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The restricted mean survival time (RMST) has been advocated as
an alternative or a supplement to the hazard ratio for reporting
the effect of an intervention in a randomized clinical trial. The
RMST difference allows quantification of the postponement of an
outcome during a specified (restricted) interval and corresponds
to the difference between the areas under the 2 survival curves
for the intervention and control groups. This article presents ex-
amples of the use of the RMST in a research and a clinical con-
text. First, the authors demonstrate how the RMST difference can
answer research questions about the efficacy of different treat-
ments. Estimates are presented for the effects of pharmacologic
or strategy-driven glucose-lowering interventions for adults with
type 2 diabetes from 36 trials and 9 follow-up studies reporting
cardiovascular outcomes and mortality. The authors show how
these measures may be used to mitigate uncertainty about the

efficacy of intensive glucose control. Second, the authors dem-
onstrate how the RMST difference may be used in the setting of
a clinical consultation to guide the decision to start or discon-
tinue a treatment. They then discuss the advantages of the RMST
over the absolute risk difference, the number needed to treat,
and the median survival time difference. They argue that the
RMST difference is both easy to interpret and flexible in its appli-
cation to different settings. Finally, they highlight the major limi-
tations of the RMST, including difficulties in comparing studies of
heterogeneous designs and in inferring the long-term effects of
treatments using trials of short duration, and summarize the
available statistical software for calculating the RMST.
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Delivery of high-quality, patient-centered care re-
quires appropriate interpretation and translation
of scientific evidence. Randomized controlled trials (RCTs)
are the gold standard of scientific evidence for assessing
treatment effects of interventions. In trials, the treatment
effect is frequently reported as the hazard ratio (HR). The
HR is a comparison between the rates at which events
occur in an intervention and a comparison group and, in a
Cox regression, is assumed to be constant over time.
However, this measure may be difficult to explain to pa-
tients (1-3); consequently, interest is increasing in quanti-
fying and reporting treatment effects with alternative,
more interpretable metrics (4).

Among these metrics is the restricted mean survival
time (RMST), which has been recommended particu-
larly in cardiovascular medicine (5, 6) and oncology (7-
9). The RMST difference compares the areas under the
2 survival curves for the intervention and control
groups for a specified (restricted) interval. This contrast
corresponds to the mean temporal postponement of
the outcome in one group compared with the other,
with each group-specific RMST quantifying the average
delay in the event over the specified time horizon. In a
hypothetical trial comparing the effect of a drug versus
placebo on the risk for death, an RMST difference of 10
days over 5 years favoring the drug indicates that, on
average, patients would survive 10 days longer over 5
years by taking the drug. A key issue for its use, how-
ever, is that estimates of RMST differences depend on,
and should be interpreted with reference to, the event
rate in both groups and the duration of follow-up or,
rather, the specified time horizon.

The Figure presents 3 simulated trials, each with
10 000 participants randomly assigned to a control or
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active treatment group. It shows the same data dis-
played in 4 different ways for each trial: group-specific
event rates (that is, hazard rates; first row), the ratios of
those hazards (HRs; second row), survival curves (third
row), and the RMST difference (fourth row). Like the
absolute difference in survival curves, the RMST differ-
ence is greater when the event rate in the control
group is higher, keeping the HR and follow-up time
constant. Moreover, for the same rate in the control
group, the lower the event rate in the treatment group
(that is, the smaller the HR, constituting a greater ef-
fect), the greater the RMST difference. The RMST differ-
ence also increases over time if the event rate is lower
in the active than the control group (that is, HR <1).

To better understand the potential usefulness of
the RMST metric, we present 2 examples related to pa-
tients with type 2 diabetes. The first illustrates its use in
summarizing results of a body of trials examining the
effects of glucose-lowering strategies on cardiovascular
outcomes and death. The second is a case example
showing how a clinician and patient might use an RMST
difference reported from a trial of empagliflozin to en-
hance personalized decision making. We then review
the advantages of the RMST difference over the HR and
other measures of absolute risk difference, discuss lim-
itations to the use of the RMST, and report available
software for estimating the RMST.

See also:

Web-Only
Supplement
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Figure. Relationships between RMST difference and other survival parameters.
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Simulated trials with 10 000 participants randomly assigned to a control (n = 5076) or an active (n = 4924) group; each column represents a trial. The
first row shows the hazard rates for the control (solid lines) and active (dotted lines) groups (y-axis on log scale); the distance between the 2 curves
is constant (proportional hazards). The constant ratio between the curves, the HR of the active versus the control group, is shown in the second row
(y-axis on log scale). The third row shows the survival curves, the cumulative effect of the hazard rates. The fourth row shows the RMST difference
(active minus control), corresponding to the difference between the areas under the 2 survival curves. In the first and second columns, the shape of
the hazard rate function for the control group (first row) and the HR comparing the active and control groups (second row) are the same (HR, 0.85),
but the mean rate in the control group is different (9.6 per 1000 PY in the first column, 12.8 per 1000 PY in the second column). The first and third
columns have different HRs (0.85 in the first column and 0.5 in the third). The hazard rate functions for the control groups are the same, both with
a mean rate of 9.6 per 1000 PY. The graph shows that the RMST difference increases over time, corresponding to the difference between the
survival curves, when the rates are lower in the active group (that is, HR <1). However, for the same HR, the RMST difference is greater if the rate in
the control group is higher (second vs. first column), whereas for the same hazard function in the control group, the smaller the HR (that is, the
greater the effect), the greater the RMST difference (third vs. first column). Of note, although the HR is 0.5, the RMST difference at 5 years is 22 days.
HR = hazard ratio; PY = person-years; RMST = restricted mean survival time.
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EXAMPLE 1: DEMONSTRATION OF THE USE OF
RMST 10 EXAMINE AN EVIDENCE BASE OF
GLUCOSE-LOWERING INTERVENTIONS

The following example is a systematic review that
shows how the RMST difference may be used to exam-
ine results from trials evaluating the potential benefits
of intensive glucose reduction. See the Supplement
(available at Annals.org) for the protocol (Supplement
Table 1, available at Annals.org), the search strategy
(Supplement Figure 1, available at Annals.org), and a
list of excluded trials (Supplement Table 2, available at
Annals.org).

In brief, we searched PubMed and the Cochrane
Central Register of Controlled Trials from inception un-
til 28 June 2019 for randomized trials of glucose-
lowering interventions published in English. Two au-
thors screened search results to identify trials of any
duration in adult patients with type 2 diabetes mellitus
that randomly assigned participants to a specific treat-
ment or strategy and that reported the Kaplan-Meier
plot for the primary outcome of interest and, when
available, all-cause mortality. Two authors indepen-
dently extracted trial data and assessed the risk of bias
of the trials (10). First, we extracted data on time and
survival probability coordinates from the Kaplan-Meier
plots by using Engauge Digitizer (version 10.11) soft-
ware and, where available, on the total number of
events and the number of patients at risk. We used
Stata, version 15.0 (StataCorp), for data manipulation,
analyses, and graphs, specifically the ipdfc command
to reconstruct individual-level time-to-event data (11),
the strmst2 command to estimate the RMST difference
between the intervention and control group survival
curves (positive values indicate postponement of the
outcomes in the intervention group) (12), and the strate
command to determine the outcome rate in the control
group. We restricted the time horizon (t*, defined as
tau in the strmst2 command) to the longest possible
value, equal to the minimum of the largest observed
event time in the trial groups. To assess the accuracy of
our estimations, we also calculated the HR with Cox
regression for each outcome and compared it with the
HR reported in the study.

We identified 45 studies reporting data on 36 RCTs
(Supplement Tables 3 to 5, available at Annals.org) (13-
57). Of note, UKPDS 80 (United Kingdom Prospective
Diabetes Study 80) was a follow-up to both UKPDS 33
and UKPDS 34 (52-54). Although the original DCGP
(Diabetes Care in General Practice) study was excluded
because of a lack of usable figures, we were able to
include its follow-up study (DCGP FU) and used the
original trial population characteristics to describe the
study (23, 58). We rated the overall risk of bias of trials
as low (Supplement Table 6, available at Annals.org).
Studies were published between 1998 and 2019 and
included a total of 226 991 participants. The 36 trial
cohorts reported a total of 28 744 events for the pri-
mary outcome, which in most cases was a composite of
nonfatal myocardial infarction, nonfatal stroke, and death
from cardiovascular causes (Supplement Table 7, avail-
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able at Annals.org); 35 of these cohorts reported data on
17 704 deaths. The 9 follow-up studies accounted for
15 553 primary outcome events and 11 646 deaths.

Estimation of the RMST was based on studies re-
porting Kaplan-Meier curves for both the primary out-
come and all-cause mortality (n = 25), the primary out-
come only (n = 18), and all-cause mortality only (n = 3)
(Supplement Table 3). The RMST differences and the
time horizons (t*) are graphically presented in Supple-
ment Figure 2 (available at Annals.org) and detailed in
Table 1 for the primary outcomes and in Supplement
Figure 3 (available at Annals.org) and Table 2 for all-
cause mortality. Differences in RMST for the primary
outcomes were statistically significant (P < 0.050) in 14
of 43 trials. The largest differences, in days, were 694 in
the 13-year follow-up of Steno-2 (Intensified Multifacto-
rial Intervention in Patients With Type 2 Diabetes and
Microalbuminuria), 523 in the follow-up of UKPDS 34,
452 in UKPDS 34, 362 in DCGP FU, 132 in the 12-year
follow-up of VADT (Veterans Affairs Diabetes Trial), and
131 in UKPDS 33. All these studies had a follow-up lon-
ger than 10 years. Smaller, statistically significant differ-
ences also were found for some of the more recent
trials with follow-ups shorter than 10 years. These
ranged from 9 days in HARMONY Outcomes (Effect of
Albiglutide, When Added to Standard Blood Glucose-
Lowering Therapies, on Major Cardiovascular Events in
Subjects with Type 2 Diabetes Mellitus) to 32 days in
the CANVAS (Canagliflozin Cardiovascular Assessment
Study) Program.

The RMST differences for all-cause mortality were
statistically significant in 8 of 28 trials (Table 2). The
largest differences were observed in studies longer
than 10 years: 643 days in the 21-year follow-up of
Steno-2, 510 days in the follow-up of UKPDS 34, and
203 in the follow-up of UKPDS 33. In studies with a
follow-up shorter than 10 years, death occurred earlier
in participants randomly assigned to the intensive treat-
ment in ACCORD (Action to Control Cardiovascular
Risk in Diabetes) (=16 days). Differences in RMST also
were found for recent studies: 12 days in EXSCEL (Ex-
enatide Study of Cardiovascular Event Lowering), 17
days in REWIND (Researching Cardiovascular Events
With a Weekly Incretin in Diabetes), 21 days in EMPA-
REG OUTCOME (Bl 10773 [Empagliflozin] Cardiovascu-
lar Outcome Event Trial in Type 2 Diabetes Mellitus Pa-
tients), and 23 days in the CANVAS Program. Broad
agreement was found between measures of statistical
significance of the estimated RMST differences and the
corresponding HRs (Tables 1 and 2).

This example demonstrates the usefulness of the
RMST to illuminate an area of clinical uncertainty: It gives a
different, complementary insight into the importance of
long-term glucose-lowering strategies. Although convinc-
ing epidemiologic evidence exists of a linear relationship
between glucose levels and risk for cardiovascular com-
plications and death (59), uncertainty persists over the
need for intensive glucose control in patients with type 2
diabetes (60). In some studies investigating an intensive
glucose-lowering strategy, we showed a moderate to
large postponement of the primary outcome and death.
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Table 1. RMST Difference for Primary Outcomest

RCT (Reference)t RMST, d Follow-up (t*) Estimated Event Estimated HR
Rate in Control (95% ClI)
Control Treatment Difference Days Years Group per 1000
(95% CI) PY (95% ClI)
Specific drug treatments
Dipeptidyl peptidase-4 inhibitors
CARMELINA (21) 1135 1133 -1.9(-16.4t0 12.5) 1248 3.4 56.7 (51.6 to 62.3) 1.02(0.89t0 1.17)
EXAMINE (28) 795 798 3.2(-9.2t0 15.7) 878 2.4 79.1(70.8 to 88.4) 0.95(0.81t0 1.12)
OMNEON (36) 901 901 —-0.6 (-9.5t0 8.3) 935 2.6 29.2(24.4t035.1) 1.00(0.77 to 1.29)
SAVOR-TIMI 53 (45) 844 844 0.2(-4.3t04.7) 882 2.4 37.4(34.5t0 40.5) 1.00 (0.89 to 1.12)
TECOS (50) 1351 1351 -0.1(-10.8t0 10.6) 1464 4.0 40.6 (37.9 to 43.5) 0.98(0.89 to 1.08)
Glucagon-like peptide-1-receptor
agonists
ELIXA (26) 1061 1061 -0.3(-16.0to 15.4) 1178 3.2 62.7 (56.7 to 69.2) 1.02(0.88 to 1.17)
EXSCEL (29) 1656 1668 12.5(-2.0 to 27.0) 1821 5.0 39.1(36.6t0 41.8) 0.92(0.84 t0 1.02)
HARMONY Outcomes (30) 762 771 8.9(2.6t0 15.3) 812 2.2 58.3(53.1to 64.1) 0.78(0.68 to 0.90)
LEADER (34) 1436 1455 18.7 (5.1 to 32.3) 1567 43 41.2(38.2to 44.4) 0.86 (0.78 to 0.96)
PIONEER 6 (39) 530 534 4.3(-0.5t09.1) 545 1.5 36.4(29.1t0 45.6) 0.79 (0.57 to 1.11)
REWIND (44) 2025 2047 22.0 (5.1 to 39.0) 2180 6.0 26.5(24.5t0 28.6) 0.88(0.79 to 0.99)
SUSTAIN-6 (49) 732 741 9.7(1.410 18.0) 767 2.1 43.9(37.3t0 51.7) 0.74 (0.57 to 0.95)
Insulin
DEVOTE (25) 826 830 4.4(-2.7t011.4) 874 2.4 46.0(41.8 to 50.7) 0.97 (0.85t0 1.12)
ORIGIN (37) 2420 2413 -7.6(-30.2to 15.0) 2677 7.3 28.5(26.8t0 30.3) 1.03(0.94to 1.12)
ORIGINALE (38) 2764 2745 -18.5(-61.3t0 24.2) 3544 9.7 52.4(50.1 to 54.8) 1.03 (0.96 to 1.09)
Metformin
HOME (32) 1117 1138 21.1(-84.8t0 127.0) 1466 4.0 99.0(77.4t0 126.8) 0.93(0.651t0 1.33)
Peroxisome proliferator
activated-receptor agonists
AleCardio (18) 989 991 1.9(-10.0to 13.7) 1072 2.9 52.0(46.9 t0 57.7) 0.96(0.83to 1.11)
Sodium-glucose cotransporter-2
inhibitors
CANVAS Program (20) 2233 2265 32.0(4.4t0 59.5) 2472 6.8 32.2(29.3t035.3) 0.82(0.72 t0 0.92)
CREDENCE (22) 1164 1195 31.3(16.2 to 46.5) 1276 3.5 61.4(55.2t0 68.3) 0.69 (0.59 to 0.82)
DECLARE-TIMI 58 (24) 1371 1375 4.1(-3.1t0 11.3) 1437 3.9 24.3(22.6t026.1) 0.94(0.85 to 1.04)
EMPA-REG OUTCOME (27) 1285 1302 17.3(2.2t0 32.3) 1392 3.8 42.7 (38.0 to 48.0) 0.85(0.73 to 0.98)
Thiazolidinediones
PROactive (40) 966 973 6.4(-8.6t021.4) 1093 3.0 86.0(79.2t0 93.4) 0.91(0.81to 1.02)
PROFIT-J (42) 829 823 —-6.5(-24.7 to 11.6) 844 2.3 22.2(12.3t0 40.0) 1.09 (0.46 to 2.56)
RECORD (43) 1968 1963 -4.3(-32.3t0 23.7) 2135 5.8 28.4(25.4t031.7) 1.00 (0.86 to 1.17)
TOSCA.IT (51) 1772 1778 5.5(-12.2t0 23.2) 1827 5.0 14.0(11.4t0 17.2) 0.89 (0.66 to 1.20)
Strategy-driven interventions
ACCORD (13) 2089 2102 13.3(=7.9 to 34.5) 2242 6.1 22.7(20.5t0 25.1) 0.93(0.80to 1.07)
ACCORDION (14) 4089 4117 28.6 (=25.6 to 82.8) 4743 13.0 23.5(22.1t0 25.1) 0.95(0.87 to 1.04)
ADDITION (15) 2364 2378 14.4(-16.0 to 44.8) 2487 6.8 15.5(12.9 to 18.6) 0.87(0.67 to 1.13)
ADVANCE (16) 1796 1815 18.8 (0.8 to 36.8) 2011 55 44.4 (41.9 to 47.2) 0.90 (0.83 to 0.98)
BARI 2D (19) 1536 1574 38.7(-3.0t0 80.4) 1794 4.9 56.8 (50.6 to 63.8) 0.89(0.75 to 1.05)
DCGP FU (23) 3626 3987 361.7 (113.4t0 610.0) 6839 18.7 82.8(75.9t0 90.3) 0.83(0.74 to 0.93)
HEART2D (31) 1001 1000 -0.2 (-64.2 t0 63.8) 1376 3.8 138.1(120.7 t0 158.1)  0.97(0.80to 1.18)
J-DOIT3 (33) 3219 3258 38.7(-10.4 to 87.8) 3423 9.4 13.9(11.7 to 16.4) 0.81(0.63 to 1.04)
Look AHEAD (35) 3344 3365 21.5(-24.5t0 67.5) 3692 10.1 21.6(19.8t0 23.6) 0.94(0.83t0 1.07)
Steno-2 (46) 2004 2232 227.5(=7.5t0 462.4) 2553 7.0 77.6(55.7 to 108.1) 0.47 (0.27 to 0.82)
Steno-2 FU a (47) 2913 3607 693.8(218.31t0 1169.3) 4479 12.3 76.3(57.5t0101.3) 0.42 (0.26 to 0.68)
UKPDS 33 (52) 3970 4101 131.0(7.4 to 254.6) 5369 14.7 45.5(41.4t0 49.9) 0.89(0.79 to 0.99)
UKPDS 33 FU (54) 5179 5390 211.2(-1.8t0 424.2) 8917 24.4 51.3(47.6t0 55.4) 0.91(0.83 to 1.00)
UKPDS 34 (53) 3838 4290 452.1 (194.1 t0 710.1) 5538 15.2 57.7 (50.5 to 65.9) 0.66 (0.53 to 0.82)
UKPDS 34 FU (54) 5111 5634 522.9 (123.4t0 922.5) 8687 23.8 54.1(47.9t0 61.0) 0.82(0.68 to 0.98)
VADT (55) 1969 2029 59.7(-17.5t0 136.9) 2484 6.8 66.6(59.1t075.2) 0.87(0.73 to 1.04)
VADT FU a (56) 2965 3097 132.2(11.6 t0 252.8) 3839 10.5 52.8(47.1t059.3) 0.82(0.70 to 0.97)
VADT FU b (57) 3773 3939 165.5(-23.3 to 354.3) 5390 14.8 51.7 (46.5t0 57.5) 0.92(0.79to 1.07)

FU = follow-up; HR = hazard ratio; PY = person-years; RCT = randomized controlled trial; RMST = restricted mean survival time; t* = time horizon
(minimum of the largest observed event time in the trial groups).
T Differences are between intervention and control: Positive values indicate a postponement of the outcome (as defined in Supplement Table 7,

available at Annals.org) comparing intervention with control. Statistically significant (P < 0.050) differences are shown in bold.

1 Within each group, RCTs are sorted in alphabetical order. Only studies with available information (Supplement Table 3, available at Annals.org)
are shown. Full trial names are provided in Supplement Table 5 (available at Annals.org).
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In UKPDS 34, the primary outcome was postponed by
approximately 450 days over 15 years and 520 days over
25 years. Postponements of smaller magnitude also were
found for the primary outcomes in UKPDS 33, DCGP FU,
and the follow-up of VADT.

Our methods for this example had several limitations.
Because direct access to trial data was not possible,
individual-level survival times and outcomes were recon-
structed by using published Kaplan-Meier curves of vary-
ing quality, particularly for older studies. However, agree-
ment was seen between estimated and reported HRs
(differences >0.05 in ratios were found in only 4 of 71
cases; Supplement Figure 4, available at Annals.org), and
our estimations are in line with those of previous studies
using the same methodology (61-64). Moreover, the
Kaplan-Meier estimates often become imprecise at the
end of the survival curve, because the number of patients
at risk may be small. The inability to access individual-level

RESEARCH AND REPORTING METHODS

data also limited the possibility of estimating the RMST
differences by individual patient characteristics, such as
sex and ethnicity, and to account for possible competing
risk (65). We used a specific time horizon, which was the
minimum of the largest observed event time in both
intervention and control groups. However, the RMST
also may be estimated continuously, as the increasing
difference between the areas under the survival curves
with increasing follow-up, up to the end of the study
period (multiple t*).

ExaAMPLE 2: USE OF THE RMST 1IN A CLINICAL

CONTEXT

To illustrate the use of the RMST in the setting of a
clinical consultation, we consider a 70-year-old man who
has had atherosclerotic cardiovascular disease and poorly
controlled hyperglycemia while receiving metformin and

Table 2. RMST Difference for All-Cause Mortalityt

RCT (Reference)t RMST, d

Estimated HR
(95% CI)

Estimated Event
Rate in Control

Follow-up (t*)

Control Treatment Difference

Days Years Group per 1000 PY

(95% CI) (95% ClI)
Specific drug treatments

Dipeptidyl peptidase-4 inhibitors

EXAMINE (28) 846 852 6.6(-2.2t0 15.4) 888 24 39.6(34.0to 46.1) 0.89(0.71to 1.11)

TECOS (50) 1402 1399 -2.6(-10.6t05.4) 1466 4.0 23.8(21.81025.9) 1.01(0.89to 1.14)
Glucagon-like peptide-1-receptor

agonists

EXSCEL (29) 1718 1730 11.5(1.1t0 21.9) 1811 5.0 22.5(20.7 to 24.5) 0.88(0.78 to 1.00)

LEADER (34) 1538 1549 10.4 (-0.0 to 20.8) 1615 4.4 25.1(22.9 to 27.5) 0.85(0.74 t0 0.97)

REWIND (44) 2049 2066 17.2(2.4t0 32.1) 2175 6.0 22.9(21.1t0 24.9) 0.88 (0.79 to 1.00)
Insulin

ORIGIN (37) 2474 2474 0.1(-20.0t0 20.3) 2694 7.4 26.1(24.510 27.8) 0.99 (0.90 to 1.08)

ORIGINALE (38) 2766 2747 18.8 (=60.6 to 23.0) 3542 9.7 51.9 (49.7 to 54.1) 1.02(0.96 to 1.08)
Sodium-glucose cotransporter-2

inhibitors

CANVAS Program (20) 2288 2311 23.3 (1.6 to 44.9) 2436 6.7 19.3(17.1t0 21.7) 0.85(0.73 t0 0.99)

CREDENCE (22) 1171 1180 9.5(-2.5t0 21.4) 1234 3.4 35.2(30.7 to 40.4) 0.82(0.67 to 1.00)

DECLARE-TIMI 58 (24) 1402 1404 1.8(-3.5t07.0) 1440 3.9 15.3(14.0t0 16.7) 0.97 (0.86 to 1.10)

EMPA-REG OUTCOME (27) 1363 1384 21.4 (9.6 to 33.3) 1433 3.9 28.5(24.7 t0 32.7) 0.67 (0.55 to 0.80)
Thiazolidinediones

PROactive FU (41) 3850 3875 24.2 (-56.1to0 104.5) 4749 13.0 38.9(36.3t0 41.6) 0.94(0.85 to 1.04)

RECORD (43) 2110 2120 9.3 (6.9 to 25.5) 2174 6.0 11.7 (10.0 to 13.8) 0.88(0.69to 1.11)

Strategy-driven interventions

ACCORD (13) 2189 2173 -16.1(-31.4to0 -0.7) 2265 6.2 11.1(9.6t012.7) 1.24 (1.03 to 1.49)
ACCORDION (14) 4310 4291 —19 8(-67.0to 27.3) 4860 13.3 20.6 (19.4 to 21.9) 1.01(0.93 to 1.10)
ADDITION (15) 2341 2345 7(=20.6t0 27.9) 2423 6.6 12.1(9.8t0 14.9) 0.94(0.71t0 1.25)
ADVANCE (16) 1895 1897 4(=9.4t0 14.3) 1983 5.4 19.6(18.0 to 21.4) 0.93(0.82 to 1.06)
ADVANCE-ON (17) 3313 3313 —0 3(-31.0t0 30.3) 3652 10.0 22.7(21.3t0 24.1) 1.00(0.92 to 1.09)
BARI 2D (19) 1712 1712 6(-28.5t0 29.6) 1826 5.0 27.0(23.0to 31.7) 0.95(0.75t0 1.19)
DCGP FU (23) 4293 4358 64 4 (-188.0t0 316.8) 6990 19.1 61 4(56.0to 67.4) 0.94(0.83 to0 1.07)
J-DOIT3 (33) 3388 3392 5(-23.6 to 30.5) 3450 9.4 7 (3.6 10 6.3) 1.01(0.68 to 1.51)
Steno-2 FU a (47) 3916 4156 240.2 (=113.1t0 593.6) 4764 13.0 49 7(36.8t0 67.0) 0.50(0.30 to0 0.82)
Steno-2 FU b (48) 4730 5372 642.6 (69.1t0 1216.1) 6585 18.0 49.0(37.6 to 63.8) 0.56 (0.37 to 0.84)
UKPDS 33 FU (54) 6756 6959 203.4(17.7 to 389.1) 9112 249 29.8(27.3t0 32.4) 0.87 (0.79 t0 0.97)
UKPDS 34 FU (54) 6681 7191 509.9 (149.8 to 870.1) 9157 25.1 32.6(28.5t037.2) 0.74 (0.60 to 0.91)
VADT (55) 2338 2316 —22.3(=65.2t0 20.6) 2470 6.8 19.5(15.9 to 23.9) 1.08 (0.81 to 1.44)
VADT FU a (56) 3971 3949 —-22.1(-135.5t0 91.3) 4639 12.7 30.2(26.7 to 34.1) 1.04 (0.88 to 1.23)
VADT FU b (57) 4691 4663 -27.7 (-186.9 to 131.6) 5882 16.1 35.7(32.2t0 39.5) 1.01(0.88t0 1.17)

FU = follow-up; HR = hazard ratio; PY = person-years; RCT = randomized controlled trial; RMST = restricted mean survival time; t* = time horizon
(minimum of the largest observed event time in the trial groups).

T Differences are between intervention and control: Positive values indicate a postponement of the outcome comparing intervention with control.
Statistically significant (P < 0.050) differences are shown in bold.

1 Within each group, RCTs are sorted in alphabetical order. Only studies with available information (Supplement Table 3, available at Annals.org)
are shown. Full trial names are provided in Supplement Table 5 (available at Annals.org).
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Table 3. HR and Common Metrics of Absolute Risk Reduction for Time-to-Event Data in Clinical Trials

Effect Measure Time

Meaning

Example Point Estimate

HR (Cox regression) Generally the entire follow-up

Difference in survival Selected time horizon

probabilities/absolute risk
reduction

NNT Selected time horizon

Median survival time difference

RMST Selected time horizon

Mean delay or anticipation of an event in
the treatment vs. the control group over
the selected period

Ratio of the 2 hazard rates, which represent For an HR of 0.5, the treatment reduces
instantaneous risk at a given time point
in previously event-free participants

Difference in the probabilities of being
event-free at the selected time point
between the 2 groups

the instantaneous risk for an event by
50% vs. the control.

For 2 survival probabilities—0.75 in the
treatment group and 0.5 in the
control group at 1 y—the probability
of being free from the outcome at 1y
is 0.25 (i.e., 25 percentage points)
higher in the treatment than the
control group.

Number of patients who would need to be  For an NNT of 5 estimated at 1y and
transferred to the other group for 1
patient (not) to experience the event by
the selected time point. Corresponds to
1/absolute risk reduction

Single time point in each group  Difference between the time points at

which the survival probability in each

group is 50%

favoring the treatment, 5 patients
may need to receive the treatment
instead of the control for 1y to
prevent 1 event.

For 2 median survival times—1y in the
treatment group and 0.5y in the
control group—the event will have
occurred in half the patients, on
average, 0.5 y later in the treatment
vs. the control group.

For 2 RMSTs estimated over a time
horizon of 6 y-5y and 10 d in the
treatment group and 5y in the
control group—a participant delays
an event, on average, by 10 d over 6
y through treatment vs. control.

HR = hazard ratio; NNT = number needed to treat; RMST = restricted mean survival time.

for whom current guidelines recommend empagliflozin
(66). On the basis of EMPA-REG OUTCOME, the HRs for
the composite primary outcome and all-cause mortality
are 0.86 and 0.68 (27). The corresponding RMST differ-
ences are 17 and 21 days postponement over 4 years.
The 2 metrics present different messages that might influ-
ence the decision of the health care professional and the
patient. Referring to the RMST difference, the health care
professional could advise the patient that empagliflozin,
on average, would delay a cardiovascular event (death
from cardiovascular causes, nonfatal myocardial infarc-
tion, or nonfatal stroke) by 17 days and prolong his life by
21 days over 4 years. We believe clinicians and patients
would more readily understand these results than if they
were told that the relative effect of empagliflozin was a
reduction in the hazards of the primary outcome and all-
cause mortality by 14% and 32%, respectively.

By quantifying the effects of an intervention in this
way, the RMST difference allows the patient and the
clinician to decide whether the particular therapy offers
a meaningful benefit in the context of the patient's val-
ues and preferences. This may be especially salient
when the decision to start a treatment is complicated
by such issues as a limited time frame for delivering the
intervention, important potential side effects, or high
costs. In the preceding example of a patient with a life
expectancy of only a few years, both the patient and
clinician may be better positioned to gauge the ex-
pected benefit of starting empagliflozin treatment if the
benefits are presented in terms of likely days of event
postponement during the next 4 years. The RMST dif-
ference might also facilitate “weighing” benefits against
potential drawbacks, such as genital infections, when
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considering whether to withdraw empagliflozin or dein-
tensify treatment (67, 68). We recommend that when
deciding whether to start or continue a treatment, both
the relative and absolute effects be weighed carefully.
To this end, an easily interpretable metric of the abso-
lute effect, such as the RMST difference, should be rou-
tinely communicated to the patient.

ADVANTAGES OF THE RMST DIFFERENCE
OVER OTHER MEASURES

The RMST difference offers several advantages
over other commonly used measures, such as the HR,
absolute risk reduction, number needed to treat, and
median survival time difference (Table 3).

Hazard Ratio

The HR is the ratio between the hazard rates of the
treatment and control groups. These rates represent
the instantaneous risk for participants who have been
event-free up to the given time point (Figure). Unlike
the HR estimated by Cox regression, the RMST differ-
ence avoids the assumption of a constant relative ben-
efit (or risk) of the treatment during the study period
(proportional hazards; Supplement Figure 5, available
at Annals.org). It also is less susceptible to uncertainty
than the HR when the number of events is small, yield-
ing narrower Cls that make it particularly useful to as-
sess the safety of an intervention or the treatment effect
in noninferiority trials (1, 69-71). Similar to other met-
rics that can be estimated from the survival curves, it
also has a better causal interpretation than the HR (1).
Substantial evidence exists of incorrect HR interpreta-
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Table 3—-Continued

Advantages

Disadvantages

Best Suited for

Captures whole survival curve
Calculation possible for all major statistical software

Easily obtained from (Kaplan-Meier) survival curves

Easily calculable from (Kaplan-Meier) survival curves

Proportional hazards assumption
Wide Cls for low event rates
Difficult to interpret for patients
Insensitive to distribution of events
within selected time horizon

Difficult to interpret for patients,
especially when Cl encompasses

Research: analysis of trials with
proportional hazards and designs
other than noninferiority

Clinical practice and research: explaining
the impact of a treatment in terms of
avoiding or causing an event

Research: additional measure of
statistically significant harm or benefit

benefit and harm
Insensitive to distribution of events
within selected time horizon

Easily obtained from (Kaplan-Meier) survival curves
Robust against early or late events

Intuitive interpretation for patients
Can yield narrow Cls despite low event rate in
noninferiority trials

Difficult to interpret for patients
Not suitable for low event rates
Unstable for small sample sizes

Cannot assess effects beyond
selected time point
Insensitive to distribution of events

Research: additional measure for large
trials with high event rates and/or long
duration

Clinical practice and research: explaining
the impact of a treatment in terms of
delaying or anticipating an event

within selected time horizon

tions resulting in an exaggerated interpretation of the
benefit (or risk) of an intervention (2, 3). Hazard ratios
may erroneously be interpreted as risk ratios and do
not clearly indicate the absolute magnitude of a treat-
ment effect, unless the rate of at least 1 randomized
group is reported. For example, large HRs may trans-
late to negligible absolute clinical differences or, con-
versely, small differences to large absolute benefits
when the risk for the outcome is high (2). By contrast,
the RMST difference can reflect such differences due to
the event rates (Figure). Although the RMST must refer
to a stated time horizon, the HR frequently is not re-
ported, or thought of, in relation to the duration of
follow-up, thus lending itself to incorrect inferences that
the benefit (or risk) extends beyond the study follow-up
when the hazard rates might cease to be proportional.

Measures of Absolute Risk Reduction

As for the RMST difference, measures of absolute
risk reduction do not assume proportional hazards and
may allow for a more accurate interpretation of the
benefit of a treatment (3). However, ideally they should
be interpreted with reference to both survival curves.
Because they refer to specific time horizons, informa-
tion about the distribution of the individual events in-
cluded in the analysis—that is, the distribution of events
within the selected time horizon—is best captured with
several measurements or by plotting the metric itself as
a function of time, as for the RMST difference in the
Figure.

Among these measures, the difference between
the survival probabilities, or absolute risk reduction, for
a given time horizon provides a potentially useful alter-
native to the HR. It effectively captures events avoided
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or caused by the treatment compared with the control
(that is, probability) over a given period. As such, it pro-
vides information complementary to the RMST differ-
ence, which presents effects in terms of the delay or
anticipation of an event (that is, time) over a given time.

A popular, related metric is the number needed to
treat. Because it equates to the reciprocal of the abso-
lute risk reduction, it is also readily obtained from the
survival curves (72). However, both the number needed
to treat and absolute risk reduction may be misinter-
preted by health care professionals and patients, be-
cause these metrics may indicate very different effects
for the same value (for example, an absolute risk reduc-
tion of 5 percentage points, equating to a number
needed to treat of 20, may result from a 95% to 90%
reduction or a 10% to 5% reduction in the absolute risk)
(3, 73, 74). This problem is exacerbated if the Cl of the
number needed to treat encompasses both negative
and positive values, representing harm and benefit at
either extreme. Moreover, evidence exists that the
number needed to treat is frequently reported without
reference to key parameters, including the Cls and se-
lected time horizon (75). The number needed to treat
therefore may be most useful under specific circum-
stances, such as to help interpret clinically a statistically
significant benefit of a treatment in a trial when key
parameters are clearly stated.

The median survival time difference represents the
difference between the time points at which the survival
probability in each group is 50%. Although reading off
the survival curves is easy, the use of this metric is lim-
ited to certain situations. It can be obtained only when
the survival probabilities actually drop below 50%,
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which may not always be the case in trials that are short
or have low event rates. Likewise, only with larger sam-
ple sizes do Cls become sufficiently narrow, and only
with exponential survival distributions does this mea-
sure accurately reflect the HR (76).

By contrast, the RMST difference is flexible in its
application for designing and analyzing trial data. By
presenting treatment effects in terms of a delay over a
specific time, it permits a clear and immediate interpre-
tation of results for both health care professionals and
patients. It therefore is preferable to other metrics
when these are inappropriate from a methodological
point of view, and is always valuable in supplement-
ing them to reduce the risk for overstating or under-
standing treatment effects.

LiMITATIONS TO THE USE OF THE RMST

Although the RMST may be useful in addressing
clinical uncertainty and facilitates decision making, its
statistical characteristics pose some important chal-
lenges that potentially limit its applicability, particularly
if it is considered in isolation from other measures of
treatment effect. Because the RMST difference reflects
the difference in the areas under 2 survival curves, the
same difference may be obtained from diverse combi-
nations of survival curves. For example, an RMST differ-
ence of 1 year over 5 years may be the result of an
RMST of either 4 years in the treatment group and 3
years in the control group or 3 years in the treatment
group and 2 years in the control group. As with the
aforementioned measures of absolute risk reduction,
we therefore advise interpretation of the RMST along
with the survival curves.

As shown in the Figure, the survival curves of the
intervention and control groups, hence their RMST dif-
ference, depend on the length of the follow-up and the
outcome rates in the control and treatment groups,
which are determined by the characteristics of included
participants and the effect of the intervention, respec-
tively. This implies that the RMST difference should not
be used to directly compare the efficacy or safety of
interventions across heterogeneous studies. For exam-
ple, in the hypothetical consultation described earlier,
the health care professional might suggest alternatives
to empagliflozin, such as canagliflozin (20, 66). At first
glance, the postponements for canagliflozin are larger:
32 days for the primary outcome and 23 days for all-cause
mortality, compared with 17 and 21 days, respectively, for
empagliflozin. However, the estimates for canagliflozin
are restricted to the trial duration—approximately 7 years,
compared with 4 years in the case of empagliflozin—and
thus refer to different time horizons. To overcome this
problem, previous analyses calculated the RMST differ-
ences by using an identical time point across studies (61).
Even then, a straightforward comparison between the 2
medications would not be possible because the esti-
mated event rates in the control groups differ markedly:
around 19 deaths per 1000 person-years in the CANVAS
Program versus 29 deaths per 1000 person-years in
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EMPA-REG OUTCOME. Of note, the same problems ap-
ply to other measures, such as the number needed to
treat, because these are equally dependent on the time
horizon and the event rates. Other analytic strategies,
such as pairwise or network meta-analysis of HRs, may be
more suitable for summarizing and comparing interven-
tions, given the evidence of constant HR across heteroge-
neous characteristics of RCT participants (77-79).

In view of the relationship between follow-up and
magnitude of postponement, an argument may be
made that the smaller effects observed in many drug-
specific trials are related mainly to the shorter follow-up
of those studies. Because no data are available on the
long-term effect for specific drugs, our results cannot
indicate that these interventions do not deliver a clini-
cally meaningful impact on the outcomes beyond the
duration of the trial; conversely, long-term data are
available for glucose-lowering strategies, such as in the
Steno-2 study and UKPDS 33 and 34. By estimating
the treatment effect beyond the trial period, several
studies have shown a way to improve the usefulness of
the RMST for short trials. Using individual-level data,
Claggett and colleagues (80) quantified the years of life
gained for persons of different ages receiving empagli-
flozin in EMPA-REG OUTCOME. The life expectancy
was 4.5 years longer at the age of 45 years and de-
creased progressively to 1 year longer at the age of 80
years, assuming a lifelong exposure to the active treat-
ment until the age of 90 years (that is, 45 and 10 years
of treatment, respectively) (80). Through a different
analysis using aggregated data, years of life gained
were estimated by applying the HR of death reported
in statin trials to the mortality rates obtained from na-
tional registries. The gain in life ranged from 1.3 years
at the age of 30 years to 0.7 year at the age of 70 years,
assuming a lifelong exposure to statin treatment until
the age of 100 years (81). These differences are only
apparently larger than our estimates. In fact, in both
analyses, the follow-up was extended to ages much
older than those observed in the trials, up to 90 or 100
years in persons whose mean age at the baseline as-
sessment across these trials was about 60 years and
who were followed for a median of 5 years. Moreover,
both studies assume that patients remain on the same
treatment for their entire life and that treatment effects
are constant over time. In addition, these methods as-
sume that the HR obtained from a highly selected
group (that is, persons participating in a trial) may be
applied to an external population that may be very differ-
ent from trial participants. Although these long-term ef-
fects are possible, presence and magnitude of a treat-
ment effect are proven for the study population and for
the follow-up of the trial. Predictions for subjects with
different characteristics or for a longer follow-up should
be considered carefully along with analytic assump-
tions and a trial's generalizability (82); therefore, health
care professionals should make patients aware of these
caveats when referring to RMST differences that are
predicted beyond the available trial data.
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SOFTWARE

Because commands for estimating the RMST are
emerging frequently, users should check for new and
updated packages and indicate the chosen commands
with, where available, their version. At the time of writ-
ing, the estimation of the HR and the assessment of the
proportionality of hazards were implemented in all ma-
jor statistical software, whereas commands to calculate
the RMST difference have been developed mainly in
Stata and R (R Foundation for Statistical Computing).
Stata commands now include standsurv (83), strmst2
(12), strmst (84), and stpmean (85); all allow for adjust-
ment for covariates, and—along with the difference—
standsurv and strmst2 also report the RMST ratio. In R,
available packages are survRM2adapt (86) and sur-
vRM2 (87), the latter of which also allows adjustment for
covariates and estimation of the RMST ratio. The num-
ber of observations in a trial commonly is smaller than
that of an observational study, and less frequently, ad-
justment for covariates is required. Yet, the estimation
of the RMST difference may be computationally inten-
sive for large databases or complex models.

SUMMARY

Here, we discuss the RMST difference as a conve-
nient effect measure in helping to answer research
questions using clinical trial data and in communicating
treatment effects during patient consultations. Applied
to studies examining the effects of glucose-lowering
treatments or strategies on macrovascular outcomes or
death postponement in patients with type 2 diabetes
(example 1), the RMST difference helps one appreciate
clinically important benefits of intensive glucose con-
trol. In the setting of a patient consultation (example 2),
it may be part of the information to support a health
care professional and patient in deciding whether to
start or discontinue a treatment.

We also highlight advantages of the RMST differ-
ence over the HR and several measures of absolute risk
difference. Unlike those metrics, the RMST difference is
applicable to any time-to-event data and is less liable to
errors in interpretation. However, we also draw atten-
tion to several limitations to the use of the RMST. Of
most importance, the RMST difference should not be
used to compare heterogeneous trials, and any estima-
tions beyond the duration of follow-up of a study
should be interpreted with caution. We recommend
routine use of the RMST difference in future RCTs with
time-to-event outcomes to complement other mea-
sures of treatment effect.
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