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Abstract
Pulmonary arterial hypertension leads to significant impairment in haemodynamics, right heart function,
exercise capacity, quality of life and survival. Current therapies have mechanisms of action involving
signalling via one of four pathways: endothelin-1, nitric oxide, prostacyclin and bone morphogenetic
protein/activin signalling. Efficacy has generally been greater with therapeutic combinations and with
parenteral therapy compared with monotherapy or nonparenteral therapies, and maximal medical therapy is
now four-drug therapy. Lung transplantation remains an option for selected patients with an inadequate
response to therapies.

Introduction
Medications approved to treat pulmonary arterial hypertension (PAH) lead to improvement in functional
class, exercise capacity, haemodynamics, right heart function and brain natriuretic peptide (BNP)/
N-terminal pro-BNP (NT-proBNP) levels, among others [1–3]. These benefits have been seen in clinical
trials across a wide range of PAH severities and across multiple PAH subgroups.

Compared with monotherapy, larger improvements are seen with combination therapy and thus most
patients with PAH are candidates for oral or oral plus parenteral combination therapy from the time of
diagnosis, along with early reassessment and escalation in therapy when indicated (figure 1).

Trials utilising a time-to-clinical-worsening composite as a primary or secondary end-point have
demonstrated that PAH therapies also improve longer-term outcomes. Results have been driven most
strongly by reductions in PAH clinical worsening and in PAH-related hospitalisations, but in meta-analyses
a modest reduction in all-cause mortality has also been reported [4]. Indeed, survival from the time of
diagnosis appears to be improving in observational studies as well, although the median survival time
remains <10 years [5, 6]. There remains a need for improved utilisation of existing therapies, particularly
parenteral prostacyclin pathway agents (PPAs), as well as the targeting of novel therapeutic pathways.

The addition of sotatercept, an activin signalling inhibitor, to the treatment armamentarium has brought
significant optimism, as it is the first treatment to act on a completely novel pathway in nearly two decades
[7, 8], and four-pathway drug combination therapy is now an option (figure 2). Longer-term studies are
still underway and will be important in providing a better understanding of the overall benefits and safety
profile of this medication.
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In this expert consensus document from the World Symposium on Pulmonary Hypertension (WSPH), we
aim to:

1) outline overall treatment recommendations for PAH (figure 1);
2) provide recommendations for specific PAH subgroups;
3) review clinical trials completed since the last WSPH in 2018 (table 1 [7–17]);
4) review medication profiles (table 2), and discuss transitions from one medication to another;
5) discuss knowledge gaps and proposals for future research.

Treatment goals and risk stratification
A wide range of prognostic measures have been identified in PAH, with functional class, 6-min walk
distance (6MWD), NT-proBNP, right ventricular imaging and haemodynamics among the strongest.
Patients achieving a lower-risk status based on these measures have better outcomes than patients who fail
to do so [37], and PAH treatment guidelines have traditionally utilised these severity measures as a means
for choosing PAH therapies, with a goal of achieving a low-risk status.

While this approach has made sense based on both the order in which PAH therapies were discovered as
well as the inclusion criteria and trial design for most early studies where only patients of certain
functional classes were included, achieving a low-risk status in the short-term has not been found to be a
strong surrogate for longer-term clinical worsening outcomes [38].

It is therefore likely that alternative strategies will be needed in the future, optimally determined
empirically and through randomised studies to identify optimal treatment strategies.

What future treatment algorithms may look like remains to be seen: will early or upfront initiation of three
or even four medications be shown to be beneficial, leading to a strategy similar to guideline directed
medical therapy in heart failure [39]? Or will a targeted stepwise approach be recommended, perhaps with
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FIGURE 1 Treatment algorithm. PAH: pulmonary arterial hypertension; IPAH: idiopathic PAH; HPAH: hereditary PAH; DT: drug and toxin; CTD:
connective tissue disease; ERA: endothelin-1 receptor antagonist; PDE-5i: phosphodiesterase-5 inhibitor; i.v.: intravenous; s.c.: subcutaneous; PPA:
prostacyclin pathway agent; sGCS: soluble guanylyl cyclase stimulator; Rx: prescription; mPAP: mean pulmonary artery pressure; PVR: pulmonary
vascular resistance; FC: functional class; 6MWD: 6-min walk distance; RV: right ventricle.
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alternative goals such as normalisation or near-normalisation of mean pulmonary artery pressure (mPAP)
and pulmonary vascular resistance (PVR)?

At the present time, we lack evidence to support either of these approaches. Indeed, initial triple oral
therapy was found not to be superior in the TRITON study, which evaluated combination therapy with
tadalafil, macitentan, and selexipag versus tadalafil, macitentan and placebo [9]. Continued use of a
predominantly risk-based treatment approach is therefore recommended, but with the anticipation that this
will likely change as additional studies are completed.

Details on risk stratification can be found in the WSPH task force article on PAH risk stratification
and treatment goals [40]. In general, recommendations are for initial treatment based on stratification as
high versus not high risk, while beginning at first follow-up a “four-tier” approach is recommended,
stratifying patients into low risk, intermediate-low, intermediate-high and high risk based on risk
calculators. The most commonly utilised include those developed from the Registry to Evaluate Early and
Long-term PAH Disease Management (REVEAL registry), including REVEAL 2.0 and REVEAL lite
2.0 [41], and the European Society of Cardiology (ESC)/European Respiratory Society (ERS) calculator,
studied with slight variations across multiple cohorts [42–46]. Noninvasive prognostic measures included
in all the commonly used risk calculators include functional class, 6MWD and BNP or NT-proBNP
levels. Patients with good results on all three measures have excellent 1-year outcomes and these
results can be utilised as a core component in decisions regarding PAH medical therapies. However,
optimal risk reassessment for making treatment decisions requires other measures including serial cardiac
imaging and haemodynamics, particularly when considering major treatment changes. These measures are
important in order to more fully characterise overall disease status and because factors including age,
comorbidities, musculoskeletal disease and other factors beyond PAH severity can also affect the
noninvasive results.
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FIGURE 2 Pulmonary arterial hypertension (PAH) therapies work through four major pathways: endothelin-1 receptor antagonists (ERAs) block the
endothelin (ET)-1 receptor. Phosphodiesterase-5 inhibitors (PDE-5i) and soluble guanylyl cyclase (sGC) stimulators increase signalling in the nitric
oxide (NO) and cyclic GMP (cGMP) pathway, resulting in increased cGMP levels, and prostacyclin (PGI2) and other prostacyclin pathway agents
(PPAs) bind the prostacyclin receptor (IP receptor), promoting the production of cAMP, leading to vasodilation and inhibiting vascular cell growth.
Sotatercept, a novel biologic agent targeting the transforming growth factor-β superfamily, acts as a ligand trap for activins and related growth
factors. This helps rebalance growth-promoting and growth-inhibiting signalling pathways, with multiple downstream effects. Signalling is shown as
proceeding from endothelial cell to smooth muscle cell for simplicity, but is bidirectional. BMPR: bone morphogenetic protein receptor; ALK:
anaplastic lymphocyte kinase; ActR: activin receptor. #: in addition, signalling mediators also originate from multiple other cell types, particularly
for activin.
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Supportive measures
Supportive measures recommended for PAH patients are summarised in table 3 [47–53]. Although no
major new supportive care recommendations are made when compared to the most recent WSPH and ESC/
ERS PAH guidelines [47, 48], attention to these measures remains important. In particular, female patients
of childbearing potential should be offered highly effective birth control, and recommendations against
pregnancy for most patients are maintained, due to unacceptably high maternal risk in PAH; see also
pregnancy recommendations in the WSPH article on PAH management in special conditions [54]. As
general healthcare measures, all PAH patients should receive vaccinations, with particular attention to
respiratory pathogens including influenza, Streptococcus pneumoniae and severe acute respiratory
syndrome coronavirus 2 [47], and vaccination against respiratory syncytial virus should be recommended

TABLE 1 Key clinical trials with approved pulmonary arterial hypertension (PAH) medications since the 6th World Symposium on Pulmonary
Hypertension in 2018

Aetiology
Subjects n

Groups Weeks
n

Primary
end-point

Primary
end-point results

(95% CI)

Positive
primary
end-point

Other end-points
met

Initial combination therapy (all or majority)
TRITON [9] PAH

247
Macitentan, tadalafil,

selexipag versus
macitentan, tadalafil,

placebo

26 PVR GMR: 0.96 (0.86–1.07) No NA

A DUE [10] PAH
187

Macitentan + tadalafil
FDC versus macitentan

or tadalafil#

16 PVR GMR: macitentan +
tadalafil versus
macitentan:

0.71 (0.61–0.82)
GMR: macitenan +

tadalafil versus tadalafil:
0.72 (0.64–0.8)

Yes NT-proBNP

Sequential combination therapy
FREEDOM-EV [11] PAH

690
Oral treprostinil versus

placebo
NA TTCW HR: 0.74 (0.56–0.97) Yes FC, Borg

dyspnoea score,
NT-proBNP

Novel therapies
PULSAR [7, 12] PAH

106
Sotatercept 0.3 mg,
0.7 mg, placebo

24 PVR LSM: 0.3 mg −145.8
(−241.0–−50.6), 0.7 mg
−239.5 (−329.3–−149.7)

Yes 6MWD,
NT-proBNP

STELLAR [8] PAH
323

Sotatercept versus
placebo

24 Walk HLE: 40.8 (27.5–54.1) m Yes NT-proBNP, FC,
TTCW, others

Specific subgroups
PORTICO [13] PoPH

85
Macitentan versus

placebo
12 PVR GMR: 0.65 (0.0.59–0.72) Yes mPAP, cardiac

index
MAESTRO [14] Eisenmenger

syndrome
226

Macitentan versus
placebo

16 Walk −4.7 (−22.8–13.5) m No NA

New end-points
REPLACE [15] PAH

226
Open-label riociguat
versus continued

PDE-5i

24 Clinical
improvement

OR: 2.78 (1.53–5.06) Yes Clinical
worsening events

TRACE [16] PAH
108

Selexipag versus
placebo

24 Actigraphy 3 primary end-points, no
difference (time, steps)

No NA

AFFILIATE [17] PAH
385

Sildenafil 5, 20, 80 mg
three times daily

NA Mortality 5 mg
versus 80 mg
(noninferiority)

Mortality 80 mg versus
5 mg: HR 0.51 (99.7% CI

0.22–1.21)

Yes¶ 80 mg superior to
5 mg for TTCW,

6MWD

PVR: pulmonary vascular resistance; GMR: geometric mean ratio; NA: not applicable; FDC: fixed-dose combination (of macitentan and tadalafil);
NT-proBNP: N-terminal pro-brain natriuretic peptide; TTCW: time to clinical worsening; HR: hazard ratio; FC: functional class; LSM: least-squares
mean; 6MWD: 6-min walk distance, HLE: Hodges–Lehmann estimate; PoPH: portopulmonary hypertension; mPAP: mean pulmonary artery pressure;
PDE-5i: phosphodiesterase-5 inhibitor. #: in A DUE, the macitentan + tadalafil comparison groups were 1) former treatment-naïve or endothelin-1
receptor antagonist (ERA) patients, for the comparison versus macitentan and 2) former treatment-naïve or PDE-5i patients, for the comparison
versus tadalafil; ¶: the AFFILIATE study met its primary end-point of noninferiority between sildenafil 80 mg three times daily and 5 mg three times
daily on mortality, based on prespecified noninferiority thresholds. However, the study was halted early because of the numeric imbalance in
mortality (26.4%, 19.5% and 14.8% in the 5 mg, 20 mg and 80 mg groups, respectively).
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in patients aged >60 years and can be considered in PAH in general [49]. Data from randomised controlled
clinical trials (RCTs) on anticoagulation in PAH are lacking and available data derived from observational
studies and registries have demonstrated conflicting results regarding efficacy in idiopathic (IPAH),
hereditary (HPAH) or drug- or toxin-induced (DT)-PAH [55–58]. Therefore, anticoagulation is not
generally recommended but may be considered on an individual basis [47]. In contrast, registry data have
more consistently suggested an absence of benefit and probable harm with anticoagulation in CTD-PAH,

TABLE 2 Medications for pulmonary arterial hypertension

Medications Common adverse reactions Other important information

Oral medications
PDE-5i [18–21] Sildenafil, tadalafil Headache

Flushing
Dyspepsia
Epistaxis

Rare loss of vision or hearing
Avoid with nitrates, riociguat

Guanylyl cyclase
stimulators [22]

Riociguat Headache
Dyspepsia
Dizziness

Hypotension

Avoid in pregnancy#, avoid with
nitrates, PDE-5i

Monitor for hypotension; may
require dose adjustment based on

systemic SBP
Endothelin-1
receptor antagonists
[21, 23–27]

Ambrisentan,
bosentan,
macitentan

Peripheral oedema
Nasal congestion

Anaemia¶

Avoid in pregnancy#, monitor
haemoglobin (all), liver function

(monthly for bosentan, as clinically
indicated for others)

Prostacyclin receptor
agonists [28]

Selexipag Prostanoid-type AEs+ Data on selexipag in pregnancy are
not available

Prostanoids, p.o.
[11, 29–32]

Treprostinil,
beraprost

Prostanoid-type AEs+

Inhaled medications
Prostanoids, inhaled
[33, 34]

Iloprost, treprostinil Cough
Prostanoid-type AEs+

Parenteral medications
Prostanoids, parenteral
[35, 36]

Epoprostenol
(i.v.), treprostinil

(i.v., s.c.)

Prostanoid-type AEs+ Sudden discontinuation of
parenteral prostanoids can be

life-threatening
Activin-signalling
inhibitor [7, 8]

Sotatercept (s.c.) Headache
Diarrhoea
Nosebleed

Bleeding events
Telangiectasia

Avoid in pregnancy#; potential risk
of reduced future fertility based on

animal studies; monitor for
thrombocytopenia and increased
haemoglobin for first five doses

and periodically

PDE-5i: phosphodiesterase-5 inhibitor; SBP: systolic blood pressure; AE: adverse events; i.v.: intravenous; s.c.:
subcutaneous. #: highly reliable contraception and monthly pregnancy testing required for all individuals of
childbearing potential due to risk of teratogenicity; ¶: while adverse reactions to endothelin-1 receptor
antagonists tend to be class effects, there is some variability and switching within the same class can be
considered; +: prostanoid-type AEs include flushing, headache, jaw pain, nausea/vomiting, diarrhoea.

TABLE 3 Recommended supportive measures [47–49]

Supervised exercise training
Psychological support
Immunisation against SARS-CoV-2, influenza, Streptococcus pneumoniae and consider vaccination against RSV
Diuretic treatment in patients with fluid retention
Continuous LTOT when arterial blood oxygen pressure is consistently <8 kPa (60 mmHg)
Correction of iron status in patients with iron-deficiency anaemia
Advise against pregnancy
Clear contraceptive advice
Pre-transplant counselling

SARS-CoV-2: severe acute respiratory syndrome coronavirus 2; RSV: respiratory syncytial virus; LTOT: long-term
oxygen therapy.
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and its routine use is not recommended [47]. Finally, pre-transplant counselling on issues such as weight
optimisation, avoidance of tobacco and illicit drugs, and attention to treatment of comorbidities is
recommended, in order to ensure potential future barriers to transplant are addressed [59].

Vasoreactivity and calcium channel blockers
It is recommended that patients with IPAH, HPAH or DT-PAH undergo acute vasoreactivity testing during
the index right heart catheterisation in order to identify patients who should be treated with calcium channel
blockers (CCBs). Acute vasoreactivity is defined by a decrease of the mPAP by ⩾10 mmHg to reach an
absolute mPAP <40 mmHg, without a decrease in cardiac output [47]. A recent multicentre study evaluating
acute vasoresponders has found that patients meeting these haemodynamic criteria plus having a large
improvement in pulmonary arterial compliance were more likely to have a long-term response, but we do not
recommend a change in the acute vasoresponder criteria at this time. Significant heterogeneity in long-term
response was also found in this study, emphasising the need for early comprehensive risk-reassessment at 3–
4 months [60]. CCBs should be initiated at a low doses followed by uptitration based on overall response
including haemodynamic measures; to achieve an optimal response, high doses may be required. Treatment
goals include a low-risk profile on noninvasive testing and near normalisation in haemodynamics. Former
CCB responders should be managed as per the standard (nonvasodilator) PAH algorithm; whether to
discontinue CCBs is not well studied.

Patients with PAH and mPAP 21–24 mmHg and/or PVR <3 Wood Units
The 6th WSPH recommended lowering the mPAP threshold for the diagnosis of PH from ⩾25 mmHg to
>20 mmHg [61]. Subsequently, the ESC/ERS guidelines recommended lowering the threshold for
abnormal from >3 Wood Units (WU) to >2 WU [47]. Taken together, these modifications to the
haemodynamic definition of pulmonary hypertension (PH) will change the expected incidence and
prevalence of PH, although the magnitude of this change has not been well characterised to date [62].
Importantly, while the new definition of PH identifies a larger cohort of patients with pulmonary vascular
disease, current therapies for PAH were studied in populations fulfilling the old definition. As such, there
are no approved therapies for patients with mPAP between 21 and 24 mmHg. There are few current studies
examining the impact of vasodilator therapy in patients with mildly elevated pressures (clinicaltrials.gov
identifier NCT04797286); most of the completed studies included patients with scleroderma and exercise
PH and thus lack generalisability to PH patients with mildly elevated pressures [63–65]. A consensus is
therefore lacking on whether patients with mildly elevated pulmonary arterial pressures and PVR should be
considered for initiation of PAH therapies. Clinical trial enrolment is recommended, if available, and all
patients should be closely monitored for progression. If a decision to initiate therapy is made despite a lack
of robust trial data, initial monotherapy is recommended over combination therapy.

Treatment algorithm: initial treatment, patient selection and choice of therapy
The majority of patients included in PAH clinical trials have had IPAH, HPAH, DT-PAH or connective
tissue disease (CTD)-associated PAH, and therefore the treatment algorithm presented is focused on these
patients. This algorithm is also intended for patients with phenotypically clear-cut PAH, similar to the
majority of patients enrolled in PAH clinical trials, and for patients with a mPAP ⩾25 mmHg and PVR
>3 WU; see also the section on comorbidities and phenotypes herein and in the WSPH article on
definition, classification and diagnosis of pulmonary hypertension [66].

Initial therapy following diagnosis should be based on an evaluation of risk status. For patients not
classified as being at high risk at baseline, initial therapy with an endothelin-1 receptor antagonist (ERA)
and phosphodiesterase-5 inhibitor (PDE-5i) combination is recommended [47]. Same-day initiation of both
medications is well tolerated and is a recommended option, but sequential initiation over a short period of
time (1–2 weeks) to assess tolerability is also acceptable. Use of tadalafil in combination with macitentan
or ambrisentan is preferred, based on stronger evidence of efficacy for these combinations [9, 10, 21]
versus combinations containing bosentan or sildenafil [67]. When using sildenafil, initiation with 20 mg
orally three times daily is recommended, but uptitration to 80 mg can be considered if needed, though at a
cost of a higher rate of adverse events [17, 18].

Patients with severe PAH and classified as high risk at the time of diagnosis should receive a parenteral
PPA in combination with an ERA and a PDE-5i [47]. Although parenteral therapies (intravenous
epoprostenol, subcutaneous or i.v. treprostinil) were initially evaluated as monotherapy [35, 36, 68],
well-conducted observational studies have suggested significantly improved outcomes, including survival,
for initial triple combination therapy that includes a parenteral PPA in high-risk patients [5, 69].
A discussion about lung transplant and potential referral should also be considered at diagnosis in
high-risk patients, depending on patient, centre- and region-specific criteria; see also the WSPH article on
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transplantation and bridging and support technologies in pulmonary hypertension [70]. Patients classified
as non-high risk, but having some high-risk features may also be considered for initial parenteral therapy,
based on observational data showing excellent and possibly superior long-term outcomes in some
subgroups of patients with this approach [5].

Initial triple oral therapy with selexipag, a PDE-5i and an ERA is not recommended based on the TRITON
trial, which found no difference in PVR or other end-points at 26 weeks [9, 71]. Finally, while inhaled
therapies (inhaled treprostinil, inhaled iloprost) and oral riociguat may be considered as a component of
initial therapies, the overall evidence for this based on patient number, duration and types of studies is
lower compared with initial ERA–PDE-5i combination therapy [21, 23].

Initial reassessment for potential therapy escalation: early is preferred
The optimal timing of the first follow-up reassessment and potential treatment escalation has not been fully
established, but 3–4 months appears to be a reasonable compromise allowing most prognostic measures to
have reached or neared a plateau [72]. There is some evidence that patients receiving add-on therapy
earlier following their diagnosis may have a more robust response versus those much later in the disease
process, although this is more speculative [73]. The 3–4-month time point for reassessment applies only to
patients who are stable or improving during this time; those with clear-cut deterioration should be
considered for treatment escalation promptly. For patients initially receiving monotherapy, the addition of a
second agent at this time (or earlier) should be considered for most patients, including in particular patients
who have not reached a low-risk status.

Low risk at follow-up: is additional therapy indicated?
Most patients currently classified as low risk still have significant symptoms and reduced exercise capacity.
Risk of progression is also present; in a combined analysis of the AMBITION, GRIPHON and
SERAPHIN trials, >20% of patients classified as low risk on multiparameter risk scores developed a
clinical worsening event within 3 years of study entry [38]. These results suggest that simply achieving a
low-risk status based on current risk calculators alone is insufficient to ensure optimal symptom control or
an adequate long-term clinical response in all patients.

However, clinical trials have also found smaller short-term improvements in functional class and 6MWD
in PAH patients with low-risk scores [74]. And while the relative risk reduction in clinical worsening in
PAH RCTs appears similar in magnitude in lower-risk versus higher-risk patients, the absolute risk
reduction in lower-risk patients is small [75]. Additional PAH therapy may also lead to additional
side-effects and expense.

Individualised management may therefore be considered. Expanded goals of therapy have been proposed,
including a PVR <5 WU [76], large declines in the PVR (e.g. >50–60%) [77–79], improvement in stroke
volume index or other haemodynamic measures [80] and achieving a normal or near-normal right heart
size and function on cardiac imaging [81]. However, longer-term studies are needed in order to better
determine the extent to which these measures add value on top of an already low risk status.

Intermediate-low risk at follow-up: treatment escalation
Patients already on combination oral therapy who are at intermediate-low risk on a four-tiered risk scale
should be considered for add-on or transitions in therapy, including add-on therapy with sotatercept, with
an oral PPA (selexipag, oral treprostinil), with an inhaled PPA, or with transition from an oral PDE-5
inhibitor to riociguat. Table 4 summarises key trials performed with these medications among patients
already on one or more therapies. Studies of both sotatercept and selexipag included large numbers of
patients on combination background therapy, providing a higher level of evidence for their use in this
setting, while studies of oral and inhaled treprostinil included only patients on monotherapy.

Differences in route of administration, types of background therapy, trial designs and safety profiles for
these medications make comparisons difficult, with the impressive and more robust improvement with
sotatercept countered by larger and longer clinical trials focused on the prevention of clinical worsening
for the oral PPAs.

Specifically, in STELLAR (n=323), patients receiving sotatercept showed a placebo-corrected improvement
in 6MWD of 41 m (p<0.001, primary end-point) at 24 weeks, along with improvement versus placebo in
health-related quality of life, functional class, haemodynamics, echocardiography and NT-proBNP [82].
In addition, patients in the sotatercept arm had significantly fewer clinical worsening events over a median
follow-up of 33 weeks (hazard ratio 0.16, 95% CI 0.08–0.35) [8]. Generally consistent results were also
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seen across multiple subgroups. All patients were on background PAH therapy including 4% on one, 35%
on two and 61% on three approved background PAH therapies. Additionally, 40% were receiving a
parenteral PPA.

By contrast, studies targeting the prostacyclin pathway with oral agents, GRIPHON (selexipag) and
FREEDOM-EV (oral treprostinil) were larger, longer-term studies (median follow-up >1 year) with
event-driven composite primary end-points. Both studies showed a significant reduction in worsening
events, with a 40% (p<0.001) reduction in GRIPHON and 26% (p=0.03) reduction in FREEDOM-EV
[11, 28]. Change in 6MWD was more modest, with an improvement of 12 m (p=0.003) in GRIPHON and
8 m (p=0.12) in FREEDOM-EV (both placebo-corrected). Patients in GRIPHON were treatment-naïve
(20%), on oral monotherapy (47%) or on oral combination therapy (33%), while patients in
FREEDOM-EV were receiving background oral monotherapy with an ERA, soluble guanylate cyclase
stimulator or PDE-5i.

The safety and adverse event profiles are similarly difficult to compare due to a lack of head-to-head data,
differences in study design and duration, differences in sample sizes and significant differences in types
and frequency of adverse events. For the sotatercept trials, adverse events leading to sotatercept
discontinuation were uncommon (2% in STELLAR), but a number of adverse events including serious
adverse events have been associated with sotatercept use. Bleeding events occurred in 22% of the
sotatercept arm and 13% of the control arm in STELLAR, usually as minor mucosal bleeding (nosebleeds,
gingival bleeding), but serious events have also been reported across the sotatercept studies including
gastrointestinal bleeding, central nervous system bleeding and haemoptysis. Other adverse events of
potential importance included the development or worsening of telangiectasias, increases in haemoglobin
and decreases in platelets. In contrast, the most common PPA-associated adverse events seen in these
studies were those common to all prostacyclins and include headache, flushing, jaw pain, extremity pain,
nausea and diarrhoea. These PPA associated adverse events tend to occur early on after medication
initiation and may improve over time or with dose reduction.

Overall, these differences make it difficult to make any strong recommendations. In general, one might
consider sotatercept in those with greater symptom burden or greater impairment in exercise capacity,
given the improvement in these measures seen in STELLAR. In contrast, one might consider selexipag or
oral treprostinil as a simpler approach initially in those at higher bleeding risk, such as with hereditary
haemorrhagic telangiectasia, or when aiming for a reduction in long-term clinical worsening events and/or
in those who are more comfortable with the more established long-term safety profile.

Inhaled PPA (inhaled treprostinil or iloprost) [33, 34, 83] are also options as add-on therapy for patients at
intermediate-low risk. However, as a less convenient option due to route of delivery and the number of

TABLE 4 Key randomised trials of prostacyclin pathway agents, riociguat and sotatercept in studies of patients on background endothelin-1
antagonists and/or phosphodiesterase-5 inhibitors

Study [reference]
drug

Subjects
n

Blinded Duration
weeks

Background
medical

treatments %

Primary
end-point

Primary
end-point

results (95% CI)

Positive
primary
end-point

Other key
positive

end-points

0 1 2 3

GRIPHON [28]
selexipag

1156 Yes ∼71 20 47 33 0 TTCW HR 0.60
(0.46–0.78)

Yes 6MWD,
NT-proBNP

STELLAR [8]
sotatercept

323 Yes 24 0 4 35 61 6MWD HLE 40.8
(27.5–54.1) m

Yes 6MWD, PVR,
NT-proBNP, FC,
TTCW, others

TRIUMPH [33]
inhaled
treprostinil

235 Yes 12 0 100 0 0 6MWD HLE 20.0
(8.0–32.8) m

Yes 6MWD,
NT-proBNP, QoL

FREEDOM-EV [11]
treprostinil p.o.

690 Yes ∼52 0 100 0 0 TTCW HR 0.74
(0.56–0.97)

Yes NT-proBNP, FC

REPLACE [15]
riociguat

226 No 24 0 29 71 0 Clinical
improvement

OR 2.78
(1.53–5.06)

Yes 6MWD, FC

TTCW: time to clinical worsening; HR: hazard ratio; 6MWD: 6-min walk distance; NT-proBNP: N-terminal pro-brain natriuretic peptide; HLE: Hodges–
Lehmann estimate; PVR: pulmonary vascular resistance; FC: functional class; QoL: quality of life.
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treatments required per day (four for treprostinil, between six and nine for iloprost), and as medications
studied either as monotherapy (iloprost) or added-on to monotherapy (inhaled treprostinil), these
medications are most often considered when issues with tolerability arise with other medications, or in
patients felt to be at higher risk of adverse events with oral medications. Positives include a lower
frequency of prostacyclin-type side effects versus other routes, and potentially fewer systemic effects in
general [84].

Switching from a PDE-5i to riociguat may also be considered, based on a positive randomised but
unblinded study evaluating the likelihood of clinical improvement in patients previously treated with a
PDE-5i who were randomised to either switch to riociguat versus continuing a PDE-5i [15, 85]. Clinical
improvement was defined as absence of clinical worsening and improvement in at least two of three of the
following: 6MWD, World Health Organization functional class and NT-proBNP. Although the study was
positive, the lack of blinding as well as the use of an unvalidated outcome measure lowers the strength of
this recommendation.

Intermediate-high and high risk at follow-up: maximal therapy and transplant
Patients at intermediate-high risk at follow-up should receive a parenteral PPA or be considered for add-on
sotatercept, while those at highest risk should receive a parenteral PPA, if not already receiving. Parenteral
PPA have been studied as monotherapy [35, 36, 68], double combination [19] and triple combination
therapy (observational), including in patients with functional class IV symptoms and other signs of severe
disease [5, 79]. Maximal medical therapy is now four-drug therapy; this is based on the sotatercept RCTs
where a majority of patients studied were receiving background triple therapy [7, 8].

Timing of referral, evaluation and listing for transplant will depend on many factors including potential
barriers to transplant that may need to be addressed, local criteria for listing, local waitlist and prioritisation
factors. Patients should be considered for referral for lung transplant evaluation with any of the following:
progressive disease or hospitalisation for PAH despite therapy, need for parenteral PPA, known or
suspected pulmonary veno-occlusive disease (PVOD)/pulmonary capillary haemangiomatosis (PCH) or the
development of secondary liver or kidney dysfunction. Transplant evaluation is generally considered in
high-risk patients at diagnosis, and is recommended in all follow-up patients with progression to or
persistence of intermediate-high- or high-risk features [86]. Additional criteria which may also be
considered for referral and listing are discussed in the WSPH article on transplantation and bridging and
support technologies in PH [70].

Among those listed for transplant, further prioritisation (ranking on the priority list) can be difficult in
PAH as traditional measures utilised for transplant prioritisation have not performed very well in PAH in
this setting, and PAH patients have higher rates of waitlist mortality compared with patients with
parenchymal lung disease [87, 88]. Alternative strategies, such as moving acutely decompensated PAH
patients who are failing to improve with initial intensive care treatments to the top of the waitlist, may
reduce mortality [89]. Appeal for a higher lung allocation score may also be an option in regions where
this strategy is available [87].

Comorbidities and other patient populations at higher risk of adverse response to medications
Given the large variability in pathophysiology and phenotypes for patients with PH and comorbidities, a
separate “comorbidities” arm has not been included in the PAH treatment algorithm. Instead, a very careful
approach to these patients is recommended, as detailed later, in order to identify patients who have
definite/phenotypically clear-cut PAH and may benefit from PAH therapies, including potentially upfront
combination therapy as per the treatment algorithm, as well as others who are unlikely to benefit and may
be harmed by PAH therapies.

PAH patients with comorbidities are increasingly seen in clinical practice and have been found in several
studies to have a higher rate of adverse events with therapy [90] and possibly a less robust treatment
response. Potential contributors include differences in PAH phenotype as well as the occurrence of occult
group 2 PH, where patients meet typical haemodynamic criteria for pre-capillary PH at rest, but manifest
group 2 haemodynamics with provocative manoeuvres such as exercise or fluid challenge, resulting in
misclassification.

Clinical, haemodynamic and imaging findings may raise concern for occult group 2 PH. This includes
catheterisation findings of a relatively higher pulmonary capillary wedge pressure (12–15 mmHg range)
and relatively lower PVR (3–5 WU), echocardiographic findings of left atrial enlargement, grade 2 or

https://doi.org/10.1183/13993003.01325-2024 9

EUROPEAN RESPIRATORY JOURNAL 7TH WORLD SYMPOSIUM ON PULMONARY HYPERTENSION | K.M. CHIN ET AL.



higher diastolic dysfunction, a reduced left ventricular ejection fraction or left-sided valve dysfunction, and
medical conditions associated with left heart disease, including hypertension, diabetes, obesity, sleep
apnoea, atrial fibrillation and coronary artery disease [91].

While many patients with these features will have group 2 PH and should not receive PAH therapies at all,
a subset of patients may have PAH, but with a high comorbidity burden. In this setting, initiating therapy
as monotherapy may be preferred in order to monitor for tolerability and response to therapy. Although
head-to-head data are lacking, the rate of adverse events and medication discontinuation rate may be higher
for the ERAs versus the PDE-5i in this setting, so starting therapy with a PDE-5i may be preferred [92].

Another subset of patients present with more clear-cut group 1 PAH, despite having one or more
comorbidities. This patient population is increasing in clinical trials, mirroring the prevalence of
comorbidities in the general population. For example, in GRIPHON, 51% of all patients had at least one
cardiovascular comorbidity, including hypertension (33%), obesity (27%), diabetes (11%), and coronary
artery disease (10%), while in AMBITION, 40% had hypertension, 10% diabetes and 4% coronary artery
disease [90]. Subgroup analyses can be difficult to interpret, but reductions in risk of clinical worsening in
the “comorbidities” patients in these two studies were generally similar to the overall results [90, 93].

These findings demonstrate the potential benefits of PAH therapy in patients with comorbidities, including
the use of combination therapy in some patients with comorbidities who meet the rigorous inclusion
criteria typical of PAH clinical trials. However, caution is warranted, as treatment-associated adverse events
were more common and improvement in symptoms and walk distance end-points were more modest [90, 93].

Another common setting where concern for a non-group 1 diagnosis may occur is with significant
pre-capillary PH in combination with lung disease. PAH clinical trials have typically excluded those with
moderate or severe lung disease, but not mild lung disease. Subgroup analyses focused on lung function
and/or oxygen use from PAH clinical trials are lacking. Registry data suggests that patients with both a
smoking history and a diffusing capacity of the lung for carbon monoxide <45% may have a less robust
improvement in 6MWD and shorter average survival times after PAH therapy (and other unique
phenotypic findings), but clinical trial outcomes focused on this subgroup are needed [94]. Criteria for
approaching the diagnosis and treatment of group 3 PH as well as details on differentiating group 1 PAH
versus group 3 PH are discussed separately in the WSPH article on PH associated with lung diseases [95].

When PAH therapies are started in PAH patients with comorbidities, close follow-up is needed due to
higher adverse event rates. There is also the potential for an alternative and sometimes non-group 1 PH
diagnosis to be revealed only following therapy initiation. In this setting, PAH therapies should generally
be discontinued and treatment focused on the underlying condition.

In all the settings described, evaluation at an expert centre is recommended. While PAH therapies may be
of benefit to a subset of patients with these more complicated phenotypes, harm or possible harm with
PAH therapies has been seen across a wide range of pulmonary and cardiac conditions, including ERAs
and riociguat in interstitial lung disease, ERAs in heart failure with preserved ejection fraction (HFPEF),
PDE-5i in group 2 PH with a history of left-sided valve disease or HFPEF and PDE-5i in PH associated
with sickle cell anaemia [92, 96–105]. Management recommendations are described in the WSPH article
on PH associated with left heart disease [106].

PAH subgroups
CTD-PAH
Patients with CTD-PAH comprise the second-largest PAH subgroup included in clinical trials of PAH
therapy, after IPAH, accounting for 30–40% of the study population [107, 108]. The majority of these
patients have scleroderma-related PAH (SSc-PAH). Despite a lower disease prevalence in the general
population than other CTDs such as rheumatoid arthritis or systemic lupus erythematosus, PAH is more
commonly seen in SSc, with 8–12% of patients developing this disease [109, 110]. Outcomes for patients
with CTD-PAH vary, with the worst outcomes noted for SSc-PAH compared to other CTDs [111]. In
general, survival in SSc-PAH is worse than IPAH, but has improved over the past decade, with median
survival approaching 8 years in SSc-PAH [112]. Similarly, relative improvements in other outcomes, such
as time to clinical worsening and 6MWD, have been observed, although the magnitude tends to be smaller
than that seen in IPAH populations [107]. Reasons for these differences may include limitations of the
outcome measures for CTD-PAH patients where comorbidities contribute to time to clinical worsening and
functional limitations and lower thresholds for clinically relevant changes as seen in the 6MWD [113].
Furthermore, pulmonary venular involvement leading to a PVOD phenotype may be under-recognised in
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SSc-PAH and is associated with poor response to vasodilators and poorer outcomes overall [114, 115].
Despite these potential modifiers of response to therapy, post hoc analysis of the AMBITION study
demonstrates similarly robust improvements in time to clinical worsening and 6MWD with initial PDE-5i
and ERA therapy in CTD-PAH patients as IPAH patients [116]. As such, previous consensus
recommendations have supported application of the same general treatment algorithm for CTD-PAH as
other forms of PAH.

One caveat to this treatment approach based on risk assessment is the limitation of risk assessment tools in
CTD-PAH and specifically SSc-PAH populations, where model performance may not be as robust as in
IPAH [117]. Given the differences in treatment response and outcomes in CTD-PAH compared to other
forms of PAH, CTD-specific tools may be needed to better assess risk in this population, along with close
attention to haemodynamics and right ventricular imaging.

In addition to differences in treatment response, CTD-PAH patients have a higher incidence of treatment-
related adverse events compared to other PAH types, which may limit use of certain therapies in this
population [107]. Caution should be exercised with initiation of medications that may increase bleeding
risk, such as sotatercept, in CTD patients who are predisposed to gastrointestinal bleeding due to vascular
anomalies. In addition, digital contractures and impaired manual dexterity may impact the ability of some
CTD-PAH patients to manage parenteral therapies, further limiting treatment options.

Congenital heart disease associated PAH with unrepaired defects
Congenital heart disease (CHD)-associated PAH includes four subtypes: Eisenmenger syndrome, PAH
associated with persistent systemic-to-pulmonary shunts, PAH with small/coincidental defects and
PAH associated with repaired defects. Many clinical trials of PAH therapies included CHD patients with
repaired defects as long as >1 year since the time of repair, and these patients are typically treated similarly
to those with IPAH.

In contrast, patients in the first two groups, having significant and unrepaired congenital heart defects, have
more complicated pathophysiology and have been excluded from most PAH clinical trials. A
comprehensive evaluation including assessment for potential closure, medical therapeutic strategy,
complication monitoring and psychological support is important, and should be performed by
multidisciplinary team in an experienced centre. Post-capillary PH must also be excluded prior to
considering PAH therapies. Supportive therapies include assessment for iron deficiency, avoidance of
routine phlebotomy, use of antibiotic prophylaxis for the prevention of endocarditis (for cyanotic CHD or
with prosthetic material), and the use of air-filters with i.v. lines [118].

Compared with other group 1 PAH subgroups, particularly IPAH and CTD-associated PAH, clinical trial
data on PAH therapies in patients with unrepaired CHD-PAH are limited. In the BREATHE-5 trial, greater
functional and haemodynamic improvement was seen with bosentan versus placebo [119], while in the
MAESTRO trial, macitentan failed to improve 6MWD versus placebo, but led to lower NT-proBNP
(overall study) and improved haemodynamics (substudy) [14]. BREATHE-5 included only
PAH-treatment-naïve patients, while 27% of patients in MAESTRO were on a background PDE-5i.
Improvement in exercise capacity, symptoms and survival in CHD-PAH has also been suggested with
PAH therapies more generally, including double and triple combination therapy [120–127], but these data
are largely observational. Larger and higher-quality studies in CHD-PAH are needed.

Initiation of PAH therapies in a sequential and symptom-oriented fashion is generally recommended (initial
monotherapy, add-on therapy as needed) in both Eisenmenger syndrome and in PAH associated with
persistent systemic-to-pulmonary shunts, especially in those patients with preserved exercise capacity.
However, greater haemodynamic improvement has been reported with use of combination therapy, and in
recent years the use of combination therapy has become more common [127, 128]. For patients with
persistent high-risk clinical features, lung or heart–lung transplantation should be considered [129, 130].

For patients in whom closure is not initially considered feasible, a number of reports have suggested that
closure might be considered after treatment with targeted drug therapy for PAH, if sufficient improvement
is seen [131]. However, there is still no evidence for a long-term benefit from this approach, and caution is
warranted. Decisions on shunt closure should not be made on haemodynamic parameters alone, and a
multiparametric strategy should be followed. There is a need for future prospective studies, ideally with
randomisation, to ascertain the benefit and safety of this approach; see also the WSPH article on paediatric
PH [132].
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Drug- and toxin-associated PAH
A number of medications are associated with the development of PAH, covered in greater detail in the
WSPH article on the definition, classification and diagnosis of pulmonary hypertension [21]. Outcomes
appear to be heterogeneous. Partial or full reversal of PAH has been reported after discontinuation of some
agents, including dasatinib [133] and interferon [134], and thus for patients exposed to these medications
and presenting with lower-risk features, discontinuation of the causative medication followed by close
observation can be considered. If no improvement is seen over a period of 3–4 months, PAH therapy
should be started. Some medications, particularly chemotherapy agents, have also been associated with
PVOD/PCH, and this should be considered in the appropriate setting [135]. For stimulant-associated PAH,
the most common form of drug/toxin-associated PAH in the current era, spontaneous remission is not
typical, and patients with DT-PAH associated with stimulants also appear to have worse outcomes versus
IPAH [136, 137]. Treatment recommendations include initiation of PAH therapy following the treatment
algorithm (figure 1) and referral for treatment of substance use at the time of diagnosis.

HIV-PAH
Patients with PAH associated with HIV tend to be younger and are more likely to be male and to have
more severe haemodynamic abnormalities versus patients with IPAH/HPAH [138, 139]. HIV itself is a risk
factor for the development of PAH, although high rates of stimulant use and intravenous drug use, both
risks for PAH, are also seen [86]. Treatment response to PAH therapies appears similar versus IPAH,
based on open-label clinical studies [140] and observational data [138, 139, 141], and small numbers of
HIV-PAH patients have been included in many of the large PAH RCTs [9, 21, 23, 24, 28]. Treatment with
both highly active antiretroviral therapy (HAART) and PAH therapies is therefore recommended. This does
require extra attention to potential medication interactions, particularly when protease inhibitors are being
utilised as a component of HAART. Drug levels of both sildenafil and tadalafil, in particular, are increased
significantly in this setting, and the manufacturers of both PDE-5i recommend against their use in PAH
with any strong cytochrome P450 3A inhibitors. However, given the fatal nature of untreated/inadequately
treated PAH, coadministration of protease inhibitors and reduced-dose PDE-5i has been described in the
literature in a small number of case reports [142], and might be considered if no other options exist.

Portopulmonary hypertension
Portopulmonary hypertension (PoPH) is the occurrence of PAH in the setting of portal hypertension
(hepatic venous pressure gradient >5 mmHg or indirect signs of portal hypertension). While most PoPH
patients also have cirrhosis, PoPH can occur without cirrhosis and across all Child–Pugh classes [143].
The prevalence of PoPH in patients with cirrhosis or portal hypertension is not insignificant, accounting
for ∼5–15% of all patients with PAH in the United States of America, France and Japan [144–147].
Conversely, the prevalence of PAH in patients with portal hypertension is reported to be between 2% and
6% [147–149].

The management of PoPH is unique. Prior to initiating treatment, it is important to distinguish true PoPH
from other forms of PH that can occur in liver disease, including PH due to volume overload and/or high
cardiac output states. Patients with PoPH will generally meet group 1 PAH haemodynamic criteria
including a pulmonary artery wedge pressure ⩽15 mmHg, but some degree of volume excess and high
cardiac output may also be present and can complicate diagnosis. Optimising both volume state and
treating the underlying liver disease are both important components of therapy.

Regarding PAH pharmacotherapy, the PORTICO study, utilising macitentan, is the only RCT with a
placebo-controlled, double-blind design specifically targeting PoPH. This study compared PVR after
12 weeks of macitentan 10 mg versus placebo, finding a 35% reduction in PVR with macitentan [13].
Other smaller studies, mostly open-label case series, have shown improvement versus baseline for PoPH
with other PAH therapies including greater improvement in haemodynamics with the use of two- and
three-drug combination therapy [150–152]. Overall numbers of patients are low, particularly for Child–
Pugh grade C disease. For those with more advanced liver disease, caution is recommended due to the
higher potential for impaired drug metabolism.

A subset of patients with PoPH may be candidates for liver transplantation, and in observational studies,
patients undergoing PAH medical therapy followed by liver transplantation have better survival rates
versus PAH medical therapy alone [151, 153]. Haemodynamic targets prior to consideration of listing, as
suggested by the International Liver Transplantation Society, include a mPAP <35 mmHg and a PVR
<5 WU, or a mPAP 35–45 mmHg with a PVR <3 WU [152, 154]. These values are slightly more lenient
than those utilised in earlier years. Pressures higher than this are generally considered an absolute
contraindication to liver transplantation. Following liver transplant, PAH usually no longer progresses and
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some PAH patients have tolerated de-escalation or discontinuation of PAH therapies, but this is not
universal [155].

Schistosomiasis
Schistosomiasis-associated PAH (Sch-PAH) is one of the most common causes of PAH worldwide
[156, 157]. While Sch-PAH typically occurs in the setting of severe hepatosplenic schistosomiasis, the
overall pathophysiology, prognosis and treatment response appear distinct from PoPH, albeit incompletely
studied [156, 158]. Treatment with PAH therapies is associated with improvement in survival, with most
reports describing treatment with PDE-5i or ERA monotherapy or combination therapy [159, 160].
Treatment of the underlying parasitic infection is also considered in all or some patients, although a
haemodynamic benefit has not been established [159].

PVOD/PCH
PVOD/PCH represents a rare variant of PAH, distinguished by remodelling of the pulmonary venules and
capillaries. Although PVOD/PCH and PAH share a similar clinical presentation with features of severe
pre-capillary PH, it is important to differentiate these two conditions, as PVOD/PCH carries a worse
prognosis and life-threatening pulmonary oedema may occur following the initiation of PAH therapy
[47, 161–165]. To date, there is a lack of established evidence-based medical therapy for PVOD/PCH,
making lung transplantation the preferred definitive treatment for eligible patients. It is strongly
recommended that patients receive early referral to specialised centres upon diagnosis [72, 166].

The safety and efficacy of PAH-targeted drugs in the context of PVOD remain uncertain. Consequently,
their use should be approached with great caution and limited to PH expert centres experienced in
managing this complex condition.

A recent systematic review evaluating the safety and efficacy of PAH-targeted treatments in PVOD/PCH
identified 14 single case reports, no RCTs and four case series involving between eight and 16 patients.
These reports included patients treated with CCBs, ERAs, PDE-5i and low-dose parenteral epoprostenol,
mostly as monotherapy [167]. While moderate clinical and haemodynamic improvement was reported in
some individual cases, sustained long-term effects are generally lacking [166].

Limited-resource settings
Unfortunately, access to PH medications may be limited in some areas, whether due to a lack of resources
in general or due to inequitable distribution of resources/healthcare coverage, as is even seen in some
wealthier countries. Generally, symptomatic management with diuretics and general and supportive
measures are universally available options. Unfortunately, the cost and national availability of PH
medication makes use impossible for many, and monotherapy a default approach in others. Parenteral
therapies are generally not available where resources are limited. On a positive note, the approval of
generic medications for some types of PAH therapies is welcomed. Advocacy programmes by the broader
PH community for access to cheaper and effective generics as well as education on approaches to PH
where resources are limited are recommended. Atrial septostomy has shown significant benefit in PAH,
most notably where access to medications is limited, but, unfortunately, familiarity with the procedure is
uncommon globally [168].

Haemodynamic effects of PAH therapies
Medications other than sotatercept have both acute and chronic vasodilatory effects [169, 170]. Acutely,
the decline in mPAP and PVR in response to PAH medications is often modest, presumably due to the
extensive vascular remodelling that is often present in PAH. Greater haemodynamic improvement is
observed long-term [171], and combination therapy leads to greater haemodynamic improvement versus
monotherapy, particularly when given as upfront therapy. The largest overall declines in PVR have been
reported for upfront triple combination therapy that includes a parenteral PPA [3].

Significant improvement in right atrial pressure (RAP), mPAP, PVR, cardiac index and mixed venous
oxygen saturation (SvO2

), among others, have been reported in clinical trials and observational studies
[3, 172]. As nonselective vasodilators, PAH therapies also lead to modest declines in systemic vascular
resistance [173]. Clinically significant decreases in systemic blood pressure are uncommon, but can be
seen when PAH therapies are used in combination, or with use of riociguat, which appears to have more
potent systemic effects [22].

In contrast, sotatercept also leads to long-term improvements in pulmonary haemodynamics, but it lacks
acute vasodilatory effects in the pulmonary or systemic circulation, suggesting that long-term improvements
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in haemodynamics occur through other mechanisms. Significant improvements in RAP, mPAP, PVR and
SvO2

, but not cardiac index, have been seen in sotatercept clinical trials [7, 12].

The reasons for the lack of improvement in cardiac index are unclear, but sotatercept also leads to increases
in haemoglobin and systemic vascular resistance, both of which would theoretically reduce the tendency
for cardiac output to increase, and have been hypothesised to contribute to this finding. In addition, all
patients in the sotatercept studies were on background PAH medications, and many had a cardiac index in
the normal range at baseline. Conversely, even when looking at the subgroup of patients in the sotatercept
studies with a low cardiac index, a statistically significant increase in cardiac index was not seen, although
a small (nonsignificant) numeric increase was reported [82]. What this means from a clinical standpoint is
not yet completely clear, as sotatercept leads to a robust reduction in PVR, improvements in right
ventricular function on imaging, a lower NT-proBNP and clinically meaningful improvement in quality of
life and exercise capacity.

Still, in patients presenting seriously ill and with a low cardiac index, the far greater experience with
parenteral PPA in this setting suggests that these medications remain first-line. Rapid and pronounced
improvement has been documented, including an early mortality benefit in the sickest patients [35].

Medication administration and adverse effects
More detailed information on the dosing and management of PAH therapies can be reviewed in prior
WSPH publications and PH treatment guidelines [47, 48]. Medications and common adverse effects by
pharmaceutical class are shown in table 2 [7, 8, 11, 18–27, 29–31, 33–36].

While most adverse events can be managed with supportive therapy and/or dose adjustment, when
applicable, a few require special consideration. Volume overload is common in PAH as a part of the
disease process, but can also develop in response to PAH therapies, particularly with the ERAs.
Management involves frequent follow-up, adjusting diuretics, and occasionally discontinuation and
transition to other medications. This effect tends to be magnified in patients with group 2 risk factors, and
severe fluid retention with ERAs should prompt review of the overall PH diagnosis.

New or worsened hypoxia related to PAH therapy is not common based on clinical trial data, despite
the potential for increased ventilation/perfusion mismatch with PAH medications seen in experimental
studies [174].

In those developing more severe hypoxia, echocardiography with bubble study and high-resolution
computed tomography should be considered, and if no other causes are identified, previously unrecognised
PVOD/PCH, although rare, should be considered. Typical findings suggestive of PVOD/PCH include the
development of new hypoxia in combination with increased septal lines and/or ground-glass opacities on
imaging following the introduction of PAH therapies, as well as mediastinal adenopathy.

For sotatercept, the most recently approved PAH therapy, treatment is initiated at 0.3 mg·kg−1, and then
increased to 0.7 mg·kg−1 for subsequent doses administered every 3 weeks. Downtitration to 0.3 mg·kg−1

can be considered when required for adverse events (particularly for elevated haemoglobin) or tolerability.
Monitoring is recommended for increased haemoglobin, reduced platelets and the development of new
telangiectasias, and an increased risk of bleeding events has been seen in trials. In addition, sotatercept
carries a risk of fetal harm, and may have the potential to reduce future fertility and males and females,
based on animal studies [175].

Parenteral PPAs and transitions between parenteral and nonparenteral PPAs
Parenteral PPAs are initiated at 1–2 ng·kg−1·min−1 for both epoprostenol and treprostinil, followed by
uptitration over weeks to months, typically to an initial dose of 15–20 ng·kg−1·min−1 for epoprostenol [35,
173, 176, 177] and ⩾40 ng·kg−1·min−1 for treprostinil [178, 179]. Additional uptitration may be
considered if needed, but there is considerable variability across centres [178]. Higher targets are also
advocated by some centres, mainly in Japan [180, 181]. Haemodynamic reassessment prior to additional
dose escalation is recommended in order to avoid excessive side-effects as well as the potential for
overdose and high cardiac output state [173, 182, 183].

Transitions between epoprostenol and treprostinil and/or changes in route of delivery between
subcutaneous and intravenous administration may be required due to delivery-route complications (site
pain, line infections) or other reasons. Transitions should be performed with close monitoring. There is no
established dose conversion formula, but in general, higher doses of treprostinil relative to epoprostenol are
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utilised [184]. Acutely, modest under-dosing is preferred to over-dosing, such that many studies have
utilised a relatively lower initial short-term transition target followed by a higher (outpatient) target based
on tolerability and clinical response [185–191].

Transitions from parenteral PPAs to oral or inhaled PPA are also considered in some patients, often at
patient request and usually in patients with a good response to current therapy (PVR <5 WU, normal
cardiac index, low-risk findings). With the increasing armamentarium of PAH therapies, requests for this
type of transition may increase in the coming years. However, while short-term case series describe mostly
positive outcomes, these data are very limited with some patients worsening during or after the transition,
and with a poor response to reinitiation of the parenteral PPA in some cases [192, 193].

For those choosing to proceed, downtitration of epoprostenol or treprostinil is typically completed over
weeks to months. Many centres utilise catheterisation during downtitration while still on a very low dose
of epoprostenol or treprostinil and/or at the time of discontinuation, and again 3–4 months following
transition [193–195]. More rapid downtitration is also possible, particularly for transitions to oral
treprostinil [196], but requires particularly careful management. Initiation of the oral or inhaled PPA often
occurs during the parenteral therapy downtitration, most often with overlap of the two medications for a
short time.

Shared decision-making
Before therapy is prescribed for a patient with PAH, a patient–clinician discussion should occur to
promote shared decision-making. Topics discussed should include information on the underlying disease
process(es), benefits of potential therapies, route of administration and administration burden, adverse
effect profile, any medication interactions, comorbidities and patient preferences [197].

It is important during this process to ask the patient about their preferred level of participation in treatment
decision-making, as some prefer a much more active role, while others prefer to leave decisions almost
entirely to their physicians [198]. Decision-making is aided by an understanding of the patient’s most
important treatment goals, whether improvement in prognosis, improvement in symptoms, avoidance of
burdensome therapies, other goals, or all of the above.

Knowledge gaps and future directions
• In acute vasodilator responders with subsequent loss of response, it remains unknown whether CCBs

should be continued, dosage reduced or discontinued.
• Studies on treatment response for patients with mPAP 21–24 mmHg and PVR 2–3 WU and for those

with exercise PH are needed, as there is a paucity of clinic trial information.
• While combination therapy is more effective than monotherapy, additional studies on the timing and

sequence of subsequent therapy escalation and optimal treatment goals are needed.
• High-quality observational data may be of use to help to supplement clinical trial data, particularly for

newer therapies and to assess safety; registries should strive to enhance phenotyping, to include
patients across different medications, and particular attention should be paid to transitions between
therapies including intravenous/subcutaneous PPA.

• There remains concern that progressive subclinical deterioration in right ventricular function can occur
despite favourable early clinical measures. Finding reliable markers of progression and response to
escalation in therapies remains an important focus of research.

• Interventions to increase the acceptance and timing of initiation of parenteral prostacyclins are needed.
• With older median age at diagnosis and improved survival for patients with established PAH, study of

the interaction between PAH therapies and new or previously diagnosed comorbid conditions is
needed.

• Some subgroups of PAH remain particularly under-studied. In particular, this includes PoPH,
unrepaired CHD, schistosomiasis-associated PAH and PVOD/PCH.

• Optimal treatment in resource-limited areas remains under-studied, and worldwide access to PAH
therapies is a critical need.

Conclusions
Optimal treatment of PAH involves combination therapy for a majority of patients, including upfront
combination therapy with an ERA and PDE-5i for most newly diagnosed patients. Exceptions include
IPAH/HPAH/DT-PAH with a positive vasodilator response who should receive a CCB initially. Maximal
medical therapy is now four-drug therapy. Reassessment and early escalation in therapy is recommended.
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