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Abstract: A completely nonparametric method for the estimation of mixture cure models is proposed.
Nonparametric estimators for the cure probability (incidence) and for the survival function of the
uncured population (latency) are introduced. In addition, a bootstrap bandwidth selection method
for each nonparametric estimator is considered. The methodology is applied to a dataset of colorectal
cancer patients from the University Hospital of A Coruña (CHUAC). Furthermore, a nonparametric
covariate significance test for the incidence is proposed. The test is extended to non-continuous
covariates: binary, discrete and qualitative, and also to contexts with a large number of covariates.
The method is applied to a sarcomas dataset from the University Hospital of Santiago (CHUS).
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1. Introduction

In the last two decades there has been a remarkable progress in cancer treatments, which led to
longer patient survival and improved their quality of life. Consequently, a spate of statistical research
to develop cure models arose. These models are useful tools to analyze and describe survival data with
long-term survivors, since they express and predict the prognosis of a patient considering, as a novelty,
the real possibility that the subject may never experience the event of interest. Cure models allow to
estimate the cured proportion, 1− p(x), and also the probability of survival of the uncured patients
up to a given time point, or latency, S0(t|x). In the literature, ref. [1] proposed the nonparametric
incidence estimator: 1− p̂h(x) = Ŝh(T1

max|x), where Ŝh() is the conditional Kaplan-Meier estimator
with bandwidth h, and T1

max is the largest uncensored failure time. The first completely nonparametric
approach in mixture cure models was proposed by [2], who introduced the nonparametric latency

estimator: Ŝ0,b(t|x) = Ŝb(t|x)−(1− p̂b(x))
p̂b(x) , studied in detail by [3]. Furthermore, in cancer studies it is

interesting to test if a covariate has some influence on the cure rate or on the survival time of the
susceptible patients. Since no significance testing has been proposed yet for nonparametric cure
models, this important gap is filled with the proposal of a covariate significance test for the incidence.
This test allows to identify which covariates must be included in the incidence in a mixture cure model.
Following [4], the proposed statistics is based on the process:

Tn(z) =
1
n

n

∑
i=1

(
η̂i −

(
1
n

n

∑
j=1

η̂j

))
I (Zi ≤ z) ,

where n is the sample size, η̂i is an estimator of the cure indicator for each individual, and Z is the
covariate. Possible test statistics are the Cramér-von Mises (CvM) or the Kolmogorov-Smirnov (KS)
tests. Moreover, the test statistic null distribution is approximated by bootstrap, using an independent
naive resampling. For the case with an m-dimensional covariate, Z, the method consists of considering

Proceedings 2018, 2, 1181; doi:10.3390/proceedings2181181 www.mdpi.com/journal/proceedings

http://www.mdpi.com/journal/proceedings
http://www.mdpi.com/journal/proceedings
http://www.mdpi.com
https://orcid.org/0000-0002-3618-3246
http://dx.doi.org/10.3390/proceedings2181181
http://www.mdpi.com/journal/proceedings


Proceedings 2018, 2, 1181 2 of 3

m hypotheses in H0 to be tested independently. In order to control the false discovery rate, the approach
by [5] to problems of multiple significance testing is studied. In addition, to achieve the family wise
error rate control, the conservative method by [6] is considered.

Application to Medical Data

The proposed methodology is applied to a dataset of 414 colorectal cancer patients from CHUAC.
The goal is to estimate the cure rate as a function of the stage (from 1 to 4) and the age. The event of
interest is the death due to colorectal cancer, and the censoring percentage is between 30.77% (Stage 4)
and 70.97% (Stage 1). Figure S1 in the Supplementary Materials shows that the effect of the age on
the cure rate changes with the stage. For example, in Stage 1, patients have a probability of survival
between 0.25 and 0.65, depending on the age; whereas in Stage 3, for patients above 60, in a 10 years
gap that probability decreases considerably from 0.4 to almost 0. The latency estimation for three
specific ages is shown in Figure S2 in the Supplementary Materials. For Stages 1–2, the age does
not seem to be determining for the survival of the uncured patients. On the contrary, for Stages 3–4,
the latency estimation varies considerably depending on the age. For example, the probability that the
follow-up time since the diagnostic until death is larger than 4.5 years is around 0.2 for patients with
ages 35 and 50, whereas for 80 year old patients, that probability is larger than 0.4.

Moreover, a dataset related to patients with sarcomas, provided by CHUS, is studied. It consists of
261 observations with 372,420 covariates with information about DNA methylations and 32 covariates
with clinical data. The event of interest is the death due to sarcomas, and a total of 195 observations are
censored. Regarding the conservative method, the results show that only one covariate is significant for
the cure rate: “Year of initial pathologic diagnosis”. With respect to the non-conservative alternative,
the results for B = 105 bootstrap resamples show that for the CvM statistic, there are 14,182 significant
covariates and 650 non-conclusive covariates, which need to be considered again in the next iteration
of the process. For the KS statistic, there are 12,411 significant covariates, and 608 non-conclusive
covariates. The program is still running for B = 106 bootstrap resamples.

2. Discussion

Mixture cure models have been usually estimated using parametric or semiparametric methods.
A completely nonparametric approach for the estimation in mixture cure models is introduced, and a
nonparametric covariate significance test for the probability of cure in mixture cure models is proposed.
The methodology, that can be applied to any type of covariates and to high dimensional datasets,
is illustrated with medical data. Specifically, the nonparametric incidence and latency estimators are
applied to a dataset related to colorectal cancer patients from CHUAC. The incidence in Stages 1 and 2
is higher than in Stages 3 and 4 due to the fact that most of the surgeries in initial stages have healing
purposes, whereas in advanced stages, surgeries are usually palliative treatments, and therefore the
cure rate is lower. Furthermore, the latency estimation in Stages 3 and 4 is higher for 80 year old
patients than for younger patients. The reason is that when a colorectal cancer is diagnosed in a
young patient, it is usually in an advanced stage and with worse prognosis, since the cancer cells
are more active in young individuals. Regarding the proposed covariate significance test for the
incidence with the high dimensional dataset of sarcomas, the results differ for the conservative and the
non-conservative approaches.

3. Materials

An R package is being developed with all the techniques proposed, including the implementation
of the nonparametric incidence and latency estimators, as well as the covariate significance tests
for different types of data: continuous, discrete, binary and qualitative, and for a high dimensional
covariate vector. This R package will be uploaded in the Comprehensive R Archive Network (CRAN).
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Supplementary Materials: The following are available online at http://www.mdpi.com/2504-3900/2/18/1181/
s1. Figure S1: Nonparametric cure rate estimation for the different stages, Figure S2: Nonparametric latency
estimation for the different stages.
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