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Abstract: Systemic sclerosis (SSc) is a rare autoimmune disorder with multi-organ involve-

ment. SSc-associated pulmonary arterial hypertension (SSc-PAH) is one of the leading causes

of morbidity and mortality in the SSc population. With advances in our understanding of

pulmonary arterial hypertension (PAH) diagnosis and treatment, outcomes for all PAH patients

have significantly improved. While SSc-PAH patients have also benefited from these advances,

significant challenges remain. Diagnosis of PAH is a challenging endeavor in SSc patients who

often have many co-existing pulmonary and cardiac comorbidities. Given the significantly

elevated prevalence and lifetime risk of PAH in the SSc population, screening for SSc-PAH is a

critically useful strategy. Treatment with pulmonary arterial (PA) vasodilators has resulted in a

dramatic improvement in the survival and quality of life of PAH patients. While therapy with

PA vasodilators is beneficial in SSc-PAH patients, therapy effects appear to be attenuated when

compared to responses in patients with idiopathic PAH (IPAH). This review attempts to

chronicle and summarize the advances in our understanding of the optimal screening strategies

to identify PAH in patients with SSc. The article also reviews the advances in the therapeutic

and risk stratification strategies for SSc-PAH patients.

Keywords: systemic sclerosis, pulmonary arterial hypertension, screening, risk stratification,
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Introduction
Systemic sclerosis (SSc) is a rare systemic disease characterized by chronic inflam-

mation, autoimmune dysregulation, and microvascular endothelial dysfunction

leading ultimately to fibrosis and excessive collagen deposition within the skin

and various other organ systems.1 These pathologic changes lead to a characteristic

skin thickening and significant dysfunction in the organs involved, resulting in the

descriptive moniker for this disease. SSc affects around one in 10,000 people

around the world.2 There are two major disease subtypes based on the extent of

skin involvement: limited cutaneous SSc (lcSSc) and diffuse cutaneous SSc

(dcSSc). Patients with lcSSc have skin involvement distal to the elbows and

knees, with or without face and neck involvement. Patients with dcSSc have skin

involvement extending to the proximal limbs and trunk.2 Currently, a diagnosis of

SSc typically requires fulfilment of the 2013 American College of Rheumatology

(ACR) and European League Against Rheumatism (EULAR) classification

criteria.2 As with most connective tissue diseases, SSc disproportionately affects

women, and lung involvement is a common cause of morbidity and mortality in
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SSc patients.3 While interstitial lung disease (ILD) is the

commonest cause of death, pulmonary arterial hyperten-

sion (PAH) is the second most common cause of mortality

in SSc patients.4

PAH is also a rare disease affecting the medium-to-

small pulmonary arteries, resulting in a distinctive remo-

deling in the intimal, medial, and adventitial layers and

causing significant narrowing of the pulmonary vascular

lumen.5 These changes lead to a substantial elevation in

the pulmonary vascular resistance (PVR) to blood flow.6

These progressive vessel changes also result in abnormal

elevations in pulmonary vascular stiffness and reduced

compliance.7 These abnormalities in vessel compliance in

combination with a rising PVR lead to right ventricular

(RV) hypertrophy, dysfunction, and failure, and ultimately

result in death if untreated.8

The prevalence of PAH in the US is largely unknown.

Using an insurance claims database, Kirson et al estimated

the PAH prevalence at 109 (95% CI: 71–146) per million

individuals (PMI) among the population under age 65 and

451 (95% CI: 384–519) PMI among the population aged 65

and over. Prior research has estimated PAH prevalence in

Europe at ∼15–52 PMI.9 PAH can complicate several con-

nective tissue diseases (CTDs) such as SSc, systemic lupus

erythematosus (SLE), rheumatoid arthritis (RA), and mixed

CTD (MCTD) and is an important cause of morbidity and

mortality in this group of patients.10 Among the CTDs, SSc

has the highest known PAH prevalence (∼7–12%) and

accounts for up to 60%–80% of all CTD-PAH in the US

and Europe. PAH is one of the leading causes of death in

SSc patients.11 The exact prevalence of PAH in the other

CTDs is poorly described at present but thought to be no

more than 1% in patients with SLE and between 20 and

50% in patients with MCTD.12,13

Survival in PAH patients has significantly improved

over the past two decades owing to the advances in thera-

pies, risk stratification, and our overall understanding of

this debilitating disease. Unfortunately, this trend in

improved survival has not been observed in all the sub-

types of the WHO group I population. While idiopathic

PAH (IPAH) patients have had significant improvements

in their exercise capacity and quality of life due to the use

of combination vasodilator therapies, SSc-PAH patients

have not mirrored these trends.14,15

The most recent 1-, 3-, 5-, and 8-year survival esti-

mates for SSc-PAH patients are at 95%, 75%, 63%, and

49%, respectively.16 While the short-term survival data in

the modern era are comparable for IPAH and SSc-PAH

patients, the long-term survival data put the SSc-PAH

patients at a significant disadvantage.15 Data collated

from clinical trials demonstrate clear differences between

the SSc-PAH and IPAH groups even with regard to the

response to PA vasodilator therapies, with the SSc-PAH

patients experiencing a significantly lower improvement in

6MWD when compared to IPAH patients.17

The prevalence of PAH among SSc patients has been

reported to be between 8 and 12% based on studies diag-

nosing PAH relying on right heart catheterization

(RHC).18,19 The high prevalence and risk of development

of PAH in the SSc population are the reasons why screen-

ing for PAH is recommended in this group. The differ-

ences in response to therapy between SSc-PAH and IPAH

patients and the heterogeneity of treatment responses and

the poor survival of the SSc-PAH population when com-

pared to IPAH patients highlight the unique characteristics

of the SSc-PAH phenotype. These clinico-epidemiological

differences between SSc-PAH and IPAH lead us to the

question: is SSc-PAH clinically distinct from IPAH and

other forms of PAH? This review builds on the recent

advances in the management of PAH in the SSc popula-

tion, by focusing on two of the key aspects germane to the

management of the SSc-PAH patient: screening and ther-

apy. This article summarizes the advances in screening

strategies for SSc-PAH and reviews the challenges and

advances in the treatment of SSc-PAH.

Screening
While the gold standard modality for the diagnosis of PAH is

right heart catheterization (RHC), 20 screening for PAH

remains a difficult endeavor given the overall low prevalence

in the general population. However, as highlighted in the

introduction section of this review, the high prevalence of

PAH in SSc patients makes screening for PAH a useful

intervention in this population. Among the various manifes-

tations of SSc, the limited SSc variant seems to have the

strongest association with the development of PAH, although

PAH has been known to occur with other SSc phenotypes as

well.21 Hence, the principles of screening for PAH would be

applicable to all patients with SSc.

The Role Of Screening For PAH In The

SSc Population
Clinical features that suggest the presence of PAH include

symptoms of dyspnea, inability to tolerate exercise, fatigue,

lower extremity swelling, palpitations, among others.22,23 In
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the normal adult human being, there exists a significant

redundancy with regard to the pulmonary vascular surface

area, and this vascular redundancy provides for the ability

to accommodate significantly increased pulmonary blood

flows during exercise, of up to six times the cardiac output

with no elevation in pulmonary vascular resistance (PVR).

Elevation of PA pressures above 25mm Hg at rest is thought

to result from the loss of up to 50% of the normal pulmon-

ary vascular bed!24 This implies that by the time a patient is

symptomatic, there has already been a significant loss of

pulmonary vascular surface area. While in advanced cases

of SSc-PAH, patients can present with severe dyspnea,

hypoxemia, and pre-syncopal and sometimes syncopal epi-

sodes associated with exertion, up to 22% of SSc-PAH

patients are asymptomatic at the time of their RHC-deter-

mined diagnosis of pulmonary hypertension.25

Since PAH has such a high prevalence in the SSc

population and considering that SSc-PAH is a progressive

disease and patients in the early stages of the disease are

asymptomatic, a targeted screening strategy looking for

PAH in the SSc population would be expected to have a

significant clinical impact. The early identification of the

PAH phenotype within the SSc population could prevent

delays in therapeutic intervention with PA vasodilator

therapies and prevent the development of RV dysfunction.

Another potential advantage of such a screening strategy

would be the identification of the SSc-PAH patient at an

early stage of this “pulmonary vascular drop out”, setting

the stage for an intervention with a novel, targeted therapy

that could be used as an adjunct to PA vasodilators.

Clinical Features
Clinical features associated with the development of PAH

in the SSc patients include older age, female sex, post-

menopausal status, longer disease duration, having the

limited cutaneous variant of SSc, number and size of

cutaneous telangiectasias, and digital ulcers.26,27 While

the presence of these features in an SSc patient should

heighten the suspicion for underlying PAH, these clinical

characteristics have had limited utility for the development

of a quantitative screening tool for PAH in SSc. In fact,

one study reported no difference with regard to the pre-

valence of dyspnea as a reported symptom between the

SSc-PAH patients and SSc patients without PAH.28 Other

practical challenges include the difficulty surrounding the

ascertainment of some of these characteristics (e.g. time

bias in determining the disease duration, quantifying the

burden of telangiectasias, etc.) in a clinical setting. The

lack of a consistent “dose–response” association between

some of these clinical characteristics and the risk of devel-

opment of PAH (e.g. age, digital ulcers, etc.) also adds to

the uncertainty of employing a combination of these fea-

tures as a practical screening tool for PAH in the SSc

population.

Pulmonary Function Testing (PFT)
Before the widespread availability of echocardiography,

PFTwas the only available means for evaluating the health

of the pulmonary vascular bed. The diffusing capacity for

carbon monoxide (DLCO) and the DLCO/VA (DLCO

corrected for the alveolar volume) are good surrogates

for pulmonary vascular function. Both DLCO and

DLCO/VA are reduced in PAH patients. The reduction in

these parameters is thought to be due to a) reduction in the

pulmonary capillary blood volume in PAH patients and,

more recently, b) a reduction in the diffusing capacity of

the alveolar capillary membrane.29 While SSc patients

with a low DLCO and DLCO/VA have a higher risk for

the development of PAH, given the high prevalence of

interstitial lung disease in the SSc population, they cannot

in isolation be used to make the diagnosis of PAH in these

patients. For instance, in the DETECT cohort, only 31% of

SSc patients with DLCO less than 60% predicted had

RHC-determined pulmonary hypertension.28 A dispropor-

tionate reduction in the DLCO for a given decline in the

predicted FVC on the other hand is highly suggestive of

the presence of pulmonary vascular disease in that patient.

Indeed, the FVC (% predicted)/DLCO (% predicted) per-

forms better as a screening tool for identifying the SSc-

PAH patient.28

Trans-Thoracic Echocardiography (TTE)
Echocardiography is an important screening modality for

SSc-PAH. Annual echocardiographic screening is recom-

mended for SSc patients at high risk for developing

PAH.30,31 The 2015 ESC/ERS guidelines make an impor-

tant distinction between screening for SSc-PAH vs PAH in

other CTDs. They recommend annual echocardiographic

screening in asymptomatic SSc patients while they reserve

echocardiograms for symptomatic CTD patients in whom

PAH is suspected.30 While trans-thoracic echocardiogra-

phy determined systolic pulmonary artery pressures

(sPAP) are good estimates of the mean pulmonary artery

pressures (mPAP), in the DETECT study, up to 37% and

18% of patients with normal sPAP (<35 mm Hg) were

identified as having RHC-determined PH and PAH,
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respectively.28 The yearly rate of increase in the tricuspid

regurgitant jet velocity (TRV) is another parameter that

appears to identify SSc patients developing PAH.32

While the variability in assessment of the tricuspid regur-

gitant jet velocity (TRV) can adversely affect the predictive

power of echocardiography as a screening tool for PAH in the

SSc population, the ESC/ERS guidelines on the diagnosis

and treatment of PH provide a practical framework for utiliz-

ing echocardiography in the diagnostic evaluation of a PH

patient (Tables 1a and 1b). The absence or presence of an

elevated TRV in combination with other echocardiographic

features suggestive of PH place the patient into three degrees

(low, intermediate, and high) of probabilities with regard to

PH. In patients being evaluated for PAH, the guidelines

recommend confirmatory testing via RHC in the high prob-

ability group and to consider RHC in the intermediate prob-

ability group.30

Serum Biomarkers
Autoantibodies

Various SSc-specific autoantibodies (ab) have been asso-

ciated with SSc-PAH. High anti-centromere ab (ACA) titers

and a nucleolar pattern of ANAwere previously described in

SSc-PAH patients.33 A South-Australian cohort reported the

association of SSc-PAH with the presence of anti-U1-RNP

and Th/To antibodies.34 However, in a study by Steen, none

of the afore-mentioned antibodies could differentiate SSc-

PAH and SSc without PAH patients. They did report that in a

smaller subset, a significantly higher number of SSc-PAH

patients tested positive for anti-U3-RNP when compared to

the SSc without PAH patients.35 The largest North American,

incident SSc-PAH (patients enrolled within 6 months of

diagnosis of SSc-PAH) cohort analysis from the PHAROS

(Pulmonary Hypertension Assessment and Recognition of

Outcomes in Scleroderma) registry confirmed these associa-

tions and showed that the most common antibodies seen in

SSc-PAH patients were ACA, anti-nucleolar abs, while the

less common antibodies included anti-Scl-70, U1-RNP, and

RNA polymerase antibodies.36 There have been reported

associations between anticardiolipin antibodies (aCL), anti--

beta-2 glycoprotein antibodies, and SSc-PAH in a French

cohort.37 However, the pathophysiological significance of

this finding is uncertain, and a lupus overlap syndrome in

SSc patients could have also led to this finding. While

Table 1a Echocardiographic Probability Of Pulmonary Hypertension (PH) In Symptomatic Patients With A Suspicion Of Pulmonary

Hypertension.

Peak Tricuspid Regurgitation Velocity (m/s) Presence Of Other Echo “PH Signs”a Echocardiographic Probability Of PH

≤2.8 or not measurable No Low

≤2.8 or not measurable Yes Intermediate

2.9–3.4 No

2.9–3.4 Yes High

> 3.4 Not required

Notes: aSee Table 1b. Reproduced with permission of the © 2019 European Society of Cardiology & European Respiratory Society. European Respiratory Journal 46 (4)

903-975; DOI: 10.1183/13993003.01032-2015 Published 30 September 2015.30

Table 1b Echocardiographic Signs Used To Assess The Probability Of Pulmonary Hypertension In Addition To The TR Velocity

Measurement As Detailed In Table 1a.

A: The Ventricles B: Pulmonary Artery C: Inferior Vena Cava (IVC) And Right

Atrium

Right ventricle/left ventricle basal diameter ratio > 1.0 Right ventricular outflow Doppler

acceleration time < 105 msec and/or mid

systolic notching

IVC diameter >21 mm with decreased inspiratory

collapse (<50% with a sniff or <20% with quiet

inspiration)

Flattening of the interventricular septum (left

ventricular eccentricity indexa > 1.1 in systole

and/or diastole)

Early diastolic pulmonary regurgitation

velocity > 2.2m/sec

Right atrial area (end-systole) > 18 cm2

Pulmonary artery diameter > 25mm

Notes: aLeft ventricular eccentricity index: ratio of the antero-inferior and septal-posterolateral cavity dimensions at the mid-ventricular level. At least two echocardiographic

signs, from two different categories (A/B/C) listed above, should be present to alter the level of echocardiographic probability of pulmonary hypertension as noted in Table 1a.

Reproduced with permission of the © 2019 European Society of Cardiology & European Respiratory Society. European Respiratory Journal 46 (4) 903-975; DOI: 10.1183/

13993003.01032-2015 Published 30 September 2015.30
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AECAs (anti-endothelial cell antibodies) held promise as

antibodies that were specific to SSc-mediated vascular patho-

biology, there have not been any phenotype-specific associa-

tions within SSc.38,39 Despite the association of these

antibodies with SSc-PAH, their utility with regard to screen-

ing has been limited. Researchers reported in a Greek SSc

cohort that the presence of ACA abs was associated with a

more rapid increase in the echocardiogram determined TRV

over time.40 However, in the PHAROS cohort, none of the

above-mentioned antibodies could predict the risk for the

development of PH.41

Two intriguing antibodies with pulmonary vascular

implications in the SSc population are the anti-endothelin

receptor type A antibodies (ETAR) and anti-angiotensin

receptor type I antibodies (AT1R). In one study, ETAR and

AT1R levels were significantly higher in the SSc-PAH

patients when compared to other WHO group I PH and

CTEPH patients, suggesting that they might be useful in

differentiating SSc-PAH from other forms of PAH.

Another potential application might be with regard to

screening for PAH, as the same group of researchers

showed that SSc patients with a high AT1R and ETAR

titer had a significantly higher risk of developing PAH

when followed for a period of 6 years. In their cohort of

SSc patients, high AT1R levels conferred a 4.3-fold higher

risk (95% CI: 2.2–8.4) and high ETAR levels conferred a

3.5-fold higher risk (95% CI: 1.5–5.6) of developing

PAH.42 The presence of these antibodies also seemed to

predict death, further corroborating the mechanistic impor-

tance of these antibodies with regard to pulmonary vascu-

lar remodeling in the SSc-PAH patients.

Cardiac Biomarkers

B-type natriuretic peptide (BNP) is a 32-amino acid pep-

tide that is released by the cardiac atria and ventricles,

predominantly in response to myocardial stretch. The

precursor to BNP is a 134-amino acid pre-prohormone

that undergoes a two-step cleavage process ultimately

resulting in the active peptide BNP and an inactive 76-

amino acid fragment: NT-Pro BNP (N terminal Pro

B-type natriuretic peptide).43 Serum levels of BNP and

NT-Pro BNP have good correlations with mean pulmon-

ary artery pressure (mPAP), PVR, and RV strain in

patients with PAH and chronic thromboembolic pulmon-

ary hypertension (CTEPH).44,45 Because these biomar-

kers have a very high sensitivity and have a strong

correlation with myocardial stretch, they have significant

utility in screening for PAH in the SSc population. In a

study by Allanore et al, elevated NT-Pro BNP levels

could discriminate SSc patients with echo-determined

PAH (RVSP >40mm Hg) from those without PAH. The

negative predictive value for NT-Pro BNP as a screening

tool for echo-determined SSc-PAH in their study was

96%.46 These associations were subsequently validated

in RHC-confirmed SSc-PAH cohorts where an elevated

NT-Pro BNP level (>395 pg/mL) had high specificity

(95%) and positive predictive value in identifying

SSc-PAH.47,48

Another biomarker that appears to have the potential to

differentiate SSc-PAH from SSc without PAH patients is

growth differentiation factor(GDF)-15. GDF-15 belongs to

the transforming growth factor-β cytokine superfamily, is

released from cardiac tissue under conditions of stress and

in response to tissue damage, and appears to have a car-

dioprotective effect.49,50 Meadows et al, in a single-insti-

tutional, cross-sectional analysis, showed that SSc-PAH

patients had significantly higher serum levels of GDF-15

when compared to SSc patients without PAH. In their

study, GDF-15 levels had plausible correlations with para-

meters that correlate with the severity of pulmonary vas-

cular disease such as DLCO, FVC/DLCO, and NT-Pro

BNP and had a reasonably good discriminant power to

differentiate SSc-PAH patients from those without PAH.51

We do not yet know if GDF-15 enhances the predictive

power of BNP and NT-Pro BNP in diagnosing PAH, con-

sidering that both these biomarkers appear to have ontolo-

gical similarities with regard to their production and that

they are both present in the sera of patients with cardio-

pulmonary dysfunction.

A Practical Approach To Screening
For PAH In The SSc Population
Considering the limitations of relying on one “tool” to

identify PAH in the SSc population, a “multimodality

approach” to screening that has a very high sensitivity is

critical to minimize “missed diagnoses”. Two such strate-

gies to screen for SSc-PAH are the DETECT and the ASIG

(Australian Scleroderma Interest Group) algorithms. The

DETECT algorithm was derived from a multicenter, inter-

national study evaluating SSc patients for PAH.28 The

screening algorithm involves a two-step approach with

the first step utilizing non-echocardiographic data which

would be readily available to a rheumatology/primary care

provider. If a patient’s cumulative score generated from

this step is greater than 300 points, he/she would move to
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the second step which relies on echocardiographic data.

Patients scoring below 300 points would not require

further workup as the risk of PAH would be very low. In

the second step, which is based on echocardiographic data,

patients scoring greater than 35 points would be referred

to RHC (Figure 1). The ASIG algorithm, on the other

hand, uses just PFT data (DLCO <70% + FVC/DLCO

>1.8 - Component A) and a serum NT-Pro BNP level >

210pg/mL (Component B) to determine eligibility for

further workup of PAH. Patients with either a positive

component A and/or B would require further workup

with an echocardiogram, 6MWT, HRCT (high-resolution

computed tomogram) of the chest and, ultimately, an RHC

if suspicion for PAH remains high (Figure 2).52

While both these approaches have prospectively been

shown to have a very high sensitivity and negative predictive

value (NPV) – critical attributes required for a successful SSc-

PAH screening approach – they have a poor positive predictive

value (PPV), meaning that 40–45% of the patients (from the

derivative cohorts used to develop these tools) ultimately

referred to RHC did not have PAH.53 It is important to note

that the PPV for these algorithms in the real world could be as

low as 20% (8 out of 10 patients referred to RHC would not

have PAH), as the prevalence for PAH in the SSc population is

thought to be close to 10–15%, much lower than that in the

derivative cohorts used to develop these algorithms.53 This is

especially critical in resource-poor environments where such a

screening strategy for SSc-PAH may not be economically

feasible. Further research is needed to reduce this false-posi-

tive rate. It may be possible to improve the PPVand reduce the

rate of unnecessary RHC referrals by utilizing the 2015 ESC/

ERS echocardiographic criteria in combination with the ASIG

algorithm for example and refer patients to RHC if they at least

meet the intermediate probability criteria for PAH on

echocardiography.30 Cardiac MRI which has a very high

specificity and a high signal-to-noise ratio may help with

improving this predictive accuracy.54

It is important to note that the screening strategies listed

above have used the previous hemodynamic definitions for

PAH (mPAP of ≥ 25 mm Hg, a PVR> 3 wood units, and

normal left-sided filling pressures). The newer hemodynamic

definitions for PAH proposed during the sixth world sympo-

sium on PH use an mPAP ≥ 20mm Hg, a PVR>3 wood units,

Figure 1 The DETECT algorithm to screen for pulmonary arterial hypertension in

the systemic sclerosis patient.

Note: Adapted by permission from BMJ Publishing Group Limited. [Evidence-based

detection of pulmonary arterial hypertension in systemic sclerosis: the DETECT

study. Coghlan JG, Denton CP, Grunig E, et al. Ann Rheum Dis. 73(7):1340–1349,
copyright 2014].28

Figure 2 The ASIG (Australian Scleroderma Interest Group) algorithm to screen

for pulmonary arterial hypertension in a patient with systemic sclerosis

Note: Data from Thakkar et al.52
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and normal left-sided filling pressures to diagnose PAH.55

Currently, there are limited data with regard to the impact of

vasodilator therapies on patients classified as having PAH

using the new definitions. However, when these guidelines

are widely implemented, it will be important to prospectively

develop screening tools designed to identify PAH using the

new definitions.

Therapy And Prognosis
Therapy
Pulmonary Arterial Vasodilators

The advent of pulmonary arterial vasodilator therapies has

dramatically reduced the morbidity and mortality among

patients with PAH. While PA vasodilator therapies have been

validated for use in allWHO group I PAH patients, there is not

a treatment strategy outlined specifically for SSc-PAH

patients. The level of evidence and the strength/class of recom-

mendations for the use of individual drugs in the PAH patient

have been very well summarized in the 2015 ESC/ERS guide-

lines, and we would refer the interested reader to this

publication.30 The various PA vasodilator therapies approved

for use in PAH patients are listed in Table 2. The three

important vasoactive biologic pathways that can be manipu-

lated to achieve pulmonary arterial vasodilation and offload

the RVare a) the nitric oxide pathway, b) endothelin pathway,

and c) prostacyclin pathway.56 Achieving maximal pulmonary

arterial vasodilation synergistically using the various vasoac-

tive pathways is the cornerstone of the therapeutic strategy for

managing a PAH patient.

Calcium-Channel Blockers

Based on the preliminary studies by Rich and Brundage, high-

dose calcium-channel blocker therapy seemed to benefit a

subset of patients with primary pulmonary hypertension (as

IPAH was known back then).57 While only a small number of

patients with IPAH seemed to respond to calcium-channel

blockers, these “responders” had a substantially better 5-year

survival in comparison to the “non-responders” as noted in a

prospective study.58 In the present day, vasoreactivity to

inhaled nitric oxide or other vasodilators determined acutely

during right heart catheterization is used as a surrogate marker

to identify the “responder” group. Vasoreactivity testing is

routinely performed during RHC as part of the diagnostic

evaluation of a PAH patient. Although there were reports of

acute and short-term improvement in hemodynamics with

exposure to oral nifedipine in SSc-PAH patients, 59,60 no

long-term calcium-channel blocker trials were undertaken.

Given that the majority of SSc-PAH patients, not unlike the

IPAHpatients, are calcium-channel blocker non-responders, 61

and with the availability of more potent vasodilator therapies,

and more importantly, considering the potential risks of the

negative inotropic effects of high-dose calcium-channel

blocker therapy, these drugs are no longer recommended for

treatment of SSc-PAH. Considering the lack of therapeutic

benefit associated with calcium-channel blocker use in SSc-

PAH patients, vasoreactivity testing during RHC is not

required in a patient with previously established SSc.

However, it is important to note that calcium-channel blockers

are still used for the treatment of Raynaud phenomenon asso-

ciated with SSc.

Prostacyclin Analogues

After calcium-channel blockers, the next therapy that emerged

for PAH patients was the use of prostacyclin analogues or

prostanoids. The two common prostanoids delivered via a

continuous infusion pump for the treatment of PAH in the

US are epoprostenol and treprostinil. The first successful

demonstration of the long-term use of continuous infusion

IV epoprostenol was in primary pulmonary hypertension

patients.62 Shortly after that, one of the earliest demonstrations

Table 2 FDA-Approved Therapies For Pulmonary Arterial Hypertension

Drug Class / Mechanism

Of Action

Route Of Administration

PDE5

Inhibitors

sGC

Stimulator

Endothelin Receptor

Antagonists

Prostacyclin

Analogs

Oral Sildenafil

Tadalafil

Riociguat Bosentan Ambrisentan

Macitentan

Treprostinil

Selexipag

Inhaled n/a n/a n/a Treprostinil

Subcutaneous n/a n/a n/a Treprostinil

Intravenous Sildenafil n/a n/a Epoprostenol

Treprostinil

Abbreviations: PDE5, phosphodiesterase type 5; sGC, soluble guanylate cyclase.
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of the utility of long-term infusions of IV prostacyclins in SSc-

PAH patients produced mixed results. De La Mata and collea-

gues used continuously infused IV iloprost to treat three SSc-

PAH patients in a prospective open-labeled fashion.63

Although they demonstrated an acute reduction in PA pres-

sures and PVR, the 32-week hemodynamics worsened again.

Unfortunately, the mean dose used in these patients was 2.3ng/

kg/min – which is the starting dose for modern-day prostacy-

clin infusion therapy. It was not until a few years later that the

first-ever, randomized, placebo-controlled end-point-driven

study evaluating epoprostenol in PAH patients was completed.

In this study, patients randomized to the epoprostenol arm

demonstrated a significant reduction in the PVR and an

improvement in the 6-minute walk distance (6MWD) at 12

weeks when compared to the placebo group. All fatalities that

occurred in this study were in patients assigned to the placebo

arm.64 Shortly after this landmark study, reports of improve-

ments in hemodynamics with IV prostanoids in SSc-PAH

patients were published.65 Four years later, the first, rando-

mized, open-label controlled trial with IVepoprostenol in SSc-

PAH patients was completed. SSc-PAH patients receiving

epoprostenol had a significant improvement in exercise capa-

city and cardiopulmonary hemodynamics at 12 weeks.66 To

this day, IV prostanoids remain the first choice for SSc-PAH

patients presenting with advanced disease or WHO/NYHA

class IV symptoms and the last resort when SSc-PAH patients

receiving other therapies experience disease progression.

While initial attempts at using oral prostacyclin analogs to

treat Raynaud symptoms in SSc patients were unsuccessful, 67

their use in the treatment of SSc-PAH met with more success.

Oral treprostinil and the novel IP receptor analog selexipag

both have applications in the treatment of PAH in SSc

patients.68,69 A recent sub-group analysis of the GRIPHON

study showed beneficial effects of selexipag in patients with

SSc-PAH, with patients taking selexipag less likely to experi-

ence disease progression when compared to those receiving

placebo.70 Despite the advances in the development of oral

prostacyclin analogs, these drugs can be difficult to tolerate,

with significant gastrointestinal side effects including nausea,

vomiting, and diarrhea.68,70 A significant number of patients

are unable to tolerate doses high enough to reach serum levels

that are equivalent to parenterally administered prostanoids.

Over the long term, a significant number of patients initiated

on oral prostacyclins eventually end up transitioning to IV

prostacyclins due to disease progression.71 With improve-

ments in oral and inhaled drug formulations, we might be

able to achieve a higher dose delivery through these routes

in the future, but until then, parenterally delivered

prostacyclins will remain one of the most potent vasodilator

options for SSc-PAH patients.

Endothelin Receptor Antagonists

Endothelins (ET-1, ET-2, ET-3) are vasoactive proteins

that regulate vascular tone. ET-1 is produced in the

endothelial cells and has an affinity for ET-A and ET-B,

both G-protein-coupled receptors. The ET-A receptor is

predominantly expressed on vascular smooth muscle

cells and mediates vasoconstriction.72 The ET-B receptor

is expressed on endothelial cells and on vascular smooth

muscle and is responsible for clearing circulating ET-1

levels but can contribute to vasoconstrictive effects in

pathologic conditions such as pulmonary hypertension.73

Drugs selectively blocking the ET-A receptor (ambrisen-

tan) and both the ET-A and ET-B receptors (bosentan and

macitentan) are important therapeutic options for manage-

ment of the PAH patient.

SSc is characterized by microvascular destruction, and

the initiating event is thought to be endothelial cell injury.74

Endothelial injury can result in the release of ET-1, and ET-1-

induced vasoconstriction coupled with the loss of vasodila-

tory checks and balances could be an important contributor to

the vasculopathy that characterizes SSc.75 Indeed, elevated

levels of circulating ET-1 levels have been noted in SSc

patients with Raynaud phenomenon.76 Use of dual (ET-A +

ET-B) and single (ET-A) endothelin receptor antagonists has

been associated with a reduction in the rate of new digital

ulcer formation77,78 and Raynaud phenomenon in SSc

patients without PAH.79

Endothelin receptor blockade has been one of the ther-

apeutic mainstays for SSc-PAH. Bosentan, ambrisentan, and

more recently macitentan have all been associated with

improvements in 6MWD, functional class, patient-reported

quality of life and have been shown to reduce morbidity in

various clinical trials for PAH patients.80–82 Although these

drugs benefit SSc-PAH patients, sub-group analyses seem to

demonstrate a reduced efficacy of endothelin receptor

antagonists in patients with connective tissue disease-asso-

ciated PAH (CTD PAH) (a significant number of patients

had SSc-PAH in these studies), and the reasons for this

differential treatment response are unclear.17,83

Phosphodiesterase Inhibitors

Sildenafil and tadalafil are phosphodiesterase type V inhibi-

tors (PDE5i) that are approved for use in patients with PAH.

PDE5 inhibition prevents degradation of cyclic GMP

(cGMP), which relaxes vascular smooth muscle. The
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pivotal clinical trials that led to sildenafil – SUPER84 – and

tadalafil – PHIRST85 – being approved for therapy both had

a significant number of SSc-PAH patients. While no sub-

group analyses focused on the SSc-PAH patients from the

PHIRST study population are available, in a post-hoc ana-

lysis of the SUPER study, the 84 CTD PAH patients (43%

SSc-PAH) in the sildenafil arm were noted to have experi-

enced an improvement in exercise capacity, functional class,

and hemodynamic measures.86 Sildenafil and tadalafil are

widely used as first-line agents for PAH patients due to their

good tolerability profile when compared to the other PA

vasodilators.

Soluble Guanylate Cyclase (sGC) Stimulator

The oral sGC stimulator riociguat is a very potent alter-

native to PDE5is for the treatment of PAH. In the

PATENT-1 study, PAH patients receiving riociguat had a

significant improvement in exercise capacity, NT-Pro BNP

levels, WHO functional class, and quality of life when

compared to patients receiving placebo.87 Subsequently, a

post-hoc subset analysis of the PATENT-1 and PATENT-2

(long-term extension study) data looking specifically at

CTD PAH patients showed that CTD PAH patients receiv-

ing riociguat experienced an improvement in exercise

capacity and WHO functional class and also improved

hemodynamic parameters. However, the SSc-PAH popula-

tion in this subset had an attenuated improvement in exer-

cise capacity when compared to the overall CTD PAH

group.88

A significant number of PAH patients might have

reduced cGMP levels, and in these patients, PDE5 inhibi-

tion may not be an efficacious means of pulmonary

vasodilation.89 Further, there appears to be a reduced

expression of endothelial nitric oxide (NO) synthase in

some PAH patients.90 Riociguat could address the deficient

NO and cGMP signaling in these PAH patients by syner-

gistically increasing the sensitivity of sGC to NO and also

by the direct stimulation of sGC, thereby increasing cGMP

levels.91 The RESPITE study, a multi-center, open-label

uncontrolled study, evaluated switching PAH patients in

WHO functional class III, 6MWD less than 440 m, a

cardiac index <3L/min/m2, and PVR > 400 dynes/sec/

cm5 PDE5is to riociguat.92 In this study, 54% of patients

who were switched from PDE5is to riociguat had a sig-

nificant improvement in 6MWD and WHO functional

class and a reduction in NT-Pro BNP. This again seems

to suggest that there is a subset of PAH patients that

benefits from direct sGC stimulation as compared to

PDE5 inhibition. It should be noted that none of the

patients in this study had SSc-PAH.

Combination Therapy

With the availability of many PA vasodilator agents, com-

bination therapy exploits the synergy of the different vaso-

dilatory pathways to achieve optimal “RV offloading” in

the SSc-PAH patient. The proceedings from the sixth

world symposium on pulmonary hypertension from Nice,

France, summarize the current strategy for managing

patients with PAH while progressively escalating the

intensity of therapy using different combinations of PA

vasodilators.93

Until the earlier part of this decade, there was very

little evidence to suggest that starting multiple agents

“upfront” was superior to monotherapy or a sequential

addition of therapies for the management of PAH. With

the AMBITION study, an upfront combination therapy

using tadalafil and ambrisentan proved to be superior to

monotherapy with either of these agents in preventing

disease progression, improving 6MWD, and reducing

serum NT-Pro BNP levels.94 A post-hoc subgroup analysis

of the primary analysis set of the AMBITION study popu-

lation showed that CTD PAH (n=187, 63% SSc-PAH)

patients who were randomized to the “upfront combination

therapy” arm were significantly less likely to experience

disease progression when compared to the pooled mono-

therapy arm. Importantly, the incidence of adverse effects

was no different between the combination therapy and the

pooled monotherapy arms.95 In an open-label, prospective

study in incident (diagnosed within the previous 6 months)

SSc-PAH patients by Hassoun et al, an upfront combina-

tion therapy with ambrisentan and tadalafil resulted in a

significant improvement in RV function and WHO func-

tional class when followed over a 36-week period.96

In building upon the principle of exploiting this “multi-

pathway synergy” in the naive PAH patient, we currently

do not have evidence to support a triple-upfront combina-

tion therapy using all three pathways. The TRITON study

evaluating the use of initial triple oral (tadalafil, maciten-

tan, selexipag) vs dual oral (tadalafil, macitentan) combi-

nation therapy in the treatment of newly diagnosed

patients with PAH is currently underway (NCT02558231)

and results should become available in the year 2020. In a

subgroup analysis of the GRIPHON study that included

both prevalent and incident PAH patients, Coghlan et al

demonstrated that prevalent PAH patients on dual back-

ground therapy benefited from the addition of selexipag.
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The patients randomized to selexipag had a lower risk for

meeting the composite primary endpoint of morbidity or

mortality when compared to the placebo group.97

Although this is a post-hoc analysis of data from a clinical

trial, results from such analyses corroborate the validity of

the “progressive escalation approach” with regard to the

addition of PA vasodilators in the PAH patient.

Currently, it is our practice to treat newly diagnosed,

therapy-naive SSc-PAH patients with a combination of

two oral therapies, usually a PDE5i/sGC stimulator in

combination with an ERA (ambrisentan/macitentan). Our

practice is to follow a “close sequential” up-titration of

therapies given the adverse effect profile of these medica-

tions. We start with one drug and add a second agent in a

week or two with up-titration of each agent in a sequential

fashion in the following weeks. This approach has been

helpful in associating a particular adverse effect with a

drug and might potentially help improve adherence to

therapy. Change in therapy or addition of another PA

vasodilator is usually decided after assessing the improve-

ment (or lack thereof) in clinical symptoms and exercise

tolerance at the follow-up visit.

Immunosuppressive And Anti-Inflammatory Agents

In the past two decades, there has been an increasing

amount of evidence implicating the role of immunity and

inflammatory pathways in the genesis and progression of

PAH.98 Understanding the role of inflammation is espe-

cially germane in SSc-PAH. Many different antibodies

directed against antigens in the endothelium and fibro-

blasts have been detected in both IPAH and SSc-PAH

patients. Immune responses directed against the endothe-

lium could promote injury and apoptotic cell death and

result in the varied clinical manifestations in SSc including

PAH.98 While anti-inflammatory therapy seems to amelio-

rate PAH in other forms of CTD PAH, it does not appear

to improve disease symptoms or hemodynamics in patients

with SSc-PAH.99 The multi-center randomized placebo-

controlled trial evaluating the use of rituximab in SSc-

PAH patients (NCT01086540) has finished enrollment

and is expected to be completed at the end of 2019.

Bardoxolone methyl, an Nrf2-activator, showed promising

results in a Phase II study – LARIAT (NCT02036970), and

patients with IPAH and CTD PAH treated with the drug

showed an improvement in 6MWD (results presented in

abstract form). The multicenter, placebo-controlled Phase

III study evaluating bardoxolone in CTD PAH patients –

CATALYST (NCT02657356) – is nearing completion, and

results from this study should be able to inform us about

the role of adjunctive therapies in CTD PAH who are

already being treated with PA vasodilators.

Anti-Proliferative Agents

PAH is a disease characterized by an obliterative vasculo-

pathy resulting from unchecked endothelial and pulmonary

vascular smooth muscle proliferation.100 Since this is a

progressive disease not unlike a neoplastic process, there

has been an interest in the role of anti-proliferative agents in

preventing the progression of the vasculopathy underlying

PAH. Platelet-derived growth factor (PDGF) and c-KIT

signaling appear to play an important role in vascular

smooth muscle proliferation and have been identified as

potential therapeutic targets in PAH.101,102 The tyrosine

kinase inhibitor (TKI) – imatinib mesylate, which in addi-

tion to being an inhibitor of the BCR-ABL tyrosine kinase

in CML (chronic myelogenous leukemia) patients, was

noted to have inhibitory effects on the PDGF receptors

(PDGFR) and C-Kit (a receptor tyrosine kinase). Given its

record of safety in the treatment of CML patients, it seemed

reasonable to repurpose it for PAH treatment. Therapeutic

interest in imatinib mesylate increased after anecdotal

reports showed some promise in the management of

patients with advanced and often, end-stage PAH, not

responding to maximal therapy with PA vasodilators.103

The IMPRES trial was a multicenter Phase III study that

evaluated the use of imatinib for patients with IPAH and

CTD PAH with 6MWD as the primary outcome measure. In

this study, patients randomized to imatinib therapy had a

significantly greater improvement in 6MWD when com-

pared to the placebo arm. There was some hemodynamic

improvement in the imatinib arm, but serious adverse

events including sub-arachnoid hemorrhages were noted in

the patients treated with imatinib.104 The risk of intracranial

hemorrhages was again noted in a long-term observational

study that included patients with both IPAH (n=13) and

CTD PAH (n=2).105 Thus, despite some clinical and hemo-

dynamic improvements noted with imatinib use, the risk of

serious adverse events such as intra-cranial hemorrhages

has cast questions on its viability as a safe adjunctive

therapy in PAH patients.

Another anti-proliferative agent with therapeutic poten-

tial in the PAH arena appears to be tacrolimus (FK-506).

FK-506 is thought to exert its anti-proliferative effects on

the endothelial cells by the activation of BMPR2 (bone

morphogenic protein receptor 2). BMPR2 signaling, which

is important for endothelial cell regulation, is
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dysfunctional and/or downregulated in PAH patients and

activating BMPR2 could ameliorate endothelial

proliferation.106 Some positive clinical experiences with

tacrolimus in end-stage PAH patients107 paved the way

for a Phase IIa clinical trial. Low-dose tacrolimus (2–

5ng/mL) was found to be well tolerated in PAH patients

(including CTD PAH patients) without major adverse reac-

tions for a period of 16 weeks in the Phase IIa study. A

subset of patients did demonstrate an increase in BMPR2

levels.108 Future, large, event-driven, outcomes-based stu-

dies in the future will determine the utility of tacrolimus as

an adjunctive therapy in patients with PAH.

While intravenous prostacyclin analogs remain the ear-

liest developed and the most potent therapies for the man-

agement of PAH, we now have an armamentarium of PA

vasodilator therapies spanning all the different routes of

administration (Table 2). There is now considerable clin-

ical evidence to direct early and upfront combination of

vasodilator therapy for the management of all PAH

patients, including SSc-PAH patients. The most recent

guidelines from the sixth world symposium on pulmonary

hypertension underscore the need for aggressive therapy

with vasodilators for WHO group I PH patients and SSc-

PAH patients are no exception.93 Results from ongoing

human studies using anti-proliferative, immunosuppres-

sive, and novel anti-inflammatory agents will determine

their utility as adjunctive therapies for PAH patients.

Prognosis And Risk Stratification
In the last decade, there have been significant advances with

regard to the risk stratification of PAH patients who are

already on therapy. The two well-validated risk stratification

algorithms that serve as useful guides for providers caring

for PAH patients are the REVEAL 2.0 risk calculator109 and

the 2015 ESC/ERS risk stratification guidelines.30 Broadly

speaking, PAH risk stratification tools delineate the mortal-

ity risk in a PAH patient based on clinical parameters such

as exercise capacity, RV function, serum cardiac biomar-

kers, and hemodynamic indicators from RHC.93 The

REVEAL 2.0 risk calculator was derived from the

REVEAL (Registry to Evaluate Early and Long-Term

PAH Disease Management) registry which was an indus-

try-sponsored observational study that enrolled patients

with WHO group I PAH from different regions within the

US. This registry was established in 2006 and completed

enrollment in 2012 and was originally designed to provide

longitudinal follow-up data for a period of 5 years.110 The

calculator was derived from a Bayesian analysis of

prospectively collected mortality data over a period of 1

year for all the patients in the registry. The resultant risk

score assigns a low (<5%), intermediate (5–10%), and high

(>10%) 1-year mortality risk.109 The ESC/ERS risk strati-

fication tool, on the other hand, utilizes a collection of

clinical parameters and threshold values for those para-

meters, most of which are based upon expert opinion, to

stratify patients into low (<5%), intermediate (5–10%), and

high (>10%) 1-year mortality risk categories.30

While both the ESC/ERS risk stratification tool and the

REVEAL 2.0 calculator classify patients into low-, inter-

mediate-, and high-risk categories, one advantage of the

REVEAL calculator over other risk stratification tools,

especially with regard to SSc, could be that the

REVEAL registry contained a significantly larger number

of SSc-PAH patients when compared to other registries

from around the world. In fact, over 25% of patients in this

registry had connective tissue disease-associated PAH,

with a significant number having SSc-PAH.109 The

REVEAL calculator appears to have reasonably good

validity for the risk stratification of incident SSc-PAH

patients, as demonstrated by the study by Mullin and

colleagues in the PHAROS population.111 Risk stratifica-

tion tools help the clinical provider add or titrate vasodi-

lator therapies with a goal to prospectively achieve the

lowest possible risk category. Risk stratification also

helps identify patients unresponsive to therapies and con-

sider lung transplantation in a timely fashion.

Historical cohort analyses comparing the survival trends

between IPAH and SSc-PAH patients have ascribed a survi-

val disadvantage to the SSc-PAH population.14 With

advances in risk stratification, improvements in the aware-

ness and the diagnostic process, and more available combi-

nation therapies for the treatment of PAH, there have been

some improvements in the short-term survival in the incident

SSc-PAH patients.16,112 While the 1- and 3-year survival

among incident SSc-PAH patients appears comparable to

IPAH patients in the modern era, the overall median survival

of incident SSc-PAH patients is still significantly worse when

compared to IPAH patients.15,112,113 The reasons for this are

incompletely understood at this time. Poor RV adaptation to

pulmonary vascular load in the SSc-PAH patients vs the

IPAH patients is thought to be one reason.114–116 Another

driver of this difference could be that SSc-PAH appears to be

a distinct pulmonary vasculopathy when compared to IPAH.

Histopathological analyses of explanted lungs from SSc-

PAH and IPAH patients seem to corroborate some of these

findings.117 In a pulmonary vascular histo-morphometric
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analysis comparing IPAHwith SSc-PAH lung specimens, we

identified differences between the two diseases. In our sam-

ple, we did not note any plexiform lesions in the SSc-PAH

lungs, while 33% of IPAH lungs had plexiform lesions.

There was a significantly greater amount of interstitial cellu-

larity and fibrosis noted in the SSc-PAH lung specimens

when compared to the IPAH lungs (unpublished data –

manuscript in preparation).

Another important difference between SSc-PAH

patients and IPAH patients is with regard to their clin-

ical response to PA vasodilator therapies. While patients

with IPAH have had a significant improvement in mor-

bidity with use of single and combination PA vasodilator

therapies, these responses have not uniformly translated

into all the WHO group I phenotypes and especially to

the SSc-PAH population. Rhee and colleagues analyzed

data from various therapeutic clinical trials over the last

decade and compared treatment responses between the

CTD PAH patients (56% had SSc-PAH) and IPAH

patients.17 Their retrospective multi-cohort analysis

showed that PA vasodilator therapies were less effica-

cious in CTD PAH patients with regard to improvement

in 6MWD and in preventing disease progression when

compared to the IPAH patients. The treatment hetero-

geneity between IPAH and SSc-PAH again brings into

the spotlight the inherent differences between these two

disease entities. Across various cohort analyses (for both

incident and prevalent PAH patients) comparing the

incident SSc-PAH with IPAH patients, the SSc-PAH

patients, despite having lower mean PA pressures and

PVR values when compared to the IPAH patients, have

significantly lower DLCO values when compared to

their IPAH counterparts. DLCO depends on both pul-

monary capillary blood volume and membrane conduc-

tance – both of which are likely affected in SSc-PAH

patients (possibly from subclinical interstitial fibrosis as

noted in our histo-morphometric analyses). Perhaps,

SSc-PAH patients have a severely reduced pulmonary

capillary surface area (aggressive vasculopathy with

additional capillary loss from interstitial fibrosis) when

compared to IPAH patients, and so these patients have a

very low “recruitable” capillary population, and this

could probably explain the attenuated treatment

responses. In our clinical practice, we often see patients

with significant restriction noted on lung function testing

with minimal to no ILD noted on high-resolution com-

puted tomogram of the chest evaluation. Histo-morpho-

metric analyses from our group, as previously noted,

seem to demonstrate a significantly higher burden of

interstitial cellularity and fibrosis in end-stage/advanced

SSc-PAH patients when compared to IPAH patients with

advanced disease (unpublished data – manuscript in

preparation).

It is important to understand these differences to be

able to develop therapies tailored to SSc-PAH patients.

The role of antifibrotic therapies and immunomodulator

therapies as adjuncts to PA vasodilator-based treatment in

the SSc-PAH population is still unclear. Results from some

of the ongoing clinical trials looking at immunosuppres-

sion and novel inflammatory modulation in the CTD PAH

population will further inform our strategies to manage

these challenging patients better. In Summary, SSc-PAH

is a challenging disease that is a leading cause of mortality

in patients with SSc. With advances in screening strate-

gies, greater availability of PA vasodilator combinations,

and improvements in risk stratification tools, there have

been improvements in short-term survival for incident

SSc-PAH patients. However, overall survival still remains

worse in SSc-PAH when compared to IPAH patients, and

importantly, SSc-PAH patients appear to be at a disadvan-

tage when compared to IPAH patients with regard to

treatment responses to PA vasodilators. With advances in

our understanding of the pulmonary vasculopathy and RV

adaptation in SSc-PAH, availability of novel immunomo-

dulatory and anti-inflammatory therapies, we hope to be

able to develop a therapeutic strategy “personalized” for

SSc-PAH patients in the near future.
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