)771(/617 ’71) XWQ(ﬁ?a’Y;)T((T‘aTa bT)TU)\()\O)WI)\()‘T/T)W

where L(a, fo, 10, A0, b1, 71, A1, By v2, A2, 1Dops) 1S defined in (2.9).

To facilitate the posterior computation, we introduce two sets of latent variables
E*=(E},i € A;)and w = (Wq, W, ..., Wp) SO that the augmented posterior distribution of
(6~,E*,w) is given by
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77(0 w, E |Dobs X H{ Lll a ﬁ07’707)\0|D )]1{%71(1 0}[L21(a ﬁ17717A1 ﬂ2772>A27w1‘D )]1{%71(171}
=1

X [L;,i(aaﬂlfhv>\17527”/2:)\27wi|Di)]1{yi:O7di:1}

* * * v;=0,d;= 3.5
X [L4i(071807707A07ﬁlafY1uA13wi7E' |D ]1{ i=0.d; 0}}><7Ta(01)7('0(180,’yo) 3.5)
x 71 (81, 7)m2 (B2, Yo) 7 (T]ar, b )ox(Ao) Hﬁk/\ (A J7)]r—rtda),
k=1
Where Lii(a, S, 1, Aoldi) is defined by (2.5),
L;i(av l317 715 )\T7 ﬁ2a 725 )‘;a wi‘Di)

:P(Ei

:1‘A27 T, CY)

x [(1

+7)/ 7210 (Y | ADJexp(Ai By

+@71)ha (Yo, | A3)exp{ Aiffan
+Vi(1

— A;)Ba22

1+1
+2in) e

— wl[l
+H1(yp,|A1)exp(Aify

+x;71)
+Hz (Y, /\E)GXP{Aiﬁm
+Vi(1

— A;) P22

1

+zz/fy2}])7 L;i(av ﬁla’Yla )\17 IB27 725 A27 wl|D'L):P(Ez:1‘AZ, T, a)(l/7’)h1 (yE‘7 X{)exp(Al,Bl—ka:;fyl)[ F(l_l}_l
+Vi(1

— A;) B2

+Z;’72}]), andLZi(aa ﬂo’ Y0, /\0’ ﬂla 715 /\Ta Wi, E:(|D7)
14 E;
_E¥ ’UJ{
={P(Ei=1|Aj, i, )} 7 [ ] exp{
I'(z)

- ’szl*[l

+H; (yi\)\*)eXP(Ai@

)]}{P(E O‘AL,.’B“ )So(yl|Az>xL7/30>70a)\0)} ’
. Itcan be shown that Y= | 7(6*, W, E*|Dops)dw = 71(&*|Dops), WhICh is given by (3.4). We

note that the latent variables (the w;’s) in (3.5) are different than those @j’s in (2.6) — (2.8).

Let [A|B] denote the conditional distribution of A given B. To run the Gibbs sampling
algorithm, we sample from the following conditional distributions in turn: (i)

[)\07 /\Ta)\;|/80a707/617717/62a727w3 E*a Dobs}; (”)
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" 1
W(T*|ﬁ1771aAT7ﬁ2a727A§aE 7Dobs) X H {(F-I_]-)(T*)Z X [1+H1(yE7

Page 11

[ﬁOa Y0, ﬁla Y1, 625 Y2, T, W, E*‘aa /\03 )\; )\;7 Dobs]; and (“I) [alE*vDObS]' For (”)l we use the
modified collapsed Gibbs technique (Liu, 1994; Chen et al., 2000). It is easy to show that

[,80,70,/61,71,/62,72,7,'w,E*|a, )\Oa )\Ta )\;aDobs]

(3.6)
:[ﬁOa’YOvﬁla’Ylaﬁ%'y%Ty E*|O(, >\07 >1k1 /\37Dobs][w|517/717)\9{7l827’727 /\377—1 E*aDobs]-

For (ii), following Chen et al. (2000) and using (3.6), we run a sub-Gibbs sampling
algorithm to draw from the following conditional distributions: (iia)

[ﬁou Y0, /817 1, 527 Y25 |a7 /\07 Aglﬂ )\;7 T, E*a Dobs]; (”b) [E*‘ay /807 Y0, AO» /Bla Y1, /\>1ka T, Dobs];
(”C) [T‘/Bl’ 1, AT? 527 Y2, )‘;7 E*a Dobs]; and (“d) ['UJ|,81, Y1, )\Ta ﬂQa Y2, /\§> E*7 D()bs]' NeXt, we
will only discuss the properties of the conditional distribution

[7|81,71, AT, B2, 72, A5, E*, Doys] and how to sample zfrom this conditional distribution. All
other conditional distributions are discussed in detail in Appendix B. We first consider the
transformation z* = 1/z. Then, the conditional posterior density of z* is given by

A)exp (A Bi+aiyi)+Ha(y e, | Ny Jexpl{ AiBar +Vi(1 — A;) s

i=1

We are led to the following theorem.

Theorem 2—Assume that

n 2 J
> [ Hdi=ly=1+1{di=1, I/i:O}]+aT+Zk:12j:1akj —3>0.Then we have (i)
the conditional density of #* given by (3.7) is log-concave; and (ii) the mode of (3.7) is
analytically available and given by

(Bi+By+Bs) — \/(Bi+Ba+Bs)? — 4B, B,
2B,

- 3.8

2
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Bi=)_" {~[1{d
=1,y
=1}+1{d;
=1,y
—0}]log[1
+H1 (Y, |A1)exp(Ai By
+am)
+H(Yg, |3 )exp{ Aif
+Vi(1 — A;)Bo2
+2;72}]
— E71{d;=0,1,=0}log[1
+Hi (yi|A])exp(A; 51

]} = b+ S (il e
:Z; [1{d;

=1,y
:1}—0—1{1/Z-
=0,d;

=1}]
tactY e S o
— 3,andB3

:Z; [1{d;

where =1,y;=1}].

The proof of Theorem 2 is given in Appendix A. The assumption

n 2 J
Zi:l[l{dizl’ 1/121}4—1{611:1, ]/i:O}]+aT+Zk:1Zj:1akj —3>0 ensures the IOg-
concavity and the existence of the mode. This assumption is quite mild. As long as there are
more than three patients with disease progression, this assumption still holds even when the
improper priors with a; = 0 and ayj = 0 for all k and j are specified for zand the 4j’s. With
the log-concavity property, 7* can be exactly drawn from the conditional distribution in
(3.7) using the adaptive rejection algorithm of Gilks and Wild (1992). After z* is generated,
we let 7=1/7* and then the value of zis a sample from the conditional distribution
(7|81, 71, AT, B2, 72, A5, E*, Doy in (iic). With the analytical form of the mode, the
performance of the rejection algorithm can be improved substantially as the algorithm does
not need to search for the mode.

3.4 Model Comparison

To carry out Bayesian model comparison, we consider the deviance information criterion
(DIC) and the Logarithm of the PseudoMarginal Likelihood (LPML).We define the
deviance Dev(6) = -2 log L(fDgps), where L(fDgps) is the observed-data likelihood defined

in (2.9). Let @and Dev=FE|Dev(0)| D] denote the posterior mean of &and Dev(6),
respectively. According to Spiegelhalter et al. (2002), the DIC measure is defined as DIC =

Dev(@) + 2pp, Where p,=Dev — D(0) is the effective number of model parameters. The
smaller the DIC value, the better the model fits the data. LPML is another useful Bayesian
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measure of goodness-of-fit statistic, which is defined based on the Conditional Predictive
Ordinate (CPO). For the it" observation, we define CPO as CPO; = [ L(4D;) 7(4D)d,
where Dj is the observed data defined in Section 2.2, L(4D;) is the observed likelihood for
the ith subject, which is the term inside the product in (2.9), D is the data with D; deleted,
and 7(4DCD) is the posterior density of @based on the data D). According to Ibrahim et
al. (2001), LPML=X!, log (CPO;). The larger the LPML value, the better the model fits
the data.

4 A Simulation Study

To examine the empirical performance of the posterior estimates and DIC and LPML, we
carry out a simulation study. Five hundred simulated data sets with n = 500 as well asn =1,
000 were generated. In the simulation study, the baseline treatment A was generated from a
Bernoulli(0.5), corresponding to a randomized trial with a 1:1 sample size allocation; two
baseline covariates X1 and X, were independently generated from a U(-1, 1) and a
Bernoulli(0.6), respectively. Given A and (X1, X»), E was generated from model (2.1) with
the coefficients (including an intercept) being 1.6, —1.8, 1, and 0.1, respectively. When E =
0, we simulated Tp from model (2.2) with Hy(t) =t, o = -1 and (1, y02) = (1, 0.2). ForE =
1, we first generated w from a Gamma(1/z, 1/7) with 7= 1. Then, Tg was generated from
model (2.3) with Hq(t) = 5t, 51 = -0.5 and (11, 112) = (1, 0) and an additional prognostic
factor Z at disease progression was generated from a U(0, 10) while the selection into
treatment switching (V) for a subject in the control arm (A = 0) was from a Bernoulli(p),
where p = exp(-0.5 + 0.3Tg + 0.2X7 + 0.5Z)/[1+exp(-0.5+0.3Tg +0.2X; +0.5Z)]. Moreover,
Tg was generated from the model in (2.3) with Hy(t) = t, 51 = -0.3, o = —0.5, and y»1 =
-0.5, y»2 = 0.5, 13 = —0.4. Finally, the censoring time was generated from a U(1, 7) and the
study duration was 7* = 3. The latter yielded the average proportions of Cases 1 to 4 as 23%,
39%, 19%, and 18%.

For each simulated dataset, we fit the proposed FM with various values of (Jg, J1, Jo) and
computed DIC and LPML. The mean values of the DICs and LPMLs over the 500 simulated
datasets were 2986.22 and -1493.24 for (Jg, J1, J2) = (1, 1, 1); 2998.05 and —1499.39 for
(Jo, 31, J2) = (5, 5, 5); and 3013.21 and —-1507.22 for (Jy, J1, J2) = (10, 10, 10). We note that
the true value of (Jg, J1, Jo) is (1, 1, 1). Thus, both DIC and LPML correctly identified the
true model. Under the best combination of (Jg, J1, J»), namely, (1, 1, 1), the average of the
posterior means (EST), and the average of the posterior standard deviations (SD), the
simulation standard error (SE), the root of the mean squared error (RMSE), and the coverage
probability (CP) of the 95% highest posterior density (HPD) intervals for each parameter as
well as Sy(t|6) were computed. The results are given in Table 1. Table 1 shows excellent
empirical performance of the posterior estimates for all the parameters as well as the
survival probabilities for both n = 500 and n = 1000. In particular, the ESTs are nearly
identical to the true values, the SDs are very close to the SEs, and the CPs are very close to
95%. For each simulated dataset, we also fit CM as discussed in Section 2.1 and computed
the corresponding DIC and LPML for (Jg, J1, J2) = (1, 1, 1). The box plots of the DIC and
LPML differences between CM and FM are shown in Fig. 2. From this figure, we see that
all of the DIC differences are above 0 and all LPML differences are below 0, indicating that
the frailty model fits the data better than the conditional model for all 500 simulated data
sets, which is expected since the data were generated from the frailty model. These results
further empirically confirm that FM is indeed quite different from CM, and DIC and LPML
are two effective Bayesian model comparison measures for identifying the true models.
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5 Analysis of the Panitumumab Study

We carry out here a detailed analysis of a subset of the data from the panitumumab study
(PMAB408) conducted by Amgen Inc. (van Cutsem et al., 2007 and Amado et al., 2008).
PMABA408 was an open label, randomized, phase I11 multicenter study designed to compare
the efficacy and safety of panitumumab plus best supportive care (P+BSC) versus BSC
alone in subjects with EGFr-expressing metastatic colorectal cancer who had documented
disease progression during or after prior standard treatment with fluoropyrimidine,
irinotecan, and oxaliplatin chemotherapy. Subjects were randomly assigned to receive P
+BSC (treatment) or BSC (control). The baseline covariates include initial treatment (P
+BSC versus BSC), age in years at screening, baseline Eastern Cooperative Oncology
Group (ECOG) score (score 0 or 1 versus = 2 (hECOGO1)), primary tumor diagnosis type
(rectal versus colon (Rectal)), gender, and region (western Europe (WesternEU), eastern and
central Europe (CenEstEU), and rest of the world). In the subset of the data, there were 223
and 231 patients in the control and treatment arms, respectively. There were 424 subjects
who died (208 and 207 in the control and treatment arms, respectively), 387 subjects (201
and 186 in the control and treatment arms, respectively) who developed disease progression,
and 59 subjects (18 and 41 in the control and treatment arms, respectively) who died without
disease progression. The median age was 62.5 years with interquartile range (55, 69) years.
There were 388 patients with ECOG score 0 or 1, 287 were males, 151 had rectal cancer,
352 were from Western Europe, 39 were from Eastern and Central Europe, and 63 were
from the rest of the world. The median follow-up time was 189.5 days and the interquartile
range of the follow-up time was (93, 334) days. Among those 387 patients who developed
disease progression, the median disease progression time is 53 days and the interquartile
range is (45, 84) days. Of these 201 patients who developed disease progression in the
control arm, 167 patients were switched to the treatment arm at the time of disease
progression.

The model for the time in months to disease progression includes all the baseline covariates.
Among the 387 patients who developed disease progression, the median age at the time of
disease progression was 62.1 years with interquartile range (55.0, 69.1), the numbers of
patients who had partial response, stable disease, and progressive disease were 19, 86, and
282, respectively. There were 348 patients with baseline ECOG score 0 or 1, 286 patients
had a last ECOG score on or prior to disease progression 0 or 1, and 180 patients had grade
2 or above adverse events. The covariates for the time in months from disease progression to
death include treatment, bECOGO01, age at disease progression, best tumor response with
partial response (BTR PR) or stable disease (BTR SD) versus progressive disease according
to investigator assessment, last ECOG score on or prior to disease progression (score 0 or 1
versus = 2 (LECOGO01)), and adverse events (AE).

We fit both FM and CM with different values of Jg, J; and J; to the panitumumab data. The
DIC and LPML values are given in Table 2. We see from Table 2 that (Jg, J1, J2) = (1, 30, 5)
achieves the smallest DIC value and the largest LPML value among the 7 combinations of
(Jo, J1, Jo) considered here under both FM and CM and the best DIC and LPML values were
3475.27 and —1741.32 under FM and 3482.62 and —1746.76 under CM, respectively. We
also observe that for each of these seven combinations of (Jg, J1, J2), FM consistently has a
smaller DIC value and a larger LPML value than CM, implying that FM fits the
panitumumab data better than CM.

Table 3 shows the posterior estimates of the model parameters under FM with (Jg, J1, J2) =
(1, 30, 5). The 95% HPD intervals for treatment were (-1.753, —0.484) under the E model,
(-1.145, 0.175) under the Tp model, (-1.733, —1.148) under the Tg model, and (-1.479,
—0.441) under the Tg model.
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These results imply that treatment is associated with E, Tg, Tg but not with Tp. The other
important prognostic factors include bCOGO1 under the E, Tp, and Tg model, LECOGO01
under the Tg model, age under the Tg model, and AE under the Tg model as their
corresponding 95% HPD intervals do not contain 0. The treatment switching variable, V, is
also associated with Tg. The posterior mean and 95% HPD interval for zwere 0.322 and
(0.163, 0.490), which implies that there is a moderate dependence between Tg and Tg. We
also fit the best CM with (Jg, J1, J2) = (1, 30, 5) to the panitumumab data and the posterior
mean and 95% HPD interval for y»1 in (2.4) were —0.083 and (-0.161, —0.008), which
implies that there is a positive association between Tg and Tg. Panel (a) in Figure 3 shows
the estimated differences of the survival probabilities and their pointwise 95% confidence
intervals (CIs) between the two treatment groups of P+BSC and BSC using the intent-to-
treat (ITT) Kaplan-Meier approach and Panel (b) plots the posterior estimates, E[S1(t|6)
=So(t|&)|Dgps], where Sy(t|6) and S(t|@) are given in (3.2), and the corresponding pointwise
95% HPD intervals of S1(t|8) — Sp(t|6) between these two treatment groups. From Panel (a)
of Figure 3, we see that the ITT approach yields no difference between two treatment groups
as all 95% Cls contain 0. In contrast, as shown in Panel (b) of Figure 3, all the posterior
estimates of Sq(t|6) — Sp(t|@) are above 0 and the corresponding 95% HPD intervals are
above 0 after 2.25 months. We note that the maximum estimated difference E[S1(t|6) — So(t|
6)|Dgps] Was attained at approximately 9 months and the corresponding posterior mean and
95% HPD interval were 0.165 and (0.110, 0.227). These posterior estimates indicate that P
+BSC does yield a higher survival probability than BSC.

In all of the Bayesian computations, we used 20,000 Gibbs samples after a burn-in of 1000
for each model to compute all the posterior estimates, including posterior means, posterior
standard deviations, and 95% HPD intervals. Codes were written for the FORTRAN 95
compiler using IMSL subroutines with double precision accuracy. The convergence of the
Gibbs sampler was checked using several diagnostic procedures discussed in Chen et al.
(2000). The autocorrelations for all model parameters disappeared before lag 10.

6 Discussion

In this paper, we have proposed a novel semi-competing risks Bayesian frailty model that
accommodates treatment switching and dependence between the progression time and
survival time. This type of scenario arises often in clinical trials in which, once a patient
experiences an event, such as progression, they immediately switch to the experimental
treatment. As a result of the switch, the model attempts to capture the treatment effect when
no subjects would have switched treatment. The innovation in the model lies in the fact that
the observed data likelihood is modeled and is based on four possible scenarios, and the
model itself has three components. This type of model is quite different from what has been
proposed in the literature. Another innovation here lies in the Bayesian approach to fit the
model. Efficient MCMC methods based on the collapsed Gibbs sampler facilitate a flexible
Bayesian model that is computationally feasible and identifiable. Such a model does not
appear computationally feasible from a frequentist perspective. As shown in the simulation
studies and real data analysis, our proposed model has several advantages over the
conditional model (CM) proposed by others in the literature. It appears to have better
performance under certain scenarios and produces a better model fit according to DIC and
LPML. The proposed model is useful for practitioners encountering treatment switching
studies in the presence of semi-competing risks where one is interested in assessing the
treatment effect on overall survival.
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Appendix A: Proofs of Theorems

Proof of Theorem 1

Using (3.1) with the prior distributions assumed in the theorem, we have

I1 HA,@]] [TaT-H p <_b77>] '

k=0j=1

W(G‘Dobs) X L(G‘Dobs

Using (2.9), it is easy to show that

L(H‘Dobs) S La(a|Dobs)Ll(ﬁ0a 70, AO‘Dobs)Iﬂ(ﬁla Y1, )\13 ﬂ217 /6227 Y2, A27 T‘Dob‘s)L?)(ﬂla’yla )\17 T|Dobs)'

exp{ E; ap+Ajon+x,as
WhereLa(a|Dob8):”4 3 4 LB : ; )}
€U, M 1+eXp(ao—|—Aioz1+azioz2) )

L1(Bo, 705 Xo|Dobs)= H ho(yi| Ao)exp (AiBo+xiv0 Jexp{ — Ho(yi| do)exp(Ai fo+a;70) ), (A
ieM 1)

Lo(B1,715 A1y Bty B22, 725 A2, T| Dops)

—H [1—1—7’ h1 ym

€M

Ao)exp{AiBan+Vi(l — A;)fas+zi7a} X {1+7' (Hl(ym

A)exp(A;Bri+ay1) X ha(Ye, Ar)exp(4; 51

and

1

’ ’ —(1+=
L3(B1,71, A1, | Dobs)= [ [ 71 (ys, Al)eXp(Ai/31+fBﬂl){1+TH1 (ypi\’\l)eXP(Aﬁl*-wi’h)} ( )~ (':‘)'
iets

To prove propriety of the posterior, it is sufficient to show (a) | Ly(a|Dgps)da < oo; (b)
JL1(Bo, 705 Ao Dobs) ( ]]“ 1% ) dBodryndo<oo and (c)

JL2(B1,715 A1, Bat, B2, 72, A2s T Dobs ) L3 (81,71, A1y T| Dops) {Hk 11_[] 1% } [ﬁexp(—bf)]
- dBidy10410 /10 Boatl 1pdApd 7< oo,

Under Conditions (i) and (ii), Theorem 2.1 of Chen and Shao (2001) directly leads to (a).
Let j; be an index such that sg j;-1 < Y;j < Sj;. Then we have dgj = 1 for j = jj and djpj = 0 for j
# jjand
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ho(yi|Ao)exp(AiBo
+@;70)exp{
— Ho(yi|®:)exp(AiBo+@;70)} < Aoj,exp(AiBo+@;70)exp]
— Aoy, (Yi
— 80,5,—1)exp(Aifo
+a;70)} < M,

(A4)

where My > 0 is a constant. Consider the transformation &; = log(4g;), where dSo;= Ao; for
J=1, ..., Jo. Under condition (iii), there exist Jg + pg distinct iy, ..., ip+py € -#/1 such that

the (Jo + po) * (Jo+Po) matrix X, which has rows (6,01, - - - , 5,1/,,0]0,14@33;[)) for /=1, ...,
Jotpo, is of full rank. Using (A.4), we have

Jo Jo+po , ,
JL1(Bos 705 Aol Dobs) (Hl%oj> dBodyodAo < Mz [ [ eH1 exp(oj;, +Ai, fo+x;,70) X exp{—yi, — s0,;,—1)exp(&oj;, +Ai, Bo+x;,70)
f= =

where My, > 0 is a constant and & = (&q, ---, 0 )'- Now, we take a one-to-one

transformation @o=(o1, - - - - by, -, )’ =X¢ (€0 Bos %) Using (A.5), we have

i Jo Jot+po
JL1(Bo, Y05 Ao|Dobs) <H1$> dBydyodXg < M3 an I exp(¢oe)exp{
]: =

= (Yi, = 50,3;,~1)exp(Poe)doe (A6)
Jo+po

:]\115 H (yi@ — S()7_7'2.£71)—1>OO7
(=1

where M3 > 0 is a constant, which completes the proof of (b).
For (c), we first rewrite (A.2) as follows:

Ly(B1,71, M, P21, 822,725 A2y T|Dobs )=Laa (81,71, A1, T| Dobs ) Lap (821, 822, Y2, A2| Dobss 515715 A1, T),

where

/ / —(2+12
Loa(B1,71, A1, 7| Dops)= [ | hl(yEi|/\1)eXp(Ai/31+wﬂ1){1+7'H1(?;’Ei|)\1)€XP(Aiﬁ1+iBﬂ1)} ( ); (’I;)'
€N
Loy(B21, B225 Y25 A2| Dobss B1, 71, A15 T)

=11 [+7)ha(ye,

€N

’ ’ - A
)\g)exp(Azﬂm—i—Vl(l — Ai)ﬂgg — Zi’}/g} X {1+Tb1H2(yGL‘/\Q)eXp{Alﬁgl—f—‘/l(l — Ai)522+zi’yg}} 8)

’ —1
and bz‘:{HTHl (Y |>\1)6Xp(Ai,31+93ﬂ1)} . Let ji denote the index such that s j;-1 < YGi
<spj;- Then, we have
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Loy(Ba1, 822,72, A2| Dobss b1, 1, A1, T) < H [(1+7))\2jiexp(Ai/621+Vi(1_141')522"'%‘72X{1+Tbi)\2j,(ym - 52ji—1)exp{Ai/621+Vi

€N

Observing that (1+m)1+% > 14 forall r>0and v >0, we obtain

(14-7) Agj,exp{ A; Bo1 +Vi(1 — A;)Bar -z}

(A
/ -(2+1) (14-7) Agj,exp{ A; o1+ Vi(1 — A;)Ba2
L+7bidgi (Y, — So.i A; Vi(l— A; : < ; 10)
X{ - zjl(ycl " 1)exp{ PtV )ﬁ22+z 72}} o 1+(1+7')bi)\2j7‘ (yGi - 52,ji—1)eXp{AiﬂQI+Vi(1
Under condition (iii), X5 is of full rank. Therefore, there exist J, + po distinct iy, ..., iJ2+p2 €
N5 such that the (Jp +p2)*(J2 +p2) matrix X3, which has rows (9ie21, - - -+ 9,25, Ai,» Zi,) for
/=1, ..., Jo + po, is of full rank. Let ,/1/21 = {i]_, ey i32+p2} and (/1/22 = ‘/VZ - (/V21. Using
(A.10), we have
[ L —| 7. ?
Loy (B21, 822,725 A2| Dovss B1, 71, A1, 7) < Moy | [ ks [T [+ e exp{AiBar +Vi(1 — A;)Ba2 — 272}
|j€:/V22 ZJ iE</V21
1 11)
) —(2+7)
X {1'|‘Tbi)\2ji (Y — S2,5i—1)exp{AiBor1+Vi(1 — Ai)ﬁ22+zi72}} D ;
where M5; > 0 is a constant. Similar to (A.5) and (A.6), using (A.11), we can show that
. J2
JLav(Ba1, B225 ¥25 A2| Dobss B1, 71, A1, T) {H ﬁ] dB21dBazdryrdAy < May [ Il 1,17] X( IT [
j=1 J i€ N0 1€ N2
+7) [ % exp(¢2i){1
_ 1
+7bi(Yg; — S2,5,—1)exp(d2:) } (2+*)d¢2iD
1
=Moo [ H b—] (A
i€ Nz ! 12)
Ao ]
L-eml (I4+32)7bi(Ye; — 52,3;-—1)J
:]\fgg H (1+TH1(yE7 Al)exp(Aiﬂl
i€ N2
+£B/L’yl)} )
where My, and M3 are two positive constants. Now, using (A.2), (A.3), (A.7), and (A.12),
we obtain
2 i exp(—22)
J S Lo (Bi, 715 M5 B2t 822,725 A25 T [ Dops ) La (81,715 A1, T| Dops) X kl_[ B X [ —ar Tt ] dB21dBaadyadry < Mos
=1j= ic
(A
J1 b
1 exp(—=) 13)
% [H T] {7%“ } :
j=171
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The right hand side of (A.13) is precisely the kernel of the posterior distribution of (51, 1,
A1, 7) under the GORH model of Banerjee et al. (2007). Thus, under conditions (iii) and
(iv), following the proof of Theorem 3.1 of Banerjee et al. (2007), we can show that the
integration of the right hand side of (A.13) over (%, y1.41, 7) is finite, which completes the
proof of Theorem 1.

Proof of Theorem 2

For the posterior conditional distribution, the first derivative of the log-likelihood function is
given by

a]Ogﬂ-(T*LBl:FYl?)‘>1k:/627727)\§7E*1D0bs) . Z” {(i

o X})exp(Air+a71)+Ha(y,

—log[1 — Hi(y,,

J
_'_(ar‘f‘Zi 1ZjK1akj - 3)

[b +Zk 12 (brj AT5)]

. The second derlvatlve |s given by

1{d;=1,v;=1
8210gﬂ'(7—*|ﬁ17717)‘1752’72’)‘§aE*aD0bs) O(Z” [_ 1 _ 1 ] { !
o(r)? = T ey
J
+[- : ]Hdi:LWZO} _ (ar+3 %1255 any — 3)
) )

n 2 Iy
Assuming that > [H{ri=1,di=1}+1{y=0, dizl}]+a7+zk:12jzlam —3>0 e
QQIOgW(T*‘ﬂla 71 )‘Ta /827 725 )‘37 E*a Dobs)

will always have 9(7%)2 <O. Therefore, the conditional
density of z* given by (3.7) is log-concave. Letting
8]Og7r( *|/817717)‘>{7/627727)\§7E* Dobs) B B3

2
=0, then we have Bi+—-+ o 0 where By,
B, and B3 are deflned in Theorem 2. After some algebra, the solutlon is given by

—(Bi+Bo+Bs) — \/(Bi4+Bo+Bs)? — 4B, B,
2B, . The reasons are as follows: with b >

0, bj>0and Ak;>0, it is obvious that B; < 0; and with the previous assumption that

n 2 J
Yo [Hr=Ldi=1}+1{ri=0,di=1}+ar+3 5 > " ax; = 3>0 thenB, >0, s0 we
have (B; + By +B3)2 —4B1B, > 0. Therefore, the equation has two roots. Since 7* > 0, then
we only keep the positive solution z* since the other root is negative. Since we just showed
that the conditional density of z* given by (3.7) is log-concave, it follows that the mode of
(3.7) is analytically available and given by 7*.

Appendix B: Computational Development

B.1. Derivation of the Potential Survival Function

After some algebra, we obtain
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S, (t|0)=[P(T,>t|A
=a,xz, F
=0, 80,70, M) P(E
=0|A4
=a,z,a)f, (x|A
=a)dx
—|—fmvz7w{P(TE>1€|A:a7 z, E=1, 51,71, Al,w)—l—f(tJP(TG >t—u|A=aqa, z,V=0,E=1, 83,72, A2, w) X f1{u|A=a, z,w, B1,71.
=a,z, F
=1)P(E
=14
=a,x,a)f, (x|A=a)dzdz.

When Jg =J1 =J, =1, we obtain P(Tp > tjA = a, X, E =0, f, 10, o) = exp{—tly exp(Afp +
X/YO)}! fﬁ) P(TE>t | A=a X E=1, ﬂl! 71, /11! C()) f (C()l 7’—)da) = fﬁ) exp[_a)t A‘l exp(Aﬁl +X

1

1 T
Ifel) =N e (Ag e -+ and
L ATOP(T, >t
—ulA
=a,z,V
=0,E

Aexp(AB+a'71)
Aoexp{AB21+V (1 — A)Baa+z'72} — Arexp{ A/

=1, B, Y2, )‘2)w)f1 (U|A:a7 x,w, O1, 715 A])dU}f(&J|T)dw:

1
1 E
1+A0exp{ABxn+V (1 — A)ﬂ22+zl”)/2}t7'} }

=

For the more general case, where the values of Jg, J1 and J, are not specified, we have
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P(T,>t|A=q,2,FE
:07 ﬂOa 70, )‘0)

Jo
=exp {—2[1{50’]‘_1<t < S()j}{/\oj(t
j=1

j—1
— 50,j-1)+)_ Aog (S0

g=1

Ji
—so’g,l)}]exp(Aﬁo—l—:r:”yo), [ P(T,>t|A=a,x, E=1, 51,71, )\1,w)f(w\r)dw:fwexp{—wZ[1{3Lj,1<t < sy At

j=1
j—1

—s1j-1)+ Y Aig(s1g
g=1

— s14-1)}exp(AB
+a'y1)} f(w|r)dw

A=

1
LY (L r s MG (E = s1-1)+ 300 1 Mg (s1g — s19-1) Hexp[ ABr+a/y1)7

Before the next derivation, we need to align the partitions of the time axis for hy and h,. Let
0<s31<832<... 53 33 be the ordered distinct values of s ;,, where k=1, 2. For a given
time point t, there exists j; such that t € (s3 j—1, S3j,)- In order to facilitate the computation,
let s3 33+1 = S3, 33, S3, 33 = S3, J3-1, --+» 3, j; = L. Then the corresponding constant hazards for
each interval are as follows: Agyj = A if s -1 <83, j-1<s3 j<sqforje (1, Jz3+1)andl €
(1, J), where k = 1, 2. Next let

Q=[oP(T;>t
—u|d
=a,z,V
—0,E
=1, 82,72, A2, w) f1(u| A
=a,x,w, B1,71, \1)du

Jt
:Z {wexp(AB:
j=1
+m/71)f§2’j,1 [P(Tc>t - U|A:a7 z, ‘/Zoa E:L IBZa 72, A2a w)
j—1 w
X )\31jexp{_[2)\31l(33,l —s37-1)+A315(u — Ss,j—l)]wexp(Aﬂl-HU’%)}J du} )
=1

and
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Qj=wexp(ApB
) [ [P(T, >t
—u|A
=a,z,V
=0,F
=1, 82,72, A2, w)

j—1

X Agijexp{—[Y_Asu(ssg — s31-1)+A31;(u — s3j-1)|wexp(Afr1+&'7)} | du.
=1

While u € (s3j-1, 83,1, we have (t - u) € (t - s3, t — s3j-1], then there exist j, and j, such
that (t = s3j) € (S3j-1, S3,j;] and (t = sz j-1) € (S3j,-1, S3,j,]- Let r =jy = ji. Then the range of
r is from O to J3. Therefore, when r = 0, we have

Q= Az1jexp(ABi+x'v)
7 X325, exp{ABo1+V (1 — A)Bao+2"72} — Az1jexp(ABi+a/v1)
x {exp|
ju—1
=D Asulssy
=1

— 537-1)+ X325, (t
+535 — -93,]‘“71)}‘*)
x exp{ApB21
v
— A)Ba2
+2'72}
J
— {Z/\su(szs,z — s3,-1) jwexp(Ap
=1

Ju—1
+a'y1) —exp |—{ Y Asu(ssy
=1

— 831-1)+A325, (¢
+835-1 — 834,-1)jw
x exp{ApBa1
+vQ
— A)B22
+2'72}

j—1
- Z)\:ﬂz(ss,z
=1

— s34-1)wexp(Af1+a'y)] } -

Then
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J.Qjf (w|T)dw
_ Az1jexp(AB1+a'v1)
As2j, exp{ABa1+V (1 — A)Baa+2"72} — Azijexp(Af+a'y1)

47-11_1 7
X {H—T({ Z A391(8371 — $31-1)+A325, (t+53; — 535,-1)} X exp{ABa1+V (1 — A)522+Z/72}+{Z)\31l(83,l —s35-1)}
=1 =1

When r = 1, we have

0= Az1jexp(AB1+a'~1)
7 Aszj, exp{ABa1+V (1 — A)Bra+2"72} — Asijexp(AB1+x/1)
x {exp|

Ju—1

—{> Asulssy
=1

— 83,-1) jwexp{ Af2
+v(
— A)Baa

—I—Z/Wz}
j—1

- {Z)\Zﬂl(sa,l —537-1)+A315(t — 531 — S3.j,—1) fwexp(ABy
=1

Ju—1
+a'm)] — exp[—{ Y Asai(ssy
=1

— 53-1)+A325, (t
— 53j,—1 — 53,j—1) jwexp{ A2
— A)B22
+2z'72}

j—1
- Z/\su(ss,z
=1

— s3;1)wexp(Af1+a'1)]}
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n Tz_:l Azpjexp(Af1+x'v1)
= A32(j,—j+)€XP{AB21 +V (1 — A)Bag+2"72} — Az1jexp(AL+a/v1)
x {exp|
Ju—3* =1

= > Asaulssy
=1

— s3,1-1)wexp{Afn
+v(1

— A)Bo2

+Z/,y2}a

i1
=Y {Asulssy
=1

—835-1)+A315(t
= 53, 5u—(j*+1)
— s3,j-1) jwexp(AB

Ju—3"
+a'71)] — exp[—{ Z A391(s37 — 531-1) Jwexp{Afa;
=1
+v(1
— A)Ba2
+2'7,}
j—1
— > {Asulssy
=1

—s37-1)+A315(t
— 83j,—j* — 53,j-1) Jwexp(Af1+x'v1)] }
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N Az1jexp(ABL+x'v1)
A32(j, —r)eXP{AB21+V (1 — A)Baa+2"72} — Az1jexp(AB1+x'y1)
x {exp]
Ju—r—1

—{ D Asulssy
=1

— 83,1-1) T A32(j,—r) (t
— 83j,—r—1
—s3;)}w
x exp{ AP
+v(1
— A) P22
+2'7}

j
= {Asulss,
I=1

Ju—r
— s3,-1) fwexp(AB1+a'v1)] — exp[—{ Y Asu(ssy
=1

— 83,1-1) jwexp{Afa
+v(

— A) P22

+2"y2}

J—1
—{D Asulssy
=1

— 831-1)+A315(¢
— 83 ju—r — 53,j-1) fJwexp(AB1+a'm)]} ,

for which
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Jo@5f (w|7)dw
_ As1jexp(Af1+x'y1)
A32j, €Xp{ABa1+V (1 — A)Baa+2"v2} — Ag1jexp(Af1+ax')
Ju—1 J-1
x ¢ {1+7[{ Z A391(s3; — s35-1) fexp{AB21+V (1 — A)ﬁ22+zl’m}+{z)\3u(53,l —537-1)+A315(t — $3,-1 — 53,j,—1) }€
=1 =1
jufl j71
— {1H7[{ > Asaul(s30 — s30-1)+F a2y, (t = 53,1 — 53,j-1)} X exp{ABa+V (1 — A)Baz+2"v2}+) Aau(s31 — 531
=1 =1
Ju—j*—1 j—1
x4 {1+7] Z A321(s37 — s31-1)exp{ABa1+V (1 — A)/B22+z/”/2}+2{)\31l(53,l —831-1)+A315 (t — 83, —(j*+1) — 53,
=1 =1
Ju—r—1 7
)T Y Aaw(s30 = s30-1)FAsa(i,—r) (E = S35, —r—1 — 53,j)} X exp{ABa1+V (1 — A)Bao+2"12}+)_{Asulsa; -
=1 =1
Ju—T Jj—1
—{1+7{ Z Azo1(s31 — s31-1) jexp{ABa1 +V (1 — A)522+Z/72}+{Z/\311(33,l — 83-1)+A31(t — 83,5, —r — 83-1)}
=1 =1

B.2. Sampling from the Conditional Posterior Distributions

In the posterior computation section, a series of conditional posterior distributions are listed.
Now we will show how to sample from these distributions.

) [ Ao, AL, A5B0,70, 81,71, B2, Y2, w, E¥, Doyl It is easy to see that conditional on

(%, 10, b1, 7, Bor 2w, E*, Dops), (Mo, AT, A3) are independent. Therefore, the
conditional distributions can be sampled separately. Let 6 = 1 if the it subject
failed or was censored in the jt interval for j = 1, 2, ...J, and 0 otherwise. It can

be shown that (ia) [Aoj |40, 70, E*, Dops] ~ Gamma(ag;, bg;), where
™ n bh = i — So.i_
aojzzizl[@ojl{dizo, I/izl}]-l-aoj, and 07 Zsoﬁj*1<yi§50j (y 0,7 1) exp
(Asfo-tino)[H{di=0, =1} + (1= B {di=0,1i=0}+ 3" (s0~50,j-1)
i ~>505

exp (A.Lﬁo-f—il};’}/o)[l{dl:(), 1/121}+(1 — El*)l{dz:O, I/ZZO}]—f—bO]), (Ib)

[A1;181,71, w, E*, Dops|~Gamma(a7;, b7;), WhereaTj:Z?:léﬂj [1{d;=1,v;=1}+1{d;=1, v;=0}]+a

; and (i) A3;] B2, v, w, E*, Dyys| ~ Gamma (a3;, b35), where
T n 71": 7 . — S y —
a2j:Zi:1[5i2j1{di:17”izl}]_'_an and 2 Zsz,j—1<yi<52jw(y 1)
exp
{A;iBa1+V;(1
_ A ! Hd;=1, ;=1 +1{d;=1, ;=

7,)/822+z172}[ { T » Vi }+ { T Vi 0}]+Zyi>32j

(”) [[507"/07ﬂ17717ﬂ277277_7w7E*|a7)\07 T’A;’D‘]bs]]'

(”a) HﬁOa Y05 /Bla 71, ﬂQa '72|7 a, )\07 Xlk’ )‘;7 T, E*v Dobs]]' From the joint posterior
distribution, it is obvious that conditional on [[a, Ao, A}, A5, 7, E*, D], the
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parameters [/, yol, [A1, v [8, 1»] are independent. Therefore, we can sample
the following conditional posterior distributions separately.

(ilaa) [£0, 70|40, E*, Dgps]- This density is proportional to

n

11 { [exp(Aifo-+@i0)exp{—Ho(io)exp(Aifo+@i70)}
i=1

] 1{d;=0,v;=1}

(1-E7)1{d;=0,1;=0}
] expf

x [exp{—Ho(yil ho)exp(Aifo+;70)}
— (B0,%0) 20 (B0, %0) }-

It is easy to show that this conditional distribution is log-concave
in each component of & and .

(iiab)  [181,71e, Ao, AT, As, 7, E*, Dy, ]l This density is proportional to

n

’ ’ 1 9 ’
II {([1+Hl(yEiW{)eXP(Az‘ﬁlﬂLmﬂl)ﬂLHz(yci/\3) x exp{A;fa1+Vi(l — A;)Baz+z;72}] 7 exp(4ifit+x;m))
i=1

1{d7j:

l{di

-

A5) X exp{AiBo+Vi(1 — A;)Bag+zp}] T )

X (exp(AiBrt@m) [ 1+-Hi (y, |\ Jexp(AiBrtam)+Ha(yg,
, 1 E:l{di:(],l/i:o}
X {[1+Hy (Y, | A Jexp(Aibrit+a,m)] 7} exp{

— (B,7) =T (Bm)}-

It can also be shown that this conditional distribution is log-
concave in each component of 4, and y;.

(ifac) [ B, 2], Ao, AT, A5, 7, E*, Doy ]]- This density is proportional to

n ’ ’ 7172
I1 {([HHl(ym|X{)eXP(Aiﬂlerﬁl)Jer(yci|>\§) x exp{A; o1 +Vi(l — A;)Baatz;72}] 7 exp{Aifu+Vi(l — 4,

) , 1 Hdi=lp=0}
X ([1+H1(y 5, |A])exp(Aifrta;71) +Ha (Y, |A5) X exp{A;iBa1+Vi(l — A;)Bazt+z;72}] 7 ) exp{

- (ﬂQa 7;)/22_1(523 ’7l2)}

Similarly, this conditional distribution can be shown to be log-
concave in each component of £, and ».

(iib) [ E*|, Bo, 705 B15 715 Ao» Af> T, Dops ]l This conditional posterior distribution is
given by

n *
Ez'

* * * / —% / —1
[E*|, 80,70, 81,71, A0y AT, T, Dobs| o H{([Hl(yl|>\1)6XP(Aiﬁ1+wﬂ1)+1} [1+exp{—(ao+A;a1+x;a2)}] ) X (exp[—.

i=1

(iiC)  [[7]81,71, AL, B2, 72, Asy E*, D]l This one is shown in Theorem 2.

(iid)  [w|B1,71, AL, B2, 72, A5, 7, E*, D) To sample from this conditional
distribution, we can sample [w|31, 71, A, B2, Y2andA5, 1 /77, E*, D | instead. It
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can be shown that [w|3;, 71, A, B2, Y2, A5, 1/77, E*, Dy,s] ~ Gamma(ay, by),
au=(r"+2){d,
=1,y
=1}+(7"+1)1{d;
=1,y
=0} +7"Ef1{d;
=0, v;
=0}andb,,
=[H1(yp|A1)exp(Aif1
+@;m)+Ha (Y, | A5 )exp(Ai B
+Vi(1
— A;) P22
2y} 1) [ 1{di=1, v;=1}+1{d;=1,,=0}]
+[H1(yi|AD)exp (A5
+am)
where +1]E;1{d;=0, v,=0}

(iii)  [alE*, Dgns]- This conditional posterior distribution is given by

n ’ —1 l{di:O,w:l}Jr(le;‘)l{di:O,ui:O}
(ol Dun o [T { (1 explan+ Asar+aian))
i=1
, 1 H{di=1,0=1}4+1{d; =1,,=0}+ E} 1{d;=0,1;=0} o ,
x ([14exp{—(ao+Aiartz;a2)}] ) }XeXP{—(a(J,ah%)lEal(ao,Oél,az)}

It is easy to show that this density is log-concave in each component of a.
Therefore, we apply the adaptive rejection algorithm of Gilks and Wild (1992)
to draw a.
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Fig. 1.
A graphical illustration of key random variables in the semi-competing risks model.
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Fig. 2.
Box Plots of the DIC and LPML Differences between CM and FM.
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Fig. 3.

The estimated differences with 95% intervals of the survival curves between the treatment
and control arms.
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