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Abstract A nonparametric latency estimator for mixture cure models is studied in
this paper. An i.i.d. representation is obtained, the asymptotic mean squared error
of the latency estimator is found, and its asymptotic normality is proven. A bootstrap
bandwidth selection method is introduced and its efficiency is evaluated in a simulation
study. The proposed methods are applied to a dataset of colorectal cancer patients in
the University Hospital of A Corufia (CHUAC).
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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,
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a spate of statistical research to develop cure models arose. These models are a useful
tool to analyze and describe cancer survival data, 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. Importantly, cure models should not be used in an
indiscriminate way (see Farewell 1986). They generally require long-term follow-up
and large sample sizes, as well as empirical and biological evidence of a nonsusceptible
subpopulation. More specifically, they are used to estimate the probability of cure, also
known as incidence, and the survival function of the uncured population denoted by
latency.

Cure models can be split into two major types: the mixture and the nonmixture
models. Mixture cure models were proposed by Boag (1949). They consider the sur-
vival function as a mixture of two groups of subjects: the susceptible group and the
cured group. An important benefit of the mixture cure model is that it allows covariates
to have different influence on patients who will experience the event of interest (e.g.,
death by the cancer under study) and on those who will not.

In the literature, the covariate effect is generally expressed parametrically or semi-
parametrically (see, among others, Farewell 1982; Goldman 1984; Kuk and Chen
1992; Maller and Zhou 1996; Sposto et al. 1992; Chappell et al. 1995; Taylor 1995;
Peng and Dear 2000; Sy and Taylor 2000; Peng 2003; Yu and Peng 2008). Recently
Louzada and Cobre (2012) considered recurrent event data in the presence of a cure
fraction. Very few papers exist that use a nonparametric view to deal with the problem
(see Maller and Zhou 1992; Laska and Meisner 1992; Wang et al. 2012). In the dis-
cussion by Van Keilegom to the paper Gonzédlez-Manteiga and Crujeiras (2013), the
problem of goodness-of-fit tests for regression models with cured data is briefly consi-
dered. A completely nonparametric approach to the mixture cure model was firstly
addressed by Xu and Peng (2014), proposing a nonparametric incidence estimator
which works with continuous covariates, and proving its consistency and asymptotic
normality. This nonparametric incidence estimator was studied later by Lépez-Cheda
et al. (2017), who obtained an i.i.d. representation, the asymptotically optimal band-
width and proposed a bootstrap bandwidth selector. Regarding the latency function,
a nonparametric estimator was proposed by Lépez-Cheda et al. (2017), but no fur-
ther properties were studied. The present paper contributes to this lacuna studying the
asymptotic properties of that nonparametric latency estimator and proposing a boot-
strap bandwidth selector. This enables the mixture cure model with covariates to be
addressed in a completely nonparametric way.

The rest of the paper is organized as follows. Section 2 introduces the notation and
presents the nonparametric mixture cure model and the nonparametric latency estima-
tion. The asymptotic results for this estimator as well as the required assumptions are
also introduced in Sect. 2. An i.i.d. representation is presented, an asymptotic expres-
sion for the mean squared error is found and the asymptotic normality is established
for the nonparametric latency estimator. The problem of choosing the smoothing para-
meter is addressed in Sect. 3, where a bootstrap bandwidth selector is presented. The
practical performance of this bootstrap bandwidth selector is assessed by a simulation
study in Sect. 4. The application of these methods to a colorectal cancer data set is
considered in Sect. 5. A final Appendix contains the proofs of the theoretical results
stated in Sect. 2.
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2 Main results
2.1 Notation and nonparametric estimators

To distinguish between cured and uncured subjects we use a binary indicator: v. If the
subject belongs to the susceptible group we set v = (. This means that the individual
will experience the event of interest if followed during enough time. If the subject is
cured we set v = 1. In such a case the event will never be experienced by that subject.
The probability of being cured and the survival function in the group of uncured
patients may depend on a vector of covariates, X, measured on the subject. Let us
consider p(x) = P (v = 0|X = x), the conditional probability of not being cured, and
let Y be the time to the event of interest. If v = 1, we set Y = oo.

We define F(t|x) = P(Y < t|X = x), the conditional distribution function of
Y. When the cure probability is positive, then the corresponding survival function,
S(t]x), is improper. In other terms, lim;_, oo S(#|x) = 1 — p(x) > 0.

Using the conditional survival function for susceptible subjects, So(¢|x) = P(Y >
t|1X = x, v = 0), the mixture cure model can be written as:

Stx) =1 = p(x) + p(X)So(1[x). ey

The function 1 — p(x) is called the incidence and Sy (|x) is the latency.

Random right censoring is assumed. The censoring time is denoted by C and
G denotes its distribution function (G is its survival function). The variable C is
assumed to be independent of Y given the covariates X. The observed time is defined
as T = min{Y, C} and § = 1{Y < C} is the uncensoring indicator. We denote by
H the distribution function of T'. It is clear that § = 0 for all the cured patients,
and also for uncured patients with censored lifetime (T = C). From now on we
restrict ourselves to the case where X is a univariate continuous covariate X with
density function m(x). As a consequence of the previous definitions and assump-
tions, the sample is denoted by {(X;, 7;, d;),i = 1,...,n}, which collects i.i.d.
observations of the random vector (X, T, §). Whenever is needed (X(;), (i), 6(;))
will denote the observation corresponding to the ith order statistic with respect to
the sample (71, T», ..., T,), where X(;) and §(;) are the concomitants of the X and
8-samples.

The conditional distribution, survival and subdistribution functions are denoted by
G(tlx) = P(C <t|X =x), G(t]x) = 1 — G(t|]x), H(t|x) = P(T <t| X = x),
H'(t|x) =P (T <t,6 =1|X = x) and He1(t)=P(T <tl6=1).

We will consider the nonparametric approach in mixture cure models by Lopez-
Cheda et al. (2017). It departs from the generalized Kaplan—Meier estimator by Beran
(1981) to estimate the conditional survival function:

A 8(i) Bn(i)(x) )
Sp(tlx) = (1 —=. (2)
! T(ll S Bun (@)
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where By, i) (x) = Kp(x— X))/ Z;=1 K (x — X jy) are the Nadaraya—Watson (NW)
weights and K, (-) = %K (E) the rescaled kernel with bandwidth 2 > 0. We denote
by I:”h(t|x) =1- Sh(t|x) the Beran estimator of F(¢|x).

Departing from the Beran estimator, Xu and Peng (2014) introduced a kernel type
estimator for the incidence function:

n

R 8¢y By (x) ) o ol
1 =JT(1 - SL2O2T) = 8 (T o), 3
P i:1( > =i Bhir(x) L [2) ®

where Tnllax = max;.5,=1(7;) is the largest uncensored failure time. These authors
proved the consistency and asymptotic normality of pp, (x). Lopez-Cheda et al. (2017)
obtained an i.i.d. representation and the asymptotically optimal bandwidth, proposed
a bootstrap bandwidth selector for pj (x), and introduced the following nonparametric

latency estimator:
Su(tlx) — (1 = pp(x))

Son(tlx) = P

) “)

with S‘h (t]x), in (2), the Beran estimator of S(¢|x) and 1 — pj, (x) the estimator by Xu
and Peng (2014) in (3). They also addressed identifiability of model (1). Note that the
optimal bandwidth for 3‘0, 5 (t]x) is not necessarily the optimal bandwidth for pp, (x).
A more general function than (4) using different bandwidths for the incidence and for
the improper survival function:

Spy (21%) — (1 = ppy (1))
ﬁhz ()C)

So.ny.ns (1) = Q)

could be considered as an estimator of the latency. However, it does not yield necessar-
ily a proper survival function since its limit as ¢ tends to infinity needs not to be zero.
In fact, it is not even guaranteed to be non-negative. On the other hand, as it will be
shown in Sect. 4.1, the optimal values for /| and h; in (5) are nearly equal. As a con-
sequence, in this work only the asymptotic properties of the nonparametric latency
estimator in (4), that depends on one unique bandwidth A, will be studied. Similar
theoretical results, not included in this paper, are easily extended to the estimator in
5).

Let us define: t5,(x) = sup {t : Sp(t|x) > 0}. Since S(¢|x) is an improper survival
function and 1 — H(¢t|x) = S(t|x)G(t]x), then Ty (x) = 15(x), where 15 (x) =
sup{t : H(t|x) < 1} and tg(x) = sup{r : G(t|x) < 1}.

Let 79 = sup,¢p s, (x), where D is the support of X. As in Xu and Peng (2014),
we consider

0 < 16(x), VxeD. (6)

The rationale of this condition has been discussed by Lépez-Cheda et al. (2017), Xu
and Peng (2014) and Maller and Zhou (1992, 1996). Note that if the censoring variable
takes values always below a time tg < 70, the largest uncensored observation may
occur at a time not larger than ¢ and therefore always before 7p. Laska and Meisner
(1992) stated that, for a large sample size, the nonparametric incidence estimator in
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(3) is an estimator of 1 — p(x) + p(x)So(tG), which is strictly larger than 1 — p(x).
Specifically, as it is mentioned in Maller and Zhou (1992), consistent estimates of
the incidence are possible if and only if there is zero probability of a susceptible
individual surviving longer than the largest possible censoring time. That is, condition
(6) guarantees that censored subjects beyond the largest observable failure time are
cured, since the support of the censoring variable, C, is not contained in the support
of Y, the time to occurrence of the event. Therefore, the nonparametric estimator does
not overestimate the true cure rate. A nonparametric test for this condition on the
censoring mechanism was proposed by Maller and Zhou (1992) in an unconditional
setting, and by Lépez-Cheda et al. (2017) with covariates.

2.2 Theoretical results

The following assumptions are needed to prove the asymptotic results in this section.

(A1) X, Y and C are absolutely continuous random variables.

(A2) Condition (6) holds.

(A3) (a) Let I = [x, x2] be an interval contained in the support of m, and Is =
[x1 — 8, x2 + 8] for some 6 > O suchthat 0 < y = inf[m (x) : x € Is] <
sup[m (x) : x € Is] =TI <ocoand 0 < §I" < 1. Then for all x € I5 the
random variables Y and C are conditionally independent given X = x.

(b) There exist a,b € R, with a < b satisfying 1 — H(t|x) > 6 > 0 for
(t,x) € [a, b] x Is.

(A4) The first derivative of the function m (x) exists and is continuous in x € I5 and
the first derivatives with respect to x of the functions H (¢|x) and H'(z|x) exist
and are continuous and bounded in (¢, x) € [0, c0) x Is.

(A5) The second derivative of the function m (x) exists and is continuous in x € I
and the second derivatives with respect to x of the functions H (¢|x) and H Lt [x)
exist and are continuous and bounded in (7, x) € [0, c0) x [.

(A6) The first derivatives with respect to ¢ of the functions G (¢|x), H (t|x), H Lt [x)
and Sy (7]|x) exist and are continuous in (¢, x) € [a, b] x D.

(A7) The second derivatives with respect to ¢ of the functions H (¢|x) and H L(t]x)
exist and are continuous in (¢, x) € [a, b] x D.

(A8) The second partial derivatives with respect to ¢ and x of the functions H (¢|x)
and H l(t|)c) exist and are continuous and bounded for (¢, x) € [0, c0) x D.

(A9) The first and second derivatives of the distribution and subdistribution functions
H(t) and H, 1(t) are bounded away from zero in [a, b]. Moreover, H C/’l (t9) >
0.

(A10) The functions H (t|x), So(¢|x) and G (¢|x) have bounded second-order deriva-
tives with respect to x for any given value of 7.

(A11) The kernel function, K, is a symmetric density vanishing outside (—1, 1) and
the total variation of K is less than some A < o0.

(A12) The density function of 7', f7, is bounded away from O in [0, 00).

The proof of Theorem 1 is based on Theorem 2 in Iglesias-Pérez and Gonzélez-
Manteiga (1999), where the assumptions (Al), (A3)-(A9) and (All)—(Al2) are

@ Springer



358 A. Lopez-Cheda et al.

required. Assumptions (A2) and (A10) ensure that Theorem 2 in Iglesias-Pérez and
Gonzdlez-Manteiga (1999), stated for a fixed ¢ such that 1 — H(t|x) > 6 > 0 €
[a, b] x Is, can be applied to the random value t = Tnlm. Assumptions (A4)-(AS8)
and (A10) are regularity conditions for the functions involved in the proofs and in the
asymptotic results.

In Theorem | we obtain an i.i.d. representation for .§'oyh(t|x) in (4).

Theorem 1 Suppose that conditions (A1)—-(A12) hold, together with llzl—h” — 0 and

1/5 .. . .
h=0 ((1“7") / ), then we have an i.i.d. representation for the nonparametric latency
estimator for any t € [a, b]:

i=1

R ‘ Inn\¥*
So.n(t1x) = So(tlx) = D ma(Ti, 8, Xi, 1, %) + O (E) a.s.,

where

SR B (T 85,1, %)
p(x)

- p(x))2(1 — S@Ix) B (x)&(T;, 8, 00, x),
p(x)

1msn&=u_/%msnwmwm
1 — H(T;|x) o (1= H(ulx))?

nh(Ti,CShXi,f,x) = -

§(Ti,6i,1,x) =

@)
and

1 —X;
s (x h )

Byi(x) = e

From Theorem 1, important properties of the nonparametric latency estimator can
be obtained: the first one is the asymptotic expression of the mean squared error (MSE)
given in Theorem 2, and the second one is the asymptotic normality, shown in Theorem
3. But first some notation will be introduced. Let us define

P(y.1,x) = EIE(T, 8,1, %)X = 1, ®)
(.1 x) = E[6XT.8.1, 01X = y ] ©

and
Dr(y,t,x) = E[E(T, 8,1, x)&(T, 8,00, x)|X = y],

with & in (7). The asymptotic bias and variance of the latency estimator will be
expressed in terms of the following functions:

@ Springer



Nonparametric latency estimation for mixture cure models 359

S(tx)

By (t,x) = SEOmE (@" (x,t,x)m(x) + 2" (x,1,x)m'(x)), (10)
(I = p(x)(A = S(|x))

B8 = T m e
x (@ (x, 00, x) m(x) + 2" (x, 00, x) m'(x)) (11)

where

‘ dH' ly) / dH (vlx)
_ 1—
D (y,t,x) /0 I — H(lx) (1= HEly ))(1—H( )?

and @’ and @” are the derivatives of @ (y, ¢, x) with respect to y. Furthermore,

(S Pilx, 1, x)
= ( P ) meo (12
2
Vy (t.x) = ((1 - p(X))Z(l - S(tlx))) D1 (x, 00, x)7 (13)
p(x) m(x)
Vs (1. x) = (1 = px)S(tlx)(1 — S(tIX))q)z(x’t’x)’ (14)
p3om (x)

respectively, where

dH" (v|x)

t
& = = A= Holn?
1(x, 1, x) 2(x, 1, x) /0 (1 — H|x))?

Note that, except for some constants, By (¢, x) in (10) and B> (t, x) in (11) are the
dominant terms of the asymptotic bias of the estimators §h and 1 — pj, in (2) and (3),
respectively. Similarly, the terms V; (¢, x) in (12) and V2(t x)in (13) are the dominant
terms of the corresponding asymptotic variances of Spand 1 — pr. Finally, V3(¢, x)
in (14) accounts for the covariance of both estimators.

Theorem 2 Under assumptions (A1)—-(A10), fl“” — Oandh = O ((lnT")l/S), then
the asymptotic mean squared error of the latency estimator is

~ I’l4 2 CK 4 1
AMSE(So.n(t]|x)) = ZdKB (t,x)+ EV (t,x)+oh)+ O (;) , (15)

where dx = [v2K (v)dv, cx = [ K?(v)dv,

B(t,x) =B (t,x)+ By (t, x), (16)
Vi, x)=Vit,x)+Va(t,x)+2V3(t,x), a7

witht € [a, bl, B, Ba, Vi, Vo and Vs in (10)—(14).
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Theorem 3 Under assumptions (A1)—(A10), if h — 0 and % — 0, it follows
that, for any t € [a, b],
(a) If nh> — 0, then

Vnh (So,h(nx) - So(tlx)) LN,V (1 x) k).
(b) If nh®> — C> > 0, then

nh (So,h(nx) — So(tlx)) 4N (B (t,x) C3dk ., V (1, x) cK) .

3 Bandwidth selection

From Theorem 2, the asymptotic mean integrated squared error of the latency estimator
is:

3 L ooy 2 CK 4 1
AMISE(SO,h(-|x))=Zth B (t,x)dt+—h Vi, x)de+oh ) +0 (-],
n n

where B(t, x) and V (¢, x) are defined in (16) and (17). The bandwidth which mini-
mizes the asymptotic mean integrated squared error is

1/5
chV(t,x)dl) s

haMISE (X) = (m

which depends on plenty of unknown functions that are very hard to estimate. Conse-
quently, we propose to select the bandwidth using the bootstrap method.

3.1 Bootstrap bandwidth selector

The bootstrap bandwidth selector is the minimizer of the bootstrap version of the mean
integrated squared error (MISE), that can be approximated, using Monte Carlo, by:

B
1 Al i X 2
MISE? , (h) ~ EZ/ (50}}{)(”)() - so,gmx)) w(r)dt, (18)
j=1

where w is an appropriate weight function, 3’; (,f ) (t|x) is the kernel estimator of So(¢|x)

in (4) using bandwidth / and based on the jth bootstrap resample, and 3‘0, ¢(t]x) is the
same estimator computed with the original sample and pilot bandwidth g.

We consider an unconditional censoring bootstrap resampling, assuming that
G(tlx) = G(t), Vx,t:

1. Fori =1,2,...,n, generate C l* from the product-limit estimator GEkM

@ Springer



Nonparametric latency estimation for mixture cure models 361

2. Fori =1,2,...,n, fix the bootstrap covariates X;" = X; and generate Yl.* from

S’Q ¢ (1X7) with probability p, (X[), and Y;* = oo otherwise.

Finally, define 7;* = min{Y*, C/} and 67 = {Y* < C/}fori =1,2,...,n.

4. Repeat Steps 1-3 above B times to generate bootstrap resamples of the form
(xP, 1P 55y x5 ) b =1,..., B.

5. For the bth bootstrap resample (b = 1,2..., B), compute Sg,(;l: ) (t|x) with band-
width h; € {hy, ..., hr}.

6. With the original sample and pilot bandwidth g, compute 3‘0, ¢ (t]x).

7. For each bandwidth A; in {h1, ..., hy}, compute the Monte Carlo approximation
of MISE;g(hl) as in (18).

8. Find hy = argminy, ¢,

(O8]

,,,,,

hL} MISE;’g(l/ll)

4 Simulation study

Good practical behavior of the nonparametric latency estimator has been preliminarily
reported by Lopez-Cheda et al. (2017). The purpose of this simulation study is to assess
the performance of the bootstrap bandwidth selector for the nonparametric latency
estimator. We will work with the same two models considered by Lépez-Cheda et al.
(2017). For both models, the censoring times are generated according to an exponential
distribution with mean 10/3 and the covariate X has a U (—20, 20) distribution.

Model I The probability of not being cured is a logistic function and the latency is
close to fulfill the proportional hazards model, truncated to guarantee condition (6):

_exp(fo + Aiv) _ exp(—A()1) — exp(=A(x)T0)
PO = e+ oo 0 O = T e =

with Bo = 0.476 and B; = 0.358, 1p = 4.605 and X (x) = exp ((x + 20)/40). A
percentage of 54% of the patients are censored and 47% are cured.

Model 2 The probability of not being cured is

exp (Bo + Bix + Pox? + p3x3)
p(x) = 5 N
1 +exp (Bo + Bix + Pax? + B3x3)

with By = 0.0476, 1 = —0.2558, B> = —0.0027 and B3 = 0.0020, and Sp(t|x) =
1 (exp(—ar(x)r°) + exp(—100¢%)) with a(x) = 1 exp((x 4 20)/40). In this case, the
percentages of cure and censoring are slightly higher than for Model 1: around 62%
of the individuals are censored and 53% are cured.

In order to approximate the bootstrap version of the M I S E of the nonparametric
latency estimator, m = 1000 trials and B = 200 bootstrap resamples of sizes n = 50,
n = 100 and n = 200 were drawn and used the Epanechnikov kernel. We considered
a grid of 35 bandwidths (from 5 to 100) equispaced on a logarithmic scale. Note
that, although the covariate X € U(—20, 20), we only work with x € [—10, 20].
The reason is that p(x) >~ 0 for —20 < x < —10. This implies that almost all the
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subjects are cured, and therefore the estimation of the survival function of the uncured
population can not be obtained. Similarly as for the nonparametric incidence estimator
(see Lopez-Cheda et al. 2017), the effect of the choice of the pilot bandwidth, g, on
the bootstrap bandwidth, 47, is very weak. In this simulation study, we considered the
same naive pilot bandwidth selector, g = C (X[, — X[17) - n~'/°, as in Lépez-Cheda
etal. (2017), with C = 0.75, and where X|,;] (X[1}) is the maximum (minimum) value
of the observed values of the covariate X.

In Fig. 1 the density of the bootstrap bandwidths, 4%, is compared with the optimal
hyise,x bandwidth. The MISE values obtained considering these bandwidths are also
shown. Itis noteworthy that MISE(SO’ 1 (+]x)), and consequently MISE; ¢ (h),is almost
constant in a very wide interval around its minimizer. This feature implies that very
different bandwidths could yield very similar good estimates in terms of MISE. We can
appreciate how the bootstrap bandwidth might be larger (smaller) than hysg in Model
1 (Model 2), for most of the covariate values, reflected in a very little difference in

terms of MISE between the estimates with the optimal and the bootstrap bandwidths.

4.1 Results when using two bandwidths to estimate Sy

We will present some results for the latency estimator in (5), that is, if two different
bandwidths are considered: /; for the incidence and /i, for the improper survival
function S. Note that, for the sake of brevity, we only work with Model 1 and sample
size n = 100, considering m = 1000 samples. Figure 2 (left) shows the MISE,
approximated by Monte Carlo, of the nonparametric latency estimator 3‘0, hy.hy (E]X) in
(5) as a function of (i1, hy) for the covariate value x = 5 (the MISE for other values
of x is similar, not shown). We can see that the minimum MISE (dark-grey color)
is reached around the diagonal, that is, when h| = hj. Figure 2 (right) provides the
optimal bandwidths (41, hy) as a function of x. Note that for most of the covariate
values both optimal bandwidths are very similar, being even equal for the values of x
larger than 5.

Therefore, as pointed out in Sect. 2, little efficiency is lost when considering one only
bandwidth /1 = hj to estimate Sp, while this guarantees that the resulting estimator
is a proper survival function.

5 Application to colorectal cancer data

The proposed method was applied to the dataset used in Lopez-Cheda et al. (2017),
composed of 414 colorectal cancer patients from CHUAC (Complejo Hospitalario
Universitario de A Corufia), Spain. The variable of interest is the follow-up time, in
months, since the diagnosis until death. Two covariates are considered: the stage (from
1 to 4) and the age (from 23 to 103). The percentage of censoring varies from 30% to
almost 71%, depending on the stage. In Table 1 we show a summary of the data set.
Due to the small sample sizes in each stage, the results are presented in two groups:
Stages 1-2 and Stages 3—4. Note that B = 200 bootstrap resamples are drawn. Similar
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Model 1, n=50

Model 2, n=50
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Fig.1 MISE contour plot depending on the bandwidth and on the covariate, for Model 1 (left) and Model 2
(right), with sample sizes n = 50 (top), n = 100 (center) and n = 200 (bottom). The density of the bootstrap
bandwidth is displayed in grayscale and the /)qsg bandwidth, for each covariate value, is represented with
crosses

@ Springer



364

A. Lépez-Cheda et al.
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Fig.2 MISE(hy, hy) of SO, hy.hy Torx =5 and the grid of bandwidths (equispaced on a logarithmic scale)
where hy = hy are represented with black dots (left), and optimal (1, hp) bandwidths, in terms of MISE
(right)

Table 1 Colorectal cancer patients from CHUAC

Stage Number of patients Number of censored data % censoring
1 62 44 70.97
2 167 92 55.09
3 133 53 39.85
4 52 16 30.77
414 205 49.52
Stages 1-2 Stages 34
e 2 — x=35
-~ x=50
- x=80
5 S = &
g 5
© ®
-+ < - <

T T
0 50 100 150 200
Time

T
200

Fig. 3 Latency estimation for patients in Stages 1-2 (left) and 3—4 (right) with ages 35 (solid line), 50
(dashed line) and 80 (dotted line), computed using the nonparametric estimator, Sy j, (t|x), with the bootstrap
bandwidth, 1%
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to the simulation study in Sect. 4, we considered a grid of 35 bandwidths from 21 = 5
to h35 = 100 equispaced on a logarithmic scale.

The latency estimation computed with the bootstrap bandwidth, 3‘0, n*(t]x), for
different ages (35, 50 and 80) is shown in Fig. 3. We can observe that for Stages 1-2
the covariate age does not seem to be determining for the latency estimation, since
all the estimated latency functions are very similar for the whole grid of ages. 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 diagnosis until
death is larger than 4.5 years (54 months) is around 0.2 for patients with ages 35 and
50, whereas for 80- year-old patients, that probability is larger than 0.4.
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Appendix

Proof of Theorem 1 The nonparametric estimator of Sy(#|x) in (4) can be decomposed
as follows: .
So,n(t1x) — So(t|x) = A1 + A1 + App + A, (19)

where the dominant terms of the i.i.d. representation of 3‘0, n(t|x) derive from
Sp(tlx) — S(t 1— S
_ Sntlx) — S@tlx) and Ay = (t]x)

A - 7
! p(x) p2(x)

(Pn(x) — p(x)), (20)
and the remaining terms

S(tl)—1 (pa(x) — p(x))’

Ay = Sn) = SED) P = pn(x))
P2(x) pn(x)

pr(x)p(x)

and Axp=

will be proved to be negligible.

The i.i.d. representation of the term A1 in (20) follows, under assumptions (A1l)—
(A7), (A11) and (A12), from that of S‘h (t]x) in Theorem 2 of Iglesias-Pérez and
Gonzdlez-Manteiga (1999):

n 3/4
A = =20 S G e, 85,10 + 0 ((m—”) ) as.  (22)
i=1

p(x) nh

Under assumptions (A1)—(A12), the dominant terms of the i.i.d. representation of
Asy in (20) come from the i.i.d. representation of pj (x) in Theorem 3 of Lépez-Cheda
et al. (2017):
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(1= S(]x)) o Inn) >4
W(l — px)) Z By i (x)&(T;, 8;i,00,x) + O ((W) a.s.

i=1
(23)
We continue by proving the negligibility of Aj> in (21). Under assumptions (A3a),
(A4), (A5) and (A11), we apply Lemma 5 in Iglesias-Pérez and Gonzdlez-Manteiga

(1999) to obtain
A Inlnn 2
Sp(tlx) — S(t|x) = O 7 + h° ) as.
n

and, similarly from Theorem 3.3 in Arcones (1997) and the Strong Law of Large

Numbers (SLLN),
~ Inlnn 2
pr(x) — px) =0 o +h” ) as. (24)

It is straightforward to check that if the bandwidth satisfies 7 — 0, 1;‘—};7 — 0 and

% = O(1), with the convergence pp(x) — p(x) a.s. proved in Lemma 7 of Lépez-

Cheda et al. (2017), it directly follows that

( Inn\>*
Ap =0 (—) )a.s. (25)
nh

With respect to As; in (21),if h — 0, l’?—ﬁ — 0 and % = O(1), using the almost

sure consistency of pj (x), it follows from (24) that

( Inn)>*
A» =0 (—) )a.s. (26)
nh

The proof of the theorem follows from the decomposition (19) and the results (22),
(23), (25) and (26). O

Proof of Theorem 2 From Theorem 1, the latency estimator can be decomposed as

A Inn 3/4
So.(t1%) = So(t]x) = C1 + C2 4+ 0 (—) as.

Ayl = —

nh
where
_ S o s .
Cy = ) Z;Bh,,(x)sm,a,,z,x),
(1 = pEO)(1 = S(t]x)) <= =
Cr=-— 0 > B i()ET;, 8, 00, %),

i=1
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with Eh,,-(x) in (8) and & in (7). Then, the AMSE of Sosh(t|x) is
AMSE(Sp 4 (1]x)) = E(C}) + E(C3) + 2E(C; - C2). (27)

We start with the first term of AMSE(S’Q n(t|x)). Note that

E(C}) = Var(C)) + (E(C1)), (28)
where
Var(Cy) = —— (S(”x))z U Var (K (x — Xl)g(Tl, 51, t,x)) (29)
nh? \ p(x) ) m2i(x) h
and

x— X1
Var(K( ; )E(T1,51,t,x))
_EKZX__Xlgz(T(;tx)_EKx_Xl’.;‘(T(St)2
= ; 1,81, 2, ; 1,81,1,x :

(30)

Let us consider @ (y, , x) defined in (9). From a change of variable and a Taylor
expansion, then the first term in (30) is

2 (X — X4 2 3
E [K (T)E (T],S],t,x)i| =hd(x,t, x)ym(x)cxg + O(h”). 3D

For the second term in (30), applying a change of variable, a Taylor expansion, and
taking into account the symmetry of K, it follows that

2
[E (K (x —hX1) E(T), 81,1, x))i| = [¢(x, £, x)ym(x)h + 0(}13)]2 = 0,

(32)
where @ (y,t,x) = E[E(T,6,t,x)|X = y] and, as will be proved in Lemma 4,
D(x,t,x)=0forallr > 0.
From (29), (30), (31) and (32), then

VC_IS(t|x)21q§t o("
e 1)_%<p(x)) (o 1O B0k + (Z)

Continuing with the second term in the right-hand side of (28):

1 Sa) X— X
E(C‘)‘_hm<x>p<x>E[K( i )ém"s"t’”]
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Using a Taylor expansion, and @ (x, t, x) = 0 V¢ > 0, then

1, St

2" peomm (@ (.1, x)m(x) +20" (x,1,x) m' (x)) + o(h?).

E(Cy) =

So the first term of AMSE(S‘oﬁh (t]x)) in (27) is

1 S(t|x) 1 ' / 2
E(CY) = gh'di [m (@ (.1, x)m(x) + 20" (x. 1. x)m (x))}
2
+i (S(ﬂx)) 1 @ (x, 1, x)ck + 0(h4) + 0 (ﬁ) . (33)
nh \ p(x) m(x) n

Following the same ideas as those for C, we obtain for C; that

oy 1 (A =Sux)nd = pe))® 1
b= nh( P2 ) (o) F10 00 Mk
Ly o [ =8@x))d = px)
it dK[ P2eom ()

x (@ (x, 00, x) m(x) + 2@’ (x, 00, x) m’(x))]z()(h“) +0 (%) _
(34)

We continue studying the third term of AMSE(S’o,h(ﬂx)) in (27):

(I = p()Stlx)d — Stlx)

70 [n(n — Dap + ny] ,

E(C1-Cy) =

where

o

E B o],
B=E [éhl(X)%'(Th 81, OO,X)],
E

(B3 (T 81 1. 0E (T, 81,00,

14

Using a Taylor expansion and @ (x, ¢, x) = 0 for all # > 0, the terms « and j are

1 h? 1 B , , h?
o0 =——dgx—— (@ (x,t,x)ym(x) +2®" (x,t,x)m (x)) +o{— ), @35
2n m(x) n
1h2 1 VA / / h2
B=—-——dx—— (Q§ (x, 00, x)m(x) +2®" (x,00,x)m (x)) +o(—).(36)
2n m(x) n
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For the term y, it follows that

2(x) / (

L et x)ex 40 (: ) , 37

\<
I

) Dy (y, t, x)m(y)dy

1
2h()

where @, (y,t,x) = E [é(AT, 8,t,x)&(T, 5,00, x)|X = y].From (35), (36) and (37),
the third term of AM SE(So ,(t|x)) in (27) is:

_ (I =p)SEx)(d =SCx) [1,4 5 1
Flera= () [4” )
x (@" (x, 1, x)m(x) +2®" (x,1,x)m'(x))
x (@ (x, 00, x) m(x) + 2@’ (x, 00, x) m'(x))

1 1 4 h
+ Eﬁd)z(x t, X)CK:| +0(h )+0( ) (38)

Compiling (33), (34) and (38), the AMSE(S‘o,h(ﬂx)) in (27) is

. 11 ((S(t|x))2
AMSE(So.4(t]x)) = — ——ck ®1(x, 1, x)

nh m(x) px)

2
N ((1 - S(l|x2))(1 - p(x))) @ (x, 00, x)
(x)

(= PN =Stk ,,x))
p3(x)

1Lyo 1 (Sux) , ,
+ hd K2 () ( 0) (@" (x,1,x) m(x) + 2@ (x, 1, x) m'(x))

" 1 =S8¢x)d - pkx))
p?(x)

2
+20' (x, 00, x) m’(x)))

+othYH+ 0 (ﬁ) .
n

Since, from (40) and (41), in Lemmas 5 and 6 it is proven that

(@" (x, 00, x) m(x)

dH" (v|x)

t
& =0 = A= Hln?
1(x, 1, x) 2(x, 1, x) /0 (1 — H®|x))?

and considering (10)-(14), the AMSE of S’ogh(tlx) is, finally, that in (15).
This completes the proof. O
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Lemma 4 The term @ (y, t, x) in (8) has the following expression:

CdH' (uly) / dH (}x)
= 1_
D (y,t,x) /0 1 — H(v|x) ( H@ly ))(I—H( |x ))2

and consequently, @ (x,t,x) =0 foranyt > 0.
Proof of Lemma 4 Letusrecall @ (y,t,x) = E[§(T,d,1t,x)|X = y], then

O vt — E 1{T§t,5:1}X_ P ll{yST}dHl(upc)X_
10 = [1—H<T|x) _y}_ [/0 (I — H(ulx))? _y}
:A/—A//.

We start with A”:

t
1
A/:E[ T = 1) E(8|T,X=y)i|:/q(v’y)dH(v|y) :/' dH' (wly)
1— H(T|x) 1— H(lx) o 1 — H(lx)
0

where g (t,y) = ES|T =t,X =y)and H| (¢|]y) = P (T <t,6 =1|X = y).
We continue with A”:

” ! dH! (v]x) dH'! (v|x)
A:/OE[I{vsTHX: | ———— /(I—H(I))

(1 — H(x))? (1—H@|x)*
Then,
‘dH'@ly) [ dH ' (v]x)
Oy, t,x)= | ——— — 1—H - 39
o= [ = [ me SN 69
and therefore, @ (x, ¢, x) = 0 for any 7 > 0. O

Lemma 5 The term @1(y, t, x) in (9) verifies, for any t € [a, b],

D1 (x,t,x) = /t M (40)
0 (1—H(vlx))?

Proof of Lemma 5 Note that @ (y, t,x) = E [£%(T, 8,1, x)|X = y], with & in (7).
KT <t,6 =1}
D1 (y,t,x) =F

Then,
(I — H(Tlx)* :y]
t t
+E|:// “"STZ}I{UST} SdH (ulx)dH' (v])|X =
0o Jo (I —H(ulx))”(1— H(lx))
[1{T§t,8=1} " Yu < TYAH (u)x) ]
_2FE =y
L—H(Tx) Jo (1—H@ulx))?
=A+B-2C.
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The first term in the decomposition of @1 (y, ¢, x) is

_/t q (v, y) / dH'! (v]y)
oa—Hu)ﬂ (1— H@lx)?

The second term is

topt — H (max (w, v) |y) . ]
= H H ‘
/O /0 (1— H(v|x))2 1 — H(w|x))2d (v]x)dH " (wlx)

Integrating in the supports {(v, w) € [0, ] x [0, ] /v < w} and {(v, w) € [0, ¢]
x [0, t] /w < v}, the term B is

t 1 "1 —Hwly) | ) |
B=2 dH dH '
/0 (1 — H(vlx))? (/v (1 — H(wlx))? (wlx) (v]x)

Finally, the third term in the decomposition of @1 (y, ¢, x) is

t 1
c:/ ! . (/t dH” (vly) )dHl(u|x).
o (1 — H(ulx)) u 1—H(@|x)

Note that, for y = x, we have that B = 2C. This completes the proof. O

Lemma 6 The expression for the term @>(x, t, x), foranyt € [a, b], is the following:

Dr(x,t,x) = /t M 41
0 (1 — H(vlx))?

Proof of Lemma 6 Recall @,(y,t,x) = E[§(T,6,t,x)&(T, 6, 00,x)|X = y] with
& in (7). Then:

Dr(y, t, x)
B [1{T§t,8:1} _ }
“la—mam?t T

[ s =1) [ Hu<T<t}
—E de (ulx)|X = yi|
L1 = H(TIx) Jo (1— H(ulx))
=1y [* 1{v<T} . ]
—E dH (w|x)| X =y
L1 = H(TIx) Jo (1— H(@lx))*
‘/f Ho < T}H v|x) [ Hu < T}dH (u|x)
o (I—H@kx)? Jo  1-Hukx)?
=A—-B-C+ D.

+E

-
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Straightforward calculations yield:

/’ dH" (v]y)
A= | ————2,
0 (1 — H(vlx))?

B_/OO (/f dH! (vly)) dH " (u|x)

“Jo \u 1-H@I) /) (1 — Hulx)?

c—/t (/00 dH! (uly)) dH'(v|x)
"o Uy 1=H@lx)) (1 - H@x)?>

t 1 1 — H (max (u, v) |y) 1 ) :
D = [ H " .
/o (1— H(vlx))’ (/0 (1— Haupy? H w0 )di @)

Integrating in the supports {(u, v) € [0, c0) x [0, t] /v < u} and {(u, v) € [0, c0)
x [0, 1] /u < v} = {(u,v) € [0,¢] x [0, ] /u < v}, the term D is

t o0 _ 1
b =/ (/ 1 H(uly)del(u|x)) dH " (v|x) .
o \Jv (1—H(ulx)) (I — H(vlx))
[e'e) t _ 1
+/ (/ 1 H(U|y)2dH‘(v|x)) dH " (u|x) .
0 u (1 —H(vlx)) (I — H(ulx))
When y = x, then D = C + B, which concludes the proof. O

Proof of Theorem 3 Under assumptions (A1)—(A10) and using Theorem 1, ~/nh
(S‘o,h (t|x) — So(tlx)) has the same limit distribution as

n
V> Ty 8, Xi tx) = — (I + 1T+ 11T +1V),

i=1
where

1 S(tlx)
nh p(x)m(x)

x> [K (x _}lxi).f;(n,ai,r,x) —E (K (x ;X")sm,a,-,r,x))],
i=1

1= px)d = S¢|x))
nh p2(x)m (x)

xi[K(x_X")g(T 5. 00 x)—E(K(x_Xi)E(T~ 5, 00 x))]
l=1 h 1s Yl £ h 15 Yl £ £
111 = fuh S ZE[K (x _hxi)é(Ti,ai,t,x)]

nh p(xym(x) &

I =+/nh

11 = ~/nh

@ Springer



Nonparametric latency estimation for mixture cure models 373

_ 1 (1= p)(1 = S@x) < x— X, -
Iv—mnh Pz(x)m(x) ;E[K( h )S(Tl,(sl,oo,x)}.

The deterministic part (¢, x) comes from /71 + IV . Recall the function @ (y, t, x)
in (39), since @ (x, t, x) = 0, then

x—X
E [K (T) £(T, 8, t,x)]
- %h3d1< (@ (x, t, )m(x) + 2@/ (x, 1, x)m’ (x)) + o(h?). (42)
Therefore,

111 = \/nh5m ldK (@ (x, 1, x)m(x) + 2@ (x, 1, x)m’ (x)) (1 + 0 (1)),

px)m(x) 2
(1 =p)NA = Slx)) 1
— ./ 5 —
IV =vnh p2(x)m (x) ZdK

x (@"(x, 00, x)m(x) + 20 (x, 00, x)m’(x)) (1 + o(1)).

If nh® — 0, then III + 1V = o(1) and b (r,x) = 0. On the other hand, if
nh® — C5 then

) Sty 1
p(x)m(x) 2
— p)(1 —S(@|x)) 1

1
+c2t T 5K (@ (x, 00, X)m(x) + 20 (x, 00, )’ (x)).

b(t, x) = C/ dg (@ (x, t, x)m(x) + 20’ (x, 1, x)m’ (x))

As for the asymptotic distribution of I 4 11, it is immediate to prove that:

n

I + II = Z (Vi,n(x, t) + E,n(x3 t)) ’

i=1
where

o LS
Ml D = pom ()

i x — X; x —X;
X K( W )E(Ti,(siaf,x)—E(K( p )S(Ti,5i,f,x))i|,

] L (1= p()(d — S(t]x))
T ) = e 2 om )

i x — X; x — X;
X K( A )E(Ti,éi,oo,x)—E(K(T)E(Ti,éi,oo,x))},
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are n independent variables with mean 0. To prove the asymptotic normality of 7 411,
it is only necessary to show that ol%n (x,t) = Var (y,-)n(x, 1)+ I, (x, t)) < 00
0,% (x,1) = ZL] Ufn (x, t) is positive and that the Lindeberg’s condition is satisfied,
so Lindeberg’s theorem for triangular arrays (Theorem 7.2 in Billingsley (1968), p.
42) can be applied to obtain

er'lzl (Vi,n(-xv t) + E,n(xs t))

o, (x,1)

- N@©O. 1,

and consequently,

b Y nn(Ti, 8, Xiu t, x)

o, (x,1)

— N(©0,1).

We will start proving that the variance
Ui?n (-x9 t) = Var (Vi,l’l (xv t)) + Var (Fi,n(xv t)) + 2COV (yi,n(-xs t)v E,n(x» t)) (43)

is finite. Note that

1 s 2 - X
vt = o Y oo (52 e

s (e |

Let us define @ (y,7,x) = E [€%(T, 8,1, x)|X = y], using (42), then the first term
in (43) is

2 2
Var (yin(x.1)) = (S;ZLX))) ‘p"qu(’;;x)cK +o (%) . (44)

In a similar way, the second term in (43) is

1 ((1 — p()(1 - S(z|x>))2 Qo000 (h2
n

Var (I a(x, 1) = P2(x) m(x)

Finally, for the third term in (43),

Cov (Vi,n(xv 1), Fi,n(X, t))
1< |: z(x Xi) i|
=—1E|K E(T;, 8i, 00, x)E(T;, 6;, t, x)
nh

h
x —X; x —X;
()] [ () s ]
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Let us consider @>(y, t,x) = E[£(T,§,t,x)E(T, 5, 00, x)| X = y]. Applying Taylor
expansions, the third term in (43) is

11— S 1-S
Con (.. Tiatw.0) =, p(XZ%T))ZEx) -

h
Dr(x,t,x)cx + 0(—).
n

(46)
The results (44), (45) and (46), together with (40) and (41), lead to

o2 () = K (Vi (t.x) + Vo (t.x) +2V3 (£, x)) + O (ﬁ) ,
’ n n

where Vi (t, x), V> (¢, x) and V3 (¢, x) are defined in (12), (13) and (14), respectively.
As a consequence, afn (x,1) < o0. The finiteness of the variance onz (x, 1) is also
proved, since

n
op (x,0)=>_ 0}, (x. )=V (t,x) ck + V2 (£, X) ck+2V3 (1, x) ck + O (h) < +o0.

i=1

We continue studying Lindeberg’s condition:

1 n
> / Vin(x, 1) + Tjn(x, 1)?d P — 0, Ve > 0.
O (6 1) = Jlyin 6.+ T 1) [ > €0n (2.0}

47)
Let us define the indicator function [; ,(x,t) = 1 {(y,-,n(x, t)+17 . (x, z‘))2 >€2O'n2
(x,1)}. Then (47) can be expressed as

1
o2 (x,1)

. 1
z . . 27 - =
E |:i:1 (Vz,n(x, 1)+ Fl,n(x» 1)) Il,n (x, t):| = 0,12 . 1) E My (x, 1)),

with

Mo (6, 1) = D~ Vin (6, 1) + i, 0) L (x,1).

i=1

Since # — 0, and the functions K and & are bounded, one has:

Inp e N/n>nog = I ,(w) =0,Vwand Vi € {1,2,...,n}
< dng € N/n > ng = n,(w) =0, Vw.

Since 1, (x, t) is bounded, then the previous condition implies that Ing € N/n >

no = E(,(x,t)) = 0,and then lim,,_, a_le(n” (x, 1)) = 0. Therefore, Lindeberg’s
condition is proved. All these previous argllfments lead to the proof of Theorem 3. O
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