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a b s t r a c t

The nested case-control (NCC) design is widely used in epidemiologic studies as a cost-
effective subcohort sampling method to study the association between a disease and its
potential risk factors. NCC data are commonly analyzed using Thomas’ partial likelihood
approach under the Cox proportional hazards model assumption. However, the linear
modeling form in the Cox model may be insufficient for practical applications, especially
when there are a large number of risk factors under investigation. In this paper, we
consider a partially linear single index proportional hazards model, which includes a
linear component for covariates of interest to yield easily interpretable results and a
nonparametric single index component to adjust for multiple confounders effectively. We
propose to approximate the nonparametric single index function by polynomial splines
and estimate the parameters of interest using an iterative algorithm based on the partial
likelihood. Asymptotic properties of the resulting estimators are established. The proposed
methods are evaluated using simulations and applied to an NCC study of ovarian cancer.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Large cohort studies are precious resources to the studyof disease etiology.However, it is costly tomeasure all the risk fac-
tors for the entire cohort, especially when disease is rare. As an alternative to the full-cohort design, the nested case-control
(NCC) design (Thomas, 1979) has been widely used as a cost-effective subcohort sampling method. In this design, cases are
ascertained within a large cohort. At the failure time of each case, a small number of controls are sampled among subjects
who are still at risk, possiblymatched to the case by some known confounders. Then covariates of interest are onlymeasured
on the cases and selected controls. The NCC design maintains the attractive feature of the full-cohort design to analyze bio-
logical specimens collected before the disease onset, providing an appropriate time sequence for a cause–effect relationship.
In addition, both absolute risk and relative risk can be estimated under the NCC design (Langholz and Borgan, 1997).

NCC data are commonly analyzed using Thomas’ partial likelihood approach under the Cox proportional hazards (PH)
model (Thomas, 1979; Oakes, 1981), for which the hazard function is specified as λ(t|x) = λ0(t) exp{xTβ}, where λ0(t) is
the unknown baseline hazard function and x is a p-dimensional covariate vector. A major assumption of the Cox PH model
is that covariates have linear effects on the log of hazard. In epidemiologic studies where a large number of covariates
are considered, covariates often exhibit more complex effects than the log–linear format and there may exist interactions
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between them. Flexible models which could handle potential nonlinear effects of covariates with high dimensionality are
greatly desired.

The single index model (Stoker, 1986; Hardle and Stoker, 1989; Ichimura, 1993) is a semiparametric model which
achieves dimension reduction and avoids the ‘‘curse of dimensionality’’. In the linear regression setting, the single index
model is an extension of the generalized linear model, with link function unspecified (Yu and Ruppert, 2002). In the survival
analysis context, the single index model has been incorporated into the multiplicative hazard model (Wang, 2004; Huang
and Liu, 2006):

λ(t|x) = λ0(t) exp{ψ(xTβ)}, (1)

where ψ(·) is an unknown univariate smooth function. The multi-dimensional covariates are reduced to a linear
combination as xTβ , namely a single index, and the coefficient β characterizes the relative importance of x. Note that if
ψ(·) is monotone, β has a similar interpretation as the coefficient in the Cox PH model. Researchers have proposed various
methods for fitting the single index model, such as the kernel smoothing technique (Ichimura, 1993; Hardle et al., 1993;
Wang, 2004), the average derivatives method (Stoker, 1986; Hardle and Stoker, 1989) and polynomial spline approximation
(Yu and Ruppert, 2002; Huang and Liu, 2006).

In model (1), all components of x are treated equally in the sense that no distinction is made between covariates
of primary interest and nuisance ones. In epidemiologic studies, there are usually major risk factors of interest and
multiple confounders such as demographics, anthropometric measures and socioeconomic status. Covariates that are most
interesting to investigators would be modeled parametrically to render easy interpretation on their effects. Therefore, a
partially linear single index (plSI) model has been proposed to extend model (1),

λ(t|v, x) = λ0(t) exp{vTα + ψ(xTβ)}, (2)

where v ∈ Rq, x ∈ Rp and ψ(·) is the unknown link function as above. In the linear regression setting, researchers have
proposed to use the local linearmethod (Carroll et al., 1997), the kernel smoothingmethod (Xia et al., 1999) and thepenalized
spline method (Yu and Ruppert, 2002) to fit the partially linear single index model. In survival analysis, Lu et al. (2006)
considered model (2) with a parametric baseline hazard function; Sun et al. (2008) studied this model with the polynomial
spline technique; Li and Zhang (2011) extended model (2) to time-varying coefficients.

To the best of our knowledge, the inference of model (2) has not been studied for the NCC design. In this paper, we
develop methods for the statistical inference of model (2) for NCC data and establish asymptotic properties of the result-
ing estimators. We aremotivated by an NCC study investigating the association of inflammation-related cytokines and their
modulatorswith the risk of ovarian cancer (Clendenen et al., 2011). This case-control studywas nestedwithin three prospec-
tive cohorts and for each case, two controls were selected at random from cohort members who fulfilled the risk set criteria.
In total, we observed 230 cases and 432 matched controls. The levels of cytokines and cytokine modulators were measured
from stored blood samples collected at enrollment. Potential confounders included body mass index and medical history.
Our main interest is to estimate the effect of biomarkers on the risk of ovarian cancer while adjusting for confounders. We
thus study the partially linear single index proportional hazards model, which allows flexible and parsimonious modeling
of nonlinear effects of confounders and easy interpretation on the parameters for covariates of interest.

This paper is organized as follows. In Section 2, we present methods for estimation, inference and implementation of the
proposed model. Section 3 includes simulation studies evaluating the finite sample performance of our proposed estimator
and the analysis of the NCC data on ovarian cancer as an illustration. We conclude in Section 4 with discussions and provide
all the technical details in the Appendix.

2. Methods

2.1. Notation and model

Suppose that we have a cohort with size n. For the ith subject, i = 1, . . . , n, let zi = min(ti, ci) be the observed survival
time subject to censoring, where ti denotes the survival time and ci denotes the censoring time. Define δi = I(ti ≤ ci) as
the censoring indicator. At a specific time t , let R̃(t) = {i : zi ≥ t} denote the risk set. By the NCC design, subjects with
the observed event, i.e. δi = 1, are identified as cases. At the failure time of each case, (M − 1) controls are randomly
sampled without replacement from the risk set, excluding the case itself. For case i, let R∗

i denote the indices of the (M − 1)
selected controls and define the case-control set Ri = R∗

i ∪ {i}. Then covariate information is assembled for the cases
and selected controls, consisting of two components: the q-dimensional vector v denotes the primary risk factors to be
modeled parametrically, and the p-dimensional vector x denotes confounders to be included in the nonparametric single
index component.

For the purpose of identifiability of the partially linear single index model (2), we impose the constraints that ψ(0) =

0, ∥β∥ = (βTβ)1/2 = 1 and the first nonzero component of β is positive (Wang, 2004). Following Huang and Liu (2006) and
Sun et al. (2008), we use a polynomial spline function to first approximate the derivative of the unknown function ψ(·) by

ψ ′(xTβ) =

k
j=1

γjBj(xTβ) = γ TB(xTβ), (3)
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