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ABSTRACT

Events in a survival data are independent. However, some health outcomes of a person
may occur several times, such as infections and asthma attacks, etc., during the study follow
up period. Such events are known as recurrent events. Recurrent event data analysis is most
commonly used in biomedical research. This paper examines the performance of variance
corrected models with frailty models through simulation with varying degree of correlation,
treatment effect and sample sizes. Results were evaluated by comparing the risk ratio esti-
mates, average standard errors (SE), Mean square error (MSE), AIC and log-likelihood val-
ues. The Prentice William and Peterson-Counting Process model had better fit among vari-
ance corrected models. The Andersen Gill model had very high AIC values and log-likelihood
values in the simulation data and in the real time datasets. The frailty model had very high
coverage probability which exceeded 95% nominal level in all the circumstances. The Rela-
tive Sampling Bias (RSB) and mean square error with beta -1 were not very different for all
the models, in all scenarios. The PWP-CP model seemed to have lower AIC, less bias, mini-
mum MSE and optimal coverage probability than all other models for different degree of cor-
relations, varying sample sizes and treatment effects from the simulated data.

Keywords: Counting process; Cox Proportional hazard model; Frailty; Recurrent events; Rel-
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1. Introduction

The Cox Proportional hazard model
is commonly used to analyze time-to-event
data in biomedical sciences, where events
are assumed to be independent [1]. Howev-
er, some health outcomes of a person may
occur several times during the course of fol-
low up. For example, a person experiences
repeated occurrences of the same type of
event such as asthma attacks, recurrence of
bladder cancer tumours and recurrent oppor-
tunistic infections in HIV patients. Such
outcomes are often called ‘recurrent’ events
or ‘repeated’ events [2-4]. Researchers use
the standard Cox model for recurrent events
data which actually deals with time to single
event, without realizing that the observa-
tions are not independent. The recurrent
events within an individual and their corre-
sponding time are expected to be correlated.
Ignoring this correlation is expected to bias
the regression coefficient and its standard
error. This correlation should be considered
as a rule rather than an exception which
must be taken into account for analysis in
order to obtain the correct inference [5, 6].
This led to the development of a number of
models for analyzing correlated survival
data. These models are often an extension of
the standard Cox model used for analyzing
independent survival data. Such models are
classified as marginal models/variance cor-
rected models and random effects models.
Marginal models focus on estimating the
effect of the covariates on the marginal ex-
pectation of the response by either specify-
ing a correlation structure (Generalized Es-
timating Equations) or by adjusting the es-
timated variance of the regression coeffi-
cients. Random effects models attempt to
model the dependent structure by including
a random effect besides accounting for un-
observed heterogeneity. This heterogeneity
could arise from unobserved covariates.
Random effect models are subject-specific
models or cluster-specific models [7]. Sur-
vival models with random effects are called
frailty models [8]. There are a few other

methods to handle recurrent event data
based on independent increment such as
Andersen Gill Model(AG), Wei, Lin and
Weissfeld (WLW); Prentice, Williams and
Peterson, Counting Process(PWP-CP) and
gap time (PWP-GT); and Lee, Wei and Am-
ato (LWA) [3, 8-13].

The Cox extension methods for the
analysis of recurrent events are commonly
evaluated using simulated data. Kelly and
Lim [14] explained the application and the
comparison of various recurrent event time
models. Villegas et al., [15] simulated recur-
rent time data with varying degree of corre-
lation, censoring and number of recurrences.
Researchers in the applied field (epidemiol-
ogy or clinical epidemiology) explore a ro-
bust method from the variance corrected
models and frailty model.

However, there are no studies that
compare frailty models to the recurrent
event models. Also, there is still a dearth of
evidence to select the best method/model for
analyzing recurrent event data using simu-
lated and real time data. Hence the objective
of this paper was to apply and appreciate the
differences between the recurrent event
models, including frailty models, through
simulation with varying degree of correla-
tion, treatment effect and sample sizes. Two
real time datasets were also used to demon-
strate the same objective comprehensively.

2. Methods
2.1 Cox proportional hazard model

The standard Cox proportional hazard
model for the survival data specifies the
hazard function for the individual i is mod-
eled as

A1) = A (O exp(B'X,), (2.1)
where t represents time, X, is the vector of
is the

vector of regression coefficients and 4, (t)

denotes the baseline hazard function ob-
tained for an individual with X =0. A (t)

is the hazard of individual i to experience an

covariates of the i" individual, S’
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event at time t. We could obtain an estima-
tor 4 for B based on the assumption that

the events in each subject were independent
[1]. Let T; be the time when the j™ failure

occurs for the i subject. C, is the censoring

time for individual i. The minimum of (T; ,

C;)ie, Z; equals T; if the event was ob-

served (coded 1) and C, if it is censored
(coded 0).

2.2 Extended Cox models

The extended Cox models were used
to model recurrent time-to-event outcomes
within a subject more comprehensively than
the Cox model. The extended Cox models
are: 1) Andersen-Gill counting process
(AG-CP), 2) Prentice-Williams-Peterson
counting process (PWP-CP), 3) PWP - Gap
time (PWP-GT) model; and 4) random ef-
fect/frailty model. The variance corrected
models take into account the recurrent struc-
ture of the data and the random effect model
uses a frailty term to account for the unob-
served heterogeneity besides taking into
account the recurrent structure of the data.

These four models were applied to a
simulated data and two real time datasets.
The model results were evaluated by com-
paring the risk ratio estimates, average
standard errors (SE), Mean square error
(MSE), AIC and log likelihood values.

2.2.1 Andersen Gill model

The counting process model of An-
dersen Gill (AG) is a generalized Cox Mod-
el. The AG model assumes that recurrent
events are independent. Hence, the baseline
hazards for all events are common. The as-
sumption of mutual independence of the
events within a subject is equivalent to the
assumption of independent increments in
the counting process within each subject.
The counting process style of data input is
seen in AG models where each subject is
represented as a series of observation with

recurrence time which is given as (1,,t],

(t,t,] (t,,, last follow-up time].Each recur-

rent event (j) for an individual i is assumed
to follow a proportional hazard model where
the hazard function is given as

A1) =AOexp(FX (1) (22

where A,(t) represents the common base-

line hazard function (that is 4, - 4, for all j).

Under this model, the risk of recurrent event
for a subject follows the usual Cox propor-
tional hazards assumption, assuming each
event as independent. Every subject risk
interval contributes to the risk set for every
event, irrespective of the number of events
for each individual. The AG model provides
more powerful inference for a covariate ef-
fect than the standard Cox model for the
time to first event, but requires stronger as-
sumptions than the other models, such as
common baseline hazards. A robust sand-
wich method is used in the estimation of
standard errors [2, 16].

2.2.2 Prentice, William and Peterson
models (PWP)

Another model for analyzing recur-
rent events is the Prentice, William and Pe-
terson model. The PWP model analyses re-
current events by stratification, based on the
prior number of the events during the fol-
low-up period (10). There are two types of
PWP models, they are: 1. PWP counting
process model (PWP-CP) and 2. PWP gap
time model (PWP-GT). The total time and
the gap time models look similar in certain
aspects, yet there are important conceptual
differences. In the PWP-CP model, the time
scale is measured from the beginning of the
study to a specified event. It assumes that a
subject is not at risk for the k™ event until
he/she has experienced event j-1. The PWP-
CP model is similar to the AG-CP model
but stratified by events. The baseline haz-
ards vary from event to event, the hazard
function for the j™ event for i subject with
the standard proportional hazards form is
written as
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A (1) =4 (Oexp(Bi X (1), (2.3)

i=1..,nj=1..k,k <k. The PWP-GT
model describes an intensity process from
the occurrence of an immediately preceding
event, with the gap time defined as (t—t; , );

therefore, each survival process defines a
different rank order for a specific risk set on
the occurrence of a recurrent event. Both
PWP approaches are conditional models as
an individual is not considered in the risk set
for the j™ event until experiencing the
(j—1)"event

}“ij (t) = Ao,‘ (t _tj—l) eXp(ﬂj, Xi (t)), (2-4)

i=1..,nj=1..k, k <k,where ti, is the
time of the ( j—1)" event(with t, =0), and
4 (t) represents the event-specific baseline

hazard for the j™" event over time. Equations
(2.2), (2.3) and (2.4) assume that the repeat-
ed events are related. Therefore, these esti-
mates are presented by using the sandwich
type estimators and hence they are known as
variance corrected models [17].

2.2.3 Random effect/frailty model

The frailty model is an extension of
the Cox PH model, in which the hazard
function depends on an unmeasured random
variable [2, 8, 18]. In a frailty model, indi-
viduals in the same group share the same
frailty value which generates dependence
between those individuals who share those
frailties. The term ‘frailty’ means that each
subject has his/her own disposition to fail-
ure, in addition to any effects that will be
quantified using regression. Hazard func-
tion 4;(t) for the recurrent time of the jt

event in the it subject
(j=1..,i;i=12,..,n) conditional on the

frailty Z, follows the standard proportional
hazards form and is given by:

A (1) =24, () exp(B'X; (1)),t >0, (2.5)

where, (t) is the common baseline hazard
function, X, is a vector of observable co-
variates and £ is a vector of unknown re-

gression coefficients. Frailty Z, is the unob-

served (random) common risk factor shared
by all subjects i and is assumed to be inde-
pendent and identically distributed with unit
mean and unknown variance 6. Each subject
could have different values of random ef-
fects. Variability in the Z; reflect the heter-
ogeneity of risk across the subjects. If the
value of the frailty Z, is zero, then events
from the same subject are independent. The
variance of the random effect lies between 0O
to infinity. Mostly the frailty variable is as-
sumed to follow gamma distribution [18-
22]. The density function of gamma frailty
distribution results in the following form,

2 exp(—z 1 0)
6"’'r(1/0)
0, otherwise

, ifz>0

f(z)=

with 7" the gamma function. Note that there
is heterogeneity if &>0. So, large values of
6 reflect a greater degree of heterogeneity
among groups or clusters and a stronger as-
sociation within groups or clusters. The
semi parametric gamma frailty model can
also be fitted by the penalized partial log
likelihood approach [5, 23-25]. The gamma
frailty model is equivalent to a penalized
Cox model with penalty  func-
tion p(2)=[1/0)X[Zj—exp(Zj)]. The Z's are
distributed as the log of i.i.d gamma random
variables and the tuning parameter 6 as their
variance. For the gamma frailty distribution,
the correlation of subjects within groups

(Kendall's tau) is 6/(2+6).

2.3 Simulation

The survival time was generated
based on the Cox Proportional Hazard mod-
el that was proposed by Bender et al. [26].
However, there is no straight forward meth-
od to generate time-to-event till date. In the
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Cox PH model, the effects of the covariate
have to be translated into survival time from
the hazard rate. It is simpler to convert or
translate the regression coefficient for haz-
ard to survival time only if the baseline haz-
ard function has a constant hazard, which
means that the survival times follow an ex-
ponential distribution and thereby this is one
of the reasons that most simulations are
based on exponential distribution.

2.3.1 Simulation of survival time
From equation (2.1), the survival
function of the Cox PH model is given as

At/ X) =exp{-4 ()exp(A'X)}.  (2.6)

Based on the cumulative hazard function
and the distribution function of the Cox PH
model, equation (2.6) can be rewritten as

F(t/X) =1-exp{-A4 (1) exp(5'X)}.
(2.7)

Let us consider Y to be a random variable
with distribution function F, then

U=F(Y) follows a uniform distribution
with the interval [0,1] which can be written
as U~U[01]. If U~U[01] then
(1-U)~U[0,1] also follows uniform dis-
tribution. Then the equation is expressed as

T=1/2{-logU)/ exp(-5 X)}}, (2.8)

where U is a random variable with
U ~U[O,1]. This can be transformed into

survival time following a specific Cox mod-
el [4], which can be rewritten in the form of
exponential distribution as follows:

T=-logU)/ Aexp(B'X).

The corresponding hazard function of the
Cox model is given by

Ht|X)=2exp(BX).  (2.9)

Thus, the Cox PH model [2.1] with constant
baseline hazard results in an exponentially
distributed survival time with scale parame-

ters A(x)=Aexp(S'X), which are depend-

ent on the regression coefficient. The expo-
nential distribution has a similar correlation
structure, with correlation o between adja-

cent recurrence times [15, 27].

7(log2)*
"~ 7(10g2)? + (1-log2)?’

P - —0+\ o’ +2p(1-w) (@11

0 l1-w

(2.10)

Based on equations 2.10 and 2.11 using R
software (Version 3.1.2) [28], recurrent sur-
vival time was generated based on rho,
which was multiplied with time, until it
reached a maximum follow-up time of 24
months. A covariate ‘treatment’ was gener-
ated using random Bernoulli with treatment
arm to be 60% and the control arm to be
40%. Each and every individual had a start
and a stop time based on the above condi-
tion using exponential distribution. If the
individual did not get any event within 24
months and/or if the follow-up time exceed-
ed 24 months, such individuals were con-
sidered as censored. Also, occurrences of
censoring were fixed to be 0%, 10%,15%
and 20%, respectively. Data was generated
with the above specified criteria and repeat-
ed for 1000 times with varied sample size,
correlation, betas and censoring.

2.4 Model robustness, accuracy, estima-
tion and evaluation

2.4.1 Robustness

The robustness of the generated re-
current event data was measured using true
coverage of 95 and the relative sampling
bias of the B estimator for the generated da-
ta. The relative sampling bias is defined as

A

5
2

Relative Sampling Bias =

3|r—‘

2.4.2 Accuracy

The most common criterion in eval-
uating the performance of a statistical model
is based on its accuracy with respect to the
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fitted data. Thus, the model accuracy is as-
sessed by the closeness of the estimates to
the exact (or observed) value. The most
widely used measure of accuracy is the
mean-squared error (MSE). Smaller values
indicate a more accurate and reliable model.

MSE = 3" (5 - A"

where m is the number of simulation
(m=1,000), ,Bi is the estimator from the
simulated data and £ is the given estimate.

2.4.3 Estimation and evaluation

The Information Criterion (IC) is
used for comparison between models. The
model with the lower IC indicates better fit
of the model. The Akaike Information Crite-
rion (AIC) was calculated for each simulat-
ed data. The AIC is one of the most com-
monly used fit statistics.

AIC=-2Log(L)+ 2k,

where K is the number of predictors, includ-
ing the intercept in the model and L is the
maximized value of the likelihood function
for the estimated model.

3.Results
3.1 Simulation

We generated a series of simulations
using exponential distribution with different
sample sizes, correlation and hazard levels.
The different sample sizes considered were

n=(100,200,300,400,500). The correla-

tion within subjects and treatment effects
considered were p=(0.1,0.4,0.6,0.8,1) and
£=0.2,04,0.6,0.8,1 and -1, respectively.
Survival time was truncated at 24 months in
all the series of simulated data.

Table 1 shows the results of esti-
mates, robustness of the standard error and
accuracy of the models for the simulated
recurrent event data. The naive standard
error was always slightly higher than the
robust standard error in all the models with
increasing correlations and sample sizes.

The standard errors (naive and robust) were
large when the sample size was small
(n=100). The variance of the frailty in-
creased with increasing correlations irre-
spective of the sample size. The g coeffi-

cient from the frailty model was nearly
close to the true value when the sample size
was small and when correlation was high.
When the sample size was large, the beta
value and the true value were similar for
varying correlations. A similar kind of trend
was also seen with all the remaining 3 as
well. The simulation results are presented in
the appendix.

The model fit was assessed for the
simulated data using the Akaike Information
Criterion (AIC). The AIC seems to be con-
sistently increasing with increase in sample
size and decreasing with increasing correla-
tion levels within each of the sample sizes.
Of the four models, the PWP-CP model had
lower AIC and log likelihood values. The
AG model had very high AIC and log-
likelihood values in all the circumstances.
The PWP-GT model had lower AIC values
than the frailty model for all sample size and
varying correlations. The frailty model had
coverage probability greater than the nomi-
nal level of 95% than all other models in
many situations (Fig. 1).
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Fig. 1. Coverage Probability for beta -1 with
varying rho’s and varying sample size.

The Relative Sampling Bias (RSB)
and mean square error (Fig. 2) with fixed



T. Mani et al. | Science & Technology Asia | Vol.27 No.2 April - June 2022

treatment effect of -1 were not very differ-
ent for all the models, in all situations.

3.2 Bladder cancer data

The bladder cancer data are listed in
[11], and used as a primary example for
these methods. There were 85 cancer pa-
tients with recurrent bladder cancer tumours
followed up for 64 months after tran-
surethral excision [2].

.000060
z 000040
000020 (=,

(4]

1000060
000040~
1000020~ S T
000000~

[+10]

RSB

000060
000040 B o
000020

RSB
ouy
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000040~ . =~

1000020 e ———————

000000~

RSB

T T T T T
100 200 300 400 500
Sample size

Model
~AG = "PWP.-CP ~—— PWP-Gap

Fig. 2. Explains the Relative Sampling Bias
(RSB) for the recurrent event models. With var-
ying sample size and varying correlation.

==== Frailty Model

Of them, 47 and 38 were assigned to
placebo and intervention groups, respective-
ly. The risk factors considered in the model
were the “treatment”,” number of tumours”
and “size of the tumours”. The main pur-
pose of considering this example was to
compare the recurrent event models rather
than providing the estimates of recurrent
bladder cancer data. Table 2 presents the
treatment effect () model standard error,

robust standard error, AIC, -2 log likelihood
and frailty variance for the AG, PWP-CP,
PWP-GT and frailty models.

The g value in frailty model was

slightly higher (-0.460) than the AG model
(-0.412) but the treatment effects of the re-
maining models were smaller than the frail-
ty and AG models. This suggests that the
risk of recurrent bladder cancer was event
dependent(correlated). The model fitness

characteristics such as AIC and -2 log-
likelihood were lower in PWP-CP (AIC =
637.96-2 log-likelihood = -315.99) model as
compared to other models. The additional
information provided by the frailty model
was variance of the random effect (6=
0.567, p=0.036). This significant heteroge-
neity suggested that some patients were
prone to disease recurrence more quickly
than other patients.

3.3 Cystic fibrosis data

This example data is from the study
that assessed the effects of rhDNase -
pulmozyme (DNase I), acloned and highly
purified recombinant DNase | designed to
mimic that produced by the human body,
deoxyribonuclease-on the incidence of pul-
monary exacerbations [29]. The double
blind, placebo-controlled study was con-
ducted in 1992. There were 956 patients
with cystic fibrosis and all exacerbations
were collected for 196 days. Of them 43%
of the placebo and 33 % of the rhDNase
patients experienced an exacerbation during
the follow up period. Table 2 presents the
treatment effect B, model standard error,

robust standard error, AIC, -2 loglikelihood
and frailty variance for the AG, PWP-TT,
PWP-GT and frailty models for cystic fibro-
sis data. The robust standard errors obtained
using PWP-CP and frailty models were
lowest and exactly the same. It was highest
in the AG model followed by the PWP-GT
model. The treatment effect was statistically
significant in all models except the PWP-
GT model. The variance of the frailty was
found to be very high (¢ =1.19) and statis-
tically significant (p = 0.001). A frailty vari-
ance of more than 1 indicates that the heter-
ogeneity is high. The correlation between
recurrent events from the same patient was
estimated as p=0.3748. The AIC and -2

log-likelihood were also lower in the PWP-
CP model compared to other models.
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Table 1. Simulation results for = —1, varying sample size and varying correlation.

n [ B p Model B SE RSE AIC 2LL FV | Cp RSB RMSE
1 AG 71,0007 | 01776 01754 | 1269.76 | -633.88 - 940 | 0.00001559 0.00005210
0y |PWP-CP | 10003 | 01919 0.1893 952.61 -475.30 - 935 | 0.00000979 0.00005632

2 | pWP-GT | -1.0093 | 0.1915 0.1886 994.23 -496.11 - 942 | 0.00000955 0.00005558
Frailty -1.0007 | 0.1806 01777 | 126329 | -630.65 0.026 | 946 | 0.00001559 0.00005210

045 |AG 10137 | 0.2679 0.2642 570.13 284.06 - 939 | 0.00002323 0.00007929
PWP-CP | -1.0205 | 02772 0.2723 476.96 -237.48 . 941 | 0.00001903 0.00008265
PWP-GT | -1.0206 | 02771 0.2725 48231 -240.15 . 942 | 000001913 0.00008255

Frailty 10138 | 02721 0.2680 564.22 -281.11 0.058 | 955 | 0.00002323 0.00007929

100 06 |AG 10243 | 03125 0.3090 426.67 21233 - 954 | 0.00002494 0.00001449
PWP-CP | -1.0291 | 0.3205 0.3154 367.56 -182.78 . 957 | 0.00002235 0.00001487
PWP-GT | -1.0277 | 0.3206 0.3157 370.11 -184.05 - 953 | 0.00002385 0.00001485

Frailty 10243 | 0.3180 0.3127 420.33 -209.16 0.089 | 959 | 0.00002494 0.00001449

08 | AG 10174 | 0.3610 0.3567 32391 -160.96 - 95.7 | 0.00004611 0.00001869
PWP-CP | -1.0237 | 0.3789 0.3626 286.53 -142.26 . 958 | 0.00004195 0.00001925
PWP-GT | -1.0227 | 0.3679 0.3627 287.49 -142.74 . 958 | 0.00004293 0.00001919

Frailty 10174 | 0.3675 0.3612 317.69 -157.84 0120 | 963 | 0.00004611 0.00001869

a1 AG 09991 | 0.1249 01242 | 2931.63 | -1464.82 - 932 | 0.00000960 0.00003818
02 | pwpcP | -1.0023 | 0.1343 01332 | 228873 | -1143.36 - 935 | 0.00000749 0.00004044
PWP-GT | -1.0023 | 0.1339 01327 | 237234 | -1185.17 - 936 | 0.00000745 0.00004033

200 Frailty 09991 | 0.1262 01250 | 232069 | -1460.84 | 0.015 | 937 | 0.00000960 0.00003818
AG 10061 | 0.1874 01858 | 131459 | -656.29 - 947 | 000001138 0.00005374

045 | PWP-CP | -1.0109 | 0.1935 01914 | 112558 | -561.79 - 949 | 0.00000751 0.00005483
PWP-GT | -1.0107 | 0.1935 01915 | 113622 | -567.11 - 944 | 0.00000775 0.00005483

Frailty -1.0060 | 0.1893 01875 | 1306.92 | -652.46 0.036 | 950 | 0.00001138 0.00005374

AG 10119 | 02174 0.2161 985.87 291,94 - 96.0 | 0.00001034 0.00009068

06 | PWP-CP | -1.0144 | 02225 0.2203 865.52 -431.76 - 954 | 0.00000857 0.00006201
PWP-GT | -1.0135 | 0.2226 0.2206 870.65 -434.32 - 956 | 0.00000949 0.00006224

Frailty 10119 | 0.2199 0.2174 976.96 -487.48 0.057 | 961 | 0.00001034 0.00006090

AG 71,0065 | 0.2509 0.2497 74544 37172 - 958 | 0.00002538 0.00007574

08 | PWP-CP| -1.0088 | 0.2554 0.2537 669.27 -333.64 - 96.0 | 0.00002380 0.00007652
PWP-GT | -1.0086 | 0.2554 0.2538 671.40 -334.70 - 955 | 0.00002422 0.00007661

Frailty | -1.0066 | 0.2542 0.2509 736.04 -367.02 0.083 | 961 | 0.00002538 0.00007573

) AG 209985 | 0.1018 01014 | 473284 | -2366.42 - 947 | 0.00000688 0.00003032
02 | pwpcp| -10012 | 0.1092 01086 | 3766.62 | -1882.31 - 949 | 0.00000506 0.00003273
PWP-GT | -1.0013 | 0.1090 01082 | 389297 | -1945.48 ; 947 | 0.00000494 0.00003253

8
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Frailty -0.9985 0.1026 0.1018 472541 -2361.71 0.012 95.0 0.00000688 0.00003032

0.45 AG -1.0065 0.1527 0.1516 2121.72 -1059.86 - 95.1 0.000005467 0.00004431
PWP-CP -1.0113 0.1576 0.1565 1838.11 -918.05 - 955 0.000001184 0.00004547

PWP-GT -1.0109 0.1575 0.1565 1853.85 -925.92 - 95.1 0.000001507 0.00000333

Frailty -1.0065 0.1538 0.1527 2113.41 -1055.71 0.025 95.4 0.000005467 0.00004431

0.6 AG -1.0088 0.1767 0.1757 1594.41 -796.20 - 95.4 0.000006273 0.00000411
PWP-CP -1.0122 0.1809 0.1797 1414.01 -706.00 - 95.4 0.000003429 0.00000424

300 PWP-GT -1.0119 0.1809 0.1798 1421.28 -709.64 - 95.4 0.000003753 0.00000425
Frailty -1.0088 0.1782 0.1768 1584.89 -791.44 0.039 95.7 0.000006273 0.00000411

0.8 AG -1.0087 0.2039 0.2029 1202.69 -600.35 - 95.9 0.000001164 0.000005527
PWP-CP -1.0123 0.2076 0.2064 1088.76 -543.38 - 96.0 0.000008664 0.000005654

PWP-GT -1.0115 0.2076. 0.2065 1091.91 -544.96 - 96.0 0.000009351 0.000005649

Frailty -1.0087 0.2059 0.2040 1192.19 -595.09 0.058 96.0 0.000001164 0.000005527

-1 AG -1.0002 0.0882 0.0879 6631.10 -3314.55 - 95.4 0.00000391 0.00002629
0.2 | PWP-CP -1.0026 0.0945 0.0942 5338.37 -2668.18 - 94.4 0.00000221 0.00002826
PWP-GT -1.0024 0.0943 0.0939 5506.94 -2752.47 - 94.4 0.00000237 0.00002826

Frailty -1.0002 0.0887 0.0882 6621.66 -3309.82 0.009 95.5 0.00000391 0.00002629

AG -0.9998 0.1319 0.1314 2974.74 -1486.37 - 95.8 0.00000875 0.00003813

400 0.45 | PWP-CP -1.0024 0.1361 0.1354 2594.66 -1296.33 - 95.8 0.00000661 0.00003937
PWP-GT -1.0022 0.1360 0.1354 2616.05 -1307.02 - 95.9 0.00000687 0.00003942

Frailty -0.9998 0.1326 0.1319 2966.40 -1482.20 0.019 96.5 0.00000875 0.00003813

AG -1.0052 0.1525 0.1520 2237.23 -1117.62 - 95.0 0.00000641 0.00004433

0.6 | PWP-CP -1.0069 0.1561 0.1554 1994.63 -996.32 - 95.0 0.00000513 0.00004501
PWP-GT -1.0069 0.1561 0.1554 2004.612 -1001.31 - 955 0.00000509 0.00004493

Frailty -1.0052 0.1537 0.1525 225.37 -1111.68 0.036 95.1 0.00000641 0.00004433

AG -1.0058 0.1760 0.1752 1686.29 -842.15 - 95.9 0.00000959 0.00005164

0.8 | PWP-CP -1.0089 0.1791 0.1783 1533.56 -765.78 - 96.3 0.00000708 0.00005237
PWP-GT -1.0085 0.1791 0.1784 1537.96 -767.98 - 95.9 0.00000751 0.00005236

Frailty -1.0058 0.1774 0.1760 1674.19 -836.09 0.049 96.1 0.00000959 0.00005164

-1 AG -1.0006 0.0788 0.0786 8604.20 -4301.10 - 94.2 0.00000286 0.00002376
0.2 PWP-CP -1.0027 0.0845 0.0842 6982.98 -3491.49 - 94.2 0.00000127 0.00002546

500 ' PWP-GT -1.0025 0.0842 0.0840 7195.66 -3596.83 - 94.2 0.00000143 0.00002540
Frailty -1.0006 0.0793 0.0788 8592.65 -4295.32 0.087 94.4 0.00000286 0.00002376

0.45 AG -1.0016 0.1179 0.1176 3855.41 -1926.70 - 94.6 0.00000563 0.000001918
PWP-CP -1.0031 0.1217 0.1212 3379.38 -1688.69 - 94.7 0.00000434 0.000001972
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PWP-GT -1.0028 0.1260 0.1213 3405.91 -1701.95 - 94.7 0.00000461 0.000001968

Frailty -1.0016 0.1185 0.1180 3846.39 -1922.19 0.016 95.0 0.00000632 0.000001918

0.6 AG -1.0019 0.1361 0.1358 2903.86 -1450.93 - 95.7 0.00000741 0.000002504
PWP-CP -1.0029 0.1393 0.1388 2599.94 -1298.97 - 95.8 0.00000669 0.000002582
PWP-GT -1.0029 0.1393 0.1388 2612.39 -1305.19 - 95.7 0.00000678 0.000002588

Frailty -1.0019 0.1369 0.1361 2892.36 -1445.18 0.027 95.6 0.00000741 0.000002504

0.8 AG -1.0047 0.1570 0.1565 2188.52 -1093.26 - 95.4 0.00000726 0.000003258
PWP-CP -1.0066 0.1598 0.1591 1996.75 -997.38 - 95.3 0.00000569 0.000003343
PWP-GT -1.0066 0.1598 0.1592 2002.50 -1000.25 - 95.0 0.00000571 0.000003341

Frailty -1.0047 0.1580 0.1571 2176.49 -1087.25 0.039 954 0.00000725 0.000003257

Note: SE: Standard error,

RSE: Robust Standard error, FV: Frailty Variance, CP: Coverage Probability, RSE: Relative Sampling Bias, RMSE: Root Mean square error
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4. Discussion

Recurrent event data has two main is-
sues which need to be accounted for, viz.,
(i) dependence between repeated events
within a subject and (ii) heterogeneity

across the subjects. With this in mind, recur-
rent event models were examined using
simulation without fixing the number of
events and also using real time data.

Table 2. Treatment effect, Standard error (SE), robust standard error (RSE), AIC, loglikeli-
hood (LL) and frailty variance using bladder cancer data and Cystic fibrosis data.

o | Eme | S| woets | e | b | ate | o
Bladder Cancer data

AG 0412 0.199 0.249 919.9 -456.9 0.097
PWP-CP -0.333 0.216 0.205 637.9 -315.9 0.103
PWP-Gap -0.279 0.207 0.216 723.9 -358.9 0.195
Frailty -0.460 0.276 0.209 841.2 -417.6 0.095 0.567
Cystic fibrosis datab

AG -0.295 0.106 0.131 45275 -2261.8 0.024
PWP-CP -0.216 0.107 0.108 3909.3 -1952.6 0.046
PWP-Gap -0.215 0.107 0.112 3982.7 -1989.4 0.055
Frailty -0.333 0.141 0.108 4010.4 -2003.2 0.018 1.199

a treatment effect is adjusted for number of tumours and size of the tumours.

b treatment effect is adjusted for FEV.

The simulation results show that all the
models have different degree of robustness
with variations in sample size and correla-
tion. With increasing correlation, all the
models overestimated the value for lower
sample sizes but the value of B was equiva-
lent to -1 with the increasing sample size.
The AG and frailty models provided exact
values (as fixed) and different robust stand-
ard errors and PWP models overestimated 3
values with low correlation levels. However,
Kelly and Lim reported that AG and PWP
models overestimated B values with low cor-
relation levels. The AIC values were very
high for low correlation while AIC values
were low for increasing correlation in all of
the samples. The AG model had highest
AIC values than other models in all situa-
tions. Although AG model is recommended
by Therneau et al. because of its simplicity,
robustness and efficiency, Kelly and Lim
(2000) stated that robust variance alone was
not adequate to account for within subject
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correlations [13]. With respect to AIC and
log-likelihood values, PWP-CP followed by
PWP-GT model performed better than other
models in both simulated and real time data.
As stated in the literature [2, 14], the PWP-
CP model is more appropriate when the de-
pendence from the past recurrent events is
strong and consistent whereas the PWP-GT
is more appropriate when one wants to pre-
serve the order of the events in the creation
of the risk set and account for event depend-
ence [30-32].

The variance corrected models such
as AG and PWP models have been com-
pared by various authors (e.g., Lin,1994;
Gao and Zhou, 1997; Therneau and Hamil-
ton, 1997: Villegas et al, 2013, Jahn EA et
al, 2015) [15, 29, 31, 33-34] using real time
data and simulated data, and found that these
models give different findings for the same
data set like the present study. This was not
indeed unexpected because all these models
have different underlying assumptions.
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The random effect/frailty model had
smaller AIC and log-likelihood values than
the AG model. A study by Ullah et al (2012)
showed that there was no statistical differ-
ence between AG and frailty models in
terms of model selection and goodness of fit
or accuracy both for simulated data and Aus-
tralian National Rugby League recurrent in-
jury data [35]. Kelly and Lim (2000) also
recommended the use of a frailty model
which incorporates random effect to account
for heterogeneity as well as event depend-
ence. The coverage probability for the frailty
model was very much higher than 95% in all
the circumstances. To our knowledge, this
was one of the few studies in health data
which used simulated recurrent event data to
explore frailty models.

Variance corrected models and ran-
dom effects/frailty model comparison should
also consider risk interval, risk set, baseline
hazard and within person correlation to de-
cide on an appropriate model.

4.1 Limitation of the study

This study dealt with simulation data
with sample sizes of 100, 200, 300, etc.,
However in real life situations survival anal-
ysis often deals with small sample sizes such
as 25, 50 and 75. Our study conclusions may
not be valid with a small sample size. Also,
the maximum censoring rate in this study
simulation was 20%. The recommended cen-
soring rate in survival analysis is maximum
50%. Unfortunately, our study did not deal
with maximum recommended simulation.
However, that decision should be made on
the basis of our research question and inter-
est in choosing the model and purely on
simulation finding.

5. Conclusion

The PWP-CP model had lower AIC,
less bias, minimum MSE and optimal cover-
age probability than all other models speci-
fied for different degree of correlation and
varying sample sizes or treatment effects
from the simulated data; hence we strongly
recommend the PWP-CP model.

12

References

(1]

(2]

(3]

[4]

[5]

[6]

[7]

(8]

(9]

[10]

[11]

Cox DR. Regression Models and Life-
Tables. J R Stat SocSer B Method. 1972
Jan 1;34(2):187-220.

Therneau TM, Grambsch PM. Modeling
Survival Data: Extending The Cox Model.
Springer Science &Business Media; 2000.
372 p.

Wei LJ, Glidden DV. An Overview of
Statistical Methods for Multiple Failure
Time Data in Clinical Trials. Stat in Med.
1997 Apr 30;16(8):833-9.

Twisk JWR, Smidt N, Vente W de. Ap-
plied analysis of recurrent events: a prac-
tical overview. J Epidemiol Community
Health. 2005 Aug 1;59(8):706-10.

Box-Steffensmeier JM, De Boef S. Re-
peated events survival models: the condi-
tional frailty model. Stat Med. 2006 Oct
30;25(20):3518-33.

Box-Steffensmeier JM, Zorn C. Duration
Models for Repeated Events. J Polit. 2002
Nov 1;64(4):1069-94.

Zeger SL, Liang KY, Albert PS. Models
for longitudinal data: a generalized esti-
mating equation approach. Biometrics.
1988 Dec;44(4):1049-60.

Vaupel JW, Manton KG, Stallard E. The
impact of heterogeneity in individual frail-
ty on the dynamics of mortality. Demog-
raphy. 1979 Aug 1;16(3):439-54.

Andersen PK, Gill RD. Cox’s Regression
Model for Counting Processes: A Large
Sample Study. Ann Stat. 1982 Dec
1;10(4):1100-20.

Prentice RL, Williams BJ, Peterson AV.
On the regression analysis of multivariate
failure time data. Biometrika. 1981 Aug
1;68(2):373-9.

Wei LJ, Lin DY, Weissfeld L. Regression
Analysis of Multivariate Incomplete Fail-
ure Time Data by Modeling Marginal Dis-



T. Mani et al. | Science & Technology Asia | Vol.27 No.2 April - June 2022

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

tributions. J Am Stat Assoc. 1989 Dec
1,84(408) :1065-73.

Wei LJ, Ying Z, Lin DY. Linear Regres-
sion Analysis of Censored Survival Data
Based on Rank Tests. Biometrika. 1990
Dec 1;77(4):845-51.

Lee, E. W., Wei L. J, Amato, D. A. Cox-
type regression analysis for large numbers
of small groups of correlated failure time
observations, in Klein, J. P. and Goel, P.
K. (eds), Survival Analysis: State of the
Art, Kluwer Academic Publisher, Dor-
drecht, 1992, 237-47.

Kelly PJ, Lim LL. Survival analysis for
recurrent event data: an application to
childhood infectious diseases. Stat Med.
2000.15;19(1):13-33.

Villegas R, Julia O, Ocafia J. Empirical
study of correlated survival times for re-
current events with proportional hazards
margins and the effect of correlation and
censoring. BMC Med Res Methodol.
2013;13:95.

Barai U, Teoh N. Multiple statistics for
multiple events, with application to re-
peated infections in the growth factor
studies. Stat Med.1997 Apr 30;16(8).941-
9.

Lin DY, Wei LJ. The Robust Inference for
the Cox Proportional Hazards Model. J
Am Stat Assoc. 1989 Dec
1;84(408):1074-8.

Hougaard P. Analysis of Multivariate
Survival Data. New York: Springer; 2001.
542 p.

Duchateau L, Janssen P. The Frailty Mod-
el. 2008 edition. New York: Springer;
2008. 316 p.

Jr DWH, Lemeshow S, May S. Applied
Survival Analysis: Regression Modeling
of Time to Event Data. 2 edition. Hobo-
ken, N.J: Wiley-Interscience; 2008. 416 p.

13

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

Wienke A. Frailty Models in Survival
Analysis. 1 edition. Boca Raton, FL:
Chapman and Hall/CRC; 2010. 324 p.

Oakes, D. A. Frailty models for multiple
event times, in Klein, J. P. and Goel, P. K.
(eds), Survival Analysis: State of the Art,
Kluwer Academic Publisher, Dordrecht,
1992, pp. 371-9.

Therneau TM, Grambsch PM, Pankratz
VS. Penalized Survival Models and Frail-
ty. Mayo Foundation: Rochester, MN,
(2000).

Fan J, Lin F. Variable selection for Cox’s
proportional hazards model and frailty
model. The Annals of Statistics (2002)
30(1):74-99.

Nielsen GG, Gill RD, Andersen PK,
Sgrensen TIA. A Counting Process Ap-
proach to Maximum Likelihood Estima-
tion in Frailty Models. Scand J Stat.
(1992) Jan 1;19(1):25-43.

Bender R, Augustin T, Blettner M. Gener-
ating survival times to simulate Cox pro-
portional hazards models. Stat Med.2005
Jun 15;24(11):1713-23.

H. Feiveson. Power by simulation. Stata
J.2002, 2;107-24.

R Core Team: R: A Language and Envi-
ronment for Statistical Computing. Vien-
na: R Foundation for Statistical Compu-
ting; 2013. [http://www.Rproject.org/].

Therneau TM, Hamilton SA.rhDNase as
an example of recurrent event analysis.
Stat Med.1997;Sep 30;16 (18):2029-47.

Finkelstein DM, Schoenfeld DA, Sta-
menovic E. Analysis of multiple failure
time data from an AIDS clinical trial. Stat
Med. 1997 Apr 30;16(8):951-61.

Jahn-Eimermacher A, Ingel K, Ozga A,
Preussler S, Binder H. Simulating recur-
rent event data with hazard functions de-
fined on a total time scale. BMC Med Res
Methodol. 2015;15 (16):1-9.



T. Mani et al. | Science & Technology Asia | Vol.27 No.2 April - June 2022

(32]

(33]

Wei Yang, Christopher Jepson, Dawei
Xie, Jason A. Roy, HaochangShou, Jesse
Yenchih Hsu et al. Statistical Methods for
Recurrent Event Analysis in Cohort Stud-
ies of CKD, 2017. Clin J Am Soc Nephrol
12: 2066-73.

Lin, D.Y.Cox Regression Analysis of
Multivariate Failure Time Data: The
Marginal Approach. 1994, Stat Med.
13(21):2233-47.

14

[34]

[35]

Goa, S., and X.H.Zhou. An Empirical
Comparison of Two Semi-parametric Ap-
proachs for the Estimation of  Covariate
effects from Multivariate Failure Time da-
ta. Stat Med 16(18): 2049-62.

Ullah S, Gabbett TJ, Finch CF. Statistical
modelling for recurrent events: an applica-
tion to sports injuries. Br J Sports Med.
(2012)



Appendix

Table 1. Simulation result for Beta 0.2, varying sample size and varying correlation without censoring.

n B p Model Est SE RSE AlC -2LL FV CP RSB RMSE
02 0.2 AG 0.2045 0.1315 | 0.1300 2372.21 -1185.11 - 93.7 0.00001472 0.00002847
PWP-CP 0.2059 0.1350 | 0.1319 1700.96 -849.48 - 94.2 0.00001660 0.00003021
PWP-GT 0.2053 0.1347 | 0.1319 1825.09 -911.55 - 94.0 0.00001589 0.00002982
Frailty 0.2045 0.1339 | 0.1315 2365.14 -1181.57 | 0.015 | 94.9 0.00001472 0.00002847
AG 0.1992 0.1973 | 0.1939 1067.03 -532.51 - 93.8 0.00002045 0.00006478
0.45 PWP-CP 0.1981 0.2001 | 0.1962 857.08 -427.54 - 93.4 0.00001996 0.00006668
PWP-GT 0.1981 0.2000 | 0.1960 874.12 -436.06 - 93.4 0.00001980 0.00006597
Frailty 0.1992 0.2008 | 0.1973 1060.20 -529.10 0.035 | 951 0.00002045 0.00006478
100 AG 0.2051 0.2277 | 0.2244 803.93 -400.96 - 94.9 0.00003327 0.00009176
0.6 PWP-CP 0.2058 0.2305 | 0.2267 667.50 -332.75 - 95.3 0.00003415 0.00009193
PWP-GT 0.2058 0.2304 | 0.2265 675.89 -336.95 - 94.8 0.00003435 0.00009290
Frailty 0.2051 0.2318 | 0.2277 797.14 -397.57 0.047 | 95.8 0.00003327 0.00009176
AG 0.2060 0.2635 | 0.2599 606.27 -302.13 - 954 0.00004283 0.00012160
0.8 PWP-CP 0.2062 0.2662 | 0.2627 518.72 -258.36 - 95.0 0.00004421 0.00012566
PWP-GT 0.2065 0.2662 | 0.2626 522.36 -260.18 - 95.0 0.00004466 0.00012584
Frailty 0.2060 0.2684 | 0.2635 599.55 -298.77 0.064 | 96.8 0.00004283 0.00012160
200 | 02 AG 0.2013 0.0926 | 0.0919 5447.78 -2722.89 - 94.6 0.00000671 0.00001299
0.2 PWP-CP 0.2012 0.0941 | 0.0929 4096.01 -2047.00 - 95.5 0.00000672 0.00001339
PWP-GT 0.2012 0.0940 | 0.0928 4344.07 -2171.03 - 95.1 0.00000665 0.00001319
Frailty 0.2013 0.0937 | 0.0926 5438.56 -2718.28 | 0.097 | 95.8 0.00000671 0.00001299
AG 0.1974 0.1386 | 0.1372 2443.54 -1220.77 - 93.4 0.00000947 0.00000338
0.45 PWP-CP 0.1978 0.1399 | 0.1383 2022.38 -1010.19 - 93.8 0.00000100 0.00000345
PWP-GT 0.1975 0.1398 | 0.1382 2056.39 -1027.19 - 934 0.00000987 0.00000348
Frailty 0.1974 0.1401 | 0.1386 2435.35 -1216.67 | 0.0198 | 93.9 0.00000947 0.00003389
AG 0.2002 0.1597 | 0.1580 1844.61 -921.30 - 94.9 0.00001447 0.00004087
0.6 PWP-CP 0.2021 0.1609 | 0.1594 1570.93 -784.47 - 943 0.00001662 0.00004205
PWP-GT 0.2018 0.1609 | 0.1592 1587.35 -792.67 - 94.6 0.00001639 0.00004225
Frailty 0.2002 | 0.1613 | 0.1596 1836.71 -917.35 0.026 | 95.1 0.00001447 0.00004088
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AG 02095 | 01846 | 01831 | 139171 | -694.85 : 957 | 000002784 | 0.00005485

0.8 PWP-CP | 02109 | 0.1858 | 0.1841 | 121515 | -606.57 ; 955 | 0.00002938 | 0.00005585
PWP-GT | 02114 | 01858 | 0.1840 | 122253 | -610.26 ; 957 | 0.00002999 | 0.00005631

Frailty | 02095 | 0.1868 | 0.1846 | 138267 | -690.34 | 0.040 | 957 | 0.00002784 | 0.00005485

02 AG 02035 | 0.0755 | 0.0751 | 8807.60 | -4402.85 | - 954 | 000000732 | 0.00008084
0.2 PWP-CP | 02032 | 00765 | 0.0758 | 6767.0 | -3382.5 ; 951 | 0.00000713 | 0.00000829
PWP-GT | 02034 | 00764 | 00757 | 71423 | -357015 | - 953 | 0.00000732 | 0.00000832

Frailty | 0.2035 | 0.0762 | 0.0755 | 8796.80 | -4397.40 | 0.007 | 95.6 | 0.00000732 | 0.00000808

800 AG 01980 | 01129 | 0.1123 | 3941.18 | -196959 : 943 | 0.00000587 | 0.00002056
045 | PWP-CP | 01984 | 01137 | 01129 | 3307.74 | -1652.87 | - 945 | 0.00000626 | 0.00002070
PWP-GT | 01983 | 01137 | 01129 | 335859 | -167829 | - 944 | 000000624 | 0.00002077

Frailty | 01980 | 0.1138 | 01129 | 393243 | -1965.22 | 0.014 | 946 | 0.00000587 | 0.00002056

AG 02020 | 01302 | 01293 | 296895 | -148347 | - 943 | 000001198 | 0.00002710

0.6 PWP-CP | 02031 | 01310 | 0.1302 | 255896 | -127848 | - 945 | 000001323 | 0.00002768
PWP-GT | 02030 | 01310 | 0.1301 | 258323 | -129062 | - 941 | 000001314 | 0.00002782

Frailty | 02020 | 0.1312 | 0.1302 | 2960.78 | -1479.39 | 0018 | 94.6 | 0.00001198 | 0.00002710

AG 02078 | 01502 | 01492 | 224619 | -112200 | - 957 | 000002021 | 0.00003511

0.8 PWP-CP | 02086 | 0.1509 | 0.1499 | 1981.18 | -989.59 ; 959 | 0.00002110 | 0.00003571
PWP-GT | 02091 | 0.1510 | 0.1499 | 1991.80 | -994.90 ; 951 | 0.00002175 | 0.00003609

Frailty | 02078 | 0.1515 | 01502 | 2236.44 | -1117.22 | 0.028 | 95.8 | 0.00002021 | 0.00003511

02 AG 02031 | 0.0653 | 0.0650 | 1233858 | -616829 | - 956 | 000000624 | 0.00000614
0.2 PWP-CP | 02033 | 00661 | 0.0656 | 9612.14 | -4805.07 | - 96.0 | 0.00000654 | 0.00000626
PWP-GT | 02031 | 0.0660 | 0.0655 | 1011317 | -505558 | - 96.0 | 0.00000634 | 0.00000626

Frailty | 0.2030 | 0.0658 | 0.0653 | 12327.07 | -6162.53 | 0.006 | 965 | 0.00000624 | 0.00000614

400 AG 02018 | 0.0977 | 0.0974 | 552126 | -275963 | - 942 | 000000799 | 0.00001529
045 | PWP-CP | 02023 | 00983 | 0.0977 | 467344 | -233572 | - 942 | 0.00000846 | 0.00001539
PWP-GT | 02019 | 0.0983 | 0.0977 | 474206 | -237003 | - 940 | 0.00000824 | 0.00001556

Frailty | 0.2018 | 0.0982 | 0.0977 | 551339 | -2755.69 | 0.009 | 945 | 0.00000799 | 0.00001529

AG 02010 | 01126 | 01120 | 416337 | -208069 | - 93.9 | 000000920 | 0.00002157

0.6 PWP-CP | 02021 | 01132 | 01126 | 3613.89 | -1805.95 | - 940 | 0.00001027 | 0.00002162
PWP-GT | 02020 | 01132 | 01126 | 364650 | -182225 | - 937 | 000001020 | 0.00002179

Frailty | 02010 | 0.1132 | 01126 | 415558 | -2076.79 | 0.012 | 945 | 0.00000920 | 0.00002157

AG 02072 | 01298 | 01293 | 314679 | -157239 | - 946 | 000001663 | 0.00002591

08 PWP-CP | 02074 | 01303 | 01297 | 279134 | -139467 | - 948 | 000001699 | 0.00002618
PWP-GT | 02076 | 0.1303 | 0.1296 | 2806.16 | -1402.08 | - 945 | 000001725 | 0.00002643

Frailty | 02071 | 0.1307 | 0.1208 | 313565 | -1566.83 | 0.031 | 94.9 | 0.00001663 | 0.00002592
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500

0.2

AG 0.2024 0.0584 | 0.0582 16004.63 -8001.32 - 95.8 0.00000514 0.00000475

0.2 PWP-CP 0.2025 0.0589 | 0.0586 12590.33 -6294.16 - 96.1 0.00000528 0.00000482
PWP-GT 0.2025 0.0589 | 0.0585 13217.57 -6607.78 - 95.9 0.00000523 0.00000483

Frailty 0.2024 0.0587 | 0.0584 15993.19 -7995.59 | 0.0046 | 95.9 0.00000514 0.00000475

AG 0.2016 0.0874 | 0.0871 7154.48 -3576.24 - 93.6 0.00000669 0.00001204

0.45 PWP-CP 0.2019 0.0879 | 0.0875 6094.07 -3046.04 - 93.7 0.00000714 0.00001234
PWP-GT 0.2019 0.0879 | 0.0875 6180.54 -3089.27 - 93.6 0.00000718 0.00001229

Frailty 0.2016 0.0877 | 0.0874 7146.98 -3572.49 | 0.007 | 94.2 0.00000669 0.00001204

AG 0.2005 0.1007 | 0.1003 5395.29 -2696.65 - 94.5 0.00000714 0.00001700

0.6 PWP-CP 0.2008 0.1011 | 0.1007 4707.09 -2352.55 - 94.5 0.00000749 0.00001703
PWP-GT 0.2009 0.1011 | 0.1006 4748.01 -2373.00 - 94.5 0.00000765 0.00001713

Frailty 0.2005 0.1010 | 0.1007 5387.96 -2692.98 | 0.009 | 95.0 0.00000716 0.00001700

AG 0.2058 0.1160 | 0.1157 4076.65 -2037.32 - 94.1 0.00001395 0.00002157

0.8 PWP-CP 0.2056 0.1165 | 0.1159 3631.81 -1814.91 - 94.8 0.00001378 0.00002179
PWP-GT | 0.2057 0.1165 | 0.1159 3650.57 -1824.28 - 94.4 0.00001387 0.00002181

Frailty 0.2058 0.1167 | 0.1160 4064.82 -2031.41 | 0.026 | 94.5 0.00001395 0.00002157

Note: Est-Estimated beta,

SE:Standard error, RSE:Robust Standard error, FV:Frailty Variance, RSE:Relative Sampling Bias,-RMSE:Root Mean square error
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Table 2. Simulation result for Beta 0.4, varying sample size and varying correlation without censoring.

n B p Model Est SE RSE AlIC -2LL FVvV CP RSB RMSE
0.4 AG 0.4072 | 0.1276| 0.1258| 2702.51 | -1350.25 - 93.9| 0.00001702 | 0.00003989
0.2| PWP-CP 0.4097 | 0.1327| 0.1291| 1882.34 -940.17 - 93.4| 0.00002040 | 0.00004486
PWP-GT 0.4085 | 0.1323| 0.1290| 2056.23 | -1027.12 - 93.4| 0.00001924 | 0.00004464
Frailty 0.4072 | 0.1296| 0.1276| 2695.59 | -1346.80| 0.0131| 94.6| 0.00001702 | 0.00003989
AG 0.4087 | 0.1914 | 0.1880 | 1214.94 -606.47 - 94.2 | 0.00002979 | 0.00009665
100 0.45| PWP-CP | 0.4095 | 0.1952 | 0.1911 954.86 -476.3 - 93.6 | 0.00003183 | 0.00010409
PWP-GT | 0.4096 | 0.1951 | 0.1910 980.99 -489.49 - 94.3 | 0.00003179 | 0.00010347
Frailty 0.4087 | 0.1946 | 0.1914 | 1207.93 -602.97 | 0.0309 | 95.3 | 0.00002979 | 0.00009664
AG 0.4108 | 0.2204 | 0.2172 914.99 -456.49 94.1 | 0.00003689 | 0.00012456
0.6 PWP-CP | 0.4111 | 0.2239 | 0.2197 744.95 -371.47 - 94.3 | 0.00003803 | 0.00012855
PWP-GT | 0.4120 | 0.2239 | 0.2193 757.59 -377.79 - 94.7 | 0.00003859 | 0.00012717
Frailty 0.4108 | 0.2240 | 0.2204 908.27 -453.13 | 0.0395 | 95.1 | 0.00003689 | 0.00012456
AG 0.4019 | 0.2540 | 0.2499 690.27 -344.14 - 95.5 | 0.00003465 | 0.00015738
0.8 PWP-CP | 0.4038 | 0.2573 | 0.2529 580.83 -289.41 - 95.4 | 0.00003703 | 0.00016100
PWP-GT | 0.4060 | 0.2573 | 0.2524 586.61 -292.30 - 95.9 | 0.00003963 | 0.00016334
Frailty 0.4019 | 0.2584 | 0.2541 683.53 -340.76 | 0.0559 | 97.2 | 0.00003466 | 0.00015738
0.4 AG 0.4039 | 0.0896| 0.0889| 6200.31 | -3099.16 - 94.5| 0.00000953 | 0.00002010
0.2| PWP-CP 0.4053 | 0.0924| 0.0911| 4549.62 | -2273.81 - 93.6| 0.00001136 | 0.00002215
PWP-GT 0.4049 | 0.0922| 0.0908| 4896.16 | -2447.08 - 94.1| 0.00001093 | 0.00002200
Frailty 0.4039 | 0.0905| 0.0896| 6191.52 | -3094.76| 0.0081| 94.9| 0.00000953 | 0.00002012
AG 0.4039 | 0.1341| 0.1329| 2789.82 | -1393.91 - 94.8| 0.00001445 | 0.00004274
0.45| PWP-CP 0.4052 | 0.1362| 0.1348| 2266.61 | -1132.31 - 94.3| 0.00001604 | 0.00004505
200 PWP-GT 0.4055 | 0.1362| 0.1346| 2317.85 | -1157.92 - 94.3| 0.00001631 | 0.00004486
Frailty 0.4039 | 0.1356| 0.1342| 2781.08 | -1389.54| 0.0185| 95.1| 0.00001445 | 0.00004274
AG 0.4034 | 0.1547| 0.1532| 2098.23 | -1048.12 - 95.5| 0.00001664 | 0.00005618
06| PWP-CP 0.4037 | 0.1547| 0.1549| 1757.98 -877.99 - 95.8| 0.00001720 | 0.00005773
PWP-GT 0.4045 | 0.1565| 0.1548| 1782.47 -890.24 - 95.7| 0.00001802 | 0.00005757
Frailty 0.4034 | 0.1562| 0.1547| 2089.99 | -1043.99| 0.0235| 95.7| 0.00001664 | 0.00005618
AG 0.4077 | 0.1784| 0.1764| 1583.52 -790.76 - 95.7| 0.00002500 | 0.00007743
08| PWP-CP 0.4091 | 0.1802| 0.1782| 1363.44 -680.72 - 95.8| 0.00002649 | 0.00007741
PWP-GT 0.4093 | 0.1802| 0.1779| 1375.00 -686.80 - 95.6| 0.00002673 | 0.00007782
Frailty 0.4077 | 0.1801| 0.1784| 1575.84 -786.92 | 0.0300 | 96.2| 0.00002500 | 0.00007743
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0.4

AG

0.4042

0.0731| 0.0727| 10019.1 -5008.95 - 94.1| 0.00000827 | 0.00001308
0.2| PWP-CP 0.4049 | 0.0751| 0.0744| 7531.09 -3764.55 - 93.7| 0.00000919 | 0.00001388
PWP-GT Frai| 0.4051 | 0.0749| 0.0742| 8053.77 -4025.88 - 93.8| 0.00000933 | 0.00001382

ty 0.4041 | 0.0736| 0.0731| 10009.51 | -5003.75| 0.0063| 94.2| 0.00000827 | 0.00001309

AG 0.4016 | 0.1093 | 0.1086 | 4498.01 | -2248.00 - 94.9 | 0.00000870 | 0.00002681

045 | PWP-CP | 0.4024 | 0.1108 | 0.1099 | 3711.62 | -1854.81 - 94.7 | 0.00000960 | 0.00002732

300 PWP-GT Frai| 0.4024 | 0.1107 | 0.1098 | 3788.81 1893.41 - 94.6 | 0.00000969 | 0.00002752
ty 0.4016 | 0.1102 | 0.1093 | 448751 | -2242.75 | 0.0145 | 95.2 | 0.00000870 | 0.00002681

AG 0.4033 | 0.1261 | 0.1253 | 3383.26 | -1690.63 - 95.6 | 0.00001286 | 0.00003880

0.6 | PWP-CP | 0.4039 | 0.1261 | 0.1265 | 2872.20 | -1435.10 - 95.0 | 0.00001359 | 0.00003949
PWP-GT | 0.4046 | 0.1274 | 0.1264 | 2908.27 | -1453.13 - 95.2 | 0.00001433 | 0.00003958

Frailty 0.4033 | 0.1269 | 0.1261 | 3375.05 | -1686.52 | 0.0153 | 95.5 | 0.00001286 | 0.00003880

AG 0.4053 | 0.1453 | 0.1442 | 2553.89 | -1275.95 - 95.3 | 0.00001727 | 0.00005024

0.8 | PWP-CP | 0.4059 | 0.1466 | 0.1455 | 2223.67 | -1110.83 - 95.9 | 0.00001797 | 0.00005029
PWP-GT | 0.4063 | 0.1465 | 0.1454 | 2240.66 | -1119.33 - 95.3 | 0.00001836 | 0.00005063

Frailty 0.4053 | 0.1463 | 0.1453 | 254593 | -1271.96 | 0.0201 | 95.8 | 0.00001727 | 0.00005024

0.4 AG 0.4009 | 0.0632 | 0.0629 | 14045.8 | -7021.89 - 93.7 | 0.00000440 | 0.00001016
0.2| PWP-CP | 0.4018 | 0.0649 | 0.0644 | 10719.66 | -5358.83 - 93.4 | 0.00000542 | 0.00001074
PWP-GT | 0.4018 | 0.0647 | 0.0642 | 11416.6 | -5707.29 - 93.5| 0.00000538 | 0.00001075

Frailty 0.4009 | 0.0636 | 0.0632 | 14035.26 | -7016.63 | 0.0047 | 93.8| 0.00000440 | 0.00001017

AG 0.4024 | 0.0946 | 0.0942 | 6300.56 | -3149.28 - 95.4 | 0.00000825 | 0.00002070

045 | PWP-CP | 0.4026 | 0.0958 | 0.0952 | 5248.63 | -2623.31 - 95.1 | 0.00000857 | 0.00002126
400 PWP-GT | 0.4029 | 0.0957 | 0.0951 | 5352.05 | -2675.03 - 94.8 | 0.00000879 | 0.00002124
Frailty 0.4024 | 0.0951 | 0.0946 | 6290.61 | -3144.30 | 0.0102 | 95.2| 0.00000825 | 0.00002070

AG 0.4019 | 0.1089 | 0.1084 | 4746.04 | -2372.02 - 96.6 | 0.00000895 | 0.00002628

0.6 | PWP-CP | 0.4025 | 0.1089 | 0.1094 | 4060.76 | -2029.38 - 96.3 | 0.00000955 | 0.00002666
PWP-GT | 0.4025 | 0.1100 | 0.1094 | 4109.58 | -2053.79 - 96.5 | 0.00000968 | 0.00002695

Frailty 0.4019 | 0.1094 | 0.1089 | 4738.66 | -2368.33 | 0.0103 | 96.8| 0.00000895 | 0.00002628

AG 04042 | 0.1255| 0.1249 | 3583.11 | -1790.55 - 95.0 | 0.00001362 | 0.00003819

0.8 | PWP-CP | 0.4049 | 0.1265| 0.1258 | 3139.43 | -1568.71 - 94.9 | 0.00001444 | 0.00003837
PWP-GT Frai| 0.4049 | 0.1265| 0.1257 | 3162.78 | -1580.39 - 95.0 | 0.00001439 | 0.00003851

ty 04042 | 0.1262 | 0.1255| 3574.27 | -1786.14 | 0.0166 | 95.1 | 0.00001362 | 0.00003819

0.4 AG 0.4015 | 0.0565| 0.0563| 18219.59 | -9108.75 - 94.6| 0.00000446 | 0.00000768
0.2| PWP-CP 0.4023 | 0.0579| 0.0575| 1403455 | -7025.77 - 94.3| 0.00000538 | 0.00000825
PWP-GT | 0.4021 | 0.0578| 0.0574| 14925.32| -7461.66 - 93.8| 0.00000823 | 0.00000725

Frailty 0.4015 | 0.0568| 0.0565| 18207.39 | -9102.69| 0.0043| 95.0| 0.00000446 | 0.00000768
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500

AG 0.4015 | 0.0845 | 0.0842 | 8166.21 | -4082.11 - 95.3 | 0.00000639 | 0.00001659

0.45| PWP-CP | 0.4021 | 0.0856 | 0.0852 | 6850.71 | -3424.35 - 94.9 | 0.00000708 | 0.00001700
PWP-GT | 0.4021 | 0.0855 | 0.0852 | 6980.05 | -3489.03 - 95.3 | 0.00000707 | 0.00001691

Frailty 0.4015 | 0.0849 | 0.0845 | 8156.27 | -4077.14 | 0.0081 | 95.1 | 0.00000639 | 0.00001659

AG 0.4034 | 0.0974 | 0.0971 | 6149.19 | -3073.59 - 94.4 | 0.00000978 | 0.00002334

0.6 PWP-CP | 0.4037 | 0.0974 | 0.0979 | 5291.70 | -2644.85 - 94.6 | 0.00001006 | 0.00002346
PWP-GT | 0.4037 | 0.0983 | 0.0979 | 5353.32 | -2675.66 - 94.8 | 0.00001011 | 0.00002352

Frailty 0.4034 | 0.0978 | 0.0975 | 6141.99 | -3069.99 | 0.0080 | 94.7 | 0.00000978 | 0.00002334

AG 0.4025 | 0.1122 | 0.1119 | 464236 | -2320.18 - 94.9 | 0.00001022 | 0.00003012

0.8 PWP-CP | 0.4026 | 0.1130 | 0.1125 | 4086.97 | -2042.48 - 94.9 | 0.00001036 | 0.00002999
PWP-GT Frai| 0.4028 | 0.1130 | 0.1125 | 4116.41 | -2057.21 - 95.0 | 0.00001056 | 0.00003001

ty 0.4025 | 0.1127 | 0.1122 | 4633.47 | -2315.73 | 0.0131 | 95.3 | 0.00001022 | 0.00003012

Note: Est-Estimated beta, SE:Standard error, RSE:Robust Standard error, FV:Frailty Variance, RSE:Relative Sampling Bias,-RMSE:Root Mean square error
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Table 3. Simulation result for Beta 0.8, varying sample size and varying correlation without censoring.

n B p Model Est SE RSE AlC -2LL FV CP RSB RMSE
AG 0.8097 | 0.1208 | 0.1192 | 3585.54 | -1791.77 - 945 | 0.00001721 0.00007577
PWP-CP 0.8150 | 0.1340 | 0.1303 | 2307.63 | -1152.82 - 94.2 | 0.00002461 0.00009937
0.2 |PWP-GT Frail-{ 0.8129 | 0.1319 | 0.1285 | 2657.41 | -1327.70 - 93.7 | 0.00002212 0.00009475
ty 0.8097 | 0.1225 | 0.1208 | 3578.83 | -1788.42 | 0.0094 | 95.5 | 0.00001721 0.00007577
AG 0.8047 | 0.1811 | 0.1783 | 1610.16 | -804.08 - 93.9 | 0.00002313 0.00020142
PWP-CP 0.8072 | 0.1892 | 0.1852 | 1194.63 | -596.31 - 93.8 | 0.00002811 0.00023804
0.45 | PWP-GT Frail-| 0.8066 | 0.1891 | 0.1847 | 1254.47 | -626.23 - 93.5 | 0.00002746 0.00023659
ty 0.8047 | 0.1835 | 0.1811 | 1603.37 | -800.68 | 0.0220 | 95.2 | 0.00002313 0.00020142
08 AG 0.8183 | 0.2097 | 0.2060 | 1217.28 | -607.64 - 95.0 | 0.00004029 0.00024136
PWP-CP 0.8208 | 0.2168 | 0.2119 | 940.97 | -469.49 - 95.0 | 0.00004482 0.00027173
0.6 |PWP-GT Frail-| 0.8213 | 0.2168 | 0.2118 | 971.64 | -484.82 - 95.0 | 0.00004564 0.00027588
100 ty 0.8183 | 0.2124 | 0.2098 | 1210.82 | -604.41 | 0.0281 | 96.3 | 0.00004029 0.00024136
AG 0.8162 | 0.2418 | 0.2381 | 913.12 | -455.56 - 95.0 | 0.00004648 0.00034664
PWP-CP 0.8162 | 0.2479 | 0.2427 | 73295 | -365.48 - 94.3.| 0.00004789 0.00036637
0.8 |PWP-GT Frail-| 0.8167 | 0.2479 | 0.2421 | 747.83 | -372.92 - 94.9 | 0.00004843 0.00036728
ty 0.8162 | 0.2454 | 0.2418 | 905.89 | -451.94 | 0.0430 | 95.6 | 0.00004648 0.00034664
AG 0.8035 | 0.0692 | 0.0689 | 13355.16 | -6676.58 - 95.6 | 0.00000617 0.00002397
PWP-CP 0.8061 | 0.0692 | 0.0752 | 9456.51 | -4727.26 - 94.7 | 0.00000915 0.00002860
0.2 |PWP-GT Frail-| 0.8052 | 0.0747 | 0.0740 | 10517.90 | -5257.95 - 94.7 | 0.00000824 0.00002765
ty 0.8035 | 0.0696 | 0.0692 | 13346.16 | -6672.08 | 0.0039 | 96.0 | 0.00000617 0.00002397
AG 0.8020 | 0.1036 | 0.1030 | 5978.90 | -2988.45 - 95.6 | 0.00000751 0.00005308
PWP-CP 0.8034 | 0.1077 | 0.1068 | 4716.13 | -2357.07 - 95.2 | 0.00000926 0.00005766
0.45 | PWP-GT Frail-| 0.8029 | 0.1076 | 0.1065 | 4897.22 | -2447.61 - 95.3 | 0.00000883 0.00005733
ty 0.8020 | 0.1043 | 0.1036 | 5968.62 | -2983.31 | 0.0105 | 95.6 | 0.00000751 0.00005308
08 AG 0.8029 | 0.1194 | 0.1185 | 4504.29 | -2251.14 - 94.9 | 0.00001046 0.00007459
PWP-CP 0.8042 | 0.1194 | 0.1217 | 3670.47 | -1834.23 - 95.1 | 0.00001200 0.00007770
300 0.6 |PWP-GT Frail-| 0.8044 | 0.1229 | 0.1216 | 3760.83 | -1879.41 - 95.0 | 0.00001217 0.00007788
ty 0.8029 | 0.1201 | 0.1194 | 4494.73 | -2246.36 | 0.0130 | 95.7 | 0.00001046 0.00007459
AG 0.8070 | 0.1378 | 0.1370 | 3388.03 | -1693.01 - 94.8 | 0.00001659 0.00009766
PWP-CP 0.8065 | 0.1378 | 0.1395 | 2844.09 | -1421.04 - 94.9 | 0.00001652 0.00010111
0.8 |PWP-GT Frail-| 0.8068 | 0.1408 | 0.1394 | 2886.99 | -1442.50 - 94.9 | 0.00001681 0.00010164
ty 0.8070 | 0.1386 | 0.1377 | 3378.74 | -1688.37 | 0.0171 | 95.3 | 0.00001659 0.00009766
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AG 0.8008 | 0.0535 | 0.0533 | 24278.85 | -12138.42 - 94.8 | 0.00000251 0.00001440
PWP-CP 0.8022 | 0.0585 | 0.0581 | 17749.05 | -8873.52 - 95.0 | 0.00000412 0.00001684
0.2 PWP-GT 0.8017 | 0.0576 | 0.0572 | 19526.43 | -9762.21 - 94.7 | 0.00000362 0.00001664

Frailty 0.8008 | 0.0538 | 0.0535 | 24267.15 | -12132.57 | 0.0030 | 95.1 | 0.00000251 0.00001440

AG 0.8004 | 0.0801 | 0.0798 | 10873.14 | -5435.57 - 94.4 | 0.00000399 0.00003353
PWP-CP 0.8018 | 0.0832 | 0.0828 | 8759.14 | -4378.57 - 94.6 | 0.00000565 0.00003647
0.45 PWP-GT 0.8015 | 0.0831 | 0.0826 | 9062.15 | -4530.08 - 94.5 | 0.00000535 0.00003640

Frailty 0.8004 | 0.0805 | 0.0801 | 10860.85 | -5429.42 | 0.0073 | 95.1 | 0.00000399 0.00003353

AG 0.8037 | 0.0924 | 0.0921 | 8180.56 | -4089.28 - 94.3 | 0.00000831 0.00004356
PWP-CP 0.8043 | 0.0951 | 0.0946 | 6786.18 | -3392.09 - 94.2 | 0.00000905 0.00004575
0.6 PWP-GT 0.8042 | 0.0950 | 0.0946 | 6936.72 | -3467.36 - 94.1 | 0.00000899 0.00004581
Frailty 0.8037 | 0.0928 | 0.0924 | 8169.77 | -4083.88 | 0.0087 | 94.8 | 0.00000831 0.00004356

AG 0.8063 | 0.1065 | 0.1062 | 6168.15 | -3083.08 - 94.1 | 0.00001236 0.00005884
PWP-CP 0.8059 | 0.1088 | 0.1082 | 5254.49 | -2626.24 - 94.0 | 0.00001204 0.00005969
0.8 PWP-GT 0.8058 | 0.1088 | 0.1082 | 5328.45 | -2663.23 - 94.2 | 0.00001187 0.00005947
Frailty 0.8063 | 0.1068 | 0.1065 | 6159.79 | -3078.90 | 0.0091 | 94.4 | 0.00001236 0.00005884

500 | 0.8

Note: Est-Estimated beta, SE:Standard error, RSE:Robust Standard error, FV:Frailty Variance, RSE:Relative Sampling Bias,-RMSE:Root Mean square error
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Table 4. Simulation result for Beta 1, varying sample size and varying correlation without censoring.

n B p Model Est SE RSE AIC 2L FV | CP RSB RMSE
AG 1.0077| 0.1182| 0.1160| 417141 | -208470| - | 951| 0.0001732 | 0.00010135

02| PWP-CP | 1.0162| 0.1379| 0.1333| 2558.89 | -127844| - | 95.6| 0.00002910 | 0.00015859
PWP-GT | 1.0116| 0.1338| 0.1292| 305452 | -152626| - | 96.0| 0.00002354 | 0.00014138

Frailty 1.0077 | 0.1194| 0.1182| 416541 | -2081.70| 0.007| 959| 0.00001732 | 0.00010135

AG 1.0092 | 0.1774 | 0.1747 | 186649 | -932.24 ~ | 949 | 0.00002981 | 0.00030839

045| PWP-CP | 1.0136 | 0.1892 | 0.1843 | 1335.12 | -666.56 - | 942 | 000003743 | 0.00037554
100 PWP-GT | 1.0127 | 0.1889 | 0.1843 | 1427.14 | -712.57 - 94.2 | 0.00003647 | 0.00037261
) Frailty 1.0092 | 0.1795 | 0.1774 | 1859.73 | -928.87 |0.0187| 95.8 | 0.00002981 | 0.00030839
AG 1.0140 | 0.2050 | 0.2018 | 1409.39 | -703.70 -~ | 947 | 0.00003985 | 0.00039425

0.6 | PWP-CP | 1.0184 | 0.2149 | 0.2101 | 1055.92 | -526.96 - | 942 | 0.00004681 | 0.00044655
PWP-GT | 1.0188 | 0.2149 | 0.2098 | 1103.66 | -550.83 - | 939 | 0.00004750 | 0.00045280

Frailty 1.0140 | 0.8073 | 0.2051 | 1403.25 | -700.62 |0.0226| 94.8 | 0.00003985 | 0.00039425

AG 1.0224 | 0.2372 | 0.2335 | 1064.41 | -531.20 - | 948 | 0.00005455 | 0.00059210

0.8 | PWP-CP | 1.0248 | 0.2455 | 0.2403 | 830.41 | -414.20 - | 947 | 0.00005828 | 0.00052200
PWP-GT | 1.0254 | 0.2455 | 0.2401 | 85458 | -426.29 - | 948 | 000005886 | 0.00052274

Frailty 1.0224 | 0.2399 | 0.2372 | 1057.89 | -527.95 [0.0321| 95.7 | 0.00005455 | 0.00049210

AG 1.0009| 0.0677| 0.0673| 15530.16| -7764.08| - | 96.1| 0.00000616 | 0.00003276

02| PWP-CP | 1.0042| 0.0779| 0.0770| 10608.96| -530348| - | 952| 0.00001029 | 0.00004579
PWP-GT | 1.0028| 0.0757| 0.0747| 1211537| -6056.68| - | 953| 0.00000859 | 0.00004160

Frailty 1.0009 | 0.0681| 0.0677| 15521.13| -7759.57 | 0.003| 96.0| 0.00000616 | 0.00003276

AG 1.0056 | 0.1015 | 0.1008 | 6951.64 | -3474.82 | - | 948 | 0.00001402 | 0.00008293

045| PWP-CP | 1.0074 | 0.1077 | 0.1066 | 5333.94 | -2665.97 | - | 94.7 | 0.00001657 | 0.00009445
300| 1 PWP-GT | 1.0076 | 0.1074 | 0.1063 | 5612.59 | -2805.29 | - | 94.6 | 0.00001665 | 0.00009396
Frailty 1.0056 | 0.1020 | 0.1015 | 6941.94 | -3469.97 |0.0084| 95.8 | 0.00001402 | 0.00008293

AG 1.0016 | 0.1168 | 0.1161 | 5246.78 | -2622.39 | - | 944 | 0.00001121 | 0.00009972

0.6 | PWP-CP | 1.0037 | 0.1220 | 0.1210 | 4170.94 | -2084.47 | - | 94.8 | 0.00001395 | 0.00011095
PWP-GT | 1.0033 | 0.1219 | 0.1208 | 431451 | -2156.25 | - | 952 | 0.00001348 | 0.00011060

Frailty 1.0016 | 0.1175 | 0.1168 | 5236.89 | -2617.44 |0.0115| 95.3 | 0.00001121 | 0.00009972

AG 1.0056 | 0.1347 | 0.1336 | 3955.90 | -1976.90 | - | 945 | 0.00001820 | 0.00014781

08 | PWP-CP | 1.0072 | 0.1391 | 0.1378 | 3247.12 | -162256 | - | 94.7 | 0.00002002 | 0.00015093
PWP-GT | 1.0072 | 0.1391 | 0.1377 | 3318.66 | -1658.33 | - | 94.7 | 0.00002007 | 0.00015163

Frailty 1.0056 | 0.1355 | 0.1348 | 3946.75 | -1972.38 |0.0142| 951 | 0.00001820 | 0.00014781
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500

AG 1.0020 | 0.0524| 0.0522| 282269 | -14112.45 - 95.7 | 0.00000644 0.00002014
0.2| PWP-CP 1.0037| 0.0614| 0.0597| 19986.30 | -9992.15 - 96.1 | 0.00000848 0.00002598
PWP-GT 1.0027 | 0.0584| 0.0579| 22508.12| -11253.06 - 95.5| 0.00007446 0.00002465
Frailty 1.0020 | 0.0526| 0.0524| 28215.74| -14106.87| 0.002| 95.8 | 0.00000644 0.00002014
AG 1.0034 |0.07844 | 0.0781 | 12655.87 | -6326.94 - 95.5 | 0.00000959 0.00004638
0.45| PWP-CP 1.0042 | 0.0832 | 0.0827 | 9943.24 | -4970.62 - 95.6 | 0.00001079 0.00005313
PWP-GT 1.0044 | 0.0829 | 0.0824 | 10411.26 | -5204.63 - 95.1 | 0.00001094 0.00005289
Frailty 1.0034 | 0.0788 | 0.0784 | 12643.64 | -6320.82 |0.0062| 95.4 | 0.00000959 0.00004638
AG 1.0021 | 0.0904 | 0.0900 | 9542.67 | -4770.34 - 95.5 | 0.00000931 0.00006200
0.6 | PWP-CP 1.0034 | 0.0943 | 0.0938 | 7741.01 | -3869.51 - 95.7 | 0.00001091 0.00006769
PWP-GT 1.0030 | 0.0942 | 0.0937 | 7980.89 | -3989.45 - 95.4 | 0.00001048 0.00006728
Frailty 1.0021 | 0.0907 | 0.0904 | 9531.19 | -4764.59 |0.0078| 95.8 | 0.00000931 0.00006200
AG 1.0065 | 0.1042 | 0.1039 | 7191.31 | -3594.66 - 94.4 | 0.00001512 0.00008474
0.8 | PWP-CP 1.0074 | 0.1076 | 0.1071 | 6004.00 | -3000.99 - 94.7 | 0.00001620 0.00008787
PWP-GT 1.0074 | 0.1076 | 0.1070 | 6124.48 | -3061.24 - 94.7 | 0.00001611 0.00008717
Frailty 1.0065 | 0.1046 | 0.1043 | 7181.20 | -3589.60 |0.0092| 94.5 | 0.00001512 0.00008474

Note: Est-Estimated beta, SE:Standard error, RSE:Robust Standard error, FV:Frailty Variance, RSE:Relative Sampling Bias,-RMSE:Root Mean square error

Table 5. Simulation result for beta -1, varying sample size and varying correlation with 10% censoring.

. Robust -2log FV . Mean
B | p | Model | FEStimate | Standard | oo d | AIC | likelihood cp | Relativesam- | o oo
n B Error E pling Bias
rror Error
-1 AG -1.0031 0.1874 0.1851 1143.91 -570.95 - 93.6 0.00001537 0.00005541
0.2 PWP_TT | -1.0119 0.2010 0.1982 872.09 -435.05 - 93.6 0.00000957 0.00005928
' PWP_GT | -1.0317 0.1997 0.2008 921.53 -459.76 - 93.2 0.00000964 0.00005949
Frailty -1.0031 0.1905 0.1875 1137.39 -567.69 0.030 | 94.6 0.00001537 0.00005541
0.45 AG -1.0137 0.2831 0.2791 512.64 -255.32 - 94.4 0.00002691 0.00008314
PWP_TT | -1.0206 0.2918 0.2864 433.90 -215.95 - 94.4 0.00002264 0.00008631
PWP_GT | -1.0242 0.2913 0.2879 442.62 -220.31 - 94.5 0.00001954 0.00008644
100 Frailty -1.0137 0.2876 0.2832 506.71 -252.36 0.066 | 95.1 0.00002691 0.00008314
0.6 AG -1.0243 0.3125 0.3090 426.66 -212.33 - 95.4 0.00002494 0.00009069
PWP_TT | -1.0291 0.3205 0.3154 367.56 -182.78 - 95.7 0.00002235 0.00009199
PWP_GT | -1.0277 0.3206 0.3157 370.10 -184.05 - 95.3 0.00002385 0.00009220
Frailty -1.0243 0.3180 0.3127 420.33 -209.16 0.089 | 95.9 0.00002494 0.00009069
0.8 AG -1.0251 0.3825 0.3776 291.80 -144.90 - 95.8 0.00004984 0.00011403
PWP_TT | -1.0305 0.3889 0.3831 260.28 -129.14 - 95.4 0.00004610 0.00011459
PWP_GT | -1.0310 0.3885 0.3837 262.69 -130.35 - 95.4 0.00004560 0.00011471
Frailty -1.0251 0.3893 0.3827 285.60 -141.80 0.134 | 96.5 0.00004984 0.00011403

24




200 | -1 AG -0.9994 0.1318 0.1311 2638.92 | -1318.46 - 94.0 0.00001038 0.00004022
0.2 PWP_TT | -1.0028 0.1406 0.1396 2088.73 | -1043.36 - 94.1 0.00000819 0.00004250
‘ PWP_GT | -1.0219 0.1398 0.1416 2189.49 | -1093.75 - 93.6 0.00000620 0.00004279
Frailty -0.9994 0.1331 0.1318 2630.86 | -1314.43 | 0.018 | 945 0.00001038 0.00004022

0.45 AG -1.0044 0.1977 0.1961 1183.36 -590.68 - 94.9 0.00001464 0.00005692
PWP_TT | -1.0089 0.2034 0.2013 1023.27 -510.63 - 95.7 0.00001109 0.00005787
PWP_GT | -1.0132 0.2031 0.2022 1041.28 -519.64 - 95.2 0.00000707 0.00005839
Frailty -1.0044 0.1998 0.1977 1175.34 -586.67 | 0.042 | 95.3 0.00001464 0.00005692

0.6 AG -1.0119 0.2174 0.2160 985.88 -491.94 - 96.0 0.00001034 0.00009069
PWP_TT | -1.0144 0.2226 0.2203 865.52 -431.76 - 954 0.00000857 0.00006201
PWP_GT | -1.0135 0.2226 0.2206 870.65 -434.32 - 95.6 0.00000949 0.00006224
Frailty -1.0119 0.2199 0.2174 976.96 -487.48 | 0.057 | 96.1 0.00001034 0.00006090

0.8 AG -1.0066 0.2649 0.2636 671.28 -334.64 - 95.5 0.00002948 0.00008056
PWP_TT | -1.0084 0.2692 0.2675 607.09 -302.55 - 95.8 0.00002831 0.00008093
PWP_GT | -1.0097 0.2689 0.2679 612.33 -305.16 - 95.6 0.00002708 0.00008090
Frailty -1.0066 0.2683 0.2649 661.99 -329.99 | 0.093 | 95.6 0.00002948 0.00008056

300 | -1 AG -0.9993 0.1074 0.1070 4261.85 | -2129.93 - 94.9 0.00000668 0.00003213
02 PWP_TT | -1.0019 0.1144 0.1137 3433.40 | -1715.70 - 944 0.00000500 0.00003412
' PWP_GT | -1.0210 0.1138 0.1155 3586.58 | -1792.29 - 95.2 0.00000381 0.00003433
Frailty -0.9993 0.1082 0.1074 4252.67 | -2125.33 | 0.013 | 954 0.00000668 0.00003213

0.45 AG -1.0063 0.1611 0.1599 1910.22 -954.11 - 94.8 0.00000682 0.00004627
PWP_TT | -1.0108 0.1657 0.1645 1669.87 -833.93 - 95.1 0.00000283 0.00004693
PWP_GT | -1.0152 0.1655 0.1652 1696.98 -847.49 - 94.8 0.00000139 0.00004714
Frailty -1.0063 0.1623 0.1611 1901.41 -949.70 | 0.030 | 95.2 0.00000682 0.00004627

0.6 AG -1.0087 0.1767 0.1757 1594.41 -796.20 - 954 0.00000627 0.00005019
PWP_TT | -1.0122 0.1809 0.1797 1414.01 -706.00 - 954 0.00000343 0.00005095
PWP_GT | -1.0119 0.1809 0.1798 1421.28 -709.64 - 954 0.00000375 0.00005110
Frailty -1.0087 0.1782 0.1767 1584.88 -791.44 | 0.039 | 95.7 0.00000627 0.00005019

0.8 AG -1.0082 0.2152 0.2142 1082.72 -540.36 - 95.1 0.00001495 0.00006306
PWP_TT | -1.0113 0.2186 0.2175 986.75 -492.37 - 955 0.00001236 0.00006349
PWP_GT | -1.0124 02185 0.2180 994.64 -496.32 - 95.5 0.00001122 0.00006336
Frailty -1.0082 0.2173 0.2153 1072.05 -535.03 | 0.066 | 95.6 0.00001495 0.00006306

400 | -1 AG -1.0010 0.0929 0.0927 5969.32 | -2983.66 - 94.6 0.00000364 0.00002787
0.2 PWP_TT | -1.0035 0.0990 0.0987 4863.04 | -2430.52 - 93.8 0.00000182 0.00002982
' PWP_GT | -1.0228 0.0985 0.1001 5068.09 | -2533.04 - 93.9 0.00000171 0.00003033
Frailty -1.0010 0.0935 0.0930 5959.74 | -2978.87 | 0.010 | 94.7 0.00000364 0.00002787

0.45 AG -1.0004 0.1392 0.1386 2677.67 | -1337.84 - 95.8 0.00000911 0.00004063
PWP_TT | -1.0027 0.1431 0.1422 2355.61 | -1176.81 - 95.7 0.00000731 0.00004159
PWP_GT | -1.0070 0.1429 0.1430 239249 | -1195.25 - 95.8 0.00000305 0.00004170
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Frailty -1.0004 0.1400 0.1392 2668.31 | -1333.15 | 0.023 | 96.3 0.00000911 0.00004063

0.6 AG -1.0052 0.1525 0.1520 2237.23 | -1117.61 - 95.0 0.00000641 0.00004433
PWP_TT | -1.0069 0.1561 0.1554 1994.63 -996.32 - 95.0 0.00000513 0.00004501
PWP_GT | -1.0119 0.1809 0.1798 1421.28 -709.64 - 95.4 0.00000375 0.00005110
Frailty -1.0052 0.1537 0.1525 2225.37 | -1111.68 | 0.036 | 95.1 0.00000641 0.00004433

0.8 AG -1.0058 0.1856 0.1848 1519.03 -758.51 - 95.2 0.00000117 0.00005477
PWP_TT | -1.0086 0.1885 0.1877 1390.26 -694.13 - 95.0 0.00000959 0.00005550
PWP_GT | -1.0099 0.1884 0.1881 1401.01 -699.50 - 95.2 0.00000837 0.00005554
Frailty -1.0058 0.1871 0.1856 1506.84 -752.42 | 0.056 | 95.7 0.00000117 0.00005477

500 | -1 AG -1.0015 0.0831 0.0829 7745.56 | -3871.78 - 93.3 0.00000243 0.00002513
02 PWP_TT | -1.0038 0.0885 0.0882 6360.04 | -3179.02 - 94.1 0.00000269 0.00002697
' PWP_GT | -1.0229 0.0880 0.0895 6617.09 | -3307.55 - 93.0 0.00000219 0.00002774
Frailty -1.0015 0.0835 0.0831 7735.09 | -3866.55 | 0.001 | 93.7 0.00000243 0.00002513

0.45 AG -1.0017 0.1244 0.1241 3468.12 | -1733.06 - 95.3 0.00000598 0.00003614
PWP_TT | -1.0032 0.1279 0.1275 3065.35 | -1531.67 - 95.4 0.00000478 0.00003664
PWP_GT | -1.0076 0.1278 0.1281 3111.59 | -1554.79 - 95.8 0.00000428 0.00003671
Frailty -1.0017 0.1251 0.1244 3458.19 | -1728.09 | 0.020 | 95.4 0.00000598 0.00003614

0.6 AG -1.0019 0.1361 0.1358 2903.86 | -1450.93 - 95.7 0.00000741 0.00003954
PWP_TT | -1.0029 01393 0.1388 2599.94 | -1298.97 - 95.8 0.00000669 0.000040067
PWP_GT | -1.0029 0.1393 0.1388 2612.39 | -1305.19 - 95.7 0.00000678 0.00004007
Frailty -1.0019 0.1369 0.1361 2892.36 | -1445.18 | 0.028 | 95.6 0.00000741 0.00003954

0.8 AG -1.0047 0.1656 0.1649 1971.65 -984.83 - 944 0.00000881 0.00004797
PWP_TT | -1.0066 0.1682 0.1674 1809.95 -903.97 - 95.2 0.00000736 0.00004896
PWP_GT | -1.0083 0.1681 0.1677 1823.66 -910.83 - 95.3 0.00000569 0.00004905
Frailty -1.0047 0.1667 0.1656 1958.9 -978.45 | 0.045 | 94.6 0.00000881 0.00004797

Note: Est-Estimated beta, SE: Standard error, RSE:Robust Standard error, FV: Frailty Variance, RSE: Relative Sampling Bias,, RMSE: Root Mean square error
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