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BACKGROUND: Intensive systolic blood pressure treatment (<120 mm Hg) in SPRINT (Systolic Blood Pressure Intervention Trial)
improved survival compared with standard treatment (<140 mm Hg) over a median follow-up of 3.3 years. We projected life
expectancy after observed follow-up in SPRINT using SPRINT-eligible participants in the NHLBI-PCS (National Heart, Lung,
and Blood Institute Pooled Cohorts Studly).

METHODS AND RESULTS: We used propensity scores to weight SPRINT-eligible NHLBI-PCS participants to resemble SPRINT
participants. In SPRINT participants, we estimated in-trial survival (<4 years) using a time-based flexible parametric survival
model. In SPRINT-eligible NHLBI-PCS participants, we estimated posttrial survival (=4 years) using an age-based flexible
parametric survival model and applied the formula to SPRINT participants to predict posttrial survival. We projected overall
life expectancy for each SPRINT participant and compared it to parametric regression (eg, Gompertz) projections based
on SPRINT data alone. We included 8584 SPRINT and 10 593 SPRINT-eligible NHLBI-PCS participants. After propensity
weighting, mean (SD) age was 67.9 (9.4) and 68.2 (8.8) years, and 35.5% and 37.6% were women in SPRINT and NHLBI-PCS,
respectively. Using the NHLBI-PCS—-based method, projected mean life expectancy from randomization was 21.0 (7.4) years
with intensive and 19.1 (7.2) years with standard treatment. Using the Gompertz regression, life expectancy was 11.2 (2.3)
years with intensive and 10.5 (2.2) years with standard treatment.

CONCLUSIONS: Combining SPRINT and NHLBI-PCS observed data likely offers a more realistic estimate of life expectancy
than parametrically extrapolating SPRINT data alone. These results offer insight into the potential long-term effectiveness of
intensive SBP goals.
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(targeting <120 mm Hg) of patients with high car-  with standard treatment (<140 mm Hg)."-3 In the United
diovascular disease (CVD) risk in SPRINT (Systolic ~ States, over 16 million adults meet the SPRINT eligibil-
Blood Pressure Intervention Trial) is safe, reduces CVD ity criteria, and it is estimated that over 107 000 deaths

Intensive systolic blood pressure (SBP) treatment morbidity and mortality, and is cost-effective compared
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CLINICAL PERSPECTIVE

What Is New?

Using individual participant data from SPRINT
(Systolic Blood Pressure Intervention Trial) and
from large cardiovascular epidemiologic US
cohorts with long-term follow-up, we estimated
that SPRINT participants in the intensive systolic
blood pressure arm would survive 21.0 years
compared with 19.1 years in the standard arm.
The mean estimated survival was sensitive to
the intensity of the treatment effect with inten-
sive systolic blood pressure, varying from 19.3
to 221 years.

The combined data approach resulted in sub-
stantially longer and more realistic life expec-
tancy estimates than those generated using
typical methods based on SPRINT participant
data alone (ie, Gompertz regression).

What Are the Clinical Implications?

Estimating long-term survival (eg, 40-50 years)
based on only short-term data from clinical tri-
als (eg, 3-5 years) poses a critical challenge for
clinicians.

Using participant-level data observed in cohorts
with similar characteristics provides an oppor-
tunity to extrapolate in-trial event rates and ex-
amine treatment-effect assumptions.
Accurately estimating the life expectancy of
SPRINT participants may better inform treat-
ment decisions by patients and healthcare pro-
viders as well as the economic consequences
and cost-effectiveness of intensive systolic
blood pressure treatment.

Nonstandard Abbreviations and Acronyms

ARIC Atherosclerosis Risk in Communities

ASMD absolute standardized mean
difference

CARDIA Coronary Artery Risk
Development in Young Adults

CHS Cardiovascular Health Study

FHS-O Framingham Offspring Study

Health ABC Health, Aging, and Body
Composition Study

MESA Multi-Ethnic Study of
Atherosclerosis

NHLBI-PCS National Heart, Lung, and Blood
Institute Pooled Cohorts Study

SBP systolic blood pressure

SPRINT Systolic Blood Pressure

Intervention Trial
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per year could be prevented if intensive SBP treatment
was fully adopted.* However, blood pressure control
rates among US adults with hypertension remain sub-
optimal.>® Achieving more intensive SBP goals may
be difficult and costly for local healthcare systems,
but it may yield health and economic gains over time.
Accurately estimating the long-term costs, health con-
sequences, and cost-effectiveness of the intensive
target strategy may aid in implementation decisions.
However, in-trial results with relatively short follow-up
(ie, <5 years) do not reflect the effect of intensive SBP
treatment over the remaining life course?; appropriate
methods must be used to extrapolate effectiveness
and facilitate long-term cost-benefit analyses.

Alongside trial cost-effectiveness analyses use
participant-level trial data to estimate economic and
health consequences within and beyond the trial fol-
low-up. Estimates of survival, event rates, and costs
beyond the duration of the observed trial are needed
to project future costs and benefits.”® Typical meth-
ods to estimate long-term survival include Gompertz,
Weibull, generalized gamma, and other paramet-
ric survival models, survival tables, and actuarial
methods.8'® These methods are limited by requir-
ing hypothetical assumptions about continuation
of treatment effects and event rates that may not
necessarily represent the trial-eligible populations.
In the United States, there are several high-quality
longitudinal CVD cohort studies that may be used
to estimate longer-term survival and CVD outcomes
over the lifecourse.'*~'® By combining SPRINT partic-
ipant data with long-term epidemiologic cohort data,
we can estimate survival for each SPRINT participant
and, adjusting for identified covariates, estimate the
effects of intensive versus standard SBP treatment
on long-term survival and cost-effectiveness.

Therefore, we estimated life expectancy among
SPRINT participants beyond the end of the trial by
using individual participant data from SPRINT and
the NHLBI-PCS (National Heart, Lung, and Blood
Institute Pooled Cohorts Study).2'®'® We then com-
pared this approach to parametric survival extrapo-
lation methods using the observed SPRINT trial data
alone.

METHODS

All analyses were performed using Stata version
16 (StataCorp, College Station, TX). All data used in
this study were obtained from each study coordinat-
ing center. Limited versions of the data sets may be
available through the Biologic Specimen and Data
Repository Information Coordinating Center from the
National Heart, Lung, and Blood Institute. Our analytic
code is available to interested researchers from the
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corresponding author upon reasonable request. This
study was reviewed and approved by the Columbia
University Medical Center Institutional Review Board.
The study protocols for SPRINT and the included co-
horts were approved by the institutional review boards
at each participating institution, and all participants
provided written informed consent. The funders had no
role in study design, analysis, preparation of the article,
or the decision to submit the article for publication.

Overview

We used a 4-step process to estimate overall life ex-
pectancy for each SPRINT participant (Figure S1).
First, we identified SPRINT-eligible NHLBI-PCS par-
ticipants and used propensity-score weighting to
ensure the NHLBI-PCS cohort resembled SPRINT
participants. Second, we estimated in-trial survival for
SPRINT participants using a time-based flexible para-
metric survival model.”” Third, we similarly estimated
posttrial survival in SPRINT-eligible NHLBI-PCS par-
ticipants using an age-based flexible parametric sur-
vival model, and then applied the model estimates
back to SPRINT participants to estimate their posttrial
survival with standard treatment. We used the pub-
lished SPRINT hazard ratio (HR) for all-cause mortality
to estimate survival in the intensive arm and varied the
HR in sensitivity analysis. Fourth, we combined in-trial
and posttrial survival estimates to generate life expec-
tancy estimates for each SPRINT participant.

Data

We used individual-level data from SPRINT and from
41 360 individuals in pooled, harmonized data from
across 6 epidemiologic cohorts included in the NHLBI-
PCS : (1) ARIC (Atherosclerosis Risk in Communities),
(2) CARDIA (Coronary Artery Risk Development
in Young Adults), (3) MESA (Multi-Ethnic Study of
Atherosclerosis), (4) FHS-O (Framingham Offspring
Study), (6) Health ABC (Health, Aging, and Body
Composition Study), and (6) CHS (Cardiovascular
Health Study).>'5'6

Inclusion Criteria

We included individuals from the NHLBI-PCS who
met all of the following SPRINT eligibility criteria at >1
study visit (Figure 1): (1) age >50 years, (2) SBP 130
to 180 mm Hg, and (8) >1 high CVD-risk condition (ie,
clinical coronary heart disease, estimated glomeru-
lar filtration rate [eGFR] 20 to 59 mL/min per 1.73 m?,
Framingham 10-year generalized CVD risk score >15%,
or age >75 years).'® As in SPRINT, we excluded individ-
uals with diabetes mellitus, a history of stroke, a history
of heart failure, or an eGFR <20 mL/min per 1.73 m?.
In both the SPRINT and NHLBI-PCS data sets, we
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excluded individuals with missing data on key covari-
ates: age, sex, race/ethnicity (non-Hispanic White, non-
Hispanic Black, Hispanic, and other - Asian, American
Indian/Alaska Native, and Native Hawaiian/Pacific
Islander), body mass index, smoking status (current,
former, never), SBP, diastolic blood pressure, antihy-
pertensive medication use, low-density lipoprotein
cholesterol, high-density lipoprotein cholesterol, eGFR,
history of coronary heart disease, and Framingham 10-
year CVD risk score. To estimate posttrial survival, we
further restricted to NHLBI-PCS participants who sur-
vived at least 4 years after first meeting SPRINT eligi-
bility criteria. In the secondary analysis, we compared
the observed survival during the first 4 years of follow-
up between SPRINT and SPRINT-eligible NHLBI-PCS
participants by removing the requirement to survive at
least 4 years and included all SPRINT-eligible NHLBI-
PCS participants.

Statistical Analysis
Propensity-Score Weighting

We used propensity-score weighting to balance
covariates between SPRINT and SPRINT-eligible
NHLBI-PCS participants. We used the character-
istics of SPRINT participants at their randomization
visit and NHLBI-PCS participants at the first study
visit in which they met the SPRINT-eligibility criteria.
The propensity-score model was derived using the
key covariates noted above. We used logistic re-
gression with weights derived using average treat-
ment effect among treated participants (ie, SPRINT
participants weight=1; NHLBI-PCS participants
weight=propensity score/[1-propensity score]). We
assessed covariate balance between groups using
absolute standardized mean difference (ASMD), with
an ASMD <0.1 indicating good balance. To avoid
having participants with extreme propensity-score
weights unduly influence the results, we truncated
weights below the first percentile and above the 99th
percentile, resulting in weights between 0.01 and
8.22 for all participants.'® In developing the propensity
score, we examined interaction terms (up to 3-way
interactions), spline terms, and log transformation of
SBP. We also tried generalized boosted models but
did not find it improved the balance of the covariates.

In-Trial Survival

We used a flexible parametric survival model to esti-
mate the survival probability of SPRINT participants
in each study arm over the first 4 years of SPRINT,
which approximates the duration of the trial (median
follow-up, 3.3 years).?2 Flexible parametric survival
models use restricted cubic spline functions to flex-
ibly model the baseline cumulative hazard.'”” We used
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NHLBI Pooled Cohorts Study
(N =41,360)

l

Had at least one study examination when
age >50 (N = 38,573)

|

SBP 130-180 mm Hg (N = 25,015)

|

High CVD risk (N = 21,316)

At least 1 of the following:

+Clinical CHD

*eGFR 20-59 mL/min/1.73 m?
*Framingham 10-year CVD risk >15%
*Age >75 years

Excluded (N = 10,723)
Any:
*Diabetes
*History of stroke

SPRINT-eligible (N = 10,593)

*History of heart failure

*eGFR <20 mL/min/1.73 m2
*Missing key covariates

*Failed to survive at least 4 years

Figure 1. Population selection flowchart.

We included 6 epidemiologic cohort studies from the National Heart, Lung, and Blood Institute Pooled
Cohorts Study: Atherosclerosis Risk in Communities; Coronary Artery Risk Development in Young Adults;
Multi-Ethnic Study of Atherosclerosis; Framingham Offspring Study; Health, Aging, and Body Composition
Study; and Cardiovascular Health Study. CHD indicates coronary heart disease; CVD, cardiovascular
disease; eGFR, estimated glomerular filtration rate; NHLBI, National Heart, Lung, and Blood Institute;
SBP, systolic blood pressure; and SPRINT, Systolic Blood Pressure Intervention Trial.

follow-up time as the time scale. Participants were
censored at time of death or end of 4 years follow-
up. The model was adjusted for the following base-
line covariates: age, sex, race/ethnicity, body mass
index, smoking status, SBP, diastolic blood pressure,
low-density lipoprotein cholesterol, high-density lipo-
protein cholesterol, eGFR, and history of coronary
heart disease. We visually compared survival for
each intervention arm predicted by the flexible para-
metric survival model to Kaplan-Meier curves of the
observed SPRINT data.

To ensure similar survival during the in-trial period, and
thus indicate that NHLBI-PCS participants are an appro-
priate source from which to estimate posttrial survival of
SPRINT participants, we visually compared Kaplan-Meier
curves over the first 4 years between SPRINT participants
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and all SPRINT-eligible NHLBI-PCS participants, includ-
ing those who did not survive the first 4 years.

Posttrial Survival

We again used a propensity-score weighted flex-
ible parametric survival model to estimate survival
in NHLBI-PCS participants who survived for at least
4 years after their first SPRINT-eligible visit. In contrast
to the in-trial survival, which used follow-up time, the
posttrial analysis used age as the time scale to make
more efficient use of the available data for extrapola-
tion of survival beyond the empirical follow-up time pe-
riod.® The model was adjusted for the same baseline
covariates as the in-trial survival analysis. We then ap-
plied the 3 coefficients from the model to each SPRINT
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participant, using the baseline covariate levels from the
SPRINT participants, to estimate the survival probabil-
ity beyond 4 years for each SPRINT participant with
standard treatment. We assumed a constant treat-
ment effect for the intensive arm of SPRINT (HR, 0.73)
in the base case.? In sensitivity analysis, we varied this
to the lower (HR, 0.60) and upper (HR, 0.90) limits of
the reported 95% CI and to no continued treatment
effect (HR, 1.00).

To obtain the overall survival from randomization
for each SPRINT participant out to 40 years, we com-
bined the predicted survival probability from the in-trial
and posttrial periods. The overall survival distribution
for each intervention arm was estimated by averaging
across the survival distributions for each SPRINT par-
ticipant. Mean life expectancy was calculated as the
area under the survival curve.

Comparison of Methods to Extrapolate Survival

We compared the survival estimates obtained by the
flexible parametric survival model using both SPRINT
and NHLBI-PCS data with estimates derived on the
basis of SPRINT data alone. Additionally, we com-
pared survival estimates derived using other com-
monly used parametric survival models to extrapolate
survival, including Gompertz, Weibull, and general-
ized gamma survival models, all fitted using only the
observed SPRINT data and projecting lifetime overall
survival.'020-23 All models were adjusted for the same
covariates mentioned above in the main analysis.

RESULTS

Population Characteristics

Of the 9361 SPRINT participants, we included 8584
who had complete data on key covariates used in the
propensity score. Of the 41 360 NHLBI-PCS partici-
pants, 10 593 had >1 study visit in which they met all
SPRINT eligibility criteria and had data on all key co-
variates (Figure 1). The median follow-up of SPRINT-
eligible NHLBI-PCS participants was 21 vyears in
ARIC, 5 years in CARDIA, 13 years in MESA, 18 years
in FHS-O, 13 years in Health ABC, and 14 years in
CHS. Before propensity-score weighting, SPRINT
and SPRINT-eligible NHLBI-PCS participants were
not well-balanced on age, sex, race/ethnicity, body
mass index, SBP, antihypertensive medication use,
low-density lipoprotein cholesterol, eGFR, and history
of coronary heart disease (Table 1). Covariate balance
was substantially improved after propensity-score
weighting. In SPRINT, participant medication regimens
were allowed to be adjusted to meet eligibility criteria,
and nearly 26% of SPRINT participants had a baseline
SBP outside the 130- to 180-mm Hg inclusion criterion
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(Figure S2).2 We applied the SBP 130- to 180-mm Hg
inclusion criterion strictly in NHLBI-PCS participants.
As such, SBP (mean, SPRINT 139.7 mm Hg versus
NHLBI-PCS 142.7 mm Hg; ASMD, 0.21) and related
covariates diastolic blood pressure (mean, SPRINT
78.2 mm Hg versus NHLBI-PCS 79.7 mm Hg; ASMD,
0.13), and 10-year Framingham Risk Score >15%
(SPRINT 76.3% versus NHLBI-PCS 87.8%; ASMD,
0.28) remained not well-balanced after propensity-
score weighting. All models were adjusted for these
and other covariates noted above. The mean (SD)
age in the propensity-score—weighted NHLBI-PCS
was 68.2 (8.8) years, and 37.6% were women, com-
pared with 67.9 (9.4) years (ASMD, 0.03) and 35.5% in
SPRINT (ASMD, 0.04).

In-Trial Survival

The proportion of SPRINT participants surviving at
least 4 years was 96% in the intensive arm and 95% in
the standard arm. SPRINT participants in the standard
arm and SPRINT-eligible NHLBI-PCS participants had
similar survival during the first 4 years (Figure 2). The
predicted proportion surviving 4 years based on the in-
trial flexible parametric survival model was 95% in the
intensive arm and 94% in the standard arm (Figure S3
and Table S1).

All of the parametric survival models, including
Gompertz, Weibull, and generalized gamma, produced
similar survival estimates for the in-trial period and
were similar to the SPRINT observed data (Figure S4).
The Gompertz model fit the in-trial data marginally
better, with a closer approximation of the Kaplan-
Meier curve upon visual inspection and a slightly lower
Akaike information criterion (Gompertz 3417.2, Weibull
3423.0, generalized gamma 3423.3). The multivariable
Gompertz regression model produced results consis-
tent with the observed in-trial survival. The mean sur-
vival and percent surviving 4 years was 3.9 (0.1) years
and 95% in the intensive arm and 3.9 (0.1) years and
94% in the standard arm, respectively.

Posttrial Survival

When extrapolating survival to 40 years using the flex-
ible parametric survival model based on NHLBI-PCS
participants, and assuming a constant treatment ef-
fect for the intensive arm of SPRINT (HR, 0.73), we es-
timated that the intensive arm would survive a mean
of 21.0 (7.4) years from randomization compared with
19.1 (7.2) years in the standard arm (mean difference,
1.9 years; P<0.001) (Table 2 and Table S2, Figure 3).°
As expected, the survival predicted by the flexible par-
ametric survival model using the NHLBI-PCS data was
similar to the observed overall survival in the NHLBI-
PCS weighted to resemble SPRINT participants
(Figure S5). Based on the SPRINT observed data alone,
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Table 1. Comparison of Baseline Characteristics Between the SPRINT and NHLBI-PCS Pooled Cohort
Before Propensity-Score Weighting After Propensity-Score Weighting
SPRINT-Eligible SPRINT-Eligible
SPRINT NHLBI-PCS SPRINT NHLBI-PCS
Characteristics (N=8584) (N=10 593) ASMD (N=8584) (N=10 593) ASMD
Demographics
Age, y 67.9+9.4 66.2+9.0 0.18 67.9£9.4 68.2+8.8 0.03
50-59 211 27.3 211 19.9
60-69 36.6 32.8 36.6 311
70-79 30.0 33.6 30.0 40.9
>80 124 6.3 124 8.1
Women 35.5 50.4 0.31 35.5 37.6 0.04
Race/ethnicity 0.32 0.07
Non-Hispanic White 57.6 73.6 57.6 53.2
Non-Hispanic Black 29.6 20.5 29.6 33.5
Hispanic 10.9 3.6 10.9 1.5
Other* 1.9 2.3 1.9 1.8
Clinical characteristics
Current smoker 131 16.5 0.10 1341 141 0.03
Body mass index, kg/m? 29.9+5.8 27.8+5.0 0.38 29.9+5.8 29.7+5.8 0.04
Systolic blood pressure, mm Hg 139.7£15.6 144.7£12.0 0.36 139.7£15.6 142.7+10.8 0.21
Diastolic blood pressure, mm Hg 78.2+12.0 78.0£10.7 0.01 78.2+12.0 79.7+10.3 0.13
Antihypertensive medication use 90.9 44.8 114 90.9 90.3 0.02
Low-density lipoprotein cholesterol, mg/dL 112.5+35.0 132.5+36.2 0.56 112.5+35.0 114.4+32.8 0.05
High-density lipoprotein cholesterol, mg/dL 53.0+14.3 51.9+15.8 0.07 53.0+14.3 54.3+171 0.09
Estimated glomerular filtration rate, mL/min 71.9+20.5 67.3+18.9 0.24 71.9+20.5 73.2£21.0 0.06
per 1.78 m?
10-y Framingham Risk Score, % 24.7+12.3 23.6+12.0 0.09 24.7+12.3 25.6+11.3 0.08
High cardiovascular disease risk criteria
Clinical coronary heart disease 19.9 9.5 0.30 19.9 17.5 0.07
Estimated glomerular filtration rate, 20— 27.9 41.2 0.28 27.9 28.0 0.00
59 mL/min per 1.73 m?
10-y Framingham Risk Score >15%, 76.2 79.8 0.09 76.3 87.8 0.28
Age 275y 28.2 20.7 0.18 28.2 26.5 0.04

Values are mean+SD or percent. To convert low- or high-density lipoprotein cholesterol from mg/dL to mmol/L, multiply by 0.0259. ASMD indicates absolute
standardized mean difference; NHLBI-PCS, National Heart, Lung, and Blood Institute Pooled Cohorts Study; and SPRINT, Systolic Blood Pressure Intervention

Trial.

*Other includes Asian, American Indian/Alaskan Native, and Native Hawaiian/Pacific Islander.

the Gompertz model resulted in substantially shorter
long-term survival estimates than the Weibull and gen-
eralized gamma survival models (Figure S6; Weibull
and generalized gamma estimated ~20% still surviv-
ing at 50 years follow-up). However, the Gompertz
model predicted much shorter posttrial survival esti-
mates when extrapolated over a lifetime than the flex-
ible parametric survival model based on NHLBI-PCS
participants. We estimated a mean survival of 11.2 (2.3)
years in the intervention arm and 10.5 (2.2) years in the
standard arm. At 20 years of follow-up, the Gompertz
model predicted all SPRINT participants in both the in-
tensive and standard arms would die, but the flexible
parametric survival model estimated that only 48% in
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the intensive arm and 55% in the standard arm would
die by 20 years. The flexible parametric survival model
using only SPRINT participant data resulted in similar
but slightly longer survival estimates (Figure S7).

We found clinically meaningful differences in
predicted mean life expectancy within age subgroups
(Table 2). Compared with the standard arm, the
intensive arm gained 2.1 years when baseline age was
between 50 and 59 years (intensive 30.1 [3.8] versus
standard 28.0 [4.3] years), but only 1.5 years when
baseline age was >80 years (intensive 10.3 [2.3] versus
standard 8.8 [2.1] years). Other observed differences
between the intensive and standard arms may be a
result of differences in baseline age between groups.
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Table 2. Predicted Mean Life Expectancy by Subgroup in
SPRINT Participants

Characteristics Standard Arm Intensive Arm
Overall 19.1£7.2 21.0+7.4
Baseline age, y
2o 50-59 28.0+4.3 30.1+3.8
Lt o
A 60-69 21.6+3.8 23.6+3.9
70-79 141+3.1 15.8+3.4
——— KM, SPRINT (Standard Arm) >80 8.8+2.1 10.3+2.3
= == KM, SPRINT (Intensive Arm) Sex
—— KM, NHLBI-PCS
§ i Men 18.6+7.1 20.4+7.4
0 i 2 3 4 Women 20.07.3 222474
Follow-up time (Year) Race/ethnicity*
White 171+6.5 18.8+6.8
Figure 2. SPRINT (Systolic Blood Pressure Intervention
" . . . Black 20.7+6.8 22.8+6.9
Trial) observed in-trial vs NHLBI-PCS (National Heart, Lung, * *
and Blood Institute Pooled Cohorts Study) observed 4-year Hispanic 25.3+7.3 26.9+7.4
survival. Other 22.7+6.8 24.4+6.9

The figure shows the Kaplan-Meier (KM) curves for observed
survival during the in-trial period of pooled SPRINT participants
(ie, both intensive and standard arms, N=8584) compared with the
observed survival during the first 4 years after meeting SPRINT
eligibility criteria in the propensity-score weighted NHLBI-PCS
(N=12 485). For this analysis, we used the same propensity-score
development process as in the primary analysis, but we did not
exclude individuals who survived <4 years; thus, the NHLBI-PCS
sample size is larger than in the primary analysis.

For example, the mean baseline age in non-Hispanic
White participants was 70.3 (9.0) and 64.1 (9.0) in
non-Hispanic Black participants. The difference in
predicted mean survival was 1.7 in White participants
(versus 1.7 with baseline age 70-79 years) and 2.1
in Black participants (versus 2.0 with baseline age
60-69 years).

Sensitivity Analysis

When varying the treatment effect beyond the 4-year
trial period, assuming an HR of 0.60 (the lower bound
of the published 95% CI of the SPRINT treatment ef-
fect), mean survival in the intensive arm increased to
221 (7.5) years, and the upper bound (HR, 0.90) de-
creased to 19.9 (7.3) years (Figure 4). When assuming
no difference beyond the duration of the trial (HR, 1),
mean survival in the intensive arm was 19.3 (7.2) years.

DISCUSSION

We used a combination of individual-level data from
SPRINT participants and long-term follow-up data
from a pooled cohort of epidemiologic study par-
ticipants who were propensity-score weighted to re-
semble SPRINT participants to extrapolate survival
and overall life expectancy beyond the observed
SPRINT follow-up (median of 3.3 years). Assuming
the treatment effects observed in SPRINT persisted
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Values are mean+SD. Estimates were derived by combining (1) the in-
trial period (<4 years) estimates from a flexible parametric survival model
of SPRINT participants and (2) the posttrial period (=4 years) estimates
by applying to SPRINT participants the baseline hazards and coefficients
of a flexible parametric survival model in National Heart, Lung, and Blood
Institute Pooled Cohorts Study participants propensity-score weighted to
resemble SPRINT participants. SPRINT indicates Systolic Blood Pressure
Intervention Trial.

*Mean baseline age was significantly different within race/ethnicity groups:
White 70.3 (9.0) years, Black 64.1 (9.0) years, Hispanic 65.3 (9.1) years, and
other 68.2 (8.7) years.

(HR, 0.73) beyond the trial period, we estimated that
SPRINT participants in the intensive arm would sur-
vive a mean of 21.0 (7.4) years from randomization,
compared with 19.1 (7.2) years in the standard arm.
However, mean estimated survival was sensitive to
the intensity of the treatment effect. These estimates
were substantially longer than life expectancy esti-
mates generated using Gompertz regression mod-
els, which estimated a mean survival of 11.2 (2.3)
years in the intensive arm and 10.5 (2.2) years in the
standard arm from randomization. Accurately esti-
mating life expectancy of SPRINT participants may
better inform treatment decisions by patients and
healthcare providers, as well as the long-term eco-
nomic consequences and cost-effectiveness of in-
tensive SBP treatment.

QOur life expectancy results for SPRINT partici-
pants are similar to estimates using actuarial meth-
ods, a simulation model, and average life tables
from the Centers for Disease Control and Prevention
and the Social Security Administration, but are lon-
ger than other simulation models."3'24 For SPRINT
participants, life tables from the Social Security
Administration project a mean life of expectancy of
17.1 (6.7) years, compared with 19.1 (7.2) years for the
standard arm from our flexible parametric survival
model with NHLBI-PCS data. Some of this difference
may be explained by SPRINT excluding individuals
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Figure 3. Predicted overall survival in SPRINT (Systolic
Blood Pressure Intervention Trial) participants.

The figure shows the overall survival of SPRINT participants from
randomization predicted by the multivariable flexible parametric
survival model (FPSM) and Gompertz survival regression models.
The shaded regions represent the 95% Cls.

with diabetes mellitus, a history of stroke, symptom-
atic heart failure, cancer, conditions that limit ex-
pected survival to <3 years, or individuals who may
not be adherent to the intervention.? Using actuarial
methods, the predicted mean survival was 24.5 years

A
<
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o
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Post-Trial Treatment Effect ‘ Hazard Ratio Standard Arm ‘ Intensive Arm
Observed SPRINT 0.73 21.0+7.4
SPRINT 95% CI Lower Bound 0.60 191472 221+75
SPRINT 95% CI Upper Bound 0.90 ) : 19.9+7.3
No difference in post-trial survival 1.00 19.3+7.2

Figure 4. Predicted survival and life expectancy in SPRINT
(Systolic Blood Pressure Intervention Trial) participants
when varying the posttrial survival benefit with intensive
treatment.

A, Predicted survival. B, Predicted mean life expectancy. A,
The overall survival from randomization for SPRINT participants
predicted by the multivariable flexible parametric survival model
with varying assumptions about the treatment effect (hazard ratio
[HRY]) after the end of the trial. B, The mean+SD life expectancy
for each treatment-effect scenario.
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in the intensive and 23.3 years in the control arm for
individuals aged 65 years, which compares with 23.6
and 21.6 years, respectively, for participants aged 60
to 69 years in our analysis." Actuarial methods as-
sume survival is independent of how long the treat-
ment is given and independent of patient adherence.
The approach used in the current analysis allows for
exploration of these assumptions by modifying the
HR after the end of the trial. Additionally, actuarial
methods are designed for population-level estimates
and do not incorporate individual characteristics.
Using data from external cohorts to extrapolate sur-
vival allows for adjustment for individual characteris-
tics, but also assumes that cohort participants with
similar characteristics have the same risk for out-
comes. In our analysis, some of the included cohorts
began following participants decades before SPRINT
and could have differences in overall survival for pe-
riod or birth cohort effect reasons not fully explained
by the included covariates.

Alongside trial cost-effectiveness analyses of
chronic health conditions, such as hypertension,
often require that event rates and treatment effects
be extrapolated well beyond the observed trial data.”
Estimating long-term survival (eg, 40-50 vyears)
based on only short-term data from clinical trials (eg,
3-5 years) poses a critical challenge for clinicians,
and the approach used by economic analyses may
substantially impact projected outcomes and un-
certainty.?":25-27 Although parametric survival mod-
els are a convenient way to extrapolate long-term
outcomes, even models that fit short-term survival
curves well may result in inaccurate long-term esti-
mations of survival and treatment effects.?” Careful
assessment of the extrapolated outcomes is criti-
cal, and multiple approaches should be considered.
Using participant-level data observed in cohorts
with similar characteristics provides an opportu-
nity to extrapolate in-trial event rates and examine
treatment-effect assumptions. Participant-level data
can generate risk functions that adjust for covariates
and may be used to generate individualized cost-
effectiveness estimates (Data S1, Tables S3 and S4).

Limitations

The primary limitation to our approach is that it requires
access to participant-level data from both the clini-
cal trial and a sufficiently large cohort with long-term
follow-up data on the outcomes of interest, similar par-
ticipant characteristics, and inclusion of key covariates.
This may not be feasible for trials without public access
to participant-level data or where sufficiently similar
long-term data resembling the trial are not available.
Additionally, individual cohorts may be too small and,
as in our analysis, pooling of multiple data sources may
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be required. We pooled data from over 40 000 partici-
pants across 6 large epidemiologic studies to obtain a
cohort of SPRINT-eligible participants with a sample
size similar to that of SPRINT. Without a comparable
external cohort, the life-expectancy estimates gener-
ated from this approach may not be applicable or reli-
able. Additionally, because our approach focused on
establishing a cohort similar to SPRINT, the generaliz-
ability of our estimates to non—SPRINT-eligible patients
may be limited. We excluded participants with missing
data on key covariates in both SPRINT and NHLBI-
PCS. However, our included SPRINT population had
similar baseline characteristics as the overall SPRINT
population (Table S5) and a similar proportion of par-
ticipants in the NHLBI-PCS met SPRINT eligibility crite-
ria as estimated in US adults.?*?® Estimates based on
cohort studies assume that observed survival in these
cohorts, developed over a period of the past several
decades, remains applicable to projections decades in
the future. However, any projection of survival into the
future must in some way be informed by existing sur-
vival estimates. Finally, we assumed a constant treat-
ment effect for intensive SBP treatment projections
and explored the magnitude of the effect in sensitiv-
ity analysis, including no effect after the trial period.
Although treatment effect may actually wane over time,
our analyses provide the boundaries within which such
a waning effect would lie.

CONCLUSIONS

Estimating long-term survival based on short-term
data from clinical trials is a challenge for clinicians and
long-term economic projections. We combined indi-
vidual participant-level data from SPRINT and 6 large
epidemiologic cohorts to estimate the life expectancy
of SPRINT participants beyond the trial follow-up.
Assuming that the treatment effects from the trial con-
tinued afterward, we estimated that participants with
intensive SBP treatment would survive about 2 years
longer than with standard treatment. Accurate life ex-
pectancy estimates for SPRINT participants can better
inform treatment decisions and the economic conse-
quences of intensive SBP treatment.
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SUPPLEMENTAL METHODS

Overall Life Expectancy Calculations for Systolic Blood Pressure Intervention Trial (SPRINT)
Participants

Our approach allows an estimate overall life expectancy for each SPRINT participant (Figure S1).
However, the flexible parametric survival models were developed specifically for SPRINT participants
(Tables S1 and S2) and are not necessarily generalizable to other populations. We describe the steps
required to calculate overall life expectancy and provide an example applying them to a 55-year-old
female with the characteristics shown in Table S3. We calculate the estimated survival for the first
example SPRINT participant (Table S4) and present a second example SPRINT participant (a 70-year-

old male, Tables S3 and S4) for comparison.

The following steps are used to calculate life expectancy for each SPRINT participant (corresponding to
Stages 2-4 in Figure S1):
(1) Calculate the probability of surviving each year of follow up during the in-trial period (Formula
S1and Table S1)
(2) Calculate the survival probability for each year of follow up during post-trial period, conditioned
on surviving the in-trial period (Formula S2 and Table S2)
(3) Combine the in- and post-trial period survival probabilities and calculate life expectancy as the

area under the overall survival probability curve

Step 1: Calculate the probability of surviving each year of follow up during the in-trial period

In Step 1, we first modeled in-trial survival in SPRINT participants using a time-based flexible parametric

survival model.



Formula S1. Probability of surviving at a given year of follow up during the in-trial period.
S(tlx;) = exp (—exp (yo + y1z1 +... + praZk1 + X; B))

where:
yo + y1Z1 +...+ yraZk-1 iS the log baseline cumulative hazard function estimated using restricted
cubic splines of log(time) with K knots; the knot locations were at 25", 50", and 75™ percentiles
of the distribution of uncensored log event times.
The restricted cubic spline variables z; are calculated as follows:

Z; =X

zi = (x — k)3 —djlx — k) — (1 — ;) (x — k)i Jj=2,..,K-1

¢j = (kg — k;)/ (kg — k1)
X; is the covariate matrix

B is the beta coefficients from the model based on the in-trial period (Table S2)

To calculate the probability of survival at one year of follow up during the in-trial period in our 55-year-
old female example SPRINT participant:
e Calculate the log baseline cumulative hazard (i.e., yo + y1z1 +...+ yk-1Zk-1) at time t = 1 year and
and the 25", 50", and 75" percentiles of the distribution of uncensored log event times, (Table
S1):
o Constant = -11.2238
o Parameter 1 of the restricted cubic spline = 0
o Parameter 1 beta coefficient = 0.9355
o Parameter 2 of the restricted cubic spline = -4.48

o Parameter 2 beta coefficient = -0.1033

S(Year 1|x;) = exp (—exp (-11.2238 + 0.9355*0 + -0.1033*-4.48 + x;8)



S(Year 1]x;) = exp (—exp (-10.7610 + x;B)
e Calculate the model coefficients multiplied by the individual’s characteristics (x;f8) (Tables S1

and S3)

S(Year 1]x;) = exp (—exp (-10.7610 + 4.7262)) = 0.998

Step 2: Calculate the survival probability for each year of follow up during post-trial period, conditioned

on surviving the in-trial period

In Step 2, we first modeled post-trial survival in SPRINT-eligible National Heart, Lung, and Blood
Institute Pooled Cohorts Study (NHLBI-PCS) participants using an age-based flexible parametric survival
model. We then applied the model estimates back to SPRINT participants to estimate their post-trial

survival.

Formula S2. Probability of surviving at a given year of follow up during the post-trial period, conditioned
on surviving the in-trial period.
1) S(Agelx;) = exp (—exp (yo+ y1za+...+ pxazka + X;B))

S(Agelx;)

2 S(tlx) =
) (tlxo) S(Age at year 4|x;)

x S(Year 4|x;)

where:
yo + y121+...+ ykazk-1 IS the log baseline cumulative hazard function estimated using restricted
cubic splines of log(age) with K knots; the knot locations were at 25", 50", and 75" percentiles of
the distribution of uncensored log event times.
The restricted cubic spline variables z; are calculated as follows:

Z1 =X

zi = (x — k)3 — djlx — kDI — (1 — ;) (x — k)3 Jj=2,.,K-1

¢ = (kg = kj)/ (kg — k1)



x; Is the covariate matrix

B is the beta coefficients from the model based on the post-trial period (Table S3)

Using the same process outlined in Step 1, we can calculate the probability of survival at age 65 years (or
10 years from SPRINT baseline) for our 55-year-old female case example using a combination of the age-
based post-trial survival and in-trial time-based formulas.

S(Age 65 years|x;)

S(Y 10]x;) =
(Year 10[x;) S(Age 59 years|x;)

X S(Year 4|x;) = 0.950

Step 3: Combine the in- and post-trial period survival probabilities and calculate life expectancy as the

area under the overall survival probability curve

Next, we combine the predicted in-trial survival probabilities from Step 1 and post-trial survival
probabilities from Step 2 to obtain the overall survival curve for each SPRINT participant with standard
treatment. Finally, the predicted life expectancy for each participant is calculated as the area under the
individual’s survival curve (Table S4). For the intensive arm, we applied the observed hazards ratio from

SPRINT, and assumed it was constant over the lifetime.

When we calculated the area under the survival curve for our 55-year-old female case example, we
estimate she would survive 28.5 years from baseline (age 83.5 years) in the standard arm compared to
30.6 years (age 85.6 years) in the intensive arm. For the second case example, the 70-year-old male, we
calculated that he would survive 16.1 years from baseline (age 86.1 years) in the standard arm and 18.0

years (age 88.0 years) in the intensive arm.



Table S1. Flexible Parametric Survival Model for the In-Trial Period.

Covariate ‘ Beta Coefficient
Intervention (REF Control) -0.2562
Baseline age (years) 0.0704
Female -0.3843
Race (REF White)

Black 0.3678

Hispanic 0.1339

Other 0.4332
Body mass index (kg/m?) 0.0061
Smoking status (REF Never)

Former 0.3413

Current 1.2444
Systolic blood pressure 0.0105
Diastolic blood pressure 0.0015
Low-density lipoprotein cholesterol -0.0038
High-density lipoprotein cholesterol -0.0012
eGFR -0.0124
History of coronary heart disease 0.3957
Restricted cubic splines for baseline cumulative hazard (with knots
placed at In(t) = -3.50, 0.87, and 1.38)

1st spline parameter 0.9355

2nd spline parameter -0.1033
Constant -11.2238

eGFR — estimated glomerular filtration rate.




Table S2. Flexible Parametric Survival Model for the Post-Trial Period.

Covariate Beta Coefficient

Female -0.3338
Race (REF White)

Black 0.0818

Hispanic -0.6716

Other -0.7158
Body mass index (kg/m?) 0.0120
Smoking status (REF Never)

Former 0.2038

Current 0.9518
Systolic blood pressure 0.0048
Diastolic blood pressure 0.0061
Low-density lipoprotein cholesterol 0.0003
High-density lipoprotein cholesterol 0.0004
eGFR -0.0042
History of coronary heart disease 0.3105
Restricted cubic splines for baseline cumulative hazard (with knots
placed at In(age) = 3.99, 4.43, and 4.68)

1st spline parameter 5.9999

2nd spline parameter -22.0180
Constant -29.2969

eGFR — estimated glomerular filtration rate.



Table S3. Baseline Characteristics of Two Hypothetical SPRINT Participants.

Example SPRINT Example SPRINT

Baseline Characteristics

Participant #1 Participant #2
Age (years) 55 70
Sex Female Male
Race White White
Body mass index (kg/m?) 32 35
Smoking status Former Never
Systolic blood pressure (mm Hg) 145 150
Diastolic blood pressure (mm Hg) 85 90
Low-density lipoprotein cholesterol (mg/dL) 102 140
High-density lipoprotein cholesterol (mg/dL) 55 40
eGFR 72 55
History of coronary heart disease Yes No

eGFR — estimated glomerular filtration rate.




Table S4. Estimated Survival Probability in Two Hypothetical SPRINT Participants.

Year of Follow Up

Standard Arm

Probability of Survival

Intensive Arm*

Example SPRINT Participant #1
0 55 100.0% 100.0%
1 56 99.8% 99.8%
4 (end of in-trial period) 59 98.1% 98.5%
10 65 95.0% 96.3%
40 95 7.8% 15.6%
Estimated survival (years) 28.5 30.6

Example SPRINT Participant #2
0 70 100.0% 100.0%
1 71 99.4% 99.6%
4 (end of in-trial period) 74 95.5% 96.5%
10 80 79.6% 84.5%
40 110 <0.001% <0.001%
Estimated survival (years) 16.1 18.0

*Assuming a constant treatment effect for the intensive arm (hazards ratio = 0.73) during the post-trial period.

SPRINT — Systolic Blood Pressure Intervention Trial.

Notes: The table shows the probability of survival calculated at selected years of follow up, the corresponding ages,
and estimated survival for two hypothetical SPRINT participants. To estimate overall survival, the probability of
survival is calculated for each year of follow up as described above in the Supplemental Methods. These are used to
create the survival curve for the SPRINT participant and the estimated survival is calculated as the area under the

survival curve.




Table S5. Baseline Characteristics of SPRINT Participants Who Were Included vs. Excluded in the Analysis Due to Missing Covariate

Data.

Characteristics

Overall SPRINT
(N=9,361)

Included
(N=8,584)

Excluded
(N=777)

P-value
(Included vs.
Excluded)

Demographics
Age (Year) 67.9+94 67.9+94 68.2+9.3 0.29

50-59 21.1 21.1 20.7

60-69 36.4 36.5 34.9

70-79 30.1 30.0 32.0

>80 12.3 12.3 12.4
Female 35.6 355 36.9 0.41
Race <0.001

White 57.7 57.6 59.3

Black 29.9 29.6 33.2

Hispanic 10.5 10.9 6.0

Other 1.8 1.9 14
Clinical Characteristics
Current Smoker 13.2 13.1 15.2 <0.001
BMI (kg/m?) 29.9+58 29.9+58 29.8+5.38 0.94
Systolic Blood Pressure (mm Hg) 139.7 + 15.6 139.7 + 15.6 139.0+ 154 0.24
Diastolic Blood Pressure (mm Hg) 78.1+£119 78.2+£12.0 775+£11.7 0.14
Antihypertensive medication use 90.9 90.9 91.1 0.83
Low-density Lipoprotein Cholesterol (mg/dL) 1125+ 35.0 1125+ 35.0 112.2 £ 36.8 0.94
High-density Lipoprotein Cholesterol (mg/dL) 528+ 144 53.0+14.3 449+ 150 <0.001
Estimated Glomerular Filtration Rate (mL/min/1.73 m?) 71.8+20.6 71.9+205 69.9 +21.8 0.01
10-year Framingham Risk Score (%) 248+125 24.7+12.3 26.8 145 <0.001
High Cardiovascular Disease Risk Criteria




P-value

Characteristics Overall SPRINT InEIUdEd Exc_luded (Included vs.
(N=9,361) (N=8,584) (N=777) Excluded)
Clinical coronary heart disease 20.1 19.9 21.4 0.34
Estimated glomerular filtration rate 20-59 mL/min/1.73 m? 28.1 27.9 30.5 <0.001
10-year Framingham risk score >15% 75.9 76.2 71.9 <0.001
Age >75 years 28.2 28.2 27.9 0.88

* Values are mean + SD or % base on non-missing data.



Figure S1. Overview of Approach to Estimate Life Expectancy in SPRINT Participants.
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NHLBI-PCS — National Heart, Lung, and Blood Institute Pooled Cohort Study; SPRINT — Systolic Blood Pressure
Intervention Trial.



Figure S2. Distribution of Systolic Blood Pressure Before and After Propensity Score Weighting.
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NHLBI-PCS — National Heart, Lung, and Blood Institute Pooled Cohort Study, SPRINT — Systolic Blood Pressure
Intervention Trial.

Note: The figure shows the distribution of systolic blood pressure before and after propensity score weighting. The
SPRINT inclusion criteria were a systolic blood pressure between 130 and 180 mm Hg. We strictly applied this
criterion in the NHLBI-PCS population. However, SPRINT participants were allowed to be outside this range if,
with adjustments to their blood pressure lowering medications, they were expected to be within the range.



Figure S3. SPRINT Observed vs. Predicted In-trial Survival Using Flexible Parametric and

Gompertz Survival Models.
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FPSM — Flexible parametric survival model; Gompertz — Gompertz regression model; KM — Kaplan-Meier Curve;
SPRINT - Systolic Blood Pressure Intervention Trial.

Note: The figure shows the overall survival from randomization over four years observed in SPRINT (KM) and that

predicted in SPRINT participants by the multivariable FPSM and Gompertz regression models. The shaded regions
represent the 95% confidence intervals.



Figure S4. SPRINT Observed vs. Predicted In-trial Survival.
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FPSM — flexible parametric survival model; KM — Kaplan-Meier Curve; NHLBI-PCS — National Heart, Lung, and
Blood Institute Pooled Cohorts Study; SPRINT — Systolic Blood Pressure Intervention Trial.

Note: The figure shows the survival observed and predicted for SPRINT participants during the in-trial period (0-4
years). Each of the parametric survival models was adjusted for the same variables (i.e., age, sex, race, body mass
index, smoking status, systolic blood pressure, diastolic blood pressure, low-density lipoprotein cholesterol, high-
density lipoprotein cholesterol, and estimated glomerular filtration rate). Model fit was best with the Gompertz
model (AIC 3417.2) with only a slightly lower AIC than the FPSM (AIC 3419.2), Weibull (AIC 3423.0), and
generalized gamma (AIC 3423.3).



Figure S5. Predicted Overall Survival in SPRINT Participants Compared to NHLBI-PCS

Participants.
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FPSM — flexible parametric survival model, KM — Kaplan-Meier, NHLBI-PCS — National Heart, Lung, and Blood
Institute Pooled Cohorts Study, SPRINT — Systolic Blood Pressure Intervention Trial.

Notes: The figure shows the predicted overall survival for SPRINT participants using the FPSM estimates derived
by combining: (1) the in-trial period (0-4 years) estimates from FPSM of SPRINT participants and (2) the post-trial
period (>4 years) estimates from applying to SPRINT participants the baseline hazards and coefficients of FPSM in
National Heart, Lung, and Blood Institute Pooled Cohorts Study participants propensity-score weighted to resemble
SPRINT participants. These are compared to the overall survival observed in SPRINT-eligible NHLBI-PCS
participants weighted to resemble SPRINT participants.



Figure S6. Predicted Survival in SPRINT Participants.
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FPSM — flexible parametric survival model; SPRINT — Systolic Blood Pressure Intervention Trial.

Note: The figure shows the survival predicted for SPRINT participants. The FPSM estimates derived by combining:
(1) the in-trial period (0-4 years) estimates from FPSM of SPRINT participants and (2) the post-trial period (>4
years) estimates from applying to SPRINT participants the baseline hazards and coefficients of FPSM in National
Heart, Lung, and Blood Institute Pooled Cohorts Study participants propensity-score weighted to resemble SPRINT
participants. The other parametric models (i.e., Gompertz, Weibull, and generalized gamma) show the extrapolations
when based on only the SPRINT observed trial data.



Figure S7. Predicted Survival in SPRINT Participants Using a Flexible Parametric Survival Model

and Observed SPRINT Data Only.
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SPRINT — Systolic Blood Pressure Intervention Trial.

Note: The figure shows the survival predicted for SPRINT participants when extrapolating survival estimates
derived from a flexible parametric survival model based on only the SPRINT observed trial data.

Mean (standard deviation) life expectancy was 25.6 (6.9) in the intensive arm and 23.7 (7.0) in the standard arm.



