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1. Introduction

In biomedical studies, it is common that the true exposure variable of interest, X, is only measured for a subset of the
whole study cohort. This subset is often referred to as the validation set where it is usually just a simple random sample
of the whole cohort. In many cases, there exists some easily available auxiliary covariate about X, denoted by W, that can
be easily assessed for the full study cohort. Real examples for data with auxiliary covariate can be found in cancer research
(e.g.[1,2]) and heart disease research (e.g. [3]).

It is well known that simply using W in place of X when X is not observed could lead to biased results. On the other hand,
analysis based solely on the validation set would not be the most efficient one as information from the non-validation set, the
set of individuals whose X is not assessed, is not utilized. It would be always desirable to incorporate the available auxiliary
covariate information to improve the efficiency of inference. For the censored failure time data with auxiliary covariate,
some methods have been proposed to improve the study efficiency. Among others, Prentice [4] proposed using induced
partial likelihood for the Cox regression under the rare events assumption. Zhou and Pepe [5] removed the rare diseases
assumption and proposed an estimated partial likelihood method for discrete auxiliary variable. Their work was extended
by Zhou and Wang [6] to handle continuous auxiliary covariate based on a kernel smoother approach. Kulich and Lin [7] and
Jiang and Zhou [8] studied failure time data with auxiliary covariate under additive hazards model of Lin and Ying [9].

All the aforementioned studies assumed that the failure time is univariate. In real studies, multivariate failure time
data with auxiliary problem are just as frequently encountered. There are limited methods available for auxiliary covariate
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problem when the failure times are correlated. For multiplicative hazards models, Hu and Lin [10] proposed a corrected
estimating function methods for the marginal Cox proportional hazards model under the assumption that the measurement
error is symmetrically distributed. Liu, Zhou and Cai [11] proposed an estimated pseudo-partial likelihood method for
marginal Cox proportional hazards model with discrete auxiliary. However, the continuous auxiliary often arises in practical
studies (e.g. SOLVD data we studied in Section 5). In this case, Liu, Zhou and Cai suggested to discretize the continuous
auxiliary first and then use the available method. This simplification would entail a loss of information and other limitations
[11]. In this paper, we develop a method to handle continuous auxiliary W under the marginal Cox model framework. The
proposed method is based on nonparametric multivariate kernel smoothing procedure and makes no assumption about
the relationship between the auxiliary variable and the true exposure variable. The proposed estimator for the regression
parameter which maximizes the estimated pseudo-partial likelihood is shown to be consistent and asymptotically normal.

The rest of this paper is organized as follows. In Section 2, we propose to estimate the induced risk function through
kernel method, derive the proposed estimator for the regression parameter from an estimated pseudo-partial likelihood
function, and finally give a Breslow-type estimator for the baseline cumulative hazard function. Asymptotic properties of
our proposed estimators are established in Section 3. Section 4 presents a simulation study to evaluate the performance
of our proposed method. We apply the proposed method to study the effect of ejection fraction on the risk of heart failure
and first myocardial infarction using the data from the SOLVD [3] in Section 5. Some concluding remarks are provided in
Section 6. Sketched proofs of the asymptotic properties are presented in the Appendix.

2. Model and estimation
2.1. Notation and data structure

Suppose that there is a random sample of n independent groups from an underlying population and that there are K
different correlated members in each group. Let (i, k) denote the kth member in the ith group. Let Ty be the failure time
for subject (i, k), Gy the correspondingly potential censoring time, and Ty, = min(Ty, Cy) the observed time. The censoring
indicator is denoted by Ay, = I(Ty, < Ciy), where I(-) is the indicator function. Yy (t) = I(Ty > t) denotes the at-risk
indicator process. For simplicity, we assume that each cluster potentially has the same number of subjects, that is, K is fixed.
However, we may allow the cluster size to change by setting appropriate Cy, = 0. Write the transpose of a matrix A as A’
and let (X, (1), Z;,(t))’ be a p-vector of possibly time-dependent covariate, where X;(t) is the primary covariate subject to
missing and Zy(t) is the remaining covariate that is always observed. Let Wy, (t) be the auxiliary covariate for X (t), and
assume that conditional on Xj(t), Wj,(t) provides no additional information to the regression model in the sense that

Aik (€5 Xk (£), Zge(t), Wi (t)) = lim [

1 ~ ~
Jimy —Pr(t <Ty <t+ At | Ty = t, Xi(t), Zu (1), Wik(t))]

At
R ~ ~
= ilt% |:Atpr (t<Tu<t+At|Ty> f,Xik(f),Zik(f))}

= Aie(t; Xi(t), Zix ().

This is a kind of surrogate condition that asserts a conditional independence, given X (t) and Z;,(t), of failure rate at t and
Wik (t) for subject (i, k) and requires the auxiliary covariate Wj,(t) to have no predictive value given the covariates Xj(t)
and Z;,(t). Let n;, be an indicator variable with n;, = 1 indicating that subject (i, k) is in the validation set and with n; = 0
in the non-validation set. Let ; = 1 — . Denote the kth marginal validation set by Vi, = {i : ny = 1} and non-validation
set by Vi, = {i : nix = 1}, respectively. Let n;, denote the number of subjects in V}, and assume ank — Py, asn — 00, where
px is an unknown positive constant representing the fraction of kth marginal validation set. If n; = 1, then the observed
data for subject (i, k) are {Ti, Aix, Yi(t), Xik(t), Zi(t), Wi (t)} and if n; = 0, then the observed data for subject (i, k) are
{Ti, A, Yie(t), Zi(t), Wi () }. Suppose that the data are observed on the time interval [0, 7], where 0 < 7 < oo is a fixed
quantity. For fixed k, suppose (Ti, Cik, Dk, Xix (t), Zi(t), Wi (t); t € [0, 7])(i = 1, ..., n) are independent and identically
distributed.

2.2. Model and kernel-based estimation of pseudo-partial likelihood function

Assume that the marginal hazards function for the subject (i, k) takes the form:

Lik(t; Xie (1), Zie () = Aoi(t) exp{ B Xi(t) + BrZix (1)}, (1

where 8 = (B, B5)’ is the relative risk parameter to be estimated, and A (t) is an unspecified marginal baseline hazard
function pertaining to the kth marginal subjects. If subject (i, k) belongs to the validation set Vi, then X (t) and Z (t) are
observed and the marginal model takes the form as (1). If subject (i, k) belongs to the non-validation set Vj, then X;,(t) is
not observed. Under this situation, it can be verified, using the arguments of Prentice [4] and Zhou and Wang [6], that the
hazard function Ay (t; Zy (t), Wi (t)) satisfies the induced model
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Aik(t5 Zig (£), Wi (£))

. 1 ~ ~
iltrﬁ) |:Atpr (t<Tx<t+At|Ty>t, Wik(f),Zik(f))]

= hok(OE{eP KO Ty > ¢, Wie(6), Zin(t)} exp(B3Zic(t)).
Under the independent censoring assumption described by equation (5) in Prentice [4] that
Aik(t; Zi(t), Wik(t), no censorship in [0, t)) = A (t; Zik (1), Wik(1)),
we can rewrite the induced model as
Akt Zie (), Wi (6)) = Aor(OE{PKO Yy (6) = 1, Wi (), Zi(t)) exp(B3Zic(t)). (2)
Note that this induced hazard model (2) is also a proportional hazard model with the relative risk function
u(t: B) = E{e™KO |y (6) = 1, Wi (), Zi(6)} exp(B)Zuc(t)).

which is a weighted average of the relative risks in model (1), given Wj,(t) and Z;,(t) at risk prior to time t.
Based on (1) and (2), the relative risk function can be concluded in general as

Tie(t; B) = @ie(t; BInik + di(t; BY(1 — nix), (3)

where @y (t; B) = exp(B1 X (t) + B5Zi(t)).
If all the subjects under study are independent, we can write the partial likelihood as

Aik

K n . .
PPL(IB) = ]—[ rlk(les ,3) ) (4)

n
Yir (T ik (Tixe; B)
=

J

When the failure times within each group are correlated, the above partial likelihood function is referred to as the pseudo-
partial likelihood [12]. Since the induced relative risk function ry(t; 8) includes unknown conditional expectation except
the regression parameter, we should estimate it by using data from the validation set.

To estimate ry (t; B), it suffices to estimate ¢y (t; ). The conditional expectation in ¢ (t; 8) depends on the underlying
distributions of Xj, (t) and Z;, (t). If f (Xix (£) | Ty > t, Zii(t), Wik (t)) is a known function up to a parameter 6, then the inference
about 8 and 6 can be derived from the usual pseudo-partial likelihood (4) based on the general relative function ry.(t; 8, 0)
[13]. To avoid making undesirable parameter assumption, Liu, Zhou and Cai [11] used a marginal empirical relative risk
estimator for those in the non-validation set when Wy (t) is discrete. For continuous Wy (t), we propose to estimate the
relative risk in non-validation set through a kernel smoother method.

Let Z; = (Z;,, W;,)’ be a d-dimension vector. Using the method of Nadaraya [14] and Watson [15], we could estimate

di(t; B) as:

g MY (D) Qi {By {Z3(6) — Zip(0)}} exp{Bi X ()}
bt p) = —— exp{B3Zu (D)}, (5)
g MY (O Q {B Z3(6) — Z(0)}}
=

where Q(+) is a kernel function with bandwidth matrix By, which is d x d positive-definite, with its elements possibly
depending on n. For simplicity, we only consider the situation in which By is a diagonal matrix with element at (I, [) denoted
by by. .

Replacing ¢y (t; B) by ¢ (t; B) in (3), we obtain an estimated induced relative risk function:

Tie(t; B) = ult; B)nu + Pu(t; B)(1 — na). (6)

Note that the kernel-based relative risk estimator is not defined when the denominator in (5) is equal to zero, which
occurs when the risk set at time ¢ in the kth marginal validation set Vj is the null set. This could be treated by interpolating
the neighboring points of continuous Zj (t) as suggested by Zhou and Wang [6].

Substituting 7 (t; B) for ri(t; B) in (4), we obtain an estimated pseudo-partial likelihood function:

Aik

LS Tie(Tic;
EPpL(H) = 1_“—[ : Tik(Tixs B) ) ’
k=1 i=1 Y (Tie) Tk (Ti; B)

j=1

The proposed estimator, denoted by EE, which is defined as the maximizer of (7), is used to estimate Sy, the true value
of B. B can be obtained by solving the resultant estimated pseudo-partial likelihood score equation U(8) = 0, where
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Z Yie () (u; B)

) 2
0(p) = ZZ / i W6 P) = AN (). (8)
s | TRy s p)
j=1

Ny (t) = I(Ty, < t, Ay = 1) is the observed counting process corresponding to the subject (i, k), and 7, T (t ﬁ) denotes the
jth derivative of T (t; B) with respect to 3, espec1ally, )(t B) = Ty(t; B). The same definitions go for r (t B). We can

use Newton-Raphson iterative procedure to get ﬂE
Furthermore, a Breslow-type estimator of the marginal cumulative baseline hazard function Ag(t) can be consequently
constructed as follows:

Z dNik(u)

t
~ =
AOk(f)Z/ —
0

3 Vi (Wi (u; B)
i=1

3. Asymptotic properties

To investigate the asymptotic properties of BE and ZOk(t), we define the following notation. For a vector a, define
a®? = qa’ and |ja| = sup; |a;|. For a matrix A, define ||A|| = sup;;|a;|. Unless otherwise stated, all the limits are taken
asn — oQ.

Fork=1,...,K, let

S (t: ) = va,k(r)rff’(t;ﬁ), =012,

3 i (t; B)
SOt B) = fZ Yie() Ifk( 5 "t Bo).

5(4)(f ﬂ) Z ( ) 1(k1)(t ,3) (f ﬂ )
; - ik Tik (L5 Po)-
¢ ' ri(t; B) '
Forl=0,...,4,we defme/S\(k')(t B) by substituting 7y (t; B) for ry(t; B) in S,E’)(t B) and denote s(')(t; B) = ES,E')(t; B).
Except the aforementloned assumptions, we impose the following conditions throughout our discussions:
Conditions:

Cl. Ag(t) < oo, fork=1,...,K.

C2. P{Yy(t) =1} > 0, forallt e [0, r]andl =1,...,nandk=1,...,K.

C3. For every i and k, each component of (X, Z},, lk)’ has bounded total variation almost surely over [0, 7].

C4. There exists an open set B, containing Sy as its interior point, such that ¢y (t; ) is bounded away from 0 on [0, 7] x B.

A(Bo) = 255:1 Ax(Bo) is positive-definite, where

T (4) 1)
(t; Bo) s (t; Bo) (0)
A = ; Lok (t)dt.
1 (Bo) /o (0)(t o) [Sko)(t;ﬁo)] g (t5 Bo)how(0)dt

C5. Fork = 1, ..., K, multivariate kernel Q,(-) is non-negative and uniformly bounded with finite support satisfying that
J Qe(wydu = 1and [ QZ(u)du < oco. Furthermore, the kernel Qc(-) has order agy in the sense that oy = inf{|et| >
d; [ra 0" Q(u)du # 0}, whereu® = u" -+ uy’, o] =1 + -+ g, u = (g, ..., ug), @ = (a1, ..., og), and as are

non-negative integers. The bandwidth By satisfies that ,/n||By||“* — 0 and \/g\)\i:ud — 0.

C6. For given t, let Hy(u, v, s) be the joint distribution of (n;Yk(t), Z; (t), Xi(t)). Suppose that hi(v, s) = % has the
agrth continuous derivatives with respect to every component of v.

Conditions C1-C4 are regular conditions similar to those given in Spiekerman and Lin [16]; condition C5 is the usual
condition for kernel smoothing; condition C6 is a technical assumption for proving.

To develop the asymptotic properties of the proposed estimators, we first claim that s,(f) can be consistently estimated

by/S\,ED forall t € [0, t]in the following lemma.

Lemma 1. Under conditions C1-C6, fork =1,...,K,andl =0, ..., 4, there exists a neighborhood B of B such that s,(!)(t; B)

is continuous function of B € B uniformlyint € [O t]andis bounded on[0, 7] x B. s(o)(t; B) is bounded away from zero on
[0, T] x B. Furthermore, fora = 0, 1, 2,
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sup By (t; B) — ¢ (t; B — 5 O;

tel0,7],8e8
I 1
sup IS (t; B) — SO (t; B) Il = 0;
tel0,7],8€8
I )
sup  IS(t; B) — s (t; B)Il =5 0.
tel0,7],BeB

The proof of Lemma 1 is outlined in the Appendix. Furthermore, let the filtration {Tt" : t € [0, 7]} be the kth marginal
data history up to time t, that is,
Fr = o {Ny(s), Yi(s+), Zi(s+), Xa(s+) : 0 <s < t,i=1,...,nk.
Define M, (t) = Ny (t) — fg\ Yie W) rir (u; Bo)rox(w)du, then My (t) is a LL‘" martingale. Followmg closely the arguments of

Foutz [17], we can show that S is consistent for Sy. To show the asymptotic normality of /35, we use the Taylor expansion
of the estimated pseudo-partial likelihood score equation which, using martingale convergence theory and standard kernel
estimate theory, can be shown to be asymptotically equivalent to a sum of two independent terms. Each of the terms can be
shown to be a scaled sum of independent vectors. The multivariate central limit theorem is then applicable. We summarize
the results in the following theorem and give the outline of the proofs in the Appendix.

Theorem 1. Under conditions C1-C6, EE is a consistent estimator of Bg. Furthermore, \/H(EE — Bo) is asymptotically normal
distributed with mean zero and variance matrix

X (Bo) = A" (Bo)[B1(Bo) + B2(Bo) A~ (Bo),
where A(By) is defined as in condition C4, and

K K
Bi(B) =) Y o/ DiE (uk(B)y(B))

k=1 I=1
By(B) = ZZ\/l — piy/ 1= piE (Vi (B} (B)) .
=1 I=1

with

(1 (1)
@i (&5 B) sk (t; B) 1— px
ik = dM; — ——Hy(B),
ik B) A |: %k(t; B) )( 6 B) ]k(t) O ik B

ot B sO(t; B)

(1) t: 1) .
we)= [ [d’ A5 (& ﬂ)]dwykm.
0

¢ (6B sy
Hi(B) 2/ |: st ﬂ)] (pik(t: B) — dix(t; B)) Yie(t)d Ao (8),
0

dix(t; B) “”(t B)

Remark 1. Observe that, when the validation fraction p;, = 1 for every k, the variance matrix is the same as that of the usual
pseudo-partial likelihood estimator [12], as it should be.

It follows from Theorem 1 and Lemma 1 that the covariance matrix X' () can be consistently estimated by
X (Be) = A" (Be)[B1(Be) + Ba(Be)JA (Be).
where

B ST N AT ) il PSSO
A = / e (tFe) ) Se (66 50t Be)dAa(0),
P =2l (57w 157 A

K

Bi(Br) = Z Z 3> B BoiyBe).

=1 I=1 ieVy jeV;

By(Br) = Z Z 3> DuBe)vy(Be).

=1 I=1 jeyy jev;

(1) < 7
PN @i (& Be) Se (& Be) | =~ =~
ik — = dM'< t; -
Hi(Be) /o |: @ik (t; Br) /5\,50)@; Be) i e)

S| o=

)
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PP o B SR ] o~ -
i = — — — dM; (t; s
5(Be) /0 [ ey R

2. <, 2
=~ = T i (@ Be) St Be) ~ o~ R
Hj (t; Bp) = / L 2 (6 Be) — k(s Be)) Yie(©)d Ak (1),
" o | ¢t B SOt Br) ! " "
dMi(t; B) = dNy(t) — Y (OTie(t: Be)d Agi(w).

Define the baseline stochastic processes W, (t) = (201(t) — Agi(b), ..., Aok (t) — AOK(t))'. Let D[0, 7] be a space
consisting of right-continuous functions {a;(t), ..., ax(t)}’ with left limits, where a,(t) : [0,7] — Rfork = 1,...,K.
Make D0, t] a metric space by equipping it with the metric px(a,b) = maxeepo,-1tlak(t) — be(t)], 1 < k < K} for
a, b € D[0, t]¥. The essential asymptotic results for the baseline cumulative hazard function estimator are summarized by
the following theorem.

Theorem 2. Under conditions C1-C6, W, (t) converges uniformly int € [0, t] to zero in probability, and \/nW,(t) converges
weakly to a zero-mean Gaussian random field W(t) in D[0, T1X, where W(t) = (W;(t), ..., Wk (t)). The covariance function
between W;(t) and Wi(t) is &j (s, t) = E(P1j(s)Pk(t)), where

© dMy(u) / s (s Bo)
D; = —_— = ———d A A~ il i ilVi
«(0) /0 e {0 L | (ﬁo);(muz(ﬁo)ﬂzvl(ﬁo))

Furthermore, i (s, t) can be consistently estimated bygk(s t)y=1 Z?:l 5ij(s)5ik(t), where

N ¢ dMy(u; Br) / SV w; Be) ~ -
CDI' t) = —_—_— = __ — 7(1/1 il + ilvi
W0 /0 ol [ g anw <ﬂE>§ (miaBe) + 7o (Be)) -

4. Simulation study

Simulation studies are conducted to evaluate the finite sample performance of the proposed estimator (EE). The proposed
estimator is compared with the following three estimators: (a) The full-data estimate (Sf) given by maximizing (4) with X
observed for all the subjects under study, which is the well known pseudo-partial likelihood estimator [12]; (b) The complete
case estimate (f¢), which is the pseudo-partial likelihood estimator based only on the validation set; (c) The naive estimate
(Bn), which is the pseudo-partial likelihood estimator by substituting the auxiliary covariate W for the covariate X when
X is unobserved. Obviously, Br can only be calculated in simulation studies because X is only observed for subjects in the
validation set in real studies.

We simulate K = 2 failure types with the two baseline hazard functions being both 1. The partially observed covariates Xj;
and X, are generated from the uniform distribution U[0, 1]. The completely observed covariate (Z;;, Z;;) follows a bivariate
normal distribution with marginal mean 0, standard deviation 1, and Corr(Z;;, Z;) = 0.8. The multivariate failure times
(T1, T2) are generated from the commonly used multivariate Clayton and Cuzick distribution [18], with the joint survival
function as:

) -6
S(ty, 2 Z1, 225 X1, X2) = ZEXP(971t1<eﬂ/D") -1 ,
k=1

where 8 = (B1, B2)" and D, = (X, Z;)'. The positive parameter 6 controls the degree of dependence between (Tl, fz), with
6 — oo corresponding to independence and & — 0 to the increasing positive correlation. Simple calculations show that
the failure times (t1, t) are generated through:

t; = —e PP x In(1 — uy),

f=e P2 In[1 — a; + a; (1 — up)" @07,
where 17 and u; are independently generated from U(0, 1) and a; = e~ We set§ = 0.25 to represent a strong
dependence between two type failure times. For k = 1, 2, the auxiliary covariate Wj is defined as

Wi = Xi + ey,
where e, ~ N(0, o) is a random error and o is the parameter that controls the strength of the association between Wy and
Xi. As o increases, W, becomes less informative about Xj. Censoring times are generated from U (0, C), where C is chosen

to yield a censoring rate, approximately being 80%.
Noting that the covariates X = (X1, Xy) and Z = (Z;, Z,) are generated independently, we could let Z; = Wj in (5).

We use the Epanechnikov kernel function [19] with bandwidth B, = (bq), where by, = fo\wknljl/ * and O, is the sample
standard deviation of W), in the kth marginal validation set with sample size being nj. Note that By satisfies the bandwidth
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conditions C5 in Section 3. We use the approach to interpolating the neighboring points of continuous Z; as suggested by
Zhou and Wang [6] for the small sample correction.

The true parameter values in our simulation studies are §; = 0.693 and 8, = —0.2. We set 0 = 0.1 and 0.6, which
lead to the correlation coefficient between X and W approximately being 0.94 and 0.43, representing the high and low
informative strength of W for X, respectively. The validation set proportion studied are p of 30% and 50%. The number of
independent groups are n = 300 and n = 600. For each simulation configuration, 1000 replicated samples are generated.
The sample standard deviations of the 1000 estimates are given in the corresponding SD columns. The SE columns give the
average of the estimated standard errors. The coverage probabilities of the 95% confidence intervals for the true parameters
using the estimated standard errors are listed in the CI columns.

Table 1 displays the simulation results. All four estimators for 8, work well in all considered scenarios. The proposed
estimator for 8, is shown to be more efficiency than the complete case estimator f. For the estimators of 8, we have
the following observations: (i) The naive estimator By is biased and the bias increases as the association between W and X
becomes weaken (i.e. o increases). The proposed estimator B¢ corrects this bias very well, especially when the sample size
is not too small. For example, when o = 0.6, which corresponds to the situation that W is less informative about X, S is less
accurate in estimating 8; when group size n = 300 as indicated by the amount of biases shown in the 8, estimates. However,
this bias is deducted drastically when we increase n to 600. (ii) The standard deviation (SD) of the proposed estimator is
always smaller than that of the complete case estimator, and is not much larger than that of the full-data estimator when
o = 0.1. Specifically, when n = 300 and 0 = 0.1, the relative efficiency of the proposed estimator versus the full-data
estimator, which is defined as the ratios of empirical variance of the full-data estimator to that of the proposed estimator,
are 0.90 and 0.975 at 30% and 50% validation fraction, respectively. (iii) The relative efficiency of proposed estimator over
the complete case estimator is higher when o is small or the validation fraction is low. For example, the relative efficiency of
Be over B¢ for validation fraction being 0.3 and 0.5 are 3.35 and 2.19 at o = 0.1, 1.76 and 1.35 at 0 = 0.6, respectively. This
suggests that the proposed method is more beneficial compared with the complete case estimator when used in situations
with a small validation fraction or a high informative auxiliary covariate. (iv) The estimated standard errors (SE) are very
close to the true standard deviations (SD), and the coverage probabilities of the 95% confidence intervals also suggest that
the asymptotic approximations in the sample sizes considered are of satisfactory.

5. Analysis of the SOLVD study

In this section, we illustrate the proposed method with a data set from the Study of Left Ventricular Dysfunction (SOLVD)
[3]. This data has been previously analyzed by several authors, including Liu, Zhou and Cai [11]. The SOLVD study was a
randomized, double-masked, and placebo-controlled trial between 1986 and 1991. The trial had a three-year recruitment
and a two-year follow-up. The basic inclusion criteria for the prevention trial were: age between 21 and 80 years, inclusive,
no overt symptoms of congestive heart failure, and left ventricular ejection fraction less than 35 percent. Ejection fraction
is a number between 0 and 100 that measures the efficiency of the heart in ejecting blood. A total of 4228 patients with
asymptomatic left ventricular dysfunction were randomly assigned to receive either enalapril or placebo at one of the 83
hospitals linked to 23 centers in the United States, Canada, and Belgium.

The primary clinical issues of interest are the effects of covariates on the risk of heart failure and on the first myocardial
infarction (MI) after adjusting for the confounding variables. The covariates of interest are ejection fraction, patient’s gender
(SEX), which is coded 1 for male and 0 for female; treatment (TRT), which is coded as 1 for enalapril and O for placebo, and
patient’s age (AGE), which was measured in years. The average age of the patients is 59 years old with a standard deviation
of 10 years. The covariates of SEX, AGE, and TRT were recorded for almost all of the subjects, but only 108 among the total
of 4228 patients have their ejection fraction accurately measured using a standardized radionucleotide technique (LVEF).
A related nonstandardized measure (EF) was, however, ascertained for all the patients. Therefore, the nonstandardized
measure (EF) can be used as the auxiliary for the standardized measure for ejection fraction (LVEF) in this case. Both LVEF
and EF are continuous quantities measured in percentage. One way is to discrete the EF variable through its quartiles as
Liu, Zhou and Cai [11], however, discretizing the continuous variable may lead to loss of efficiency because a lower order
scale is used in the analysis. Hence, our proposed method is required to handle the continuous auxiliary covariate in the
multivariate failure times in the SOLVD study to investigate the effect of LVEF on both the risk of heart failure and the
non-fatal MI adjusted by other confounding variables.

Let k denote failure type with k = 1 for heart failure and k = 2 for non-fatal MI and i denote the patient with
i = 1,...,4228. Considering that the effects of the covariates on different failure times may be different, we set Xy =
(LVEFik, LVEF;, * I(k = 2))/, Wix = EFy, Zix = (TRT,‘k, SEX,‘k, AGEik, TRT;;, * I(k = 2), SEXik * I(k = 2), AGEik * I(k = 2)), in
terms of the notation introduced in the previous sections. Denote by o = (a7}, 3)’ the unknown regression coefficients,

where oy = (81, 1)’ and oy = (B2, B3, Pa» V2, V3, Va) .
We use the following marginal hazards model to fit the SOLVD data:

Ak (E|Xi, Zik, Wik) = Aok (D)rir(er, ©), (9)
where

re(@. ) = exp(e) Xk + o,Zi)  when Xj is observed,
52 = 1 oula, t) when Xj, is missing,
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Table 1
Simulation results comparing EE. EN, Ec and Bp with censoring rate 80% based on 1000 replications. p is the validation fraction®.
B1 = 0.693 B, =—0.2
0 o Method Mean SD SE Cl Mean SD SE Cl
n = 300
1 - EF 0.695 0.322 0.322 0.950 —0.197 0.091 0.093 0.950
0.3 - Bc 0.722 0.622 0.601 0.939 —0.189 0.173 0.172 0.944
0.1 Bn 0.642 0.302 0.310 0.958 —0.202 0.093 0.093 0.949
BE 0.692 0.340 0.348 0.960 —0.200 0.092 0.095 0.955
0.6 Bn 0.165 0.163 0.158 0.084 —0.197 0.091 0.093 0.957
Be 0.562 0.469 0.462 0.936 —0.195 0.090 0.095 0.965
0.5 - ,’Ec 0.709 0.482 0.461 0.941 —0.194 0.132 0.132 0.943
0.1 By 0.663 0.303 0.313 0.950 —0.201 0.093 0.093 0.950
B 0.700 0.326 0.337 0.957 —0.199 0.092 0.094 0.955
0.6 Bn 0.213 0.179 0.178 0.224 —0.197 0.091 0.093 0.956
Be 0.630 0.415 0.405 0.942 —0.196 0.090 0.094 0.958
n = 600
1 - EF 0.700 0.225 0.227 0.950 —0.198 0.064 0.065 0.956
0.3 - Bc 0.707 0.416 0.418 0.951 —0.198 0.124 0.120 0.939
0.6 Bn 0.172 0.113 0.112 0.005 —0.197 0.064 0.065 0.955
Be 0.673 0.412 0.417 0.956 —0.196 0.064 0.067 0.961
0.5 - 73} 0.703 0.279 0.272 0.944 —0.199 0.076 0.078 0.949
0.6 By 0.298 0.148 0.146 0.236 —0.197 0.064 0.065 0.957
B 0.698 0.278 0.272 0.946 —0.195 0.064 0.066 0.957
2 The marginal models A, (t; Xk, Zx) = exp(BiXk + B2Zk)(k = 1,2) with B = log(2) = 0.693 and B, = —0.2, where X; and X, are generated

independently from the U(0, 1) and (Z;, Z;) is from a multi-normal distribution with mean zero, unit standard error and Corr(Z;, Z;) = 0.8. The auxiliary
variable Wy = X; + e;, where e, ~ N(0, o). B¢ = proposed estimator, 8¢ = complete case estimator, Sy = naive estimator, f = full-data estimator. ‘-’
represents the corresponding method does not depend on the 0. Mean is the sample mean of the estimator $, SD is the sampling standard deviation of 3,
SE is the sampling mean of the standard error estimator, and CI is the coverage probability of the 95% confidence interval.

Table 2
SOLVD data analysis results: The proposed method versus the complete case method.
Proposed method Complete case method

Covariate Est. exp(Est.) SE p-value Est. exp(Est.) SE p-value
Heart failure
LVEF (81) —0.064 0.938 0.003 <0.001 —0.075 0.928 0.038 0.051
TRT (B2) —0.530 0.589 0.066 <0.001 —0.835 0.434 0.564 0.140
SEX (B3) —0.283 0.753 0.115 0.014 0.405 1.499 1.089 0.710
AGE (B4) 0.026 1.026 0.002 <0.001 0.035 1.035 0.033 0.300
Non-fatal MI
LVEF (81 + »1) —0.121 0.886 0.058 0.038 —0.012 0.988 0.042 0.780
TRT (B2 + 12) —0.382 0.682 0.526 0.467 —0.703 0.495 0.875 0.420
SEX (B3 + y3) —0.043 0.958 1.769 0.981 —0.838 0.433 1.058 0.430
AGE (B4 + va) 0.012 1.012 0.153 0.938 0.003 1.003 0.032 0.920

with ¢y (e, t) = E{eX Oy, (t) = 1, Wy(t), Zu(t)} exp(@,Zy(t)). Liu, Zhou and Cai [11] checked the conditional
dependence structure for SOLVD data and found that LVEF is conditional independent of TRT, SEX, and AGE, giving EF.
Therefore, when Xj; is missing, ¢y (c, t) can be regarded as E{e"‘qxfk(t)|Y,'k(t) = 1, Wi(t)} exp(yZi(t)) and thus can be
estimated by (5) with Z;; = Wj,. We use Epanechnikov kernel with the bandwidth by, = ZEkn,zl/ ® with n, = 108 being the
number of subjects in validation set and o being the sample standard deviation of Wj,s in the kth marginal validation set.

Table 2 presents the results of data analysis. The proposed estimated pseudo-partial likelihood method is compared with
the complete case pseudo-partial likelihood method. The proposed method utilizes the information contained in both the
auxiliary (EF) for all subjects and data in the non-validation set while the complete case analysis relies only on validation
set with the available true ejection fraction (LVEF).

The p-values in Table 2 indicate that at 0.05 significance level, LVEF, TRT, SEX, and AGE all have statistically significant
effects on the heart failure under the proposed method, while only the effect of LVEF on the heart failure is approximately
significant under the complete case analysis. The results from the proposed method also indicate that the effects of TRT,
SEX, and AGE are different on the heart failure and on the non-fatal MI. Specifically, TRT, SEX, and AGE do not seem to affect
the risk of non-fatal MI, but is related to the risk of heart failure.

The variance for coefficient « is estimated using the proposed method. For estimating the effect of LVEF on heart failure,
there are substantial efficiency gains by using the proposed approach over the complete case analysis. The proposed method
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provides more precise 95% confidence intervals for the effect of covariates on heart failure. For instance, the 95% confidence
interval for effect of LVEF on heart failure is (—0.070, —0.058) for the proposed method, and (—0.149, —0.001) for the
complete case method.

Utilizing the auxiliary information in the proposed method, we had in effect regained the statistical power of the study
that would have been lost had one conducted the complete case analysis. Therefore, our proposed method is more efficient
and applicable than the complete case method.

6. Concluding remarks

In this paper, we studied an estimated pseudo-partial likelihood approach for multivariate survival data with continuous
auxiliary. The proposed method is based on the kernel smoother technique and is nonparametric with respect to the
association between the unobserved primary covariate and available auxiliary variable. Simulation studies demonstrate that
the proposed estimator works well in the scenarios considered and outperforms the estimator which uses only data from
the validation set. The real data example also indicates that a much more precise estimator can be obtained by incorporating
the auxiliary covariate information into the statistical inference. Hence, the proposed method can achieve more statistical
efficiency than what would be gained by using only the validation set.

We have a couple of cautionary notes on the limitations of the proposed method. First, for the reason of curse of
dimensionality, the proposed method will not work well if the dimension of kernel smoother is high (e.g. d > 3). One
possible way to avoid the potential issue due to the high dimensionality is to create the auxiliary using a predicted model
with possible multiple predictors so that one-dimensional kernel smoother is applicable, or to employ some techniques
(e.g. introducing some additive structure) in the dimension reduction. Second, when the auxiliary W is less informative
about X, the proposed estimator tends to underestimate the true parameter. Increasing the fraction of the validation set
sample or the total sample size can help to alleviate this problem as shown in the simulation study.

Although frequently used bandwidth is adopted in both our simulation study and SOLVD data analysis, it is valuable
to consider some bandwidth selection criteria such as the generalized cross validation (GCV). On the other hand, Cai and
Prentice [20] showed that more efficient estimator for the regression parameter could be obtained by introducing weights
into the pseudo-partial likelihood score equations. In the sequel, we will introduce suitable weights to our proposed method
to further improve the efficiency of estimator.

Finally, since the additive hazards model is an alternative for Cox’s proportional hazards model when it is unsuitable
to fit the data, therefore it is worthwhile to consider the nonparametric kernel smoothing method in the additive hazards
model when there exists auxiliary covariate. The related investigations are currently under way.
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Appendix. Proofs of the asymptotic properties

In the following, we use notation — p, — 45, and — 4 to denote the convergence in probability, convergence in probability
1, and convergence in distribution, respectively.

Denote the determinant of matrix B by |By|. Let by = (bik, ..., ba)" and o, = (agyq, - - - » @gyg) Such that each agy; is
. d I
non-negative integer and |os, | = Zj:1 gy = cok. For l-vectoru = (uy, ..., w)andv = (vy, ..., v), definen’ = ]_[j:l uY
and uwv = (uqvq, ..., W).

Proof of Lemma 1. Let Z; be the domain of the process Z}(t), t € [0, t]. Let P, be the empirical measure from the n i.i.d.
observations and P be the corresponding probability measure. For fixed z;, € Zj, let

LE(E, B1. Zjo) = Pu [IBel " miYe(©) Qi B '1Z5 (1) — 7750} exp{BiXk(D}}] -

Note that the stochastic processes Z}(t), Xi(t), Yi(t), and exp{B;Xi(t)} have bounded total variation over t x B; €
[0, 7] x B;. It follows from the Lemma 9.10 of Kosorok [21] that they are all VC-subgraph with finite VC-index. Using the
similar arguments used in Yin, Li and Zeng [22], we can obtain that

sup |LE(E, Br. Zjo) — P 1Bl mieYi(D)Qu {B {Zi (6) — z.o exp{B1 Xk (D]
Tk

—O< logn )
P\ VB )’

where O, = [0, ] x 81 X Z;.
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On the other hand, by the Taylor expansion,
P [Be| ™' mYi(0)Q B, {Z; (t) — zio} exp{B1Xi(D}}] = /(blk <+ ba) "' Qu{B, (v — Z;50) Y (v, ) exp(B1s)dvds

= [ b+ 25,5 exppisiduds

agk— 1D°‘h z* . ‘,Okh Z,.0 * ay
/ Q) Y "(“’ )b“ u” exp(f;s)duds + f M u’okQx (u) exp(B;s)dsdu | b,

|ae|=0 Ok!
_ / h(Zo. S) exp(ﬁ;s)ds+0(b‘;3’<)

1(Z 0
— 8(z) / o 9) o oBls)ds + 018
k( k; 0)
= (5.0 E{exp(B1Xi(t)) | Yi(t) = 1, Z; (t) = 7} + O(||Be[|**),
where D"‘hk(v s) is the ath order derivative of hy (v, s) respect to v, gk(z,f;o) is the density function of (Y (t) = 1, Z;(t) =

Z), and zk o is on the line segment of z;, and byu.
Therefore, we can conclude that by condition C5,

sup |Li(t, Br. Zjo) — &k(Zho)E{eXp(BiXk(D)) | Yie(D) = 1, ZE(8) = zjo}| =5 0.
Uk

On the other hand, let 8; = 0, then we can obtain that

sgp |Lk(t, 0. z5o) — &k (Zo)| = O
Uk

Consequently, it follows straightforwardly that

Lﬁ(t, ﬁ]a Z;;o)
sup | ———— — E{exp(B/ Xk (1)) | Yi(t) = 1,Z5(t) =z} ,}| —, 0.
@kP L5, 0. 20,) {exp(B1Xk(t)) | Yk (t) () =20} —p

Furthermore, note that

Lk (t, Br, Z(1))

o (t; B) = 15(t, 0, ZL(0)) exp(B,Zik(t)),
then
sup  [u(t; B) — duc(t; B)| — 0.
te[0,7],Be8B

Similarly, for a = 1, 2, we can also prove that

sup (g (t; B) — o\ (t; B) | = 0. (10)
tel0,7],8e8

Thus, we have the first half of the lemma proved. With respect to the second half part, we sketch the proof when [ = 0.
The remaining conclusions can be proved in the similar way so they are omitted here.
First of all, by (10) and the definition ofS;< and Sy, we can prove

sup  [ISV(t: B) — S (t; B)Il — 5O
te[0,7],8e8

Second, by the uniform strong law of large numbers, we have

0 0
sup ISV B) — s (t; Bl —>as. 0
tel0,7],B€8B

It follows directly that

sup  IS(t; B) — s (t; B) | = 0.
tel0,7],peB

Thus, the proof of Lemma 1 has been done. O
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Proof of Theorem 1. Consistency
Note that ,BE solves n~1U(B) = 0. Following closely the arguments of Foutz [17], one can show that ,BE is consistent for

Bo, prov1ded that:
(I n~! 8U(/3)/8ﬁ exists and is continuous in an open neighborhood B of f;
(I n lBU(ﬂ)/aﬁ converges in probability to a fixed function, say, H(8), uniformly in an open neighborhood of Sy;
Furthermore, every element of H() is a continuous function of 8 in the neighborhood of By and H~'(8y) exists;
(1 *18U(,30)/8/3 is negative-definite with probability going to 1;
(IV) n"'U(Bo) =, 0
Obviously, (I) is satisfied. To verify (II), define

n t[4M <
o wp Swp].
W“ﬂ*‘gié[nuwm %%mﬂJdM“w’

then from (8), a(ﬁ) = le<<=1 ak(r; B). After simple algebraic manipulations, we obtain that

a@mm_n/rﬁmﬂ) 2w |® $Pwp $Wﬁ>@cww
B Sl | Tawp) | T ) SO ) |SOw; B) e
Define
Cmm:i/““mm ﬁNW)@_ﬁ@m+i%w)®
e o | T p) | Falw: ) S5Owp) 50w py
x YWt (u; Bo)rok(w)du,
then
10U ) 1
ET - Eck(t» ﬂ)
1”/f“@ﬁ) Lup|® Pws  [ws)®
- dMi(u)
n<=Jo | Tu(u;B) Tac(u; B) CSOw g 50w )

is a square integrable martingale, which converges in probability to zero uniformly in 8 € 8 by Lenglart’s inequality
[23]. Thus, 1%;;‘3) converges in probability to the same limit as does %Ck(t; B), uniformly in 8 € . It follows that

1 Bu(t WEP) gpd 1 Z 1 Gk(t; B) converges in probability to the same limit. Let H(8) denote the uniformly convergence limit
of ; Z<:1 Ci(t; B). On the other hand, by Lemma 1, we can show that

K pr s st ®2
mmzzf O ) — s py — | LED { am} s (£ Bo) | hor()dt.
k=10

@am s¢ (t; B)
Hence,
19U(B)
- —H(B)|—,0 (11)
peB ap
Note that s,(f) (t; Bo) = s,(f)(t; Bo), then H(By) = —A(Bp) is just as what we defined in condition C4 and is negative-

definite. Thus, (II) is done. (III) is followed straightforwardly from (I), (II), and (11).
To prove (IV), we first rewrite

Ui(t; B) = Upa(t; B) + Ura(t; B),
where

n A(l) <) 7]
Gaep =y [ [Hwd _Shwp],,
UG r= 2 /0 | T ) SO p) | N

and

n "(1) < 7
=~ A W B) S (w; B) )
mxaﬂr=g;£_éuwﬂ)—émeﬂ_mwyﬂmﬁMwwa
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By Lemma 1, the fact that My (t) is a square integrable martingale, and Lenglart’s inequality [23], we can show that

n T (S SV
T (7 o) = %Zf [r”‘ (i fo) _ s (i ﬁ°)}dmm<u>+op(l).

Jn riews Bo) s (u; Bo)

By the arguments used in Zhou and Wang [6], it can be also shown that
Ok (ri o) = === S H(Bo) + 0,1,
vn vn =

Hence, we obtain that

T M. 1
1 -~ ik ( ’ ) ; K
7Uk(‘L'; /30) _ Z {/ |:(p]/ u ﬂO _ Sk (U :BO):| dMJk(U) _ - — Pk ij(ﬁo)
0

Jn Jn & (s Bo) 5% (u; Bo)
(1) (1)
(u; Bo) s (u; Bo)
dM 1
IGZV/ |:¢u<(u Bo) (0)( ,30):| k(u) +0,(1)
N ﬁ Zﬂjk(ﬂo) T Jn Z vik(Bo) + 0p(1). (12)
JjeVk ieVy

Note that My (t) is a martingale with mean zero and E(Hjx(8y)) = 0, then by strong law of large numbers, we have
1Uk(t: Bo) —as. 0,50 does 21U (By) —q.. 0. Thus, (IV) is verified.
Hence, we have shown that ¢ converges in probability to So.

Asymptotic normality
By Taylor expansion of 1] (B) around the true parameter Sy, we have

—~ -1
G g | 10T 1 g
Vn(Be — Bo) = { n op } [ﬁU(ﬂo)], (13)

where 8* is on the line segment between EE and By.

By (11), the consistency of E and the continuity of ,11 ‘)g;f ) we have
190089 ]
—— —, A7 (Bo). 14
[ n g } pA™ (o) (14)

On the other hand, the two sums on the right-hand side of (12) are mutually independent since they are from validation
set and non-validation set, respectively. Thus, by multivariate central limit theorem,

1 ~
ﬁu(ﬂo)_)dN(()’Bl(,BO) + B2(Bo))- (15)
Combining (13)-(15), we have that
V(B — Bo) >aN(O, Z(Bp)). O
Proof of Theorem 2. Note that

n
¢ x> dMy (u)

N o tS(O)(u. Bo) _g\(o)(u.l/g )

=1 s PO s PW
sup [Aoi(t) — Aa()] < sup | [ —=G——=—|+ sup f = dAok(w)|.
te[0,7] tefo.7] [Jo S, (u; Bw) telo,7] S (s Bw)

The first term on the right-hand side of above inequality converges almost surely to zero by Lemma 1 and Lemma A.1
in the Appendix of Kulich and Lin [7]; Likewise, it can be shown that the second term is also asymptotically negligible.
Therefore, AOk(t) converges almost surely to the cumulative hazard function Ag(t), uniformly in t.

By Lemma 1 and Theorem 1, it can be shown that

Z dMi (1)
d Aok (w)

/‘ SO (u; o) — S (u; Bw)
n —
0 SO w; Bw)

VAn(© = an) = = /

SO w; Bw)
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R St
N S,O)(u Bo)

1
7 Zab,-k(t) + 0p(1).
i=1

s !
/0 s,‘”Eu 2 z;dAOk(U) B — o) + 0p(1)

Thus
1 & ,
VW, (t) = 7 ;:1 (@i (t), ..., Pic(t)) + 0p(1),

which converges in finite-dimensional distributions to a normal distribution with mean zero by the multivariate central
limit theorem. If the tightness of ./nW, (t) holds, we can conclude that ./nW, (t) converges to a zero-mean Gaussian process
W(t) = (Wi(t), ..., Wg(t)) with covariance function between W;(t) and Wy (t) being &y (s, t) = E(P1;(s)P1k(t)).
Therefore, to complete the proof, we only need to prove the tightness of \/nW,(t). Since the space of D[0, T]¥ is
equipped with uniform metric and thus marginal tightness 1mp11es joint tightness, it suffices to verify the tightness

of \[ZI 1f0 (‘f]';”(”‘(;)) and the tightness of [ Ots’(‘o)iu ZO;dAOk(u)] Jn(Bw — Po). From the weak convergence of

f Z, 1 M (D), f Zl 1 fo (‘f)l;/'(”‘(”) ) converges weakly to a zero-mean Gaussian process. It then follows from Theorem

102 of Pollard [24] that - 3L, fo % is tight. The tightness of[ o”’&ni" §O;d AO,{(u)} V(B — Bo) follows from
Sk u; po

Theorem 1. Thus, we complete the proof. O
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