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Lee-Jen Wei, PhDCardiovascular trials often use the time to a clinical event as the primary end 

point when evaluating a new treatment, versus control, via clinical and sta-
tistical significance criteria. For the past 50 years, the hazard ratio (HR) has 

been routinely used for quantifying the treatment effect. However, it is difficult to 
interpret clinical significance using a ratio measure, such as HR, when there is no 
reference hazard available from the control arm. Moreover, valid HR analysis re-
quires the proportional hazards (PH) assumption: that the ratio of hazard curves is 
constant over time. This assumption is hardly plausible in practice. When PH is not 
met, HR may lack statistical power to detect a true treatment effect. Furthermore, 
without PH, the estimated HR is not a simple average of HRs over time, and is even 
more difficult to interpret.1,2 In this article, we discuss the advantages of an alterna-
tive analytical procedure based on the restricted mean survival time (RMST)1,2 via 
3 examples.

The first example comes from the CHARM-Overall (Candesartan in Heart Failure–
Assessment of Mortality and Morbidity–Overall) trial, which evaluated the effect of 
candesartan on all-cause mortality in patients with chronic heart failure.3 The HR 
(candesartan vs placebo) of 0.91 (95% CI, 0.83–1.00; P=0.055) did not provide 
strong statistical evidence of a benefit from candesartan. Moreover, it is unclear 
whether a HR of 0.91 is clinically significant. This does not suggest that candesar-
tan reduced the risk of mortality by 9% versus placebo, because the hazard is not 
a probability measure like risk. To explore whether HR analysis was appropriate, we 
reconstructed patient-level survival data from the Kaplan–Meier curves presented 
in the CHARM-Overall article.3 Here, the reconstructed Kaplan–Meier curves are 
presented in Figure, A. Because the Kaplan–Meier curves separate initially but re-
main parallel after 0.5 years, the PH assumption was not met, as was confirmed via 
the Schoenfeld goodness-of-fit test (P=0.0005).

An alternative is to use the difference in RMSTs to quantify the treatment effect. 
RMST is the average time-to-event over a fixed follow-up period (for example, 
3.5-years in Figure, A). Graphically, RMST corresponds to the area under the sur-
vival curve. The higher the curve, the greater the RMST. As presented in Figure, B, 
the area under the curve for candesartan was 3.07 years. That is, across 3.5 years 
of follow-up, patients treated with candesartan survived for 3.07 years on average. 
The corresponding RMST for placebo was 3.00 years. The difference of 0.07 years 
(95% CI, 0.03–0.11; P=0.0016) was highly statistically significant in favor of can-
desartan. This example demonstrates that RMST can be more statistically efficient 
than HR when PH is not met. After passing the statistical significance hurdle, the 
clinical utility of candesartan can be evaluated using individual RMSTs (3.07 and 
3.00 years). For the present case, it is debatable whether the 0.07-year (3.6-week) 
survival gain is clinically significant. A limitation of RMST-based analysis is the need 
to specify a truncation time. Ideally, this would be prespecified via clinical consider-
ations during study design. Otherwise, one can choose the last observed event or 
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censoring time, which here was at 3.5 years. With this 
choice, RMST incorporates all available information.

For the second example, we show that if HR iden-
tifies a statistically significant treatment effect, then 
so too does RMST. Consider a recent study4 compar-
ing new and early generation sirolimus-eluting stents 
among patients with coronary artery disease. The pri-
mary outcome was time to a major adverse cardiac 
event. The HR was 0.82 (95% CI, 0.71-0.93), which 
significantly favored new generation stents. Using the 
reconstructed time-to-event data in the Figure (C), the 
10-year RMSTs were 7.07 years and 6.57 years for new 
and early generation stents, respectively. The difference 
of 0.50 years (95% CI, 0.13–0.86; P=0.01) also signifi-
cantly favored new generation stents. In general, RMST 
procedures do not result in any power loss versus HR, 
and beyond the statistical evaluation, provide valuable 
insight on the clinical utility of the new stents.

For the third example, we demonstrate the utility of 
RMST for noninferiority studies. It is known that the HR’s 
precision depends on the number of observed events, 
but not on patients’ exposure times. Consequently, for 
noninferiority trials where the event rate is low, HR-
based designs may require large numbers of patients. 
Consider a recent noninferiority study5 comparing 3 

types of stents with time to target vessel failure as the 
primary end point. For evaluating biodegradable evero-
limus-eluting stents versus durable zotarolimus-eluting 
stents (n=2345), the HR (biodegradable vs durable) 
was 0.87 (95% CI, 0.61–1.25). The CI upper bound of 
1.25 suggests that biodegradable stents may actually 
increase the hazard of target vessel failure by 25%. Us-
ing the reconstructed Kaplan–Meier curves in the Fig-
ure (D), the 12-month RMSTs were 11.41 and 11.36 
months for biodegradable and durable stents, respec-
tively. The difference was 1.80 days (95% CI, −3.40 to 
6.99). Thus, in the worst case, biodegradable stents may 
shorten the time-to-failure by 3.40 days. This time-scale 
quantification is much easier to interpret than HR. For 
this noninferiority study, the important consideration 
is whether 12-month follow-up is sufficiently long to 
evaluate the performance of the stents. In contrast to 
evaluating superiority, the number of observed events 
is not crucial for assessing noninferiority.2 To show that 
RMST may allow one to reduce the study size without 
losing much precision, we repeatedly drew random 
subsets with 50% of the data (n=1173) and calculated 
CIs for the HR and RMST difference. With 100 random 
subsamples, the average upper bound for the HR in-
creased to 1.49, which seems much higher than 1.25. 

Figure. Reconstructed Kaplan–Meier curves.  
A, Overall survival comparing candesartan with placebo from the study by Pfeffer and colleagues.3 B, RMST as the area under the Kaplan–Meier curve up to 3.5 
years of follow-up for patients receiving candesartan. C, MACE-free survival comparing new and early generation stents from the study by Kufner and colleagues.4 
D, Survival without target vessel failure comparing biodegradable and durable stents from the study by von Birgelen and colleagues.5 MACE indicates major 
adverse cardiac event.
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Thus, a smaller size study may not be justifiable when 
using HR. On the other hand, with the reduced study 
size, biodegradable stents would in the worst case 
shorten the time-to-failure by 5.66 days, which is only 
slightly higher than 3.40 days. This result suggests that 
a smaller study may have been justified for assessing 
noninferiority. When designing a noninferiority study 
with an appropriate, prespecified exposure time, using 
RMST to set the noninferiority margin is efficient and 
heuristically easy to justify.

In conclusion, RMST is a powerful, robust, and inter-
pretable tool for the design and analysis of clinical stud-
ies. All analyses presented herein can be implemented 
via the survRM2 package in R, or the RMSTREG proc in 
SAS.
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