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BACKGROUND: Conducting randomized controlled trials to investigate 
survival in a rare disease like pulmonary arterial hypertension has 
considerable ethical and logistical constraints. In many studies, such as 
the Study with an Endothelin Receptor Antagonist in Pulmonary Arterial 
Hypertension to Improve Clinical Outcome (SERAPHIN) randomized 
controlled trial, evaluating survival is further complicated by bias 
introduced by allowing active therapy among placebo-treated patients 
who clinically deteriorate.

METHODS AND RESULTS: SERAPHIN enrolled and followed patients in the 
same time frame as the US Registry to Evaluate Early And Long-term PAH 
Disease Management, providing an opportunity to compare observed survival 
for SERAPHIN patients with predicted survival had they received real-world 
treatment as in the Registry to Evaluate Early And Long-term PAH Disease 
Management. From the Registry to Evaluate Early And Long-term PAH 
Disease Management (N=3515), 734 patients who met SERAPHIN eligibility 
criteria were selected and their data used to build a prediction model for time 
to death up to 3 years based on 10 baseline prognostic variables. The model 
was used to predict a survival curve for each of the 742 SERAPHIN patients 
via their baseline variables. The average of these predicted survival curves was 
compared with observed survival of the placebo (n=250) and macitentan 10 
mg (n=242) groups using a log-rank test and Cox proportional hazard model. 
Observed mortality risk for patients randomized to placebo, 62% of whom 
were taking background pulmonary arterial hypertension therapy, tended 
to be lower than that predicted for all SERAPHIN patients (16% lower; 
P=0.259). The observed placebo survival curve closely approximated the 
predicted survival curve for the first 15 months. Beyond that time, observed 
risk of mortality decreased compared with predicted mortality, potentially 
reflecting the impact of crossover of patients in the placebo group to active 
therapy. Over 3 years, risk of mortality observed with macitentan 10 mg was 
35% lower than predicted mortality (P=0.010).

CONCLUSIONS: These analyses show that, in a rare disease, real-world 
observational data can complement randomized controlled trial data 
to overcome some challenges associated with assessing survival in the 
setting of a randomized controlled trial.

CLINICAL TRIAL REGISTRATION: https://www.clinicaltrials.gov. Unique 
identifiers: NCT00660179 and NCT00370214.

ORIGINAL ARTICLE

Integrating Data From Randomized 
Controlled Trials and Observational Studies 
to Assess Survival in Rare Diseases
Insights From Pulmonary Arterial Hypertension

© 2019 The Authors. Circulation: 
Cardiovascular Quality and Outcomes 
is published on behalf of the American 
Heart Association, Inc., by Wolters 
Kluwer Health, Inc. This is an open 
access article under the terms of 
the Creative Commons Attribution 
Non-Commercial-NoDerivs License, 
which permits use, distribution, and 
reproduction in any medium, provided 
that the original work is properly cited, 
the use is noncommercial, and no 
modifications or adaptations are made.

Adam Torbicki, MD
Marisa Bacchi, PhD
Marion Delcroix, MD
Harrison W. Farber, MD
Hossein-Ardeschir  

Ghofrani, MD
Brian Hennessy, MSc
Pavel Jansa, MD
Sanjay Mehta, MD
Loïc Perchenet, PhD
Tomas Pulido, MD
Daniel Rosenberg, PhD
Lewis J. Rubin, MD
B.K.S. Sastry, MD
Gérald Simonneau, MD
Olivier Sitbon, MD
Rogério Souza, MD
Lee-Jen Wei, PhD
Richard Channick, MD*
Raymond Benza, MD*

*Drs Channick and Benza contributed 
equally to this work.

Key Words: hypertension, pulmonary  
◼ macitentan ◼ prognosis ◼ rare 
diseases ◼ survival

Circulation: Cardiovascular Quality and Outcomes

https://www.ahajournals.org/journal/
circoutcomes

March282019



Torbicki et al; Evaluating Survival in PAH

Circ Cardiovasc Qual Outcomes. 2019;12:e005095. DOI: 10.1161/CIRCOUTCOMES.118.005095 May 2019 2

An estimated 350 million people worldwide have 
a rare disease.1 As these diseases are often life-
threatening,2 there is a substantial unmet need 

for therapies with a proven survival benefit. However, 
demonstrating a treatment effect on survival in a rare 
disease represents a substantial challenge. One of the 
biggest hurdles is the rarity of these diseases per se be-
cause recruiting sufficient numbers of patients to dem-
onstrate a survival benefit may not be feasible.3 When 
therapies that lead to improvements are available, po-
tential new medicines should be evaluated against or in 
addition to the available medicine,4 and this may require 
even larger sample sizes to provide sufficient statistical 
power.5 Furthermore, in diseases where patients worsen 
before death, there is an ethical obligation to provide 
rescue therapy to deteriorating patients. Contamination 
of the control group by rescue therapy may bias survival 
estimates in the control group, leading to underestima-
tion of the true treatment effect. This scenario may fur-
ther increase the challenge of demonstrating a survival 

benefit,6,7 and, even in cases where a survival benefit 
is demonstrated statistically, the true effect size of the 
drug may not be established.

Pulmonary arterial hypertension (PAH) is a progres-
sive, rare disease with a poor prognosis.8 Multiple PAH 
therapies have been approved, mostly on the basis of 
short-term improvements in exercise capacity.9,10 Recent-
ly, event-driven randomized controlled trials (RCTs) have 
investigated long-term outcomes using composite mor-
bidity-mortality end points.11–14 In the SERAPHIN trial, 
PAH patients were treated with the endothelin receptor 
antagonist (ERA) macitentan or placebo for up to 3.6 
years; the majority also received background PAH therapy 
(64% of patients).15 In this study, macitentan 10 mg sig-
nificantly reduced the risk of the primary composite end 
point of morbidity and mortality by 45% versus placebo 
(P<0.001) up to the end of treatment. The study also 
reported a 23% decrease in the risk of all-cause mortal-
ity in an intention-to-treat analysis with macitentan 10 
mg versus placebo (P=0.25) up to the end of the study.11 
The latter observation was made in the context of many 
placebo patients crossing-over to receive active therapy, 
which can lead to an underestimation of the treatment 
effect.6,11 While long-term, event-driven studies mark a 
major advancement in the PAH field, they were neither 
designed nor powered to detect a statistically significant 
survival benefit. A survival benefit has been reported 
with intravenous epoprostenol in patients with severe 
PAH16; however, that study was conducted >20 years 
ago, when no other therapies were available. In the cur-
rent treatment era, it is estimated that over 4000 patients 
would be needed to show a 20% difference in survival 
in PAH. Therefore, a study that is sufficiently powered to 
assess mortality is not feasible in this rare disease.

Given the limitations associated with assessing mor-
tality in RCTs, we explored the use of real-world data in 
conjunction with RCT data to provide further insights 
into the effect of macitentan treatment on survival. The 
large US Registry to Evaluate Early And Long-term PAH 
Disease Management (REVEAL) in PAH provides a real-
world data set that was collected during a similar peri-
od as SERAPHIN. An earlier analysis of the REVEAL data 
resulted in the identification of a number of baseline 
prognostic variables and the development of a prog-
nostic equation and simplified mortality risk calcula-
tor.17,18 The objective of the current exploratory analysis 
was to develop a survival prediction model, based on 
baseline prognostic variables from a cohort of patients 
enrolled in REVEAL who met the SERAPHIN eligibility 
criteria, and thus tailored to the SERAPHIN population. 
This model was then used to predict the survival of the 
SERAPHIN population had they been treated in the real 
world, that is, with no access to macitentan. The pre-
dicted survival of the SERAPHIN patients was then com-
pared with the survival observed in the study to provide 
an estimate of the treatment effect of macitentan.

WHAT IS KNOWN
• Demonstrating survival benefits of new therapies 

for rare diseases such as pulmonary arterial hyper-
tension is challenging, as recruiting a sufficient 
number of patients to detect differences in sur-
vival may not be feasible, particularly as potential 
new medicines should be evaluated against or in 
addition to available therapies.

• In long-term randomized clinical trials, evaluating 
survival is further complicated by the provision of 
rescue therapy to patients in the comparator arm 
who experience clinical deterioration.

WHAT THE STUDY ADDS
• This study illustrates that real-world observational 

data can complement clinical trial data to explore 
survival in rare diseases.

• A tailored model, built using data from the Regis-
try to Evaluate Early And Long-term PAH Disease 
Management (REVEAL) registry, was used to pre-
dict survival of patients with pulmonary arterial 
hypertension from the randomized controlled 
Study with an Endothelin Receptor Antagonist in 
Pulmonary Arterial Hypertension to Improve Clini-
cal Outcome (SERAPHIN) had they received real-
world treatment, and this predicted survival was 
compared with the observed survival of patients 
in SERAPHIN receiving macitentan 10 mg as well 
as those randomized to placebo.

• The observed mortality risk in the macitentan-
treated group was 35% lower than the predicted 
mortality risk for the overall SERAPHIN popula-
tion (P=0.010) and may be more representative of 
the real treatment effect had there not been any 
crossover of placebo patients to active therapy.



Torbicki et al; Evaluating Survival in PAH

Circ Cardiovasc Qual Outcomes. 2019;12:e005095. DOI: 10.1161/CIRCOUTCOMES.118.005095 May 2019 3

METHODS
The data sharing policy of the Sponsor is available at https://
www.janssen.com/clinical-trials/transparency. As noted on 
this site, requests for access to the study data can be sub-
mitted through Yale Open Data Access Project site at http://
yoda.yale.edu.19

Study Population
SERAPHIN and REVEAL were both conducted in accordance 
with the amended Declaration of Helsinki and the protocols 
reviewed by local institutional review boards (Tables I and 
II in the Data Supplement) with written informed consent 
obtained from all patients.

SERAPHIN was a global, double-blind, randomized, pla-
cebo-controlled event-driven, phase 3 study (NCT00660179).11 
Patients were enrolled between May 2008 and December 
2009 and were randomized (1:1:1) to placebo, macitentan 
3 mg, or macitentan 10 mg. Concomitant treatment with 
a stable dose of phosphodiesterase type 5 inhibitors, oral/
inhaled prostanoids, calcium channel blockers, or l-arginine 
was allowed. Double-blind treatment continued until patients 
experienced a primary end point event or until 285 events 
had accrued. Patients were followed until withdrawal from 
the study or until the end of follow-up (March 2012). Patients 
who experienced a nonfatal primary end point event and 
terminated double-blind treatment were eligible to receive 
another PAH therapy including open-label macitentan 10 mg.

REVEAL was a multicenter, observational, US-based registry 
designed to provide information about patient characteristics, 
and disease course and management from 3515 consecu-
tively enrolled patients with newly or previously diagnosed 
PAH (NCT00370214).8 The registry design and inclusion cri-
teria have been described previously.20 In brief, patients aged 
≥3 months with PAH confirmed by right heart catheterization 
were enrolled at 55 US centers from March 2006 to December 
2009. Patients were followed until December 2012 or until 
time of death or withdrawal from the study. Of note, patients 
enrolled in an RCT were not eligible for enrollment in REVEAL.

Selection of the REVEAL Analysis Cohort
As REVEAL enrolled a broader population of PAH patients than 
SERAPHIN in terms of disease classification, severity, and age, 
the first step was to select a cohort of REVEAL patients (the 
REVEAL analysis cohort [RAC]) who could have been enrolled 
in SERAPHIN to align the real-world data set to the RCT popu-
lation (Figure 1A). The final RAC selection variables were based 
on SERAPHIN inclusion and exclusion criteria (Table 1). A sub-
set of the SERAPHIN eligibility criteria were not applied for the 
following reasons: (1) the relevant variables were not available 
in REVEAL, (2) the criteria related to the safety profile of maci-
tentan and were not considered relevant to the survival analy-
sis, (3) the criteria were subjective, (4) the criteria related to the 
use of background PAH therapies (a conservative approach to 
ensure that patients treated with an ERA were not excluded), 
or (5) the criteria could be controlled via the prediction model 
in the subsequent step. An overview of the entire SERAPHIN 
eligibility criteria and reasons for exclusion are provided in Table 
III in the Data Supplement. Patients with a missing value for 
one or more selection variables were excluded from the RAC. 

A sensitivity RAC was defined to account for patients enrolled 
in SERAPHIN who deviated from some of the eligibility criteria 
(n=59; 8.0%). For this analysis, the relevant selection criteria 
were adjusted (Table IV in the Data Supplement), resulting in 
the inclusion of additional REVEAL patients (Sensitivity RAC-
A). A second sensitivity analysis cohort was defined using the 
cohort of patients included in the RAC who did not receive an 
ERA at baseline (Sensitivity RAC-B).

Statistical Methods
In these exploratory analyses, time to all-cause death in 
SERAPHIN and REVEAL was defined as the time between the 
baseline date (date of randomization [SERAPHIN] or enroll-
ment [REVEAL]) and the date of death due to any cause; 
patients who had not died within 3 years of baseline were 
censored at the last known contact date or at 3 years post-
baseline, whichever occurred first. A cutoff for censoring at 3 
years was chosen as fewer than 10% of SERAPHIN patients 
were still at risk by this timepoint.

To adjust for the remaining differences between the RAC 
and SERAPHIN populations, a Cox regression prediction model 
was developed using the RAC that related time to all-cause 
death to the patients’ baseline variables (Figure 1A). The first 
step in the development of the survival prediction model was 
the identification of candidate prognostic variables. Initially, 
the 26 variables that were evaluated during the development 
of the REVEAL model-estimated risk calculator were consid-
ered.17,18 Of these, 15 variables were retained, as they were 
available in SERAPHIN. An additional 3 variables that were 
available in SERAPHIN and REVEAL and have evidence sup-
porting their prognostic relevance were also included. The 
resulting 18 prognostic variables (sex, age, race, PAH classifi-
cation, time since diagnosis, weight, body mass index, World 
Health Organization functional class, 6-minute walk distance, 
Borg dyspnea score, pulmonary vascular resistance, mean right 
atrial pressure, mean pulmonary arterial pressure, pulmonary 
arterial wedge pressure, cardiac index, systolic blood pressure, 
heart rate, and mixed venous oxygen saturation) were evalu-
ated using a stepwise regression procedure. For continuous 
covariates, discretization was applied based on previously 
determined thresholds17 and both the continuous and dis-
crete variables were tested in the model. A RAC patient had to 
have a full set of covariates to be included in the final model. 
Stepwise regression using an α of 0.05 for prognostic variable 
selection was used to obtain the most parsimonious model. 
Due to missing data for some variables excluded from the 
model during the stepwise approach, the final model could 
include variables with a P value marginally >0.05 and these 
variables were retained in the model. A cross-validated C sta-
tistic was calculated to assess whether the model fit the data 
adequately. A survival curve for each SERAPHIN patient based 
on their baseline characteristics was then estimated using the 
final survival prediction model (Figure 1B). The average tem-
poral profile of the individual survival curves obtained from all 
742 patients enrolled in SERAPHIN was then compared with 
the observed survival curve of the placebo (n=250) and maci-
tentan 10 mg (n=242) groups by sampling a large number of 
survival times from this average survival curve, and estimating 
the hazard ratio estimate and log-rank test. The variance esti-
mate of the hazard ratio estimate was based on boot-strapping 
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of the REVEAL data. Hazard ratios were obtained to estimate 
the size of the differences between groups. Sensitivity analyses 
were performed using Sensitivity RAC-A and RAC-B. In addi-
tion, a sensitivity analysis was performed on the RAC whereby 
baseline PAH therapy (phosphodiesterase type 5 inhibitors 
only, prostanoid only, prostanoid and phosphodiesterase type 
5 inhibitors in combination, others or no therapy) was also 
included as a covariate in the model.

Role of the Funding Source
The study was sponsored by Actelion Pharmaceuticals Ltd, 
Allschwil, Switzerland. The Sponsor participated in the con-
ception and design of the analysis and interpretation of the 
data, drafting and critical revision of the report, and approved 
submission of the manuscript. The initial draft of the man-
uscript was prepared by Adam Torbicki, Raymond Benza, 
Gérald Simonneau, Richard Channick, Lee-Jen Wei, and Brian 
Hennessy, with professional medical writing support funded 
by the sponsor, before review by all authors.

RESULTS
Survival Prediction Model for the RAC
Of the 3515 patients enrolled in REVEAL, 734 (20.9%) 
met the main SERAPHIN eligibility criteria. These patients 
were included in the RAC (Figure  1A; Table  2). Of the 
2781 (79.1%) patients excluded from the RAC, 1466 
(41.7%) were excluded as they did not meet at least 
one SERAPHIN eligibility criteria and 1315 (37.4%) were 
excluded as they had one or more missing values for the 
eligibility criteria. Excluded patients had a worse survival 
prognosis compared to those included in the RAC (Figure 
I in the Data Supplement). This was not unexpected given 
that the RAC selection variables excluded patients with 
baseline characteristics likely to be associated with an 
increased mortality risk, including comorbid lung condi-

tions, renal insufficiency, and portopulmonary hyperten-
sion (Table III in the Data Supplement). The baseline char-
acteristics for the patients included and excluded from 
the RAC are shown in Table V in the Data Supplement.

A survival prediction model was built using the base-
line data from the RAC (Table 2). After the stepwise 
regression was performed to evaluate the 18 prog-
nostic variables, 10 of these variables were retained in 
the survival prediction model (Table 3). The variables 
included were: World Health Organization functional 
class, PAH classification, 6-minute walk distance, heart 
rate, systemic blood pressure, sex, age, body mass 
index, Borg dyspnea score, and mixed venous oxy-
gen saturation. The cross-validated C statistic, which 
quantifies the goodness of fit of the final model, was 
76%, indicating that the model is a reasonable fit.

Survival of SERAPHIN Patients up to 3 
Years: Predicted and Observed
For each of the 742 patients enrolled in SERAPHIN, 
a survival probability was estimated by entering their 
baseline characteristics into the prediction model (Fig-
ure 1B). The baseline characteristics of the SERAPHIN 
population are outlined in Table 4. There were no sig-
nificant between-group differences at baseline.11

The predicted survival for the overall SERAPHIN pop-
ulation was compared to the observed survival for the 
SERAPHIN placebo patients (Figure 2A). Over 3 years, 
although the risk of mortality was numerically lower in 
the placebo arm compared with the predicted mortality 
of all SERAPHIN patients had they received real-world 
treatment (16% lower; hazard ratio, 0.84; 95% CI, 
0.62–1.14; P=0.259), this difference was not statisti-
cally significant. For the predicted survival curve, the 
risk of mortality was constant for the 3 years of follow-

Figure 1. Data Integration Strategy. 
A, Development and (B) application of the sur-
vival prediction model. *In the SERAPHIN study, 
patients were randomized to placebo (n=250), 
macitentan 3 mg (n=250), and macitentan 10 
mg (n=242). †The exact eligibility criteria used 
to select the REVEAL analysis cohort (RAC) are 
detailed in Table III in the Data Supplement.  
RCT indicates randomized controlled trial; 
REVEAL, Registry to Evaluate Early And Long-
term PAH Disease Management; and SERAPHIN, 
Study with an Endothelin Receptor Antagonist 
in Pulmonary Arterial Hypertension to Improve 
Clinical Outcome.
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up, that is, no change in risk was observed over time. 
Over the first 15 months, a similar constant risk was 
observed for the placebo patients and their survival 
curve very closely approximated the predicted curve. 
However, after this time, the observed risk of mortality 
in the placebo group appeared to decrease and the 2 
curves separated.

The predicted survival for all SERAPHIN patients 
was also compared to the observed survival for the 
SERAPHIN patients treated with macitentan 10 mg (Fig-
ure 2B). The 2 curves separated within a few months 
and the observed risk of mortality was consistently low-
er than that predicted for the overall population. Over 3 
years, the risk of mortality observed with macitentan 10 
mg was 35% lower than the predicted mortality (haz-
ard ratio, 0.65; 95% CI, 0.46–0.90; P=0.010).

Sensitivity Analyses
For the sensitivity analysis that was conducted on the 
RAC to include baseline PAH therapy as an additional 
covariate in the model, baseline PAH therapy was not 
a significant covariate. When baseline PAH therapy was 
forced into the model, the results were consistent with 
the main analysis (macitentan 10 mg versus predicted: 
hazard ratio, 0.65; 95% CI, 0.46–0.91; P=0.012; Table 
VI in the Data Supplement).

Sensitivity RAC-A (n=1013) comprised the 734 RAC 
patients and an additional 279 REVEAL patients who 
were included after the thresholds for some criteria were 
adjusted to reflect the enrolled SERAPHIN population, 
rather than the criteria per se. Sensitivity RAC-B com-
prised the 391 RAC patients who were not receiving ERA 
therapy at baseline. For analyses based on both Sensitivity 
RAC-A and RAC-B, the fit of the sensitivity survival predic-
tion model and the comparisons between predicted and 
observed survival of SERAPHIN patients were consistent 
with the findings reported based on the RAC survival 
prediction model (Table VI in the Data Supplement).

DISCUSSION
Using real-world data to complement trial data is one 
approach to exploring the impact of therapies on sur-
vival. This approach was used in the evaluation of alglu-
cosidase alfa (Myozyme®) for the treatment of the 
fatal infantile-onset Pompe disease, as no active com-
parator was available. The assessment of alglucosidase 
alfa using data from 2 single-arm studies and from a 
separate cohort of untreated patients resulted in the 
approval of this medication.21,22 In PAH, the National 
Institutes of Health prognostic equation was devel-
oped from survival data obtained from untreated PAH 
patients enrolled in the National Institutes of Health 
registry between 1981 and 1985.23 This equation has 
been applied to randomized clinical trial data sets to 
estimate survival in comparison with treated patients.24

In the analyses reported here, we used PAH regis-
try data to develop a survival prediction model, which 
was applied to SERAPHIN data to estimate the effect 
of macitentan on survival. Although our approach was 
conceptually similar to previous studies, the method-
ology has a number of novel aspects. For example, 
we selected an appropriate observational data set on 
which to develop our prediction model. We used data 
from REVEAL because this registry was conducted con-
temporaneously to SERAPHIN. Using data from 2 stud-
ies conducted during the same time period allows us to 
minimize the unknown confounders and biases that can 
be introduced as a result of changes in patient manage-
ment over time. To further ensure the appropriateness 
of the observational data set, we selected a subgroup of 
patients in REVEAL who would have met the eligibility 

Table 1. RAC Selection Variables

Inclusion criteria

        Males and females aged ≥12 y at enrollment

        PAH belonging to groups 1.1 to 1.3 of the Venice classification:

         Idiopathic, familial, or related to: connective tissue disease, simple 
corrected congenital systemic-to-pulmonary shunts, HIV infection, or 
drugs and toxins

        PAH diagnosis confirmed by hemodynamic evaluation performed before 
enrollment and showing all of the following on the most recent RHC:

         mPAP >25 mm Hg*

         PAWP ≤15 mm Hg*

         PVR >320 dyn·sec·cm-5*

        Signed informed consent before any study-mandated procedure

        6MWD ≥50 m at most recent assessment

Exclusion criteria

        PAH associated with portal hypertension thyroid disorders, glycogen 
storage disease, Gaucher disease, hereditary hemorrhagic telangiectasia, 
hemoglobinopathies, myeloproliferative disorders, or splenectomy

        PAH associated with noncorrected simple congenital systemic-to-
pulmonary shunts, and combined and complex systemic-to-pulmonary 
shunts, corrected or noncorrected

        PAH associated with significant venous or capillary involvement (PAWP 
>15 mm Hg*), known pulmonary veno-occlusive disease, and pulmonary 
capillary hemangiomatosis

        Persistent pulmonary hypertension of the newborn

        Pulmonary hypertension belonging to groups 2 to 5 of the Venice 
classification

        Weight <40 kg*

        Patients with SBP <100 mm Hg*

        Moderate to severe obstructive lung disease: FEV1/FVC <70% and FEV1 
<65% of predicted value after bronchodilator administration

        Estimated creatinine clearance <30 mL/min

6MWD indicates 6-minute walk distance; FEV1, forced expiratory volume in 
1 second; FVC, forced vital capacity; mPAP, mean pulmonary arterial pressure; 
PAH, pulmonary arterial hypertension; PAWP, pulmonary artery wedge 
pressure; PVR, pulmonary vascular resistance; RAC, REVEAL analysis cohort; 
REVEAL, Registry to Evaluate Early And Long-term PAH Disease Management; 
RHC, right heart catheterization; and SBP, systolic blood pressure.

*Thresholds for these parameters were adjusted in the sensitivity analysis to 
account for patients who were enrolled in SERAPHIN despite deviating from 
the eligibility criteria (see Table IV in the Data Supplement).
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criteria for SERAPHIN. This allowed for sufficient over-
lap of patient characteristics in the RAC and SERAPHIN 
populations. The regression model itself then serves to 
account for any remaining differences between the 2 
populations. Such models are frequently used to adjust 
for imbalances in prognostic factors between groups of 
patients25 and have been used previously to correct for 
lack of randomization when comparing observational 
and trial data.26 In our survival prediction model, 10 
baseline variables were retained and were considered 
sufficient (cross-validated C statistic of 76%, which is 

indicative of very good prediction) to describe the pre-
dicted survival of a given patient.

For each patient enrolled in SERAPHIN, their individ-
ual baseline values were entered into the model to pre-
dict their survival had they been treated in a real-world 
setting. The cumulative predicted real-world survival 
of all patients was compared to the observed survival 
for patients assigned to placebo and to those assigned 
to macitentan 10 mg. For patients randomized to pla-
cebo, the predicted survival curve closely approximated 
the observed survival for 15 months of follow-up, after 
which the 2 curves separated as the mortality risk in the 
placebo arm decreased. Over 3 years, the mortality risk 
in the placebo arm was 16% lower than that predicted, 
although this difference was not statistically significant. 
For patients randomized to macitentan 10 mg, the 
observed risk of mortality was 35% lower than the pre-
dicted mortality risk. This reduction is greater than the 
23% lower mortality risk observed for macitentan 10 
mg versus placebo in the SERAPHIN trial.11 By month 18, 
the majority (85%) of patients randomized to placebo 
who had experienced a morbidity event were receiving 
open-label macitentan. This crossover to active therapy 
may be a contributing factor in the higher mortality 
risk of the predicted curve versus the observed placebo 
curve, as well as the higher treatment effect on survival 
with macitentan 10 mg compared with the predicted 
curve versus the observed placebo curve.11 While these 
findings are consistent with our hypothesis about the 
impact of crossover to active therapy, other factors may 
also play a role, and are discussed below.

Table 2. Baseline Characteristics of the Patients in the RAC

Variable 
RAC

n=734

Female, n (%) 595 (81.1)

Age, y, mean±SD 52.3±14.7

Time from PAH diagnosis, y, mean±SD 2.7±3.2

Time from PAH diagnosis, n (%)

        ≤6 mo 215 (29)

        >6 mo 519 (71)

SBP, mm Hg, mean±SD 120.3±14.9

Heart rate, bpm, mean±SD 84.0±14.7

BMI, kg/m2, mean±SD 28.8±6.4

Svo2, %, mean±SD 62.8±9.5

PVR, dyn·sec·cm-5, mean±SD 888±520

mRAP, mm Hg, mean±SD 9.1±5.5

Borg index, mean±SD 3.1±2.0

6MWD, mean±SD 359±125.2

WHO FC, n (%)

        I 56 (7.6)

        II 263 (35.8)

        III 377 (51.4)

        IV 38 (5.2)

Use of medications for PAH, n (%)

        Yes 644 (87.7)

PAH classification, n (%)

        Idiopathic 382 (52.0)

        Heritable 32 (4.4)

        Associated with CTD 220 (30.0)

        Associated with congenital shunts 42 (5.7)

        Associated with HIV infection 10 (1.4)

        Associated with drug use/toxin exposure 48 (6.5)

Geographic region, n (%)

        North America (including Canada) 734 (100)

        Rest of world 0

6MWD indicates 6-minute walk distance; BMI, body mass index; CTD, 
connective tissue disease; mRAP, mean right atrial pressure; PAH, pulmonary 
arterial hypertension; PVR, pulmonary vascular resistance; RAC, REVEAL 
analysis cohort; REVEAL, Registry to Evaluate Early And Long-term PAH 
Disease Management; SBP, systolic blood pressure; Svo2, mixed venous oxygen 
saturation; and WHO FC, World Health Organization functional class.

Table 3. Cox Proportional Hazards Prediction Model Parameters

Covariate Hazard Ratio (95% CI) P Value

WHO FC: II vs I 1.15 (0.44–2.99) 0.782

WHO FC: III vs I 2.14 (0.86–5.37) 0.103

WHO FC: IV vs I 4.14 (1.50–11.43) 0.006

PAH: idiopathic vs heritable 0.59 (0.35–0.98) 0.043

PAH: CTD vs heritable 1.30 (0.77–2.18) 0.322

6MWD: 165 m–439 m vs <165 m 0.51 (0.33–0.78) 0.002

6MWD: ≥440 m vs <165 m 0.16 (0.07–0.35) <0.001

Age, y: 58–82 y vs <58 y 1.56 (1.08–2.26) 0.018

Age, y: >83 y vs <58 y 5.50 (1.64–18.45) 0.006

Male vs female 1.95 (1.33–2.84) 0.001

BMI, kg/m2 0.96 (0.93–0.99) 0.007

Heart rate >92 bpm 1.40 (0.98–2.00) 0.068

SBP <110 mm Hg 2.05 (1.44–2.91) <0.001

Borg score: 5–7 vs ≤4 1.51 (1.00–2.27) 0.050

Borg score: ≥8 vs ≤4 2.99 (1.63–5.48) <0.001

Svo2 <60% 1.84 (1.30–2.62) 0.001

6MWD indicates 6-minute walk distance; BMI, body mass index; CTD, 
connective tissue disease; PAH, pulmonary arterial hypertension; SBP, systolic 
blood pressure; Svo2, mixed venous oxygen saturation; and WHO FC, World 
Health Organization functional class.



Torbicki et al; Evaluating Survival in PAH

Circ Cardiovasc Qual Outcomes. 2019;12:e005095. DOI: 10.1161/CIRCOUTCOMES.118.005095 May 2019 7

Similar to other analyses using observational data, 
our study has limitations related to the comparability 
of the 2 populations being studied. There are differ-
ences between the SERAPHIN and REVEAL populations 
that could impact survival analyses. One consideration 
is a difference in background PAH therapy use in the 
RAC (87.7% of patients) versus SERAPHIN (63.7% of 
patients). We excluded baseline PAH therapy from the 
main model because therapy use could change after 
enrollment. These changes are likely to differ between 
the RAC and the SERAPHIN populations and such 
changes cannot be accounted for in the model. We did, 
however, perform 2 sensitivity analyses for PAH thera-
py: one analysis forced baseline PAH therapy into the 
model, the second analysis used the Sensitivity RAC-B, 
that is, excluding patients who were receiving ERA ther-
apy at baseline, to develop the model. The results of 
both sensitivity analyses were consistent with the main 
analysis; this is perhaps not surprising because PAH 
medications lead to changes in modifiable risk factors 
and many of these are included in our model. In addi-
tion to the sensitivity analyses described, major efforts 
were made to minimize the impact of potential differ-
ences between the populations by rigorously selecting 
REVEAL patients for the RAC. Despite these efforts 
some differences remain, such as the more structured 
follow-up schedule in an RCT versus a registry and dif-
ferences in geographic location, as well as the possibil-
ity of unknown confounding factors, and these should 
be considered. Another potential limitation is the exclu-
sion of NT-proBNP (N-terminal pro brain natriuretic pep-
tide) from our model. NT-proBNP is a known prognostic 
variable but was not included as these data were not 
available for almost one-third of patients enrolled in 
SERAPHIN.

Long-term, event-driven RCTs represent an impor-
tant step forward in the evaluation of PAH therapies. 
The analyses presented here provide an additional 
means of exploring potential survival benefits that com-
plement RCTs and support the use of risk equations, 
such as the REVEAL prognostic equation,17,18 in the real 
world and clinical trial environments. In the future, ana-
lyzing real-world and single-arm trial data in parallel 
could allow researchers to enrich study populations and 
gain insights into the survival benefits offered by new 
therapies. This approach may be particularly valuable 
for rare diseases, where recruitment of large numbers 
of patients is not practical and where patients receive 
active therapy in response to disease progression. Pro-
spective planning should improve the robustness and 
validity of such future analyses, by ensuring that all rel-
evant variables are collected from both the registry and 
trial patients to address some of the limitations related 
to missing data. A prespecified analysis plan should 
be agreed and finalized before any data collection to 
ensure the integrity of the analysis.

Table 4. Baseline Characteristics of the Patients in SERAPHIN11

Variable

SERAPHIN 
Overall

SERAPHIN 
Macitentan 

10 mg
SERAPHIN 
Placebo

n=742 n=242 n=250

Female, n (%) 565 (76.5) 194 (80.2) 184 (73.9)

Age, y, mean±SD 45.6±16.1 45.5±15.0 46.7±17.0

Time from PAH diagnosis, y, 
mean±SD

2.7±4.0 2.6±3.6 2.6±3.7

Time from PAH diagnosis, n (%)

        ≤6 mo 190 (26) 64 (26) 63 (25)

        >6 mo 549 (74) 178 (74) 186 (75)

SBP, mm Hg, mean±SD 115.8±13.7 116.3±14.1 115.7±13.5

Heart rate, bpm, mean±SD 79.2±12.1 77.8±12.1 79.4±12.1

BMI, kg/m2, mean±SD 25.5±5.9 25.6±6.1 25.2±5.1

Svo2, %, mean±SD 64.5±9.7 64.5±9.7 64.9±8.8

PVR, dyn·sec·cm-5, mean±SD 1026±696.7 1040±672.5 996±784.3

mRAP, mm Hg, mean±SD 9.1±5.6 9.2±6.0 8.8±5.6

Borg index, mean±SD 3.5±2.2 3.5±2.3 3.5±2.1

6MWD, m, mean±SD 360±100.2 363±93.2 352±110.6

WHO FC, n (%)

        I 1 (0.1) 1 (0.4) 0

        II 387 (52.4) 120 (49.6) 129 (51.8)

        III 337 (45.6) 116 (47.9) 116 (46.6)

        IV 14 (1.9) 5 (2.1) 4 (1.6)

Use of medications for PAH, n (%)

        Yes 471 (63.7) 154 (63.6) 154 (61.8)

PAH classification, n (%)

        Idiopathic 404 (55.0) 134 (55.6) 126 (51.0)

        Heritable 13 (1.8) 2 (0.8) 3 (1.2)

        Associated with CTD 224 (30.5) 73 (30.3) 81 (32.8)

        Associated with congenital 
shunts

62 (8.4) 21 (8.7) 26 (10.5)

        Associated with HIV infection 10 (1.4) 6 (2.5) 3 (1.2)

        Associated with drug use/
toxin exposure

22 (3.0) 5 (2.1) 8 (3.2)

Geographic region, n (%)

        North America (including 
Canada)

83 (11.2) 23 (9.5) 30 (12.0)

        Rest of world 656 (88.8) 219 (90.5) 219 (88.0)

In the categories of female sex, age, SBP, BMI, 6MWD, WHO FC, receipt of 
treatment for PAH and geographic region, data were missing for 3 patients 
in the overall population (placebo arm: 1, macitentan 10 mg arm: 0). For PAH 
classification and time from PAH diagnosis, data were missing for 7 patients 
in the overall population (placebo arm: 3, macitentan 10 mg arm: 1). For RAP, 
data were missing for 15 patients in the overall population (placebo arm: 8, 
macitentan 10 mg arm: 4). For PVR, data were missing for 22 patients in the 
overall population (placebo arm: 6, macitentan 10 mg arm: 9). For heart rate 
data, 4 patients were missing from the overall population (placebo arm: 2, 
macitentan 10 mg arm: 0). For Borg index, data were missing for 4 patients in 
the overall population (placebo arm: 1, macitentan 10 mg arm: 0). For Svo2, 
data were missing for 76 patients in the overall population (placebo arm: 27, 
macitentan 10 mg arm: 20). The overall population includes 250 patients 
receiving macitentan 3 mg (not reported here). 6MWD indicates 6-minute 
walk distance; BMI, body mass index; CTD, connective tissue disease; mRAP, 
mean right atrial pressure; PAH, pulmonary arterial hypertension; PVR, 
pulmonary vascular resistance; SERAPHIN, Study with an Endothelin Receptor 
Antagonist in Pulmonary Arterial Hypertension to Improve Clinical Outcome; 
SBP, systolic blood pressure; Svo2, mixed venous oxygen saturation; and WHO 
FC, World Health Organization functional class. Reprinted from Pulido et al11 
with permission. Copyright ©2013, the Massachusetts Medical Society.
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CONCLUSIONS
Demonstrating a survival benefit of therapies for rare dis-
eases, such as PAH, is difficult. We used a tailored, mod-
el-based approach to compare the observed survival of 
patients treated with macitentan in an RCT (SERAPHIN) 
with that predicted for all patients in SERAPHIN, based on 
a large contemporaneous real-world data set (REVEAL). 
Over 3 years, the risk of mortality observed in the active 
treatment arm (macitentan 10 mg) was 35% lower than 
the predicted mortality (P=0.010). This exploratory analy-
sis shows that, notwithstanding its limitations, real-world 
observational data can complement RCT data to provide 
a means of exploring survival benefits in rare diseases.
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