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Abstract: Systemic sclerosis-associated pulmonary arterial hypertension (SSc-PAH) is a catastrophic
complication of one of the most common and devastating autoimmune diseases. Once diagnosed,
it becomes the leading cause of mortality among this patient population. Screening modalities
and risk assessments have been designed and validated by various organizations and societies in
order to identify patients early in their disease course and promptly refer them to expert centers
for a hemodynamic assessment and formal diagnosis. Moreover, several large multicenter clinical
trials have now included patients with SSc-PAH to assess their response to therapy. Despite an
improved understanding of the condition and significant advances in supportive and targeted
therapy, outcomes have remained far from optimal. Therefore, rigorous phenotyping and search for
novel therapies are desperately needed for this devastating condition.

Keywords: systemic sclerosis; pulmonary hypertension; pulmonary arterial hypertension; pathogen-
esis; diagnosis; management; prognosis

1. Introduction

Systemic sclerosis (SSc) is a chronic multisystem disease characterized by fibrosis,
excessive collagen deposition within the skin and internal organs, chronic inflammation, au-
toimmune dysregulation, and microvascular endothelial dysfunction that ultimately leads
to multiorgan dysfunction [1,2]. SSc is traditionally classified based on the extent of skin
involvement, the accompanying pattern of internal organ disease, and the presence of over-
lapping features with other systemic autoimmune diseases. Limited cutaneous SSc (lcSSc)
involving the distal skin of the extremities and the face; and diffuse SSc (dcSSc) involving
large areas of skin in the proximal aspect of the extremities and multiple organs [3]. Both
forms, however, are systemic diseases associated with significant morbidity and mortality.
Pulmonary arterial hypertension (PAH, Group 1 of the World Symposium on Pulmonary
Hypertension classification) [4] is more common in lcSSc but can complicate other variants
of the disease. Moreover, forms of pulmonary hypertension (PH) other than PAH can
afflict SSc patients, including PH related to left heart disease, interstitial lung disease
(ILD), chronic thromboembolism, and pulmonary venous occlusive disease, which further
complicates diagnosis and management [4]. Although many forms of PH can complicate
SSc, this review will focus essentially on SSc-associated pulmonary arterial hypertension
(SSc-PAH) for which treatment is available. SSc-PAH has emerged as a leading cause of
morbidity and mortality. Patients with SSc-PAH have a higher risk of death than patients
with idiopathic pulmonary arterial hypertension (IPAH), despite similar hemodynamic
indices, and are frequently less responsive to PAH therapy [5,6]. Early diagnosis of PAH
and initiation of treatment continue to be challenging in SSc due to several factors ranging
from limitations of the current screening strategies and the complexities of the disease.
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2. Epidemiology

The diagnosis of PAH in SSc, and other associated etiologies, is confirmed when the
mean pulmonary artery pressure (mPAP) is greater than 20 mmHg at rest, measured by
right heart catheterization (RHC), with a pulmonary capillary wedge pressure (PCWP)
less than or equal to 15 mmHg, and a pulmonary vascular resistance (PVR) more than
or equal to 3 Wood units [4]. The prevalence of PAH among patients with SSc has been
estimated to be between 5% and 15% [7–9]. Several studies, including data from national
and international registries, have described the incidence and survival rates related to SSc-
associated PH and PAH. PHAROS (Pulmonary Hypertension Assessment and Recognition
of Outcomes in Scleroderma) [10] represents one of the largest cohorts of SSc patients.
This study identifies important risk factors associated with the development of PH and
PAH, including diffusing capacity of carbon monoxide (DLCO) <55% predicted, forced
vital capacity (FVC)/DLCO ratio >1.6, and/or right ventricular systolic pressure (RVSP)
obtained by echocardiography >40 mmHg. Participants included in this study underwent
RHC if clinically indicated, revealing that PH had developed in 10% at 2 years of enrollment,
13% at 3 years, and 25% at 5 years; while PAH occurred in 7% at 2 years, 9% at 3 years,
and 17% at 5 years [10]. Additionally, REVEAL (Registry to Evaluate Early and Long-term
PAH Disease Management), the largest registry of PAH patients in the US, reported that
collagen vascular disease (predominantly SSc) was the second most common cause of PAH
after IPAH which is more than twice as common as SSc-PAH [11]. Overall, SSc-PAH is the
second most frequent cause of PAH in both US and European registries following IPAH [12].
PHAROS also addressed gender and demographics disparities. SSc-PAH occurred more
commonly in women (87%), white (67%), and patients who had lcSSc (57%) [10]. With
regard to survival, Pasarikovski et al. reported that males with SSc have a shorter mean time
to PAH diagnosis (1.7 ± 14 vs. 5.5 ± 14.2 years) and shorter PAH duration (3.5 ± 3.1 vs. 4.7
± 4.2 years) with worse 5-year survival compared with females (46 vs. 57%, p = 0.07) [13].
Patients with SSc-PAH are less responsive to therapy than patients with IPAH [6,14].
Hence, survival is lower in SSc-PAH patients (60% vs. 77%, p < 0.001) despite similar
baseline characteristics and lower mPAP, PVR, and pulmonary artery systolic pressure
(PASP) compared with IPAH patients [5]. These findings emphasize the importance of
early SSc-PAH screening, diagnosis, and treatment to avoid complications and improve
outcomes.

3. Pathogenesis and Clinical Features

There are five groups of PH based on the mechanisms of disease, clinical presentation,
hemodynamic characteristics, and therapeutic response. Various forms of PH can occur in
SSc patients [4]. PH related to remodeling of precapillary arterioles is classified as group 1
(SSc-PAH), while PH caused by left heart disease (such as valvular disease or systolic or
diastolic myocardial dysfunction) is group 2. PH due to chronic hypoxia from advanced
ILD is group 3 [15]. The exact mechanisms involved in the development or progression of
SSc-PAH remain unclear, but several inflammatory and endothelial pathways are impli-
cated as potential culprits. Moreover, a disequilibrium between vasoactive, proliferative
mediators (e.g., thromboxane A2 and endothelin-1), and antiproliferative vasodilators (e.g.,
nitric oxide and prostacyclin) from endothelial injury and dysfunction, and potentially
intraluminal microthrombosis, lead to progressive pulmonary arterial remodeling and
increase in PVR [16–18]. Increased sympathetic activity, tissue hypoxemia, and ischemia-
reperfusion injury to the pulmonary vasculature promotes additional cytokine release,
furthering vascular remodeling, fibrosis, and thrombosis [19]. The progressive increase
in PVR, pulmonary arterial pressure, and right ventricular (RV) pressure overload even-
tually overcome the compensatory hemodynamic mechanisms leading to RV failure and
death [20–24].
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3.1. Autoimmune Dysfunction

Autoantibodies more frequently associated with an increased risk of SSc-PAH include
anticentromere antibodies (ACA), anti-U1-ribonucleoprotein antibodies (RNP), nucleolar
pattern of anti-nuclear antibody (nucleolar-ANA), antiphospholipid antibodies, and the
absence of anti-Scl 70 [25–27]. In contrast, SSc patients with Scl 70 autoantibodies are
more likely to develop PH due to ILD. The presence of anti-RNA polymerase III autoan-
tibodies has been associated with more skin and renal involvement rather than PH [26].
Furthermore, some specific autoantibodies found in SSc-PAH patients are thought to have
potential causal implications. Angiotensin II type-1 receptor antibodies and endothelin-1
receptor type A antibodies are upregulated and could function as inflammatory mediators,
increasing cytotoxicity and contributing to vascular remodeling [28]. Antifibroblast anti-
bodies, detected in up to 30% of patients with SSc-PAH, trigger several mechanisms vital to
the vascular remodeling process, including the activation of platelet-derived growth factor
receptors, which stimulates the release of reactive oxygen species, fibroblast proliferation,
and collagen synthesis [19,29].

3.2. Interstitial Lung Disease-Associated PH in SSc

ILD is common in SSc, with evidence of interstitial changes on imaging in up to 90%
and chronic respiratory failure in approximately 10% of patients (Figure 1). PH affects up
to 31% of patients with clinically significant SSc-ILD and results in higher mortality than in
SSc-ILD patients without PH [30]. The mechanisms for increased PVR are multifactorial.
The main contributor is likely chronic hypoxic vasoconstriction, but vascular remodeling
may occur, even in the absence of hypoxemia, suggesting that alternative mechanisms such
as inflammation, cell proliferation involving all three components of the vascular wall as
well as parenchymal loss because of fibrosis may independently contribute to PH in these
patients [31]. Although the etiology of PH is associated with the extent of lung disease, the
mPAP does not seem to correlate with the extent of fibrosis on imaging or the FVC [30,32].
Up to 25% of these patients have an mPAP >35 mm Hg, suggesting that their PH is “out
of proportion” with what would be expected from ILD alone. This finding suggests a
high probability of intrinsic vascular disease, PAH, in addition to ILD-PH alone [4,9,33].
Several studies have shown that the association of PH and ILD increases the mortality
risk up to five-fold over SSc-PAH [34,35]. A recent randomized clinical trial, INCREASE,
studied the effects of inhaled Treprostinil vs. Placebo in participants with PH and ILD,
including SSc patients, and demonstrated a statistically significant increase, at week 16,
in exercise capacity reflected by improvement in the 6-min walk distance in the treatment
arm (31.12 m, 95% CI, 16.85 to 45.39; p < 0.001). In addition, there was an associated lower
rate of clinical worsening events (HR, 0.61; 95% CI, 0.40 to 0.92; p = 0.04) and reduction in
markers of right ventricular dysfunction [36].

Figure 1. High-resolution chest CT image demonstrating bilateral peripheral interlobular septal
thickening and cystic changes, more predominant in the lower lobes, compatible with systemic
sclerosis interstitial lung disease (SSc-ILD) associated pulmonary hypertension (PH).
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3.3. Cardiac Involvement in SSc-PAH

SSc exerts a primary inflammatory effect on the cardiovascular system, causing my-
ocardial fibrosis, impaired microcirculatory function, fibrosis of the conduction system
leading to arrhythmias, microvascular and atherosclerotic coronary vessel disease, and
hypertensive crisis [37–39]. Additionally, considering an older age for SSc patients as
compared to IPAH, SSc often causes diastolic dysfunction with preserved ejection fraction,
systolic heart failure (18% vs. 2% of SSc patients, respectively), and left atrial enlarge-
ment [39,40]. Although findings consistent with tamponade are uncommon, the presence
of pericardial effusion occurs three times more often in SSc-PAH than in IPAH [6]. RV
involvement is also an issue. In preclinical models, the transition from RV adaptation to RV
failure is linked to diminished angiogenesis within the hypertrophic RV [41] and decreased
myocardial capillary density in the failed ventricle [42]. To support these findings, and the
potential role of microvascular disease, our group conducted a study to assess myocardial
perfusion reserve (MPR) in SSc-PAH. MPR indices, for both RV and left ventricle (LV) were
significantly lower in the PAH group compared to the scleroderma non-PAH and healthy
matched control groups. Furthermore, RV and LV MPR indices were inversely associated
with mPAP and RV stroke work index, as well as other measures of RV workload, systolic
function, and remodeling. These data suggest that reduced myocardial perfusion may
contribute to poor RV performance in patients with SSc-PAH, and potentially disease
severity and worse clinical outcomes [23,43].

3.4. Clinical Features

Patients with SSc-PAH tend to be asymptomatic early in the disease process. They
may experience progressive dyspnea, fatigue, or chest palpitations but are frequently
unaware of their symptoms. Patients usually seek medical attention when they start
experiencing concerning symptoms, such as severe exertional dyspnea, lightheadedness or
orthostasis, and angina or chest pain [16]. Physical examination findings may be absent
early in the disease, however, signs of RV dysfunction become more evident as the disease
progresses. Notable findings include decreased pulse pressure, a left parasternal heave,
a loud pulmonary portion of the second heart sound, a prominent jugular a-wave, and
a pulmonic or tricuspid regurgitant (TR) murmur. Extracardiac findings indicative of
increased right-sided pressure include hepatomegaly, hepatojugular reflex, increasing
lower-extremity edema, and abdominal ascites [16,44]. Hormonal dysfunction is also
common. Pro-brain natriuretic peptide (pro-BNP), a neuropeptide released in response
to ventricular stretch, is frequently elevated in SSc-PAH and appears to be significantly
higher than in IPAH patients despite similar hemodynamic derangements [45]. Similarly,
metabolic adaptations such as hyponatremia are more common in SSc-PAH and indicate a
poor prognosis [46].

4. Evaluation
4.1. Screening for SSc-PAH

Given the high morbidity and mortality related to the diagnosis of PAH in patients
with SSc, several organizations and societies have designed screening algorithms that
include, among others, a clinical evaluation, PFTs, laboratory tests, and echocardiography.
Data suggest that SSc-PAH patients who are diagnosed and treated early as a result of
screening have improved survival as compared to patients diagnosed following clinical
suspicion [47,48]. The following annual strategies have demonstrated similar sensitivity,
specificity, positive and negative predictive values [49]. The DETECT algorithm combines
two steps. First, a “non-echocardiography” scored assessment of FVC/DLCO, telangiec-
tasias, anticentromere antibody, pro-BNP, and EKG with right axis deviation. If the score is
more than 300 points, patients receive a transthoracic echocardiography (TTE) to assess
the right atrium area and tricuspid regurgitant velocity (TVR) [50]. The European Society
of Cardiology/European Respiratory Society (ESC/ERS) recommends annual echocar-
diography that focuses on the assessment of TVR and other measurements of abnormal
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RV morphology and function to classify patients within a risk category [51]. Finally, the
Australian Scleroderma Interest Group (ASIG) advocates for screening with pro-BNP and
PFTs [52]. All these strategies have well-defined thresholds for when to refer patients for
an RHC. The implementation of these recommendations still varies across institutions and
clinicians. At our center, we screen SSc patients annually for PAH, and as a result, nearly
50% of new diagnoses are World Health Organization (WHO) functional class (FC) I or
II [21], a dramatic difference compared with other studies that reported that 70% of cases
are diagnosed as WHO FC III or IV [16,53,54] (Figure 2).

Figure 2. Screening, diagnostic, and treatment algorithm for systemic sclerosis-associated pulmonary
arterial hypertension (SSc-PAH) used in the Johns Hopkins Pulmonary Hypertension Program.
Variables based on the * DETECT algorithm, including cutoffs for referral for RHC, and REVEAL
risk stratification scoring system to guide therapeutic management. Abbreviations: pro-BNP, pro
brain natriuretic peptide; DLCO, diffusing capacity for carbon monoxide; FVC, forced vital capacity;
TTE, transthoracic echocardiography; PVD, pulmonary vascular disease; TR; tricuspid regurgitation;
RVSP; right ventricular systolic pressure; RHC, right heart catheterization; WHO FC, World Health
Organization Functional Class [16,49,50].
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4.2. Echocardiography

Several studies have demonstrated a reasonable correlation between PASP estimated
by TTE versus RHC, but there are some limitations to these echocardiographic techniques,
including occasional poor visualization of the regurgitation envelope and operator-related
technical problems [55]. TTE estimation of TR jet velocity is a widely used screening tool.
This measurement correlates well with RHC-derived PASP across populations (correlation
coefficient, 0.70; 95% CI, 0.67–0.73), and it is used in standardized screening tools [56,57]. TR jet
velocity estimates suffer from considerable inter-operator variability, may be overestimated
in patients without PH, and are often complicated by an inadequate Doppler signal [51].
Based on the ESC/ERS guidelines, PH is likely if the TR jet velocity is >3.4 m/s, as
well as when values are between 2.9 and 3.4 m/s with other associated TTE findings
suggestive of PH, including RV enlargement, flattening of the interventricular septum, RV
outflow Doppler acceleration <105 m/s, early diastolic pulmonary regurgitation velocity
>2.2 m/s, pulmonary artery diameter >2.5 cm, inferior vena cava enlargement, and right
atrial area in end-systole >18 cm2 [51]. Although these recommendations suggest that
TR jet velocity <2.8 m/s with an otherwise normal TTE makes PH unlikely, we consider
that other screening modalities should be used before declaring the absence of PH in
high-risk patients with SSc. Alternative features of TTE that may hint at the presence of
PH include the tricuspid annular plane systolic excursion (TAPSE) that offers an easily
obtained, reproducible measure of PH severity and RV function that is useful in both IPAH
and SSc-PAH [58]. Our group has demonstrated that TAPSE values below 1.7 cm reflect
nearly a fourfold increased risk of death compared with higher values [59].

4.3. Laboratory

As recommended by ASIG and other organizations, measuring pro-BNP is another
alternative for screening [52]. Pro-BNP levels correlate well with RHC hemodynamics, and
although a normal pro-BNP level does not exclude PAH, an elevated pro-BNP >240 pg/mL
has a 90% specificity for detecting the presence of SSc-PAH [60]. Nonetheless, pro-BNP
measurement should not be used as an isolated measurement because an elevated pro-
BNP level is not specific to SSc-PAH and can reflect other causes of cardiac dysfunction
commonly seen in patients with SSc. Hence, ASIG recommends concomitant use of PFTs
for screening. Moreover, pro-BNP has been demonstrated to correlate with disease severity
and survival in SSc-PAH [61].

4.4. Pulmonary Function Test

Standard measurements (e.g., FVC, FEV1, FEV1/FVC, TLC) are useful to assess SSc
lung involvement, but DLCO helps identify the presence of PH/PAH. Although it does
not correlate well with RHC-derived hemodynamics, less than one-sixth of patients with
SSc-PAH have a DLCO >60% predicted [62,63]. A decrease in DLCO <60% or >20%
in one year in the absence of significant lung volume abnormalities, or an FVC/DLCO
percent >1.6 suggests PH [12]. York et al., reported that a DLCO/alveolar volume (Va) of
<70% predicted suggested an 18-fold higher risk for developing SSc-PAH within 2.5 years
compared with a DLCO/Va >70% [16,49,63].

4.5. Cardiac MRI

CMR is being utilized with increasing frequency in the assessment of PAH, in general,
and SSc-PAH in particular. Compared with echocardiography, CMR provides information
on cardiac involvement in patients with SSc, including inflammatory, microvascular, and
fibrotic changes, as well as a more comprehensive assessment of the RV function and
interventricular dependence [64,65] (Figure 3). Hagger et al. evaluated 40 SSc patients
suspected of having PAH who underwent CMR and RHC. The ventricular mass index
(VMI) was found to have a strong positive correlation with mPAP (r = 0.79, p < 0.01)
and PVR (r = 0.8, p < 0.01), and a moderate negative correlation with cardiac index (CI)
(r =−0.65, p < 0.01) [66,67]. As a diagnostic technique, the role of CMR is yet undefined,
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but as a prognostic tool, our group has validated CMR as a reliable instrument to assess
response to therapy [68].

Figure 3. Cardiac MRI image showing: (a) normal left ventricle (LV) (1) and right ventricle (RV)
(2) chambers in contrast with (b) an abnormal LV septal flattening with small LV chamber (3) and
associated enlarged RV (4), which are suggestive of elevated right heart volume and pressure, which
is typical in the setting of PAH.

4.6. RHC and Vasodilator Testing

RHC is the gold standard for the diagnosis of PAH. SSc-PAH patients typically have
less severe hemodynamic impairment compared to IPAH [6]. Weathearld et al., analyzed
data from 513 patients with incident SSc-PAH enrolled in the French Pulmonary Arterial
Hypertension Network Registry (FPHN) and reported important prognostic hemodynamic
factors, including cardiac index, stroke volume index (SVI), pulmonary arterial compliance,
and PVR [69]. We previously reported similar findings in a smaller cohort of SSc-PAH
patients [21]. During RHC, it is standard to evaluate the response of the pulmonary
arteries to the administration of acute vasodilators (e.g., inhaled nitric oxide or intravenous
adenosine). About 10% of IPAH patients have a vasodilator response at the time of
RHC, defined on strict criteria [70] (reduction of mPAP ≥10 mmHg to an absolute value
≤40 mmHg accompanied by an increase or no change in cardiac output), and such patients
should be treated with high-dose calcium channel blockers (CCBs) [51]. In SSc-PAH, far
fewer patients (about 1%) demonstrate vasodilator responsiveness [71,72]. A recent study
compared the DETECT algorithm with the 2009 ESC/ERS guidelines and post hoc with the
2015 ESC/ERS guidelines in 195 SSc patients. Of the three patients who were diagnosed
with PAH, all three algorithms had recommended RHC. The DETECT algorithm referred
the most patients for RHC, but the positive predictive value was only 6% compared with
18% using the 2009 ESC/ERS guidelines alone and 23% when combining the two. The cost
per patient was also highest when using DETECT alone [41,73].

5. Management
5.1. Therapy

Many medications have been studied and approved for use in PAH, including patients
with SSc-PAH, but despite an improved understanding of the condition, little progress
has been made in modifying outcomes with the available main therapeutic modalities:
prostacyclin analogs, endothelin receptor antagonists (ERAs), and phosphodiesterase
inhibitors. Apart from targeted therapy, patients benefit from supplemental oxygen (if
indicated), diuretics for the management of volume overload, and treatment of atrial
arrhythmias [44].

After confirmation of the diagnosis of SSc-PAH, the 6th World Symposium on Pul-
monary Hypertension recommends initiating PAH targeted therapy based on risk stratifi-
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cation. The main objective is to achieve a low-risk status that is associated with reduced
mortality (annual mortality of <5%) [74,75]. The two approaches most commonly used to
assess risk are the FPHN and REVEAL 2.0. The FPHN risk assessment combines clinical
and hemodynamic parameters [76] whereas the REVEAL 2.0 risk score comprises a larger
number of variables providing greater risk discrimination than the FPHN [77] (Table 1).
Patients with low to intermediate risk are started on combination therapy, with a few ex-
ceptions in which monotherapy is an adequate alternative. Choice of medication is usually
based on a number of factors, including comorbidities, side effects, route of administration,
and patient preference. High-risk patients should be treated with combination therapy that
includes a parenteral prostacyclin analog [75]. Patients are usually monitored within 1 to 3
months after initiating therapy to evaluate treatment response and thereafter, every 3 to 6
months, depending on patient stability [16,49]. Tests and evaluations recommended during
follow-up include clinical assessment, WHO FC, 6MW, pro-BNP, and echocardiogram. A
RHC should be considered three to six months after initiation or change in therapy, and
yearly thereafter [51]. Treatment should be escalated in patients who fail to achieve a low-
risk status within three to six months. Those failing triple therapy should be considered for
lung transplantation or palliative care [75] (Figure 2).

Table 1. PAH risk scoring systems to guide management.

REVEAL 2.0 FPHN

Indicators

PAH etiology (CTD-PAH, PoPH, Heritable) WHO FC (I/II)
Demographics (Male > 60 years) 6MWD (>440 m)

Comorbidities (eGFR < 60 mL/min/1.73 m2) RAP (<8 mmHg)
NYHA/WHO FC (III, IV) CI (≥2.5 L/min/m2)

Vital signs (SBP < 100 mmHg, HR > 96 BMP)
All-cause hospitalizations ≤ 6 months

6MWD (<165 m)
Pro-BNP (>1100 pg/mL)

Echocardiogram (Pericardial effusion)
PFT (DLCO < 40% predicted)

RHC (mPAP > 20 mmHg within 1 year)

Risk score
Low: ≤6 Low: 3–4

Intermediate: 7–8 Intermediate: 2
High: ≥9 High: 0–1

Abbreviations: CTD-PAH, PAH associated with connective tissue disease; PoPH, Porto-pulmonary hypertension
associated PAH; eGFR, estimated glomerular filtration rate; NYHA, New York Heart Association; WHO FC,
World Health Organization functional class; SBP, systolic blood pressure; HR, heart rate; BMP, beats per minute;
6MWD, six-minute walk distance; pro-BNP, pro brain natriuretic peptide; PFT, pulmonary function test; DLCO,
diffusing capacity for carbon monoxide; RHC, right heart catheterization; RAP, right atrial pressure; CI, cardiac
index [8,49,77].

5.1.1. Prostacyclin Analogs

Epoprostenol, treprostinil, and iloprost have been approved for the treatment of SSc-
PAH [52]. Epoprostenol is given intravenously due to its short half-life. Treprostinil may
be administered intravenously, subcutaneously, orally, or by inhalation. Iloprost is only
administered by inhalation in the US, although an intravenous formulation is available in
Europe. Epoprostenol has not demonstrated a survival advantage in this patient popula-
tion; however, it improves exercise capacity, functional class, and hemodynamics (decrease
in mPAP and PVR) [78]. Treprostinil offers the option of subcutaneous administration,
however, patients frequently experience infusion site skin irritation, limiting its tolerability.
A randomized trial of continuous subcutaneous treprostinil in 470 PAH patients (including
17% connective tissue disease CTD-PAH) demonstrated improved exercise tolerance, dysp-
nea indices, and hemodynamics, although only half of the CTD-PAH group had SSc [79,80].
Intermittent intravenous iloprost infusion has also demonstrated benefits in SSc patients,
decreasing sPAP and improving 6MW distance [81]. Still, despite the potential efficacy of
prostacyclin agents, the need for continuous infusion, meticulous catheter care, and daily
preparation of the medication can be challenging in patients whose manual dexterity may
be impaired by significant Raynaud’s phenomenon, sclerodactyly, and digital ulcerations.
Although inhaled prostacyclin analogs have been developed to treat PAH, studies in SSc-
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PAH patients are limited. Encouraging results from the INCREASE trial, where SSc-ILD
patients were given inhaled treprostinil for the treatment of PH, are opening the door for
new trials directed to other subgroups of SSc-associated PH [36]. The utility of inhaled
formulations is limited by the frequency with which the medication must be dosed (4 times
a day and up to 9 inhalations each time) [44]. The oral prostacyclin receptor agonist, selexi-
pag, does not have these limitations. In a subgroup analysis of CTD-PAH patients from the
GRIPHON study, selexipag delayed disease progression of PAH, defined as a reduction in
functional capacity or need for additional therapy, and was well tolerated [82,83].

5.1.2. Phosphodiesterase Inhibitors

Phosphodiesterase type 5 inhibitors (PDE-5Is), such as sildenafil and tadalafil, offer
a potential advantage over other therapies in that they are orally administered, well
tolerated, and only require dosing one (tadalafil) or three times (sildenafil) daily. Data
on the effectiveness of PDE-5Is in SSc-PAH have been difficult to interpret because SSc-
PAH is not well represented in the clinical trial study cohorts [16]. SUPER-1/SUPER-2
demonstrated the efficacy of sildenafil in improving 6MW distance, hemodynamics (mPAP
and PVR), and functional class in patients with PAH, including those with CTD-PAH
(45% of whom had SSc) [84,85]. Similarly, PHIRST-1/PHIRST-2 demonstrated that tadalafil
improves 6MW distance, quality of life, and reduces clinical worsening in a PAH population
that included CTD-PAH patients. Although, treatment with tadalafil in patients with CTD-
PAH was less efficacious than in patients with IPAH [86,87]. Despite the lack of a trial
designed to explicitly assess the effect of this medication class in SSc-PAH patients, their
cost, ease of administration, improvement in healing and prevention of development of
digital ulcers [52], and tolerability make these agents ideal for first-line therapy in SSc-PAH.

5.1.3. Endothelin Receptor Antagonists

Bosentan, ambrisentan, and macitentan are ERAs approved for the treatment of SSc-
PAH. Bosentan, a dual oral receptor antagonist of the endothelin receptor type A (ETA) and
endothelin receptor type B (ETB), was evaluated in the BREATHE-1 trial and demonstrated
improvement in 6MW distance, hemodynamics, and time to clinical worsening in patients
with IPAH [88]. However, a subgroup analysis of patients with SSc-PAH included in
this study revealed a nonsignificant trend towards improvement in 6MW distance (3 m
improvement in SSc-PAH vs. 46 m in IPAH) [89]. Conversely, ambrisentan, a more se-
lective ERA with the advantage of preserving the vasodilatory effect of nitric oxide and
prostacyclin released by endothelial cell endothelin-B receptors while suppressing vasocon-
striction and cellular proliferation activated by endothelin-A receptors, demonstrated in
ARIES-1/ARIES-2 a modest improvement in the 6MW distance and slower time to clinical
worsening in CTD-PAH, though survival was better in the IPAH population [90,91]. Maci-
tentan is the newest medication in this class and functions as a dual endothelin receptor
antagonist. Macitentan was evaluated in the SERAPHIN trial and showed that, when
added to background PAH therapy or placebo, it significantly reduced morbidity and
mortality among patients with PAH. The results were consistent among subgroups of PAH
including CTD-PAH (30% of the study population) [92,93].

5.1.4. Guanylate Cyclase Stimulator

Riociguat exerts its effects as a stimulator of soluble guanylate cyclase (sGC), a key
enzyme in the nitric oxide signaling pathway. Riociguat was evaluated in the PATENT-
1/PATENT-2 trials and demonstrated significant efficacy in CTD-PAH, including SSc-PAH,
improving the 6MW distance, hemodynamics (PVR and CI), and functional class. Although
these improvements were less pronounced in patients with CTD-PAH than IPAH, the 2-
year survival rates were similar in both PAH types [49,94,95]. The RIVER study revealed
that long-term treatment with riociguat is associated with reduction in right heart size and
improvement in RV function in patients with PAH (14% of patients with CTD-PAH) and
CTEPH [96].
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5.1.5. Combination Therapy

Combining agents from two different classes is now the standard of care in patients
with IPAH. Studies addressing this research question and subgroup analyses of landmark
trials suggest similar benefits in patients with SSc-PAH. The AMBITION trial (small percent-
age of patients with CTD-PAH) showed that ambrisentan and tadalafil, when combined,
improved hemodynamics, 6MW distance, and lowered the risk of clinical worsening when
compared to monotherapy [97]. Our group conducted a prospective, open-label, multi-
center trial of 24 patients with SSc-PAH to study the upfront combination (ambrisentan
and tadalafil) in SSc-PAH treatment-naive patients, and demonstrated improvement in
hemodynamics, 6MW distance, and RV structure and function [68]. A follow-up to this
study, the ATPAHSS-O trial (SSc-PAH), showed improvement in both RV and LV function
as assessed by CMR, as well as improvement in 6MW distance, pro-BNP, and hemody-
namics [98]. More recently, SERAPHIN (no post hoc analysis for CTD- or SSc-PAH) and
GRIPHON trials have demonstrated lower morbidity and mortality rates with the addition
of macitentan and selexipag to background therapy, respectively [99,100].

5.2. Adjunct Therapies

Routine anticoagulation is not generally recommended in SSc-PAH unless clinically
indicated for an associated condition, given that patients with SSc are at higher risk of
ulcerative esophagitis and gastric antral vascular ectasias. To highlight the benefits and risk
of this intervention, the COMPERA trial showed survival benefits with anticoagulation in
IPAH and CTD-PAH patients, but a post hoc analysis of SSc-PAH patients demonstrated a
non-significant statistical trend towards worse survival among those taking anticoagulants
compared with patients not on anticoagulant therapy [101,102]. Furthermore, long-term
use of warfarin was associated with a worse prognosis in patients with SSc-PAH in the
REVEAL Registry [103]. To broaden our understanding of this matter, an ongoing trial,
SPHInX, is evaluating the effect of apixaban in SSc-PAH on targeted therapy [104]. Corti-
costeroids have been shown, in observational studies, to be beneficial in patients with other
types of CTD-PAH with improvement in hemodynamics and possible survival benefits.
This response has not been replicated in SSc-PAH, which is refractory to this medication
class [105]. Additionally, in this population, CCBs carry some risk of side effects, including
exacerbation of esophageal reflux and esophageal dysmotility. Therefore, current guide-
lines do not promote vasodilator challenge during RHC or treatment of PAH with CCBs
in SSc patients [50–52]. However, CCBs are often used, with caution, for treatment of
Raynaud syndrome in these patients.

5.3. Investigational Therapies

Knowing the role of autoimmunity in the pathogenesis of SSc-PAH, rituximab, an anti-
CD20 medication that targets B-cell populations and may lower platelet-derived growth
factor-specific antibodies, has been identified as a potentially effective adjuvant therapy. In
a recent multi-center, controlled trial, 57 SSc-PAH patients on stable-dose standard PAH
therapy were randomized to receive rituximab or placebo. In the primary analysis, using
data through week 24, the adjusted mean change in 6MW distance favored the treatment
arm but did not reach statistical significance (23.6 ± 11.1 m vs. 0.5 ± 9.7 m, p = 0.12). When
data through week 48 were also considered, the estimated change in 6MW distance was
25.5 ± 8.8 m for rituximab and 0.4 ± 7.4 m for placebo (p = 0.03). In addition, rituximab
appeared to be safe and well tolerated [106]. Further work is needed to validate the
potential benefit of this promising approach as adjuvant therapy. Ifetroban, a thromboxane
A2/prostaglandin H2 receptor antagonist, and bardoxolone, an inductor of the nuclear
factor erythroid 2-related factor 2 (Nrf2) and suppressor of the nuclear factor-kB (NF-kB),
are currently under investigation for the treatment of CTD-PAH [49].
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5.4. Lung Transplant

As in many progressive pulmonary diseases, lung transplantation is a therapy of
last resort for many patients. Unfortunately, patients with SSc are generally considered
poor candidates for lung transplantation because of an increased risk of aspiration from
esophageal dysmotility, renal disease from nephrotoxic immunosuppressants, severe Ray-
naud phenomenon, non-healing digital ulcerations that pose a risk of infection, and very
rarely, severe chest wall skin thickening leading to restriction [107]. However, various
studies have shown that patients with SSc-PAH experience similar one- and two-year
survival rates after lung transplant when compared to IPAH or idiopathic pulmonary
fibrosis patients [108,109].

6. Survival and Prognosis

PAH is an independent risk factor for mortality among patients with SSc, and the
severity of PAH predicts mortality in those with SSc-PAH. Although survival from SSc–
PAH may have improved in the era of PAH-directed therapy, the poorer response to
treatment compared with IPAH and CTD-PAH contributes to this trend. According to
the large REVEAL registry data, among patients with CTD afflicted with PAH, three-year
survival is worse in patients with SSc-PAH, averaging 61% and 51% compared to 80%
and 76% for non SSc-CT-PAH patients, for prevalent and incident patients, respectively
in each group [110] (Figure 4). A meta-analysis of 22 studies reported survival rates in
SSc-PAH of 81%, 64%, and 52% over the first, second, and third years, respectively. Baseline
hemodynamic measurements of PAH severity were significantly correlated with this trend.
Although, there is no single outcome measure sufficiently powerful to generate an accurate
assessment of prognosis or therapeutic success in this patient population. Age, male sex,
DLCO, pericardial effusion, 6MW distance, and specific RHC indicators are considered
significant prognostic factors [69,111] (Table 2).

Figure 4. Kaplan–Meier three-year survival curves comparing patients with SSc-PAH (SSc) vs. PAH
associated with connective tissue disease (CTD-PAH) (non-SSc-CTD) among participants enrolled in
the REVEAL registry. Figure reproduced with permission from Elsevier, Chung et al., Chest (2014)
146(6):1494–1504 [110], Open access content.
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Table 2. Prognostic factors for adverse outcomes in SSc-PAH.

Prognostic Factors

Male gender
Age > 60 years
WHO functional class IV
6MWD <165 m
Anti-U1 ribonucleoprotein (RNP) negative status
DLCO < 50% predicted
Pericardial effusion
RA pressure > 20 mmHg
PVR > 32 Wood units
SBP < 110 mmHg

Abbreviations: WHO, World Health Organization; 6MWD, six-minute walk distance; DLCO, diffusing capacity
for carbon monoxide; RA, right atrial; PVR, pulmonary vascular resistance; SBP, systolic blood pressure [9,111].

7. Conclusions

In summary, there are several complications associated with SSc, but among them,
the pulmonary vascular disease spectrum portends the most devastating prognosis. PH
can present in a variety of flavors depending on the underlying mechanism, including PH
related to remodeling of pre-capillary arterioles (PH group 1/SSc-PAH), PH associated
with left heart disease (PH group 2), and PH due to chronic hypoxia from advanced ILD
(PH group 3). Group 4 (related to chronic thromboembolic PH) is rarely encountered in
this population but can certainly complicate this syndrome as well. Screening and risk
stratification have evolved throughout the years, including specific laboratory, imaging,
hemodynamic, and ancillary assessments, leading to a shift in the focus to early diagnosis
and therapy initiation in this population at risk. Dual upfront combination therapy has
certainly been a significant therapeutic advance in this disease and offers new hopes for
SSc-PAH [68,97] which, however, remains the leading cause of morbidity and mortality.
Whether specific targeting of immune pathogenic mechanisms may be the key for better
outcomes remains unclear at this time [106]. It is also possible that a better understanding
of fibrotic processes (a key pathologic feature in this syndrome) may lead to targeted
therapy with drugs such as tyrosine kinase inhibitors which are currently being tested in
clinical PAH trials. Hopefully, we are entering a new dawn for a more effective treatment
of SSc-PAH.

Author Contributions: M.N. and P.M.H. contributed equally to the conceptualization, development,
writing, and review of this manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: Work supported in part by The National Institutes of Health/National Heart, Lung, and
Blood Institute award HL114910 (PMH).

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: M.N. declares no conflicts of interests. P.M.H serves on a scientific advisory
board for Merck & Co, an activity unrelated to the present work.

References
1. Denton, C.P.; Khanna, D. Systemic sclerosis. Lancet 2017, 390, 1685–1699. [CrossRef]
2. Jimenez, S.A.; Derk, C.T. Following the molecular pathways toward an understanding of the pathogenesis of systemic sclerosis.

Ann. Intern Med. 2004, 140, 37–50. [CrossRef] [PubMed]
3. Allanore, Y.; Simms, R.; Distler, O.; Trojanowska, M.; Pope, J.; Denton, C.P.; Varga, J. Systemic sclerosis. Nat. Rev. Dis. Prim. 2015,

1, 15002. [CrossRef] [PubMed]
4. Simonneau, G.; Montani, D.; Celermajer, D.S.; Denton, C.P.; Gatzoulis, M.A.; Krowka, M.; Williams, P.G.; Souza, R. Haemodynamic

definitions and updated clinical classification of pulmonary hypertension. Eur. Respir. J. 2019, 53, 1801913. [CrossRef] [PubMed]
5. Clements, P.J.; Tan, M.; McLaughlin, V.V.; Oudiz, R.J.; Tapson, V.F.; Channick, R.N.; Rubin, L.J.; Langer, A. Pulmonary Arterial

Hyper-tension Quality Enhancement Research Initiative, I. The pulmonary arterial hypertension quality enhancement research

http://doi.org/10.1016/S0140-6736(17)30933-9
http://doi.org/10.7326/0003-4819-140-1-200401060-00010
http://www.ncbi.nlm.nih.gov/pubmed/14706971
http://doi.org/10.1038/nrdp.2015.2
http://www.ncbi.nlm.nih.gov/pubmed/27189141
http://doi.org/10.1183/13993003.01913-2018
http://www.ncbi.nlm.nih.gov/pubmed/30545968


Diagnostics 2021, 11, 911 13 of 17

ini-tiative: Comparison of patients with idiopathic PAH to patients with systemic sclerosis-associated PAH. Ann. Rheum. Dis.
2012, 71, 249–252. [CrossRef]

6. Fisher, M.R.; Mathai, S.C.; Champion, H.C.; Girgis, R.E.; Housten-Harris, T.; Hummers, L.; Krishnan, J.A.; Wigley, F.; Hassoun, P.M.
Clinical differences between idiopathic and scleroderma-related pulmonary hypertension. Arthritis Rheum. 2006, 54, 3043–3050.
[CrossRef]

7. Avouac, J.; Airo, P.; Meune, C.; Beretta, L.; Dieude, P.; Caramaschi, P.; Tiev, K.; Cappelli, S.; Diot, E.; Vacca, A.; et al. Prevalence of
pul-monary hypertension in systemic sclerosis in European Caucasians and metaanalysis of 5 studies. J. Rheumatol. 2010, 37,
2290–2298. [CrossRef]

8. Humbert, M.; Sitbon, O.; Chaouat, A.; Bertocchi, M.; Habib, G.; Gressin, V.; Yaici., A.; Weitzenblum., E.; Cordier, J.F.; Chabot,
F.; et al. Pulmonary arterial hypertension in France: Results from a national registry. Am. J. Respir. Crit. Care Med. 2006, 173,
1023–1030. [CrossRef]

9. Mukerjee, D.; George, D.S.; Coleiro, B.; Knight, C.; Denton, C.P.; Davar, J.; Black, C.M.; Coghlan, J.G. Prevalence and outcome in
systemic sclerosis associated pulmonary arterial hypertension: Application of a registry approach. Ann. Rheum. Dis. 2003, 62,
1088–1093. [CrossRef]

10. Hsu, V.M.; Chung, L.; Hummers, L.K.; Wigley, F.; Simms, R.; Bolster, M.; Silver, R.; Fischer, A.; Hinchcliff, M.E.; Varga, J.; et al.
Development of pulmonary hypertension in a high-risk population with systemic sclerosis in the Pulmonary Hypertension
Assessment and Recognition of Outcomes in Scleroderma (PHAROS) cohort study. Semin. Arthritis Rheum. 2014, 44, 55–62.
[CrossRef]

11. Badesch, D.B.; Raskob, G.E.; Elliott, C.G.; Krichman, A.M.; Farber, H.W.; Frost, A.E.; Barst, R.J.; Benza, R.L.; Liou, T.G.; Turner, M.;
et al. Pul-monary arterial hypertension: Baseline characteristics from the REVEAL Registry. Chest 2010, 137, 376–387. [CrossRef]
[PubMed]

12. Khanna, D.; Gladue, H.; Channick, R.; Chung, L.; Distler, O.; Furst, D.E.; Hachulla, E.; Humbert, M.; Langleben, D.; Mathai, S.C.;
et al. Recommendations for Screening and Detection of Connective Tissue Disease–Associated Pulmonary Arterial Hypertension.
Arthritis Rheum. 2013, 65, 3194–3201. [CrossRef]

13. Pasarikovski, C.R.; Granton, J.T.; Roos, A.M.; Sadeghi, S.; Kron, A.T.; Thenganatt, J.; Moric, J.; Chau, C.; Johnson, S.R. Sex
disparities in systemic sclerosis-associated pulmonary arterial hypertension: A cohort study. Arthritis Res. 2016, 18, 30. [CrossRef]

14. Girgis, R.E.; Mathai, S.C.; Krishnan, J.A.; Wigley, F.M.; Hassoun, P.M. Long-term outcome of bosentan treatment in idiopathic
pul-monary arterial hypertension and pulmonary arterial hypertension associated with the scleroderma spectrum of diseases.
J. Heart Lung Transplant. 2005, 24, 1626–1631. [CrossRef]

15. Badesch, D.B.; Champion, H.C.; Sanchez, M.A.G.; Hoeper, M.M.; Loyd, J.E.; Manes, A.; McGoon, M.; Naeije, R.; Olschewski,
H.; Oudiz, R.J.; et al. Diagnosis and Assessment of Pulmonary Arterial Hypertension. J. Am. Coll. Cardiol. 2009, 54, S55–S66.
[CrossRef] [PubMed]

16. Chaisson, N.F.; Hassoun, P.M. Systemic Sclerosis-Associated Pulmonary Arterial Hypertension. Chest 2013, 144, 1346–1356.
[CrossRef]

17. Farber, H.W.; Loscalzo, J. Pulmonary arterial hypertension. N. Engl. J. Med. 2004, 351, 1655–1665. [CrossRef] [PubMed]
18. Johnson, S.R.; Granton, J.T. Pulmonary hypertension in systemic sclerosis and systemic lupus erythematosus. Eur. Respir. Rev.

2011, 20, 277–286. [CrossRef] [PubMed]
19. Kherbeck, N.; Tamby, M.C.; Bussone, G.; Dib, H.; Perros, F.; Humbert, M.; Mouthon, L. The Role of Inflammation and Autoimmu-

nity in the Pathophysiology of Pulmonary Arterial Hypertension. Clin. Rev. Allergy Immunol. 2013, 44, 31–38. [CrossRef]
20. Bourji, K.I.; Hassoun, P.M. Right ventricle dysfunction in pulmonary hypertension: Mechanisms and modes of detection.

Curr. Opin. Pulm. Med. 2015, 21, 446–453. [CrossRef] [PubMed]
21. Campo, A.; Mathai, S.C.; Le Pavec, J.; Zaiman, A.L.; Hummers, L.K.; Boyce, D.; Housten, T.; Champion, H.C.; Lechtzin, N.;

Wigley, F.M.; et al. Hemodynamic Predictors of Survival in Scleroderma-related Pulmonary Arterial Hypertension. Am. J. Respir.
Crit. Care Med. 2010, 182, 252–260. [CrossRef]

22. El Hajj, M.C.; Viray, M.C.; Tedford, R.J. Right Heart Failure: A Hemodynamic Review. Cardiol. Clin. 2020, 38, 161–173. [CrossRef]
23. Hassoun, P.M. The right ventricle in scleroderma (2013 Grover Conference Series). Pulm. Circ. 2015, 5, 3–14. [CrossRef]
24. Hsu, S.; Houston, B.A.; Tampakakis, E.; Bacher, A.C.; Rhodes, P.S.; Mathai, S.C.; Damico, R.L.; Kolb, T.M.; Hummers, L.K.; Shah,

A.A.; et al. Right Ventricular Functional Reserve in Pulmonary Arterial Hypertension. Circulation 2016, 133, 2413–2422. [CrossRef]
25. Morrisroe, K.; The Australian Scleroderma Interest Group (ASIG); Huq, M.; Stevens, W.; Rabusa, C.; Proudman, S.M.; Nikpour,

M. Risk factors for development of pulmonary arterial hypertension in Australian systemic sclerosis patients: Results from a
large multicenter cohort study. Bmc Pulm. Med. 2016, 16, 134. [CrossRef]

26. Steen, V.; Medsger, T.A., Jr. Predictors of isolated pulmonary hypertension in patients with systemic sclerosis and limited
cu-taneous involvement. Arthritis Rheum. 2003, 48, 516–522. [CrossRef]

27. Steen, V.D. Autoantibodies in Systemic Sclerosis. Semin. Arthritis Rheum. 2005, 35, 35–42. [CrossRef]
28. Riemekasten, G.; Philippe, A.; Näther, M.; Slowinski, T.; Müller, D.N.; Heidecke, H.; Matucci-Cerinic, M.; Czirják, L.; Lukitsch, I.;

Becker, M.; et al. Involvement of functional autoantibodies against vascular receptors in systemic sclerosis. Ann. Rheum. Dis.
2010, 70, 530–536. [CrossRef]

http://doi.org/10.1136/annrheumdis-2011-200265
http://doi.org/10.1002/art.22069
http://doi.org/10.3899/jrheum.100245
http://doi.org/10.1164/rccm.200510-1668OC
http://doi.org/10.1136/ard.62.11.1088
http://doi.org/10.1016/j.semarthrit.2014.03.002
http://doi.org/10.1378/chest.09-1140
http://www.ncbi.nlm.nih.gov/pubmed/19837821
http://doi.org/10.1002/art.38172
http://doi.org/10.1186/s13075-016-0933-1
http://doi.org/10.1016/j.healun.2004.12.113
http://doi.org/10.1016/j.jacc.2009.04.011
http://www.ncbi.nlm.nih.gov/pubmed/19555859
http://doi.org/10.1378/chest.12-2396
http://doi.org/10.1056/NEJMra035488
http://www.ncbi.nlm.nih.gov/pubmed/15483284
http://doi.org/10.1183/09059180.00003811
http://www.ncbi.nlm.nih.gov/pubmed/22130821
http://doi.org/10.1007/s12016-011-8265-z
http://doi.org/10.1097/MCP.0000000000000192
http://www.ncbi.nlm.nih.gov/pubmed/26176967
http://doi.org/10.1164/rccm.200912-1820OC
http://doi.org/10.1016/j.ccl.2020.01.001
http://doi.org/10.1086/679607
http://doi.org/10.1161/CIRCULATIONAHA.116.022082
http://doi.org/10.1186/s12890-016-0296-z
http://doi.org/10.1002/art.10775
http://doi.org/10.1016/j.semarthrit.2005.03.005
http://doi.org/10.1136/ard.2010.135772


Diagnostics 2021, 11, 911 14 of 17

29. Mouthon, L.; Tamby, M.C.; Guillevin, L.; Servettaz, A.; Tamas, N.; Caux, F.; Meyer, O.; Allanore, Y.; Kahan, A. IgG from patients
with systemic sclerosis bind to DNA antitopoisomerase 1 in normal human fibroblasts extracts. Biol. Targets Ther. 2008, 2, 583–591.
[CrossRef] [PubMed]

30. Hinchcliff, M.; Fischer, A.; Schiopu, E.; Steen, V.D.; PHAROS Investigators; Alkassab, F.; Bolster, M.B.; Chung, L.; Csuka, M.E.;
Derk, C.T.; et al. Pulmonary Hypertension Assessment and Recognition of Outcomes in Scleroderma (PHAROS): Baseline
Characteristics and Description of Study Population. J. Rheumatol. 2011, 38, 2172–2179. [CrossRef] [PubMed]

31. Ryu, J.H.; Krowka, M.J.; Pellikka, P.A.; Swanson, K.L.; McGoon, M.D. Pulmonary hypertension in patients with interstitial lung
diseases. Mayo Clin. Proc. 2007, 82, 342–350. [CrossRef]

32. Hurdman, J.; Condliffe, R.; Elliot, C.; Davies, C.; Hill, C.; Wild, J.; Capener, D.; Sephton, P.; Hamilton, N.; Armstrong, I.; et al.
ASPIRE registry: Assessing the Spectrum of Pulmonary hypertension Identified at a REferral centre. Eur. Respir. J. 2011, 39,
945–955. [CrossRef] [PubMed]

33. MacGregor, A.J.; Canavan, R.; Knight, C.; Denton, C.P.; Davar, J.; Coghlan, J.; Black, C.M. Pulmonary hypertension in systemic
sclerosis: Risk factors for progression and consequences for survival. Rheumatology 2001, 40, 453–459. [CrossRef]

34. Le Pavec, J.; Girgis, R.E.; Lechtzin, N.; Mathai, S.C.; Launay, D.; Hummers, L.K.; Zaiman, A.; Sitbon, O.; Simonneau, G.; Humbert,
M.; et al. Systemic sclerosis-related pulmonary hypertension associated with interstitial lung disease: Impact of pulmonary
arterial hypertension therapies. Arthritis Rheum. 2011, 63, 2456–2464. [CrossRef]

35. Mathai, S.C.; Hummers, L.K.; Champion, H.C.; Wigley, F.M.; Zaiman, A.; Hassoun, P.M.; Girgis, R.E. Survival in pulmonary
hypertension associated with the scleroderma spectrum of diseases: Impact of interstitial lung disease. Arthritis Rheum. 2009, 60,
569–577. [CrossRef] [PubMed]

36. Waxman, A.; Restrepo-Jaramillo, R.; Thenappan, T.; Ravichandran, A.; Engel, P.; Bajwa, A.; Allen, R.; Feldman, J.; Argula, R.;
Smith, P.; et al. Inhaled Treprostinil in Pulmonary Hypertension Due to Interstitial Lung Disease. N. Engl. J. Med. 2021, 384,
325–334. [CrossRef]

37. Boueiz, A.; Mathai, S.C.; Hummers, L.K.; Hassoun, P.M. Cardiac complications of systemic sclerosis: Recent progress in diagnosis.
Curr. Opin. Rheumatol. 2010, 22, 696–703. [CrossRef]

38. Fernandez-Codina, A.; Simeon-Aznar, C.P.; Pinal-Fernandez, I.; Rodriguez-Palomares, J.; Pizzi, M.N.; Hidalgo, C.E.; Guillen-Del
Castillo, A.; Prado-Galbarro, F.J.; Sarria-Santamera, A.; Fonollosa-Pla, V.; et al. Cardiac involvement in systemic sclerosis:
Dif-ferences between clinical subsets and influence on survival. Rheumatol. Int. 2017, 37, 75–84. [CrossRef]

39. Lambova, S. Cardiac manifestations in systemic sclerosis. World J. Cardiol. 2014, 6, 993–1005. [CrossRef] [PubMed]
40. de Groote, P.; Gressin, V.; Hachulla, E.; Carpentier, P.; Guillevin, L.; Kahan, A.; Cabane, J.; Frances, C.; Lamblin, N.; Diot, E.; et al.

Evaluation of cardiac abnormalities by Doppler echocardiography in a large nationwide multicentric cohort of patients with
systemic sclerosis. Ann. Rheum. Dis. 2008, 67, 31–36. [CrossRef]

41. Sutendra, G.; Dromparis, P.; Paulin, R.; Zervopoulos, S.; Haromy, A.; Nagendran, J.; Michelakis, E.D. A metabolic remodeling in
right ventricular hypertrophy is associated with decreased angiogenesis and a transition from a compensated to a decompensated
state in pulmonary hypertension. J. Mol. Med. 2013, 91, 1315–1327. [CrossRef]

42. Natarajan, R.; Drake, J.I.; Bogaard, H.J.; Fawcett, P.M.; Clifton, B.; Gao, Y.; Voelkel, N.F. The Molecular Signature Of The Right
Heart Failure Program In Chronic Severe Pulmonary Hypertension. In Proceedings of the American Thoracic Society 2010
International Conference, New Orleans, LA, USA, 14–19 May 2010; Volume 45, pp. 1239–1247. [CrossRef]

43. Vogel-Claussen, J.; Skrok, J.; Shehata, M.L.; Singh, S.; Sibley, C.T.; Boyce, D.M.; Lechtzin, N.; Girgis, R.E.; Mathai, S.C.; Goldstein,
T.A.; et al. Right and left ventricular myocardial perfusion reserves correlate with right ventricular function and pulmonary
hemody-namics in patients with pulmonary arterial hypertension. Radiology 2011, 258, 119–127. [CrossRef] [PubMed]

44. Gashouta, M.A.; Humbert, M.; Hassoun, P.M. Update in systemic sclerosis-associated pulmonary arterial hypertension. La Presse
Médicale 2014, 43, e293–e304. [CrossRef] [PubMed]

45. Mathai, S.C.; Bueso, M.; Hummers, L.K.; Boyce, D.; Lechtzin, N.; Le Pavec, J.; Campo, A.; Champion, H.C.; Housten, T.; Forfia,
P.R.; et al. Disproportionate elevation of N-terminal pro-brain natriuretic peptide in scleroderma-related pulmonary hypertension.
Eur. Respir. J. 2009, 35, 95–104. [CrossRef]

46. Forfia, P.R.; Mathai, S.C.; Fisher, M.R.; Housten-Harris, T.; Hemnes, A.R.; Champion, H.C.; Girgis, R.E.; Hassoun, P.M. Hypona-
tremia Predicts Right Heart Failure and Poor Survival in Pulmonary Arterial Hypertension. Am. J. Respir. Crit. Care Med. 2008,
177, 1364–1369. [CrossRef] [PubMed]

47. Humbert, M.; Coghlan, J.G.; Khanna, D. Early detection and management of pulmonary arterial hypertension. Eur. Respir. Rev.
2012, 21, 306–312. [CrossRef]

48. Morrisroe, K.; The Australian Scleroderma Interest Group (ASIG); Stevens, W.; Huq, M.; Prior, D.; Sahhar, J.; Ngian, G.-S.;
Celermajer, D.; Zochling, J.; Proudman, S.; et al. Survival and quality of life in incident systemic sclerosis-related pulmonary
arterial hypertension. Arthritis Res. 2017, 19, 1–10. [CrossRef]

49. Almaaitah, S.; Highland, K.B.; Tonelli, A.R. Management of Pulmonary Arterial Hypertension in Patients with Systemic Sclerosis.
Integr. Blood Press. Control 2020, 13, 15–29. [CrossRef] [PubMed]

50. Coghlan, J.G.; Denton, C.P.; Grünig, E.; Bonderman, D.; Distler, O.; Khanna, D.; Müller-Ladner, U.; Pope, J.E.; Vonk, M.C.;
Doelberg, M.; et al. Evidence-based detection of pulmonary arterial hypertension in systemic sclerosis: The DETECT study. Ann.
Rheum. Dis. 2013, 73, 1340–1349. [CrossRef] [PubMed]

http://doi.org/10.2147/BTT.S3188
http://www.ncbi.nlm.nih.gov/pubmed/19707389
http://doi.org/10.3899/jrheum.101243
http://www.ncbi.nlm.nih.gov/pubmed/21844142
http://doi.org/10.1016/S0025-6196(11)61030-6
http://doi.org/10.1183/09031936.00078411
http://www.ncbi.nlm.nih.gov/pubmed/21885399
http://doi.org/10.1093/rheumatology/40.4.453
http://doi.org/10.1002/art.30423
http://doi.org/10.1002/art.24267
http://www.ncbi.nlm.nih.gov/pubmed/19180517
http://doi.org/10.1056/NEJMoa2008470
http://doi.org/10.1097/BOR.0b013e32833dfbd8
http://doi.org/10.1007/s00296-015-3382-2
http://doi.org/10.4330/wjc.v6.i9.993
http://www.ncbi.nlm.nih.gov/pubmed/25276300
http://doi.org/10.1136/ard.2006.057760
http://doi.org/10.1007/s00109-013-1059-4
http://doi.org/10.1164/ajrccm-conference.2010.181.1_meetingabstracts.a6586
http://doi.org/10.1148/radiol.10100725
http://www.ncbi.nlm.nih.gov/pubmed/20971775
http://doi.org/10.1016/j.lpm.2014.06.007
http://www.ncbi.nlm.nih.gov/pubmed/25179278
http://doi.org/10.1183/09031936.00074309
http://doi.org/10.1164/rccm.200712-1876OC
http://www.ncbi.nlm.nih.gov/pubmed/18356560
http://doi.org/10.1183/09059180.00005112
http://doi.org/10.1186/s13075-017-1341-x
http://doi.org/10.2147/IBPC.S232038
http://www.ncbi.nlm.nih.gov/pubmed/32280271
http://doi.org/10.1136/annrheumdis-2013-203301
http://www.ncbi.nlm.nih.gov/pubmed/23687283


Diagnostics 2021, 11, 911 15 of 17

51. Galie, N.; Humbert, M.; Vachiery, J.L.; Gibbs, S.; Lang, I.; Torbicki, A.; Simonneau, G.; Peacock, A.; Vonk Noordegraaf, A.; Beghetti,
M.; et al. 2015 ESC/ERS Guidelines for the diagnosis and treatment of pulmonary hypertension: The Joint Task Force for the
Diagnosis and Treatment of Pulmonary Hypertension of the European Society of Cardiology (ESC) and the European Respir-atory
Society (ERS): Endorsed by: Association for European Paediatric and Congenital Cardiology (AEPC), International Society for
Heart and Lung Transplantation (ISHLT). Eur. Respir. J. 2015, 46, 903–975. [PubMed]

52. Kowal-Bielecka, O.; Fransen, J.; Avouac, J.; Becker, M.; Kulak, A.; Allanore, Y.; Distler, O.; Clements, P.J.; Cutolo, M.; Czirjak,
L.; et al. Update of EULAR recommendations for the treatment of systemic sclerosis. Ann. Rheum. Dis. 2017, 76, 1327–1339.
[CrossRef]

53. Hachulla, E.; Carpentier, P.; Gressin, V.; Diot, E.; Allanore, Y.; Sibilia, J.; Launay, D.; Mouthon, L.; Jego, P.; Cabane, J.; et al.
Risk factors for death and the 3-year survival of patients with systemic sclerosis: The French ItinerAIR-Sclerodermie study.
Rheumatology 2009, 48, 304–308. [CrossRef]

54. Hachulla, E.; De Groote, P.; Gressin, V.; Sibilia, J.; Diot, E.; Carpentier, P.; Mouthon, L.; Hatron, P.-Y.; Jego, P.; Allanore, Y.; et al.
The three-year incidence of pulmonary arterial hypertension associated with systemic sclerosis in a multicenter nationwide
longitudinal study in France. Arthritis Rheum. 2009, 60, 1831–1839. [CrossRef] [PubMed]

55. Zhang, R.F.; Zhou, L.; Ma, G.F.; Shao, F.C.; Wu, X.H.; Ying, K.J. Diagnostic value of transthoracic Doppler echocardiography in
pul-monary hypertension: A meta-analysis. Am. J. Hypertens. 2010, 23, 1261–1264. [CrossRef]

56. Janda, S.; Shahidi, N.; Gin, K.; Swiston, J. Diagnostic accuracy of echocardiography for pulmonary hypertension: A systematic
review and meta-analysis. Heart 2011, 97, 612–622. [CrossRef] [PubMed]

57. Ni, J.R.; Yan, P.J.; Liu, S.D.; Hu, Y.; Yang, K.H.; Song, B.; Lei, J.Q. Diagnostic accuracy of transthoracic echocardiography for
pulmonary hypertension: A systematic review and meta-analysis. BMJ Open 2019, 9, e033084. [CrossRef]

58. Forfia, P.R.; Fisher, M.R.; Mathai, S.C.; Housten-Harris, T.; Hemnes, A.R.; Borlaug, B.A.; Chamera, E.; Corretti, M.C.; Champion,
H.C.; Abraham, T.P.; et al. Tricuspid Annular Displacement Predicts Survival in Pulmonary Hypertension. Am. J. Respir. Crit.
Care Med. 2006, 174, 1034–1041. [CrossRef]

59. Mathai, S.C.; Sibley, C.T.; Forfia, P.R.; Mudd, J.O.; Fisher, M.R.; Tedford, R.J.; Lechtzin, N.; Boyce, D.; Hummers, L.K.; Housten, T.;
et al. Tri-cuspid annular plane systolic excursion is a robust outcome measure in systemic sclerosis-associated pulmonary arterial
hypertension. J. Rheumatol. 2011, 38, 2410–2418. [CrossRef]

60. Cavagna, L.; Caporali, R.; Klersy, C.; Ghio, S.; Albertini, R.; Scelsi, L.; Moratti, R.; Bonino, C.; Montecucco, C. Comparison of brain
natriuretic peptide (BNP) and NT-proBNP in screening for pulmonary arterial hypertension in patients with systemic scle-rosis. J.
Rheumatol. 2010, 37, 2064–2070. [CrossRef]

61. Allanore, Y.; Borderie, D.; Avouac, J.; Zerkak, D.; Meune, C.; Hachulla, E.; Mouthon, L.; Guillevin, L.; Meyer, O.; Ekindjian, O.G.;
et al. High N-terminal pro–brain natriuretic peptide levels and low diffusing capacity for carbon monoxide as independent
predictors of the occurrence of precapillary pulmonary arterial hypertension in patients with systemic sclerosis. Arthritis Rheum.
2007, 58, 284–291. [CrossRef]

62. Mukerjee, D.; George, D.S.; Knight, C.; Davar, J.; Wells, A.U.; Du Bois, R.M.; Black, C.M.; Coghlan, J.G. Echocardiography and
pulmonary function as screening tests for pulmonary arterial hypertension in systemic sclerosis. Rheumatology 2004, 43, 461–466.
[CrossRef]

63. York, M.; Farber, H.W. Pulmonary hypertension: Screening and evaluation in scleroderma. Curr. Opin. Rheumatol. 2011, 23,
536–544. [CrossRef]

64. Bezante, G.P.; Rollando, D.; Sessarego, M.; Panico, N.; Setti, M.; Filaci, G.; Molinari, G.; Balbi, M.; Cutolo, M.; Barsotti, A.; et al.
Cardiac magnetic resonance imaging detects subclinical right ventricular impairment in systemic sclerosis. J. Rheumatol. 2007, 34,
2431–2437.

65. Hachulla, A.-L.; Launay, D.; Gaxotte, V.; De Groote, P.; Lamblin, N.; Devos, P.; Hatron, P.-Y.; Beregi, J.-P.; Hachulla, E. Cardiac
magnetic resonance imaging in systemic sclerosis: A cross-sectional observational study of 52 patients. Ann. Rheum. Dis. 2008, 68,
1878–1884. [CrossRef]

66. Hagger, D.; Condliffe, R.; Woodhouse, N.; Elliot, C.A.; Armstrong, I.J.; Davies, C.; Hill, C.; Akil, M.; Wild, J.M.; Kiely, D.G.
Ventricular mass index correlates with pulmonary artery pressure and predicts survival in suspected systemic sclerosis-associated
pulmonary arterial hypertension. Rheumatology 2009, 48, 1137–1142. [CrossRef]

67. Sundaram, S.M.; Chung, L. An Update on Systemic Sclerosis-Associated Pulmonary Arterial Hypertension: A Review of the
Current Literature. Curr. Rheumatol. Rep. 2018, 20, 10. [CrossRef]

68. Hassoun, P.M.; Zamanian, R.T.; Damico, R.; Lechtzin, N.; Khair, R.; Kolb, T.M.; Tedford, R.J.; Hulme, O.L.; Housten, T.; Pisanello,
C.; et al. Ambrisentan and Tadalafil Up-front Combination Therapy in Scleroderma-associated Pulmonary Arterial Hypertension.
Am. J. Respir. Crit. Care Med. 2015, 192, 1102–1110. [CrossRef]

69. Weatherald, J.; Boucly, A.; Launay, D.; Cottin, V.; Prevot, G.; Bourlier, D.; Dauphin, C.; Chaouat, A.; Savale, L.; Jais, X.; et al.
Haemody-namics and serial risk assessment in systemic sclerosis associated pulmonary arterial hypertension. Eur. Respir. J 2018,
52, 1340–1349. [CrossRef] [PubMed]

70. Sitbon, O.; Humbert, M.; Jaìs, X.; Ioos, V.; Hamid, A.M.; Provencher, S.; Garcia, G.; Parent, F.; Hervé, P.; Simonneau, G. Long-
Term Response to Calcium Channel Blockers in Idiopathic Pulmonary Arterial Hypertension. Circulation 2005, 111, 3105–3111.
[CrossRef] [PubMed]

71. Chatterjee, S. Pulmonary Hypertension in Systemic Sclerosis. Semin. Arthritis Rheum. 2011, 41, 19–37. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/26318161
http://doi.org/10.1136/annrheumdis-2016-209909
http://doi.org/10.1093/rheumatology/ken488
http://doi.org/10.1002/art.24525
http://www.ncbi.nlm.nih.gov/pubmed/19479881
http://doi.org/10.1038/ajh.2010.188
http://doi.org/10.1136/hrt.2010.212084
http://www.ncbi.nlm.nih.gov/pubmed/21357375
http://doi.org/10.1136/bmjopen-2019-033084
http://doi.org/10.1164/rccm.200604-547OC
http://doi.org/10.3899/jrheum.110512
http://doi.org/10.3899/jrheum.090997
http://doi.org/10.1002/art.23187
http://doi.org/10.1093/rheumatology/keh067
http://doi.org/10.1097/BOR.0b013e32834ba6a7
http://doi.org/10.1136/ard.2008.095836
http://doi.org/10.1093/rheumatology/kep187
http://doi.org/10.1007/s11926-018-0709-5
http://doi.org/10.1164/rccm.201507-1398OC
http://doi.org/10.1183/13993003.00678-2018
http://www.ncbi.nlm.nih.gov/pubmed/30209196
http://doi.org/10.1161/CIRCULATIONAHA.104.488486
http://www.ncbi.nlm.nih.gov/pubmed/15939821
http://doi.org/10.1016/j.semarthrit.2010.08.004
http://www.ncbi.nlm.nih.gov/pubmed/21047671


Diagnostics 2021, 11, 911 16 of 17

72. Montani, D.; Savale, L.; Natali, D.; Jais, X.; Herve, P.; Garcia, G.; Humbert, M.; Simonneau, G.; Sitbon, O. Long-term response
to cal-cium-channel blockers in non-idiopathic pulmonary arterial hypertension. Eur. Heart J. 2010, 31, 1898–1907. [CrossRef]
[PubMed]

73. Vandecasteele, E.; Drieghe, B.; Melsens, K.; Thevissen, K.; De Pauw, M.; Deschepper, E.; Decuman, S.; Bonroy, C.; Piette, Y.; De
Keyser, F.; et al. Screening for pulmonary arterial hypertension in an unselected prospective systemic sclerosis cohort. Eur. Respir.
J. 2017, 49, 1602275. [CrossRef] [PubMed]

74. Galie, N.; McLaughlin, V.V.; Rubin, L.J.; Simonneau, G. An overview of the 6th World Symposium on Pulmonary Hypertension.
Eur. Respir. J. 2019, 53, 1802148. [CrossRef]

75. Galie, N.; Channick, R.N.; Frantz, R.P.; Grunig, E.; Jing, Z.C.; Moiseeva, O.; Preston, I.R.; Pulido, T.; Safdar, Z.; Tamura, Y.; et al.
Risk strat-ification and medical therapy of pulmonary arterial hypertension. Eur. Respir. J. 2019, 53, 1801889. [CrossRef] [PubMed]

76. Boucly, A.; Weatherald, J.; Savale, L.; Jaïs, X.; Cottin, V.; Prevot, G.; Picard, F.; De Groote, P.; Jevnikar, M.; Bergot, E.; et al. Risk
assessment, prognosis and guideline implementation in pulmonary arterial hypertension. Eur. Respir. J. 2017, 50, 1700889.
[CrossRef] [PubMed]

77. Benza, R.L.; Gomberg-Maitland, M.; Elliott, C.G.; Farber, H.W.; Foreman, A.J.; Frost, A.E.; McGoon, M.D.; Pasta, D.J.; Selej, M.;
Burger, C.D.; et al. Predicting Survival in Patients With Pulmonary Arterial Hypertension: The REVEAL Risk Score Calculator 2.0
and Comparison With ESC/ERS-Based Risk Assessment Strategies. Chest 2019, 156, 323–337. [CrossRef] [PubMed]

78. Badesch, D.B.; Tapson, V.F.; McGoon, M.D.; Brundage, B.H.; Rubin, L.J.; Wigley, F.M.; Rich, S.; Barst, R.J.; Barrett, P.S.; Kral,
K.M.; et al. Con-tinuous intravenous epoprostenol for pulmonary hypertension due to the scleroderma spectrum of disease. A
randomized, controlled trial. Ann. Intern. Med. 2000, 132, 425–434. [CrossRef]

79. Oudiz, R.J.; Schilz, R.J.; Barst, R.J.; Galie, N.; Rich, S.; Rubin, L.J.; Simonneau, G.; Treprostinil Study Group. Treprostinil, a
prostacyclin ana-logue, in pulmonary arterial hypertension associated with connective tissue disease. Chest 2004, 126, 420–427.
[CrossRef]

80. Simonneau, G.; Barst, R.J.; Galie, N.; Naeije, R.; Rich, S.; Bourge, R.C.; Keogh, A.; Oudiz, R.; Frost, A.; Blackburn, S.D.; et al.
Continuous subcutaneous infusion of treprostinil, a prostacyclin analogue, in patients with pulmonary arterial hypertension: A
dou-ble-blind, randomized, placebo-controlled trial. Am. J. Respir Crit Care Med. 2002, 165, 800–804. [CrossRef]

81. Caravita, S.; Wu, S.C.; Secchi, M.B.; Dadone, V.; Bencini, C.; Pierini, S. Long-term effects of intermittent Iloprost infusion on
pulmonary arterial pressure in connective tissue disease. Eur. J. Intern. Med. 2011, 22, 518–521. [CrossRef]

82. Gaine, S.; Chin, K.; Coghlan, G.; Channick, R.; Di Scala, L.; Galiè, N.; Ghofrani, H.-A.; Lang, I.M.; McLaughlin, V.; Preiss, R.;
et al. Selexipag for the treatment of connective tissue disease-associated pulmonary arterial hypertension. Eur. Respir. J. 2017,
50, 1602493. [CrossRef]

83. Sitbon, O.; Channick, R.; Chin, K.M.; Frey, A.; Gaine, S.; Galiè, N.; Ghofrani, H.-A.; Hoeper, M.M.; Lang, I.M.; Preiss, R.; et al.
Selexipag for the Treatment of Pulmonary Arterial Hypertension. N. Engl. J. Med. 2015, 373, 2522–2533. [CrossRef] [PubMed]

84. Badesch, D.B.; Hill, N.S.; Burgess, G.; Rubin, L.J.; Barst, R.J.; Galie, N.; Simonneau, G.; SUPER Study Group. Sildenafil for
pulmonary arterial hy-pertension associated with connective tissue disease. J. Rheumatol. 2007, 34, 2417–2422.

85. Galiè, N.; Ghofrani, H.A.; Torbicki, A.; Barst, R.J.; Rubin, L.J.; Badesch, D.; Fleming, T.; Parpia, T.; Burgess, G.; Branzi, A.; et al.
Sildenafil Citrate Therapy for Pulmonary Arterial Hypertension. N. Engl. J. Med. 2005, 353, 2148–2157. [CrossRef] [PubMed]

86. Galiè, N.; Brundage, B.H.; Ghofrani, H.A.; Oudiz, R.J.; Simonneau, G.; Safdar, Z.; Shapiro, S.; White, R.J.; Chan, M.; Beardsworth,
A.; et al. Tadalafil Therapy for Pulmonary Arterial Hypertension. Circulation 2009, 119, 2894–2903. [CrossRef]

87. Galiè, N.; Denton, C.P.; Dardi, F.; Manes, A.; Mazzanti, G.; Li, B.; Varanese, L.; Esler, A.; Harmon, C.; Palazzini, M. Tadalafil in
idiopathic or heritable pulmonary arterial hypertension (PAH) compared to PAH associated with connective tissue disease. Int. J.
Cardiol. 2017, 235, 67–72. [CrossRef] [PubMed]

88. Rubin, L.J.; Badesch, D.B.; Barst, R.J.; Galiè, N.; Black, C.M.; Keogh, A.; Pulido, T.; Frost, A.; Roux, S.; Leconte, I.; et al. Bosentan
Therapy for Pulmonary Arterial Hypertension. N. Engl. J. Med. 2002, 346, 896–903. [CrossRef]

89. Denton, C.P.; Pope, J.E.; Peter, H.-H.; Gabrielli, A.; Boonstra, A.; Hoogen, F.H.J.V.D.; Riemekasten, G.; De Vita, S.; Morganti,
A.; Dolberg, M.; et al. Long-term effects of bosentan on quality of life, survival, safety and tolerability in pulmonary arterial
hypertension related to connective tissue diseases. Ann. Rheum. Dis. 2007, 67, 1222–1228. [CrossRef] [PubMed]

90. Fischer, A.; Denton, C.P.; Matucci-Cerinic, M.; Gillies, H.; Blair, C.; Tislow, J.; Nathan, S.D. Ambrisentan response in connective
tissue disease-associated pulmonary arterial hypertension (CTD-PAH)—A subgroup analysis of the ARIES-E clinical trial. Respir.
Med. 2016, 117, 254–263. [CrossRef] [PubMed]

91. Galie, N.; Olschewski, H.; Oudiz, R.J.; Torres, F.; Frost, A.; Ghofrani, H.A.; Badesch, D.B.; McGoon, M.D.; McLaughlin, V.V.;
Roecker, E.B.; et al. Ambrisentan for the treatment of pulmonary arterial hypertension: Results of the ambrisentan in pulmonary
arterial hy-pertension, randomized, double-blind, placebo-controlled, multicenter, efficacy (ARIES) study 1 and 2. Circulation
2008, 117, 3010–3019. [CrossRef]

92. Pulido, T.; Adzerikho, I.; Channick, R.N.; Delcroix, M.; Galiè, N.; Ghofrani, H.-A.; Jansa, P.; Jing, Z.-C.; Le Brun, F.-O.; Mehta,
S.; et al. Macitentan and Morbidity and Mortality in Pulmonary Arterial Hypertension. N. Engl. J. Med. 2013, 369, 809–818.
[CrossRef] [PubMed]

93. Rhee, R.L.; Gabler, N.B.; Sangani, S.; Praestgaard, A.; Merkel, P.A.; Kawut, S.M. Comparison of Treatment Response in Idiopathic
and Connective Tissue Disease–associated Pulmonary Arterial Hypertension. Am. J. Respir. Crit. Care Med. 2015, 192, 1111–1117.
[CrossRef]

http://doi.org/10.1093/eurheartj/ehq170
http://www.ncbi.nlm.nih.gov/pubmed/20543192
http://doi.org/10.1183/13993003.02275-2016
http://www.ncbi.nlm.nih.gov/pubmed/28495691
http://doi.org/10.1183/13993003.02148-2018
http://doi.org/10.1183/13993003.01889-2018
http://www.ncbi.nlm.nih.gov/pubmed/30545971
http://doi.org/10.1183/13993003.00889-2017
http://www.ncbi.nlm.nih.gov/pubmed/28775050
http://doi.org/10.1016/j.chest.2019.02.004
http://www.ncbi.nlm.nih.gov/pubmed/30772387
http://doi.org/10.7326/0003-4819-132-6-200003210-00002
http://doi.org/10.1378/chest.126.2.420
http://doi.org/10.1164/ajrccm.165.6.2106079
http://doi.org/10.1016/j.ejim.2011.02.005
http://doi.org/10.1183/13993003.02493-2016
http://doi.org/10.1056/NEJMoa1503184
http://www.ncbi.nlm.nih.gov/pubmed/26699168
http://doi.org/10.1056/NEJMoa050010
http://www.ncbi.nlm.nih.gov/pubmed/16291984
http://doi.org/10.1161/CIRCULATIONAHA.108.839274
http://doi.org/10.1016/j.ijcard.2017.02.094
http://www.ncbi.nlm.nih.gov/pubmed/28279499
http://doi.org/10.1056/NEJMoa012212
http://doi.org/10.1136/ard.2007.079921
http://www.ncbi.nlm.nih.gov/pubmed/18055477
http://doi.org/10.1016/j.rmed.2016.06.018
http://www.ncbi.nlm.nih.gov/pubmed/27492539
http://doi.org/10.1161/CIRCULATIONAHA.107.742510
http://doi.org/10.1056/NEJMoa1213917
http://www.ncbi.nlm.nih.gov/pubmed/23984728
http://doi.org/10.1164/rccm.201507-1456OC


Diagnostics 2021, 11, 911 17 of 17

94. Ghofrani, H.-A.; Galiè, N.; Grimminger, F.; Grünig, E.; Humbert, M.; Jing, Z.-C.; Keogh, A.M.; Langleben, D.; Kilama, M.O.;
Fritsch, A.; et al. Riociguat for the Treatment of Pulmonary Arterial Hypertension. N. Engl. J. Med. 2013, 369, 330–340. [CrossRef]

95. Humbert, M.; Coghlan, J.G.; Ghofrani, H.-A.; Grimminger, F.; He, J.-G.; Riemekasten, G.; Vizza, C.D.; Boeckenhoff, A.; Meier,
C.; Pena, J.D.O.; et al. Riociguat for the treatment of pulmonary arterial hypertension associated with connective tissue disease:
Results from PATENT-1 and PATENT-2. Ann. Rheum. Dis. 2016, 76, 422–426. [CrossRef] [PubMed]

96. Marra, A.M.; Halank, M.; Benjamin, N.; Bossone, E.; Cittadini, A.; Eichstaedt, C.A.; Egenlauf, B.; Harutyunova, S.; Fischer, C.; Gall,
H.; et al. Right ventricular size and function under riociguat in pulmonary arterial hypertension and chronic thromboembolic
pul-monary hypertension (the RIVER study). Respir. Res. 2018, 19, 258. [CrossRef]

97. Galie, N.; Barbera, J.A.; Frost, A.E.; Ghofrani, H.A.; Hoeper, M.M.; McLaughlin, V.V.; Peacock, A.J.; Simonneau, G.; Vachiery,
J.L.; Grunig, E.; et al. Initial Use of Ambrisentan plus Tadalafil in Pulmonary Arterial Hypertension. N. Engl. J. Med. 2015, 373,
834–844. [CrossRef] [PubMed]

98. Sato, T.; Ambale-Venkatesh, B.; Lima, J.A.; Zimmerman, S.L.; Tedford, R.J.; Fujii, T.; Hulme, O.L.; Pullins, E.H.; Corona-Villalobos,
C.P.; Zamanian, R.T.; et al. The impact of ambrisentan and tadalafil upfront combination therapy on cardiac function in
scleroderma associated pulmonary arterial hypertension patients: Cardiac magnetic resonance feature tracking study. Pulm. Circ.
2018, 8. [CrossRef]

99. Coghlan, J.G.; Channick, R.; Chin, K.; Di Scala, L.; Galiè, N.; Ghofrani, H.-A.; Hoeper, M.M.; Lang, I.M.; McLaughlin, V.; Preiss, R.;
et al. Targeting the Prostacyclin Pathway with Selexipag in Patients with Pulmonary Arterial Hypertension Receiving Double
Combination Therapy: Insights from the Randomized Controlled GRIPHON Study. Am. J. Cardiovasc. Drugs 2018, 18, 37–47.
[CrossRef]

100. Jansa, P.; Pulido, T. Macitentan in Pulmonary Arterial Hypertension: A Focus on Combination Therapy in the SERAPHIN Trial.
Am. J. Cardiovasc. Drugs 2018, 18, 1–11. [CrossRef] [PubMed]

101. Henkens, I.R.; Hazenoot, T.; Boonstra, A.; Huisman, M.V.; Vonk-Noordegraaf, A. Major bleeding with vitamin K antagonist
anti-coagulants in pulmonary hypertension. Eur. Respir. J. 2013, 41, 872–878. [CrossRef] [PubMed]

102. Olsson, K.M.; Delcroix, M.; Ghofrani, H.A.; Tiede, H.; Huscher, D.; Speich, R.; Grünig, E.; Staehler, G.; Rosenkranz, S.; Halank, M.;
et al. Response to Letters Regarding Article, “Anticoagulation and Survival in Pulmonary Arterial Hypertension: Results From
the Comparative, Prospective Registry of Newly Initiated Therapies for Pulmonary Hypertension (COMPERA)”. Circulation
2014, 130, e110–e112. [CrossRef]

103. Preston, I.R.; Roberts, K.E.; Miller, D.P.; Sen, G.P.; Selej, M.; Benton, W.W.; Hill, N.S.; Farber, H.W. Effect of Warfarin Treatment on
Survival of Patients With Pulmonary Arterial Hypertension (PAH) in the Registry to Evaluate Early and Long-Term PAH Disease
Management (REVEAL). Circulation 2015, 132, 2403–2411. [CrossRef]

104. Calderone, A.; Stevens, W.; Prior, D.; Nandurkar, H.; Gabbay, E.; Proudman, S.M.; Williams, T.; Celermajer, D.; Sahhar, J.; Wong,
P.K.; et al. Multicentre randomised placebo-controlled trial of oral anticoagulation with apixaban in systemic sclerosis-related
pul-monary arterial hypertension: The SPHInX study protocol. BMJ Open 2016, 6, e011028. [CrossRef]

105. Sanchez, O.; Sitbon, O.; Jaïs, X.; Simonneau, G.; Humbert, M. Immunosuppressive Therapy in Connective Tissue Diseases-
Associated Pulmonary Arterial Hypertension. Chest 2006, 130, 182–189. [CrossRef] [PubMed]

106. Zamanian, R.T.; Badesch, D.; Chung, L.; Domsic, R.T.; Medsger, T.; Pinckney, A.; Keyes-Elstein, L.; D’Aveta, C.; Spychala, M.;
White, R.J.; et al. Safety and Efficacy of B-Cell Depletion with Rituximab for the Treatment of Systemic Sclerosis Associated
Pulmonary Arterial Hypertension: A Multi-center, Double-blind, Randomized, Placebo-controlled Trial. Am. J. Respir. Crit. Care
Med. 2021. [CrossRef]

107. Shah, R.J.; Boin, F. Lung Transplantation in Patients With Systemic Sclerosis. Curr. Rheumatol. Rep. 2017, 19, 723. [CrossRef]
[PubMed]

108. Bernstein, E.J.; Peterson, E.R.; Sell, J.L.; D’Ovidio, F.; Arcasoy, S.M.; Bathon, J.M.; Lederer, D.J. Survival of Adults With Systemic
Sclerosis Following Lung Transplantation: A Nationwide Cohort Study. Arthritis Rheumatol. 2015, 67, 1314–1322. [CrossRef]
[PubMed]

109. Schachna, L.; Medsger, T.A., Jr.; Dauber, J.H.; Wigley, F.M.; Braunstein, N.A.; White, B.; Steen, V.D.; Conte, J.V.; Yang, S.C.; McCurry,
K.R.; et al. Lung transplantation in scleroderma compared with idiopathic pulmonary fibrosis and idiopathic pulmonary arterial
hy-pertension. Arthritis Rheum. 2006, 54, 3954–3961. [CrossRef]

110. Chung, L.; Farber, H.W.; Benza, R.; Miller, D.P.; Parsons, L.; Hassoun, P.M.; McGoon, M.; Nicolls, M.R.; Zamanian, R.T. Unique
Predictors of Mortality in Patients With Pulmonary Arterial Hypertension Associated With Systemic Sclerosis in the REVEAL
Registry. Chest 2014, 146, 1494–1504. [CrossRef]

111. Lefèvre, G.; Dauchet, L.; Hachulla, E.; Montani, D.; Sobanski, V.; Lambert, M.; Hatron, P.-Y.; Humbert, M.; Launay, D. Survival
and Prognostic Factors in Systemic Sclerosis-Associated Pulmonary Hypertension: A Systematic Review and Meta-Analysis.
Arthritis Rheum. 2013, 65, 2412–2423. [CrossRef]

http://doi.org/10.1056/NEJMoa1209655
http://doi.org/10.1136/annrheumdis-2015-209087
http://www.ncbi.nlm.nih.gov/pubmed/27457511
http://doi.org/10.1186/s12931-018-0957-y
http://doi.org/10.1056/NEJMoa1413687
http://www.ncbi.nlm.nih.gov/pubmed/26308684
http://doi.org/10.1177/2045893217748307
http://doi.org/10.1007/s40256-017-0262-z
http://doi.org/10.1007/s40256-017-0260-1
http://www.ncbi.nlm.nih.gov/pubmed/29280064
http://doi.org/10.1183/09031936.00039212
http://www.ncbi.nlm.nih.gov/pubmed/22936704
http://doi.org/10.1161/CIRCULATIONAHA.114.010921
http://doi.org/10.1161/CIRCULATIONAHA.115.018435
http://doi.org/10.1136/bmjopen-2016-011028
http://doi.org/10.1378/chest.130.1.182
http://www.ncbi.nlm.nih.gov/pubmed/16840400
http://doi.org/10.1164/rccm.202009-3481OC
http://doi.org/10.1007/s11926-017-0650-z
http://www.ncbi.nlm.nih.gov/pubmed/28386760
http://doi.org/10.1002/art.39021
http://www.ncbi.nlm.nih.gov/pubmed/25581250
http://doi.org/10.1002/art.22264
http://doi.org/10.1378/chest.13-3014
http://doi.org/10.1002/art.38029

	Introduction 
	Epidemiology 
	Pathogenesis and Clinical Features 
	Autoimmune Dysfunction 
	Interstitial Lung Disease-Associated PH in SSc 
	Cardiac Involvement in SSc-PAH 
	Clinical Features 

	Evaluation 
	Screening for SSc-PAH 
	Echocardiography 
	Laboratory 
	Pulmonary Function Test 
	Cardiac MRI 
	RHC and Vasodilator Testing 

	Management 
	Therapy 
	Prostacyclin Analogs 
	Phosphodiesterase Inhibitors 
	Endothelin Receptor Antagonists 
	Guanylate Cyclase Stimulator 
	Combination Therapy 

	Adjunct Therapies 
	Investigational Therapies 
	Lung Transplant 

	Survival and Prognosis 
	Conclusions 
	References

