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a b s t r a c t

In many medical research studies, survival time is typically the primary outcome of interest. The Cox
proportional hazards model is the most popular method to investigate the relationship between cova-
riates and possibly right-censored survival time. However, in many clinical trials, the true covariates may
not always be accurately measured due to natural biological fluctuation or instrument error. It is well
know that for regression analysis in general, naively using mismeasured covariates in conventional
inference procedures may incur substantial estimation bias. In the presence of covariate measurement
error, several functional modeling methods have been proposed under the situation where the distri-
bution of the measurement error is known. Among them are parametric corrected score and conditional
score. Although both methods are consistent, each suffers from severe problem of multiple roots or
absence of appropriate root when the measurement error is substantial. The problem persists even when
the sample size is practically large. We conduct a detailed investigation on the pathological behaviors of
parametric corrected score and propose an approach of incorporating additional estimating functions to
remedy these pathological behaviors. The estimation and inference are then accomplished by means of
quadratic inference function. Extensive simulation studies are conducted to evaluate the performance of
proposed method.
© 2015 Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The proportional hazards model is one of the most popular
models to investigate the relationship between time to failure and
covariates. However, in many clinical trials, the true covariates may
not always be accurately measured due to natural biological fluc-
tuation or instrument error. In some studies, the magnitude of
measurement error could be substantial to the extent that it is
comparable to or even larger than that of the true underlying co-
variate. A typical example is the HIV viral load in HIV/AIDS studies.

For regression analysis in general, naively using mismeasured
covariates in conventional inference procedures may incur sub-
stantial estimation bias and several statistical methods have been
suggested to address covariate measurement error; see the
monograph of Carroll et al. for a good summary [1]. Regression
calibration is used frequently to yield approximate estimation.

However, it is well known that the regression calibration estimator
is inconsistent in general. For consistent estimation, methods have
been developed under either structural or functional modeling, i.e.,
with or without parametric distributional assumptions imposed on
the true covariates. By definition, functional modeling approach
might be more appealing, particularly for its robustness. Available
functional modeling methods for Cox proportional hazards model
include the conditional score [2], the parametric corrected score
[3e5], and the nonparametric corrected score [5e8]. The idea of the
conditional score is to condition away the nuisance parameters
based on certain sufficient statistics whereas the last two classes
adopt a correction strategy by constructing a corrected estimating
function with error-contaminated covariates that shares the same
limit as a reference estimating function with true underlying
covariates. If the reference estimating function admits consistent
estimates only, the corrected estimating function shall inherit this
property in a compact parameter space containing the true value.
Conditional score and parametric corrected score are generally
different. But in the case of the Cox proportional hazards model and
normal measurement error, the conditional score and parametric
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corrected score estimators are asymptotically equivalent.
Although all three aforementioned methods produce consistent

estimators, they all suffer from finite-sample pathological behav-
iors especially when the measurement error is substantial, which
limit the applicability of these methods in practice. Recently, Huang
[9] proposed an approach to incorporate additional estimating
functions which constrain the derivatives of the parametric cor-
rected score for loglinearmodel. This approach effectively remedies
those pathological behaviors and also considerably improves the
estimation efficiency. Huang's approach provides a promising
general strategy to handle similarly ill-behaved estimating
functions.

In this paper, we first conduct a detailed investigation on
pathological behaviors of parametric corrected score and condi-
tional score. After that, we propose an augmented estimation
procedure in which additional estimating functions are added to
the parametric corrected score for the proportional hazards model.
In Section 2, we briefly describe the parametric corrected score and
conditional score for the proportional hazards model and present
the investigation results on the pathological behaviors when co-
variatemeasurement error is substantial. The proposed approach of
incorporating additional estimating functions for the parametric
corrected score is presented in Section 3. Simulation studies with
practical sample size are reported in Section 4 together with an
application to the ACTG 175 clinical trial data. Further discussion is
given in Section 5. Technical details is collected in the Appendix.

2. Parametric corrected score and conditional score for
proportional hazards model and their pathological behaviors

The proportional hazards model postulates that the cumulative
hazard function Lð,Þ of survival time T of an individual with a p-
vector of covariate Z has the form

LðdtjZÞ ¼ expðb0ZÞL0ðdtÞ

where b is a p-vector parameter of interest and L0ð,Þ is an un-
specified underlying cumulative hazard function. Let C denotes the
censoring time and adopt the usual independent censoring
mechanism: given Z,C is independent of T.

The observed data, (Xi,Di,Zi,i¼ 1,…,n), consist of n independent
and identically distributed (i.i.d) replicates of {X≡T∧C,D≡I(T� C),Z}.
The standard inference procedure for Cox proportional hazards
model is then to maximize the partial likelihood or, equivalently, to
solve estimating function

x�
�
b; ~L0ð,Þ

� ¼ n�1
Xn
i¼1

Zt
0

�
1
Zi

��
dNiðtÞ � YiðtÞexpðb0ZiÞd~L0ðtÞ

�
;

(1)

whereNi(t)¼ I(Xi� t, Di¼ 1) is the counting process, Yi(t)¼ I( X i� t)
is the at-risk process and t is a positive constant such that Pr(T� t)
> 0. Profiling out ~L0ð,Þ, the estimating function for b alone is
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Estimating function (2) is actually the usual partial score
function.

2.1. Parametric corrected score and conditional score

Split covariates Z ¼ ðZT
a ;Z

T
e ÞT where Za are those covariates that

can be accurately measured and Ze are covariates prone to mea-
surement error and cannot be accurately measured. Though Ze
cannot be measured directly, we can observe them through their
surrogates We. Under the classical additive measurement error
model, We¼ Zeþ εe, where εe is the error vector and εe is assumed
to be independent of (T,C,Z). In this paper, we assume that the
distribution of εe is known; The situation where distribution of εe is
unknown will be discussed in Section 5.

Let W¼ (Za,We) and ε¼ (0,εe). The observed data now consist of
(Xi,Di,Wi,i¼ 1,…,n) in the presence of covariate measurement error.
It is well known that naively replacing Z by W in estimating func-
tions (1) or (2) could incur substantial estimation bias. Denote the
cumulant-generating function of ε as UðbÞ≡logE fexpðb0εÞg and its
derivative _UðbÞ≡vUðbÞ=vb. The parametric corrected score esti-
mating function is given by
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Further profiling out ~L0ð,Þ, we obtain the corrected score for b
[10]:

hðbÞ ¼ n�1
Xn
i¼1

Zt
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(
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which has the same expectation as reference (2) asymptotically for
each and every finite b. The estimation is then to find the zero
crossing of the above estimating function. The consistency and
asymptotic normality of corrected score estimator are later estab-
lished by Kong and Gu [11].

Huang and Wang [6] defined a root-consistent estimating
function as such that every zero-crossing is consistent and showed
that a normalized estimating function is root-consistent if its limit
has a unique root at the estimand. By definition, reference (2) is a
root-consistent estimating function and the new estimating func-
tion (4) shall inherit the root-consistency from (2). The root-
consistency of (4) assures that in a compact parameter space con-
taining the true parameter b, the parametric corrected score will
admit a unique root asymptotically and the root is consistent and
asymptotically normal.

When the measurement error is normally distributed and as-
sume the variance matrix is S, the conditional score estimating
function for the Cox proportional hazards model [12] can be
written as

hconðbÞ ¼n�1
Xn
i¼1

Zt
0

(
Wi þ Sb

�
Pn

j¼1YjðtÞ
�
Wj þSbdNjðtÞ

	
exp

�
b0
�
Wj þ SbdNjðtÞ

	�Pn
j¼1YjðtÞexp

�
b0
�
Wj þ SbdNjðtÞ

	� )
dNiðtÞ

(5)

In fact, it can be shown that estimators from parametric
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