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Abstract

Lung transplantation remains a key treatment option for patients with pulmonary arterial
hypertension (PAH) who continue to deteriorate despite targeted medical therapy. However,
lung transplant remains underutilized in PAH, and these patients have among the highest
waitlist mortality of any transplant indication. This narrative review, based on a PubMed
search and author selection of the literature, synthesizes evidence on indications for lung
transplant referral in PAH, risk stratification scores that provide insight into disease status,
and the evolving medical therapies for PAH, including sotatercept, and their potential
impact on referral and transplant practice. We then review preoperative and perioperative
strategies for PAH patients, including hemodynamic support, primary graft dysfunction,
extracorporeal membrane oxygenation, and the choice between bilateral lung and heart—
lung transplantation, along with post-transplant outcomes. We also review geographic and
institutional differences in organ availability and outcomes that may affect patients with
PAH. Our findings suggest a need for earlier referral, research on how newer medications
will affect referral and outcomes, and standardization of surgical and systemic practices to
achieve good outcomes in this unique population.

Keywords: pulmonary arterial hypertension; lung transplantation; heart-lung transplantation;
primary graft dysfunction; extracorporeal membrane oxygenation; waitlist mortality; risk
stratification; sotatercept; pulmonary hypertension therapy

1. Introduction

Pulmonary arterial hypertension (PAH) is a progressive pulmonary vascular dis-
ease defined hemodynamically as precapillary pulmonary hypertension (PH) with a
mean pulmonary artery pressure (mPAP) > 20 mmHg, pulmonary artery wedge pressure
(PAWP) < 15 mmHg, and pulmonary vascular resistance (PVR) > 2 Wood units (WU), in
the appropriate clinical context and in the absence of other causes of precapillary PH [1]. If
not appropriately treated, it can lead to right heart failure and death [1]. Despite the advent
of targeted therapies [2-7], a subset of patients continue to deteriorate, with worsening
functional status, hemodynamic compromise, and progression to chronic right heart failure.
Lung transplantation remains a key treatment option for these patients with progressive
disease [1].

Lung transplantation for PAH presents distinct challenges, including high waitlist
mortality, late referral, and perioperative right ventricular failure. In earlier US data, patients
with idiopathic PAH carried a risk of waitlist mortality comparable to or higher than that of
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other indications [8]. Nevertheless, many patients who warrant lung transplantation for
PAH are never referred or are referred too late to reach the waitlist [9,10]. These gaps have
persisted despite advances in medical therapy for PAH and efforts to standardize listing
criteria and organ allocation. There is also a knowledge gap. PH specialists have researched
medical therapies and risk stratification extensively, while the transplant community has
provided insights into perioperative and surgical strategies, post-transplant complications,
and outcomes; however, these two bodies of work are often considered separately.

This review integrates evidence from the PAH perspective, particularly in the era of ther-
apies that target pulmonary vascular remodeling beyond vasodilation, with evidence from
the transplant perspective, where this patient population has distinct perioperative needs.

2. Methodology

This is a narrative review. A formal systematic review protocol was not used. We
searched PubMed/MEDLINE from 1950 to 30 August 2026. Search terms included pul-
monary arterial hypertension, lung transplantation, heart-lung transplantation, waitlist
mortality, primary graft dysfunction, extracorporeal membrane oxygenation, and sotater-
cept. Additional targeted searches were performed for subtopics, including risk stratification,
pericardial effusion, methamphetamine-associated PAH, and center volume. We included
randomized controlled trials, prospective and retrospective cohort studies, registry anal-
yses, meta-analyses, and guidelines or consensus documents published in English that
addressed adult patients with PAH undergoing or being considered for lung or heart-lung
transplantation or the medical therapies relevant to them. Where PAH-specific data were
limited, we included studies from other populations (e.g., general lung transplant recipients,
pulmonary embolism, heart failure), which are identified as such in the text. Additional
sources included registry reports, conference abstracts, and reference lists of key articles.
Smaller single-center studies were included when they provided insight into local and
regional practices and outcomes. As this is a narrative review, study selection reflects the
authors’ judgment of quality and relevance, and relevant studies may have been omitted.

3. Epidemiology and Rationale for Lung Transplantation in PAH

According to the 2024 Organ Procurement and Transplantation Network/Scientific
Registry of Transplant Recipients (OPTN/SRTR) Annual Data Report, 152 of 3375 adult
lung transplants (4.5%) performed in the United States in 2024 were for pulmonary vascular
disease (diagnosis group B, a category broader than PAH), compared with 149 (5.5%) in
2019 [11]. The advent of PAH-targeted therapies, including prostacyclins, endothelin recep-
tor antagonists, soluble guanylate cyclase stimulators, and phosphodiesterase-5 inhibitors,
has improved functional capacity and delayed clinical worsening, with a survival benefit
shown for epoprostenol [2-7], and may have postponed the need for transplantation in
some patients. However, the long-term impact of these therapies on transplant utilization
remains uncertain. They act primarily through vasodilation [12], although prostacyclin
analogues also have antiproliferative effects [1]. Many patients do not reach a low-risk
profile on combination therapy, and mortality remains high in intermediate- and high-risk
patients [1]. Lung transplantation therefore remains an important option for patients with
advanced PAH despite therapeutic advances over the past three decades. In 2024, the U.S.
Food and Drug Administration (FDA) approved sotatercept, an activin signaling inhibitor
that targets the proliferative vascular remodeling underlying PAH [12]. It may further
change transplant epidemiology; Section 4.3 discusses this in more detail.

Registry data from the United States further describe transplant activity in this pop-
ulation. A United Network for Organ Sharing (UNOS) database study spanning June
2004 through September 2022 identified 914 first-time adult recipients with a primary di-
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PAH diagnosis Targeted therapy

« Group 1 PAH
WHO functional class

model or REVEAL 2.0

Baseline risk: ESC/ERS three-strata

Initial therapy: dual oral if low or s
intermediate risk; triple including
parenteral prostacyclin if high risk

agnosis of PAH who underwent bilateral lung or heart-lung transplantation, averaging
approximately 50 per year [13]; the cohort excluded congenital heart disease, connective
tissue disease, retransplants and recipients on mechanical circulatory support. In the 2024
OPTN/SRTIR report, 96 candidates with pulmonary vascular disease (10.1% of the waiting
list) were waiting at the end of 2024, compared with 159 (11.2%) at the end of 2019 [11].
Because OPTN/SRTR groups PAH with other pulmonary vascular diseases, these figures
likely overestimate PAH-specific volume [11]. Figure 1 provides an overview of the trans-
plant pathway for patients with PAH, from diagnosis and medical therapy through referral,
waitlisting, transplantation, and post-transplant outcomes.

Transplant discussion

+ Select high-risk patients at diagnosis

» Whenever parenteral prostacyclin is
needed

+ Do not wait to finish a drug sequence

Follow-up every 3—6 months (four-strata
model)

Low risk: continue therapy
Intermediate-low: add sotatercept or
selexipag, or switch to riociguat >

Intermediate-high or high: add parenteral
prostacyclin and/or sotatercept; refer for
evaluation

.

.

Bilateral lung (usual procedure)
« Intraoperative VA-ECMO (preferred over

CPB)

« Consider prophylactic postoperative
CMO

Heart-lung P . Progressive disease or recent
« Selected candidates (additional non- + Progressive but not end-stage liver or hospitalization
correctable cardiac disease) kidney dysfunction * Need for parenteral prostacyclin
Primary graft dysfunction risk applies to both + Life-threatening hemoptysis + High-risk variants (PVOD/PCH, systemic
procedures « Donor availability varies by region sclerosis)
+ Recurrent hemoptysis, more than trivial
= pericardial effusion, or liver or kidney
dysfunction

Low risk: continue therapy and reassess

Referral for evaluation

« Fully evaluated and prepared

ESC/ERS high risk or REVEAL 2.0 210
despite optimized therapy, usually
including parenteral prostacyclin
Progressive hypoxemia, especially PYOD
or PCH

ESC/ERS intermediate-high or high risk,
or REVEAL 2.0 >7, despite oral
combination therapy

WHO functional class IlI-1V despite
therapy

.

Post-transplant outcomes

« Higher early mortality in PAH
« Good long-term survival after year 1

« Varies by center volume

ECMO bridge

.

For decompensation on the waitlist; VA-
ECMO if RV failure

Bridge to transplantation, or stabilization
and decannulation

Figure 1. The transplant pathway in pulmonary arterial hypertension (PAH), from diagnosis and
medical therapy through transplant discussion, referral for evaluation, listing, transplantation, and
post-transplant outcomes. Treatment escalation at follow-up follows the 2022 ESC/ERS guidelines and
the 2024 World Symposium algorithm, with sotatercept at high risk supported by the ZENITH trial;
referral and listing criteria follow the 2022 ESC/ERS guidelines and the 2025 Delphi consensus. Initial
dual oral therapy applies to idiopathic, heritable, or drug-associated PAH without cardiopulmonary
comorbidities. Bilateral lung transplantation is the usual procedure; heart-lung transplantation is
reserved for additional non-correctable cardiac disease. CPB, cardiopulmonary bypass; ECMO, extra-
corporeal membrane oxygenation; ESC/ERS, European Society of Cardiology/European Respiratory
Society; PCH, pulmonary capillary hemangiomatosis; PYOD, pulmonary veno-occlusive disease;
REVEAL, Registry to Evaluate Early and Long-term PAH Disease Management; RV, right ventricular;
VA, veno-arterial; WHO, World Health Organization.
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4. Candidate Evaluation and Pre-Transplant Management
4.1. Referral to Lung Transplantation and Waitlist Mortality

Relative to other major diagnoses, patients with idiopathic PAH (IPAH) listed for
lung transplantation in the United States between 2002 and 2008 had a lower likelihood of
transplantation and equal or higher waitlist mortality [8]. After implementation of the Lung
Allocation Score (LAS), waitlist mortality decreased for every diagnosis except IPAH, for
which the 12-month risk of death was 20% (14% before the LAS; p = 0.193) [8]. An analysis
of REVEAL registry data found that the LAS underestimated mortality in PAH, particularly
with mean right atrial pressure > 14 mmHg or 6-min walk distance < 300 m [14], whereas
a UNOS analysis of 1430 candidates with IPAH found lower waitlist mortality and a higher
incidence of transplantation after the LAS was introduced [15]. The LAS was revised in
2015 to raise the score for PAH; afterward, patients with PAH still had the highest risk of
waitlist death (similar to interstitial lung disease) and the lowest transplant rate (similar to
chronic obstructive pulmonary disease), so inequity persisted despite improvement [16].

In a study from the Toronto Lung Transplant and Pulmonary Hypertension Program
published in 2012, 11% of patients with PAH referred for lung transplantation (a cohort
that included a small number with chronic thromboembolic pulmonary hypertension) died
before assessment [10]. Waitlist mortality also varied by subtype. Among listed patients,
those with connective tissue disease (CTD)-associated PAH had higher waitlist mortality
than those with other PAH subgroups (34% vs. 11%, p = 0.006) [10]. In IPAH, waitlist
mortality fell from 25% (5 of 20 listed patients) in 1997-2004 to 0% (0 of 23) in 20052010, a
period in which more patients were admitted to hospital to be bridged to transplant and
extracorporeal life support (ECLS), mainly a pumpless pulmonary artery-to-left atrium
oxygenator, was introduced [10]. These numbers are small, and the study was retrospective
and from a single center.

More recently, an analysis of the US-based Pulmonary Hypertension Association
Registry data published in 2026 showed that out of 1671 patients with Group 1 PAH, only
12% were referred for transplantation, although candidacy and patient preference were
not captured [9]. Of those patients referred, 30% underwent lung transplantation and 21%
died without transplantation [9]. Despite more than a decade since the Toronto publication
showing high mortality rates and delayed referrals for patients with PAH, referral rates
remain low and referrals appear to occur late [9].

Patients with PAH face challenges while awaiting transplantation, including inequitable
access and higher perioperative risk compared with other diagnoses [9]. Early referral for
transplant is essential to allow for thorough evaluation and ensure adequate education and
patient/caregiver understanding of what transplant entails [9,10]. Patients with PAH can
decompensate quickly, and early referral and assessment allow for more rapid evaluation
and listing in the event of clinical deterioration [10]. Furthermore, there remain inequities
in lung allocation for PAH, even with the implementation of the prior LAS and now the
Composite Allocation Score (CAS) [8,9,16]. Since the CAS replaced the LAS in March
2023, waitlist mortality has fallen and transplant rates have risen among adult candidates
overall [17], but PAH-specific CAS-era outcomes are not yet well described, and a national
monitoring report cited by Kolaitis et al. found that PAH was the only diagnosis with worse
removal rates for death or illness [9]. Early referral is therefore critical for timely listing and
to maximize the likelihood of successful transplantation [9]. Importantly, patients should
be referred, even if there may be perceived contraindications by the referring provider [9].
Many potential barriers are modifiable risk factors and can be further evaluated and opti-
mized by an experienced multidisciplinary transplant team [9].
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4.2. WHO Functional Class and Risk Stratification

All PAH patients should receive routine risk stratification at baseline and during
follow-up [1,18]. Several risk assessment calculators have been externally validated [19],
including Registry to Evaluate Early and Long-term PAH Disease Management (REVEAL)
2.0 [20], European Society of Cardiology/European Respiratory Society (ESC/ERS) [1],
Comparative Prospective Registry of Newly Initiated Therapies for Pulmonary Hypertension
(COMPERA) 2.0 [21], and the French noninvasive method [19,22]. Direct comparisons
are limited. In one analysis within the REVEAL registry, REVEAL 2.0 discriminated better
than the original COMPERA and French methods, although this was in its derivation
cohort [20]. These tools all serve to identify patients who are at high risk of 1-year mortality,
but clinical gestalt alone often disagrees with them: in a chart review of patients in World
Health Organization (WHO) functional class II, concordance was 43-54%, with risk both
underestimated and overestimated [23]. At diagnosis, patients who are low or intermediate
risk are recommended dual oral combination therapy with a phosphodiesterase type 5
(PDES5) inhibitor and endothelin receptor antagonist (ERA) in idiopathic, heritable or drug-
associated PAH without cardiopulmonary comorbidities [1,12,18]. Risk stratification is
then repeated at follow-up (within 34 months of starting therapy [18]; 3-6 months in [12])
to determine if escalation of therapies to include a prostacyclin and/or activin signaling
inhibitor is indicated. Patients who are high risk at time of diagnosis may require early
initiation of parenteral prostacyclin in addition to a PDE5 inhibitor and an ERA, with close
follow-up [12,18]. Observational data in idiopathic, heritable and anorexigen-associated
PAH associate initial triple therapy including parenteral prostacyclin with higher survival
in high-risk patients [24], but this recommendation rests on expert consensus and registry
data rather than randomized trials [12].

WHO functional class is a core variable in the validated risk tools and an independent
predictor of prognosis [19,22,25]. Improvement in functional class is associated with better
survival [22,25], although the assessment is subjective [19,25]. The 2022 ESC/ERS guide-
lines recommend referral for lung transplant evaluation in patients at intermediate-high or
high risk (or with a REVEAL score > 7) despite oral combination therapy, and listing for pa-
tients at high risk (or REVEAL score > 10) despite optimized therapy that usually includes
parenteral prostacyclin [1]. At the 2024 World Symposium on Pulmonary Hypertension,
the treatment algorithm recommended considering referral for lung transplant evaluation
in select high-risk patients at diagnosis and in intermediate-high or high-risk patients at
first or subsequent follow-up [18]. Furthermore, the recently published Pulmonary Vas-
cular Research Institute Delphi panel on lung transplantation in PAH also recommended
using risk stratification to determine timing of lung transplant referral, using thresholds
of intermediate-high risk by the ESC/ERS 4-stratum model or a REVEAL 2.0 score of 8
or higher [26]. The panel additionally agreed that patients who remain WHO functional
class III or IV despite being on appropriate therapy should be referred. Separate criteria for
waitlist listing were also proposed [26].

Despite these recommendations, patients are still being referred late. In the Pulmonary
Hypertension Association Registry analysis described above, only 21% of patients with base-
line WHO functional class IV and 18% of those with intermediate-high or high ESC/ERS risk
were referred for transplant [9]. Additionally, only approximately 37.4% of patients whose
risk never fell below intermediate-high despite parenteral prostacyclin were referred [9].
The overall data point to a need for heightened vigilance in transplant referral across PAH,
including in subtypes with lower referral rates, such as drug- and toxin-associated PAH [9].
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4.3. PAH-Targeted Therapies

Primary pulmonary hypertension was first described in the mid-20th century [27],
with the first PAH-targeted therapy approved in 1995 in the form of intravenous (IV)
epoprostenol. The landmark 12-week open-label randomized trial of 81 patients showed
an improvement in exercise capacity through median six-minute walk distance (+31 m
vs. =29 m, p < 0.002), quality of life (p < 0.01), and hemodynamics (mean pulmonary
artery pressure: —8% vs. +3%, p < 0.002; pulmonary vascular resistance: —21% vs. +9%,
p < 0.001), as well as a survival benefit (0 of 41 vs. 8 of 40 deaths; 0% vs. 20%, p = 0.003)
with IV epoprostenol [2]. Following the introduction of IV epoprostenol, treatment de-
cisions for PAH were fairly straightforward initially; the only options available were IV
epoprostenol and/or transplantation. Even with the benefits of IV epoprostenol, mortality
remained exceedingly high for PAH, and further research led to the development of more
targeted PAH therapies. Since the 1990s, there have now been 11 FDA-approved PAH-
targeted therapies, with the vast majority being pulmonary vasodilators that act on the
nitric oxide pathway (PDES5 inhibitors, soluble guanylate cyclase stimulator), endothelin
pathway (endothelin receptor antagonists), or prostacyclin pathway (synthetic prostacyclin,
prostacyclin [IP] receptor agonists), and the most recent, sotatercept, acting on the activin
signaling pathway [28,29].

In 2024, sotatercept was approved, representing the first activin signaling inhibitor, with
antiproliferative rather than primarily vasodilatory effects [12]. It acts by inhibiting activin
signaling to reduce pro-proliferative signaling and restore balance between the anti- and
pro-proliferative signaling pathways of the pulmonary vasculature, which are disrupted in
PAH [12]. In rodent models, sotatercept analogs improved hemodynamics and arteriolar
remodeling [30] and, unlike sildenafil, reversed proinflammatory and proliferative gene
expression [31].

In the STELLAR trial, sotatercept significantly improved the primary endpoint of six-
minute walk distance by 40.8 m (p < 0.001) compared with placebo and markedly reduced
the secondary endpoint of death or nonfatal clinical worsening (hazard ratio [HR] 0.16),
with event curves separating by about week 10 [32]. The subsequent ZENITH trial showed
that sotatercept produced a marked reduction in the composite end point of death, lung
transplantation, or hospitalization for worsening PAH (HR 0.24) among high-risk patients
already on maximum tolerated background therapy. This reduction was driven mainly by
fewer hospitalizations for worsening PAH (8 vs. 43 patients). Lung transplantation was a
component of the composite end point and was not analyzed on its own, but occurred in 1
patient in the sotatercept group and 6 in the placebo group [33]. These findings were extended
to patients with intermediate- and high-risk PAH diagnosed within the previous year in the
HYPERION trial, in which sotatercept significantly reduced clinical worsening compared
with placebo (HR 0.24), driven mainly by less deterioration in exercise testing; deaths were
similar between arms, and the trial was stopped early. There were no lung transplantation
events in either treatment arm [34]. The benefits of sotatercept are therefore seen in both
newly diagnosed and established PAH [32-34]. Definitive evidence of a sustained reduction
in transplant utilization is still lacking, and the impact of sotatercept on transplant referral
patterns and waitlist characteristics at a population level remains unknown.

Sotatercept has produced substantial hemodynamic improvement in some patients. In
a small single-center series, selexipag was withdrawn without clinical deterioration in 7 of 7
patients, and parenteral treprostinil could be withdrawn in about a third of patients (10 of 27),
although weaning failed in 4 of 14 attempts [35]. Sotatercept does have a unique side effect
profile, including erythrocytosis, thrombocytopenia, and bleeding, especially epistaxis, which
can be severe in select cases [32-34], and it has been associated with new or worsening peri-
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cardial effusions (Section 4.5). Therefore, although it is a generally well tolerated medication,
not all patients may qualify for sotatercept due to this side effect profile.

These advancements have been transformative for the lives of patients but now make
PAH treatment and transplantation decisions more nuanced. As discussed in Section 4.2,
most PAH patients should be on at least double oral combination therapy, with those
patients at high risk or not achieving an adequate low-risk profile at follow-up requiring
additional therapy. In patients who require initiation of IV prostacyclin therapy, this should
typically coincide with a discussion on potential lung transplantation in the future. There
are some unique circumstances in which IV prostacyclin therapy may be contraindicated,
such as patients with active drug use or poor social support. Patients with congenital heart
disease-associated PAH with known right-to-left shunting may also be poor candidates
for IV therapies, due to the theoretical risk of paradoxical emboli with indwelling central
venous catheters [1].

Historically, in the absence of contraindications, patients listed for lung transplantation
were generally expected to be taking three drug vasodilator therapies, including parenteral
prostacyclin. The 2022 ESC/ERS guidelines recommend listing for high-risk patients despite
optimized therapy that usually includes parenteral prostacyclin, and predate sotatercept [1].
In the current era, the 2024 World Symposium describes maximal medical therapy as
four-drug therapy including sotatercept [18], but timing of referral, evaluation and listing
depends on many factors, including local criteria and waitlist factors [ 18]. Neither document
makes four-drug therapy a prerequisite for listing, sotatercept is not suitable for every
candidate, and referral should not be delayed to complete a specific drug sequence [26].
Close follow-up after initiation or adjustment of PAH-targeted therapies is crucial to allow
for repeat risk stratification and timely referral to lung transplantation if adequate risk
reduction is not achieved. Importantly, for surgical planning, epoprostenol has anti-platelet
effects [1] and sotatercept can cause thrombocytopenia [32], so these patients may have an
increased bleeding risk during transplantation. Figure 2 summarizes these therapies by
their mechanistic pathway and approximate era of approval.

FDA-Approved PAH-Targeted Therapies by Mechanistic Pathway (1995-2024)

Prostacyclin Analogues
(Prostanoids; PGI2 pathway)

IP Receptor Agonist
(Selective, oral)

Endothelin-R Antagonists
(ERA)

PDES Inhibitors
(NO-cGMP pathway)

sGC Stimulators
(NO-cGMP pathway)

Activin Signaling Inhibitor
(Remodeling)

1995 2000 2005 2010 2015 2020 2024

Epoprostenol (IV) Treprostinil (SQ) Treprostinil (inh)
Flolan Remodulin Tyvaso

lloprost (inh) Epoprostenol (IV)
Ventavis Veletri
Treprostinil (IV) "wg::::'r:r(:ul)

Selexipag
Uptravi

—J

I
Al

Bosentan Ambrisentan Macitentan
Tracleer Letairis. Opsumit

-

Sildenafil
Revatio

-

Tadalafil
Adcirca

Riociguat
Adempas

Sotatercept
Winrevair

Figure 2. FDA-approved PAH-targeted therapies (11 drugs, 15 formulations) grouped by mechanistic
pathway; positions indicate the approximate year of first approval, and brand names appear beneath
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each drug. cGMP, cyclic guanosine monophosphate; ERA, endothelin receptor antagonist; FDA, U.S.
Food and Drug Administration; inh, inhaled; IP, prostacyclin receptor; IV, intravenous; NO, nitric
oxide; PAH, pulmonary arterial hypertension; PDE5, phosphodiesterase type 5; PGI2, prostacyclin;
sGC, soluble guanylate cyclase; SQ, subcutaneous.

4.4. Hemodynamic Support

Patients with advanced PAH are vulnerable to systemic hypotension, most commonly
due to limited left ventricular preload in the setting of progressive right heart failure with
right ventricular (RV) remodeling and reduced cardiac output. Low stroke volume and
cardiac output from progressive RV dysfunction can contribute to underfilling of the left
ventricle, while RV remodeling consisting of hypertrophy and dilation can lead to mechan-
ical compression of the left ventricle resulting in impaired left ventricular structure and
function [36]. In select cases of PAH, there may even be effects on coronary perfusion from
compression of the left main coronary artery by a severely dilated pulmonary artery [26],
which can further compromise myocardial perfusion and worsen cardiac dysfunction. As
RV function deteriorates, patients often develop tachycardia as a compensatory mechanism
to maintain cardiac output in the setting of reduced stroke volume. Therefore, although
worsening volume overload and hypotension occur in advanced PAH, often the early signal
of impending decompensation in PAH is tachycardia.

Shock index (heart rate divided by systolic blood pressure) can identify early shock
before profound hypotension develops, but it has been studied mainly in acute pulmonary
embolism [37,38] and has not been validated in PAH, so any role in PAH risk stratification
is hypothesis-generating and cannot be recommended without supporting data.

In the setting of advanced or decompensated PAH, patients may need inotropic and/or
vasopressor support. Dobutamine and milrinone are the most frequently used inotropes,
and norepinephrine or vasopressin may be added for persistent hypotension [1]. Which
agent is the inotrope or vasopressor of choice remains unclear, and dopamine has also
been used [39,40]. Dopamine’s use is limited by tachycardia and arrhythmias, and nore-
pinephrine is generally considered the preferred vasopressor, based on narrative review
evidence [39]. The choice of agent should be individualized.

4.5. Signs of Advanced Disease: Ascites, Effusions, and Hemoptysis

Pericardial effusion is a sign of severe PAH and is included in the REVEAL 2.0 risk score,
and multiple studies have shown an association between the presence of pericardial effusion
in PAH and higher mortality [1,20,41]. Pericardial effusions develop in advanced PAH in
the setting of RV failure with elevated right atrial pressure, although the pathogenesis is
incompletely understood [41]. These pericardial effusions, therefore, reflect longstanding
chronic RV failure and can serve as an indicator of PAH severity. PAH patients with
moderate-severe pericardial effusion had a median survival of 11.3 months compared to
76.5 months for those without any pericardial effusion [42].

Management of larger effusions is controversial because of limited data. Drainage has
been associated with high mortality in small series [41,43], so conservative management is
preferred where possible. In most cases, there is gradual accumulation of pericardial fluid
and overall low risk of tamponade due to the hypertrophied RV, protecting patients from
the classic right atrial and right ventricular diastolic collapse. Cardiac tamponade, which
is an indication for drainage, can develop in rare instances and may be characterized by
isolated left sided chamber compression, rather than right sided collapse; pulsus paradoxus
is usually absent as well [41]. When tamponade does occur, drainage has been performed
successfully in selected patients with close hemodynamic monitoring during and after the
procedure; rapid drainage has been proposed to cause abrupt enlargement of the right
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ventricle, shifting the interventricular septum leftward and compressing the left ventricle
(LV), leading to hemodynamic collapse [41].

Notably, there have been emerging data suggesting that sotatercept may be associated
with moderate to large pericardial effusions. In a multicenter case series of 391 patients,
20 (5.1%) developed new or worsening effusions, most often in connective tissue disease-
associated PAH [44]. Unlike effusions of advanced right heart failure, these occurred
despite improved hemodynamics and right heart function, arguing against worsening right
heart failure as the main mechanism [44]. The underlying mechanism is unknown, with
blockade of BMP9 and BMP10 signaling proposed, and causality cannot be established
from retrospective data [44].

Similarly, the development of congestive hepatopathy and ascites typically reflects
advanced right sided heart failure in longstanding severe PAH [36]. Liver stiffness assessed
by elastography correlated with variables indicating right sided heart failure and was
associated with severity of heart failure and also predicted worse outcomes in patients with
heart failure [45]. In a small study of 37 patients with PAH, bilirubin > 1.2 mg/dL was
associated with increased mortality [46].

Pleural effusions are less common in PAH compared to left-sided heart failure but can
still develop in select cases [47,48]. In a single-center cohort of 191 patients, pleural effusion
was present at baseline in 7.3%, and a new effusion developed in 27.5% of those followed;
PAH-related new effusions were mostly bilateral (73.7%) and trace or small (94.7%), and a
new effusion was associated with worse survival (adjusted HR 5.13) [48].

The development of pericardial effusion, pleural effusion, or ascites in PAH patients
despite adequate PAH-targeted therapies signals worsening right heart failure and is as-
sociated with poor outcomes [41,48]. More than a trivial pericardial effusion and signs
of hepatic dysfunction due to PAH are recognized criteria for referral for lung transplant
evaluation [1,26].

Lastly, hemoptysis can occur in severe PAH, usually from bronchial collateral formation
driven by pulmonary vascular and arteriolar remodeling and progressive obliteration of
the distal vasculature. Bronchial artery embolization can serve as an effective temporizing
measure, but re-bleeding is common [49], and in a small series hemoptysis in non-congenital-
heart-disease PAH carried a mortality of 31% at 28 days and 54% at 1 year [49]. Patients
who develop hemoptysis despite adequate PAH therapies should therefore be referred for
lung transplantation [1,26].

4.6. Monitoring for Illicit Drug Use

Methamphetamine-associated PAH (meth-PAH) accounts for a notable proportion
of PAH at expert US centers (22% of one registry cohort), is concentrated in the western
United States [50], and is a growing subset [51]. Compared with idiopathic PAH, these
patients present with more advanced heart failure symptoms, higher right atrial pressure,
and lower stroke volume index [52]; a single-center abstract also reported less favorable
hemodynamics than other Group 1 PAH [53]. They are less likely to be started on triple or
parenteral therapy, although the reasons were not captured [50], and they have had worse
event-free survival [52] and more emergency visits and hospitalizations than idiopathic
PAH [50]. In a single-center prospective cohort treated with a protocolized subcutaneous
treprostinil strategy, however, transplant-free survival was similar to idiopathic PAH (84.4%
vs. 72.5%, over unequal follow-up), and continued methamphetamine use did not adversely
affect progression or mortality; parenteral therapy was started in only 45% of meth-PAH
patients, and these findings are hypothesis-generating and may not generalize to all cen-
ters [51]. Ongoing illicit drug use, which often is what precludes IV prostacyclin therapy,
is also a contraindication to transplantation. Patients with a prior history of drug use,

https://doi.org/10.3390/transplantology7040024


https://doi.org/10.3390/transplantology7040024

Transplantology 2026, 7, 24

10 of 19

including those with meth-PAH, should be referred early so the transplant center can de-
termine candidacy; candidacy typically requires at least six months of sobriety [26]. They
should undergo routine monitoring for relapse with drug screens, and given how common
methamphetamine use has become, drug screens should also be performed on any PAH
patient who develops worsening RV failure symptoms.

5. Perioperative and Surgical Considerations
5.1. Primary Graft Dysfunction

Primary graft dysfunction (PGD) is a form of acute lung injury occurring within
the first 72 h after lung transplantation, characterized by hypoxemia and diffuse alveolar
infiltrates [54]. The 2016 International Society for Heart and Lung Transplantation (ISHLT)
consensus grades PGD from 0 to 3 at TO (within 6 h of final reperfusion), T24, T48 and
T72 h, using chest radiograph edema and the PaO,/FiO, ratio (grade 3: below 200; grade 2:
200-300). It counts extracorporeal lung support with bilateral edema as grade 3 and consid-
ers its use for non-hypoxic indications without edema ungradable [54]. PGD is the major
cause of early complications and death after lung transplantation [55]; in a prospective
multicenter cohort, grade 3 PGD increased 90-day mortality (relative risk 4.8) [56]. Patients
with PAH undergoing lung transplantation are at an increased risk of developing PGD, with
pulmonary artery pressure associated with PGD risk in a dose-dependent fashion (odds
ratio [OR] 1.3 per 10 mmHg) [56]. In a multicenter cohort of 826 patients with pulmonary
hypertension at listing (PAH or pulmonary hypertension from parenchymal lung disease),
severe PGD was associated with higher listing mean pulmonary artery pressure and right
atrial pressure [57]. According to a meta-analysis, 27% of lung transplant recipients develop
grade 2 PGD, while 18% develop grade 3 PGD [58]. However, in lung transplant recipients
with PAH, historically reported PGD rates run much higher. In a Belgian series conducted
over 24 years, PGD grades 2-3 occurred significantly more frequently after bilateral lung
transplant compared to heart-lung transplant for precapillary PH. Graft survival also im-
proved over time, with reported 5-year graft survival of 42% for years 1991-1995 versus 87%
for years 2010-2014 [59]. A more recent, very small Portuguese series (8 patients, 5 with
pulmonary veno-occlusive disease, all supported with extracorporeal membrane oxygena-
tion (ECMO)) still reported grade 3 PGD in 75% of patients, showing that outcomes may
vary heavily between centers [60]. PAH remains one of the strongest recipient risk factors
for PGD, with reported odds ratios of 2.2 to 3.7 across various studies (2.19 for pulmonary
hypertension [58], 3.5 for PAH [56], 3.73 for primary pulmonary hypertension [61]).

Whether PGD rates have declined is unclear. Contemporary multicenter and national
cohorts report grade 3 PGD in roughly 17% to 24% of recipients: 16.8% in the Lung Trans-
plant Outcomes Group [56], about 21% in the UNOS registry from 2015 to 2019 [62], 23.8%
in the donor management goal registry from 2015 to 2023 [63], and 24% in a 2026 cohort [64].
A single-center series of 2000 patients found grade 3 PGD essentially unchanged across
eras (28.7% in 2001-2011 vs. 26.7% in 2012-2023) [65]. These cohorts differ in population
and definition, so they cannot be read as a formal trend, and the 2016 ISHLT criteria detect
more PGD than the 2005 criteria (37% vs. 26% in the same patients) [66].

The evidence on intraoperative support is clearer for cardiopulmonary bypass (CPB)
than for ECMO. CPB has been the traditionally used modality. It requires full-dose systemic
anticoagulation and provides cardiopulmonary support by diverting blood through an
extracorporeal circuit. The blood-artificial surface contact associated with CPB is thought
to activate inflammation, which eventually contributes to lung injury [67], although in a
small single-center study, cytokine increases after reperfusion were similar with ECMO and
CPB and greater than off-pump [68]. CPB is consistently associated with more PGD (OR
3.4 [56];2.38 [58]; 2.29 [61]). Central veno-arterial (VA)-ECMO has several advantages.
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In contrast to CPB, VA-ECMO uses a closed circuit, avoiding exposure to an external
reservoir. Additionally, VA-ECMO can simply be continued in place in case post-transplant
cardiopulmonary support is required without needing additional cannulation [69]. VA-
ECMO also allows for controlled perfusion of the newly implanted pulmonary vasculature,
and control over flow prevents exposure to abrupt increases in flow to the left ventricle [69].
In a Vienna series of 582 bilateral transplants, intraoperative ECMO was associated with
better 1-, 3- and 5-year survival than no ECMO, persisting after propensity matching [70].
In a prospective single-center study of 159 patients on routine central VA-ECMO, grade 3
PGD at 72 h was 1.3% and 90-day mortality was 3.1% [71]. The American Association for
Thoracic Surgery (AATS) 2022 consensus gives a Class I recommendation that prophylactic
postoperative ECMO maintenance may be indicated in pulmonary hypertension patients
to reduce PGD, and a Class I recommendation that patients with RV dysfunction should
not be weaned off ECMO at the end of the procedure [72]. The Delphi panel did not
reach consensus on routine postoperative ECMO and favored guiding it by hemodynamic
response and transesophageal echocardiography [26].

ECMO versus off-pump comparisons are confounded by indication. In a multicenter
registry of bilateral lung transplants at 8 high-volume centers, grade 3 PGD occurred in
42.7% of CPB-supported patients compared with 28.9% for ECMO and 12.1% off-pump
(adjusted odds ratio 1.89 favoring ECMO over CPB), but severe pulmonary hypertension
(mean pulmonary artery pressure > 40 mmHg) was present in 26.9%, 20.2% and 4.5% of
those groups, respectively [73]. These reports should be interpreted with caution because
sicker recipients are often preferentially selected for ECMO support in the first place. A
2026 meta-analysis of six retrospective studies (1008 patients) comparing ECMO with off-
pump transplantation found that ECMO use was associated with high-grade PGD at day 3
(OR 2.18) and poorer early survival (HR 1.555), which the authors examined in planned
versus unplanned ECMO subgroups to address allocation bias [74]. This is different from
post-transplant ECMO instituted as rescue for already established grade 3 PGD, a scenario
that carries markedly worse survival than grade 3 PGD managed without ECMO (5-year
survival 43% with VA-ECMO, 65% with veno-venous-ECMO (VV-ECMO) and 71% without
ECMO) [75].

Evidence specific to PAH comes only from small single-center series. In Vienna, 41 pa-
tients with idiopathic PAH transplanted on prolonged postoperative VA-ECMO had 5 years
survival of 87.4%, versus 77.4% in 31 patients (p = 0.189) [76]. A 20-patient Japanese cohort
with prolonged central VA-ECMO and delayed chest closure reported no hemodynamic
collapse and 100% survival at 90 days and 1 year, although 9 patients (45%) required
hemothorax evacuation [77]. The AATS consensus attributes the PGD risk in PAH partly to
left heart diastolic dysfunction and an underfilled left ventricle, which makes the reperfused
lungs sensitive to any rise in left atrial pressure during the first 72 h, the physiologic basis
for prophylactic ECMO [72]. Grading is also a problem. Because the ISHLT definition treats
ECMO for non-hypoxic indications without edema as ungradable, the very low PGD rates
in series using prolonged ECMO may partly reflect grading conventions; for example, 3.1%
of Vienna patients were ungradable at 24 h [71]. A 2026 analysis also questions the validity
of the current definition when ECMO is used [64].

Overall, the advantage of ECMO over CPB is consistent across multicenter and single-
center data. There is little evidence for a genuine decline in PAH-specific PGD incidence
and claims of PAH-specific improvement rest on small single-center series in which patient
selection and grading conventions may contribute.
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5.2. ECMO Bridge to Lung Transplant

VV-ECMO bridge-to-transplant is most commonly used for isolated respiratory failure,
but PAH patients requiring bridging typically present with combined cardiac and respira-
tory failure secondary to progressive RV dysfunction. VA-ECMO is the most widely used
form of mechanical circulatory support for RV failure [1], and the AATS consensus consid-
ers it ideally suited to hemodynamic deterioration with RV failure from raised pulmonary
vascular resistance and a valuable bridge in selected patients with end-stage pulmonary
hypertension [72]. In an early series of 25 bridged patients (mostly with interstitial lung dis-
ease, and mostly on VV-ECMO), RV systolic dysfunction on pre-ECMO echocardiography
was a significant predictor of failure to reach transplant (OR 2.67, 95% CI 1.01-6.99) [78].

Configuration selection is not fixed at initiation; ECMO support can be adjusted based
on how the patient responds, and VV-ECMO can be upgraded to VA-ECMO if needed. In a
Korean cohort of 67 transplant candidates with RV dysfunction (not limited to PAH), VV-
ECMO was used first in 79% and was maintained until transplant in 52%. Configuration was
changed to VA-ECMO or an oxygenator-right ventricular assist device (RVAD) because of
worsening RV dysfunction in 34%, and a further 21% started on VA-ECMO or an oxygenator-
RVAD. There were no significant survival differences among the three strategies [79].

The most relevant outcomes data derive from a Hannover cohort of 123 patients with
severe pulmonary hypertension listed for transplant, of whom 28 (23%) required ECMO
bridging. The median duration of ECMO bridge to lung transplant was 16 days. Bridged and
non-bridged patients had comparable rates of severe PGD (30% vs. 20%) and comparable
graft survival at 1 year (82% vs. 88%) and 5 years (54% vs. 59%). However, ECMO bridge
to lung transplant was associated with longer post-transplant intensive care unit (ICU)
stays and higher rates of re-thoracotomy and vascular complications. These complications
may reflect that bridged patients are sicker, and bridging potentially exposes patients to
additional risk [80].

Another important factor that affects outcomes is the ability to remain functional and
participate in physical rehabilitation while on ECMO support. In a cohort of 30 patients
(80% on VV-ECMO, not PAH-specific) managed with early mobilization, 87% were success-
fully bridged to transplant, with 3-year post-transplant survival of 80% [81]. The AATS
2022 consensus gives a Class I recommendation that ambulation and rehabilitation be
aggressively pursued during ECMO bridging [72]. The Delphi panel strongly agreed that
ECMO can bridge refractory right heart failure and favored peripheral VA-ECMO among
cannulation strategies [26]. Substantial variability in cannulation strategy for PH-driven
right heart failure remains, and a Mayo Clinic pilot trial evaluating trans-septal ECMO
cannulation in this population is currently recruiting (NCT06770023).

5.3. Bilateral Lung Transplant Versus Heart—Lung Transplantation

The surgical choice between bilateral lung transplantation versus heart-lung trans-
plantation for PAH patients has remained a topic of debate for many years. This is largely
because of PAH-associated RV dysfunction and the difficulty in determining whether it
is reversible once afterload is corrected or reflects permanent damage warranting cardiac
transplant. Current practice has strongly shifted in favor of bilateral lung transplantation.
One Belgian series reported a drop in its heart-lung transplant utilization from 91.7% in
1991-1995 to 21.4% in 2010-2014 [59]. This shift is also reflected in the outcomes. In a
UNOS registry analysis of 914 first-time recipients with a primary diagnosis of PAH trans-
planted between 2004 and 2022, 85% underwent bilateral lung transplantation and 15%
underwent heart-lung transplantation, with no significant difference in 1- or 5-year survival
after adjustment [13]. Heart-lung recipients in this cohort had lower cardiac index and
higher pulmonary capillary wedge pressure and were more often bridged with ECMO,
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suggesting greater instability [13]. This supports the concept that RV dysfunction in PAH
can recover after bilateral lung transplantation in appropriately selected patients, although
these observational data are subject to selection bias [13].

Another SRTR registry analysis of 928 patients with idiopathic PAH (667 bilateral
lung, 261 heart-lung) transplanted between 1987 and 2012 found similar adjusted overall
survival with the two procedures; however, in a subset of patients requiring ICU admission
prior to transplant, bilateral lung transplant was associated with worse survival (HR 1.83,
95% CI 1.02-3.28) [82]. This may reflect that patient acuity provides important clues about
which patients will benefit from heart-lung transplantation compared to bilateral lung
transplantation. Another important factor to consider is the era evaluated by this study,
which may have affected practices impacting the outcomes; heart-lung recipients were
more often transplanted in earlier eras, and the authors note that findings from this long
retrospective period may not apply to current practice [82].

6. Outcome and Access
6.1. Survival Trends over Time

With the significant leaps made in surgical technique, preoperative and perioperative
support, and allocation policy, it is important to examine how lung transplant outcomes
have been affected. In the United States, 6-month mortality after adult lung transplantation
fell from 8.6% for transplants in 2014 to 6.8% for transplants in 2023, and 1-year mortality
has decreased in recent years, to 9.4% for 2023 transplants [11]. International registry data
through 2008 similarly showed survival improving by era, driven largely by better 1-year
survival [83]. Unfortunately, this trend is not uniform across all diagnoses. Idiopathic PAH
carries a disproportionately high early mortality burden compared to other indications
for transplantation. In a UNOS-based study of 693 adults with idiopathic PAH who un-
derwent transplantation between 2005 and 2021, 90-day mortality was 10.2%, markedly
higher than that of cystic fibrosis (3.65%), idiopathic pulmonary fibrosis (5.67%), and
chronic obstructive pulmonary disease (COPD) (4.39%) [84]. Independent predictors of
90-day mortality included need for extracorporeal circulatory support and/or mechanical
ventilation at the time of transplant (OR 3), higher pulmonary artery diastolic pressure
(OR 1.3 per 10 mmHg), lower percent-predicted forced expiratory volume in 1 s (FEV1),
elevated bilirubin (>2 mg/dL; OR 3), and prolonged allograft ischemic time (>6 h; OR
1.7) [84]. Several of these predictors reflect the severity of pulmonary vascular disease and
right ventricular dysfunction, whereas ischemic time is potentially modifiable; a more indi-
vidualized approach to this population is therefore warranted [84]. Long-term outcomes
are better than early mortality alone suggests. Patients with PAH have the lowest survival
at 1 year of any major indication, but their survival improves relative to other diseases over
time. By 5 years it is similar to that of patients with COPD or interstitial lung disease, and
by 10 years only patients with cystic fibrosis have better survival [85]. The 2022 ESC/ERS
guidelines likewise describe good long-term outcomes for patients with PAH who survive
the early post-transplant period, citing a conditional median survival of 10.0 years among
recipients with idiopathic PAH who were alive at 1 year [1]. Single-center series report
5-year survival of 52% to 75% and 10-year survival of 45% to 66% [86], consistent with the
Toronto cohort (61% at 5 years and 54% at 10 years), although 10-year survival there was
lower in idiopathic PAH than in other PAH subgroups (42% vs. 70%) [10]. In experienced
centers, 1-year survival after transplantation for pulmonary hypertension now exceeds
90% [87]. Interpretations of these data differ: one review describes less favorable long-term
outcomes in PAH, yet its own registry data show that PAH survival crosses over that of
other indications after the first years [85].
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6.2. Geographic and Institutional Variations

Access to donor organs varies substantially by geography. A recent study of 3917 adult
lung transplant candidates across 61 US centers found that donor availability varied signifi-
cantly by region, with candidates listed at West Coast centers having approximately 30%
lower effective donor availability than those at Midwest centers [88]. This may especially
affect patients with PAH, who already face delayed referrals and higher waitlist mortality.

Data from the general lung transplant population suggest that systems and institutional
practices, and surgeon expertise and experience, also tend to matter. A large UNOS-based
study involving 10,007 patients at 71 centers showed that 1-year survival improved with
increasing center volume up to a threshold of 33 cases annually, with no further gain
above it; low-volume centers varied widely, and many performed well [89]. Another large
study looking at bilateral lung transplant recipients with elevated pulmonary vascular
resistance (>6 Wood units, with or without parenchymal lung disease, so not limited to
PAH), a physiologic marker closely tied to PAH severity, found that patients transplanted at
lower-volume centers had a higher 1-year mortality than those transplanted at high-volume
centers (HR 1.39) [90]. At the individual surgeon level, a national analysis looked at how
surgeon practice patterns affect outcomes. Surgeons who performed only lung transplants
had modestly but significantly lower 10-year mortality than surgeons who also performed
heart transplants (HR 1.04), and surgeons performing more than 60 lung transplants had 7%
lower hazard of death within 5 years than those performing 2 to 20 (adjusted HR 0.93) [91].

Although these data come largely from the general lung transplant population and are
observational, they suggest that where and by whom a PAH patient is transplanted may
matter, even after the decision to list has been made.

7. Conclusions and Future Directions

Patients with PAH have a narrow window to go through the evaluation process for
lung transplantation. Unfortunately, a large number of patients who warrant an evaluation
are not referred or are referred too late for lung transplant consideration. Earlier referral
and consistent use of risk-stratification scores can allow for timely evaluation and successful
listing. While on the waitlist, patients with PAH have among the highest mortality risk
of any transplant indication. Because of this, even closer vigilance is warranted to allow
these patients the maximum opportunity to succeed. Right ventricular dysfunction is
not uniformly defined and can recover once pulmonary vascular afterload is relieved, so
procedure selection should be individualized.

Future research is warranted to assess the real-world impact of newer therapeutic
agents on the need for lung transplantation, referral practices, and waitlist outcomes, as
well as long-term outcomes for patients bridged to transplant with ECMO. There is also
a need for further refinement of the referral criteria and allocation scores to account for
high waitlist mortality and geographic disparities, and to allow for a more just distribution
of resources.
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