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Survival models with a cure fraction have received considerable attention in recent
years. It becomes a very useful tool for handling situations in which a proportion of
subjects under study may never experience the event of interest. Cure fraction models
for interval-censored data are less developed compared to the right-censoring case.
Moreover, most of the existing cure fraction models share in common the assumption
that the effect of a covariate is constant in time and over the range of the covariate. This
assumption is not completely valid when a significant change occurs in subjects' failure
rate or cure rate. Therefore, this study focuses on developing several classes of
parametric survival cure models for interval-censored data incorporating a cure fraction
and change-point effect in covariate.

The analysis starts with the extension of the existing cure models; mixture cure model
(MCM) and Bounded cumulative hazard (BCH) model, with fixed covariates in the
presence of interval-censored data. Then, this research introduces a modified cure
model as an alternative to the MCM and BCH model. The proposed model has sound
motivation in relapse of cancer and can be used in other disease models. The parametric
maximum likelihood estimation method is employed to verify the performance of the
MCM within the framework of the expectation-maximization (EM) algorithm while the
estimation methods for other models are employed in a simpler and straightforward
setting.

In addition, the models are further developed to accommodate the problem of change-
point effect for the covariate and a smoothed likelihood to obtain relevant estimators is
proposed. An estimation method is proposed for right-censored data, and the method is
then extended to accommodate interval-censored data. Simulation studies are carried
out under various conditions to assess the performances of the models that have been
developed. The simulation results indicate that the proposed models and the estimation
procedures can produce efficient and reasonable estimators. Application of suggested



models to a set of gastric cancer data is demonstrated. The proposed models and
approaches can be directly applied to analyze survival data from other relevant fields.
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MODEL PECAHAN SEMBUH BERPARAMETER BAGI TERTAPIS-
SELANG DENGAN KESAN TITIK - UBAH DALAM KOVARIAT
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Mac 2015
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Institut : Institut Penyelidikan Matematik

Kebelakangan ini model mandirian dengan pecahan sembuh telah menerima banyak
perhatian. lanya telah menjadi alat yang penting untuk menangani keadaan yang mana
sebahagian daripada subjek dalam kajian mungkin tidak mengalami peristiwa yang
menjadi perhatian. Model pecahan sembuh bagi data tertapis — selang tidak banyak
kemajuan jika dibandingkan dengan kes tertapis — kanan. Lagipun, kebanyakan model
pecahan sembuh yang sedia ada mempunyai andaian yang kesan kovariat adalah malar
mengikut masa dan merentangi kovariat. Andaian ini tidak sah apabila berlaku
perubahan signifikan ke atas kadar sembuh atau kadar kegagalan bagi subjek. Justeru,
tumpuan kajian ini adalah untuk membina beberapa kelas model sembuh mandirian
berparameter bagi data tertapis — selang dengan mengambilkira pecahan sembuh dan
kesan titik — ubah dalam kovariat.

Analisis bermula dengan melanjutkan model yang sedia ada; model campuran sembuh
(MCS) dan model kumulatif bahaya terbatas (KBT) dengan kovariat tak berubah
dengan mengambilkira kehadiran data tertapis-kiri,-selang dan-kanan. Kajian
diteruskan dengan memperkenalkan model terubah saui sebagai alternatif kepada
model MCS dan KBT. Model yang dicadangkan mempunyai motivasi yang baik bagi
kambuh kanser dan boleh digunakan dalam model penyakit yang lain. Kaedah
anggaran kebolehjadian maksimum berparameter digunakan untuk mengesahkan
prestasi MCS dengan melaksanakan algoritma memaksimumkan — jangkaan (MJ)
manakala kaedah anggaran bagi model yang lain dilakasanakan secara lebih mudah.

Disamping itu model ini dibangunkan selanjutnya untuk mengambilkira masalah kesan
titik —ubah dalam kovariat dengan mencadangkan kebolehjadian licin untuk
memperoleh anggaran. Satu kaedah anggaran diusulkan untuk data tertapis — kanan dan
kaedah ini diperluaskan untuk menampung data tertapis — selang. Kajian simulasi
dijalankan di bawah pelbagai keadaan untuk menilai prestasi model yang telah
dibangunkan. Keputusan simulasi menunjukkan bahawa model dan prosedur anggaran
yang dicadangkan dapat menghasilkan penganggar yang cekap dan wajar. Model telah



diterapkan dengan menggunakan data kanser gastrik. Model dan pendekatan yang
dicadangkan boleh diterapkan terus untuk menganalisis data mandirian dari bidang lain
yang relevan.
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CHAPTER |

INTRODUCTION

1.1  Background of Study

Survival analysis is one group of statistical techniques that is playing an increasingly
important role in many fields of medical and equivalent areas of research. It is a
collection of statistical techniques for data analysis, in which the response variable of
interest, T, is the time taken until the event of interest occurs. The data can be about
time till death, time passing until the patient responds to therapy, time passing till
disease relapse, or time to disease development. Depending on the fields of application,
survival analysis has other descriptions, such as event history, duration analysis, failure
time, and reliability analysis. The most common feature of time-to-event data analysis
is that some, or even all, t;,i = 1,2, ...,n are censored due to a variety of potential
reasons, e.g., subject not experiencing the event before study ends, subject quitting
follow up during the period of the study, or subject withdrawing from the study.

In medical studies, survival models are widely used to analyze time-to-event data in
which subjects are followed over a certain time period and the time till the occurrence
of an event of interest is recorded. For example, a study may analyze the time from
surgery to recurrence of tumor in breast cancer patients or the time from treatment to
infection in patients with renal insufficiency. It is typically assumed that every study
subject will eventually experience the event of interest if she/he is observed long
enough. However, in reality the event may not occur with some subjects even after a
very long period of time. For instance, in prostate or breast cancer studies, it is common
for a proportion of the patients never to experience the event of interest (recurrence)
after treatment. In this case, the patients are not censored in the traditional sense and are
hence confidently assumed to be cured. Therefore, traditional survival models like the
accelerated failure time and the proportional hazard model of Cox are not appropriate
for such cases and this type of data. Consequently, cure rate models have been basically
developed for handling this type of data. In the cure model, censored group is divided
into two sets: those that are event-free, thus cured and those that will evenatually have
events if they could be followed for a long enough period of time.

Two major approaches to model survival data with cure rate. The first one is the
mixture cure model (MCM), which was proposed by Boag (1949) on the basis of the
assumption that the cohort of the study is composed of susceptible subjects and cured
subjects. The second is the non-mixture cure model (NMCM) which was established by
Yakovlev et al. (1993) and was, for long, referred to as the Bounded Cumulative
Hazard (BCH) model. It was motivated by the underlying biological mechanism and
developed based on the assumption that number of cells of cancer which remain active
after cancer treatment follows Poisson distribution. These two models are related and
the BCH model can be transformed into the standard mixture cure model when the cure
fraction is specifically specified.

Both cure models have been extensively studied and applied in medical research.
However, the so-far existing cure models do not take advantages of some additional



sources of data that may provide or elucidate further information about the cure rate
such as the change-point phenomena. In reality, cured individuals may exist in change-
point situations. For example, in assessing the possibility of a patient cured under a
treatment depending on an individual’s biomarker, one may suspect that for patients
with the biomarker value above a certain threshold, the treatment works more or less
effectively (Ma, 2011). As another example, rates of cancer incidence stay stable,
relatively, in young individuals but drastically change later to a specific age threshold
(MacNeill and Mao, 1995). So, a cure model that allows for a change-point effect,
either in hazard rate or in covariates, should be considered for the analysis of these, and
similar, phenomena.

1.2 Scope of Study

The focus of this thesis is on the problem of cure fraction estimation in the presence of
censored data and change point effect in covariates. This research will be divided into
two parts; the first part will be devoted to extend several parametric cure models to
accommodate interval-censored data in the presence of time-independent covariates. A
parametric maximum likelihood estimator is constructed using log-normal distribution.
The second part of this study will be devoted to develop these models to allow for a
change-point effect in a covariate. An estimation method will be proposed for right
censored data and the method will be further extended to accommodate interval
censored data.

1.3  Problem Statement

Due to advances in cancer treatment, many cancer patients get cured of their cancer.
Therefore, one of the most important reasons for using cure models is that cure fraction
is a very interesting measure for someone suffering from cancer that gives valuable
information to her/him. Furthermore, by using cure models, information about the cure
fraction besides the uncured subjects’ survival function can be obtained and by looking
into changes in both of these estimates a lot more can be understood about the change
in survival rates than by looking only into the probability of survival.

Survival models accounting for patients who are expected to be cured are growing fast
because these models handle the proportion of cured patients which is highly important
for our conception of prognosis in possibly terminal diseases and which can reveal
unknown health problems associated with the study population.

Many cure models have been developed to handle survival data with cure fraction.
Parametric approach is one method that has been used to estimate the cure probability
and survival function for uncured subjects. So far, in most previously published
research parametric cure models have been proposed for right censored data. Moreover,
the existing cure models assume that the covariates act smoothly on the cure rate or the
survival/hazard function. In practice, this assumption is not always adequate in the
whole range of a covariate and the covariate may be dichotomized according to a
threshold that may be fixed or have to be estimated from data. An important
generalization of the cure models is to allow the survival function or cure fraction to
depend to the strata defined by the covariates whose effect vary over time. In



consequence, this research investigates how to incorporate a change-point effect in
covariate into several classes of parametric cure models in presence of two types of
censoring (right and interval) and hence develops new cure models. This study also
proposes a parametric estimation procedure for these models.

1.4  Research Obijectives

The aim of this research is to develop parametric cure models to accommodate the
problem of change-point effect in covariates for survival time with right-, and interval-
censored data. The parametric approach to the analysis will be based on the log-normal
distribution. Therefore, the main objectives of this study are:

e To extend the parametric cure models; Mixture Cure Model (MCM) and
Bounded Cumulaive Hazrad (BCH) model to accommodate interval-
censored data in the presence of fixed covariates.

e Toextend and modify the non-mixture cure model (NMCM) as an alternative
to the MCM and BCH model. A parametric method of the model is proposed
for

= Right-censored data.
= Interval-censored data.

e Toextend and develop the MCM and BCH model that incorporates a change-

point effect in covariate in the presence of
» Right-censored data.
= Interval-censored data.

e Toextend and develop the modified model (GNMCM) that allows for a
change-point effect in covariate in the presence of

= Right-censored data
= Interval-censored data.

e To propose parameter estimation procedures for the developed models.

e To evaluate the performances of the developed cure models through
simulation study.

1.5 Outline of the Thesis

This thesis is divided into two main sections, each handling several important
approaches to cure rate estimation, applied to censored data. The first section handles
parametric estimation of the cure fraction for interval-censored data based on MCM
and BCH in presence of fixed covariates. This part also introduces a modified class of
cure models. The second part addresses extension of those classes of cure models to
accommodate a change-point effect in a covariate. Estimation methods are proposed for
right-censored, and the methods are naturally extended to accommodate interval-
censored data.

In Chapter 2, a review of the literature related to the main theme of this research is
presented. Sections 2.1 and 2.2 address the survival data and common censoring types
with particular attention to interval and right censoring, respectively. An overview of a
number of broadly-used survival cure models is presented in Section 2.3. Section 2.4



describes the problem of change-point. In Section 2.5, the estimation method,
Expectation Maximization (EM) algorithm is introduced.

Chapter 3 presents a general view of the parametric approach to cure rate estimation
with censored data. The log-normal distribution is used to express the uncured
individuals’ distributional function. This research uses the maximum likelihood for
estimation of the parameters of interest. We then conduct a simulation study for each
scenario in this part of the research to evaluate the estimation method’s performance
and then compare the performances of the different models. Sections 3.2 elaborate on
the derivation of the MCM for interval-censored data. Section 3.2.1 discusses the
maximum likelihood parametric estimation method in the MCM. In Section 3.3 an
elaboration is given on the parametric BCH model for right-censored data. Similar
procedure is presented in Section 3.3.2 for interval-censored data. Section 3.4
introduces a modified class of cure rates models which can be considered as an
alternative to the MCM and BCH model. lastly, a brief description of the parametric
method is introduced in Section 3.6.

Parametric estimation of the mixture cure model with a change point effect in
covariates based on censored-data is presented in Chapter 4. In Section 4.2 an
elaboration is given on the parametric approach to cure fraction estimation for right
censoring and log-normal distribution. Section 4.3 discusses the same procedure
illustrated in Section 4.1 but with interval-censored data. The major study findings and
conclusions are provided in Section 4.4.

Chapter 5 discusses parametric estimation of the two classes of cure models with a
change-point effect in covariate. Section 5.2 gives a description of the parametric
estimation technique for the BCH model under right censoring, and interval censoring
(Section 5.2.2). Then, Section 5.3 discusses the parametric estimation approach for the
second class of cure models (GNMCM). The main findings and conclusions of the
research work are given in Chapter 6 together with some recommendations for future
studies.



REFERENCES

Abu Bakar, M.R., Salah, K.A., Ibrahim, N.A. and Haron, K. (2009). Bayesian approach
for joint longitudinal and time-to-event data with survival fraction. Bull.
Malays. Math. Sci. Soc. 32: 75-100.

Akoh, J.A., Macintyre, 1.M. (1992). Improving survival in gastric cancer: review of 5-
year survival rates in English language Publications from 1970. British
Journal or Surgery 79, 293-299.

Amy, H., Herring and Joseph, G., Ibrahim. (2002). Maximum likelihood estimation in
random effects cure rate models with nonignorable missing covariates.
Biostatistics 3: 387—405.

Anderson, D.R., Burnham, K.P., White, G.C. (1994). AIC model selection in
overdispersed capture-recapture data. Ecology 75, 1780-1793.

Berkson, J. and R.P. Gage, (1952). Survival curves for cancer patients following
treatment. Journal of the American Statistical Association, 47: 501-515.

Borovkova, S.A. (2002). Analysis of Survival Data, Nieuw Arch. Wisk., 5/3, 4: 302-
307.

Brown, E. R., and Ibrahim, J. G. (2003). Bayesian Approaches to Joint Cure-Rate and
Longitudinal Models with Applications to Cancer Vaccine Trials.
Biometrics 59(3):686-693.

Burnham, K.P., White, G.C., Anderson, D.R., (1995). Model selection strategy in the
analysis of capture—recapture data. Biometrics 51, 888—898.

Carvalho Lopes, C. M. and Bolfarine, H. (2012). Random effects in promotion time
cure rate models. Computational Statistics and Data Analysis 56: 75-87.

Castro, M. D., Cancho, V. D., and Rodrigues, J. (2010). A hands-on appraoch for
fitting Long-term Survival Models Under the GSMLSS Framework.
Computer Methods and Programs in Medicine 97: 168-177.

Chen, M.H., Ibrahim, J.G. and Sinha, D. (1999). A new Bayesian model for survival
data with a surviving fraction. Journal of the American Statistical
Association 94: 909-919.

Chen, X. Baron, M. (2014). Change-point analysis of survival data with application in
clinical trials. Open Journal of Statistics, 4, 663-677.

Cooner, F., Banerjee, S., Carlin, B. P., and Sinha, D. (2007). Flexible cure rate
modeling under latent activation schemes. Journal of the American
Statistical Association 102 (478): 560-572.

Corbiere, F., Commenges, D., Taylor, J. M. G., and Joly, P. (2009). A penalized
likelihood approach for mixture cure models. Statistics in Medicine 28: 510-

100



524,

Davison, A.C., (2006). Survival and censored data: Ecole Polytechnique Federal De
Lausanne. Semester Project, pp: 1-44.

Dempster, A.P., Laird, N.M. and Rubin, D.B. (1977). Maximum likelihood from
incomplete data via the EM algorithm. Journal of the Royal Statistical
Society, Series B 39:1-38.

Dicken, B.J., Bigam, D.L., Cass, C., Mackey, J.R., Joy, A.A., and Hamilton, S.M.
(2005) Gastric adenocarcinoma: review and considerations for future
directions, Annals of Surgery 241: 27-39.

Dupuy J.F. (2009). Detecting change in a hazard regression model with right-censoring.
Journal of Statistical Planning and Inference, 139, N0.5:1578-1586.

Farewell, V. T. (1977a). The combined effect of breast cancer risk factors. Cancer
40:931-936.

Farewell, V. T. (1977b). A model for a binary variable with time censored
observations. Biometrika 64:43-46.

Farewell, V.T. (1982). The use of mixture models for the analysis of survival data with
long-term survivors. Biometrics 38: 257-262.

Farewell, V.T. (1986). Mixture models in survival analysis: Are they worth the risk?.
The Canadian Journal of Statistic 14: 257-262.

Flygare, M.E., Austin, J.A. and Buckwalter, R.M. (1985). Maximum likelihood
estimation for the 2-parameter Weibull distribution based on interval data.
IEEE Transactions on Reliability 34: No 1, 57-59.

Frankel, P., and Longmate, J. (2002). Parametric models for accelerated and long-term
survival: a comment on proportional hazards. Statistics in Medicine 21:
3279-3289.

Gamel, J. W., McLean, I. W. and Rosenberg, S. H. (1990). Proportion cured and mean
log survival time as functions of tumor size. Statistics in Medicine 9: 999-
1006.

Gamel, JW., Vogel, R.L., Valagussa, P. (1994). Parametric survival analysis of
adjuvant therapy for stage Il breast cancer. Cancer 74: 2483-2490.

Gamel. JW. and Vogel. R.L. (1997). Comparison of parametric and non parametric
survival methods using simulated clinical data. Statistics in Medicine 16:
1629-1643.

Ghitany, M. E. and Maller, R. A. (1992). Asymptotic results for exponential mixture
models with long term survivors. Statistics 23: 321-336.

Goetghebeur, E., and Ryan, L. (2000). Semiparametric regression analysis of interval-

101



censored data. Biometrics 56: 1139-1144.

Goulin, Z., (2008). Nonparametric and Parametric survival analysis of censored data
with possible violation of method assumptions. Master thesis, University of
North Carolina at Greenshoro.

Gu, Y., Sinha, D., and Banerjee, S. (2010). Analysis of cure survival data under
proportional odds model. Lifetime Data Analysis.

Hanin, L., Tsodikov, A., and Yakovlev, A. (2001). Optimal schedules of cancer
surveillance and tumor size at detection. Mathematical and Computer
Modeling 33: 1419-1430.

Hougaard, P. (2000). Analysis of Multivariate Survival Data. New York: Springer-
Verlag.

Ibrahim, J.G., Chen, M. and Sinha, D. (2002). Bayesian Survival Analysis. New York:
Springer.

Ibrahim, J.G., Chen, M., and Sinha, D. (2001). Bayesian semiparametric models for
survival data with a cure fraction. Biometrics 57: 383—388.

Jacome, A.A., Wohnrath, D.R., Scapulatempo C. Neto, Fregnani, J.H., and Quinto,
A.L., Oliveira, AT., Vazquez, V.L., Fava, G., E.Z. Martinez, Santos,J.S.(
2013). Effect of adjuvant chemoradiotherapy on overall survival of gastric
cancer patients submitted to D2 lymphadenectomy, Gastric Cancer [Epub
ahead of print].

Kalbfleisch, J. and Prentice, R. (2002). The statistical analysis of failure time
data, 2nd ed. New York: John Wiley & Sons.

Kallappa M. Koti,. (2001). Failure-time mixture models: Yet another way to establish
efficacy. Drug Information Journal 35: 1253-1260.

Kim, Y. J. and Jhun, M. (2008). Cure rate model with interval censored data. Statistics
in Medicine 27: 3-14.

Kleinbaum, D.G, and Klein, M. (2012). Survival Analysis: A self-learning text. New
York, USA, Springer.

Kim, S., Xi, Y., and Chen, M. H. (2009). A new Latent Cure Rate Marker Model for
Survival Data. The Annals of Applied Statistics 3(3): 1124-1146.

Kuk, A.Y.C. and Chen, C.H. (1992). A mixture model combining logistic regression
with proportional hazards regression. Biometrika 79: 531-541.

Lam, K. F. and Xue, H. (2005). A semiparametric regression cure model with current
status data. Biometrika 92: 573-586.

Lambert, P.C., Thompson, J.R., Weston, C.L. and Dickman, P.W. (2006). Estimating
and modeling the cure fraction in population-based cancer survival analysis.

102


http://www.amazon.com/David-G.-Kleinbaum/e/B001HCZ230/ref=dp_byline_cont_book_1
http://www.amazon.com/s/ref=dp_byline_sr_book_2?ie=UTF8&field-author=Mitchel+Klein&search-alias=books&text=Mitchel+Klein&sort=relevancerank

Oxford University Press.

Lawless, J. F. (2003). Statistical Models and Methods for Lifetime data (2nd ed.). New
York: John Wiley & Sons.

Lindsey, J.K. (1998). A study of interval censoring in parametric regression models.
Life Data Anal, 4: 329-345.

Lin, X., and Wang, L. (2010). A semiparametric probit model for case 2 interval
censored failure time data. Statistics in Medicine 29(9): 972-981.

Liu, H. and Shen, Y. (2009). A semiparametric regression cure model for interval-
censored data. Journal of the American Statistical Association 104: 1168-
1178.-

Liu Xiaofeng. (2012). Likelihood inference of some cure rate models and applications.
Open Access Disserations and Theses. Paper 6582.

Louzada. F., Yamachi. Y. C., Marchi, V.A.A and Franco, M.A.P.(2014). The long-
term exponentiated complementary exponential geometric distribution
under a latent complementary causes framework. TEMA (S&o Carlos), 15,
N. 1, 19-35.

Lu, W.,, and Ying, Z. (2004). On semiparametric transformation cure models.
Biometrika 91: 331-343.

Ma, S. (2010). Mixed case interval censored data with a cured subgroup. Statistica
Sinica 20: 1165-1181.

Ma, Y. (2011). Testing change-point in logistic models with covariate measurement
error. Journal of Statistical Research 45: 131-138.

MacNeill, I.B., and Mao, Y. (1995). Change-point analysis for mortality and morbidity
rate. In Applied Change Point Problems in Statistics (B. Sinha, A. Rukhin
and M. Ahsanullah, eds.): 37-55.

Maller, R. and Zhou, S. (1996). Survival Analysis with Long-Term Survivors. 15
Edition. New York: John Wiley & Sons.

Manoharan and  Arasan. (2013). Assessing the performance of the log-normal
distribution with left truncated survival data. AIP Conf. Proc. 1557, 545.

Martinez, EZ., Achcar, JA., Jacome, AA., and Santos, JS. (2013). Mixture and non-
mixture cure fraction models based on the generalized modified Weibull
distribution with an application to gastric cancer data. Computer Methods
and Programs in Biomedicine.,112(3):343-55.

Matthews, D. E., and Farewell, V. T. (1982). On testing for constant hazard against a
change point alternative. Biometrics 38: 463-468.

McLachlan, G.J. and Krishnan, T. (2008). The EM Algorithm and Extensions. 2nd ed.
Wiley, New York.

103



Muller, H. G. and Wang, J. L. (1990). Nonparametric analysis of changes in hazard
rates for censored survival data: an alternative to change-point models.
Biometrika 77: 305-314.

Oller, R.,, Gomez, G. and Calle, M.L. (2004). Interval censoring: model
characterizations for the validity of the simplified likelihood. The Canadian
Journal of Statistics 32: 315-326.

Ortega Edwin M.M., Gauss M. Cordeiro & Michael W. Kattan (2011): The negative
binomial-beta Weibull regression model to predict the cure of prostate
cancer, Journal of Applied Statistics, DOI:10.1080/02664763.2011.644525.

Othus, M., Lib, Yi., and Ram Tiwarid. (2012). Change-point cure models with
application to estimating the change-point effect of age of diagnosis among
prostate cancer patients. Journal of Applied Statistics 39: 901-911.

Pan, W. (2000). Multiple imputation approach to Cox regression with interval censored
data. Biometrics, 56:199-203.

Peng, Y., and Taylor, J. M. G. (2011). Mixture cure model with random effects for the
analysis of a multi-center tonsil cancer study. Statistics in Medicine 30: 211-
223.

Peng, Y. (2003). Fitting semi-parametric cure models. Computational Statistics and
Data Analysis 41: 481-490.

Peng, Y., and Dear, K.B.G. (2000). A Non-parametic mixture model for cure rate
estimation. Biometrics 56: 237-243.

Peng, Y., Carriere. K.C. (2002). An Empirical comparison of parametric and
semiparametric cure models. Biometrica 44: 1002-1014.

Pons, O. (2003). Estimation in a cox regression model with a change-point according to
a threshold in a covariate. Annals of Statistics, 31, 442-463.

Odell, P.M., Anderson, K.M. and AgostionR.B.D’. (1992). Maximum likelihood
estimation for interval censored data using a Weibull-based accelerated
failure time model. Biometrics,48: 951-959.

Rodrigues, J., Cancho, V.G., Castro, M.d., Louzada-Neto, F. (2009). On the unification
of long-term survival models. Statistics and Probability Letters, 79: 753-
759.

Roman, M., Louzada, F., Cancho, V.G., and Leite, J.G. (2012). A new long-term
survival distribution for cancer data. Journal of Data Science, 10 :241-258.

Royston, P. (2001). The lognormal distribution as a model for survival time in cancer,
wth an emphasis on prognostic factors. Statistica Neerlandica 55: 89-104.

Sen, P. K. (1993). Some change-point problems in survival analysis: relevance of

104



nonparametric in applications. Applied Change Point Problems in Statistics,
Baltimore, MD., 325-336

Seppa, K., Hakulinen, T., Kim, H. J., and Laara, E. (2010). Cure Fraction Model with
Random Effects for Regional Variation in Cancer Survival. Statistics in
Medicine 29: 2781-2793.

Sparling, Y.H., Younes, N., Bautista, O.M. and Lachin, J.M. (2006). Parametric
survival models for interval censored data with time-dependent covariates.
Oxford University Press 7: 599-614.

Spiegelhalter, D.J., Best, N.G., Carlin, B.P., and Linde, A., 2002. Bayesian measures of
complexity and fit (with discussion). J. Roy. Stat. Soc. B 64, 583-540.

Sy, J. P. and Taylor, J. M. G. (2000). Estimation in a cox proportional hazards cure
model. Biometrics 56:227-236.

Tableman, M., Kim, J.S. and Portnoy, S. (2003). Survival Analysis Using S. Chapman
and Hall/CRC.

Taylor, J.M.G. (1995). Semi-parametric estimation in failure time mixture models.
Biostatistics 51: 237-243.

Tsodikov, A. (1998). A proportional hazard model taking account of long-term
survivors. Biometrics 54:1508-1516.

Tsodikov, A. D., lbrahim, J. G., and Yakovlev, A. Y. (2003). Estimating cure rates
from survival data: an alternative to two-component mixture models.
Journal of American Statistical Association 98:1063-1078.

Tucker SL, Taylor JMG (1996) Improved models of tumour cure. Int J Radiat Biol
70:539-553.

Yakovlev, A.Y., Asselain, B., Bardou, V.J., Fourquet, A., Hoang, T., Rochefediere, A.
and Tsodikov, A.D. (1993) . A Simple Stochastic Model of Tumor
Recurrence and Its Applications to Data on pre-menopausal Breast Cancer.
In Biometrie et Analyse de Dormees Spatio — Temporelles, 12 (Eds. B.
Asselain, M. Boniface, C. Duby, C. Lopez, J.P.Masson, and J.Tranchefort).
Société Francaise de Biométrie, ENSA Renned, France, 66-82.

Yin, G., and lbrahim, J. G. (2005). Cure rate models: a unified approach. Canadian
Journal of Statistics 33 : 559-570.

Yin, G., and Ibrahim, J. G. (2005). A general class of bayesian survival models with
zero and nonzero cure fractions. Biometrics 61:403—412.

Yu, B. and Peng, Y. (2008). Mixture cure models for multivariate survival data.
Computational Statistics and Data Analysis 52: 1524-1532.

Yu Gu., Debajyoti Sinha and Sudipto Banerjee. (2011). Analysis of cure rate survival

data under proportional odds model. Lifetime Data Analysis, 17(1): 123-
134.

105



Yu, B., and Tiwari. R.C. (2007). Application of EM algorithm to mixture cure model
for grouped relative survival data. Data Sciences 5: 41-51.

Zhang, J. and Peng, Y. (2009). Accelerated hazard mixture cure model. Lifetime Data
Analysis 15(4):455-467.

Zhou, H. and Liang, K.Y. (2008). On estimation the change point in generalized linear
models. IMS Collections 1: 305-320.

106



	PARAMETRIC CURE FRACTION MODELS FOR INTERVAL–CENSORINGWITH A CHANGE–POINT BASED ON A COVARIATE THRESHOLD
	ABSTRACT
	TABLE OF CONTENTS
	.REFERENCES



