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A B S T R A C T

Background: Offering patients in oncology trials the opportunity to
cross over to active treatment at disease progression is a common
strategy to address ethical issues associated with placebo controls but
may lead to statistical challenges in the analysis of overall survival
and cost-effectiveness because crossover leads to information loss
and dilution of comparative clinical efficacy. Objectives: We provide
an overview of how to address crossover, implications for risk-effect
estimates of survival (hazard ratios) and cost-effectiveness, and how
this influences decisions of reimbursement agencies. Two case stud-
ies using data from two phase III sunitinib oncology trials are used as
illustration. Methods: We reviewed the literature on statistical meth-
ods for adjusting for crossover and recent health technology assess-
ment decisions in oncology. Results: We show that for a trial with a
high proportion of crossover from the control arm to the investiga-
tional arm, the choice of the statistical method greatly affects
treatment-effect estimates and cost-effectiveness because the range

of relative mortality risk for active treatment versus control is broad.
With relatively frequent crossover, one should consider either the
inverse probability of censoring weighting or the rank-preserving
structural failure time model to minimize potential bias, with choice
dependent on crossover characteristics, trial size, and available data.
A large proportion of crossover favors the rank-preserving structural
failure time model, while large sample size and abundant information
about confounding factors favors the inverse probability of censoring
weighting model. When crossover is very infrequent, methods yield
similar results. Conclusions: Failure to correct for crossover may lead
to suboptimal decisions by pricing and reimbursement authorities,
thereby limiting an effective drug’s potential.
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Introduction

Allowing patients the opportunity to switch to investigational
therapy after the primary end point has been reached is a
common strategy used to address ethical issues with the use of
placebo-controlled randomized trials. This is common practice in
oncology trials, often mandated by investigators, patients, and
ethics committees [1]. Crossover can also occur when a trial is
prematurely unblinded; for example, when an interim analysis

shows a significant gain in the primary end point of the inves-
tigational treatment or if an active treatment (control or inves-
tigational) is less safe than its comparator. In each case, crossover
results in loss of information about what the clinical effect would
have been in the absence of crossover. A direct consequence of
crossover is that standard statistical methods, for example, the
intent-to-treat (ITT) analysis, may provide biased estimates of
key end points such as overall survival (OS), for instance, and
underestimation of the true effect. Furthermore, per protocol
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analysis (excluding patients who cross over to investigational
treatment) can be subject to selection bias because those who
switch from placebo to investigational treatment may not be
representative of the entire placebo group. Design solutions such
as randomizing crossover can be considered to minimize the
impact of crossover [2] but will seldom be feasible and have rarely
been implemented in practice. A more common approach is to
adjust for crossover effects in the statistical analysis.

Crossover is also of concern in health economics and outcomes
research because of its potential to affect estimates of efficacy and
cost-effectiveness (CE). If an investigational drug reduces mortality,
ITT analysis will underestimate the treatment effect in the pres-
ence of crossover and will likely lead to an overestimate of the
incremental cost-effectiveness ratio (ICER). As a result, the deci-
sions by pricing and reimbursement agencies regarding access to
new therapies may not maximize health outcomes with the
available resources if crossover is not corrected for.

In this article, directed toward policymakers, health care
providers, health technology assessment agencies, and the phar-
maceutical industry, we review available standard and advanced
statistical methods for analyzing OS data in the presence of
crossover and discuss choice of methodology. We illustrate
differences between four methods with two case studies based
on clinical trials in two indications for sunitinib (Sutent; Pfizer,
Inc., New York, NY), an orally administered, multitargeted tyro-
sine kinase inhibitor, which is approved in several countries for
the treatment of metastatic renal cell carcinoma (mRCC) and
imatinib-resistant gastrointestinal stromal tumor (GIST) [3–8].
Both trials showed statistically significant benefit in pro-
gression-free survival (PFS) for sunitinib, and each illustrates a
different situation regarding crossover. In the mRCC trial, cross-
over was infrequent and allowed only after overwhelming PFS
results were observed [7], whereas in the GIST trial, crossover was
frequent and allowed because of the placebo control design [4,9].
As we shall see, the two cases lead to interesting and potentially
instructive differences in the use and outcomes of the four
methods with respect to estimated treatment benefits and cost-
effectiveness.

Statistical Analysis of Trials with Crossover

Statistical methods that are used to evaluate OS can be grouped
into simple methods, which make no specific attempts to address
crossover, and advanced methods based on statistical modeling
techniques, which attempt to eliminate or reduce bias due to
crossover.

Simple Methods

ITT analysis
In the standard ITT analysis, data for all randomized subjects are
included for the entire period of observation. This method is
appropriate as long as the aim is to compare one planned
treatment with another irrespective of any subsequent treatment
changes. If an investigational drug has a true mortality benefit,
however, the ITT analysis will underestimate OS in the presence
of crossover, and a cost-effectiveness analysis based on these
data will likely overestimate the ICER of the new therapy [10].

Censoring at crossover (on-treatment analysis)
Censoring patients at crossover eliminates observations of
patients randomized to the control arm after they receive the
investigational treatment. Two disadvantages of the censoring
method are selection bias and loss of power. Unless the proba-
bility of crossover is random, censoring may introduce bias,
because events that result in censoring (e.g., progressive disease)

may likely be associated with the final outcome (e.g., death) [2].
Censoring therefore leads to underestimation of gains in OS with
the investigational treatment and selective exclusion of patients
with a high probability of death. Censoring also lowers the power
of the study because of shorter overall observation time and a
reduced number of observed events in the control arm.

The potential selection bias induced by censoring can be
reduced or eliminated if crossover is determined by random-
ization or if the entire control group crosses over to the investiga-
tional treatment at a prespecified point in time [2]. Even in these
situations, however, censoring still reduces the statistical power
of the study.

Statistical Modeling

During the last two decades, statistical modeling techniques have
been developed to adjust for weaknesses in observational and
clinical trial data. There is no criterion standard because the
methods have different strengths and weaknesses. Two methods
that have recently been used to attempt to correct for crossover
in oncology trials are the inverse probability of censoring weight-
ing (IPCW) model and the rank-preserving structural failure time
(RPSFT) model. These apply statistical modeling techniques to
reconstruct data for the control arm as if crossover had not
occurred, with the aim of reducing bias and allowing the treat-
ment effect to be assessed more accurately. Results based on
these methods have been considered as relevant by health
technology assessment bodies such as the National Institute for
Health and Care Excellence (NICE) in the United Kingdom [11] and
the Dental and Pharmaceutical Benefits Agency (tandvårds-och
läkemedelsförmånsverket) in Sweden [12].

The IPCW model
The IPCW model is frequently used in epidemiologic research to
adjust for nonrepresentative sampling or dropouts. In this
method, patients who cross over from control to investigational
treatment are censored, while patients remaining in the control
arm are weighted to compensate for missing data [13]. The bias
introduced by this informative crossover is corrected by weight-
ing each patient by the inverse of his or her predicted probability
of not being censored at a given time. The first step in the IPCW
analysis is to predict the probability of crossover on the basis of
each patient’s baseline characteristics, such as age, sex, race, or
biological markers [13–15], often by fitting a logistic regression
model. Finally, OS is analyzed with the censored data set and
observations weighted by the inverse of the predicted probability
of censoring.

The IPCW model assumes that the probability of crossover at
a given time depends only on observed covariates and must be
independent of the outcome and its timing [13]. If these assump-
tions hold, then censoring can be made noninformative through
the IPCW model. The clinical trial data must contain enough
information about the covariates that affect the probability of
crossover.

The RPSFT model
The RPSFT model allows a direct comparison of randomization
groups by adjusting the OS of patients who cross over so that it
reflects the OS had they not received the investigational treat-
ment. The method is related to the accelerated failure time model
in OS analysis [16,17], in which prognostic variables measured on
the individual level are assumed to act multiplicatively on the
time scale, for example, affecting the rate of progression. The first
step is to define a causal model relating the observed event time T
to the unobserved event time U that would have been observed if
crossover had not occurred. This is performed by assuming that T
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