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Summary

For a study with an event time as the endpoint, its survival function contains all the information
regarding the temporal , stochastic profile of this outcome variable. The survival probability at a
specific time point, say # however, does not transparently capture the temporal profile of this
endpoint up to £ An alternative is to use the restricted mean survival time (RMST) at time fto
summarize the profile. The RMST is the mean survival time of all subjects in the study population
followed up to £ and is simply the area under the survival curve up to ¢ The advantages of using
such a quantification over the survival rate have been discussed in the setting of a fixed-time
analysis. In this article, we generalize this approach by considering a curve based on the RMST
over time as an alternative summary to the survival function. Inference, for instance, based on
simultaneous confidence bands for a single RMST curve and also the difference between two
RMST curves are proposed. The latter is informative for evaluating two groups under an
equivalence or non-inferiority setting, and quantifies the difference of two groups in a time scale.
The proposal is illustrated with the data from two clinical trials, one from oncology and the other
from cardiology.
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The R code implementing the proposed method is available with this paper at the Biometrics website on Wiley Online Library.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhao et al. Page 2

1. Introduction

In a longitudinal study, often the primary endpoint is the time T to a specific event. The
corresponding survival function contains all the information about the stochastic features of
this endpoint. Empirically this function can be estimated consistently with the Kaplan-Meier
(KM) curve with censored event time data (Kaplan and Meier, 1958). When the event rate is
low, the empirical cumulative distribution function, which is one minus the KM estimate of
the survival function, is generally utilized to display observed event occurrence probabilities
over time. The survival/event probability at a specific time point #is a summary measure,
which does not contain information regarding the event time distribution profile during the
time interval (0, 2.

A useful alternative, which summarizes the survival process using information beyond the
survival probability only at a single time ¢, is the restricted mean survival time (RMST)
(Irwin, 1949; Zhao and Tsiatis, 1997, 1999; Murray and Tsiatis, 1999; Chen and Tsiatis,
2001; Andersen et al., 2004; Royston and Parmar, 2011; Schaubel and Wei, 2011; Zhao et
al., 2012; Tian et al., 2014; Uno et al., 2014). The RMST up to time ¢is defined as RMST())
= E(min(7, §), which is the area under the survival curve of 7 up to time ¢ Thus the
RMST(D can be estimated well with the area under the corresponding KM curve up to time
£ Note that the area above the survival curve up to time #is the restricted mean time lost,
RMTL(Y), which is ¢t = RMST({). With the RMST(§) or RMTL(?) summary measure, one can
then construct the corresponding mean survival time curve RMST(-) or RMTL(') over time,
which provides a temporal, stochastic profile of 7, expressed in units of time, for evaluating,
for example, the benefit or safety of a new therapy. To the best of our knowledge, inference
procedures for the RMST curve based on both pointwise and simultaneous confidence
intervals and their application have not been discussed in the literature.

For illustration, we use the data from a recent study conducted by the Eastern Cooperative
Oncology Group (ECOG) for comparing two groups of patients treated by low- and high-
dose dexamethasone for newly diagnosed multiple myeloma (Rajkumar et al., 2010). For
this trial, there were 445 enrolled patients: 222 were assigned to the low-dose and 223 to the
high-dose group. Figure 1(a) shows the Kaplan-Meier (KM) curves of overall survival based
on the data collected by November 2008. The survival curve for the low-dose group (dashed
line) is always above the one for the high-dose group (solid line), except at the end of the
follow-up. In Figure 1(b), for the KM curve of the low dose group, the area under the curve
(darker shaded region) up to £= 40 months is 35.4. That is, on average, the future patients
are expected to be alive for 35.4 out of the 40 months of followup. The corresponding
estimated RMTL is 40 - 35.4 = 4.6 (months). Figures 1(c) and 1(d) show the corresponding

estimated processes RMST(-) and RMTL("), say, R@T(J and RT/[TL(-), respectively, for
both the low and high dose groups. This type of the curve provides an interesting alternative
to the KM counterpart using a time scale on the y~axis instead of the event or event-free
probability. This time scale may be clinically appealing to practitioners with respect to the
cost-risk-benefit perspectives for evaluating different treatments. For example, in Figure
1(d), through month 40, the empirical average loss times are 4.6 and 6.7 (months) for the
low and high dose groups, respectively, and the difference is 2.1 months with 0.95
confidence interval of (0.1, 4.2) months. That is, with this followup duration, on average, a
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patient in the high dose group is alive for 2.1 fewer months. On the other hand, the survival
rate difference at this time point is -0.04 with a 0.95 confidence interval of (-0.14, 0.06);
indicating that there is no significant difference between the two groups. This conclusion,
based on survival probabilities, may not reflect the treatment difference appropriately,
especially when the study followup time is long and the disease is lethal, such that the two
survival curves meet at the end of study.

In Section 2, we present the inference procedures for the RMST(:) and RMTL(").
Specifically, the pointwise and simultaneous confidence interval estimation procedures for
the difference of the two RMSTSs over a specific time interval are proposed and illustrated
with the data from the above oncology study. This type of analytic tool is quite useful for
evaluating the between-group differences under the equivalence/non-inferiority setting. In
Section 3, we use the data from a large cardiovascular study to illustrate such an application.
Although using a single summary measure for quantifying the group difference is useful for
designing the study (for instance, for estimating the study size) and for evaluating the
relative merits between treatments under a cost-risk-benefit perspective, a simultaneous
inference procedure for the difference of two survival curves or their RMST counterparts can
be quite informative. More discussion is provided in the Remarks section.

2. Pointwise and Simultaneous Confidence Interval Estimates

First we consider the case using event time data from a single group, followed by the case
for the comparison of two groups. Let 7 be the time to an event of interest, which may be
censored by an independent variable C. For each individual, the observable quantities are (X;
A), where X=min(7, ) and A= [T7< C). The data, {(X; A); 7= 1,..., ri}, consist of 7
independent copies of (X 4).

Now, let §(# and S(9 be the survival function for 7and the corresponding KM estimate at

time ¢, respectively. The corresponding RMST({) and R@T(t) are the areas under &) and
S() up to ¢ respectively. It follows from the uniform consistency property of the KM

estimator (Gill, 1983) that RA/5T(¢) is uniformly consistent for RMST(4. To derive an

approximation to the distribution of R1757(¢), we first use the following approximation
(Fleming and Harrington, 1991, Page 98):

td]\/[
" Y )

V{8 - S(t)} =~ vast Zf op(1)

where M; (t)=N;(t) — [LYi(u)\(u)du, Ny(t)=I {X; < t,A;=1}, Y;(t)=I {X; > t},

Y (t) Z Yi(t) and A(J is the hazard function for 7. Note that due to right censoring, this
apprOX|mat|on is only valid for the interval e [0, ], where pr(X> z) > 0. It follows from
the martingale central limit theorem (Fleming and Harrington, 1991, Chapter 5) that

NGO {5 (t) = S(t )} converges weakly to a Gaussian process over the interval [0, ].
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With the functional &-method, the distribution of v/7 {RMFT(') - RMST(')} can be
approximated asymptotically by that of a mean-zero Gaussian process G(-). When the
sample size is large, this limiting distribution can be approximated well via a perturbation-
resampling method (Lin et al., 1993; Parzen et al., 1997; Zhao et al., 2012). Specifically, let
{Zj, i=1, ....n} be nrandom samples from MO, 1), which are independent of the data. Then

the distribution of V72 {g(t) - S(t)} can be approximated by the distribution (conditional
on the data) of

L*(t)=a(t)Y Z [} dlj;()u) 7
=1

where S(-), Y(-) and NI{) denote the observed quantities from the data for S(-), ¥{-) and

N{:), respectively. That is, the distribution of vn {S(t) - S(t)} can be approximated using
a large number of sets for the perturbation weights {2, /=1, ---, ri} given the observed data.
This technique has been successfully utilized in many applications in survival analysis (Park
and Wei, 2003; Tian et al., 2005; Cai et al., 2010).

Now, to approximate G(:), the limiting Gaussian process, one can simply consider the
random process over te [0, 1]:

JoL*(s)ds. 1)

Note that the conditional asymptotic distribution of (1) is G(-). Such a conditional
distribution can be approximated by its empirical counterpart based on realizations from M
different sets of random perturbation weights {Z;: /=1, ..., i} Let the corresponding
standard deviation estimate for the distribution of G(:) be denoted by &R(-). The pointwise
confidence interval estimate for the RAMST(-) can be constructed based on the standard

normal approximation to V7 (R@T(t) - RMST(U) /6 1 (t). Specifically, for any a € (0,
1), a two-sided 1 — a confidence interval for RMST(J) is

(RMST(t) = 2(_a/oyn ™26 4 (t), RMST (t)+20_apmn~?6,(1)) ,
where Z1-4/2) is the 100(1-a/2)-th percentile of the standard normal distribution. Note that
in theory, the above confidence interval estimation procedure is valid for fe [7, ], where

pr(7< n) > 0and pr(X> ) > 0. The corresponding simultaneous, equal precision
confidence interval (Nair, 1984) estimate for RMST({) over [7, ] would be

(RMST(t) = can™"/26 (1), RMST(t)+can™ 26 (1)) ,

where the cutoff value ¢, is chosen such that
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In practice, the time interval [7, z] can be chosen by requiring that the estimated
probabilities for both pr(7< 7) and pr(X> z), which can be obtained from the KM estimates
for the distributions of 7°and the empirical cumulative distribution function of .X;
respectively, are greater than a small positive number & This truncation is to ensure the
positivity of &R(i) and the statistical validity of the interval estimation procedure. Note that
this requirement is satisfied as long as 7 is greater than the smallest observed event time and
zis less than the maximum follow up time (Gill, 1983). The pointwise and simultaneous
confidence intervals for RMTL(?) can be similarly constructed using the fact that RMTL() =
t- RMST().

As an example, with the data from the low dose group from the cancer study and with M=
1000 realizations of {Z;: /= 1,..., ni} from the standard normal distribution, the 0.95
pointwise (dashed lines) and simultaneous (shaded area) confidence intervals for the
RMTL(') are given in Figure 2(a). Here, the time interval for the simultaneous confidence
intervals is [#, ] =[0.2, 40] months, where the choice of 7= 0.2 is the smallest time
satisfying the condition that the estimated probability of pr(7 < n) is positive, and the choice
of 7= 40 satisfies the condition that the estimated probability of pr(X < 7) is positive and
was considered by Uno et al. (2014). These confidence bands are quite informative. For
instance, at Month 40, the possible values for RMTL are between 3.1 months and 6.1
months based on the 0.95 simultaneous confidence band. Note that the simultaneous
confidence band quantifies the uncertainty in estimating the entire RMST curve over [0.2,
40]. Thus no single time point #needs to be pre-specified.

Now, suppose that we are interested in estimating the difference of two RMST curves. Let
all the aforementioned random variables and observed quantities be indexed by A= 1, 2 for
the two treatment groups. The data are {(Xy; Aq)); /=1, ..., m} for group 1 and {(X2; A;));
/=1, ..., m} for group 2. Let D(§) = RMST,(H) — RMST1(). Then, it follows that

D(t)=RMST5(t) — RMST (t)is uniformly consistent for D(9, for e [0, ], where pr(Xiy
> 7)pr(Xp1 > 1) > 0. Moreover, /7‘1/2([5(-) - [X(*)) converges weakly to the Gaussian Gy(-) -
G1(+), whose distribution can be approximated by the realizations of the differences of the
two corresponding process (1) for the two treatment groups.

Let the standard deviation estimate for G,(-)-Gy(-) be denoted by o2 via the perturbation
method with M independent sets of random weights {2y, /=1, ..., m; 2, j=1, -, m}.
Then the pointwise confidence interval estimate for O() is

(D) = 2(1-ajpyn 726, (1), D(t)+20-asmn %6, (1)),

and the corresponding simultaneous, equal precision confidence interval estimate over the
range [n, ] is
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~

(D) = éan™26,,(t), D(t)+éan "6 ,(1)) ,t € [0, 7],

where pr( 711 < n)pr(721 < 1) > 0, and the cutoff point ¢, satisfies that

Pr ( sup |fé [L3(s) — Li(s)] ds

- |[<éo | >1—a.
te(n,7] 9p t) “

Empirically, [, t] can be chosen such that the estimated probabilities of both pr( 711 <
npr( 7,1 < ) and pr(Xy1 > 7)pr(Xo1 > ) are greater than a small positive number d

As an example, with the data from the cancer study, Figure 2(b) shows the 0.95 pointwise
and simultaneous confidence interval estimates for O(#). Here, the time interval for
simultaneous confidence intervals is [7, ] = [0.7, 40] months, where the choice of =10.7 is
the smallest time satisfying the condition that the estimated probability of pr( 711 < n)pr(721
< 1) is positive. Note that for this study, the hazard ratio estimate is 0.87 in favor of the low
dose, but with a 0.95 confidence interval of (0.60, 1.27) that does not detect a significant
difference between groups, possibly due to the fact that the two hazard functions are crossed.
On the other hand, except for the small time interval near 40 months, the lower bounds of
the 0.95 simultaneous confidence intervals are above the null value of zero, indicating that
the patients in the low dose group tend to live longer than those in the high dose group. For
example, at month 20, the difference in RMST is 1.1 months with a 0.95 pointwise
confidence interval of (0.4, 2.0) and the corresponding simultaneous confidence interval of
(0.1, 2.2) months. Note that in this example the low dose group is still significantly better
than the high dose group in RMST at month 20, after adjusting for the multiple comparisons
over the entire time interval [0.7, 40] months using the simultaneous confidence band.

As suggested by a referee, it is interesting to note that using the simultaneous confidence
band for the difference of two survival curves may give us different perceptions of the
relative merits of the two dose groups. Figure 3 shows the 0.95 pointwise amd simultaneous
confidence intervals for the difference of two survival curves with the data from the above
cancer study. For this case, the lower bounds of the pointwise confidence interval are well
below the null value of zero beyond 30 months, and the lower bounds of the simultaneous
confidence interval are below the null value of zero for almost the entire time interval of
[0.7, 40] months.

We also present a hazard ratio plot in Figure 4, where at each time point ¢ the hazard ratio
estimate ()~axis) is obtained via all the survival data censored at time ¢ The hazard ratio
estimate is unstable for small #due to too few events. Here, we chose a narrower time
interval of [4.5, 40] to explore the profile of the confidence band. Note that the 0.95
simultaneous confidence band is quite wide and contains the null value of zero for almost
the entire time interval of [4.5, 40] months.

In this example, while the survival time in low dose group is stochastically greater than that
in the high dose group, the difference in survival probability at a single point or hazard ratio
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may fail to reflect this difference due to the crossing hazard functions. The RMST appears to
be a more appropriate summary in this setting. On the other hand, any single summary
measure, including RMST at a fixed time point, still may fail to provide an adequate
summary of the treatment effect under a particular alternative hypothesis and we recommend
to examine the RMST process over the entire time span of interest.

3. An application of the simultaneous confidence band estimation

procedure for comparative studies under an equivalence/non-inferiority

setting

In this section, we use the data from a cardiovascular trial: “Valsartan In Acute Myocardial
Infarction (VALIANT) Study” (Pfeffer et al., 2003) to illustrate our inference proposal for
evaluating equivalence of two treatment groups with respect to the patient’s survival. There
were three arms for the study, the patients in the first group were treated by valsartan, the
second group was with captopril and the third one was with a combination of these two
drugs. One of the study goals was to investigate if the two mono-therapies were equivalent
with respect to the overall survival. The study was conducted from 1999 to 2003 with a total
of 9818 patients equally assigned to the above two mono-therapy groups. The median
follow-up time is 24.7 months after randomization. Figure 5 shows the KM curves for two
arms with mono-therapies, which visually are overlapped with each other over 46 months of
follow-up. The hazard ratio estimate is 1.02 with a 0.95 confidence interval of (0.93, 1.11).
Using the technique discussed in Section 2, the 0.95 pointwise and simultaneous confidence
intervals for two RMST functions are given in Figure 6. Note that the confidence bands are
constructed using M = 1000 realizations of the standard normal random sample for the
resampling method and [, z] = [0.1, 45.5] months, which is the maximum-length time
interval such that the estimated probabilities for both pr( 711 < n)pr(7>1 < n) and pr(Xi; >
7)pr(Xo1 > 1) are positive empirically. With this simultaneous confidence band, one can
assess an equivalence or non-inferiority claim for two treatment groups over the entire study
time period of interest, not only via the treatment difference at a single specific time point or
a single summary measure of the treatment difference curve. This quantitative procedure
provides an alternative way for an equivalence/non-inferiority evaluation. For instance, at
10, 20, 30 and 40 months, with 0.95 confidence level, the true RMST differences between
the two groups would be simultaneously in a rectangular region of (-0.1, 0.2)x(-0.2, 0.4)x
(-0.4, 0.6)x(=0.7, 0.7) in the unit of months. The tight confidence band in Figure 6 suggests
that there is no clinically meaningful difference between two mono-therapies with respect to
the patient’s survival over the entire study time period of interest.

4. Remarks

The survival curve estimate in Figure 1(a) contains all the information empirically regarding
the temporal profile of the survivorship of patients in each dose group for the ECOG study.
On the other hand, the corresponding RMTL curve estimates presented in 1(c) may provide
a different perspective to visually characterizing the difference in survival distributions. For
instance, the observed survival probability for the low dose group at month 40 is numerically
smaller than that for the high dose group (0.70 vs. 0.74). However, this could also be equally
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true under a scenario where 30% of low-dose patients died on day 1 of the study as well as
the scenario where all low-dose patients survive until month 39. These two scenarios can be
distinguished by either examining the entire survival curves or RMST evaluated at month 40.
Note that the RMST curve for the low dose group is above that of the high dose group
almost over the entire 40 month follow-up. Both types of curve estimates can be useful,
depending on the clinical question of interest, and may complement each other to describe
and interpret the survivorship patterns associated with the intervention(s) of interest.

The choice of the time interval [#, 7] is crucial since the resulting confidence bands for the
difference of RMST curves depend on the choice of this time interval. This issue also
applies to the case for the simultaneous inference about the difference of two survival curves
or hazard ratio. Empirically one may choose the largest possible time interval for which a
valid inference claim for the difference of two curses can be made as discussed in Section 3.
If a time interval is pre-specified in the study protocol based on the clinical interest, the final
choice of the interval may be the intersection of these two intervals.

For the purpose of evaluating whether two regimens are equivalent with respect to an event
time outcome, the conventional approach is to utilize an event-driven study and summarize
the comparison via, for example, an estimated confidence interval for the hazard ratio. This
approach is not ideal and may be misleading. For example, for the cancer study example, a
0.95 confidence interval for the hazard ratio between two dose groups is (0.60, 1.27), which
includes the null value one. One may interpret this result to indicate that there is not enough
information to make a decision or that there is no difference statistically. The concerns and
issues regarding the use of the hazard ratio as a between-group difference measure in
survival analysis in the superiority and non-inferiority study settings have been discussed
(Uno et al., 2014, 2015). The simultaneous confidence band for the difference of two RMST
(RMTL) curves presented in this article, expressed in units of time, would be a useful
addition to address the equivalence or non-inferiority question via a time scale.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Results based on the data from ECOG (E4A03): (a) Kaplan-Meier curves for high-dose

(solid line) and low-dose (dashed line) groups; (b) The estimated RMST (darker shaded
region below the solid line) and RMTL (lighter shaded region above the solid line) up to 40
months for the low-dose group; (c) The estimated RMST curve for high-dose (solid line) and
low-dose (dashed line) groups; (d) The estimated RMTL curve for high-dose (solid line) and
low-dose (dashed line) groups.
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Figure2.
Results based on the data from ECOG (E4A03): (a) RMTL curve for lowdose group; (b)

Difference in RMST curves between low-dose and high-dose groups. Solid lines: point
estimates, dashed lines: pointwise 0.95 confidence intervals, shaded region: simultaneous
0.95 confidence intervals, dotted line: zero reference line.
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Figure 3.
The difference in survival probability at different time points between lowdose and high-

dose groups of patients in the ECOG (E4A03) study (Solid: point estimate; Dashed: 0.95
pointwise confidence interval; Shaded: 0.95 simultaneous confidence interval; dotted: zero
reference line).
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Figure 4.
The hazard ratio for different censoring cutoff time points between low-dose and high-dose

groups of patients in the ECOG (E4A03) study (Solid: point estimate; Dashed: 0.95
pointwise confidence interval; Shaded: 0.95 simultaneous confidence interval; dotted: one
reference line).
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Figureb5.

The Kaplan-Meier estimates for the survival functions of patients taking ARB or ACE:i in
the VALIANT study.
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Figure 6.

The difference in RMST curves between ARB and ACEi in RMST up to time zof patients in
the VALIANT study (Solid: point estimate; Dashed: 0.95 pointwise confidence interval;
Shaded: 0.95 simultaneous confidence interval; dotted: zero reference line).
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