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Abstract This paper presents simple weighted and fully augmented weighted estimators for the additive hazards model with missing covariates when they are missing
at random. The additive hazards model estimates the difference in hazards and has an
intuitive biological interpretation. The proposed weighted estimators for the additive
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hazards model use incomplete data nonparametrically and have close-form expressions. We show that they are consistent and asymptotically normal, and are more
efficient than the simple weighted estimator which only uses the complete data. We
illustrate their finite-sample performance through simulation studies and an application to study the progression from mild cognitive impairment to dementia using data
from the Alzheimer’s Disease Neuroimaging Initiative as well as an application to the
mouse leukemia study.
Keywords Kernel smoother · Missing covariates · Nonparametric method · Weighted
estimators · Weighted estimating equations

1 Introduction
For survival (time-to-event) data, a commonly used model is the Cox proportional
hazards (PH) model (Cox 1972) pertaining to the relative risk of certain covariates.
Another well-known but less used method is the additive hazards model (Aalen 1980;
Cox and Oaks 1984; Thomas 1986; Breslow and Day 1987, p. 182). Unlike the Cox
PH model, the additive hazards model does not assume proportional hazards, and it
estimates the difference in hazards instead of the hazard ratios. Although the Cox PH
model is very popular, it is desirable to utilize the additive hazards model for several
reasons as discussed in Lin and Ying (1997). When describing the covariate–disease
association, the hazard difference is complementary to and may be more relevant to
public health than the hazard ratio because it translates directly into the number of
events (e.g., disease cases) for the covariate. In practice, the additive hazards model
may fit certain type of data better than the Cox PH model (Breslow and Day 1987),
and it provides a simple structure for studying frailty models and interval-censored
data (Lin and Ying 1997). Therefore, when the difference in disease risk due to the
covariates is of primary interest or the PH assumption does not hold, the additive
hazards model may be more proper.
The additive hazards model assumes that the conditional hazard function given a
set of covariates is the sum of, rather than the product of, a baseline hazard function
and a linear regression function of the covariates. Specifically, the hazard function for
the failure time T associated with a column vector of covariates Z has the form
λ(t|Z ) = λ0 (t) + β T Z ,

(1)

where λ0 (t) is an unspecified baseline hazard function, and β is a column vector of
regression parameters. The additive hazards model has an intuitive biological interpretation. When all covariates are fully observed, Lin and Ying (1994) proposed a
simple semiparametric estimating function for β which generates a consistent and
asymptotically normally distributed estimator with an explicit form.
Biomedical studies with survival outcomes frequently have missing covariates and
some components of Z are not observed for all study subjects. Discarding the subjects
with missing covariates may lead to either biased or inefficient estimates when the
missing-data mechanism depends on the outcomes. Assuming missing at random
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