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Abstract

Objectives: In most clinical and epidemiologic studies, information on disease status is usually collected at regular follow-up visits.
Often, this information can only be retrieved in individuals who are alive at follow-up, and studies frequently right censor individuals with
missing information because of death in the analysis. Such ad hoc analyses can lead to seriously biased hazard ratio estimates of potential
risk factors. We systematically investigate this bias.

Study Design and Setting: We illustrate under which conditions the bias can occur. Considering three numerical studies, we charac-
terize the bias, its magnitude, and direction as well as its real-world relevance.

Results: Depending on the situation studied, the bias can be substantial and in both directions. It is mainly caused by differential mor-
tality: if deaths without occurrence of the disease are more pronounced, the risk factor effect is overestimated. However, if the risk for dying
after being diseased is prevailing, the effect is mostly underestimated and might even change signs.

Conclusion: The bias is a result of both, a too coarse follow-up and an ad hoc Cox analysis in which the data sample is restricted to the
observed and known event history. This is especially relevant for studies in which a considerable number of death cases are
expected. � 2014 Elsevier Inc. All rights reserved.
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1. Introduction

In most clinical and epidemiologic studies, information
on disease status is usually collected at regular follow-up
times. Often, this information can only be retrieved in indi-
viduals who are alive at follow-up but will be missing for
those who died before, resulting in incompletely observed
study data with missing information because of death. It
has been emphasized that such problems are especially
prominent when studying longitudinal health-related vari-
ables in elderly populations [1e3] and in end-of-life
research [4] leading to the general advice that missingness
because of death and missingness because of other reasons,
for example, nonresponse should be distinguished in the
statistical analysis [5].

When investigating risk factors on the progression of a
specific disease, a Cox proportional hazards model on the
hazard of interest is often used, in which individuals who
died are right censored at the last follow-up visit. In this
article, we investigate the following question: How reliable
are hazard ratio estimates when performing such an ad hoc
Cox analysis, in which the data set analyzed is restricted to
individuals with observed and known event history.

The potential bias resulting from applying ad hoc
methods is already known for a long time. In their textbook
on clinical epidemiology, Fletcher and Fletcher [6] use the
term ‘‘false cohort’’ to indicate that the cohort of survivors
is treated as if it were the original ‘‘true cohort.’’ Saracci
[7] illustrates on three cohort study examples survival-
related biases due to specific selection of study participants.
However, the situation we address here is not that the cohort
is already set up incorrectly but in which the analysis is
restricted to the surviving individuals afterward. We empha-
size that in a comprehensive analysis, the death cases are as
important as the illness cases and should be adequately
accounted for by considering an illness-death multistate
model [8]. Joly et al. [9] seem to be among the first who
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What is new?

� An ad hoc analysis of data with missing disease
status information because of death that simply
treats the death cases as right-censored observa-
tions can yield biased hazard ratio estimates of
potential risk factors.

� The bias can be substantial and can be in both
directions, depending on the follow-up design
and the situation studied.

� Potential bias resulting from applying ad hoc
methods is not sufficiently recognized. The consid-
ered bias arises in the situation in which the anal-
ysis is restricted to the surviving individuals
afterward. It was so far only investigated in inci-
dence estimates but not in relative risk estimates.

� Study investigators should treat observed death
cases in cohort studies that primarily investigate
a specific disease of interest with care.

systematically investigated the problem of missingness due
to death in the framework of an illness-death model. How-
ever, the aim of Joly et al. was to correctly estimate the
incidence of dementia (and not relative risk estimates of po-
tential risk factors) in a cohort study based on regular
follow-up times. Onset of dementia was interval censored
and missing if an individual died during two scheduled
follow-up times. Harezlak et al. [10] developed a similar
approach, also considering a longitudinal dementia study.

This article aims to provide a broad characterization of
the potential bias in hazard ratio estimates resulting from
using ad hoc complete-case Cox analyses by using estab-
lished multistate techniques in different settings and many
examples. We start by describing the circumstances under
which the bias can occur. We then perform three different
numerical studies to characterize the nature of the bias:
First, we systematically explore the amount and direction
of the bias for different settings in a simulation study and
compare the results to bias values obtained from an exten-
sion of an approximate formula by Joly et al. [9]. Second,
we illustrate the real-world relevance of the bias by a simu-
lation using the design and variables from the Indianapolis
Dementia Study [10] and, third, a study on nephropathy in
diabetic patients [11, p. 30f] with complete follow-up infor-
mation and artificially induce missing information due to
death. We conclude with a discussion.

1.1. A study example

We briefly illustrate the problem of missingness because
of death in an investigation of the association of traffic-
related air pollution and incident type 2 diabetes within

the Study on the Influence of Air Pollution on Lung,
Inflammation and Aging (SALIA) cohort [12]. The SALIA
cohort study is based on consecutive cross-sectional sur-
veys that were performed between 1985 and 1994 in a spe-
cific area of Germany. Of all 54- to 55-year-old women
living in this study region, a total of 4,874 women agreed
to participate. In 2006, the study participants received a
follow-up questionnaire that included additional questions
on diabetes. However, by that time, 585 participants
(12%) were already deceased. The date of death could be
retrieved from death registers, but there was no information
available whether they had developed type 2 diabetes
before. To assess the potential impact of air pollution on
diabetes incidence, the authors decided to exclude individ-
uals with missing information because of death from their
main analysis (which is the same as right censoring at study
start) and dealt with this problem in sensitivity analyses
only.

2. Description of the bias

Whenever one deals with potential illnessedeath data as
for example outlined in the aforementioned study example,
it is most appropriate to consider it within the framework of
illnessedeath modeling. In doing so, it is still not possible
to retrieve the death cases, but it allows us to assess the
potential existence or magnitude of the bias that might
result from an ad hoc analysis. Details are provided in
the following.

2.1. Illnessedeath data and statistical techniques

We consider studies in which individuals are observed
over time with focus on a specific disease of interest and
in which death cases can possibly occur. Multistate models
have been successfully implemented to describe and
analyze the development and/or progression of a specific
disease, thereby accounting for death [8]. A simple but
prominent example is the so-called three-state illness
edeath model with an initial state 0 (healthy and alive),
an illness state 1, and a death state 2 (Fig. 1).

The arrows between the boxes represent the possible
transitions between the states. They are directly associated
with the hazard rates for each transition a01(t), a02(t), and
a012(t), that is, like usual hazard rates (ie, instantaneous
risks) but marked with the specific state transition
0 / 1, 0 / 2, or 1 / 2. Assuming a nonhomogeneous
Markov model, the three hazard rates completely define
the event history process, that is, the progression of the dis-
ease and death over time.

Particular statistical methodology is available to
adequately analyze event history data [11]. For instance,
nonparametric statistics based on the hazard rates gain
insight into the dynamics of the processes. Prominent
examples that have gained much attention in literature are
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