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OBJECTIVES This study sought to demonstrate the statistical and utilitarian properties of restricted mean survival time

(RMST) and restricted mean time lost (RMTL) for assessing treatments for heart failure (HF) with reduced ejection

fraction.

BACKGROUND Although the hazard ratio (HR) is the most commonly used measure to quantify treatment effects in HF

clinical trials, HRs may be difficult to interpret and require the proportional hazards assumption to be valid. RMST and

RMTL are intuitive summaries of groupwise survival that measure treatment effects without model assumptions.

METHODS Patient time-to-event data were reconstructed from published landmark HF clinical trial Kaplan-Meier

curves. We estimated RMST differences (DRMSTs) and RMTL ratios between treatment groups for primary and secondary

outcomes, and compared test statistics and effect sizes with proportional hazards models. We fit Weibull estimations to

extrapolate trial data to 5 years of treatment.

RESULTS Using RMSTs and RMTLs yielded similar statistical conclusions as HR analysis for a compendium of 16 HF

clinical trials including 48,581 patients. RMTL ratios approximated HRs for each trial, but DRMSTs provided absolute

effect sizes unavailable with HRs. For instance, spironolactone added 2.2 months of life over 34 months of treatment, and

dapagliflozin added 0.3 months of life over 24 months of treatment. When normalized to 5-years follow-up with Weibull

estimation, spironolactone and dapagliflozin added 6.0 months and 1.8 months of life for patients, respectively.

CONCLUSIONS Statistically, RMST and RMTL perform similarly to proportional hazards modeling but may help patients

by providing clinically relevant intuitive estimates of treatment effects without prohibitive assumptions.

(J Am Coll Cardiol HF 2020;8:973–83) © 2020 The Authors. Published by Elsevier on behalf of the American College of

Cardiology Foundation. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
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ABBR EV I A T I ON S

AND ACRONYMS

DRMST = restricted mean

survival time difference

CI = confidence interval

HF = heart failure

HR = hazard ratio

RMST = restricted mean

survival time

RMTL = restricted mean time

lost

T* = truncation time point
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C ox proportional hazards modeling is
the most common method used to
describe and compare treatment ef-

fects in heart failure (HF) clinical trials (1,2).
However, the hazard ratio (HR) derived
from proportional hazards modeling is
not a suitable in all circumstances, such
as when hazards are not proportional dur-
ing the entire study period, and its utility
may be limited for noninferiority analyses
(1–4). Additionally, because HRs measure
relative and not absolute treatment ef-
fects, they may be difficult to meaning-
fully communicate to patients and nontrialists,
particularly in terms of the magnitude of the
treatment effect and what a patient can reason-
ably expect as the outcome of treatment over
time (5–9).
SEE PAGE 996
Restricted mean survival time (RMST) is an alter-
native measure that may overcome some of the lim-
itations of proportional hazards modeling. RMST is
the average time free from an event up until a mile-
stone time point, a numeric expression of the area
under the Kaplan-Meier survival curve (1,2,4,10). The
comparison of RMSTs between treatment groups, the
RMST difference (DRMST), is the mean absolute dif-
ference of event-free time associated with a therapy.
This difference in survival time measures treatment
effects without imposing model assumptions and
may be more intuitive to clinical communities (4,11).
Additionally, the RMST in the control or placebo
group provides a reference value for the population to
which the DRMST can be anchored to help determine
whether a benefit is clinically meaningful, in contrast
to the relative treatment effects provided by HRs.
Restricted mean time lost (RMTL) is defined as the
area above the Kaplan-Meier survival curve (10,12,13)
and represents the survival time lost up to a specific
time point. The ratio of RMTLs between treatment
groups can approximate the HR without requiring the
proportional hazards assumption (14).

Given the potential benefits, we sought to
investigate whether analyses using RMSTs and
RMTL ratios would provide statistically similar re-
sults to traditional proportional hazards models,
and whether they might be used to better inform
patients and clinicians of clinical trial findings. We
calculated RMST outputs for published guideline-
recommended treatments for HF and created a
resource clinicians and HF stakeholders can use to
communicate clinical trial results more effectively
with patients and the public.
METHODS

CLINICAL TRIAL SELECTION. Landmark randomized
clinical trials for treatment of HF were identified from
the most recent American Heart Association/Amer-
ican College of Cardiology and European Society of
Cardiology Guidelines and from the recent medical
published reports (15,16). Clinical trials were eligible
for inclusion if they reported a statistically significant
superiority of the therapy of interest over placebo or
an active comparator. At least 1 representative clinical
trial was selected from each major class of HF thera-
peutics. No data were collected from human
participants and data were publicly available and the
study was exempt from Institutional Review
Board approval.

OUTCOME SELECTION. For each clinical trial, we
collected the compared treatments, the sample sizes,
and the published analyses of the primary and sec-
ondary outcomes including the unadjusted HRs, their
95% confidence intervals (CIs) estimated by Cox
proportional hazards modeling, and the results of
statistical significance testing, whenever available.
The outcomes of interest included all-cause mortal-
ity, death from cardiovascular causes, and hospitali-
zation for HF, as well as composites of these and
nonfatal myocardial infarction or nonfatal stroke.

STATISTICAL METHODOLOGY. We used the pub-
lished Kaplan-Meier survival curves for the primary
and secondary endpoints from each clinical trial to
recreate their time-to-event data. First, we digitized
the Kaplan-Meier survival curves using a semi-
automatic freely available tool, WebPlotDigitizer
(17). Next, an approximation of the original patient
time-to-event data was derived from digitized curves
using the iterative algorithm described in Guyot
et al. (18).

From the approximated individual patient data, we
calculated the RMST, separately for the experimental
and control groups, and RMTL at the truncation time
point (T*). The RMST is the area under the Kaplan-
Meier curve until time T*, the mean event-free time
among patients in a treatment arm until time T*. The
RMTL is the area above the Kaplan-Meier curve, the
mean post-event time across the observation period.
For each trial, we identified the latest observed event
or censoring time in either the experimental or control
arm and defined T* as the minimum of the 2 values.
The DRMST for each trial was calculated by subtracting
the RMST for the control arm from the RMST for the
intervention arm. TheDRMST is the difference inmean
event-free time between the patients in each treat-
ment arm during the observed time period T*. A



TABLE 1 HR, RMSTs, and RMTL Ratios for All-Cause Mortality in Pharmaceutical Trials

Trial (Ref. #) Treatment HR Reported
HR

p Value
T*

(Months)
RMST (95% CI)

(Months)
RMTL

(95% CI)
RMTL
p Value

DRMST
(95% CI)

DRMST
p Value

CONSENSUS (24) Enalapril 0.73† 0.003 12 8.7 (7.9 to 9.5) 0.6 (0.4 to 0.8) 0.001 2.2 (1.0 to 3.4) <0.001

Placebo Ref. 12 6.5 (5.6 to 7.4) Ref. Ref.

SOLVD TREATMENT (35) Enalapril 0.84‡ (0.74 to 0.95) 0.004 48 38.1 (37.2 to 38.9) 0.8 (0.7 to 0.9) 0.003 1.9 (0.7 to 3.2) 0.002

Placebo Ref. 48 36.2 (35.3 to 37.1) Ref. Ref.

RALES (25) Spironolactone 0.70 (0.60 to 0.82) 0.001 34 26.2 (25.4 to 27.0) 0.8 (0.7 to 0.9) <0.001 2.2 (1.1 to 3.4) <0.001

Placebo Ref. 34 23.9 (23.1 to 24.8) Ref. Ref.

CIBIS-II (26) Bisoprolol 0.66 (0.54 to 0.81) <0.001 24 22.0 (21.7 to 22.3) 0.7 (0.6 to 0.8) <0.001 0.9 (0.4 to 1.4) <0.001

Placebo Ref. 24 21.1 (20.8 to 21.5) Ref. Ref.

MERIT-HF (36) Metoprolol 0.66 (0.53 to 0.81) <0.001 18 17.1 (17.0 to 17.4) 0.7 (0.6 to 0.8) <0.001 0.4 (0.2 to 0.7) <0.001

Placebo Ref. 18 16.7 (16.5 to 16.8) Ref. Ref.

SHIFT (37) Ivabradine 0.90 (0.80 to 1.02) 0.092 30 27.3 (27.0 to 27.5) 0.9 (0.8 to 1.0) 0.052 0.3 (–0.01 to 0.70) 0.052

Placebo Ref. 30 26.9 (26.7 to 27.2) Ref. Ref.

EMPHASIS-HF (38) Eplerenone 0.76 (0.62 to 0.93) 0.008 36 32.7 (32.2 to 33.2) 0.8 (0.6 to 0.9) 0.010 1.0 (0.2 to 1.7) 0.009

Placebo Ref. 36 31.7 (31.1 to 32.2) Ref. Ref.

PARADIGM-HF (39) Sacubitril/valsartan 0.84 (0.76 to 0.93) <0.001 41 36.2 (35.9 to 36.5) 0.9 (0.8 to 0.9) <0.001 0.8 (0.3 to 1.3) 0.001

Enalapril Ref. 41 35.4 (35.1 to 35.8) Ref. Ref.

DAPA-HF (40) Dapagliflozin 0.83 (0.71 to 0.97) NA* 24 22.3 (22.1 to 22.5) 0.8 (0.7 to 0.98)
Ref.

0.028 0.3 (0.04 to 0.60) 0.028

Placebo Ref. 24 22.0 (21.7 to 22.2) Ref.

VICTORIA (41) Vericiguat 0.95 (0.84 to 1.07) 0.38 32 26.2 (25.7 to 26.6) 0.95 (0.9 to 1.1) 0.368 0.3 (–0.3 to 0.9) 0.367

Placebo Ref. 32 25.9 (25.4 to 26.3) Ref. Ref.

*Calculated only for outcomes that were included in the trial’s hierarchical testing strategy. †Based on risk reduction, estimated using life table method, ‡Based on relative risk, estimated using life table
method.

DRMST ¼ restricted mean survival time difference; CI ¼ confidence interval; CIBIS-II ¼ Cardiac Insufficiency Bisoprolol Study II; CONSENSUS ¼ Carvedilol Prospective Randomized Cumulative Survival;
DAPA-HF ¼ Study to Evaluate the Effect of Dapagliflozin on the Incidence of Worsening Heart Failure or Cardiovascular Death in Patients With Chronic Heart Failure; EMPHASIS-HF ¼ The Effect Of
Eplerenone Versus Placebo On Cardiovascular Mortality And Heart Failure Hospitalization In Subjects With NYHA Class II Chronic Systolic Heart Failure; HR ¼ hazard ratio; MERIT-HF¼Metoprolol Controlled-
Release Randomised Intervention Trial in Heart Failure; NA ¼ not available; PARADIGM-HF ¼ A Multicenter, Randomized, Double-blind, Parallel Group, Active-controlled Study to Evaluate the Efficacy and
Safety of LCZ696 Compared to Enalapril on Morbidity and Mortality in Patients With Chronic Heart Failure and Reduced Ejection Fraction; RALES ¼ Randomized Aldactone Evaluation Study;
RMST ¼ restricted mean survival time; RMTL ¼ restricted mean time loss ratio; SHIFT ¼ Systolic Heart Failure Treatment With the IF Inhibitor Ivabradine Trial; SOLVD TREATMENT ¼ Studies of Left
Ventricular Dysfunction - Treatment; T* ¼ truncation time point; VICTORIA ¼ A Study of Vericiguat in Participants With Heart Failure With Reduced Ejection Fraction.
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DRMST >0 favors the experimental treatment. The
ratio of RMTLs between control and experimental
treatments for each trial was then calculated by
dividing the RMTL of the intervention arm by the
RMTL of the control arm. An RMTL ratio <1 indicates
superiority of the experimental treatment. The
95% CIs for DRMSTs and RMTL ratios, along with p
values for the null hypothesis, were calculated based
on the methods described in Uno (13).

To estimate the effect of treatment on overall
survival up to 5 years, parametric Weibull models
were fit to each trial’s data. An estimate of the sur-
vival curve S(t) for each treatment arm was obtained,
and the RMSTs at t ¼ 60 months were calculated as:Z 60

0
SðtÞdt

The 60-month DRMST between intervention and
control treatments was then calculated. Percentile-
based bootstrap 95% CIs of the DRMST were calcu-
lated using 5,000 bootstrap replicates.

Statistical analyses were performed with package
survRM2 (13) and package temporal (19) in the R
software version 3.6.2 (R Foundation for Statistical
Computing, Vienna, Austria) and with LIFETEST and
LIFEREG procedures in the SAS software version 9.4
(SAS Institute, Cary, North Carolina).

RESULTS

CHARACTERISTICS OF SELECTED RANDOMIZED

CONTROLLED TRIALS. We selected 16 randomized
clinical trials of HF therapies, 12 investigating medical
therapies and 4 investigating devices, conducted be-
tween April 1985 and July 2019. The analysis included
data from a total of 48,581 patients. The characteris-
tics of the selected trials are summarized in
Supplemental Table 1. Data on all-cause mortality
were available from 12 of 16 trials, 10 from pharma-
ceutical trials and 2 from device trials. Isolated
all-cause mortality was not available for the CHARM-
(Candesartan Cilexetil in Heart Failure Assessment of
Reduction in Mortality and Morbidity-) Added (20),
COPERNICUS (Carvedilol Prospective Randomized
Cumulative Survival) (21), MADIT-CRT (Multicenter
Automatic Defibrillator Implantation With Cardiac
Resynchronization Therapy) (22), and COMPANION
(Comparison of Medical Therapy, Pacing and Defi-
brillation in Heart Failure) (23) trials. Composites of

https://doi.org/10.1016/j.jchf.2020.07.005


TABLE 2 HRs, RMSTs, and RMTL Ratios for Additional Outcomes in Pharmaceutical Trials

Trial (Ref. #) Outcome Treatment HR Reported HR p Value T* (Months)

PARADIGM-HF (39) CV death or HF hospitalization Sacubitril/valsartan 0.80 (0.73 to 0.87) <0.001 41

Enalapril Ref. 41

CV death Sacubitril/valsartan 0.80 (0.71 to 0.89) <0.001 41

Enalapril Ref. 41

HF hospitalization Sacubitril/valsartan 0.79 (0.71 to 0.89) <0.001 41

Enalapril Ref. 41

DAPA-HF (40) CV death or HF worsening Dapagliflozin 0.74 (0.65 to 0.85) <0.001 24

Placebo Ref. 24

CV death Dapagliflozin 0.82 (0.69 to 0.98) NA 24

Placebo Ref. 24

HF hospitalization Dapagliflozin 0.70 (0.59 to 0.83) NA 24

Placebo Ref. 24

SOLVD TREATMENT (35) HF death Enalapril 0.78 (0.65 to 0.94)* 0.005 48

Placebo Ref. 48

Arrythmia death Enalapril 0.90 (0.69 to 1.17)* 0.209 48

Placebo Ref. 48

CHARM-Added (20) CV death or HF hospitalization Candesartan 0.85 (0.75 to 0.96) 0.011 42

Placebo Ref. 42

EMPHASIS-HF (38) CV death or HF hospitalization Eplerenone 0.63 (0.54 to 0.74) <0.001 36

Placebo Ref. 36

HF hospitalization Eplerenone 0.58 (0.47 to 0.70) <0.001 36

Placebo Ref. 36

COPERNICUS (21) CV death Carvedilol 0.73 (0.63 to 0.84) <0.001 21

Placebo Ref. 21

All-cause death or HF hospitalization Carvedilol 0.69 0.59 to 0.81) <0.001 21

Placebo Ref. 21

MERIT-HF (36) CV death Metoprolol 0.62 (0.50 to 0.78) <0.001 18

Placebo Ref. 18

Sudden death Metoprolol 0.59 (0.45 to 0.78) <0.001 18

Placebo Ref. 18

HF death Metoprolol 0.51 (0.33 to 0.79) 0.002 18

Placebo Ref. 18

SHIFT (37) CV death or HF hospitalization Ivabradine 0.82 (0.75 to 0.90) <0.001 30

Placebo Ref. 30

HF hospitalization Ivabradine 0.74 (0.66 to 0.83) <0.001 30

Placebo Ref. 30

CV death Ivabradine 0.91 (0.80 to 1.03) 0.128 30

Placebo Ref. 30

VICTORIA (41) CV death or HF hospitalization Vericiguat 0.90 (0.82 to 0.98) 0.02 32

Placebo Ref. 32

HF hospitalization Vericiguat 0.90 (0.81 to 1.00) 0.05 32

Placebo Ref. 32

The p values were calculated only for outcomes that were included in the trial’s hierarchical testing strategy. *Based on relative risk, estimated using life table method.

CHARM-Added Candesartan Cilexetil in Heart Failure Assessment of Reduction in Mortality and Morbidity-Added; COPERNICUS ¼ Carvedilol Prospective Randomized Cu-
mulative Survival; CV ¼ cardiovascular; HF ¼ heart failure; SHIFT ¼ Systolic Heart Failure Treatment With the IF Inhibitor Ivabradine Trial; other abbreviations as in Table 1.
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cardiovascular death or hospitalization for HF were
available for 6 trials.
ALL-CAUSE MORTALITY FOR PHARMACEUTICAL

TRIALS. Table 1 shows the treatment effects for all-
cause mortality from 10 trials evaluating drug thera-
pies expressed as HRs, DRMSTs, and RMTL ratios. In
these trials the results of statistical testing by Cox
proportional hazards modeling, DRMST, and RMTL
ratios achieved similar results supporting the efficacy
of the interventions. Additionally, estimations of the
magnitude of the treatment effects were similar be-
tween RMTL ratios and HRs. In all cases, the DRMST
provided an additional measure of mean treatment
efficacy that can be described as the months of life
gained with the treatment over the course of trial
follow-up.

For instance, in the DAPA-HF (Study to Evaluate
the Effect of Dapagliflozin on the Incidence of



TABLE 2 Continued

RMST (95% CI) (Months) RMTL (95% CI) RMTL p Value DRMST (95% CI) (Months) DRMST p Value

34.4 (34.0 to 34.7) 0.8 (0.8 to 0.9) <0.001 1.5 (0.9 to 2.0) <0.001

32.9 (32.5 to 33.3) Ref. Ref.

37.1 (36.8 to 37.4) 0.8 (0.7 to 0.9) <0.001 0.9 (0.5 to 1.4) <0.001

36.2 (35.9 to 36.6) Ref. Ref.

36.9 (36.6 to 37.2) 0.8 (0.7 to 0.9) <0.001 1.0 (0.5 to 1.5) <0.001

35.9 (35.6 to 36.3) Ref. Ref.

21.5 (21.2 to 21.7) 0.7 (0.7 to 0.8) <0.001 0.9 (0.5 to 1.2) <0.001

20.6 (20.3 to 20.9) Ref. Ref.

22.6 (22.4 to 22.8) 0.8 (0.7 to 0.98) 0.027 0.3 (0.04 to 0.6) 0.027

22.3 (22.1 to 22.5) Ref. Ref.

22.4 (22.2 to 22.6) 0.7 (0.6 to 0.8) <0.001 0.7 (0.4 to 1.0) <0.001

21.7 (21.5 to 22.0) Ref. Ref.

43.3 (42.7 to 44.0) 0.7 (0.6 to 0.9) 0.001 1.6 (0.6 to 2.6) 0.001

41.7 (40.9 to 42.4) Ref. Ref.

45.4 (44.8 to 45.9) 0.9 (0.7 to 1.2) 0.425 0.3 (–0.5 to 1.1) 0.425

45.0 (44.5 to 45.6) Ref. Ref.

32.8 (32.0 to 33.5) 0.8 (0.8 to 0.9) 0.003 1.7 (0.6 to 2.8) 0.003

31.1 (30.3 to 31.9) Ref. Ref.

30.8 (30.2 to 31.4) 0.7 (0.6 to 0.8) <0.001 2.7 (1.8 to 3.6) <0.001

28.1 (27.4 to 28.8) Ref. Ref.

32.5 (32.0 to 33.1) 0.6 (0.5 to 0.7) <0.001 2.5 (1.6 to 3.3) <0.001

30.1 (29.4 to 30.8) Ref. Ref.

15.5 (15.0 to 16.0) 0.8 (0.7 to 0.9) <0.001 1.7 (1.1 to 2.4) <0.001

13.8 (13.3 to 14.3) Ref. Ref.

16.3 (15.9 to 16.8) 0.7 (0.6 to 0.8) <0.001 1.9 (1.2 to 2.5) <0.001

14.5 (14.0 to 14.9) Ref. Ref.

17.2 (17.0 to 17.4) 0.6 (0.5 to 0.8) <0.001 0.5 (0.2 to 0.7) <0.001

16.7 (16.6 to 16.9) Ref. Ref.

17.5 (17.4 to 17.6) 0.6 (0.4 to 0.8) <0.001 0.3 (0.2 to 0.5) <0.001

17.2 (17.0 to 17.3) Ref. Ref.

17.8 (17.7 to 17.9) 0.5 (0.3 to 0.8) 0.002 0.2 (0.05 to 0.3) 0.003

17.6 (17.5 to 17.7) Ref. Ref.

24.9 (24.6 to 25.2) 0.8 (0.8 to 0.9) <0.001 1.0 (0.5 to 1.5) <0.001

23.9 (23.6 to 24.3) Ref. Ref.

26.3 (26.0 to 26.6) 0.8 (0.7 to 0.9) <0.001 1.1 (0.7 to 1.6) <0.001

25.1 (24.8 to 25.5) Ref. Ref.

27.4 (27.1 to 27.6) 0.9 (0.8 to 1.0) 0.094 0.3 (–0.05 to 0.7) 0.094

27.1 (26.8 to 27.3) Ref. Ref.

21.5 (21.0 to 22.0) 0.9 (0.9 to 0.99) 0.027 0.9 (0.1 to 1.6) 0.027

20.6 (20.1 to 21.2) Ref. Ref.

23.6 (23.0 to 24.1) 0.9 (0.8 to 1.0) 0.06 0.7 (–0.03 to 1.5) 0.06

22.8 (22.3 to 23.4) Ref. Ref.
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Worsening Heart Failure or Cardiovascular Death in
Patients With Chronic Heart Failure) trial, on average
treatment with dapagliflozin for 24 months extended
each patient’s life by 0.3 (95% CI: 0.04 to 0.60)
months compared with placebo, raising their mean
survival time from 22.0 (95% CI: 21.7 to 22.2) months
to 22.3 (95% CI: 22.1 to 22.5) months. The RMTL of
0.80 (95% CI: 0.70 to 0.98) was similar to the pub-
lished HR of 0.83 (95% CI: 0.71 to 0.97). From the
RALES (Randomized Aldactone Evaluation Study)
trial, on average treatment with spironolactone for
34 months extended each patient’s life by 2.2 (95% CI:
1.1 to 3.4) months compared with placebo, raising the
mean survival from 23.9 (95% CI: 23.1 to 24.8) months
to 26.2 (25.4 to 27.0) months. The published HR for
spironolactone in the RALES trial was 0.70 (95% CI:
0.60 to 0.82; p ¼ 0.001), and the RMTL was 0.80
(95% CI: 0.70 to 0.90; p < 0.001).

COMPOSITES, HOSPITALIZATIONS, AND ADDITIONAL

SECONDARY OUTCOMES. Table 2 shows the treatment
effects for outcomes other than all-cause mortality



TABLE 3 HR, RMSTs, and RMTL Ratios for Outcomes in Device Trials

Trial (Ref. #) Outcome Treatment
HR Reported
(95% CI)

HR
p Value

T*
(Months)

RMST
(95% CI)
(Months)

RMTL
(95% CI)

RMTL
p Value

DRMST
(95% CI),
months

DRMST
p Value

MADIT II (42) All-cause death ICD 0.69 (0.51–0.93) 0.016 48 40.9 (39.7–42.1) 0.7 (0.6–0.9) 0.006 2.9 (0.8–5.0) 0.007

Medical therapy Ref. 48 38.0 (36.3–39.7) Ref. Ref.

MADIT-CRT (22) All-cause death
or HF event

CRT and ICD 0.66 (0.52–0.84) 0.001 48 41.4 (40.5–42.2) 0.7 (0.6–0.8) <0.001 3.2 (1.7–4.7) <0.001

ICD Ref. 48 38.2 (37.0–39.4) Ref. Ref.

COMPANION (23) All-cause death
or hospitalization

CRT and ICD 0.81 (0.69–0.96)* 0.014*
0.010†

31 12.7 (11.7–13.7) 0.9 (0.80–0.98)* 0.015*
0.013†

2.0 (0.4–3.7)* 0.016*
0.014†CRT 0.80 (0.68–0.95)† 31 12.7 (11.8–13.7) 0.9 (0.80–0.98)† 2.0 (0.4–3.6)†

Medical therapy Ref. 31 10.7 (9.4–12.0) Ref. Ref.

CV death or
hospitalization

CRT and ICD 0.72 (0.60–0.86)* <0.001*
0.002†

31 16.5 (15.4–17.6) 0.8 (0.7–0.9)* <0.001*
0.002‡

3.3 (1.4–5.1)* <0.001*
0.003†CRT 0.75 (0.63–0.90)† 31 16.0 (14.9–17.0) 0.8 (0.8–0.9)† 2.7 (0.9–4.5)†

Medical therapy Ref. 31 13.3 (11.8–14.7) Ref. Ref.

HF death or
hospitalization

CRT and ICD 0.60 (0.49–0.75)* <0.001*
0.002†

31 21.3 (20.2–22.3) 0.7 (0.6–0.8)* <0.001*
<0.001†

4.1 (2.2–6.0)* <0.001*
<0.001†CRT 0.66 (0.53–0.87)† 31 20.6 (19.6–21.6) 0.8 (0.6–0.9)† 3.4 (1.6–5.3)†

Medical therapy Ref. 31 17.2 (15.6–18.8) Ref. Ref.

COAPT (43) All-cause death TMVR 0.62 (0.46–0.82) <0.001 24 20.0 (19.2–20.8) 0.7 (0.5–0.9) 0.008 1.7 (0.5–2.9) 0.007

Medical therapy Ref. 24 18.3 (17.5–19.2) Ref. Ref.

*CRT-D þ OMT vs. OMT alone. †CRT-P þ OMT vs. OMT alone.

COAPT ¼ Cardiovascular Outcomes Assessment of the MitraClip Percutaneous Therapy for Heart Failure Patients With Functional Mitral Regurgitation; COMPANION ¼ Carvedilol Prospective Randomized
Cumulative Survival; CRT ¼ cardiac resynchronization therapy; CRT-D ¼ cardiac resynchronization therapy with defibrillator; CRT-P ¼ cardiac resynchronization therapy with pacemaker; ICD ¼ implantable-
cardioverter defibrillator; MADIT II ¼ Multicenter Automatic Defibrillator Implantation Trial II; MADIT-CRT ¼ Multicenter Automatic Defibrillator Implantation With Cardiac Resynchronization Therapy;
OMT ¼ optimal medical therapy; TMVR ¼ transcatheter mitral valve repair; other abbreviations as in Tables 1 and 2.
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from 9 trials evaluating drug therapies, expressed as
HRs, DRMSTs, and RMTL ratios. The statistical sig-
nificance testing results were broadly similar between
the proportional hazards models, DRMSTs, and
RMTLs, and the RMTLs generally mirrored the HRs in
magnitude of effect. In all cases, the DRMST provided
an additional measure of average treatment efficacy
that can be described as the months of additional life
without an event in patients receiving treatment
compared with placebo, over the course of trial
follow-up. For instance, from the VICTORIA (A Study
of Vericiguat in Participants With Heart Failure With
Reduced Ejection Fraction) trial, on average, treat-
ment with vericiguat for 32 months extended the time
before patients either died of a cardiovascular cause
or were admitted to the hospital for HF by 0.9
(95% CI: 0.1 to 1.6) months. The published HR for this
endpoint was 0.90 (95% CI: 0.82 to 0.98; p ¼ 0.02),
and the RMTL was 0.90 (0.90 to 0.99; p ¼ 0.027).

DEVICE TRIALS. In all device trials, the results of
statistical significance testing between HRs, DRMSTs,
and RMTL ratios agreed, and the treatment effect
magnitudes were similar between HRs and RMTL ra-
tios (Table 3). In each case, the DRMST provided an
additional measure of average treatment efficacy that
can be described as the months of additional life
without an event in patients receiving the device
compared with placebo, over the course of trial
follow-up. For example, in the MADIT II (Multicenter
Automatic Defibrillator Implantation Trial II), on
average the use of an implantable-cardioverter defi-
brillator extended each patient’s life by 2.9 (95% CI:
0.8 to 5.0) months compared with those without the
device, over 4 years of trial follow-up.

FIVE-YEAR EXTRAPOLATION. There is a clinical need
toestimate the treatmenteffectwhena therapy is given for
a time period longer than the relatively short duration
studied as part of a clinical trial, and this can be done with
RMST analyses. The Central Illustration (and Supplemental
Figure 1) graphically illustrates the Weibull projections
from theprimarydata for selected trials for the endpoint of
all-cause mortality. Table 4 presents the estimated treat-
ment effects by DRMSTs at 5 years created by Weibull
modelfitting for all-causemortality in 12 studies. These are
expressed as the number of months gained due to the
treatment over 5 years. All the trials project longer survival
with treatment at 5 years, with various degrees of statisti-
cal certainty after accounting for the extrapolation. For
example, according to the Weibull models, mean survival
would be increased by treatment with enalapril by
8.3 months (95% CI: 1.5 to 15.8 months; p ¼ 0.02) over 5
years compared with placebo based on CONSENSUS
(Carvedilol Prospective Randomized Cumulative Survival)
trial data (24). Treatment with spironolactone for 5 years
would increasemeansurvivalby6.2months (95%CI: 3.6 to
8.7months; p< 0.001) based on the RALES trial (25). Using
these 5-year estimations, bisoprolol (CIBIS-II [Cardiac
Insufficiency Bisoprolol Study II] trial) (26) andmetoprolol
(MERIT-HF [Metoprolol Controlled-Release Randomised
Intervention Trial in Heart Failure] trial) would result in

https://doi.org/10.1016/j.jchf.2020.07.005
https://doi.org/10.1016/j.jchf.2020.07.005
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4.6 months (95% CI: 2.5 to 6.6 months; p < 0.001) and
3.6months (95%CI: 1.4 to5.7months;p¼0.001)additional
survival over 5 years, respectively.

DISCUSSION

Weevaluatedthestatistical andclinicalpropertiesofRMST-
based statistics applied to clinical trial data for treatmentsof
HFwith reducedejection fraction.We found thatRMSTand
RMTL analyses provided similar statistical results as pro-
portional hazards models, while DRMSTs communicated
absolute treatment benefit in a more intuitive manner
alongside baseline risk. We provide a clinically useful
compendium of DRMSTs for commonly cited HF clinical
trials foruse indiscussing thebenefits of thesemedications.
Although many patients have difficulty absorbing the in-
formation from entire survival curves, patients may better
comprehend more compact data synopses (8,9). Thus,
RMST summary estimates may be best utilized as part of a
multipronged approach alongside clinical trial Kaplan-
Meier plots to best communicate clinical evidence to pa-
tients and engage in shared decision-making. In addition,
we demonstrated that DRMSTs can be used to estimate the
likely treatment effect carried forward over time, giving
patients and clinicians greater understanding of the ex-
pected longer-term benefits and potentially facilitating
comparisons of therapies on a standard time scale.

We compared our RMST analyses directly with
statistical assessments and HRs from proportional
hazards modeling, the technique widely used in car-
diovascular clinical trials but whose results are not an
immediately intuitive nor a universally appropriate
measure of the treatment effect. The HR requires
hazards to be proportional during the entire study
period, an assumption that may be invalid in many
cases, such as with early or delayed treatment effects,
diminishing effects, or crossing survival curves (2,10).
RMST, defined as the average event-free time up to a
specific time point, is an alternative measure to esti-
mate the treatment benefit and assess statistical sig-
nificance (4). RMST is a model-free measure that does
not require assumptions about hazards (27,28). The
DRMST provides a treatment effect with an absolute
survival-time difference, which is more easily inter-
pretable by clinicians and patients (4,29). Although
RMST analyses have rarely been used to assess car-
diovascular clinical trials, they are increasingly used
for noncardiovascular trials (1,28). Our results suggest
that RMST can be routinely applied to HF clinical
trials, and that they may add value to traditional
proportional hazards analyses for all cardiovascular
trials.
The DRMST between the treatment and control
groups describes the treatment effect as the number
of months free from an event over the study period.
Our RMST reanalysis of all selected HF clinical trials
quantified the treated effect in addition to sup-
porting the conclusions presented in the original
papers. We found that RMST did not alter the sta-
tistical conclusions when compared with HR. Our
results are supported by evaluations of RMST for
other cardiovascular clinical trials; RMST analyses
produced similar statistical assessment of the
treatment effect for CHARM (Candesartan Cilexetil
in Heart Failure Assessment of Reduction in
Mortality and Morbidit)-Overall and ISAR-TEST 4
(3 Limus Agent Eluting Stents With Different Poly-
mer Coating) trials (1). Additionally, RMST analyses
of 54 oncological clinical trials also demonstrated
agreement between RMST and HR in both the di-
rection of the treatment effect and the statistical
conclusions (11). Although the RMTL ratio gives a
similar result as the HR, it has the statistical
advantage of not requiring proportionality of haz-
ards. Our RMTL ratios were consistent with HRs,
which is in line with previous noncardiovascular
studies of RMTL ratios (10,30).

There may be multiple reasons why RMST analyses
have remained infrequently used for cardiovascular
clinical trials. One may be that DRMSTs appear to
show a relatively small effect size of months of life
gained with years of therapy (Table 1). Nonetheless,
these results are far greater in magnitude than the
mortality benefits demonstrated for medications used
to treat diabetes mellitus analyzed using RMST
methods (31). Years of treatment with anti-
hyperglycemic medications is only associated with
days of survival gained in comparison with months
with HF medications. Another concern has been the
use of a specified truncation time point for RMST
analyses; however, it has been shown that RMST as-
sessments can use all data from a trial up to the
largest follow-up time (32). Additional limitations of
RMST analyses are also shared equally by propor-
tional hazards models, including dependence on the
baseline event rate and risk in the trial population,
and the need to assess the RMST in the context of the
length and shape of the survival curves (31).

The small size of the calculated DRMSTs is in part
due to the relatively short follow-up time in clinical
trials compared with the long-term use of HF treat-
ments in real-world practice. Owing to cost and
complexity, and the desire to speed evidence genera-
tion for patients with HF, extending clinical trial



CENTRAL ILLUSTRATION Observed and Predicted Long-Term Survival by RMST and DRMST for
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For each trial, the observed Kaplan-Meier survival estimates for the treatment and comparator arms of the randomized clinical trial are plotted along with the predicted

extrapolations from the Weibull model up to 5 years of follow-up time. The associated box contains the Weibull model outputs of 5-year restricted mean survival time

(RMSTs) and RMST differences (DRMSTs), with the 95% confidence intervals (CIs) for the DRMST as a measure of confidence in the long-term estimate. (A) CONSENSUS

(Carvedilol Prospective Randomized Cumulative Survival) trial: treatment with enalapril was estimated to prolong life by an average of 8.3 months over 5 years, up to

19.7 months from a placebo group mean survival of 11.4 months. (B) CIBIS- (Cardiac Insufficiency Bisoprolol Study-) II trial: treatment with bisoprolol was estimated

to prolong life by an average of 4.6 months over 5 years, up to 49.0 months from a placebo group mean survival of 44.4 months. (C) RALES (Randomized Aldactone

Evaluation Study) trial: treatment with spironolactone was estimated to prolong life by an average of 6.2 months over 5 years, up to 39.7 months from a placebo group

mean survival of 33.5 months. (D) MADIT (Multicenter Automatic Defibrillator Implantation Trial) II trial: placement of an implantable-cardioverter defibrillator (ICD)

was estimated to prolong life by an average of 4.4 months over 5 years, up to 49.2 months from a medical therapy mean survival of 44.8 months. (E) PARADIGM-HF

(A Multicenter, Randomized, Double-blind, Parallel Group, Active-controlled Study to Evaluate the Efficacy and Safety of LCZ696 Compared to Enalapril on Morbidity

and Mortality in Patients With Chronic Heart Failure and Reduced Ejection Fraction): treatment with sacubitril-valsartan was estimated to prolong life by an average of

1.5 months over 5 years, up to 49.7 months from a placebo group mean survival of 48.3 months. (F) DAPA-HF (Study to Evaluate the Effect of Dapagliflozin on the

Incidence of Worsening Heart Failure or Cardiovascular Death in Patients With Chronic Heart Failure) trial: treatment with dapagliflozin was estimated to prolong life

by an average of 1.8 months over 5 years, up to 48.7 months from a placebo group mean survival of 46.9 months.

Continued on the next page
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TABLE 4 5-Year Weibull Extrapolation of DRMST for All-Cause Mortality

Trial (Ref. #) Treatment(s) N

RMST
5-Year Weibull

Extrapolation (Months)

DRMST (95% CI)
5-Year Weibull

Extrapolation (Months) DRMST p Value

CONSENSUS (24) Enalapril 127 19.7 8.3 (1.5 to 15.8) 0.02

Placebo 126 11.4 Ref.

SOLVD TREATMENT (35) Enalapril 1,285 45.4 2.5 (0.8 to 4.1) 0.004

Placebo 1,284 43.0 Ref.

RALES (25) Spironolactone 822 39.7 6.2 (3.6 to 8.7) <0.001

Placebo 841 33.5 Ref.

CIBIS-II (26) Bisoprolol 1,327 49.0 4.6 (2.5 to 6.6) <0.001

Placebo 1,320 44.4 Ref.

MERIT-HF (36) Metoprolol 1,990 49.8 3.6 (1.4 to 5.7) 0.001

Placebo 2,001 46.2 Ref.

MADIT II (42) ICD 742 49.2 4.4 (1.2 to 7.7) 0.003

Medical therapy 490 44.8 Ref.

SHIFT (37) Ivabradine 3,241 48.3 0.6 (–0.8 to 1.9) 0.40

Placebo 3,264 47.7 Ref.

EMPHASIS-HF (38) Eplerenone 1,364 51.0 2.7 (0.8 to 4.5) 0.005

Placebo 1,373 48.4 Ref.

PARADIGM-HF (39) Sacubitril/valsartan 4,187 49.7 1.5 (0.5 to 2.5) 0.001

Enalapril 4,212 48.3 Ref.

COAPT (43) TMVR 302 41.4 11.0 (6.0 to 15.8) <0.001

Medical therapy 312 30.3 Ref.

DAPA-HF (40) Dapagliflozin 2,373 48.7 1.8 (–0.2 to 3.8) 0.072

Placebo 2,371 46.9 Ref.

VICTORIA (41) Vericiguat 2,526 41.6 1.0 (–1.0 to 3.0) 0.31

Placebo 2,524 40.6 Ref.

Abbreviations as in Tables 1 and 3.
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PERSPECTIVES

COMPETENCY IN PATIENT CARE: Absolute treat-

ment effects and comparisons from RMST analyses

allow clinicians to communicate the effects of medi-

cations for HF in an intuitive manner with patients.

TRANSLATIONAL OUTLOOK 1: RMST analyses

provide similar statistical robustness as proportional

hazards models for trial outcomes but do not require

the same limiting statistical assumptions, and they

should be prospectively utilized for clinical trial

assessments.

TRANSLATIONAL OUTLOOK 2: RMST analyses

provide both a relative and absolute assessment of

the effect size of both pharmaceutical and device in-

terventions for the treatment of HF, which can be

incorporated into the clinical published reports for

clinicians and patients.
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follow-up time is typically infeasible (33). Our data
corroborate the clinical observation and common-
sense belief that HF medications and devices
continue to be effective for longer than studied in
clinical trials (34). As an alternative to extending
clinical trial duration, we show that RMST estimates of
treatment effects can be extrapolated to 5 years to
approximate this clinically useful information.
Although a popular alternative method for estimating
the long-term benefit of HFmedical therapies assumes
that the treatment effect does not depend on the
duration of therapeutic exposure, ourmethod does not
(34). For clinical trials that enrolled similar patient
populations but with different treatment times, this
estimation method can also be used to compare the
treatment effects between those therapies.

These data are not meant to suggest that the ben-
efits of HF medical and device therapies are small. In
contrast, we have shown that the longer patients use
medications and devices to treat HF, the more time
can be added to their overall survival and survival
without morbid events. This is a crucial message for
clinicians and patients engaged in shared decision
making. In addition, patients often have difficulty
understanding data from clinical trials; approxi-
mately 50% of untrained and trained laypeople were
unable to appropriately interpret and compare sur-
vival curves in 1 analysis, and thus our intuitive re-
sults of RMST calculations fill a clinical need to help
patients comprehend trial data so they may better
participate in their clinical care (8, 9).
STUDY LIMITATIONS. Because we did not have ac-
cess to original time-to-event data, we reconstructed
data from the published Kaplan-Meier curves through
the Guyot algorithm (18). This method has been pre-
viously used in published reports but could account
for some minor differences if the primary data were
used to make these calculations (11,18,29). Nonethe-
less, many of these trials’ data are proprietary and
would have been unavailable otherwise. We recom-
mend prospective RMST analysis with patient-level
data for future HF clinical trials to add to the cata-
log of RMST results we have created. Similar to
comparisons using proportional hazards models, the
use of different follow-up times and distinct popula-
tion attributes make the effect sizes of the selected
trials difficult to compare with each other. Although
we acknowledge that no statistical estimation of
therapeutic efficacy can extrapolate with certainty
beyond the clinical trial time frame, we believe that
some estimates of treatment effect can be clinically
useful, particularly as many clinicians mentally
approximate these values when deciding on treat-
ment regimens for their patients. We believe that the
Weibull model is a reasonable projection of the 5-year
DRMST, though it cannot always be used to directly
compare treatment effects between trials because of
differences in the populations under study.

CONCLUSIONS

Among landmark HF clinical trials, RMST and RMTL
analyses of multiple endpoints convey treatment ef-
fect estimates consistent with HR in a more patient-
oriented manner. RMST-based results could be used
to better communicate treatment effects to patients
in order to assist patient-preference discussions and
shared decision making, and these data should help
clinicians to become facile in their use and
interpretation.
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