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Introduction
Treatment landscape for pulmonary arterial 
hypertension (PAH) has evolved over the past 
decade leading to significant improvement in 

survival and functional outcomes. The REVEAL 
registry (Registry to Evaluate Early and Long-
Term PAH Disease Management) demonstrated 
1-, 3-, 5-, and 7-year survival rates of 85%, 68%, 
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Abstract
Background: Sequential triple combination therapy is recommended for pulmonary arterial 
hypertension (PAH) patients who are not at therapeutic goal on dual therapy, but long-term 
data on efficacy and safety is scarce.
Objective: To assess the long-term impact of sequential triple combination therapy in patients 
with PAH who are not at goal on dual combination therapy.
Study Design and Methods: We performed a retrospective observational study in a racially/
ethnically diverse cohort of consecutive PAH patients on a stable dual therapy regimen who 
remained in intermediate- or high-risk category and were subsequently initiated on sequential 
triple combination therapy. We studied interval change in functional, echocardiographic, and 
hemodynamic parameters, REVEAL 2.0 risk category and ERS/ESC 2022 simplified four-strata risk 
category. Multivariate logistic regression analysis was performed to identify independent predictors 
of successful risk reduction (achievement or maintenance of REVEAL 2.0 low-risk category). 
Kaplan–Meier survival curves were created to assess the effect of risk reduction on survival.
Results: Out of 414 PAH patients seen in our program, 55 patients received add-on sequential 
triple combination regimen and had follow-up hemodynamic data. The mean age was 
57 years, with 85% women. The most common etiology of PAH was idiopathic/heritable 
(41.8%). Most patients were WHO functional class III (76.4%), and 34.5% of patients were in 
high-risk category (REVEAL 2.0). On a median follow-up of 68 weeks, there was a significant 
improvement in WHO Functional Class (p < 0.001), six-minute walk distance (35 m) with 61.8% 
of patients achieving low-risk status by REVEAL 2.0, and a 28% of patients’ improvement 
in pulmonary vascular resistance. Female gender was identified as a strong predictor of 
successful risk reduction, whereas Hispanic ethnicity estimated right atrial pressure on 
echocardiogram and pericardial effusion predicted lower probability of risk reduction. Patients 
who achieved or maintained low-risk status had significantly improved survival.
Conclusion: Add-on sequential triple combination therapy significantly increased functional, 
echocardiographic, and hemodynamic parameters with improvement in risk category and survival.
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57%, and 49%, respectively.1 Median long-term 
survival has increased from 2.8 years in the 1980s, 
reflecting the natural course of the disease, to 
7 years in the modern era when therapeutic 
modalities became available.2 Furthermore, risk 
stratifying patients into low-, intermediate-, or 
high-risk categories is essential in prognostica-
tion and devising treatment strategies.3 There are 
several predictive risk-stratification models 
derived from the European and U.S REVEAL 
registries.4,5 Currently, the goal of pharmaco-
therapy in PAH is to improve functional status, 
right ventricular function, hemodynamics, 
achieve low-risk status, and delay disease pro-
gression. There is paucity of literature on identi-
fying true responders to therapy or those who will 
achieve significant risk reduction with add-on 
sequential therapy as it may assist in determining 
need for escalating therapy versus early referral 
for lung transplantation.

Dual combination therapies in PAH is the stand-
ard of care for patients with low- and intermedi-
ate-risk status based on several clinical trials, 
most notably the AMBITION trial.6 In patients 
at intermediate-low risk at follow-up, current 
guidelines recommend adding a third drug 
sequentially (prostacyclin receptor agonist class 
IIa recommendation) or switching phosphodies-
terase-5 (PDE-5) inhibitor to soluble guanylate 
stimulator (sGCs) (class IIb recommendation), 
while for patients at intermediate-high or high 
risk, it is recommended to add parenteral prosta-
cyclin and/or evaluate for transplantation (class 
IIa recommendation).7 Several trials have 
included subcohorts on background combination 
therapy who received a sequential third investiga-
tional drug, but no current trial has focused on 
the long-term impact of sequential triple combi-
nation therapy in patients who are intermediate- 
or high-risk at follow-up. While most trials have 
not included risk reduction as a primary endpoint, 
it has been suggested as a valuable target that 
could potentially transform the current therapeu-
tic approach to a goal-oriented approach.8 Due to 
lack of racial/ethnic diversity in most trials, the 
benefit of combination therapy in diverse popula-
tion still needs to be evaluated.

This study aimed to assess the long-term impact 
of add-on sequential triple combination therapy 
and identify independent predictors of risk reduc-
tion with triple therapy in a diverse PAH patient 
cohort.

Methods

Study design
We conducted a retrospective observational study 
at New York University (NYU) Langone Health 
Pulmonary Hypertension (PH) Center from 
January 2017 to July 2021. The study was 
approved by NYU Langone institutional review 
board (IRB number- i21-00064).

Data collection and definitions
Collected data included demographics, etiology 
of PAH, functional status including WHO func-
tional class, six-minute walk distance, the diffu-
sion lung capacity of carbon monoxide (DLCO, 
% predicted), brain natriuretic peptide levels, 
echocardiographic and hemodynamic parameters 
obtained on right heart catheterization (RHC), 
and initial dual combination and add-on sequen-
tial triple combination therapies were also 
recorded. The data collection timeline was at 
baseline on a stable background regimen and fol-
low-up after initiating a third add-on drug.

Each patient was assigned a risk score and cate-
gory based on the Registry to Evaluate Long and 
Short-term outcomes in PAH (REVEAL 2.0) 
(low risk: 1–6, intermediate risk: 7–8, and high 
risk: 9 or above) and simplified four-strata risk 
category as recommended by European 
Respiratory Society and European Society of 
Cardiology guidelines on management of PH 
2022.4,7,9,10 Patients were considered not at goal if 
they remained in intermediate-/high-risk category 
or low-risk category with clinical progression. 
Clinical progression was defined as interval wors-
ening or persistent symptoms, lack of improve-
ment or deterioration in functional class, exercise 
capacity, echocardiographic parameters, hemo-
dynamics, and increased hospitalization (all-
cause or due to right ventricular failure). 
Successful risk-reduction was defined as achiev-
ing or maintaining low-risk category.

It is common in our practice to use soluble gua-
nylate cyclase (sGC) stimulator (riociguat) early 
in the course of the disease, including as part of 
the upfront dual therapy regimen and to use in 
succession both therapeutic optimization maneu-
vers (i.e., addition of non-parenteral prostacyclin 
and switch PDE5 inhibitor to sCG stimulator) in 
patients deemed not candidates for parenteral 
prostacyclin therapy.11 The choice of the add-on 
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third therapeutic agent was determined by the 
risk status at follow-up: patients with lower-risk 
scores received either oral or inhaled prostacyclin, 
whereas patients with higher-risk scores were ini-
tiated on parenteral prostacyclin.

The primary endpoint of the study was to assess 
the impact of sequential triple combination ther-
apy on functional/risk status, echocardiographic 
and hemodynamic parameters, and associated 
adverse effects. The secondary endpoint evalu-
ated the impact of successful risk reduction on 
cumulative survival. The tertiary endpoint was to 
identify independent predictors of successful risk 
reduction. In addition, subcohort analysis was 
performed to determine the clinical impact of tri-
ple therapy on the non-White patient cohort.

Inclusion and exclusion criteria
Patients with age 18 years and older were included 
in the study. Patients initiated on triple sequential 
therapy but had not yet had a follow-up right 
heart catheterization, those lost to follow-up or 
had significant missing data were excluded.

Statistical analysis
Continuous variables were described as mean 
with standard deviation for normally distributed 
variables and median with interquartile range for 
non-normally distributed variables. Categorical 
variables were expressed as frequency and 
percentages.

Normally distributed continuous variables before 
and after adding a third drug were compared 
using paired t-test, whereas non-normally distrib-
uted variables were compared using the Wilcoxon 
signed-rank test. Categorical variables were com-
pared using the McNemar test and Wilcoxon 
signed-rank test.

Survival analysis was performed using Kaplan–
Meier survival curves and Log-Rank test in 
patients with successful risk reduction. The dura-
tion of follow-up was truncated to 1 July 2021, or 
the date of expiration (whichever was earlier). 
Multivariate logistic regression analysis with 
backward elimination was performed to identify 
predictors of successful risk reduction (achieve-
ment or maintenance of REVEAL 2.0 low- 
risk category). A p value < 0.05 was used for 

retention, and a p value > 0.10 for exclusion. 
SPSS® software version 26.0 (IBM®, Armonk, 
NY, USA) was used for statistical analysis. 
Missing data were not imputed.

Results

Clinical characteristics
Out of 414 patients on PAH pharmacotherapy, 
102 patients were initiated on triple combination 
therapy. Of these, 55 patients had available fol-
low-up echocardiographic, functional, and hemo-
dynamic data and were included in the final 
analysis (Figure 1). Baseline characteristics are 
highlighted in Table 1. The mean age of the 
cohort was 57 (±14) years, and there were pre-
dominantly women (85.5%). Racial/ethnical dis-
tribution of our cohort was diverse, reflective of 
New York City demographics, with 34.5% Black, 
25.5% White, 21.8% Hispanic/Latino, and 
10.9% Asian patients. The most common etiol-
ogy of PAH was idiopathic/heritable (41.8%), fol-
lowed by connective tissue disorder (CTD) 
associated with PAH (30.9%). Up to 76.4% of 
patients were classified under WHO FC III before 
initiating the third sequential drug. The mean ini-
tial six-min walk distance was 282 (±126) m. 
The median REVEAL 2.0 score was 7 (5, 10), 
with 34.5% of patients were in the high-risk cat-
egory, 27.3% of them were in the intermediate-
risk category, and 38.2% of them were in the 
low-risk category. On four-strata risk scoring, 
10.9% of patients were in low-risk category, 
47.4% of them were in intermediate-low-risk cat-
egory, 32.7% of them were in intermediate-high-
risk category, and 9.1% of them were in high-risk 
category. On echocardiogram, mean tricuspid 
regurgitant (TR) flow velocity was 4.01 (±0.71) 
m/s. Right ventricle (RV) was severely dilated in 
25.5% of patients and moderately dilated in 
34.5%. Reduced right ventricular function was 
observed in 64.8% of patients, with 52.2% dem-
onstrating low tricuspid annular planar systolic 
excursion (TAPSE) (<1.7 cm). Pericardial effu-
sion was present in 9.3% of patients. On dual 
combination therapy, right heart catheterization 
showed mean right atrial pressure of 9 (±4) mm 
Hg, mean pulmonary artery pressure of 47 
(±11) mm Hg, median pulmonary artery wedge 
pressure of 10 (7, 13) mm Hg, median pulmonary 
vascular resistance (PVR) of 8.08 (5.66, 12.00) 
Wood units, and mean cardiac index of 2.52 
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(±0.72) L/min/m2. The most common back-
ground regimen was oral dual combination ther-
apy with nitric oxide pathway drugs (PDE5 
inhibitor or sGC stimulator) and endothelin 
receptor antagonist (ERA) (81.8%).

Clinical impact of sequential triple  
combination therapy
The median duration of interval follow-up was 68 
(43, 122) weeks, and the median time from diag-
nosis to initiation of sequential triple therapy was 
120 (39, 296) weeks. The most common sequen-
tial triple combination therapy included nitric 
oxide pathway drug (PDE5 inhibitor or sGC 
stimulator), endothelin receptor agonist, and oral 
prostacyclin receptor agonist (selexipag) (43.6%), 
followed by parenteral prostacyclin containing 
regimen (25.5%). The overall mortality in our 
cohort was 10.9%, and all-cause hospitalization 
rate at 1 year of follow-up was 36.4%. Three 
patients eventually received lung transplantation 
on subsequent follow-up. Patients initiated on 
parenteral prostacyclin therapy had severe disease 
with syncope, WHO FC IV, lower BMI, more 
hospitalization, lower right ventricular function, 
and worse hemodynamics than patients initiated 
on non-parenteral prostacyclin (Table 2).

On addition of a third sequential medication, 
there was a significant improvement in WHO FC 

(p < 0.001), DLCO (17.7%, p = 0.004), 6-min 
walk distance (35 m, p = 0.027), and reduction in 
REVEAL 2.0 risk category, with up to 61.8% of 
patients able to achieve or maintain low-risk sta-
tus (Figure 2). There was a significant improve-
ment in four-strata risk category as well with no 
patient remaining in high-risk category, 21.8% 
(from 10.9%) of patients achieving low-risk sta-
tus, 54.5% (from 47.3%) of them in intermedi-
ate-low-risk category, and 23.6% (from 32.7%) 
of them in intermediate-high-risk category 
(p = 0.001) (Figure 3).

There was a significant improvement in echocar-
diographic parameters with a 12.5% improve-
ment in TR velocity (p < 0.001), RV function 
(p = 0.006), and TAPSE (p = 0.02). (Figure 4). 
On follow-up right heart catheterization, there 
was a 17% improvement in mean pulmonary 
artery pressure (p < 0.001), a 28.6% improve-
ment in PVR (p < 0.001), a 20% improvement in 
cardiac index (p = 0.001), and a 9% improvement 
in mixed venous oxygen saturation (p < 0.001) 
(Figure 5). Similar findings were noted in non-
White patient cohort (Table 3) Interestingly, the 
RV size was significantly improved in the non-
White cohort (p = 0.016). While most patients 
tolerated triple therapy well, there was a statisti-
cally significant increase in adverse effects, with 
gastrointestinal side effects being the most com-
mon (p = 0.001) (Figure 6).

Figure 1. Patients on add-on sequential triple combination therapy included in the analysis.
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Table 1. Baseline characteristics of patients initiated 
on sequential triple combination therapy.

Variable (n = 55) Mean ± standard 
deviation/median 
(interquartile 
range)/count (%)

Demographics

 Age (years) 57 ± 14

 Gender (Female) 47 (85.5%)

 Race/ethnicity

  Black 19 (34.5%)

  White 14 (25.5%)

  Hispanic 12 (21.8%)

  Asian 6 (10.9)

  Native American 1 (1.8%)

  Unknown 3 (5.5%)

 Body mass index (kg/m2) 26.6 (22.6, 30.1)

Etiology of pulmonary arterial hypertension

  Idiopathic/Heritable 23 (41.8%)

  Connective tissue disorder 17 (30.9%)

   Human immunodeficiency 
virus infection

5 (9.1%)

  Congenital heart disease 5 (9.1%)

   Multiple risk factors for 
PAH

5 (9.1%)

  All-cause hospitalization 
(1-year)

20 (36.4%)

 All-cause mortality 6 (10.9%)

  Duration to first follow-up 
on triple therapy (weeks)

68 (43, 122)

  Time from diagnosis to 
initiation of triple therapy 
(weeks)

120 (39, 296)

Initial therapy

   ERA and prostacyclin 
combination

8 (14.5%)

   PDE-5i/sGCs and 
parenteral prostacyclin 
combination

2 (3.6%)

Variable (n = 55) Mean ± standard 
deviation/median 
(interquartile 
range)/count (%)

   ERA and PDE-5i/sGCs 
combination

45 (81.8%)

Final triple combination therapy

   ERA with PDE-5i/
sGCs and parenteral 
prostacyclin

14 (25.5%)

   ERA and PDE-5i/sGCs and 
oral prostacyclin

9 (16.4%)

   ERA and PDE-5i/sGCs and 
inhaled prostacyclin

8 (14.5%)

   ERA and PDE-5i/sGCs and 
prostacyclin (IP2) receptor 
agonist

24 (43.6%)

Initial functional status

 World health organization functional class (WHO FC)

  I 0 (0%)

  II 10 (18.2%)

  III 42 (76.4%)

  IV 3 (5.5%)

 REVEAL 2.0 score 7 (5, 10)

REVEAL 2.0 risk category

  Low 21 (38.2%)

  Intermediate 15 (27.3%)

  High 19 (34.5%)

ERS/ESC 2022 simplified four-strata risk category

  Low-risk 6 (10.9%)

  Intermediate-low-risk 26 (47.3%)

  Intermediate-high risk 18 (32.7%)

  High risk 5 (9.1%)

  Six-min walk distance (meters) 282 ± 126

  Diffusion capacity of carbon 
monoxide (%)

48 ± 19

  Brain natriuretic peptide (pg/dL) 45.7 (26.0, 158.0)

Table 1. (Continued)

(Continued) (Continued)
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Variable (n = 55) Mean ± standard 
deviation/median 
(interquartile 
range)/count (%)

Initial echocardiographic parameters

  Tricuspid valve regurgitation 
velocity (m/s)

4.01 ± 0.71

  Tricuspid annulus planar 
systolic excursion (low)

24 (52.2%)

  Right ventricular function 
(hypokinetic)

35 (64.8%)

 Right ventricular size

  Normal 9 (16.7%)

  Mildly dilated 12 (22.2%)

  Moderately dilated 19 (34.5%)

  Severely dilated 14 (25.5%)

  Estimated right atrial 
pressure

8 (3, 15)

 Pericardial effusion 5 (9.3%)

Initial hemodynamics

  Mean right atrial pressure 
(mm Hg)

9 ± 4

  Systolic pulmonary artery 
pressure (mm Hg)

79 ± 19

  Diastolic pulmonary artery 
pressure (mm Hg)

31 ± 8

  Mean pulmonary artery 
pressure (mm Hg)

47 ± 11

  Pulmonary artery wedge 
pressure (mm Hg)

10 (7, 13)

  Pulmonary vascular 
resistance (woods unit)

8.08 (5.66, 12.00)

 Cardiac output (L/min) 4.50 ± 1.38

 Cardiac index (L/min/m2) 2.52 ± 0.72

  Mixed venous oxygen 
saturation (%)

63 ± 8

ERA, endothelin receptor antagonist; ERS/ESC, European 
Respiratory Society/European Society of Cardiology; 
PAH, pulmonary arterial hypertension; PDE-5i, 
phosphodiesterase 5 inhibitor; REVEAL 2.0, Registry 
to Evaluate Early and Long-Term Pulmonary Arterial 
Hypertension Disease Management; sGCs, soluble 
guanylate cyclase stimulator.

Table 1. (Continued) Predictors of successful risk reduction
On multivariate logistic regression analysis, the 
female gender strongly predicted successful risk 
reduction. In contrast, Hispanic/Latino ethnicity, 
estimated right atrial pressure and presence of 
pericardial effusion on echocardiogram had lower 
odds of successful risk reduction even after exclud-
ing gender from the analysis (Tables 4 and 5). In 
addition, successful risk reduction was associated 
with significantly improved long-term survival 
(p = 0.001) with similar findings in non-White 
patient cohort. (p = 0.035) (Figures 7 and 8).

Discussion
The present study provides further evidence of 
significant long-term clinical benefits with add-on 
sequential triple therapy for patients who are not 
at therapeutic goal on background dual combina-
tion therapy. Risk stratification can dictate treat-
ment choice with initial dual combination therapy 
for low/intermediate-risk and triple therapy with 
parenteral prostacyclin for intermediate/high and 
high-risk patients. However, up to one-third of 
patients may not have an appropriate hemody-
namic response on follow-up, and only 34.8% of 
patients are able to maintain low-risk status at 
6 months.12 Kylhammar et  al.13 demonstrated 
long-term improvement in transplant-free sur-
vival in patients who were able to maintain low-
risk status at 3-, 4-, and 5-year follow-ups in the 
Swedish PAH (SPAHR) registry. Interestingly, 
only 10–14% of patients were on triple combina-
tion therapy throughout the follow-up. Treatment 
becomes challenging when addressing intermedi-
ate-risk patients as they may have low-risk and 
high-risk features. Deciding on triple combina-
tion therapy for these patients requires further 
prognostication and clinical assessment of disease 
progression. Boucly et al.9 found that 4-strata risk 
assessment (intermediate category divided into 
intermediate-low and intermediate-high) in the 
COMPERA registry had better mortality discrim-
ination at follow-up visits, with up to 53% of 
patients changing the risk category compared to 
39% in the 3-strata approach. As a result, the new 
guidelines recommend using 4-strata model on 
follow-up visits to guide treatment.7 In our cohort, 
there was a significant improvement in 4-strata 
risk category, with no patient remaining in high-
risk category, most patients achieving intermedi-
ate-low risk status (47.3%), and the number of 
patients in low-risk status doubled from 10.0% to 
21.8%. However, 23.6% patients remained in 
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Table 2. Baseline differences in patients initiated on parenteral prostacyclin versus non-parenteral prostacyclin.

Baseline variables Non-parenteral therapy 
[mean ± SD/median (IQR) 
or frequency/%]

Parenteral therapy 
[mean ± SD/median 
(IQR) or frequency/%]

p Value

Syncope or pre-syncope 5 (11.9%) 6 (46.2%) 0.039

Body mass index (kg/m2) 27.9 (23.3, 31.1) 23.2 (21.9, 26.3) 0.004

WHO functional class IV 0 (0%) 3 (23.1%) 0.006

Number of hospitalization 0.46 ± 0.72 1.81 ± 1.56 <0.001

Right ventricle function (hypokinetic) 25 (59.5%) 10 (83.3%) 0.039

Tricuspid annulus planar systolic excursion (low) 15 (42.9%) 9 (81.8%) 0.019

Systolic pulmonary artery pressure (mm Hg) 75 ± 18 90 ± 17 0.005

Diastolic pulmonary artery pressure (mm Hg) 29 ± 8 35 ± 8 0.045

Mean pulmonary artery pressure (mm Hg) 45 ± 12 53 ± 10 0.033

Pulmonary vascular resistance (woods units) 7.6 (5.5, 10.4) 12.0 (7.6, 15.9) 0.085

IQR, interquartile range.

Figure 2. Change in (a) WHO functional class, (b) risk category, (c) diffusion capacity, and (d) six-min walk 
distance with sequential triple combination therapy. 
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intermediate-high risk category, and there were 
patients in whom risk category worsened despite 
triple drug combination, underscoring the impor-
tance of continuous follow-up and continuous 
need for therapeutic optimization in a sobering 
almost 78% of patients.

Moreover, there is a cohort of patients who dem-
onstrate initial clinical stability with low-risk sta-
tus but progress later in the disease course, thus 
complicating the management approach. Van de 
Veerdonk et al.14 found that changes in RV func-
tion and volumes preceded clinical deterioration 
in patients who remained stable for the initial 
5 years but had subsequent disease progression 
later in the course of the disease. This study high-
lights the importance of considering markers of 
disease progression as an essential variable in risk-
stratifying patients and monitoring right ventricu-
lar remodeling on follow-up visits, which may 
otherwise not be included in risk scores.

Targeting all three known pathways and delaying 
pulmonary vascular and right heart remodeling 
has led to a more intensive approach with upfront 
triple combination therapy in intermediate- and 
high-risk patients. D’Alto et al.15 demonstrated a 

Figure 3. Sankey diagram demonstrating changes in ERS/ESC 2022 
simplified four-strata risk category on addition of third sequential drug. 
Interestingly, no patient remained in high-risk category after addition of 
third sequential drug.
ERS/ESC, European Respiratory Society/European Society of Cardiology.

Figure 4. (a-d) Change in echocardiographic parameters with sequential triple combination therapy. 
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reversal of right heart remodeling and a signifi-
cant reduction in risk status and hemodynamics 
in patients initiated on upfront triple combination 
therapy with subcutaneous treprostinil. Boucly 
et al.16 demonstrated a 91% survival rate at 5 years 
in patients who started upfront triple combina-
tion therapy. While TRITON trial did not show 
significant improvement in pulmonary vascular 
resistance with upfront triple combination ther-
apy, there was a reduction in the risk of disease 
progression, and exploratory analysis suggested a 
trend toward improved long-term outcomes.17 
More recently, a post hoc analysis of the pooled 
data for newly diagnosed (⩽6 months) PAH 
patients (44% on background dual combination 
therapy) from GRIPHON and TRITON trials 
showed a reduction in disease progression by 
52% and risk of death, hazard ratio (HR) 0.70 
(95% CI: 0.46–1.10) compared to control group 
with early addition of selexipag.18 

Current guidelines support add-on sequential tri-
ple combination therapy, particularly prostacyclin 
receptor agonist (selexipag) for intermediate-low-
risk individuals based on the GRIPHON trial and 

parenteral prostacyclin for intermediate-high or 
high-risk individuals.7,19–21 However, data on 
other forms of nonparenteral prostanoids are 
scarce, and current recommendations are consen-
sus or expert opinion based limited to individual 
case-based approach (Grade IIb or ungraded).20,21 
The FREEDOM C2 study included 65 patients 
who received oral treprostinil as a third add-on 
drug on a background regimen of ERA and PDE-5 
inhibitor and found no significant improvement in 
exercise capacity at 16 weeks.22 Post hoc analysis of 
TRIUMPH and BEAT demonstrated an improve-
ment in REVEAL 2.0 risk stratum and score with 
the addition of inhaled treprostinil and included 
15% of patients on background dual combination 
therapy.23

Olsson et  al.24 studied 126 patients on back-
ground combination therapy, with 79% patients 
in the intermediate-risk category and 19% in the 
high-risk category who were initiated on add-on 
intravenous treprostinil therapy. They found that 
up to 19% of patients achieved low-risk status 
and had a 5-year transplant-free survival of greater 
than 90%.24 Smaller retrospective studies have 

Figure 5. (a-d) Change in hemodynamic parameters with sequential triple combination therapy. 
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Table 3. Change in functional, echocardiographic and hemodynamic parameters in non-White cohort with 
sequential triple combination therapy.

Functional status Change in mean 
(Δ)/%/category (%)

p-Value

REVEAL 2.0 risk category (Low-risk) 0.001

 Low-risk +9 (75%)  

 Intermediate-risk −1 (0.08%)  

 High-risk −8 (47%)  

6-min walk distance (meters) +42.6 (15.7%) 0.025

WHO functional class 0.003

 I +1  

 II +9 (180%)  

 III −8 (23.5%)  

 IV −2 (100%)  

Diffusion capacity of carbon monoxide (%) +7.76 (17.5%) 0.021

Brain natriuretic peptide (pg/dL) −4.85 (10%) 0.376

Echocardiographic parameters

 Tricuspid valve regurgitation velocity (m/s) +0.56 (13.2%) <0.001

 Tricuspid annulus planar systolic excursion (Low) +8 (40%) 0.013

 Right ventricular function (hypokinetic) +9 (30%) 0.012

Right ventricular size 0.016

 Normal +4 (80%)  

 Mildly dilated 0 (0%)  

 Moderately dilated −3 (17.6%)  

 Severely dilated −3 (30%)  

Hemodynamics

 Systolic pulmonary artery pressure (mm Hg) −12.9 (16%) <0.001

 Diastolic pulmonary artery pressure (mm Hg) −4.1 (13.2%) 0.007

 Mean pulmonary artery pressure (mm Hg) −6.9 (14.3%) <0.001

 Pulmonary artery wedge pressure (mm Hg) −1.0 (10%) 0.487

 Pulmonary vascular resistance (woods unit) −2.61 (30.3%) <0.001

 Cardiac output (L/min) +0.62 (14.2%) 0.011

 Cardiac index (L/min/m2) +0.43 (17.6%) 0.003

 Mixed venous oxygen saturation (%) +6.6 (10.5%) <0.001
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also demonstrated stabilization and improvement 
in clinical parameters with add-on selexipag.25–27

In our cohort, we deemed necessary to add a third 
drug in 25% of patients, based on clinical pro-
gression or lack of improvement. Our study high-
lights a significant improvement in risk status and 
clinical and hemodynamic parameters even at a 
median time from diagnosis to the addition of the 
third drug of 120 weeks. The present study also 
demonstrated achievement or maintenance of 
low-risk status in 61.8% of patients, which 
resulted in significant improvement in long-term 
survival seen on Kaplan–Meier survival curves 
(Figure 7). In clinical practice, choice of combi-
nation regimen may depend on the adverse effect 
profile, etiology and severity of PAH, medication 

interactions, and insurance coverage. While we 
were able to demonstrate clinical and hemody-
namic improvement with the addition of a third 
drug, it is notable that not all patients achieved 
recommended therapeutic goal. Up to 22% 
(12/55) of patients were still in intermediate-risk 
category, whereas 16% (9/55) of them were at 
high-risk of progression and death. Similarly, the 
right ventricle was visually hypokinetic in 45% 
(25/55), and TAPSE was low in 25% (14/55) of 
the patients. Finally, the mean 6-min walk dis-
tance achieved was only 317 (±107) m, and 
median PVR at the time of the first RHC after 
addition of a third drug was 5.77 (4.50, 7.83) 
Wood Units. These findings underscore the need 
for rigorous follow-up and therapeutic optimiza-
tion including maximization of therapy to 

Figure 6. Adverse effects before and after initiation of sequential triple combination therapy.

Table 4. Univariate and multivariate logistic regression analysis to identify independent predictors of 
successful risk reduction.

Variable (n = 48) Univariate logistic regression 
odds ratio (95% CI, p value)

Multivariate logistic regression 
odds ratio (95% CI, p value)

Gender (female) 8.1 (1.6–41.1, p = 0.011) 61.2 (3.3–1150.2, p = 0.006)

Hispanic ethnicity 0.19 (0.05–0.78, p = 0.021) 0.068 (0.005–0.993, p = 0.049)

Connective tissue disorder 0.23 (0.06–0.87, p = 0.030)  

Estimated right atrial pressure (mm Hg) 0.83 (0.72–0.96, p = 0.013) 0.75 (0.58–0.96, p = 0.024)

Tricuspid valve regurgitation velocity (m/s) 0.99 (0.98–1.00, p = 0.090)  

Pericardial effusion 0.056 (0.006–0.565, p = 0.015) 0.013 (0.000–0.676, p = 0.031)

Cardiac index (L/min/m2) 2.15 (0.86–5.36, p = 0.102)  
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parenteral prostacyclins. It is also important to 
identify predictors of risk reduction upon intro-
duction of a third drug, since it may assist in deci-
sion-making on escalating pharmacologic 
management versus early transplant referral. 
Patients with pericardial effusion and elevated 
estimated right atrial pressure on echocardiogram 
showed lower odds of risk reduction. These 

findings are hypothesis-generating and consistent 
with current literature as both parameters are 
important prognostic indicators and signify an 
advanced disease state with pulmonary vascular 
and right ventricular remodeling.28 Similar to 
prior studies, our cohort predominantly com-
prises women (85%).29 It is well-known that 
women have increased susceptibility to the 

Table 5. Univariate and multivariate logistic regression analysis to identify independent predictors of 
successful risk reduction after excluding gender from the analysis.

Variable (n = 48) Univariate logistic regression 
odds ratio (95% CI, p value)

Multivariate logistic regression 
odds ratio (95% CI, p value)

Hispanic ethnicity 0.19 (0.05–0.78, p = 0.021) 0.067 (0.006–0.812, p = 0.034)

Connective tissue disorder 0.23 (0.06–0.87, p = 0.030)  

Estimated right atrial pressure (mm Hg) 0.83 (0.72–0.96, p = 0.013) 0.74 (0.57–0.95, p = 0.016)

Tricuspid valve regurgitation velocity (m/s) 0.99 (0.98–1.00, p = 0.090)  

Pericardial effusion 0.056 (0.006–0.565, p = 0.015) 0.014 (0.000–0.657, p = 0.030)

Cardiac index (L/min/m2) 2.15 (0.86–5.36, p = 0.102) 9.6 (1.3–69.5, p = 0.025)

Figure 7. Kaplan–Meier survival curves demonstrating cumulative survival based on successful risk reduction 
with sequential triple combination therapy.
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development of PAH. However, the treatment 
response and survival are also better.29 Our study 
also identified the female gender as a strong pre-
dictor of successful risk reduction.

Interestingly, our study found patients of Hispanic 
ethnicity to have lower odds of successful risk 
reduction, but the reason for this finding is 
unclear. On the contrary, most South American 
registries demonstrate slightly higher survival 
rates when compared to the United States, but 
this may be due to the under-representation of 
Hispanic population and older age of enrolled 
patients in US registries.30 Karnes et al.31 found 
reproducible survival benefit in Hispanic patient 
cohorts in multiple clinical settings based on two 
US registries. Medrek et  al.32 did not find race/
ethnicity as a significant predictor of mortality in 
REVEAL registry. Al-Naamani et al.33 have previ-
ously demonstrated an increased burden and 
severity of PAH-associated disorders such as HIV 
and CTD in various racial and ethnic groups. 
However, most registries lack diversity (e.g., 

12.3% Black and 2.3% Hispanic patients in the 
National Institute of Health registry).34,35 Under-
representation of the non-White cohort is also 
reflected in most clinical trials with 85% enrolled 
White patients in earlier studies, which decreased 
overtime to 70%.36 In our cohort, we found that 
addition of a third drug in non-White patients 
also led to significant improvement in risk status, 
and functional, echocardiographic, and hemody-
namic parameters along with improved survival in 
patients with successful risk reduction (Figure 8). 
Further studies are needed to evaluate the true 
impact of racial/ethnic backgrounds on outcomes 
in PAH.

We also identified that most patients tolerated tri-
ple combination therapy well, but there was a sig-
nificant increase in adverse effects, predominantly 
gastrointestinal (nausea, vomiting, or diarrhea) 
which was expected as they are known effects of 
prostacyclin-based therapies. However, the sam-
ple size was small to assess the differences between 
each regimen.

Figure 8. Kaplan–Meier survival curves demonstrating cumulative survival in non-white cohort with 
successful risk reduction.
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Strengths and limitations
The present study has several strengths and limi-
tations. First, we highlight an essential aspect of 
treatment strategy in PAH patients in a diverse 
population with long-term clinical and survival 
impact. This study supports the view of consider-
ing risk reduction as an endpoint in future drug 
trials and prospectively assess the impact of 
sequential triple sequential therapy on survival.

The major limitation of this study is the small 
sample size, retrospective and single-center 
design, and limiting generalizability. In addition, 
patients initiated on triple therapy but had not 
had a follow-up assessment were excluded from 
the study, thus further limiting the sample size. 
We also did not consider the exact dosing of each 
medication as it is well-known that certain drugs 
have a higher therapeutic impact. The study 
aimed to assess an overall interval change in clini-
cal parameters with a third drug rather than com-
pare various formularies or combinations. 
Multicenter, prospective studies are needed to 
identify the best triple combination regimen for 
PAH according to various etiologies.

Conclusion
Our study confirms a sustained and long-term 
clinical and survival benefit with add-on sequen-
tial triple combination therapy in a racially diverse 
population. Parenteral prostacyclin is needed for 
WHO FC IV or patients who demonstrate rapid 
clinical decline. We also demonstrate that female 
gender is an independent predictor of successful 
risk reduction. Presence of pericardial effusion 
and elevated right atrial pressure on initial evalua-
tion may suggest advanced pulmonary vascular 
remodeling and predict lower odds of successful 
risk reduction. Since not all patients achieve thera-
peutic goal with the sequential triple drug regi-
men, there is a need for continuous and rigorous 
monitoring and, as needed, up-titration of therapy 
and/or transplant referral. In our cohort, patients 
of Hispanic ethnicity have lower odds of risk 
reduction, and these findings need to be explored 
in larger studies. Multicenter, prospective studies 
are needed to confirm the findings of this study.
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