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cardiovascular events, including 
confirmed serious thrombotic 
events. Assessment of the cardio-
vascular data raises important is-
sues about the analysis and inter-
pretation of a time-to-event end 
point in a randomized, placebo-
controlled trial evaluating a long-
term treatment. These issues in-
clude the appropriate period of 
follow-up for safety outcomes af-
ter the discontinuation of treat-
ment; the purpose and implica-
tions of checking the assumption 
of proportional hazards, which 
underlies the commonly used log-
rank test and Cox model; and 
what the results of a trial exam-
ining long-term use imply about 
the safety of a drug if it were giv-
en for shorter periods.

With regard to the first issue, 
the distribution of the time to 
an event is described by the cu-
mulative incidence function, I(t), 
which for every time t after the 
start of treatment gives the cumu-
lative probability that the event 
occurred in a patient. I(t) is usual-
ly estimated by the Kaplan–Meier 
method.

Time-to-event analyses of a 
safety end point sometimes count 
only events that occur during the 
scheduled treatment period, Ts, 
or during a limited window of 
time afterward, Tw. For example, 
in the APPROVe trial, Ts was 36 
months and Tw was 14 days, so 
data on cardiovascular events were 
scheduled to be collected for a 
total of 36 months and 14 days 

after the initiation of treatment. 
There are several reasons why 
using such windows might be 
desirable. First, events occurring 
during treatment or the subse-
quent window period might be 
the most relevant clinically for 
assessing the safety of the treat-
ment. Second, any increased risk 
attributable to the treatment might 
diminish shortly after the dis-
continuation of treatment, so the 
power of the log-rank or Cox test 
might be diluted if events that 
occurred after the window period 
were counted. And third, patients 
might receive other therapy after 
the discontinuation of the study 
treatment that could affect their 
risk of a safety end point.

Two important considerations 
are the length of Tw and the du-
ration of follow-up for patients 
who discontinue treatment pre-
maturely. Suppose that all patients 
continue to receive treatment un-
til the end of the scheduled period 
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or until the outcome event occurs, 
whichever comes first. Then, the 
power of the log-rank test to de-
tect an increased risk in the treat-
ment group, as compared with 
the placebo group, depends on 
several factors, including the val-
ue of Tw and the way in which 
the relative risk of the outcome 
changes during treatment and 
after the discontinuation of treat-
ment.2 The optimal length of Tw 
depends in a complex way on 
these and other factors, but the 
period will typically end before 
any elevated risk associated with 
the treatment disappears entirely. 
The use of a shorter or longer 
window period will reduce the 
statistical power to detect an in-
creased risk.2

Suppose, however, that some 
patients discontinue treatment pre-
maturely and subsequently have 
a different risk of the outcome 
event than patients who contin-
ue the treatment. Then, if the pa-
tients who discontinue treatment 
prematurely are followed for the 
outcome event only for a specific 
Tw after discontinuation, the re-
sults of the log-rank or Cox test 
can be distorted, either masking 
a real difference or the magni-
tude of a difference or showing 
a difference where none exists 
(a false positive result), especially 
if the rates of premature discon-
tinuation differ in the treatment 
and placebo groups. For example, 
if the treatment (in this case, ro-
fecoxib) causes a side effect that 
increases the likelihood of both 
the discontinuation of treatment 
and the outcome event, then fol-
lowing these patients for a short 
time (say, a Tw of 14 days) after 
discontinuation might cause a 
real difference to be obscured by 
the differential exclusion of events 
that occur in the treatment group 
after the 14-day window. Prema-

ture discontinuations can also 
cause bias in the Kaplan–Meier 
estimate of cumulative incidence 
and the estimated relative risk of 
treatment. Such distortions and 
biases can be avoided by counting 
all end points that occur in pa-
tients during the scheduled fol-
low-up period, Ts + Tw (in the case 
of the APPROVe Trial, 36 months 
plus 14 days), regardless of wheth-
er they discontinue treatment pre-
maturely. The power of the result-
ing log-rank or Cox test would 
still depend on the value of Tw, 
as described above.

In the APPROVe trial, 32 per-
cent of patients in the rofecoxib 
group and 25 percent of patients 
in the placebo group discontin-
ued treatment prematurely, many 
because of side effects. Since the 
trial found a significantly higher 
rate of serious thrombotic events 
in the rofecoxib group than in 
the placebo group (P = 0.008 by 
the log-rank test), these early 
discontinuations did not lead to 
an overall false negative finding. 
However, the premature discon-
tinuations may have biased the 
Kaplan–Meier estimates of cumu-
lative incidence (see Figure 2 of 
the APPROVe study) and the esti-
mated relative risk associated with 
treatment. When the APPROVe in-
vestigators eventually publish in-
formation about serious throm-
botic events that occurred more 
than 14 days after the premature 
discontinuation of the study drug, 
updated estimates of the cumula-
tive incidence functions and rela-
tive risk can be calculated and 
compared with those in the orig-
inal report to assess the possible 
extent of bias and its clinical im-
plications.

The second issue raised by the 
analysis of the cardiovascular data 
is that of the assumption of pro-

portional hazards. The log-rank 
and Cox tests are motivated by 
this assumption — that is, that 
the relative risk remains constant 
over time. Given this assumption, 
the relative risk provides a sim-
ple way of describing the mag-
nitude of the effect of treatment 
on the end point, and one can 
infer that the corresponding cu-
mulative incidence curves diverge 
throughout the entire time range 
covered. These tests can be well 
powered to detect some differ-
ences between treatment groups 
that do not satisfy the assump-
tion of proportional hazards, but 
they can have poor power to de-
tect other differences, including 
cumulative incidence curves that 
are initially equal but later diverge 
and others that initially diverge 
but later approach one another.3 
When either test yields a nonsig-
nificant difference between the 
treatment groups, one concern is 
whether the treatments could dif-
fer in a way that is not captured 
by the test. Thus, the proportional-
hazards assumption is tested to 
determine whether a nonsignifi-
cant difference between groups 
might have been due to a treat-
ment effect that does not satisfy 
that assumption.

The most common analytic 
way of testing the proportional-
hazards assumption is by fitting 
a Cox model with one term rep-
resenting the treatment group and 
another term representing an in-
teraction between the treatment 
group and either time or the log-
arithm of time. These models 
correspond to a relative risk that 
changes exponentially (relative 
risk(t) = γeβt) or as a power of time 
(relative risk(t) = γtβ). Which of 
these two interaction tests is more 
powerful will depend on the na-
ture of the difference between 
the treatment groups. When ap-
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plying them, it is important to 
keep in mind that rejection of 
the proportional-hazards assump-
tion does not mean that the true 
relative risk follows the form as-
sumed in an expanded Cox mod-
el, nor does the failure to reject 
the assumption necessarily mean 
that the assumption holds.

The APPROVe investigators 
planned to use an interaction 
test with the logarithm of time 
as the primary basis for testing 
the proportional-hazards assump-
tion. This test resulted in a P value 
of 0.07, which did not quite meet 
the criterion of 0.05 specified for 
rejecting the assumption. How-
ever, the original report of the 
APPROVe trial1 mistakenly gave 
the P value as 0.01, which was 
actually the result of an interac-
tion test involving untransformed 
time. (This error is corrected in 
this issue of the Journal.) The in-
vestigators noted that the esti-
mated cumulative incidence curves 
for adjudicated serious throm-
botic events in the rofecoxib and 
placebo groups were similar for 

approximately the first 18 months 
of treatment and thereafter di-
verged. I interpreted this state-
ment as no more than a simple 
way of describing the visual dif-
ference between the Kaplan–Meier 
curves for the rofecoxib and pla-
cebo groups and not as a claim 
that the cumulative incidence rates 
were equivalent in the two groups 
for the first 18 months, since this 
neither was demonstrated nor fol-
lows from the use of either of 
the interaction models used to 
test the proportional-hazards as-
sumption.

The estimated relative risk cal-
culated with the use of the Cox 
model represents a time-averaged 
hazard ratio and thus may not 
adequately describe the difference 
between the treatment and pla-
cebo groups when the propor-
tional-hazards assumption does 
not hold. It may then be of inter-
est to assess how the cumulative 
incidence curves might plausibly 
differ over time. Doing so by 
means of post hoc analyses based 
on visual inspection of the shapes 

of the Kaplan–Meier curves for 
the treatment groups can be mis-
leading and should be avoided. A 
better approach is to create a 
confidence band4 for the differ-
ence between the cumulative in-
cidence curves in the treatment 
and placebo groups — that is, for 
the excess risk in the treatment 
group. Confidence bands can be 
constructed in several ways4 and 
for settings in which some ob-
servations are informatively cen-
sored.5 The bands are commonly 
centered around the estimated 
difference between the treatment 
groups, so that for a 95 percent 
band, the 5 percent error is even-
ly split above and below the band.

To illustrate, Figure 1 shows 
a hypothetical 95 percent confi-
dence band for the difference be-
tween the rofecoxib and placebo 
groups in the cumulative inci-
dence of confirmed serious throm-
botic events in the APPROVe trial. 
The band is approximately cen-
tered around 0 percent for the 
first 18 months and thereafter 
increases, reflecting the pattern in 
Figure 2 of the original APPROVe 
study.1 Analogous to the way in 
which a 95 percent confidence 
interval for a parameter, such as 
a relative risk or odds ratio, pro-
vides a plausible range of values 
for that parameter consistent with 
the data, the shaded region in 
Figure 1 represents a plausible 
range of values for the excess risk 
associated with rofecoxib thera-
py over time that are consistent 
with the data. Any difference be-
tween groups in the cumulative 
incidence curves that does not 
fall wholly within the band is 
inconsistent with the data. The 
graph shows that there are many 
plausible differences, including 
a separation of the curves at times 
both before and after 18 months 
and a consistently higher or lower 
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Figure 1. Hypothetical 95 Percent Confidence Band for the Difference, I36(t)  − Ip(t), 
between the Cumulative Incidence Curves for the Rofecoxib (I36) and Placebo (Ip) 
Groups, Constructed from the Results of the APPROVe Trial.

Differences lying partly or completely outside the shaded region are inconsistent with 
the data. Differences lying wholly within the shaded region include the following: sepa-
ration of the cumulative incidence curves in the two groups at times both before and 
after 18 months, and consistently higher or lower cumulative incidence in the rofe-
coxib group before 18 months.
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cumulative incidence in the rofe-
coxib group, relative to the pla-
cebo group, before 18 months.

Finally, the third question re-
volves around the implications 
of analyses of long-term use for 
the safety of shorter-term use. 
The results of the APPROVe trial 
have been misinterpreted by some 
to mean that treatment with ro-
fecoxib for less than 18 months 
poses no excess cardiovascular 
risk. Consider what can be in-
ferred about the cumulative inci-
dence associated with a shorter 
course of rofecoxib — say, 12 
months — from the data for a 
36-month course and the data 
for a placebo group. These cu-
mulative incidence functions are 
denoted by I

12
(t), I

36
(t), and Ip(t), 

respectively. We first discuss what 
can be logically inferred about 

I
12

(t) when I
36

(t) and Ip(t) are 
known and the longer course in-
creases risk, and then discuss 
what can be statistically inferred 
about I

12
(t) when I

36
(t) and Ip(t) 

must be estimated. To answer 
these questions, I assume the 
monotonic condition that at any 
given time t, the cumulative prob-
ability of the outcome event for the 
12-month course lies somewhere 
between that for the placebo 
group and that for the 36-month 
course — that is, Ip(t) ≤ I

12
(t) ≤ I

36
(t) 

when the 36-month course in-
creases risk.

Suppose that I
36

(t) and Ip(t) 
are known and are identical for 
all times less than 18 months and 
thereafter diverge (see Figure 2). 
Then, given the assumption of 
monotonicity, it must follow that  
I

12
(t) equals Ip(t) for all times 

less than 18 months and must 

lie somewhere between Ip(t) and 
I

36
(t) for times of 18 months or 

longer (shown as the shaded area 
in Figure 2). The most optimis-
tic scenario among the many 
possibilities in the shaded region 
is given by the lower boundary, 
which corresponds to the absence, 
during the entire follow-up pe-
riod, of an increased risk associ-
ated with the 12-month course. 
For this extreme case to hold, the 
12-month course cannot have any 
effects on patients during the 
treatment period that are associ-
ated with the risk of the out-
come event after 18 months. For 
all other possibilities represent-
ed in the shaded region, the 12-
month course increases risk, but 
only after the treatment has end-
ed. Such delayed effects would 
occur when the latency period be-
tween an intervention’s initial in-
sult and subsequent clinical out-
comes exceeds the duration of 
treatment. Easily understood ex-
amples of such behavior include 
the increased risk of certain can-
cers after exposure to ionizing ra-
diation or chemotherapy for an-
other cancer.

In practice, I
36

(t) and Ip(t) are 
never known but rather are esti-
mated from the randomized tri-
al in which they were evaluated. 
Without the assumption of pro-
portional hazards, plausible val-
ues for the excess risk associated 
with the 36-month course are pro-
vided by a confidence band (shown 
in Figure 1) for the difference be-
tween I

36
(t) and Ip(t). Suppose the 

upper edge of the shaded region 
in Figure 3 represents an upper 
95 percent confidence bound 
for the excess risk — that is, 
I

36
(t) – Ip(t) — of the 36-month 

course of rofecoxib, constructed 
from a trial like APPROVe. Up-
per confidence bounds are simi-
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Figure 2. Logical Inferences about the Cumulative Incidence Function, I12(t), 
for a 12-Month Course of Rofecoxib, Based on Known Values for I36(t) and Ip(t) 
That Are Identical for 18 Months before Diverging.

If monotonicity is assumed, so that Ip(t) ≤ I12(t) ≤ I36(t), then I12(t) must equal Ip(t) for 
first 18 months and be somewhere in the shaded region after 18 months. The lower 
edge of the shaded region corresponds to the absence of an increased risk with the 
12-month course; all other scenarios in the shaded region correspond to an excess risk 
with the 12-month course that occurs only after the discontinuation of treatment. If 
monotonicity is not assumed, nothing can be inferred about I12(t) beyond month 12; 
however, the 12- and 36-month courses are identical for the first 12 months, so that, 
all other things being equal, I12(t) must equal I36(t), and thus Ip(t), through month 12. 
Although drawn as separate curves to be visually informative, the inferences are based 
on the assumption that the cumulative incidence functions overlap for the first 18 
months. 

Copyright © 2006 Massachusetts Medical Society. All rights reserved. 
Downloaded from www.nejm.org at WELCH MEDICAL LIBRARY-JHU on October 25, 2006 . 



n engl j med 355;2 www.nejm.org july 13, 2006

PERSPECTIVE

117

lar to confidence bands, except 
that they are one-sided. Thus, the 
true excess risk associated with 
the 36-month course is, with 95 
percent confidence, on or below 
this upper edge. If monotonicity 
is assumed, the excess risk asso-
ciated with the 12-month course 
must be no greater than that as-
sociated with the 36-month course, 
so this edge also provides an up-
per (at least) 95 percent bound 
for the excess risk associated with 
the 12-month course. Since the 
assumption of monotonicity also 
implies that I

12
(t) can be no less 

than Ip(t), the shaded area be-
tween the horizontal axis and the 
upper bound in Figure 3 provides 
an (at least) 95 percent confidence 
band for the excess risk associ-
ated with the 12-month course. 
Excess risks not wholly contained 
in this shaded area are not con-
sistent with the data.

The lower edge of the shaded 
area corresponds to the absence 
of increased risk with the 12-
month course. However, unlike 
the range of possible risks de-
picted in Figure 2, the shaded 
region of Figure 3 will typically 
include scenarios in which there 
is excess risk associated with the 
12-month course both during 
treatment and after its discon-
tinuation. Examples of such treat-
ment effects are abundant — for 
example, the increased risk of 
stroke associated with hormone-
replacement therapy and the in-
creased risk of cardiac events as-
sociated with trastuzumab therapy 
for breast cancer. Without the 
assumption of monotonicity, noth-
ing can be inferred about the ex-
cess risk associated with the 12-
month course after month 12; 
however, the first 12 months of 
the confidence band shown in 

Figure 1 also apply to the 12-
month course because all other 
things being equal, the 12- and 
36-month courses are identical 
during this period.

When applied to the data from 
the APPROVe trial, a confidence 
band analogous to that in Fig-
ure 3 would provide a plausible 
range of excess risks associated 
with a shorter (less than 18 
months) course of rofecoxib. If 
all the differences represented in 
this band were clinically unim-
portant, one could conclude that 
the data were inconsistent with 
a clinically important increase in 
risk for the shorter course of ro-
fecoxib. However, since the band 
would necessarily include the es-
timated excess risk associated 
with the 36-month course reflect-
ed in Figure 2 of the original 
APPROVe trial, one could not con-
clude from the data that a short-
er course of rofecoxib is safe.

This article was published at www.nejm.org 
on June 26, 2006.
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Figure 3. Statistical Inferences about the Excess Risk, I12(t) − Ip(t), Associated 
with a 12-Month Course of Rofecoxib, Based on the Hypothetical Results of a Trial 
Comparing a 36-Month Course of Rofecoxib with Placebo.

The upper edge of the shaded region represents an upper 95 percent bound for 
I36(t) − Ip(t), constructed from the trial results. If monotonicity is assumed, this edge 
also represents an (at least) 95 percent upper bound for I12(t) − Ip(t). The assumption 
of monotonicity also implies that I12(t) − Ip(t) ≥ 0, so that the shaded region represents 
an (at least) 95 percent confidence band for I12(t) − Ip(t). If monotonicity is not 
assumed, nothing can be inferred about I12(t) − Ip(t) beyond month 12; however, since 
the 12- and 36-month courses are identical for the first 12 months, the first 12 months 
of the confidence band in Figure 1 also represents, all other things being equal, a 
confidence band for I12(t) − Ip(t) over this period.
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