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ESTIMATION/IMPUTATION STRATEGIES FOR MISSING DATA IN
SURVIVAL ANALYSIS

ELODIE BRUNEL(Y, FABIENNE COMTE®, AGATHE GUILLOUX(?*5)
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1. INTRODUCTION

We consider the problem of estimation from right-censored data, when the censoring indicator
is possibly missing. Let T" be a random variable representing the time to death from the cause
of interest. Let C' denote a right-censoring random time. Under usual random censorship, the
observation is Y = T A C and § = I(T < C) and it is assumed that 7" and C' admit densities
respectively denoted by fr and g. In addition, C' is assumed to be independent of T

When the cause of death is not recorded, the censoring indicator is missing: this is the missing
censoring indicator (MCI) model, see Subramanian Subramanian (2006), which is defined as
follows. Let £ be the missingness indicator, that is £ = 1 if ¢ is observed and & = 0 otherwise.
The observed data are then given for individual ¢ € {1,...,n}:

(YZ’(sZag’L = 1) or (Yg?gl = 0)

We consider the so-called MAR context, which means that we assume that the indicator is
Missing At Random i.e. £ and § are independent conditionally to Y (contrary to the MCAR case
where it is assumed that the indicator are Missing Completely At Random, i.e. £ is independent
of T'and C). In this paper, we mainly concentrate on different strategies for dealing with missing
indicators.

This model has been considered by several authors in the last decade. For a complete overview
on missing data, we refer to the monography by Little and Rubin Little and Rubin (2002). Most
papers are interested in survival function and cumulative hazard rate estimation. In particular,
van der Laan and McKeague van der Laan and McKeague (1998) build a sieved nonparametric
maximum likelihood estimator of the survival function in the MAR case and prove its efficiency.
Their estimator is a generalization of the Kaplan-Meier estimator to this context and is the
first proposal reaching the efficiency bound. Subramanian Subramanian (2004) also proposes
an estimator of the survival function in the MAR case; he proves his estimate to be efficient as
well.

Kernel methods have also been used to build different estimators in the MAR context. Sub-
ramanian Subramanian (2006) estimates the cumulative hazard rate with a ratio of kernel es-
timators. He provides an almost sure representation, and a Central Limit Theorem (CLT). He
deduces results of the same type for the survival function. A study in a similar context is also

(M. I3M, UMR 5149 CNRS, Université Montpellier 2, 34095 Montpellier cedex 5, FRANCE, tel +33 4 67 14 39
57, fax 433 4 67 14 35 58, email: ebrunel@math.univ-montp2.fr
(). MAP5, UMR 8145 CNRS, Université Paris Descartes, FRANCE, email: fabienne.comte@parisdescartes.fr
(). LSTA, Université Paris 6, FRANCE, email: agathe.guilloux@Qupmec.fr
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provided by Wang and Ng Wang and Ng (2008). Recently, Wang et al. Wang et al. (2009)
proposed density estimator based on kernels and Kaplan Meier-type corrections of censoring.
They prove a CLT and suggest a bandwidth selection strategy. Extensions of these works to con-
ditional functions (both cumulative hazard and survival functions) in the presence of covariates
is developed in Wang and Shen Wang and Shen (2008).

Our aim here is to study nonparametric hazard rate estimation and more specifically, regres-
sion and model selection estimation of the function defined, for all ¢ > 0 by:

(1) At = 250

where fr and Fp are respectively the probability density function (p.d.f.) and the cumulative
distribution function (c.d.f.) of the survival time 7. Two contrasts and estimators are proposed,
and both involve the estimation of a specific nuisance functional parameter, 7w or (:

(2) m(y) =EEY =y) =P =1]Y =y).

3) ((y) =EQY =y) =P = 1Y =y),

We compare different estimation-imputation strategies for recovering m and {. More precisely, we
propose either a parametric strategy following a logistic model — standard for m, but involving
imputation steps for ( —, or a pure nonparametric regression strategy. We provide theoretical
properties and numerical comparisons for these procedures.

2. MODEL AND STRATEGIES

2.1. Model assumptions. The unknown function A to be estimated is hazard rate of the
random variable 7', as defined by (1). We shall denote by G¢ the c.d.f. of C. We define the
conditional expectations of £ and § by (2) and (3).

The global model assumption is denoted (A0) and has several parts, specified hereafter.

(A0-1) The random vectors (Y;, C;) are independent copies, for i = 1,...,n, of (Y,C).

(AO0-2) For i =1,...,n, we observe Y; = T; AC;, & € {0,1}, and 6; = I(T; < Cy) if & = 1,
otherwise &; = 0.

(A0-3) C is independent of T

(A0-4) ¢ and § are independent given Y.

Our estimation strategies are based on penalized contrasts. Namely, we obtain different
collections of estimator by minimization of empirical criteria on functional spaces spanned by
orthonormal bases defined on an interval [0,7]. We consider in the following two specific and
classical examples of bases and model collections:

(1) Trigonometric bases. They are defined by wo(z) = (1/v/7)Tjo 7 (2),
p2j1(x) = \/2/7sin(2mjz /7)1 -1 (2), p2;(x) = /2/7 cos(2mjz /7)o 7 ().

Considering (¢;j)o<j<m—1 yields spaces Sy, spanned by them, with odd dimensions m.
We denote by S, the nesting space of the collection, i.e. the space corresponding to the
maximal dimension for S, and we set D,, := dim(S,) < /n/log(n).

(2) Histogram bases. They are defined by ¢;(x) = \/2"™/T1j(j_1)7/2m jr/2m|(z), for j =
1,...,2™ so that S, = span(¢j;,j = 1,...,2™) and D,, = 2™. We shall take m <
[logy(n)/2] where [z] denotes the integer part of z and logy(z) = log(z)/log(2). We
denote by S, the nesting space of the collection and we set D,, := dim(S,,) < n/log(n).
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These bases are representative examples of localized bases for the second one (as piecewise
polynomials, wavelets) or bounded non localized bases for the first one.

2.2. Strategy involving knowledge of (. The crucial property for the construction of an
estimation procedure is the following: for any integrable function h, we have

E(C(Y)A(Y)) = E[EQ@[Y)A(Y)] =E(5h(Y))
= E[I(T < C)n(T)]
(

h(t)(1 — Go)(t) fr(t)dt.

Il
—

This yields the equality
(4) EC(Y)n(Y)) = E(h(Y)) = /h(y)/\(y)(l — L(y))dy

with 1 — L(y) = L(y) :=P(Y > y) = (1 — Fr(y))(1 - Go(y)).
Next, we note that, with assumption (A0-4) and the definition of ¢, we have

E(6:& + (1 = &)C(Y)IY:) = E(0:|Y)E(&]Y:) + E[(1 — &)E(6:]Y;)]Yi]
E(E(6:]Y:)(& + (1 - &))|Y3)
(5) = E(6]Y3).

If ¢ was known, we would consider the contrast:

n

no o1
M) = 2 3 [ R 2 gy = 23 66+ (1= €)Y,
=1

=1

which is a particular case of the contrast introduced in Brunel et al. Brunel et al. (2013). Indeed,
if we compute the expectation of this theoretical contrast, we obtain, under the MAR assumption
and using (4) and (5),

E(I7 (h) = IRl — /h(y)k(y)dul(y) = [Ih = Allj, = NI,

with dp (y) = (1 — L(y))dy.

Clearly, the above quantity is small if h is near of A, and the measure denoted by u; plays
the role of a reference weighting norm. This explains why minimizing Ffffl over an appropriate
set of functions would be a relevant strategy to estimate .

As ( is unknown, we must substitute another quantity in the contrast. The first strategy we
could think about, is to use an estimator ¢ of (. Consequently, we consider

n

nool
(6) S0 = 23 [ R 2 gy = 23 (664 (1= X)) h(YD.
i=1

1=

Estimators of ((y) are constructed below. This strategy of estimation of the unknown hazard
rate A\, via an estimation of (, is also considered in Wang et al.Wang et al. (2009). Such a
regression strategy was also considered in Brunel and Comte Brunel & Comte (2005) without
missing indicator.
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2.3. Strategy involving knowledge of 7. A similar reasoning can be lead in case 7 is known.
Analogously, we consider the contrast

z/ Ky Y>ydy——25§2
Indeed, we can compute the expectation of F%’?Q(h). First, we have

E(9:&h(Y:)) = E(E(:&[Yi)h(Y:))
and with (A0-4), we get E(0;;h(Y;)) = E(C(Y;)7(Y:)h(Y;)). Now, applying (4) to hr (instead
of h) yields

E(5i:h (Vi) = / W) ()AL — L(y))dy.

Consequently,
E(Ty(h)) = / B2 (y)dpia(y) — 2 / A @)dua(y) = [ — M2, — M2,

with dus(y) = m(y)(1— Ly (y))dy. As previously, this explains why minimizing Ffffl should allow
us to estimate A.
As 7 is unknown, we replace it by an estimator 7 in the contrast. Thus, we consider

(7) Z/ h2(y)7 (y Y>ydy——26fz

2.4. Estimation of { or 7: logit or nonparametric regression. In both (6) and (7), a step
has to be completed: we must make proposals for ¢ and 7. Two strategies can be naturally
considered. First, coherently with the nonparametric setting of the first step, we can use a
nonparametric regression method.
Nonparametric regression for estimation of ((y) or m(y). The definition of ( and 7 as conditional
expectations given Y (see (3) and (2)), allows us to estimate these functions by nonparametric
mean square contrast minimization. More precisely, we obtain a collection of estimators of { or
m on an interval A by minimizing for T' varying over spaces Sy, the contrasts

~ RS 2 ~ 12

(1) = — Z;[&T (¥i) — 2601 (Y3)] or Fn2(T) = Z;[T (i) = 26T(Y3)]

1= 1=
respectively.
On the other hand, a natural strategy to estimate conditional indicators is the parametric

logistic regression.
Logistic regression. If we add a logistic assumption

) = exp(ap + a1y) (y) = exp(Bo + f1y)
1 +exp(ag + ary)’ 1+ exp(fo + f1y)’

then we may use a maximum likelihood (M.L.) procedure. Note that, nevertheless, { and 7
are different from this point of view. Indeed, concerning the estimation of 7w, £ and Y are
observed and therefore, Gy and 31 correspond to standard logit-estimation. But this is not true
for ¢: we cannot directly compute the M.L. estimators for (ag, ;) since there are censoring
indicators §; missing. Thus, we follow a procedure proposed by Rubin Rubin (1987). For a
binary classification variable, a new logistic regression model is simulated from the posterior
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predictive distribution of the parameters and is used to impute the missing values for each
variable .

2.5. Computing the hazard estimators. We consider that we estimate the hazard rate on
a compact set

A=10,7].
We set standard assumptions about boundedness from above and below.
(AL.1) Vy € A, A(y) < [[A][a00 < +o00.
(A1.2) Vy e A,1 - Ly(y) > Lo = mingea 1 — Ly (y) > a > 0 for fixed positive constant a.
(A1.3) Vy € A, n(y) > mo = infyea m(y) > b > 0 for fixed positive constant b.
(A14) Yy e A,0 < f§ < fy(y) < ff < 4o0.
Assumptions (A1.1) and (A1.2) are common natural assumptions, and assumption (A1.3) is
specific to the strategy involving 7 in the reference measure. Assumption (A1.4) is a common
technical assumption.

First, we define two types of estimators 5\%) for i = 1,2 on the space S, by:

AW = arggnjqn Iyi(h)  where Sy, =span{y;,j =1,..., Dy}
€Sm 7
The ¢,’s constitute an L2-orthonormal basis, and the function & is of the form h =" ;i P;-
The estimators are obtained by minimization of the contrasts (6)-(7) given in Sections 2.2
and 2.3. For the histogram basis, we can give their explicit expression in the MAR setting :

X%)’[H] (y) = ZJDZ’”I dgi)’[H] ©;(y) with the coefficient &gi)’[H] having the following form, provided the

denominators are non zero:
D [0 + (1= &) (V)i (Vi) > 8iie; (Vi)
A _ =1 a2 _ i=1
: = , al =—

- .
/O 03 ()7 () L(Y; > y)dy
1

1=

n_ el
2 /0 25 (0) Livizy)dy
1=1
— .

More generally, let us define the matrices and vectors: a (@) (d@> )
7 /1<j<Dm

1 n
o) .— (n ) / soj(y)cpjl(y)l{wy}dy) ’
=1

1<5,j'<Dm

AD = vec <711 > (52@ +(1— &)5(%)) 90]'(}/;‘))1<j<Dm) ;

i=1
1 ~ Ly
o = (n > [eitwer <y>7r<y>1m2y}dy> A = <n 2 ‘52'52'%(“))
i=1 1<j,j'<Dm =1

Then the coefficients of the estimators must fulfill the matrix constraint:

OWTD = AL,

1<j<Dm

It follows that the estimator is well defined if O} is invertible. We define p(M) as the spectral
radius of a matrix M, i.e. the largest eigenvalue in modulus of M. We set

8) @0 = @M TAD if p(0®)) > max(é, n1/2)
—

and a %) = 0 otherwise, with ¢; = io/?) and ¢y = 4ﬁ0i0/9.
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The quantities io and 7y are estimators of Ly = mingea 1 — Ly (y) > 0 under (A1.2) and
mo = mingea 7(y) > 0 under (A1.3). An estimator L is defined in Comte et al. (2009), and
proved to have the required properties, namely, to satisfy:

(A2.1) For any integer k > 1, there exists a constant C’liLo) > 0 such that P(]f)o —Lo| > Lp/2) <
CIELO) /nk.

For 7y, we can study min 7(y) but we state results in term of the conditions 7 must fulfill:

(A2.2) P ( > 1/4) =P(Qg) < © for k>4 and C a given constant.

nk

T—T

o0, A
(i)
J

9) A ) =S 0;().

J

After this stage, the coefficients a;’, for ¢ = 1,2 provide the development of an estimator

The model selection device is now based on the following criterion: for i = 1,2,

(10) i = arg min (P74 + pen (m))
meMy, ’

where
M, = {m € N,dim(S,,) < N,}.
Moreover

— (3 N dim Sm
(11) pen (m) = niuxym,Aé),

where ®g is such that V¢ € Sy, [|t]leo < Pol|t]| and A = A, is an estimator in the collection, on
a space Sy, with dimension D,,, such that log(n) < D,,, < n'/%. Moreover, the dimension D,,
of the spaces Sy, has to be larger than log(n).

The computation of 5 and 7 is similar and the vector of their coefficients in the basis
(pj)i<j<d,. is defined by the inverse of matrices

T, = <711 Z&w(ﬁ)s%*(ﬁ)) ;T = (:L Z@j(Yi)W(Yi)) :
i=1 i=1

1<5,j'<Dm
multiplied respectively by vectors

1 n
SN R D T 7
—m Am ’ m (n g &’LQOJ (Y:L>>

with adequate thresholds.

1<5,'<Dm

1<j<Dm

2.6. Theoretical Results. We consider that we estimate the hazard rate on a compact set
A=10,7].
The empirical reference norms are defined by

I~ (! I~ (!
B2 =3 [ PRI = . 0= 53 [ R > )y
=1 =1

associated with the natural scalar product (h1, hg)y; obtained by polarization identity.
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Let us also define another integral norm with respect to do(y) = fy (y)dy where fy is the pdf
of Y7, that is

(12) 1) = / W (y)doly /w Vv (y

The result we can obtain is the following, for estimators C or ™ computed on an independent
sample of observations.

Theorem 1. Let 5\7(;)(1.) be the estimator defined by (8)-(9)-(10)-(11) for i = 1,2, under As-

sumptions (A0). Assume that the collection of models is nested and the estimators ¢ and 7 are
computed on independent samples.

(1) If (A1.1)-(A1.2)-(A1.4) and (A2.1) hold, there exists a choice of k1 such that, for n
large enough

¢! : Dy, cy
(13)  E(IMA =00 R0 < Crinf (1ML = A+ [Alla.00 = ™) + CEEIC = CI5) + -1

where C1 is a numerical constant and Ch, Cl are constants depending on the constants
of the problem.

(2) If (A1.1)—(A1.4) and (A2.1)-(A2.2) hold, there exists a choice of ko such that, for n
large enough

L2 ) Dy, . cy
(14) E(IALs = A% [52) < Co inf (ALt = Anll® + [M]la0o= ") + CRE(|7 —7l[3) + =2

where Cy is a numerical constant and C%, CY are constants depending on the constants
of the problem.

Inequality (13) is proved in Brunel et al. (2013) in a more general setting, and a sketch of the
proof of (14) is given in appendix.

Note that the larger k;, the larger pen® (m) in the upper bound.

The results stated in (13)-(14) involve three terms:

e the first terms are common, inf,,enm, ([[ATa — Anl|? + [[Al| 4,00 Dm /7 and correspond to
the squared-bias (|[A\I4 — An||?)/variance (||A||4,00Dm/n) compromise,

e the second term is E(||¢ — (HZ) or E(||7 — 7TH§), that is the mean-square risk of the
estimator of ¢ or m on A. These quantities can have different orders, depending on the
second step strategy,

e the last terms C] /n or CY /n are negligible.

We can obtain adaptive nonparametric rate with the same model selection principle for ¢ and
7, if we apply the nonparametric strategy (see Theorem 2 for ¢ in Brunel et al. (2013) Brunel
et al. (2013)).

On the other hand, with the logit strategy, we have

- eQot+ydy ~ eBo+y31
= T A T = =,
(W) = T caorsar W [+ oo

and we get B
E(IC ~ ¢I12) < 2 (E((é0 — a0)?) + E(YA)E((é1 — 1)),
E(7 - 7l2) <2 (B((Bo — 50)*) + E(YDE((Br — 51)2))

All these terms are of order 1/n as soon as all parameters are estimated with parametric rate.
The questions that we have to study empirically are:
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(1) If the logit assumptions are fulfilled, is the nonparametric strategy much worse than the
parametric one?

(2) If the logit model is not satisfied, can the logit approximation still correctly estimate 7
or 7

(3) How much does the quality of the estimator of these quantities influences that of A?

3. IMPUTATION BASED STRATEGY

The second approach, we aim to explore, is inspired from stochastic regression imputation.
The idea is no longer to substitute an estimator of the unknown quantity ¢ but rather to
substitute a random number 7; to ((Y;) which has the same expectation.

Let v; generating from a Bernoulli distribution with parameter ((Y;) given & = 0. Here,
the quantity ((Y;) has also to be estimated as in Section 2.4, and we consider again both
nonparametric and logit strategies. Then, we are in position to define the following contrast:
(15) SHORD | ez iy -2 > (6 (1)) HCYD)

and the imputation strategy gives the following estimator:

AB) = arg hm}gn I')"(h) where Sy, =span{yj,j=1,---,Dn}.
€Sm

We do not provide the theoretical study of the estimator defined by this contrast since E(I')"" (h)) =
E(Ff{fl(h)) We propose a numerical comparison of this strategy with the other strategies devel-
opped in Section 2.

4. NUMERICAL COMPARISON

To illustrate the behaviors of the different estimators, we consider three models to simulate
data from the MCI, i.e. n independent replications of
Yi=T;NCi, 6,6 =1) or (Y;,§=0).
In each model, the parameters are set in order to obtain around 30 % of censoring and 85 %

(resp. 55 %) of non missing indicators.

Model 1 (Weibull-Logistic). Each T; is drawn from a Weibull distribution with scale a = 10 and
shape b = 4, each C; from an exponential distribution with mean p = 25. For each individual i,
the missing indicator is simulated from a Bernoulli distribution with parameter w(y;) with

1
~ 1+exp(—p1— fay)’

we set 1 = 0.1 and Bo = 0.25 (resp. 0.005) to obtain 85 % (resp. 55 %) non missing indicators.
In this model:

m(y)

M -1

C(y) =1+ baTyb—l) :
Model 2 (Monotone). It is based on an example from Subramanian Subramanian (2009). For
each i, Y; is drawn from an exponential distribution with parameter 1. The censoring and missing
indicators are simulated from Bernoulli distributions with parameters resp. ((y;) and 7(y;) with:

m(y) =1 —exp(—fexp(y)) and ((y) = 1+ exp(—lal — azy)’
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with @ = 1 (resp. 0.32) to obtain 85 % (resp. 55 %) non missing indicators, and oy = —2,
ag = 5.2. Note that, the hazard rate h(y) coincides with the auxiliary function ((y) in this
model.

Model 3 (Non-monotone). Consider the same schema as Model 2, with

¢(y) = 0.9] sin(7/2 — 1.5y)| + 0.1.

Weibull/ Estimation strategy Estimation strategy Imputation strategy

Logistic with F‘;f‘l with Fffé e

Missing rate  15% 45 % 15% 45 % 15 % 45 %

n = 200

NP 0.055 0.061 0.120 0.269 0.055 0.067
(0.032) (0.043) (0.081) (0.162) (0.032) (0.051)

logit 0.055 0.053 0.151 0.286 0.053 0.055
(0.029) (0.032) (0.123) (0.160) (0.031) (0.032)

n = 1000

NP 0.017 0.021 0.035 0.086 0.018 0.024
(0.010) (0.014) (0.018) (0.037) (0.010) (0.015)

logit 0.016 0.016 0.062 0.092 0.016 0.019
(0.008) (0.009) (0.036) (0.026) (0.008) (0.012)

n = 5000

NP 0.008 0.009 0.011 0.025 0.008 0.009
(0.007) (0.008) (0.010) (0.023) (0.006) (0.009)

logit 0.007 0.008 0.023 0.024 0.007 0.008
(0.005) (0.006) (0.022) (0.023) (0.006) (0.006)

TABLE 1. Average and standard deviation (in parenthesis) of the MISE over 500
replicated samples for hazard rate estimators of Model 1 (Weibull-Logistic), for
estimation strategies with I'’*] and I'’*) and imputation strategy I'y"". Censoring
rate ~ 30%.

For K = 500 replications over different paths, we compute the (empirical) average MISE of the
penalized estimators A\ over a grid of size 100:

100

K
MISE = %Z (170’“0 > ()\(ti) — A8 (ti))2> :

= =

where 7, is the inter-quantile interval length associated with the 10% and 90% empirical quantiles
of the Y;’s . The value of the constant x appearing in the penalty has been calibrated over the
three models and fixed to 2 (resp. 3.5) for the contrast I';’] (resp. I''5). We also give in
parenthesis the standard deviation value of the MISE evaluated over the 500 samples. The

results are summarized in Tab. 1-4. For each model, we give the MISEs of our penalized
2

m(2)

strategy involving 7 in column 3-4 and 5\7(223) for the imputation strategy in column 5-6.

estimators 5\221) for the estimation strategy involving ¢ in column 1-2, A for the estimation
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Subramanian Estimation strategy Estimation strategy Imputation strategy

monotone with T with 7% e

Missing rate 15% 45 % 15% 45 % 15 % 45 %

n = 200

NP 0.102 0.125 0.201 0.410 0.102 0.124
(0.051) (0.052) (0.143) (0.445) (0.057) (0.051)

logit 0.105 0.101 0.177 0.182 0.102 0.120
(0.062) (0.060) (0.083) (0.071) (0.0592) (0.0576)

n = 1000

NP 0.037 0.037 0.073 0.181 0.037 0.038
(0.016) (0.014) (0.043) (0.131) (0.017) (0.014)

logit 0.036 0.035 0.063 0.084 0.037 0.039
(0.018) (0.018) (0.035) (0.035) (0.017) (0.016)

n = 5000

NP 0.012 0.012 0.028 0.080 0.012 0.012
(0.011) (0.011) (0.025) (0.068) (0.012) (0.011)

logit 0.013 0.013 0.019 0.023 0.013 0.012
(0.012) (0.011) (0.018) (0.022) (0.012) (0.011)

TABLE 2. Average and standard deviation (in parenthesis) of the MISE over
500 replicated samples for hazard rate estimators of the Model 2, for estimation
strategies with I’} and I'}’5 and imputation strategy I'). Censoring rate ~ 30%.

I
N
T

Hazard rate
o
o
T
|
|
!

o
o
T

o o

) i
\

[ >

o

W

oS-

0.5 1

15

25 3

Function 1t
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FIGURE 1. Strategy involving estimation of 7: Left-side: True hazard rate (black

line) for Model 2 and its estimators ;\7(522) with both nonparametric (magenta dot-

ted line) and logit (cyan plain line) estimators of w. Right-Side: True auxiliary
function 7 (black line) and its nonparametric (magenta) and logit (cyan) estima-
tors. n = 1000 with ~ 30% censoring and 45% missing indicators.

For each strategy and each model, we consider various sample sizes n = 200, 1000 and 5000
and two levels of missing indicators namely 15% and 45%. The abbeviations "NP” and "logit”
stand for the way of estimating the auxiliary functions ¢ or w according to the strategy under
study (estimation of ¢ with I'’] and I'))"" or estimation of 7 with I'}°5). First, whatever the
model we considered, we observe that the strategy involving 7 gives very poor performances
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compared to the other ones. The difference between the strategies involving 7 or ( is of great
importance for a numerical point of view. In fact, as we can see by examining the sequence of

coefficients &§1)’[H] and &§2)»[H]

¢ does not) and it results that a small estimation error for 7 can strongly increase the final error
on the hazard estimator. We can see on Figure 1 that despite a quite good estimation of 7, the
MISE in Table 1-3 is always the worst for the estimation strategy involving 7. Consequently,
we focus on the other strategies. Both imputation or estimation strategy involving the function
¢ have very similar behavour and perform as well. We also notice that the logit estimator of ¢
versus the nonparametric one is nearly impossible to beat at least for sample sizes n = 200, 1000.
Of course, when the logit assumption is violated, for large sample (n = 5000) and important
missing rate 45%, the results are deteriorating, see Table 3.

, the estimator 7 appear in the denominator (while the estimator

Subramanian Estimation strategy Estimation strategy Imputation strategy

non-monotone with T with T ryr

Missing rate 15% 45 % 15% 45 % 15 % 45 %

n = 200

NP 0.132 0.163  0.218 0.269  0.132 0.163
(0.061) (0.060) (0.088) (0.248) (0.061) (0.060)

logit 0.138 0.180  0.234 0.257  0.137 0.170
(0.060) (0.058) (0.081) (0.073) (0.062) (0.060)

n = 1000

NP 0.064 0.076  0.105 0.125  0.065 0.076
(0.019 (0.016) (0.029) (0.055) (0.019) (0.016)

logit 0.066 0.096  0.113 0.128  0.065 0.077
(0.019) (0.018) (0.026) (0.024) (0.019) (0.016)

n = 5000

NP 0.038 0.039  0.055 0.067  0.038 0.040
(0.039) (0.038) (0.054) (0.066) (0.040) (0.040)

logit 0.040 0.065  0.061 0.069  0.040 0.065
(0.040) (0.064) (0.062) (0.069) (0.040) (0.064)

TABLE 3. Average and standard deviation (in parenthesis) of the MISE over 500
replicated samples for hazard rate estimators of Model 3, for estimation strategies
with I'’7 and T and imputation strategy I';". Censoring rate ~ 30%.

5. PROOFS

5.1. Proof of Theorem 1. The first inequality is obtained as a particular case of the bound
proved in Brunel et al. Brunel et al. (2013), see also Comte et al. ?. Below, we give steps for
obtaining the second inequality.

The reference centered empirical process is

n

va(h) = %Z (51-5,-11(12) - /h(y)k(y)ﬂ(y)l{my}dy) -

i=1
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FIGURE 2. Strategies involving estimation of (: Left-side: True hazard rate

(black line) for Model 3 and its estimators 5\(}21) with nonparametric (magenta
o )

dotted line) and logit (cyan plain line) estimators of ¢ and j‘m(3> with nonparamet-
ric estimator of ¢ (red dotted line). Right-Side: True auxiliary function ¢ (black
line) and its nonparametric (magenta) and logit (cyan) estimators. n = 1000
with ~ 30% censoring and 45% missing indicators.

It is constituted of two different processes which have different orders, v, (h) = vy, 1(h) — vy 2(h)
with

(16) v () = S EER(Y) — (b M),
=1

1 n
17) ) = 23 ([ B0 sy - (X))
i=1
We define a set Q = ANQp NQ, where Q is defined in (A2.2) and

G = ﬂ Gms Gm = {min Sp(©2) > max(47~rglio/9,n_1/2)}7

meM,y,
Lo 1
Qr =< |=-=1|<=3.
} and Qf, {’Lo |2}

It is easy to see that (see Brunel et al. Brunel et al. (2013)):

1A]17 2

—1
1Pl 2

A:{VheSn, <

| =

Lemma 1. Under the assumptions of Theorem 1, for n large enough, the following embedding
holds: AN QEO N Cgn QEO NQ,.
(2)

As a consequence, for all m € M,,, the matrices Oy, are invertible on Q.
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Let us denote by Ag = A\14 and m4 = wl4. We start with the decomposition
wy(h) = Tr5(€) = [|h — Aallag — 1€ = Aalla o — 2va(h — £)

+= Z/h )\A I{Y>y}(7r_7TA)(y)dy
_Z/e M2 (W) vy (7 = 7a) (y)dy

= Z/h O WA Y) Ly, >y (T — 7a)(y)dy.

Then, let us denote by A, the orthogonal projection of Ay on Sy, and use the definition of
A on Q (see Lemma 1). We assume first that ||A||4 is known and denote by pen(m) =

K[|l 4,00 Dim /1, and write FEST()\ ) +pen(1i) < I75 () + pen(m).
Then we get, on ),

IAi = Aallne < A = Aallh 2 + pen(m) + 2, (A — An) — pen(in)

—— Z/ =22 (W) Ly (F = 7a) (y)dy
+2 Ej/“ = A2 Ly (7 — 7))y
2 “ N
(18) 23 [ G MG iz (7~ 7))
=1
First, we write

. 1 .
2|vn Ay — Am)| < *H)‘fn_)\mHiQ +8 sup  vi(h),
8 h€ By i (0,1)

where By, n(0,1) = {h € Sy, + Sy, || 2| o < 1} Tt follows that

~ 1 -
2’7/71()\7% - )\m)’IQ < XH)\m - )\mH%QIQ + 16 ( sup V?%71(h) _p(ma m))

hE By i (0,1) N
+16p(m,m) +16  sup v 5(h)
h€Bpm m(0,1)
1, = 1 .
< gum—M@ﬂa+2wm—Amg+w< sup ﬁwwﬂmmmo
hEBm,fn(Ovl) —+
(19) +16p(m,m) +16  sup  v24(h),

)

h€By, »,(0,1)

where p(m,m') is defined below.
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Next, using the definition of Q, and assumption (A2.2), we have

_)\A I{y>y}(7T—7TA)( )dy I

IN

1
(20) Z / = AP Ty ma)dy < 3 1Am — Al

In the same way,

1 .
(21) W) yizyy (7 = ) (y)dy| Lo, < A — All7 2.

Moreover, using first the Schwarz Inequality and then 2zy < 22/a + ay? for 2,y and a > 0 (here
a = 16), we get

= 16n Z/ (W) Ly, 27 (y)dy
oy / (5 = 7)) /()N () La )y
i=1

1< 16]| Al oo, 4
el = A2+ e Z [ =l

IANY) Ly (7 —

Therefore, as 7 is computed on an independent sample of observations, we get

(% ")

| Do
=

IANY) Ly >3 (7 — ) (y)dy

1 N 2 1 2 16”)\||oo,A ~ 2
< gE(H)\m = Aln2Iao) + gllA = Amllg, + T E A(W — ) (y)\y)dy
L% 1 16| Al 00,4 5
< ZE(|| A — A2 51 A= A2 + /2R / —m)? d
<3 (I [n2lo) + 8|| e + Lo A(7T )" (y) fy (y)dy
1 N 2 1 2 16”)\”00,14 ~ 2
(22) < gE(IIAm = Aln2Ia) + gllA = Amllg, + T Lomo E(|[7 — [5)-

Now, gathering (18)-(22), we get, as 1 —1/2—-1/4—-1/8 =1/8 and 1+1/24+1/4+1/8 = 15/8,

Loeis 15 16[|Mloo,a g 1=
“E(IA = Aallh2To) < 5 [Am = Aalli, + pen(m) + T Lomo E(|7 — )

+16E sup  v2,(h)
hGBm,m(OJ) 7

(23) +16E << sup 1/271(h) — p(m,ﬁ@)) > + 16E(p(m,m) — pen(m)).
heB n

m,ﬁl(071)
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Now write vy2(h) = [, h(y)Ay)(L(y) — E(L(y))7(y)dy with L(y) = (1/n) Yi; Ty, Clearly

2 1 2 2 i3 (7 2
P e < g s [ Rwdn) [ 2006 - B e
= 72 [ XOE0) B0 ).
Therefore, since E[(i(y) - E(f)(y))Q] = L(y)(1 — L(y))/n < 1/(4n) and 7(y) < 1, we get
NP [ - A oo E(Y2)
(2 B (heB,S,?,S(O,l) VgQ(h)) = 4nl_/g /L(y)dy: 4nf% '

We can use Talagrand Inequality (see Talagrand Talagrand (1996)) to prove the proposition
below, and we refer to Brunel et al. Brunel et al. (2013) for details.

Proposition 1. Under the Assumptions of Theorem 1, there exists a numerical constant K such
that, for

Y

p(m,m') = (x/16) (HAuimw)

we have

Q

n

E( sup  (v1(h) — p(m, m))+> <
h€B, »(0,1)

and this, together with (23) and (24) yields, as 16p(m,m’) < pen(m) + pen(m’), that
1 . 15 C
SE(IAs Al 2T0) € 2w~ AallZ, + 2pen(m) + .
Next, we study E([| A — )\H%’QIQC). We have first (see Brunel et al. Brunel et al. (2013)):

Lemma 2. Under the assumptions of Theorem 1, we have H;\mH%Q < Cn3 for a constant C
depending on the basis.

Moreover (A2.2) ensures that P(Q¢) < C/nF, (A2.1) implies that ]P’(Q%O) < C’IiLO)/nk and

Proposition 4 in Comte et al. (2008) can be adapted here to get P(A°) < C']E,A)/nk, under the
if

condition that D,? < n/log?(n) if basis (1) is used and D,, < n/log?(n) if basis (2) is used.
Gathering these elements yields E(|| Az, — A||21oc) < C/n by choosing k = 4.

For the method allowing to replace ||A|| 4,00 by an estimator, we refer to Comte et al. (2008). O

6. BIBLIOGRAPHY
REFERENCES

Brunel E., Comte F., (2005) Penalized contrast estimation of density and hazard rate with
censored data, Sankhya, 67, Part 3, 441-475.

Brunel, E., Comte, F. and Guilloux, A. (2013). Nonparametric estimation for survival data with
censoring indicators missing at random. Preprint HAL http://hal.archives-ouvertes.fr/hal-
00679799.

Comte, F., Gaiffas, S. and Guilloux, A. (2011). Adaptive estimation of the conditional intensity
of marker-dependent counting processes. To appear in Ann. Inst. Henri Poincaré Probab. Stat.
47, 171-1196.



16 E. BRUNEL, F. COMTE & A. GUILLOUX

Little, R.J.A Rubin, D.B. (2002). Statistical analysis with missing data. Second edition. Wiley
Series in Probability and Statistics.

Rubin, D. B. (1987). Multiple imputation for nonresponse in surveys. Wiley Series in Probability
and Mathematical Statistics: Applied Probability and Statistics. John Wiley and Sons, Inc.,
New York.

Talagrand, M. (1996). New concentration inequalities in product spaces. Invent. Math. 126,
505-563.

van der Laan, M. J. and McKeague, I. W. (1998) Efficient estimation from right-censored data
when failure indicators are missing at random. Ann. Statist. 26, 164-182.

Subramanian, S. (2004) Asymptotically efficient estimation of a survival function in the missing
censoring indicator model. J. Nonparametr. Stat. 16, 797-817.

Subramanian, S. (2006) Survival analysis for the missing censoring indicator model using kernel
density estimation techniques. Stat. Methodol. 3, 125-136.

Subramanian, S. (2009). The multiple imputations based Kaplan-Meier estimator. Statist.
Probab. Lett. 79, 1906-1914.

Subramanian, S. (2011). Multiple imputations and the missing censoring indicator model. J.
Multivariate Anal. 102, 105-117

Wang, Q. and Shen, J. (2008) Estimation and confidence bands of a conditional survival function
with censoring indicators missing at random. J. Multivariate Anal. 99, 928-948.

Wang, Q. Ng, K. W. (2008) Asymptotically efficient product-limit estimators with censoring
indicators missing at random. Statist. Sinica 18, 749-768.

Wang, Q. , Liu, W. and Liu, C. (2009) Probability density estimation for survival data with
censoring indicators missing at random. J. Multivariate Anal. 100, 835-850.

Zhou, X. and Sun, L. (2003) Additive hazards regression with missing censoring information.
Statist. Sinica 13, 1237-1257.



