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ABSTRACT
Lung transplantation is indicated for selected patients with advanced pulmonary arterial hypertension (PAH). We used a

modified Delphi process to develop recommendations on care of patients with PAH undergoing lung transplantation. This

Delphi panel was recruited from the Pulmonary Vascular Research Institute's Innovative Drug Discovery Initiative ‐ Lung
Transplantation Workstream, consisting of clinical and research experts in PAH and lung transplantation. In this process, 29

panelists were given open‐ended questions, querying topics related to lung transplantation in PAH. A steering group converted

the responses into discrete statements. Panelists then rated agreement using a Likert scale in two further survey rounds: −5

(strongly disagree) to 5 (strongly agree). Consensus was defined as mean ≥ 2.5 or ≤−2.5, with a standard deviation not crossing

zero. Consensus was reached on 141 of 223 statements. Notable areas of consensus were for early discussions about trans-

plantation, and agreement with previously published referral and listing criteria. There was agreement that lung transplantation

could be offered in sick candidates, including those with concurrent renal or hepatic insufficiency. Bilateral lung transplan-

tation was considered the procedure of choice for most patients, with rare indications for heart‐lung transplantation. Consensus
on bridging strategies included use of veno‐arterial extracorporeal membrane oxygenation and preemptive awake cannulation

in those with severe right ventricular dysfunction. Consensus was also achieved on intraoperative use of invasive hemodynamic
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monitoring, and prolonged postoperative circulatory support guided by hemodynamic response and echocardiography. Patients

with PAH undergoing transplantation require specialized management, which differs somewhat from other candidates.

1 | Introduction

Survival has improved in pulmonary arterial hypertension
(PAH) due to advances in medical management and recognition
of benefits of initial use of combination therapy [1–6]. Although
treatment is now more effective, patients remain at risk of death
[2, 3]. Lung transplantation is a potential therapeutic option for
select patients, offering freedom from parenteral therapy, im-
proved quality of life, and extended survival [7–12].

Annually, over 4500 lung transplants are performed [13].
Amongst indications for transplantation, PAH is unique as it
predominantly involves the vascular compartment, and because
the presence of elevated pulmonary artery pressure and right
ventricular dysfunction are associated with increased perio-
perative risk [14]. Additionally, since PAH is rare, it also rep-
resents a small proportion of the candidate pool, accounting for
less than 5% of global lung transplants.

Given the unique challenges facing patients with PAH when
undergoing lung transplantation, we sought to create guidance
on management. Although multiple professional societies have
provided useful advice on the topic, few have provided com-
prehensive commentary on lung transplantation for PAH, nor
made recommendations via a scientific approach to consensus
building [7, 15–17]. We performed a modified Delphi study to
develop an expert consensus on referral and listing criteria, as
well as management of patients with PAH requiring lung
transplantation.

2 | Methods

2.1 | Panel Selection

The Innovative Drug Discovery Initiative of the Pulmonary Vas-
cular Research Institute assembles groups of experts on topics
relevant to PAH. This modified Delphi project was derived from
the Innovative Drug Discovery Initiative Lung Transplantation
Workstream, consisting of 34 experts in PAH and/or lung trans-
plantation. In addition, 2 members of the International Society for
Heart and Lung Transplantation Pulmonary Vascular Disease
Interdisciplinary Network were also invited to join as part of this
collaborative effort. All members of the Workstream were invited,
and 29 elected to participate (Table 1).

2.2 | Modified Delphi Survey Methodology

The Delphi process is intended to create consensus in the
absence of medical evidence [18]. It has been utilized in various
aspects of pulmonary medicine, including PAH [4, 19–21]. In
our study, we used a modified Delphi, with three survey rounds.
Each round was moderated by a five‐member steering
committee: NAK, HB, HC, DL, RG.

In the first survey, participants were given 55 open‐ended
questions related to uncertainties in the field. The questions
were developed by the steering committee after literature
review and discussion with the larger panel. Topics in Survey 1
included soliciting commentary on unmet needs, timing of care
decisions, candidate selection, supportive care while awaiting
transplant, surgical considerations, and perioperative consid-
erations (Table S1).

The steering committee then developed Survey 2, which was a
series of 223 discrete statements derived from the responses to
Survey 1. No new topics were introduced. Panelists then rated
their agreement with these discrete statements using a Likert
scale. The range of agreement was −5 to 5, with −5 representing
strong disagreement, and 5 representing strong agreement
[19, 20, 22, 23].

Survey 3 consisted of the same 223 discrete statements in Sur-
vey 2, along with the group mean and standard deviation from
Survey 2. In this round, panelist re‐scored each statement after
considering the aggregated group response.

Upon return of Survey 3, each statement was assessed for con-
sensus. Although there is no standard definition of consensus, we
used previously accepted methodology [19, 20, 22, 23]. Consen-
sus agreement was defined as a mean score greater than 2.5 with
a standard deviation not crossing zero. Consensus disagreement
was defined as a mean score less than −2.5 with a standard
deviation not crossing zero.

TABLE 1 | Make up of modified Delphi panel.

Clinical practice

Pulmonologist 18

Cardiologist 3

Lung Transplant Surgeon 5

Anesthesiologist 2

Nurse Practitioner 1

Country

North America 20

Europe 6

Australia 3

Years involved in transplant
(median [IRQ])

16.5 years [7–25]

Years involved in PAH
(median [IQR]

18 years [9–25]

Number of transplant performed
at centers (median [IQR])

80 transplants/year
[45–100]

Number of PH patients cared for
at centers (median [IQR])

450 PH patients
[300–1200]
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Panelists were required to participate in at least two surveys
and asked to abstain from answering any questions outside
their content expertise. The consensus was conceived in
October 2023, Survey 1 was distributed in November 2023,
Survey 2 was distributed in December 2023, and Survey 3 was
distributed in January 2024. This consensus was approved by
the Monash University Institutional Review Board (Approval
Number: 40697).

3 | Results

Of the 29 panelists, 20 (69%) responded to Survey 1, 28 (97%)
responded to Survey 2, and 29 (100%) responded to Survey 3
(Figure 1). Consensus was achieved on 141 of 223 statements
(63%), with 126 consensus agreements and 15 consensus dis-
agreements (Table S2).

3.1 | Starting the Transplant Conversation

The panel reached consensus on need for increased awareness
amongst PAH providers regarding proper timing of referral
(mean agreement 4.15 ± 0.53), and that discussions about
transplantation occur too late in the disease course (mean
agreement 3.65 ± 0.75). Panelists felt that the transplant con-
versation should occur at diagnosis or shortly thereafter in high‐
risk patients by either the European Society of Cardiology/
European Respiratory Society (ESC/ERS) 3‐stratum model or
the REVEAL 2.0 risk calculator. Panelists also felt that the
transplant conversation should occur at the time of diagnosis
for suspected or confirmed pulmonary veno‐occlusive disease/
pulmonary capillary hemangiomatous (PVOD/PCH) (Figure 2).

At follow up, panelists felt that the transplant conversation
should occur in intermediate‐high‐risk patients despite appro-
priate therapy based on the ESC/ERS 4‐stratum model or the
REVEAL 2.0 risk calculator. Additionally, there was consensus
that transplant conversations should occur if patients were
deteriorating, starting triple therapy, starting parenteral pros-
tacyclin, were pregnant or considering pregnancy, or had
hypoxemia, hemoptysis or signs of end‐organ dysfunction such
as renal insufficiency or hepatic congestion.

3.2 | Referral for Lung Transplantation

There was unanimous consensus that close collaboration
between PAH teams and lung transplant programs is important
(mean agreement 5 ± 0). The panel agreed that referral should
occur early, allowing for education about transplant and miti-
gation of barriers (mean agreement 3.96 ± 1.07). There was
agreement that patients meeting indications for referral should
be referred despite perceived potential contraindications, so
transplant centers can determine candidacy (mean agreement
4.43 ± 0.74), and that a second opinion from a program with
experience in transplantation for PAH should be obtained if a
patient is denied. There was negative consensus for the state-
ment suggesting that providers should wait to refer until the last
therapeutic option has been introduced with insufficient effects
(mean agreement −3.71 ± 2.17).

Panelists agreed that patients should be referred for transplan-
tation if they were intermediate‐high risk by the ESC/ERS
4‐stratum model or had a REVEAL 2.0 score of ≥ 8
(intermediate‐risk). Panelists also agreed that patients on
appropriate therapy who remain World Health Organization
Functional Class III‐IV should be referred. Consensus was

FIGURE 1 | Overview of the Delphi consensus process to develop recommendations on lung transplantation for patients with pulmonary arterial

hypertension (PAH). Developed by the Pulmonary Vascular Research Institute Innovative Drug Delivery Initiative (IDDI) Lung Transplantation

Workstream.
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achieved that patients should be referred if, despite appropriate
therapy, they have right ventricular dysfunction/dilation,
disease progression, hospitalization for PAH, hemoptysis,
the presence of pericardial effusion, cardiac index below
2 L/min/m2, or the presence of renal or hepatic dysfunction.
Additionally, regardless of therapy, consensus was achieved
that patients should be referred if they require parenteral
prostacyclin, have suspected or confirmed PVOD/PCH, her-
editable PAH, a large or progressive pulmonary aneurysm,
significant left heart disease, coronary compression, recurrent
arrhythmias, or have undergone atrial septostomy (Figure 2).

3.3 | Contraindications to Transplantation
Unique to PAH

Various potential contraindications to transplantation are un-
ique to PAH. Panelists reached consensus that there should be
an upper age limit for candidacy but did not reach consensus on
the limit. There was negative consensus for the statement that
transplantation in PAH should be reserved for patients under 60
(mean agreement −3.42 ± 1.68).

Panelists agreed that patients with drug‐associated PAH would
need a minimum of 6 months sobriety before they could be
offered candidacy for transplant. Uncontrolled bleeding dis-
orders were considered an absolute contraindication. Although
thrombocytopenia is common in patients with PAH, providers
did not agree on a level of thrombocytopenia representing
absolute contraindication. They did reach a negative consensus
against the idea that a platelet count under 100,000 is a
contraindication.

Panelists felt that patients with mild renal or liver disease could
be considered for transplantation, and that consultation with
nephrology or hepatology is beneficial. There was consensus
agreement that a Chronic Kidney Disease Epidemiology Col-
laboration (CKD‐EPI) below 30mL/min should prohibit lung
transplantation alone, without concomitant kidney transplan-
tation. There was also consensus agreement that patients with
confirmed cirrhosis, esophageal varices, significant portal
hypertension, bilirubin > 10, or Model for End Stage Liver
Disease Score > 20 should not be offered lung transplantation
alone, without concomitant liver transplantation.

There was consensus that critical illness is not a contra-
indication to lung transplantation in PAH, and that use of ex-
tracorporeal membrane oxygenation (ECMO) to complete
evaluation is appropriate (mean agreement 4.24 ± 0.83). Nota-
bly, the panel felt patients on ECMO or mechanical ventilation
should only be evaluated if awake enough to consent (mean
agreement 3.00 ± 1.92).

3.4 | Listing Criteria

The panel reached consensus that patients with PAH should be
listed for transplantation if intermediate‐high‐risk by the ERS/
ESC 4‐stratum model, or high‐risk (9+ points) by REVEAL 2.0.
Additionally, panelists agreed that patients should be listed for
transplantation if they have severe right ventricular dilation/
dysfunction, progressive but not end‐stage renal or hepatic
dysfunction, life‐threatening hemoptysis, progressive hypoxe-
mia, or PVOD/PCH. Notably, there was strong consensus that
patients on ECMO (mean agreement 4.66 ± 0.61) or in those

FIGURE 2 | When to start discussions about transplantation in patients with pulmonary arterial hypertension (PAH), when to refer patients with

PAH for transplantation, and when to list patients with PAH for transplantation.
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dependent on intravenous inotropes or vasopressors could be
considered for listing (mean agreement 4.36 ± 1.93) (Figure 2).

3.5 | Type of Surgery

Historically, patients with PAH have undergone lung trans-
plantation alone or combined heart‐lung transplantation. The
panelists found consensus that single lung transplant should
not be offered to patients with PAH (mean agreement
3.57 ± 2.03), and that no degree of right ventricular dysfunction
should preclude lung transplantation alone (mean agreement
2.86 ± 2.09) (Figure 3).

Use of combined heart‐lung transplant was considered appro-
priate in complex congenital heart disease not amenable to
surgical repair, concomitant significant left heart disease, or
significant coronary disease not amenable to revascularization.
There was negative consensus against the idea that heart‐lung
transplantation should be performed when patients have an
atrial septal defect amenable to surgical repair, an open patent
ductus arteriosus amenable to surgical repair, or an atrial sep-
tostomy amenable to surgical closure. There was consensus that
complex congenital heart disease or Potts shunt patients should
undergo transplantation at centers with relevant expertise.

3.6 | Improving Allocation

Panelists felt that current allocation systems underestimate disease
severity in PAH (mean agreement 4.32 ± 0.61), that health dis-
parities and unequal access to care impact patients with PAH
(mean agreement 4.23 ± 0.71), and that waiting list mortality
remains unacceptably high. Although systolic pulmonary artery
pressure has historically been included in the US Lung Allocation
Score, and is in the Composite Allocation Score [24], the panel did

not achieve consensus that it had utility in allocation calculations.
Rather, the panel reached agreement that presence of right ven-
tricular dysfunction, cardiac index, stroke volume index, right
atrial pressure, and PAH risk prediction scores should be included
in allocation models. The panel reached strong agreement that an
exception system is needed for high‐risk PAH patients (mean
agreement 4.18 ± 1.02) and that high‐urgency systems are neces-
sary when not using priority‐based allocation (mean agreement
4.46 ± 0.57).

3.7 | Interventional and Bridging Strategies

There was strong agreement that ECMO can be deployed as
bridge to transplant for refractory right heart failure (mean
agreement 4.68 ± 0.48) and refractory hypoxemia (mean
agreement 4.07 ± 0.98) (Figure 4). Additionally, there was
agreement that early prophylactic cannulation is advantageous
for hospitalized patients at risk of deterioration (mean agree-
ment 2.93 ± 1.69). Panelists felt that cannulation strategy
depended on patient‐specific characteristics, with peripheral
veno‐arterial ECMO having highest agreement (mean agree-
ment 4.09 ± 0.81). Other potential bridging strategies with
agreement included pulmonary artery to left atrial cannulation,
reverse Potts shunts in pediatric PAH patients, and long term
continuous intravenous ionotropic support. Panelists met neg-
ative agreement against using a right atrial to pulmonary artery
catheter for bridging. There was no agreement on approaches to
vasodilators in those bridged to transplant on ECMO, or on the
benefit of prophylactic bronchial collateral embolization.

3.8 | Transplant Surgery

The panel agreed on multiple aspects surrounding transplant
surgery itself (Figure 4). There was agreement that parenteral

FIGURE 3 | Type of organ transplant recommended for patients with pulmonary arterial hypertension.
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prostacyclin analogs should be stopped intraoperatively after
initiating either veno‐arterial ECMO or cardiopulmonary by-
pass (mean agreement 3.87 ± 1.69) and a strong negative con-
sensus against using parenteral prostacyclin analog therapy
postoperatively (mean disagreement −4.00 ± 1.60). Regarding
induction of anesthesia, there was agreement that holding wires
for vascular cannulation should be placed in advance of
induction, that surgeons should be in the room at induction,
that hypotension should be avoided, and that pre‐emptive
awake veno‐arterial ECMO should be considered in severe right
ventricular dysfunction. Intraoperatively, there was agreement
that central veno‐arterial ECMO is preferred to cardio-
pulmonary bypass and peripheral ECMO strategies, that milri-
none should be avoided, and that norepinephrine should be
preferred. There was also agreement that patients should be
monitored intraoperatively with an arterial line and pulmonary
artery catheter (mean agreement 4.38 ± 0.74), as well as with
continuous transesophageal echocardiography (mean agree-
ment 3.35 ± 1.19).

3.9 | Postoperative Management

Although there is increasing use of pre‐emptive veno‐arterial
ECMO in patients with PAH to minimize risks of primary graft
dysfunction, the panel did not reach consensus on its routine
use for postoperative recovery. Rather, the panel felt post-
operative ECMO should be guided by hemodynamic response
and transesophageal echocardiography findings (Figure 4). The
panel reached consensus on multiple methods to monitor
recovery postoperatively, including pulmonary artery catheters
in the first 48 h (mean agreement 2.67 ± 1.53), arterial lines in

the first 48 h (mean agreement 3.86 ± 1.24), and foley catheters
in the first 72 h (mean agreement 3.36 ± 2.26). Norepinephrine
was preferred by the panel over epinephrine in the early post-
operative period (mean agreement 3.26 ± 1.24). The panel did
not achieve any consensus on the postoperative use of nitric
oxide, length of mechanical ventilation, length of sedation, or
extubation strategies.

4 | Discussion

In this modified Delphi, a panel of experts developed consensus
on multiple aspects of management in patients with PAH
requiring lung transplantation.

Although the ISHLT, the ESC/ERS, and the World Symposium on
Pulmonary Hypertension (WSPH) have all created guidelines on
referral and listing, there is limited guidance on when PAH pro-
viders should start discussing transplantation [7, 15, 16, 25]. By
comparison, other disease‐specific societies, such as the Cystic
Fibrosis Foundation, provide clear guidance on timing of discus-
sions [26]. Our panelists found consensus for early discussions of
lung transplantation in patients at significant risk of progression
throughout their lifetime, either due to diagnosis or clinical profile.
While discussing transplantation early in the course of disease
may be uncomfortable, it has the benefit of demystifying trans-
plantation. If adopted by PAH providers and recommended by
professional societies, these early discussions may facilitate easier
conversations when referral is warranted.

Our panelists agreed with existing referral and listing indica-
tions outlined in prior ISHLT, ESC/ERS, and WSPH guidelines

FIGURE 4 | Recommendations regarding bridging, intra‐operative management, and postoperative management for patients with pulmonary

arterial hypertension requiring lung transplantation.
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[7, 15, 16, 25]. Although these guidelines generally advocated
for early referral, our study provides more granular parameters
prompting referral. These PAH‐specific parameters are associ-
ated with increased risk that may not be accounted for in ex-
isting risk assessment tools [27–29]. Although risk assessment is
becoming more refined, the current tools are designed to assess
risk of mortality, not post‐transplant outcomes or survival to
transplantation [15, 27]. Should risk assessment tools be refined
to predict outcomes relevant in transplantation, they may better
inform listing and referral practices. Better risk assessment
relevant to transplantation for PAH may also inform allocation
modeling; patients with PAH have inequitable access to trans-
plantation in some allocation systems due to the models con-
taining parameters not relevant to disease severity in PAH
[30–34]. Our panelists also provided some guidance for policy
makers as to which parameters may be better to include in future
allocation models, including right ventricular dysfunction, cardiac
index, stroke volume index, right atrial pressure, and PAH risk
prediction scores. Our study also provides clearer guidance to the
referring clinician. Notably, that patients should be referred
despite perceived potential contraindications, and that patients
denied at one center should be offered to seek evaluation at
a second center. Transplant is evolving, and centers are becoming
more skilled with complex cases. Patients should be afforded every
opportunity to seek transplantation, especially considering that
transplant is appropriate even in the setting of renal or hepatic
impairment, or critical illness.

The 2024 WSPH proceedings listed bilateral lung transplantation
as the method of choice in pulmonary hypertension over com-
bined heart‐lung transplantation, and the 2021 ISHLT Consensus
Document on the Selection of Lung Transplant Candidates fa-
vored bilateral lung transplantation alone, even in the presence of
right ventricular failure [7, 16, 25]. The 2022 ESC/ERS Guidelines
commented that most patients receive bilateral lung transplanta-
tion alone, but remained agnostic in their recommendations [15].
Despite the fact that lung transplantation alone is sufficient for
most patients, some centers continue to perform heart‐lung
transplantation at high rates [8]. Our findings further reinforce
the ISHLT and WSPH statements, by showing in expert consensus
that no degree of right ventricular dysfunction should preclude
lung transplantation alone.

The most comprehensive document on bridging and surgical
management in patients with PAH undergoing lung transplanta-
tion is the 2022 ISHLT Consensus Statement on the Perioperative
Management of Patients with Pulmonary Hypertension and Right
Heart Failure Undergoing Surgery [35]. Although this is a con-
sensus statement, it is more of a scoping review, and was not
developed via scientific consensus building approaches. Our con-
sensus study adds to the literature by providing guidance based on
consensus opinion regarding bridging and management in the
intraoperative and postoperative periods. It is notable that we
found agreement on the use of ECMO as a bridge to transplan-
tation, and the appropriateness of evaluating awake patients while
on ECMO. Patients bridged to transplant on ECMO can achieve
excellent outcomes and have similar improvements in quality of
life post‐transplant as those who were not bridged to transplant on
ECMO [36, 37]. Despite proving clear guidance on use of ECMO
as a bridge to transplant, one nuance not addressed in our con-
sensus was the patient who previously expressed willingness to

consider transplantation or who was listed for transplantation but
is now temporarily unable to consent due to critical illness or
sedation. In this scenario, patients who meet criteria for trans-
plantation may continue to be evaluated at the discretion of the
transplant center, and the temporary critical illness should be
taken into the context of their prior willingness to consider
transplantation.

Although we found many areas of consensus, some statements
found neither consensus agreement nor consensus disagreement.
These represent areas warranting further research, to help deter-
mine best practices. Notable statements without consensus include
how to approach Potts Shunts in adults, the utility of atrial sep-
tostomy, the utility of right ventricular assist devices, the utility of
central ECMO in bridging, when to deploy bronchial artery col-
lateral embolization, what to do with vasodilators in patients on
ECMO, and how to use inhaled nitric oxide postoperatively.
Another important area where we found lack of consensus is re-
garding the use of pre‐emptive veno‐arterial ECMO post-
operatively, which is commonly used to help mitigate risk of
primary graft dysfunction [38]. PAH is a notable risk factor for
primary graft dysfunction, and primary graft dysfunction is asso-
ciated with increased mortality and worse quality of life [39–41].
Pre‐emptive use of veno‐arterial ECMO postoperatively has the
advantage of reduced reperfusion pressure as well as controlled
loading of the left heart [42, 43]. That we did not find consensus
for this practice highlights the need for further research to inform
best practice for recovery after transplantation.

Our study has limitations. It is possible that there was bias in
panelist selection. We mostly sampled providers from large
volume transplant and PAH programs, so it is possible our
recommendations do not reflect practice in smaller centers or
resource‐poor settings. Additionally, although we tried to be as
broad as possible, we did limit our Delphi to PAH, so these
recommendations do not apply to transplantation for other
forms of pulmonary hypertension including pulmonary hyper-
tension related to lung disease or chronic thromboembolic
pulmonary hypertension.

Despite the limitations, our study has notable strengths. It is the
only document to make consensus recommendations on lung
transplantation for PAH with a rigorous approach to consensus
building. Further, our panelists represent a variety of clinical
specialists from three separate continents (North America,
Europe, Australia).

Lung transplantation is a therapeutic option for patients with
advanced PAH. It is highly successful and can both extend a
patient's life and improve quality of life. The complexities of
transplantation are unique for this disease state and require
special attention. Our Delphi provides consensus recommen-
dations on the care of these patients.
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