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Abstract Patients with group 1 disease in cohort B had significantly better
clinical and hemodynamic characteristics at diagnosis, were
Rationale: To date, it remains unclear whether recent changes in  more likely to receive upfront combination pulmonary arterial
the management of patients with systemic sclerosis-associated hypertension therapy, and had a nearly 4-year increase in median
pulmonary hypertension (SSc-PH) have improved survival. transplant-free survival in univariable analysis than those in
cohort A (P <0.01). Improved transplant-free survival was still
observed after adjusting for patients’ baseline characteristics. In
contrast, for group 2 or 3 patients with SSc-PH, there were no

Objectives: To describe a cohort of patients with SSc-PH and
compare their characteristics and survival between the last two

decades. differences in baseline clinical, hemodynamic, or survival
Methods: Patients with SSc-PH prospectively enrolled in the characteristics between the two cohorts.
Johns Hopkins Pulmonary Hypertension Center Registry were Conclusions: This is the largest single-center study that

grouped into two cohorts based on the date of diagnostic right
heart catheterization: cohort A included patients whose disease
was diagnosed between 1999 and 2010, and cohort B included
those whose disease was diagnosed between 2010 and 2021.
Patients’ characteristics were compared between the two cohorts.

compares clinical characteristics of patients with SSc-PH between
the last two decades. Transplant-free survival has improved
significantly for those with group 1 disease over the last decade,
possibly secondary to earlier detection and better therapeutic
management. Conversely, those with group 2 or 3 disease

Measurements and Main Results: Of 504 patients with SSc- continue to have dismal prognosis.
PH distributed almost equally between the two cohorts, 308

(61%) had World Symposium on Pulmonary Hypertension group ~ Keywords: pulmonary hypertension; systemic sclerosis; pulmonary
1, 43 (9%) had group 2, and 151 (30%) had group 3 disease. arterial hypertension; transplant-free survival

Pulmonary hypertension (PH) is a frequent remodeling of small pulmonary arteries can diastolic dysfunction, leading to WSPH

and serious complication of systemic result in World Symposium on Pulmonary group 2 disease. Parenchymal lung
sclerosis (SSc) (1). Because of the multiorgan ~ Hypertension (WSPH) group 1 PH or involvement, most commonly manifesting
involvement in SSc, PH can develop through ~ pulmonary arterial hypertension (PAH). as interstitial lung disease (ILD),

different mechanisms (1, 2). Severe Myocardial fibrosis can precipitate systolicor  causes hypoxia-induced pulmonary
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At a Glance Commentary

Scientific Knowledge on the
Subject: Pulmonary hypertension,

a common and serious complication
of systemic sclerosis (SSc), may present
in various forms and can be
classified in any of the five groups
of the World Symposium on
Pulmonary Hypertension (WSPH)
classification. Patients afflicted with
SSc-associated pulmonary arterial
hypertension (SSc-PAH, WSPH
group 1) have notoriously refractory
response and poor survival on
modern PAH targeted therapy
compared with other WSPH group
1 patients.

What This Study Adds to the
Field: This is the largest single-
center study comparing two cohorts
of patients with SSc-PAH
distributed over the last two
consecutive decades. A significant
improvement in survival was noted
over the last compared to the
previous decade. Survival remains
dismal, however, in patients with
WSPH groups 2 and 3 SSc.

vasoconstriction that can chronically lead

to group 3 PH. Increased risk of venous
thromboembolism, most commonly in the
presence of antiphospholipid antibodies,
renders patients with SSc more susceptible to
chronic thromboembolic disease and group
4PH (1,2).

Once diagnosed, SSc-PH carries a
dismal prognosis, with some differences
between WSPH phenotypes. Although SSc-
PAH generally has a better prognosis
compared with group 2 and 3 SSc-PH (3, 4),
mortality remains remarkably higher than
that reported for idiopathic PAH (5) and
even other connective tissue
disease—associated PAH (CTD-PAH) (6).
In addition, survival did not improve for
patients with SSc-PAH in the period
immediately after the advent of oral PAH
therapy in 2002, and median survival
continued to be 34 years (7, 8).

However, since 2010, several studies and
randomized controlled trials aiming at
reducing morbidity and mortality for

patients with PH, particularly PAH, were
conducted. Over the last decade, robust
screening algorithms were developed (9-13),
powerful risk stratification approaches were
outlined (5, 13-19), new therapeutic options
were discovered (20-25), and superior
therapeutic strategies were devised (26-28).
Importantly, most of these studies included
patients with SSc-PH and/or demonstrated
interventional benefit for these patients in
subgroup analyses. It remains unclear
whether these changes have improved
survival for patients with SSc-PH, with some
recent studies reporting continued poor
outcomes (5, 29, 30) and others reporting
improved outcomes (31, 32). We
hypothesized that survival may have
improved for patients with SSc-PH in our
registry, and we conducted this study with
the following aims: 1) to describe a cohort of
patients with SSc-PH and compare their
clinical and hemodynamic characteristics
between the last two decades; 2) to describe
survival patterns and assess for any changes
in survival over the last two decades; and

3) to identify factors associated with survival
and explore possible reasons for changes in
survival patterns, if present.

Methods

Study Population

This study was a retrospective analysis of
patients with SSc-PH prospectively enrolled in
the Johns Hopkins Pulmonary Hypertension
Center Registry (institutional review board no.
NA_00027124). Informed consent for
enrollment into the registry was obtained
from all patients. Diagnosis of SSc was
confirmed by rheumatologists according to
contemporary American College of
Rheumatology/European League Against
Rheumatism criteria (33, 34). PH was defined
as resting mean pulmonary arterial pressure
(mPAP) = 25 mm Hg on right heart
catheterization (RHC), and patients were
classified into WSPH groups by PH specialists
according to contemporary PH guidelines (2,
13, 35). For the sake of PH classification, ILD
was defined as total lung capacity <70%
predicted combined with moderate-severe
(grade 3-4) fibrosis on high-resolution
computed tomography (8, 36). Patients were
stratified into two cohorts based on the date of
diagnostic RHC: cohort A included patients
whose disease was diagnosed between
October 1999 and September 2010, and
cohort B included those whose disease was
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diagnosed between October 2010 and
September 2021. Patients <18 years old at
diagnosis, with missing diagnostic RHC, with
mPAP < 25 mm Hg, with unknown vital
status, or with disease diagnosed before
October 1999 were excluded.

Outcomes of Interest

The primary outcome was transplant-free
survival, defined from the date of PH
diagnosis by RHC until death, lung
transplantation, or the censoring date
(October 1, 2010 for cohort A, October 1,
2021 for cohort B), whichever came earliest.
Death was ascertained by reviewing medical
records, death notifications, or social security
death index or by phone contact.

Variables of Interest

Baseline clinical and hemodynamic variables
routinely evaluated at the time of PH
diagnosis (13) and/or with reported
implications on the prognosis of patients with
SSc-PH (13, 37-39) were assessed and
compared between cohorts A and B. These
variables included: World Health
Organization functional class (WHO FC),
6-minute-walk distance (6MWD), serum
N-terminal prohormone brain natriuretic
peptide, echocardiographic parameters,
pulmonary function testing (PFT) parameters,
and RHC parameters (right atrial pressure,
mPAP, cardiac index [CI], stroke volume
index [SVI], pulmonary vascular resistance
[PVR], pulmonary arterial compliance [PAC],
and mixed venous oxygen saturation). In
addition, PAH therapy received during the
follow-up period was assessed. Upfront dual
therapy was defined as that received within
the first 4 months of diagnosis.

Statistical Analysis

All statistical analyses were conducted using
Stata version 17.0. For comparative analyses,
we used the independent ¢ test for normally
distributed continuous variables, the
Wilcoxon rank-sum test for skewed
continuous variables, and the chi-square or
Fisher exact tests for categorical variables.
Univariable and multivariable Cox
proportional hazards (CPH) models were
used to assess associations between patients’
characteristics and transplant-free survival.
Time-to-event analysis was performed using
the Kaplan-Meier product-limit estimator,
and the log-rank test was used to compare
survival between the two cohorts.
Transplant-free survival was assessed at 1, 3,
and 5 years. The proportional hazards
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assumption was examined using Schoenfeld
residuals. All comparisons were two-sided,
and a P value < 0.05 was used to represent
statistical significance.

Results

Study Population and Characteristics
A total of 504 patients met the eligibility
criteria of the study (Figure 1) and were
distributed almost equally between cohort
A (n=246) and cohort B (n=258). Nearly
60% of patients had WSPH group 1
disease, 30% had group 3 disease, and 9%
had group 2 disease (see Figure E1 in the
online supplement). Only two patients
had group 4 disease. Group 1 PH was
slightly more common in cohort A (67%

vs. 55%), and group 3 PH was more
common in cohort B (34% vs. 26%).
Further analyses were stratified by WSPH
groups excluding group 4 (n=2). In
addition, considering the relatively
limited number of patients with group 2
PH (n =43), their findings are included in
the online supplement.

Patients’ demographic characteristics
and comorbidities are shown in Table 1
(Table El for group 2 patients). Patients with
group 1 PH were predominantly white (75%)
and female (83%), with limited SSc subtype
(86%) and an average age of 61 = 13 years at
diagnostic RHC. Patients with group 3 PH
were predominantly female (75%), with an
average age of 58 = 11 years and a significant
proportion of African Americans (38%) and
diffuse SSc subtypes (38%). Systemic

SSc Patients in the
Registry
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Figure 1. Flow diagram of the cohort. MPAP = mean pulmonary arterial pressure;
PH = pulmonary hypertension; RHC =right heart catheterization; SSc = systemic sclerosis.
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hypertension, hyperlipidemia, and thyroid
disease were common comorbidities in both
PH groups.

Table 2 outlines PAH therapy received
in each cohort. Among patients with group 1
disease, the majority (>90%) received PAH
therapy during the follow-up period in both
cohorts. WSPH group 1 patients in cohort B
were more likely to be started on upfront
dual combination therapy compared with
those in cohort A (38% vs. 10%; P << 0.01).
The majority (90%) of those started on
upfront dual therapy in cohort B received an
oral combination of a phosphodiesterase
type 5 inhibitor or soluble guanylate cyclase
stimulator and an endothelin receptor
antagonist. Twenty-eight patients with group
1 PH (16 in cohort A and 12 in cohort B) did
not receive any PAH therapy over the follow-
up period for various socioeconomic and
insurance-related issues. Likewise, most
patients with group 3 PH (78%) received
PAH therapy; however, there were no
differences in the type of therapy received
between the two cohorts.

Clinical, functional, echocardiographic,
and hemodynamic characteristics at the
time of diagnosis were compared between
the two cohorts (Table 3; Table E1 for
group 2 PH). Among WSPH group
1 patients, those in cohort A were more
likely to have WHO FC 3 or 4 limitations
(P=0.04) and higher serum N-terminal
prohormone brain natriuretic peptide
concentrations (P < 0.01) and tended
to have lower 6 MWD (P =0.18) than
those in cohort B. Furthermore, WSPH
group 1 patients in cohort A had worse
echocardiographic parameters, including
right atrial dilation (P < 0.01), right
ventricular dilation (P =0.03), higher
estimated pulmonary artery systolic
pressure (P < 0.01), moderate or severe
tricuspid regurgitation (P < 0.01),
and presence of pericardial effusion
(P=0.04). In addition, all measured
hemodynamic parameters, except
CI (P=0.08), were worse for WSPH group
1 patients in cohort A, including right
atrial pressure (P <0.01), mPAP
(P<<0.01), SVI(P<0.01), PVR (P=0.03),
PAC (P <0.01), and mixed venous
oxygen saturation (P < 0.01). In contrast,
these characteristics were similar between
the two cohorts for WSPH group 2 and
3 patients. There were no significant
differences in PFT parameters between
the two cohorts for both group 1 and
group 3 disease patients (Table E2).
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Table 1. Demographic Characteristics and Comorbidities for World Symposium on Pulmonary Hypertension Group 1 and

3 Patients
All Patients Cohort A Cohort B
WSPH Group 1 (n=308) 100% (n=165) 53.6% (n=143) 46.4% P Value
Age at PH diagnosis, yr 63 (53-69) 61 (53-68) 65 (54-72) 0.029
Female 257 (83.4) 145 (87.9) 112 (78.3) 0.024
Race
White 231 (75.0) 129 (78.2) 102 (71.3) 0.381
African American 66 (21.4) 31 (18.8) 35 (25.5)
Other 1(3.8) 5 (3.0) 6 (4.2)
Comorbidities
Limited SSc* 266 (86.4) 145 (87.9) 121 (84.6) 0.405
Hypertension 123 (39.9) 1(30.9) 72 (50.4) 0.001
Hyperlipidemia 89 (28.9) 6 (21.8) 53 (37.1) 0.003
Diabetes mellitus 26 (8.4) 5(9.1) 11 (7.7) 0.660
CAD 44 (14.3) 2 (13.3) 22 (15.4) 0.608
Atrial fibrillation 43 (14.0) 5 (15.2) 18 (12.6) 0.517
MCTD (+ SLE, PM, DM) 24 (7.8) 1(6.7) 13 (9.1) 0.429
Thyroid disease 111 (36.0) 6 (40.0) 45 (31.5) 0.120
Deaths 143 (46.4) 7 (562.7) 56 (39.2)
Lung transplant 2 (0.6) 0 (0.0) 2(1.4)
WSPH Group 3 (n=151) 100% (n=64) 42.4% (n=87) 57.6%
Age at PH diagnosis, yr 60 (50-66) 59 (50-66) 61 (51-65) 0.946
Female 113 (74.8) 49 (76.6) 64 (73.6) 0.675
Race
White 82 (54.3) 37 (57.8) 45 (51.7) 0.785
African American 58 (38.4) 23 (35.9) 35 (40.2
Other 11 (7.3) 4 (6.3) 7 (8.1)
Comorbidities
Limited SSc* 93 (61.6) 40 (62.5) 53 (60.9) 0.844
Hypertension 54 (35.8) 18 (28.1) 36 (41.4) 0.093
Hyperlipidemia 33 (21.9) 12 (18.8) 21 (24.1) 0.429
Diabetes mellitus 13 (8.6) 3(4.7) 10 (11.5) 0.239
CAD 9 (6.0) 4 (6.3) 5 (5.8) 1.000
Atrial fibrillation 16 (10.6) 7 (10.9) 9 (10.3) 1.000
MCTD (+ SLE, PM, DM) 27 (17.9) 9 (14.1) 18 (20.7) 0.294
Thyroid disease 34 (22.5) 17 (26.6) 17 (19.5) 0.307
Deaths 88 (58.3) 29 (45.3) 59 (67.8)
Lung transplant 7 (4.6) 2 (3.1) 5 (5.7)

Definition of abbreviations: CAD = coronary artery disease; DM = dermatomyositis; MCTD = mixed connective tissue disease; PH = pulmonary
hypertension; PM = polymyositis; SLE = systemic lupus erythematosus; SSc = systemic sclerosis; WSPH = World Symposium on Pulmonary

Hypertension.

For the Age variable (continuous, skewed variable), data are presented as median (lower quartile Q1 - upper quartile Q3).
For all other variables (categorical variables), data are presented as percentage.
*Patients with systemic sclerosis sine scleroderma (WSPH group 1 n=5; WSPH group 3 n=5) were included with limited subtype.

Comparison of Transplant-Free
Survival between the Two Cohorts
at Univariable Analysis Level

During the follow-up period, a total of

250 patients with SSc-PH (50%) died, and
10 patients (2%) underwent lung transplant.
Right ventricular failure, respiratory failure,
sudden cardiac death or arrhythmia, and
sepsis were the most common reported
causes of death (50%, 24%, 12%, and 5%,
respectively). For patients with group 1
disease, median follow-up was 2.9 years (2.4
years for cohort A, 3.2 years for cohort B). A
total of 87 (53%) patients with group 1 disease

died in cohort A. In cohort B, 56 (39%)
patients with group 1 disease died and 2 (1%)
underwent lung transplant. For patients with
group 3 disease, median follow-up was 2 years
(1.3 yr for cohort A, 2.2 yr for cohort B). A
total of 29 (45%) group 3 patients died and

2 (3%) underwent lung transplant in cohort
A. In cohort B, 59 (68%) group 3 patients died
and 5 (6%) underwent lung transplant.

There was no significant difference in
transplant-free survival between the two
cohorts considering all WSPH groups
combined (P = 0.10; Figure E2). However,
different patterns were observed upon
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stratifying patients by WSPH group. Among
patients with group 1 disease, cohort B had
significantly better transplant-free survival
than cohort A (estimated 1-, 3-, 5-, and
8-year survival rates: 91%, 74%, 60%,

and 51% vs. 85%, 62%, 37%, and 27%,
respectively; median survival, 8.8 yr vs. 4.0 yr;
P <0.01; Figure 2A). In addition, median
death or transplant age was significantly
higher for patients with group 1 PH in
cohort B than in cohort A (74 yr vs. 65 yr;

P < 0.01). In contrast, there was no
difference in transplant-free survival between
the two cohorts for patients with group 3 PH
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Table 2. Pulmonary Arterial Hypertension Therapy Received by World Symposium on Pulmonary Hypertension Group 1 and
3 Patients

All Patients
(n=308) 100%

Cohort A
(n=165) 53.6%

Cohort B

WSPH Group 1 (n=143) 46.4% P Value

Received PAH therapy
Therapy type*
Single
PDES5I/sGCS'
ERAT
PCAt
Upfront dual
PDES5I + ERA (vs. PDE5I + PCA or ERA + PCA)*
Sequential dual
PDES5I + ERA (vs. PDE5I + PCA or ERA + PCA)®
Triple (PDESI + ERA + PCA)
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WSPH Group 3 (n=151) 100% (n=64) 42.4% (n=87) 57.6%

Received PAH therapy 117 (77.5) 5
Therapy type*
Single
PDE5I/sGCST
ERA'
PCAt
Upfront dual
PDESI + ERA (vs. PDE5I + PCA or ERA + PCA)*
Sequential dual
PDESI + ERA (vs. PDE5I + PCA or ERA + PCA)®

A
©
=
w

L
fo))
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Triple (PDE5I + ERA + PCA)

Definition of abbreviations: ERA = endothelin receptor antagonist; PAH = pulmonary arterial hypertension; PCA = prostacyclin analogue;

PDES5I = phosphodiesterase type 5 inhibitor; sGCS = soluble guanylate cyclase stimulator; WSPH =World Symposium on Pulmonary Hypertension.
For the Age variable (continuous, skewed variable), data are presented as median (lower quartile Q1 - upper quartile Q3).

For all other variables (categorical variables), data are presented as percentage.

*Among those who received PAH therapy.
TAmong those who received monotherapy.

*Among those who received upfront dual therapy.
SAmong those who received sequential dual therapy.

(estimated 1-, 3-, and 5-year survival rates:
83%, 44%, and 31%, respectively, for cohort
B vs. 74%, 51%, and 40%, respectively,

for cohort A; P=0.79; Figure 2B) or for those
with group 2 PH (estimated 3-year survival:
60% in cohort B vs. 68% in cohort A;
P=0.35; Figure E3).

Risk-Adjusted Transplant-Free
Survival of WSPH Group 1

The primary outcome models satisfied the
proportional hazards assumption as assessed
by Schoenfeld residuals. Several clinical,
hemodynamic, and therapy-related
characteristics were associated with transplant-
free survival for patients with both group 1
and 3 disease in univariate analysis (Table E3).
Notably, upfront, but not sequential, dual
therapy with a phosphodiesterase type 5
inhibitor or soluble guanylate cyclase
stimulator and an endothelin receptor
antagonist was associated with lower hazard of
death or transplant for patients with group 1
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PH compared with monotherapy (hazard
ratio, 0.52; 95% confidence interval, 0.30-0.91;
P=0.02; Figure E4).

Among clinical and hemodynamic
parameters associated with transplant-free
survival at univariable level, several were
different between the two cohorts for
patients with group 1 PH. To account for
these differences, multivariable CPH
models were used to adjust for clinically
relevant variables (Table 4). Further details
on the choice of the included covariates
were added to the online supplement.
Adjusting for age, sex, WHO FC, mPAP,
and SVI, WSPH group 1 patients in cohort
B had significantly better transplant-free
survival than those in cohort A (hazard
ratio, 0.6; 95% confidence interval,
0.41-0.88; P < 0.01). In addition, this
association was still observed after
replacing SVI with other associated
hemodynamic variables, such as PVR,
PAC, or CI, and WHO FC with 6MWD.

To compare survival patterns across the
two decades by risk group, patients with
group 1 PH were stratified into three risk
categories. The approach devised by the
COMPERA (Comparative, Prospective
Registry of Newly Initiated Therapies for
Pulmonary Hypertension) investigators was
used to stratify patients (5). A rounded
average was computed for every patient
based on six baseline clinical and
hemodynamic parameters (cutoffs shown in
Table E4) and was used to assign risk: one for
low risk, two for intermediate risk, and three
for high risk. Patients with fewer than two
parameters were excluded from the analysis.

Most patients (87%) had at least four
parameters (Figure E5). Nearly half of the
patients had an intermediate-risk profile at
diagnosis in both cohorts. Patients in cohort
A were more likely to present with a high-
risk profile than those in cohort B, who were
more likely to present with a low-risk profile
(chi-square P < 0.01; Figure E6). Transplant-
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Table 3. Clinical, Functional, Echocardiographic, and Hemodynamic Characteristics at the Time of Diagnosis for World

Symposium on Pulmonary Hypertension Group 1 and 3 Patients

All Patients Cohort A Cohort B P Value
WSPH Group 1 (n=308) 100% (n=165) 53.6% (n=143) 46.4%
Clinical and functional
WHO FC lliNv 176 (62.2) (n=283) 100 (68.0) (n=147) 76 (55.9) (n=136) 0.035
6MWD, m 306 = 124 (n=247) 296 =122 (n=124) 317125 (n=123) 0.179
NT-proBNP, ng/L 894 (281-3,225) (n=242) 1584 (393-5,099) (n=117) 547 (204-1,965) (n=125) <0.001
Echocardiographic
RA dilation 139 (64.4) (n=216) 1(73.6) (n=110) 58 (54.7) (n=106) 0.004
RV dilation 139 (61.0) (n=228) 82 (71.3) (n=115) 57 (50.4) (n=113) 0.001
Estimated PASP, mm Hg 63 (48-80) (n=198) 6 (53-84) (n=101) 5 (43-73) (n1=97) 0.002
LVEF, % 60 =+ 8 (n=200) 59 +9 (n=96) 616 (n=104) 0.101
Moderate/severe TR 70 (34 0) (n=206) 4 (44.0) (n=100) 26 (24.5) (n=106) 0.003
Pericardial effusion 72 (34.8) (n=207) 42 (41.6) (n=101) 30 (28.3) (n=106) 0.045
Hemodynamic
RAP, mm Hg 85 (n=282) 9+6 (n=149) 7+5(n=133) 0.002
mPAP, mm Hg 40+12 (n=308) 42 +13 (n=165) 38 +12 (n=143) 0.005
Cl, L/mln/m 2.46 =0.79 (n=272) 2.37 +0.75 (n=138) 2.54+0.82 (n=134) 0.078
SVI, mL/m? 31.9+10.9 (n=223) 29.9+10.2 (n=111) 33.9+11.3 (n=112) 0.006
PVR, WU 6.8 (4.1-10.4) (n=282) 7.1 (4.7-11.6) (n=144) 6.0 (3.7-9.9) (n=138) 0.03
PAC, ml/mm Hg 1.4 (0.9-2.3) (n=196) 1.2 (0.8-1.7) (n=108) 1.7 (1.1-2.6) (n=88) <0.001
Svo,, % 65+ 10 (n=240) 63+9 (n=123) 67 10 (n=117) 0.003
WSPH Group 3 (n=151) 100% (n=64) 42.4% (n=87) 57.6%
Clinical and functional
WHO FC lliNv 96 (73.9) (n=130) 36 (69.2) (n=52) 60 (76.9) (n=78) 0.328
6MWD, m 278 =118 (n=130) 288 + 122 (n=51) 272 =115 (n=79) 0.43
NT-proBNP, ng/L 510 (133-1894) (n=133) 348 (156—2484) (n=53) 547 (116-1731) (n=80) 0.605
Echocardiographic
RA dilation 8 (51.3) (n=113) 4 (55.8) (n=43) 34 (48.6) (n=70) 0.455
RV dilation 9 (58.5) (n=118) 26 (55.3) (n=47) 43 (60.6) (n=71) 0.571
Estimated PASP, mm Hg 63 (45-74) (n=105) 64 (45-80) (n=46) 63 (45-71) (n=59) 0.336
LVEF, % 59 +10 (n=111) 57 +10 (n=42) 60 +10 (n=69) 0.096
Moderate/severe TR 4 (30.9) (n=110) (32 6) (n=43) 0 (29.9) (n=67) 0.764
Pericardial effusion 8 (26.2) (n=107) 3(31.7) (n=41) 5 (22.7) (n=66) 0.304
Hemodynamic
RAP, mm Hg 6+4 (n=141) 7+6 (n=57) +5 (n=84) 0.256
mPAP mm Hg +9 (n=151) 3610 (n=64) 35 +8 (n=87) 0.364
Cl, L/m|n/m 2.57 £0.65 (n=141) 2.63+0.72 (n=59) 2.52+0.60 (n=82) 0.322
SVI, mL/m? 31.4+8.0 (n=120) 32.1 £9.6 (n=50) 30 9+6.6 (n=70) 0.431
PVR, WU 5.3 (3.5-7.4) (n=142) 5.1 (3.3-7.0) (n=58) 8 (3.7-7.6) (n=84) 0.377
PAC, ml/mm Hg 1.6 (1.2-2.2) (n=115) 1.7 (1.2-2.3) (n=50) 6 (1.2-2.0) (n=65) 0.417
Svo,, % 66 £9 (n=128) 67 +9 (n=52) 66 =8 (n=76) 0.256

Definition of abbreviations: BMWD = 6-minute-walking distance; Cl = cardiac index; LVEF =left ventricular ejection fraction; mPAP =mean
pulmonary arterial pressure; NT-proBNP = N-terminus prohormone brain natriuretic peptide; PAC = pulmonary arterial compliance;

PASP = pulmonary arterial systolic pressure; PVR = pulmonary vascular resistance; RA =right atrial; RAP =right atrial pressure; RV =right
ventricle; SVI=stroke volume index; Svp,=mixed venous oxygen saturation; TR = tricuspid regurgitation; WHO FC = World Health Organization
functional class; WSPH = World Symposium on Pulmonary Hypertension.
Data are presented as median (interquartile range, 25th percentile-75th percentile), Wilcoxon rank-sum test.

For categorical variable (e.g., presence of absence of RA dilation, RV dilation etc), data are presented as percentage.

For continuous, normally distributed variables (e.g., LVEF and RAP), data are presented as mean *+ SD.

For continuous, skewed variables (e.g., NT-proBNP and PVR), data are presented as median (lower quartile Q1 - upper quartile Q3).

free survival was compared between the two
cohorts for each risk stratum; survival was
better in cohort B for patients with low
(P=0.03; Figure 3A) and intermediate risk
(P=0.01; Figure 3B) at diagnosis but not for
those with high risk (P =0.95; Figure 3C).

Discussion

To our knowledge, this is the largest U.S.-
based, single-center study that compares

clinical, hemodynamic, and survival
characteristics of patients with SSc-PH
between the last two decades. The main
findings are: ) transplant-free survival has
improved significantly for patients with SSc-
PAH over the last decade, with an estimated
5-year rate of 60% (vs. 37% in the previous
decade); 2) patients with SSc-PAH diagnosed
in the last decade had significantly better
baseline clinical and hemodynamic
characteristics and were more likely to
receive upfront combination PAH therapy

Hassan, Naranjo, Ayoub, et al.. Improved Survival for Patients with SSc-PAH

than those diagnosed in the previous decade;
3) improved transplant-free survival was still
observed after adjusting for baseline patient
risk using multivariable CPH models and a
validated multiparametric risk stratification
tool; survival has improved for low- and
intermediate-risk patients, but not for high-
risk patients; 4) for group 2 and 3 patients
with SSc-PH, there was no improvement in
baseline clinical and hemodynamic
characteristics in the last decade, and
mortality remains high, with a 3-year
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Figure 2. Comparison of transplant-free survival between cohort A and cohort B for patients
with (A) World Symposium on Pulmonary Hypertension (WSPH) group 1 disease and (B) WSPH

group 3 disease.

survival rate of 60% and 44%, respectively;
and 5) in addition to the type of PAH
therapy received, several clinical and

hemodynamic characteristics were associated ~ should be interpreted cautiously in the

with transplant-free survival for patients in

group 1 and group 3 with SSc-PH.

Several factors may have contributed to
better transplant-free survival of patients
with SSc-PAH over the last decade in our
study. First, PAH was detected at an earlier

stage, as is evident by better clinical and adjusting for patients’ risk (i.e., upon

hemodynamic parameters and a higher
proportion of low-risk patients in cohort B.
In the last decade, more robust PAH

early-detection algorithms were devised
(9-13, 40) and have influenced practice at
our center. Nevertheless, improved survival

context of earlier disease detection (9). Lead-
time bias, wherein survival appears to be
better based on earlier diagnosis, is unlikely
to explain alone the observed difference in
survival for the following reasons: 1) better
survival was still observed in cohort B after

comparing patients with similar baseline
characteristics between the two cohorts); and
2) patients with SSc-PAH in cohort B were

slightly older (average age 62 yr vs. 60 yr),
and their median death or transplant age was
significantly higher (74 yr vs. 65 yr) than
cohort A, both of which are inconsistent with
lead-time bias. Thus, our results suggest an
actual change in disease course from earlier
initiation of PAH therapy, resulting in better
survival (41). A second factor that could have
partially contributed to improved transplant-
free survival is better clinical management of
patients with SSc-PAH. Over the last decade,
better risk stratification approaches were
developed and validated in SSc-PAH

(5, 13-19), and more treatment options
became available, such as riociguat (20, 25),
oral (42) and inhaled (43) treprostinil,
macitentan (22), and selexipag (21, 23).
Moreover, superior therapeutic strategies
emerged, including early combination
therapy (26, 27). This is partially reflected

by the higher proportion of patients with
SSc-PAH receiving upfront oral combination
PAH therapy in cohort B. Furthermore,
better public measures and more effective
SSc management guidelines could have
contributed to improved survival for patients
with SSc-PAH. However, the absence of such
improvement in transplant-free survival for
the rest of patients with SSc-PH (groups 2
and 3) and the magnitude of the observed
difference for patients with group 1 disease
(nearly 4-year increase in median survival
and 9-year increase in median death age)
suggest that the contribution of those
measures is likely minor.

An important finding in this study is
that transplant-free survival improved for
low- and intermediate-risk patients with
SSc-PAH but not for high-risk patients,
who continued to have a poor prognosis.
Although this emphasizes the importance
of developing or applying better therapeutic
strategies for high-risk patients, it also
highlights the need for cost-effective and
efficient tools for screening patients with
asymptomatic or mildly symptomatic SSc,
with the aim of detecting PAH before any
irreversible right ventricular change (9, 41,
44, 45). This is particularly relevant in SSc,
considering the relatively high prevalence of
PAH in this population (9).

Poor survival of patients with SSc-PAH
has been consistently reported in previous
cohort studies and registries, including the
COMPERA registry (N =216) (5), the FPHN
(French Pulmonary Hypertension Network)
registry (N=513) (37), REVEAL (Registry to
Evaluate Early and Long-term Pulmonary
Arterial Hypertension Disease Management)
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Figure 3. Comparison of transplant-free survival between cohort A and cohort B for WSPH group 1 patients with baseline (A) low-risk profile,
(B) intermediate-risk profile, and (C) high-risk profile. WSPH =World Symposium on Pulmonary Hypertension.

Table 4. Associations Between Patients’ Characteristics and Transplant-Free
Survival for World Symposium on Pulmonary Hypertension Group 1 Patients:
Multivariable Analysis

HR (95% Cl) P Value
Cohort B (vs. cohort A) 0.60 (0.41-0.88) 0.009
Age at PH diagnosis (per 5-yr increase) 1.12 (1.04-1.22) 0.005
Male 1.71 (1.10-2.66) 0.017
WHO FC llI/IV (vs. /1) 1.53 (1.02-2.30) 0.04
mPAP (per 5 mm Hg increase) 1.04 (0.95-1.13) 0.389
SVI (per 5 ml/m? decrease) 1.28 (1.15-1.43) <0.001

Definition of abbreviations: Cl = confidence interval; HR = hazard ratio; mPAP = mean pulmonary
arterial pressure; PH = pulmonary hypertension; SVI = stroke volume index; WHO FC = World
Health Organization functional class.
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(N=166) (6), SPAHR (Swedish PAH
Registry) (N=161) (29), the UK
Pulmonary Hypertension Service

(N =259) (46), the Australian Scleroderma
Cohort Study (N =132) (30), as well as
other SSc-PAH cohorts (47-49). Reported
1-, 3-, and 5-year survival rates in these
cohorts were 78-88%, 47-62%, and
32-38%, respectively. The PHAROS
(Pulmonary Hypertension Assessment
and Recognition of Outcomes in
Scleroderma) registry (N =160),
however, reported survival rates that
were comparable to those of cohort B in
our study (1-, 3-, 5-, and 8-year survival
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rates of 95%, 75%, 63%, and 49%,
respectively) (32). Patients enrolled in
the PHAROS registry, however, had a
milder disease at diagnosis evident by a
lower proportion of patients with WHO
FC 3 or 4 limitations (41% vs. 56% in
cohort B in our study). Although most
of these studies described dismal
outcomes, enrolled patients with SSc-
PAH were diagnosed and managed in
the last two decades (2001-2017), so it is
unclear from these studies whether
survival has changed over the last
decade.

A recent study compared the survival
of patients with SSc-PAH diagnosed in
2006-2011 vs. 2012-2017 (31). The study
included 306 patients from the FPHN
registry and the French National Systemic
Sclerosis Cohort. Survival was not
different between the two periods;
however, a stratified analysis showed that
patients aged <70 years diagnosed in
2012-2017 (n=70) had better survival
than those diagnosed in 2006-2011
(n=82). Our study, however, suggests that
transplant-free survival improvement was
observed in the overall cohort
independently of age and reported a
slightly higher overall 3-year survival (74%
vs. 67%). Differences could possibly be
attributed to earlier detection of PAH in
our cohort, as well as longer follow-up
(median of 3.2 yr vs. 1.3 yr), especially
considering that the benefit of upfront
dual oral therapy was only established in
2015 (26) but was started earlier in our
patients with SSc-PAH (27). Two other
studies assessed mortality trends among
patients with PAH before and after 2015.
The first study included 119 patients with
CTD-PAH and reported no survival
benefit for patients whose disease was
diagnosed after 2015, despite increased use
of combination therapy (50). Patients’
clinical and RHC-derived hemodynamic
characteristics were similar between those
diagnosed before and after 2015, with
nearly 70% having WHO FC 3 or 4
limitations at diagnosis (vs. 56% in our
cohort). This suggests that patients were
still presenting at a relatively advanced
disease stage, unlike those in our cohort
whose disease was detected earlier and
who received PAH therapy early on along
the disease course. This again would
emphasize the importance of early PAH
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detection and initiation of therapy. The
second study also reported more frequent
use of upfront combination therapy and a
slight, nonsignificant trend toward better
3-year survival for patients with PAH
diagnosed after 2015 (51). This was
particularly true for patients with
CTD-PAH (n =536) whose 3-year survival
increased from 57% to 67%. Although our
study compared transplant-free survival
across two different eras (before and after
2010 vs. 2015), our findings support the
existence of such a trend in survival. A
recent meta-analysis of 19 PH registries
that included patients with CTD-PAH
reported better survival for patients whose
disease was diagnosed between 2010 and
2019 than those diagnosed between 2000
and 2009 (52). However, this comparison
had two major limitations: 1) inclusion of
registries (10 out of 19) that had significant
overlap between the two periods; and 2) a
higher proportion of patients with
systemic lupus erythematosus-associated
PAH in the 2010-2019 period (19% vs. 5%
of reported CTD subtypes), who have a
better prognosis than patients with SSc-
PAH (6).

In contrast to patients with SSc-
PAH, WSPH group 3 patients continue to
have poor outcomes, with a 3-year
transplant-free survival rate of 44%,
similar to previously reported rates (4).
Unlike group 1 PH, group 3 PH in cohort
B was not detected earlier, possibly
because these patients initially present
with relatively less severe PH (13). In
addition, therapeutic options remain
limited for patients with SSc with
parenchymal lung disease, particularly for
those with SSc-ILD, who constitute the
majority of group 3 patients in our
cohort. Moreover, it was not until 2021
that the benefit of inhaled treprostinil was
demonstrated in patients with ILD (24).
In the current study, being on PAH
therapy did not provide any survival
benefit for group 3 PH patients in
univariate analysis.

This is the experience of a single PH
referral center, which may limit the
generalizability of the findings. Although
patients were referred to our program
from the Johns Hopkins Scleroderma
Center over the past two decades, referral
bias was an unlikely concern, as the
referral process for PH, based on a

long-adopted algorithm, remains
unchanged. Furthermore, because of the
longitudinal nature of the study that
spanned over two decades, definitions and
classifications of PH and SSc may have
slightly changed over time. Nevertheless,
the major change in the definition of PH as
mPAP > 20 mm Hg introduced in 2018
was not used in this study, to minimize the
discrepancy between the two cohorts (2).
In addition, the classification of patients
into WSPH groups at our center has been
consistent over the last two decades,
particularly the distinction between SSc-
PAH and SSc-ILD-PH using routine PFT
screening and high-resolution computed
tomography scans of the chest (8, 36).
Although we highlighted the main factors
that could have contributed to improved
survival in patients with SSc-PAH, we may
have missed other factors, such as closer
follow-up and better overall healthcare
quality and access in the last decade. An
additional limitation is that our findings
were not adjusted to patients’
comorbidities and administered
background therapies, such as
immunosuppressive therapy; nevertheless,
most of these comorbidities were more
common in cohort B. Finally, for patients
who were lost to follow-up, PAH therapy
was assumed to be the same as the one
received on last patient contact; this may
have created some inconsistency between
the two cohorts if there were differential
period-dependent adjustments to therapy
for those patients.

In conclusion, our study demonstrates
improved transplant-free survival of
patients with SSc-PAH over the last decade
that is unlikely explained by lead-time bias
alone. Better survival could be attributed to
earlier disease detection, allowing for earlier
intervention along the disease course, as
well as better therapeutic options and
approaches, notably upfront combination
PAH therapy. This emphasizes the
importance of robust screening and
optimization of PAH therapy in the
management of patients with SSc-PAH. In
contrast, the prognosis of group 2 and 3
SSc-PH remains dismal and warrants
further studies to explore better treatment
and management strategies.

Author disclosures are available with the
text of this article at www.atsjournals.org.
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