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Abstract

Rationale: Event-driven primary endpoints are increasingly used
in pulmonary arterial hypertension clinical trials, substantially
increasing required sample sizes and trial lengths. The U.S. Food
and Drug Administration advocates the use of prognostic
enrichment of clinical trials by preselecting a patient population
with increased likelihood of experiencing the trial’s primary
endpoint.

Objectives: This study compares validated clinical scales of risk
(Comparative, Prospective Registry of Newly Initiated Therapies
for Pulmonary Hypertension, the French score, and Registry to
Evaluate Early and Long-Term Pulmonary Arterial Hypertension
Disease Management [REVEAL] 2.0) to identify patients who are
likely to experience a clinical worsening event for trial enrichment.

Methods: Baseline data from three pulmonary arterial hypertension
clinical trials (AMBITION [a Study of First-Line Ambrisentan and
Tadalafil Combination Therapy in Subjects with Pulmonary Arterial
Hypertension], SERAPHIN [Study of Macitentan on Morbidity
and Mortality in Patients with Symptomatic Pulmonary Arterial
Hypertension], and GRIPHON [Selexipag in Pulmonary Arterial
Hypertension]) were pooled and standardized. Receiver operating

curves were used to measure each algorithm’s performance in
predicting clinical worsening within the pooled placebo cohort.
Power simulations were conducted to determine sample size and
treatment time reductions for multiple enrichment strategies. A cost
analysis was performed to illustrate potential financial savings by
applying enrichment to GRIPHON.

Measurements and Main Results: All risk algorithms were
compared using area under the receiver operating curve and
substantially outperformed prediction per New York Heart
Association Functional Class. The REVEAL 2.0’s risk grouping
provided the greatest time and sample size savings in AMBITION
and GRIPHON for all enrichment strategies but lacked appropriate
inputs (i.e., N-terminal-proB-type natriuretic peptide) to perform
as well in SERAPHIN. Cost analysis applied to GRIPHON
demonstrated the greatest financial benefit by enrolling patients
with a REVEAL score >8.

Conclusions:This preliminary study demonstrates the feasibility of
risk algorithms for pulmonary arterial hypertension trial enrichment
and a need for further investigation.
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Pulmonary arterial hypertension (PAH) is a
collection of rare and progressive disorders of
the pulmonary vasculature with no known
cure (1). Our investigations focused on PAH
in World Health Organization (WHO)
group I, in which most of the experience lies.
Although there has been an explosion of
clinical trials seeking new therapeutic
options and approaches in PAH in the last
decade, endpoints to demonstrate drug
efficacy efficiently and effectively in PAH
trials are lacking (2, 3). Early-era PAH trials
were primarily required to show a
statistically significant increase in 6-minute-
walk distance (6MWD) for demonstrating

drug efficacy. However, it is now known that
improvement in 6MWD is only weakly
associated with reductions in clinical events.
Moreover, demonstrated improvements in
6MWD are typically small (average 30 m),
with debatable clinical relevance (4).
Contemporary PAH clinical trials switched
focus to complex determinants of
therapeutic efficacy, such as time to clinical
worsening, which is a composite endpoint of
death, hospitalization, and other measures of
disease progression. Although such event-
driven endpoints demonstrate a benefit with
clear clinical relevance to patients, clinical
worsening is relatively infrequent. Hence,
successful PAH trials end up requiring large-
scale patient enrollment for lengthy
durations, with substantial economic
expenditure (4).

The U.S. Food and Drug
Administration (FDA) recently suggested
the use of prognostic enrichment strategies
to improve clinical trial efficiency (5). This
includes strategies that leverage enrollment
based on the probability of an individual
patient experiencing a disease-related
endpoint for event-driven studies. In a
PAH drug efficacy trial, this would
emphasize enrollment of patients who are
deemed to be at an intermediate or high
risk for clinical worsening.

In the current study, we hypothesized
that existing validated risk-prediction
algorithms derived from PAH registry data
could be used to identify patients at
intermediate and high risk of clinical
worsening using baseline clinical trial data.
The goals of the present study were to
demonstrate that these algorithms are
prognostic of a clinical worsening event
and that, in simulated scenarios, a patient
cohort enriched with higher-risk patients
(as identified by risk algorithms) can
demonstrate a significant treatment
benefit with a substantially smaller sample size
compared with other, more simplistic
measures or biomarkers of PAH prognosis.

Methods

The following three contemporary PAH
risk-prediction algorithms were used to
stratify patient risk of clinical worsening at
baseline: Comparative, Prospective Registry
of Newly Initiated Therapies for Pulmonary
Hypertension (COMPERA) (6), the French
pulmonary hypertension registry score
(French) (7), and the U.S. Registry to

Evaluate Early and Long-Term PAH
Disease Management (REVEAL 2.0) (8).
A description of the design of all these
scores, including inclusion and exclusion
criteria, has been published previously.

Three contemporary PAH trials,
AMBITION (A Study of First-Line
Ambrisentan and Tadalafil Combination
Therapy in Subjects with PAH) (9),
GRIPHON (Selexipag in PAH) (10), and
SERAPHIN (Study of Macitentan on
Morbidity and Mortality in Patients with
Symptomatic PAH) (11) were chosen for
analysis because they had time to clinical
worsening as their primary endpoint.
Definitions of clinical worsening for each
trial are provided in Table 1. Data across
trials were unified and standardized for
testing the investigational risk algorithms.
The variables used in each algorithm and the
method for computing their final scores are
shown in Table 2. All risk algorithms were
applied as intended in the original
publication except for COMPERA,
which was left as a continuous variable
and not rounded to the nearest integer
after averaging. The following variables
(underlined in Table 2) were unavailable
across all clinical trials: diffusing lung
capacity and hospitalization 6 months before
randomization for REVEAL 2.0 and mixed
venous oxygen saturation for COMPERA.
Estimated glomerular filtration rate for
REVEAL 2.0 was calculated using the Levey
and colleagues equation, which considers
race, age, and sex (12).

For statistical analysis, receiver operating
characteristic (ROC) curves were generated for
each algorithm to determine their ability to
predict clinical worsening as defined by the
trial’s original primary endpoint. Algorithms
were benchmarked against a traditional clinical
means of patient risk stratification (New York
Heart Association [NYHA] functional class
used in isolation) via nonparametric statistical
analysis (i.e., bootstrapping) to determine
statistical significance of the difference in the
areas under the curve (AUCs). Algorithms
were further benchmarked against 6MWD,
NT-proBNP (N-terminal-proB-type
natriuretic peptide), and the three
hemodynamics used for risk calculation (listed
in Table 2) to determine whether commonly
used single clinical variables could provide the
same degree of predictive performance as a
multivariable risk score (see online
supplement). Patients who were censored early
from the primary endpoint were imputed as
event-free, and a sensitivity analysis was

At a Glance Commentary

Scientific Knowledge on the
Subject: The U.S. Food and Drug
Administration encourages the use of
prognostic enrichment of phase III
drug efficacy trials to increase the odds
of completing a successful trial in a
timely manner. Traditional means of
enriching clinical trials specifically for
cardiovascular products typically was
performed by New York Heart
Association (NYHA) Classification.
Enrolling patients with greatest disease
severity (i.e., higher NYHA class)
allows event-driven trials to observe
more events in a shorter time period
and achieve adequate statistical power
more efficiently.

What This Study Adds to the Field:
This study demonstrates that for
pulmonary arterial hypertension
(PAH) trials, the use of registry risk
calculators (specifically, the Registry to
Evaluate Early and Long-Term PAH
Disease Management 2.0, French score,
and Comparative, Prospective Registry
of Newly Initiated Therapies for
Pulmonary Hypertension score) offer
better prognostication of clinical
worsening than NYHA class or other
individual biomarkers and therefore
are better suited for PAH clinical trial
enrichment. Our study shows, for the
first time, that risk-based enrichment
not only reduces sample sizes and
treatment time in trials but also that
screening rates can be kept modest and
that there is significant potential for
financial benefit in trial enrichment.
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conducted to determine the impact of this
assumption (see online supplement). To avoid
confounding baseline risk and treatment
effects, only the placebo populations in each
trial were used for ROC analysis.

Because both COMPERA and
REVEAL 2.0 generate risk scores on a near
continuous scale, we were interested in
finding a consistent means to define cut
points that allowed for simplified patient
groupings for enrichment (low risk vs.
intermediate risk vs. high risk, with the
possibility for very low and/or very high
depending on algorithm precision). We
were also interested in optimizing cut points
such that the high-risk patients not only had
more clinical worsening events but also a
faster time to clinical worsening. To that

end, a survival tree analysis was applied to
the pooled placebo population to determine
such cut points for each algorithm (applied
via rpart R package) (13, 14). Each survival
tree was optimized to find the largest
number of cut points such that each group
had a statistically significantly different
survival curve (per exponential regression)
using 10-fold cross-validation. Our aim
in using the largest number of cut points
was to identify an optimal high-risk patient
group from one candidate algorithm that
could be recommended for prognostic
enrichment without a trial sponsor
conducting their own analysis.

Identified cut points were applied to the
pooled treatment population to determine
whether each simplified risk group saw a

benefit in treatment, as determined by Cox
proportional hazards. This analysis is
necessary to support the goals of prognostic
enrichment as a means to bridge therapy
established in higher-risk groups to lower-risk
patient populations. P,0.05 was used to
determine a statistical significance. The
incidence rate of clinical worsening for each
group and each treatment arm was calculated
as events per 100 patient-years.

Sample size estimates for each trial were
recalculated by resampling from patients with
no missing algorithm data and employing the
method originally proposed by Freeman in
1982 to estimate probability of clinically
worsening events in each treatment arm
(applied via the powerSurvEpi R package) (15,
16). Resampling was conducted to reflect the
following multiple enrichment strategies: 1)
selecting only intermediate- and high-risk
patients (intermediate–high strategy); 2)
selecting 50% of patients from the high-
risk–only group and 50% from all other
risk groups (high-other strategy); and 3)
selecting 100% of patients from the high-risk
group only (high-risk strategy). A
nonparametric bootstrap analysis was used to
generate 95% confidence intervals (CIs) for
each estimated sample size determined from
an event-driven power analysis. The
parameters of the power analysis, namely the
confidence level, anticipated effect size, and
power to detect the hypothesized treatment
effect, were kept as published in the original
trial’s statistical design (see Table E1 in the
online supplement). Although no attrition
rate is specified in this analysis, resampling
from the original trial populations allows
results to reflect sample size estimations in
the presence of early withdrawals. Mean
times in trial (i.e., treatment time) were also
calculated for each enrichment strategy per
algorithm. Sample size and time in trial from
simulations are presented as a percentage
reduction from simulations using the
nonenriched subpopulation, in which higher
reduction indicates lower sample size, shorter
treatment time, and, therefore, improved trial
efficiency. For further details on the
procedure to perform the nonparametric
power analysis, see the online supplement.

As patient screening can become
burdensome for trial enrichment, we aimed
to estimate the likelihood of finding a
patient identified per each algorithm’s risk
groupings by calculating the ratio of total
patients screened to patients enrolled per
risk category in the pooled trial dataset.
Ratios are presented as the number of

Table 1. Components and Definitions of the Primary Endpoint for Each Clinical Trial

Clinical Trial Definition of Clinical Worsening

AMBITION Any one or more of the following events:
d All-cause death
d Hospitalization for worsening PAH (includes lung or
heart–lung transplant, atrial septostomy, and initiation
of parenteral prostanoid therapy)

d Decrease of more than 15% from baseline in 6MWD
combined with WHO FC III or IV symptoms at two
consecutive visits separated by at least 14 d

d Any decrease from baseline in 6MWD separated by
at least 14 d combined with WHO FC III symptoms
assessed at two visits separated by at least 6 mo

SERAPHIN Any one or more of the following events:
d All-cause death
d Initiation of parenteral prostanoid therapy
d Lung transplantation
d Atrial septostomy
d Decrease of at least 15% from baseline in 6MWD at two
visits within 2 wk, combined with worsening symptoms
(change from baseline of WHO FC, no improvement for
FC IV patients at baseline, or the appearance or worsening
of right heart failure symptoms that did not improve with oral
diuretic treatment), and the need for additional treatment for
PAH

GRIPHON Any one or more of the following events:
d All-cause death
d Hospitalization for worsening PAH
d Initiation of parenteral prostanoid therapy or long-term
oxygen therapy

d Need for lung transplantation or balloon atrial
septostomy

d Decrease of at least 15% from baseline in 6MWD at two
visits on different days combined with change from
baseline of WHO FC for FC II or III patients at baseline or
the need for additional treatment for PAH for FC III or IV
patients at baseline

Definition of abbreviations: 6MWD=6-minute-walk distance; AMBITION=A Study of First-Line
Ambrisentan and Tadalafil Combination Therapy in Subjects with Pulmonary Arterial Hypertension;
FC= functional class; GRIPHON=Selexipag in Pulmonary Arterial Hypertension; PAH=pulmonary
arterial hypertension; SERAPHIN=Study of Macitentan on Morbidity and Mortality in Patients with
Symptomatic Pulmonary Arterial Hypertension; WHO=World Health Organization.
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patients who must be screened to
enroll 100 patients, in which a higher
ratio is indicative of higher screening
numbers and therefore lesser screening
efficiency.

Finally, a hypothetical cost savings
exercise was conducted with the GRIPHON
trial to demonstrate the benefit of
enrichment in balancing the increased cost
of screening by reducing the cost of treating
enrolled patients (i.e., research costs) and
to determine the enrichment strategy
optimal for balancing these costs. Minimum
estimated costs per patient were based on
figures reported by Ryan and colleagues and
other clinical procedure price estimations.
Costs of treatment are provided in Table 3
(3, 17, 18). Mean time to clinical worsening

or censor, as calculated from power
simulations, was used in the cost analysis as
the average treatment time per patient
receiving the study drug. For this analysis,
we assumed that every patient, regardless
of risk algorithm, required a right heart
catherization procedure in screening to
confirm PAH group I diagnosis. Although
this study used fewer variables to stratify
patients, final estimated screening cost
for each algorithm reflected the cost
of collecting all data required for each
algorithm. To account for the worst case
of screened patients failing because of
selection criteria outside of the matching
risk level (such as very low 6MWD or
prostacyclin analog background therapy),
the number of patients required for

screening was calculated using the
following equation:

patients needed for screening ¼

patients needed for enrollment3

ðscreen-to-enrollment ratio of GRIPHONÞ3

ðscreen-to-enrollment ratio for enriched populationÞ

Cost saving percentage was calculated as the
percentage difference between total cost for
the given enrichment strategy and the
estimated cost with no enrichment.

Results

From a total of 1,769 patients, we identified
n=976 (55%) and n= 793 (45%) patients

Table 2. Clinical Variables and Risk Algorithm Calculation

Algorithm Clinical Variables
French
Score COMPERA REVEAL 2.0

BNP/NT-proBNP, pg/ml 3 11 if ,300 22 if ,300
12 if <1,400 12 if >1,100
13 if .1,400

NYHA class 11 if <II 11 if ,III 21 if I
12 if =III 11 if III
13 if .III 12 if IV

6-minute-walk distance, m 11 if
.440

11 if .440 22 if >440
12 if >165 21 if .320
13 ,165 11 if ,165

Right atrial pressure, mm Hg 11 if ,8 11 if ,8 11 if .20
12 if <14
13 if .14

Sex 3 3 12 if male and .60 yr

Age, yr 3 3 12 if male and .60

Etiology 3 3 11 if connective, 13 if portal, 12 if familial

Systolic blood pressure, mm Hg 3 3 11 if ,110

Heart rate, bpm 3 3 11 if .96

Pulmonary vascular resistance, Wood units 3 3 21 if ,5

Renal function, ml/min/1.73 m2 3 3 11 if ,60

Recent hospitalizations 3 3 11 if within 6 mo

Diffusing lung capacity, %DLCO 3 3 11 if ,40%

Pericardial effusion 3 3 11 if present

Mixed venous oxygen saturation, % 3 11 if .65 3
12 if >60
13 if ,60

Cardiac index, L/min/m2 11
if>2.5

11 if >2.5 3
12 if >2
13 if ,2

Final score Sum total Average of total available
measurements

Sum total16

Definition of abbreviations: BNP=B-type natriuretic peptide; bpm=beats per minute; COMPERA=Comparative, Prospective Registry of Newly Initiated
Therapies for Pulmonary Hypertension; NT-proBNP=N-terminal-proB-type natriuretic peptide; NYHA=New York Heart Association; REVEAL=Registry
to Evaluate Early and Long-Term Pulmonary Arterial Hypertension Disease Management.
Clinical variables not included in the algorithm are marked with 3; clinical variables that were not available in any trial are underlined.
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with all required variables from the
treatment and placebo groups, respectively.
As shown in Figure 1, all algorithms
performed similarly in their ability to predict
clinical worsening (COMPERA AUC, 0.70;
95% CI, 0.66–0.73; French score AUC, 0.66;
95% CI, 0.63–0.70; and REVEAL 2.0 AUC,
0.70; 95% CI, 0.66–0.73). Each
investigational algorithm outperformed
NYHA functional class (AUC, 0.61; 95% CI,
0.57–0.64) at predicting clinical worsening
prognosis (COMPERA P= 2.263 1026,
French P= 6.53 1024, and REVEAL
P= 1.633 1026). Furthermore, all risk
algorithms had better performance in
predicting clinical worsening than singular
clinical variables (see Table E2). In our
sensitivity analyses to test the assumption
that early censored patients were event-free,
we note that all algorithms perform worse if
patients with a censor time of less than 3
years are removed from the analysis, though
excluding patients censored before 1 year
largely did not change the AUC of each
algorithm (Figure E1). This indicates that
algorithms may be somewhat optimistic in
their prediction. It is worth noting that
REVEAL 2.0 was, however, the most robust
against this assumption and largely
maintained its prognostic performance.

Application of Survival Tree Analysis
to Identify Risk Groups
Each investigational algorithm identified
at least three unique risk groups with
statistically significantly different time to
clinical worsening rates using survival tree
analysis. Cut points and incidence rates (as
number of events per 100 patient-years) for
each risk group are shown in Table 4.
REVEAL 2.0 was the most precise and
identified four statistically significantly
different ranked groups for clinical worsening
(P,23 10216; its full survival tree is shown
as an example in Figure 2), specifically
identifying an additional very low–risk group,
and its high-risk group had a much higher
incidence rate than those of COMPERA or
French score. Only three different groups
were identified using either COMPERA
(P,23 10216) or the French score
(P=8.983 10216). When used in isolation,
NYHA functional class identified only two
statistically significantly different ranked
groups (P=1.183 1029). Hazard ratios
between the pooled treatment and pooled
placebo groups for reduction in clinical
worsening rate were statistically significant for
all risk groups identified, irrespective of the
risk algorithm used (P,0.05 for all),
demonstrating that even lower-risk patients
saw a treatment benefit and that bridging

efficacy to these groups would be appropriate.
Treatment effects were not significantly
different between groups (i.e., there were no
interactive effects between baseline risk and
placebo versus treatment), although we note
that this retrospective study is not powered to
determine interactive effects.

Impact on Sample Size and Treatment
Time
Shown in Figure 3 are the results for sample
size reduction (bar graph, y-axis, left)
and average treatment time reduction
(superimposed line graph, y-axis, right)
for multiple enrichment strategies. REVEAL
2.0 performed best for both reducing the
total number of patients needed for
enrollment and the average treatment time
for all enrichment methods in AMBITION
and GRIPHON. However, the French score,
on average, outperformed both COMPERA
and REVEAL 2.0 for all enrichment
methods in the SERAPHIN trial. This
discrepancy is likely due to the use of a
nonstandard assay for measuring NT-
proBNP in the SERAPHIN trial, which
would compromise the accuracy of both
COMPERA and REVEAL 2.0 for risk
stratification in this trial but not of
the French score, as it does not use
NT-proBNP to estimate risk.

Table 3. Cost Analysis for Pulmonary Arterial Hypertension Clinical Trial

Study Element
Baseline Cost

(USD)
Iterations per Study per

ITT Patient
REVEAL 2.0
Screening

COMPERA
Screening

French
Screening

Nonenrichment
Screening

Informed consent
processing

150 0 1 1 1 1

History and PE 500 01 1 1 1 1
Vital sign assessment 50 31 1 1 1 1
Right heart
catheterization

3,500–5,000 01 1 1 1 1

6-minute-walk test 550 31 1 1 1 1
NT-proBNP 140 01 1 1 — —
Lung capacity test 500 — 1 — — —
Mixed venous O2
saturation

200 — 1 1 — —

Creatinine 50 01 1 — — —
IRB fees 4,000 1 — — — —
Study drugs 12,100 1 — — — —

Total $13,9001 per treated
patient

$5,640 per
patient

$5,090 per
patient

$4,750 per
patient

$4,750 per patient

$1,8001 per placebo
patient

Definition of abbreviations: COMPERA=Comparative, Prospective Registry of Newly Initiated Therapies for Pulmonary Hypertension; IRB= institutional
review board; ITT = intention to treat; NT-proBNP=N-terminal-proB-type natriuretic peptide; PE=physical examination; REVEAL=Registry to Evaluate
Early and Long-Term Pulmonary Arterial Hypertension Disease Management; USD=U.S. dollars.
Costs per ITT patient reflects cost for every 12-week period of enrollment in a trial. Costs per ITT patient can vary considerably because of trial design;
estimates reflect a minimum, with (1) indicating an anticipated increase.
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Estimated Screen-to-Enroll Ratios
Table 5 provides the estimated screen-to-
enroll ratios of each risk group per
algorithm, as determined by the pooled

dataset. REVEAL’s screen-to-enroll ratio
was highest (i.e., worst screening efficiency)
for all enrichment methods. The French
score using an intermediate–high

enrichment strategy could achieve a
comparable screen-to-enroll ratio to those
of the original trials.

Impact on Cost Savings
Figure 4 shows the potential cost savings
that GRIPHON may have benefited from if
enrichment strategies had been used as well
as the ratio of screening cost to research
(treatment) costs per enrichment strategy.
Although all enrichment strategies reduced
cost on average, the high-other strategy
provided minimal net savings. The
intermediate–high strategy provided the
greatest financial benefit under REVEAL
2.0 (by reducing the total trial cost by 40%),
and the high-risk–only strategy reduced
overall cost but substantially increased
screening costs.

Discussion

Clinical trial design in PAH has evolved into
large, placebo-controlled studies focusing
on a composite endpoint of clinical
outcomes to determine therapeutic efficacy.
However, such approaches are cumbersome
and costly, and trial durations extend over
many years in hopes of achieving the desired
statistical power.

The FDA supports using clinical
trial enrichment, advocating that the
prospective use of patient characteristics
to select a study population in which
detection of a drug effect (benefit or lack
thereof) is more likely than in a broad
patient population (5). For any given

Table 4. Incidence Rate and Treatment Effect per Risk Group as Defined by Risk Algorithm and Its Survival Tree Cut Points

Algorithm Risk Group

Pooled Placebo Incidence
Rate of Clinical Worsening

(Events per 100
Patient-Years)

Pooled Treatment Incidence
Rate of Clinical Worsening

(Events per 100
Patient-Years)

Hazard Ratio for Reduction
of Clinical Worsening Rate
(95% Confidence Interval)

French score Low (2, 3) 17.10 10.47 0.61 (0.46–0.81)
Intermediate (1) 29.75 18.19 0.60 (0.46–0.79)
High (0) 51.44 25.08 0.50 (0.38–0.67)

COMPERA Low (<1.7) 13.90 8.27 0.59 (0.42–0.85)
Intermediate (.1.7–2.1) 27.37 16.36 0.59 (0.46–0.76)
High (.2.1) 52.52 24.81 0.48 (0.37–0.62)

REVEAL 2.0 Very Low (<5) 11.00 6.61 0.60 (0.36–0.99)
Low (6–8) 21.19 11.97 0.56 (0.42–0.74)
Intermediate (9, 10) 36.90 23.07 0.63 (0.48–0.83)
High (.10) 72.32 34.52 0.48 (0.34–0.67)

NYHA Low (< II) 16.69 9.79 0.58 (0.43–0.78)
Intermediate (.II) 35.02 20.95 0.60 (0.50–0.73)

Definition of abbreviations: COMPERA=Comparative, Prospective Registry of Newly Initiated Therapies for Pulmonary Hypertension; NYHA=New York
Heart Association; REVEAL=Registry to Evaluate Early and Long-Term Pulmonary Arterial Hypertension Disease Management.
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1.00 0.75
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Figure 1. Receiver operating curves (ROCs) for each investigational algorithm. The population used
for ROCs included pooled placebo patients from each clinical trial with all available values listed in
Table 2, excluding variables not available for any trial. N=793. Area under curve (AUC) comparable
for all risk algorithms for prediction of clinical worsening at end of study (COMPERA AUC, 0.70; 95%
confidence interval [CI], 0.66–0.73; French score AUC, 0.66 95% CI, 0.63–0.70; and REVEAL 2.0
AUC, 0.70; 95% CI, 0.66–0.73. All investigational algorithms outperformed NYHA Classification (AUC,
0.61; 95% CI, 0.57–0.64) in nonparametric statistical analysis (COMPERA P=2.2631026; French
P=6.531024; and REVEAL P=1.6331026). COMPERA=Comparative, Prospective Registry of
Newly Initiated Therapies for Pulmonary Hypertension; French=French score; NYHA=New York
Heart Association; REVEAL=Registry to Evaluate Early and Long-Term Pulmonary Arterial
Hypertension Disease Management.
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desired power in an event-based study,
the appropriate sample size depends on
effect size and the event rate in the control
group. Prognostic enrichment strategies are
encouraged, not to affect the relative risk
reduction but to increase the proportion of
patients likely to experience a disease-
related endpoint, allowing for a higher
number of events in a shorter time period,
hence reducing overall sample size
requirements. In our analysis, all risk
algorithms met the guidance criteria for
prognostic enrichment; 1) they were shown
to be prognostic of clinical worsening by
ROC analysis, and 2) when applied using
multiple enrichment strategies, they
reduced the average estimated sample size
compared with estimations made with the
nonenriched population. Furthermore, all
risk groups were determined to have the
same proportional pooled treatment
benefit, supporting the FDA’s statement
that relative risk reduction is not affected
with a prognostic enrichment strategy.

Currently, the FDA has no
pharmacological concerns with bridging
treatment efficacy established in a higher-

risk PAH group to treat lower-risk patients
with PAH. The current understanding of
PAH disease state and pathophysiology
points to maintenance of a treatment effect
regardless of a patient’s individual risk of
morbidity or mortality. However, as stated
in the FDA guidance document for trial
enrichment, there is no absolute guarantee
that prognostic enrichment and predictive
enrichment are mutually exclusive. It
is possible that risk-based prognostic
enrichment also accomplishes the goal of
predictive enrichment by selecting for a
patient population that experiences an
effect that would not be present in an
unselected population. Such a result was
not supported by our analysis but cannot
be ruled out for PAH drugs of differing
mechanisms, as all investigated trials tested
vasodilators.

An enriched patient cohort could
experience a lack of treatment efficacy
rather than experiencing a greater
treatment response. The latter is possible
specifically when a treatment cannot have a
therapeutic effect quickly enough to slow the
deterioration of a high-risk patient. Many

cardiovascular drugs not expected to rapidly
improve heart function still achieved
approval by demonstrating efficacy in
very ill patients with rapid deterioration and
high mortality (5). Therefore, it is almost
never clear when it is too late to clinically
intervene, especially with the limited pilot
data that precede a phase III trial, and
prognostic trial enrichment should still be
considered.

If there is a truly well-captured reason
that the drug must be used as an early
intervention, such a trial would still benefit
from risk-stratified enrichment. A trial
sponsor could also consider an adaptive
clinical trial, for which the cut point for
an appropriate risk group is determined
through interim analyses rather than
initially determined and static throughout
the trial. The use of adaptive clinical trials
for prognostic and/or predictive enrichment
is well supported by the FDA, and several
adaptive designs have been previously
published (19). In fact, one of the greatest
challenges in adaptive enrichment is
finding the correct biomarker among
some number of candidates that provides
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Figure 2. Survival tree analysis applied with REVEAL 2.0 risk stratification. Example of splitting conducted by survival tree is shown. Cut points to define
risk groups were calculated by maximizing the statistical difference in time to clinical worsening between each risk group. Cut points were optimized on
pooled placebo data before applying to treatment group. Once applied to the treatment group, Kaplan-Meier curves were generated, and hazard ratios
(HRs) between pooled placebo and pooled treatment group were calculated. HRs and 95% confidence intervals are shown. REVEAL=Registry to
Evaluate Early and Long-Term Pulmonary Arterial Hypertension Disease Management.
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prognosis of the desired endpoint (20).
Our analysis clearly demonstrates that risk
stratification is prognostic for clinical
worsening, avoiding the need for multiple
hypothesis testing that “spends the alpha”
used to control the family-wise error rate
during interim analysis.

As shown in Figure 3, REVEAL 2.0
outperformed COMPERA and the
French score in two of the three clinical
trials for all enrichment methods but
appeared less informative in SERAPHIN.
One possible explanation for this
variation is that REVEAL 2.0 and
COMPERA were both optimized for a
different NT-proBNP analytical assay
from the one used in the SERAPHIN trial
(21). Specifically, the SERAPHIN NT-
proBNP measurements were determined
from an enzyme immunoassay rather
than a chemiluminescence immunoassay,
meaning that its range and scale do
not translate to the cut points used in
COMPERA and REVEAL 2.0. This leads to
all SERAPHIN patients assessed appearing
to have a high-risk NT-proBNP level per
these two algorithms. By comparison, the
invasive French score does not consider
NT-proBNP for its algorithm and therefore
could not be skewed by this value, which
may be why it performed better than both
COMPERA and REVEAL 2.0 at reducing
sample size in simulations for SERAPHIN.
This demonstrates the importance of using

clinical variables measured with the
appropriate scales when applying risk
stratification, especially for trial
enrichment. Moreover, it emphasizes
the need for standardization of choice
of biomarker tested and its range of
values in risk assessment tools.

This result also leads into an important
discussion about ease of use and data
collection for risk-driven screening at trial
baseline. REVEAL 2.0 requires 13 clinical
variables (with a minimum of seven),
COMPERA requires five, and the French
score requires four. Although the number
of variables for each algorithm differs, the
overall cost of each algorithm as a screening
tool was similar because right heart
catherization was the biggest contributing
factor to cost. Further investigations are
warranted to explore whether REVEAL Lite
(22) or the French noninvasive score (6)
can identify the intermediate–high and/or
high-risk–only groups with considerably fewer
variables and no hemodynamic variables.

Although the ideal enrichment strategy
is a single, inexpensive biomarker, as shown
in our additional analyses, hemodynamic
variables, 6MWD, and NT-proBNP used in
isolation were not as predictive as any of the
three multivariable risk algorithms. Use of
these singular biomarkers was unlikely to
substantially reduce costs versus REVEAL
2.0 because confirmation of PAH diagnosis
by right heart catheterization would still be

required. Furthermore, although our
results demonstrate that REVEAL 2.0
performed best in terms of cost savings
and precise prediction, if all variables
considered in our analysis cannot be
measured, we recommend the use of a risk
algorithm that best fits the available data to
avoid inaccurate prognosis of screened
patients.

The cost savings exercise conducted
with the GRIPHON data showed that
intermediate-high–risk enrollment as
determined by a REVEAL score of 8 or
more provides the greatest financial gain.
This enrichment strategy had the triple
benefit of 1) reducing total number of
enrolled patients, 2) reducing average
treatment time per enrolled patient, and 3)
keeping screening costs modest. For our
analysis, most of the cost per enrolled
patient stemmed from distributing study
drugs over a long period of time. Our
estimation of other research costs was
conservative, as we did not account, for
example, for regularly scheduled lab tests,
multiple right heart catheterizations, and
the cost of personnel, all of which can vary
considerably per trial and geographic
location (16). For a comparison of scale,
our economic analysis estimates an average
cost of $17,000 (U.S. dollars) per enrolled
patient for 26 weeks of treatment, whereas
current estimations for costs per enrolled
patient in international trials with a median
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trial time of 26 weeks were $31,802 per
patient as a low estimate (23). This further
illustrates the importance of keeping trial
sizes small and treatment time short, even

when requiring a more involved screening
process.

PAH clinical trials tend to be
international, multisite endeavors to reach

necessary sample sizes. Economic research
cited by the FDA established that
international trials can benefit from lower
costs of clinical procedures found abroad,
although benefits in terms of the cost of study
drugs is uncertain (24, 25). Our estimates of
the studied drug (selexipag) are based on
previously published literature specific
to its 2017 market price submitted by the
manufacturer in the United States and
Canada. Specific selexipag cost data in
countries where costs of clinical trials
are far lower, such as China and Russia,
could not be found. Although our estimates
may not be entirely reflective of total clinical
trial cost, especially for sites outside the
United States, our analysis illustrates a
proportional reduction in cost that would
translate to international sites because of a
reduction in treated patients and treatment
time.

The rarity of algorithm-identified risk
groups is a serious challenge for enrichment.
Although a high risk–only strategy provides

Table 5. Estimated Number Screened to Enroll 100 Patients Based on Risk
Proportions in Pooled Dataset

Enrichment Method Risk Algorithm
Number Screened

to Enroll 100 Patients

Intermediate and high risk COMPERA 170
French 127
REVEAL 263

50% high risk/50% all other COMPERA 214
French 259
REVEAL 417

High risk only COMPERA 427
French 518
REVEAL 833

None (average of original trials) 124

Definition of abbreviations: COMPERA=Comparative, Prospective Registry of Newly Initiated
Therapies for Pulmonary Hypertension; French=French score; REVEAL=Registry to Evaluate Early
and Long-Term Pulmonary Arterial Hypertension Disease Management.
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Figure 4. Cost analysis for applying enrichment to GRIPHON (Selexipag in Pulmonary Arterial Hypertension). Each enrichment strategy was applied to
GRIPHON, and estimated ratios of total cost of screening versus total cost of conducting trial (i.e., research cost) as well as net savings as a percentage
of the cost of a nonenriched trial were calculated. Cost of screening and cost of research were estimated per Table 3. COMPERA=Comparative,
Prospective Registry of Newly Initiated Therapies for Pulmonary Hypertension; French=French score; REVEAL=Registry to Evaluate Early and Long-
Term Pulmonary Arterial Hypertension Disease Management.
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the biggest reduction in sample size, the
rarity of these patients makes screening
prohibitive not only financially but also in
the sheer number of available patients to
screen. We found that our screen-to-
enrollment ratios were reflective of the real
world, as they matched the availability of
an enriched population in the REVEAL
registry, although rounding of the
COMPERA score affected the apparent
availability of its high-risk population (6).
These estimates are primarily meant to
illustrate the relative difficulty of identifying
a subpopulation within an already rare
disease population. As stated above,
PAH clinical trials typically require
multiple sites across several countries
to achieve adequate sample sizes, and
this is expected to still be necessary
with an enrichment strategy. At this
time, the need for additional sites to
increase screening numbers is not
expected with an intermediate-high–risk
strategy, but the possibility should be
considered. We recommend the use
of feasibility surveys that consider
availability of intermediate- and high-risk
patients before site recruitment to mitigate
costs.

Our estimation of screen-to-
enrollment ratios assumed no prescreening.
Prescreening via electronic health records
may allow a high-risk–only enrichment
strategy to become more viable (23). The
feasibility of a high-risk–only enrichment
strategy will become increasingly
important, as the sophistication and
treatment costs of PAH clinical trials are
increasing (4). Trials with particularly high
costs per enrolled patient, such as those
studying dual or triple combination
therapies, will substantially benefit from a
high-risk–only enrichment strategy,
specifically using REVEAL 2.0, which
provided the greatest sample size and
treatment time reductions with appropriate
inputs.

Finally, the overall availability of
intermediate- and high-risk patients to be
enrolled per year also contributes to overall
trial length. Although PAH trials typically
expect to enroll roughly 200–350 patients
per year, intermediate- and high-risk
patients only compose an estimated
35–50% of the total current registry
population (8). Therefore, enrollment
efforts are likely to slow and not be entirely
offset by the reduction in the total number
of patients needed for enrollment.

However, an enriched study will still stand
to benefit from more primary endpoint
events occurring at a quicker pace, as
shown in our analysis with reduced
treatment time. Therefore, trials may still
benefit from a reduction in needed patient
treatment-years. Future studies will
investigate how to identify an enrichment
strategy more precisely based on clinical
trial simulations that account for the
availability of patients.

Our findings address the limitations of
current PAH clinical trials by demonstrating
the benefit of risk stratification of patients
with validated scales in PAH at baseline
for optimizing enrollment. These data
demonstrate, for the first time, the efficacy of
established PAH risk-prediction algorithms
in selecting patients most likely to
experience clinical events. When applied
retrospectively to contemporary PAH
clinical trials, our patient enrichment
strategy reduced the enrolled/intent-to-treat
population size required to detect a
statistically significant treatment effect.
Thus, results from this study establish that
a priori risk stratification maximizes the
likelihood of observing a statistically
significant treatment effect with a smaller
study population and should be considered
in future study designs. Accordingly, the
application of our approach to clinical
study design is, in turn, expected to increase
efficiency of successful PAH randomized
clinical trials.

Limitations

This study had several limitations. Because
of missing clinical variables at baseline,
COMPERA and REVEAL 2.0 were not
evaluated as originally intended.
Furthermore, all risk algorithms were
optimized for predicting 1-year mortality
rather than clinical worsening.

COMPERA was applied without
employing the rounding methods used with
the algorithm applied to clinical risk
stratification. Overall, not rounding has little
effect on the overall functionality of the
algorithm, as all inputs and calculations are
the same. However, rounding could
profoundly affect COMPERA’s prognostic
performance, as ranking accuracy almost
always suffers when scales become less
precise.

Relative algorithm accuracy was
determined on the basis of a pooled placebo

group with differing definitions for
clinical worsening. Given the nature of
event adjudication, namely the lack of
available source data surrounding
worsening symptoms, it is infeasible to
create a common clinical worsening
endpoint to be used in all trials. This
limitation motivates the understanding
of how different risk algorithms perform
for different definitions of clinical
worsening given all the proper inputs for
calculations, which were not available for
this study.

Although sampling from a trial
population with early withdrawal, power
simulations did not force a specific attrition
rate. Sample size reduction estimates were
therefore controlled by comparing with a
nonenriched population without attrition
rather than the original trial’s study size.
We expect the percentage change to be
similar overall. Random dropout, drug
intolerability, or lack of satisfactory
clinical progress (but not an explicit
adjudicated event) can all contribute to an
underestimation of drug effect, which could
substantially increase the required sample
sizes. However, use of a high-risk
enrichment strategy is less likely to be
affected by attrition rates, as events
occur earlier in the trial. It may, in fact,
increase the likelihood of patients
experiencing a clinically worsening
endpoint before any other factor, leading
to an early withdrawal.

In addition, by assuming that all
patients with early withdrawal were event-
free and thereby reducing the estimated
event rate in each risk group, estimations of
sample size reduction may be conservative.
Our sensitivity analysis of the ROC curves
demonstrates that this assumption produces
a modest bias in the performance of each
algorithm. However, underestimating
sample size reduction is desirable for
providing appropriate recommendations
versus providing inflated estimations that
later prove to provide no significant
reduction in sample size.

In terms of bridging treatment efficacy,
given the broad range of etiologies even
for WHO group I PAH, it is important to
balance a trial’s patient cohort appropriately
so that it is representative of the intended
drug indication. Our analysis demonstrated
a treatment effect in all REVEAL risk
populations even though etiology
contributed to risk stratification, providing
preliminary evidence that there are no
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concerns about bridging efficacy between
risk groups of different etiological
proportion. However, this concept warrants
further investigation.

There are two major limitations to our
economic analysis. First, increase in clinical
trial costs because of the need for additional
sites for screening was not considered. Next,
all costs were based on estimates of clinical
procedures and cost of the study drug
(selexipag) in the United States. Although a
proportional reduction in cost is still
expected, it is speculative.

Lastly, the studied population may not
be representative of the risk in the entire trial
population. Missing clinical variables for
baseline risk assessment are assumed to be

missing at random, but there may be some
underlying cause.

Conclusions
Use of risk-prediction algorithms as a
prognostic enrichment tool must be
validated in prospective clinical trials.
This preliminary retrospective study
demonstrates that such enrichment would
reduce needed enrollment size and the
duration of treatment and observation. This
has many significant patient benefits, such
as reducing the duration of treatment with
placebo and improving time-to-market
for potentially life-saving medications.
Furthermore, the financial burden of future
PAH clinical trials can be reduced by

improving trial efficiency, allowing drug
developers to reinvest savings into research
and drug innovation. n
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