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A B S T R A C T

Informative censoring in a progression-free survival (PFS) analysis arises when patients are censored for
initiation of an effective anticancer treatment before the protocol-defined progression, and these patients
are at a different risk for treatment failure than those who continue on therapy. This may cause bias in the
estimated PFS when using the Kaplan-Meier method for analysis. Although there are several articles that
discuss this issue from a theoretical perspective or in randomized phase III studies, there are little data to
demonstrate the magnitude of the bias on the estimated quantities from a phase II trial. This article
describes the issues by using two oncology phase II trials as examples, evaluates the impact of the bias
using simulations, and provides recommendations. The two trials were selected because they demon-
strate two different reasons for censoring. Simulations show that the magnitude of the bias depends
primarily on the proportion of patients who are informatively censored and secondarily on the hazard ratio
between the group of patients who remain on study and the group of patients who are informatively
censored. Recommendations include using an alternative end point, which includes inadequate response
and initial signs of clinical progression as treatment failure, and a competing risk analysis for studies in which
competing events preclude or modify the probability of observing the primary event of interest. If
informative censoring cannot be avoided, then all patients should be observed until progression, and
sensitivity analyses should be used as appropriate.

J Clin Oncol 32:3068-3074. © 2014 by American Society of Clinical Oncology

INTRODUCTION

Phase II clinical trials aim to identify promising ther-
apies for comparison with standard treatment in
randomized phase III trials. These studies are often
single-arm, open-label clinical trials with the goal of
evaluating the impact of treatment on short-term
tumor burden measures such as response rates and
long-term measures such as progression-free sur-
vival (PFS), as well as further evaluating the safety
profile of the treatment among a group of patients
who are likely to participate in a phase III trial. In
these trials, patients may be taken off study before
progression for reasons such as toxicity, patient or
physician preference, initiation of nonprotocol ther-
apy, or inadequate response. If, in a Kaplan-Meier
(KM) analysis1 of PFS, these observations are cen-
sored at the time patients went off study, and the
censored patients are at a different risk for treatment
failure than those who remain on study, one of the
key assumptions of the KM method, called nonin-
formative censoring, is violated. In these situations,
the KM PFS estimate may be biased. The direction of
the bias depends on whether those who come off
study are at lower or higher risk for the event of

interest relative to those who stay on study. As dem-
onstrated in Figure 1, the former would underesti-
mate and the latter would overestimate the median
and point estimates. Although this issue has been
discussed extensively in the statistical literature from
the theoretical perspective2-17 and for randomized
phase III studies comparing two or more thera-
pies,18,19 there are few empirical data to demonstrate
the magnitude of the bias for various amounts of
informative censoring in the phase II setting. In this
article, we describe situations in which informative
censoring may occur, evaluate the impact on the
estimated quantities via simulation, and recom-
mend guidelines for design, analysis, and end point
definition in the context of phase II clinical trials.

Two motivating examples are used to illus-
trate the issues and form the basis for the simula-
tions. The examples were selected because they
demonstrate two different reasons for censoring.
In the first example, patients with Waldenström
macroglobulinemia (WM) may be taken off study
because of inadequate response or initial signs of
clinical progression without satisfying protocol-
defined progression criteria. In the literature, the
percentage of patients ranges from 1% to 35%.20
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This population of patients is likely to have a higher risk of pro-
gression compared with those who remain on study, and therefore
the median PFS estimates may be overestimated. In a relapsed/
refractory WM phase II study21 in which 35% of the patients
initiated nonprotocol therapy (NPT) before progression, the esti-
mated median PFS with patients censored at the time of NPT was
12.6 months (90% CI, 10.2 to 22.7 months), whereas the estimated
median event-free survival (EFS), which assumes NPT initiation as
an event, was 8.3 months (90% CI, 6.7 to 12.0 months).

In the second example of upfront therapy for multiple myelo-
ma (MM) clinical trials, patients have the option to undergo consoli-
dation with high-dose melphalan and autologous stem-cell
transplantation (ASCT) off study after a prespecified minimum num-
ber of induction cycles with the aim of both deepening and prolonging
response.22 In this case, the ASCT is considered NPT. It is documented
in the literature that achievement of a complete remission both be-
fore23,24 and after transplantation22-32 is associated with longer PFS
and overall survival (OS). This group of patients, especially if they are
young and relatively healthy, may have a lower risk for progression
compared with those patients who do not proceed to ASCT, and
therefore the median PFS may be underestimated. In a study of lena-

lidolmide, bortezomib, and dexamethasone in patients with upfront
treatment for MM,33 42% of patients continued on to transplantation
before progression after a minimum of four induction cycles. Al-
though the primary end point was response after four cycles, a second-
ary end point was PFS. Because of the high percentage of patients who
received ASCT and the potential for bias, patients who proceeded to
transplantation were not censored in this analysis, and all patients
were observed until progression. The 12-month PFS estimate of 80%
(95% CI, 65% to 89%) is therefore interpreted as the impact of induc-
tion therapy either with or without ASCT as a full treatment strategy.
The PFS estimate with patients censored at the time of transplantation
was 72% (95% CI, 53% to 85%).

METHODS

Simulation studies were performed to evaluate the bias in the KM PFS esti-
mates in the presence of informative censoring. The simulation parameters
were selected on the basis of the examples.20,22-32 Sample size ranged from 25
to 60 for the WM study and 40 to 100 for the MM study. We also included
1,000 patients to evaluate the bias in the large sample setting. The hazard per
month for progression was �1(t) � 0.03 for upfront treatment for WM,
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Fig 1. The anticipated direction of the bias in the 12-month and median progression-free survival (PFS) estimates is shown when patients who come off study are
at a higher risk for progression (A, B) or a lower risk for progression (C, D). The yellow line represents the true but unknown PFS. The blue line represents the PFS
estimate using the Kaplan-Meier method for simulated patients with Waldenström macroglobulinemia in (A) and (B) where 20% start nonprotocol therapy before
progressive disease (PD; assuming hazard rate per month of PD �1(t) � 0.06 and �2(t) � 4�1(t)) and simulated patients with simulated multiple myeloma in (C) and (D)
where 40% proceed to autologous stem-cell transplantation before PD (assuming �1(t) � 0.108; �1(t) � 2�2(t)). PT and MT indicate the true 12-month PFS and the true
median PFS. PE and ME indicate the estimates for 12-month and the median PFS.
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�1(t) � 0.06 for relapsed/refractory WM, and �1(t) � 0.036 or �1(t) � 0.108
for upfront treatment for MM. For the patients who received NPT before
progression, the hazard per month was either 1, 2, or 4 times higher than the
hazard for those who stayed on study (ie, �2(t) � 2�1(t) or �2(t) � 4�1(t),
respectively) or 1, 2, 3, or 4 times lower than the hazard for those who stayed on
study (ie, �1(t) � 2�2(t), �1(t) � 3�2(t), or �1(t) � 4�2(t), respectively). The
proportions of informative censoring selected were 1%, 10%, 20%, 30%, and
40%. For each parameter combination, 2,000 simulated studies were gener-
ated, so that the 95% CI width of an estimated proportion is less than 0.02.

To generate censored PFS data, two distributions are required, one for
the failure times, which would be observed if the patients were observed long
enough to reach an event, and one for the censoring times (ie, time to initiation
of NPT). To generate the time to progression, the piecewise exponential model
(see Data Supplement) used in the simulations is

S�t� � �1 � p� exp���1�t � a1� I�t � a1��

� �p� exp���2�t � a2� I�t � a2��

where I(a) is the indicator function, which is equal to 1 if t � a and 0 otherwise,
t is the time from the treatment initiation, and p is the proportion of patients
who are informatively censored. This model allows for the two different hazard
rate parameters for those who stay on study (�1) versus those who are infor-
matively censored (�2) and for flexibility in defining when failure times start.
For example, WM and MM disease evaluations are often not done until after
two cycles of therapy (approximately 2 months). Therefore, no failures are
generated before 2 months in the simulation (a1 � a2 � 2 for WM; a1 � 2 for
MM). In addition, for MM, no failures are generated before 6 months (a2 � 6)
for the patients who continue to transplantation because patients usually
receive four to six induction cycles. The time of ASCT in the MM simulations
is generated based on random uniform distribution between 4 and 6 months.
For the WM simulated data, the time of NPT before progression is restricted to
occur 1 to 2 months before progression time based on uniform distribution.
This was done because patients who come off study before progression are
likely to have progressed shortly thereafter, and it reflects not only an increased
risk for the censored patients but a direct dependence between the censoring
and progression times. Without loss of generality, noninformative adminis-
trative censoring was assumed to occur after 48 months to allow for evaluation
of the informative censoring. The observed failure time for each patient is the
earliest of progression, NPT initiation, and the administrative censoring. The
full set of simulations were repeated incorporating noninformative censoring,
which was independently generated based on uniform distribution.

For each of the 2,000 simulated data sets, the KM estimate for median
PFS and point estimates34 were computed, and the percent relative mean bias
was reported (see Data Supplement for the definition). Box plots were used to
graphically illustrate the factors that influenced the distribution of the bias in
the KM estimates.

RESULTS

The simulations show that the magnitude of the bias depends primar-
ily on the proportion of patients who are informatively censored and
secondarily on the hazard ratio between those who are informatively
censored and those who remain on study. For brevity, results are
discussed only for a few simulations sets; however, the interpretation
of the results is similar for the other simulation sets (details are pro-
vided in the Data Supplement). Results from the simulations with
noninformative censoring are similar as expected from statistical the-
ory and therefore are not discussed further (Data Supplement).

The dependence of the relative percent bias on the proportion of
informative censoring is clearly illustrated in Figures 2A and 2B for a
set of simulations with 40 patients with relapsed/refractory WM and
assuming informatively censored patients are at four times higher risk
for progression (Data Supplement). When only 1% of the patients

come off study before progression, the relative mean bias of the KM
estimations is below 1%, which means that the estimation of the end
pointis,atmost,1%abovethetruebutunknownvalue.Therelativemean
bias quickly increases as the proportion of patients who start NPT before
progression increases. For instance, when 20% and 40% of the patients
initiateanNPTbeforeprogression,the12-monthPFSisoverestimatedon
average by 27% and 72%, respectively, and the median PFS is overesti-
mated on average by 36% and 92%, respectively.

The extent of the bias secondarily depends on the hazard ratio
(Figs 2C and 2D). With 20% of patients off study before progression,
the relative mean bias of the KM 12-month and median PFS estima-
tions is slightly higher when the hazard ratio equals 4 compared with 2
for �1(t) � 0.03 (darker boxes) and �1(t) � 0.06 (lighter boxes). By
comparing the darker (�1(t)�0.03) to the lighter (�1(t)�0.06) boxes
(Fig 2C), a difference in the bias of the 12-month PFS estimates is also
observed for the two hazard rates for a fixed hazard ratio. However,
this difference is not observed in the median PFS estimates, suggesting
that this effect may be a result of the selection of the 12-month time
point from the KM curve. These results show that the treatment effect
measured in terms of PFS is overestimated in the WM setting if
patients who discontinue study treatment before progression as a
result of inadequate response or clinical progression are censored in
the KM analysis at the time of NPT.

In the MM studies, the magnitude of the bias follows the same
pattern, depending primarily on the proportion of patients who un-
dergo transplantation before progression, with a few differences (Fig 3
and Data Supplement). The observed relative mean bias is negative,
which is expected because the patients who receive transplantation
before progression are assumed to have a lower risk of progression
compared with those patients who do not proceed to transplantation.
The interpretation is the same, however, with values that are farther
away from zero corresponding to higher absolute bias.

Figures 3A and 3B show the relative percent bias for a set of
simulations with 60 patients with upfront MM therapy: �1(t) � 0.108
and hazard ratio of 1/2 (ie, the hazard rate of those who proceed to
transplantation is 1/2 that of those who remain on study). The nega-
tive relative mean bias quickly increases (or equivalently, the relative
mean bias decreases) when the proportion of patients who proceed to
transplantation increases. For instance, when 20% and 40% of the
patients undergo ASCT, the median PFS is underestimated on average
by �7.4% and �14.8%, respectively, and the 12-month PFS is under-
estimated on average by �11.8% and �19.5%, respectively. With
regard to the effect of different hazard ratios (Figs 3C and 3D), the
negative relative mean bias of the median KM point estimates in-
creases as the hazard ratio decreases for a fixed hazard rate (compare
the darker boxes for �1(t) � 0.036 and compare the lighter boxes for
�1(t)�0.108). Similar to the WM setting, a difference in the bias of the
12-month PFS estimates is observed for the two hazard rates for a fixed
hazard ratio (Fig 3C), although as discussed previously, this may be a
result of the selection of the 12-month time point. These results show
that the 12-month point estimates and the median are underestimated
in a KM analysis that censors those patients who received transplan-
tation before progression.

As expected from statistical theory, there is little variation in the
bias as one increases the sample size for fixed hazards and proportions
of patients who are informatively censored (Fig 4). An increase in
sample size will not remove the bias that is incurred with informative
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censoring. This is consistent across diseases and all the different sce-
narios, regardless of the combinations of all the other parameters.

DISCUSSION

Many researchers commonly use the KM method and may not be fully
aware of the impact of censoring for NPT before protocol-defined
progression on the estimate of PFS. This study describes situations in
which informative censoring may occur in the context of WM and
MM clinical trials and reports the magnitude of bias in a KM analysis
using parameters that are consistent with the current literature.

The bias in the KM PFS estimates depended mostly on the
proportion of patients who were informatively censored and to
a lesser extent on the hazard ratio. These results are similar to
those reported in the general context of survival analysis.16 The
higher magnitude of bias in the WM studies relative to the MM
setting is expected because a direct relationship between censor-
ing and failure times is assumed in the simulations to reflect the

fact that patients who are censored for inadequate response or
clinical progression would have been likely to satisfy the
protocol-defined progression soon thereafter. An increase in
the sample size will not remove the bias introduced by informa-
tive censoring.

Recommendations are based on the reason for the censoring. It is
clear from the WM simulations that if there is a direct relationship
between the censoring and failure time (ie, patients are likely to expe-
rience treatment failure shortly after being censored), patients should
not be censored in a KM analysis of PFS. In this setting, we recom-
mend (1) modifying the definition of progression35,36 to include ob-
jective definition of new signs and symptoms of progression; (2)
adding EFS (or time to treatment failure � 1 � EFS) as an end point,
which would be considered as failure, in addition to those who pro-
gressed or died, those patients who had inadequate response or had
clinical signs and symptoms of disease; and (3) using the competing
risks analysis37,38 to present the separate estimation of the two types of
failure (documented progression and initiation of NPT) along with
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the EFS. The initiation of an anticancer therapy before progression
reduces the probability of progression, and hence it should be treated as a
competing risk event when estimating the cumulative incidence of pro-
gression. As illustrated in Figure 5, competing risks methods provide
researcherswiththetoolsnecessarytoestimatetimetotreatmentfailureas
well as the cumulative incidence of each failure type individually.

The MM example represents a different issue in studies in
which novel treatments are investigated as induction therapy be-
fore standard therapy. It is appropriate that patients with MM
should have the option to come off study before protocol-defined
progression for ASCT after a prespecified number of cycles at the
physician’s or patient’s preference. However, the interpretation of
PFS and OS is difficult because the decision on whether patients
should undergo transplantation depends on patient’s and/or treat-
ing physician’s preference and thus it could not be objectively
determined and controlled in the analyses. Therefore, in single-
arm, open-label clinical trials in which the initiation of NPT is
unavoidable, we recommend that these studies continue to base
treatment evaluations on end points such as response rates and
safety profile with relevant laboratory and correlative end points.
Fortime-to-eventendpoints,suchasPFSandOS,it isrecommendedthat

(1) PFS and OS are not reported or (2) if they are reported, that the
patients are all observed until progression, the results are interpreted as
inductiontherapywithorwithoutstandardtherapy(ie,ASCTintheMM
example), and that sensitivity analyses39 are performed to evaluate the
range of possible estimates of induction therapy alone. The results pre-
sented here do raise practical questions about whether the resources
should be allocated to collecting long-term outcomes of PFS and OS in
this single-arm phase II setting.

One of the limitations of this study can be attributable to the speci-
ficity of its simulations. Simulated data sets were devised to follow pre-
defined sets of hazard risks and scenarios. We selected these parameters
from the WM and MM literature and, therefore, these results are specific
for these areas. However, it is expected that similar results would be
obtained in other diseases with appropriately defined parameters and
assuming the same hazard ratio and informative censoring proportions.

Phase II studies are an important step in the evaluation of new
therapies. The phase II examples and simulation results presented in
this article show that the event of withdrawal from study before
protocol-defined progression cannot automatically be regarded as
noninformative and that the adequacy of censoring such events in the
statistical analysis may therefore be questioned. For this reason, it is
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recommended that rules for handling censored observations are pre-
defined and justified in the protocol and in the statistical analysis plan.
This may include approaches that consider withdrawal or change of
therapy before progression as events in an analysis of EFS in which

events must be clearly and appropriately defined. In general, the pres-
ence of potential biases should always be assessed and, therefore,
sensitivity analyses should be contemplated, planned, and imple-
mented as described in the statistical analysis plan.
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Hematopoyético-GETH) and PETHEMA. Bone Mar-
row Transplant 21:133-140, 1998

25. Barlogie B, Tricot G, Anaissie E, et al: Thalid-
omide and hematopoietic-cell transplantation for
multiple myeloma. N Engl J Med 354:1021-1030,
2006

26. Child JA, Morgan GJ, Davies FE, et al: High-
dose chemotherapy with hematopoietic stem-cell
rescue for multiple myeloma. N Engl J Med 348:
1875-1883, 2003

27. Krejci M, Buchler T, Hajek R, et al: Prognostic
factors for survival after autologous transplantation:
A single centre experience in 133 multiple myeloma
patients. Bone Marrow Transplant 35:159-164, 2005

28. Lahuerta JJ, Martinez-Lopez J, Serna JD, et
al: Remission status defined by immunofixation vs.
electrophoresis after autologous transplantation has
a major impact on the outcome of multiple myeloma
patients. Br J Haematol 109:438-446, 2000
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