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ABSTRACT The development of targeted therapies has transformed the outlook for patients with
pulmonary arterial hypertension (PAH); however, some patients fail to achieve an adequate clinical
response despite receiving maximal treatment. For these patients, lung transplantation remains an
important therapeutic option, and recommendations for transplantation are included in the current
European Society of Cardiology/European Respiratory Society guidelines for the diagnosis and treatment
of pulmonary hypertension. Although lung transplantation is not without risk, overall long-term survival
rates are good and substantial improvements in quality of life have been reported for lung transplant
recipients. In this review, we describe the important considerations prior to, during and after
transplantation, including the role of mechanical support, in patients with advanced PAH.

Introduction

Pulmonary arterial hypertension (PAH) is a rare, progressive disease, which is characterised by
remodelling of the pulmonary vasculature and increased pulmonary vascular resistance [1]. Left untreated,
PAH ultimately leads to premature death from right-sided heart failure [2]. However, targeted therapies
have significantly improved the outlook for PAH patients; since the introduction of the first PAH therapy
(epoprostenol), 5-year survival rates for patients with idiopathic PAH (IPAH) or heritable PAH have
almost doubled [3-5]. In addition to these registry data, a number of randomised controlled trials have
demonstrated that some targeted therapies can improve long-term outcomes in PAH [6-8]. Despite these
advances, patients in World Health Organization functional class (WHO FC) III and IV continue to have
a high mortality rate [5]. Lung transplantation therefore remains an important treatment option for
patients with advanced PAH [9, 10].

Received: Aug 16 2017 | Accepted after revision: Nov 22 2017

Support statement: M.M. Hoeper is supported by the Deutsche Forschungsgemeinschaft (DFG: HO 1599/2-1). Funding
was received from Actelion Pharmaceuticals Ltd, Allschwil, Switzerland. Funding information for this article has been
deposited with the Crossref Funder Registry.

Contflict of interest: Disclosures can be found alongside this article at err.ersjournals.com

Provenance: Publication of this peer-reviewed article was sponsored by Actelion Pharmaceuticals Ltd, Allschwil,
Switzerland (principal sponsor, European Respiratory Review issue 146).

Copyright ©ERS 2017. ERR articles are open access and distributed under the terms of the Creative Commons
Attribution Non-Commercial Licence 4.0.

https://doi.org/10.1183/16000617.0089-2017 Eur Respir Rev 2017; 26: 170089


mailto:Sonja.Bartolome@UTSouthwestern.edu
http://ow.ly/mqfG30gMcMd
http://ow.ly/mqfG30gMcMd
https://doi.org/10.1183/16000617.0089-2017
https://doi.org/10.1183/16000617.0089-2017
https://www.crossref.org/services/funder-registry/
err.ersjournals.com
http://crossmark.crossref.org/dialog/?doi=10.1183/16000617.0089-2017&domain=pdf&date_stamp=

PULMONARY HYPERTENSION | S. BARTOLOME ET AL.

The management of PAH is complex and requires careful risk assessment in individual patients in order
to guide appropriate treatment decisions. Based on comprehensive, multi-parameter assessments, patients
can be classified as low, intermediate or high risk for clinical worsening or death [9, 10]. Patients are
categorised as high risk if their estimated 1-year mortality is >10%. These patients are typically in WHO
FC III or IV, often with signs of severe right ventricular dysfunction, or with right ventricular failure and
secondary organ dysfunction [9, 10]. In PAH, the overall treatment goal is to achieve a low risk status:
these patients will have a normal or near-normal 6-min walking distance, good quality of life and right
ventricular function, and will be in WHO FC I or II [9, 10].

For high-risk patients, current guidelines recommend initial combination therapy, including an
intravenous therapy targeting the prostacyclin pathway [9, 10]. For patients who are in the intermediate or
high-risk groups despite already receiving PAH therapy, the guidelines recommend that treatment should
be escalated to dual or triple combination therapy to try to achieve a low risk status [9, 10].

Patients with an inadequate clinical response to initial treatment, irrespective of functional class, should be
referred for lung transplantation [9, 10]. For patients who deteriorate while on the transplant waiting list,
mechanical support may serve as a bridge to therapy for a limited period of time, until a suitable donor
becomes available [11]. However, early referral and comprehensive assessment are strongly advised to
reduce waiting list mortality and clinical severity at the time of transplantation [12, 13].

In this article, the role of mechanical support and lung transplantation in the clinical management of
patients with advanced PAH is reviewed.

Pre-lung transplantation

Timing of lung transplant referral and listing

Due to the unpredictable course of PAH, patients should be referred for lung transplantation at a relatively
early stage [14]. In addition to an inadequate response to initial therapy [9, 10], other criteria for lung
transplant referral include rapidly progressive disease, use of parenteral PAH therapy, or confirmed or
suspected pulmonary veno-occlusive disease or pulmonary capillary haemangiomatosis [12]. Delayed
referral and a shortage of donor organs may lead to increased mortality while patients are on the waiting
list and greater disease severity at the time of transplantation [9, 10].

Patients who are referred for lung transplantation will be formally assessed on their suitability for surgery
(general indications and contraindications for lung transplantation are provided in table 1). This is a
multidisciplinary process and the entire clinical status of the patient must be considered [12, 14]. Early
referral allows time for a full evaluation of the patient, as well as initiation of measures to address risk
factors or potential causes of ineligibility, such as obesity or infection [12, 14]. Patient evaluation should
also include an assessment of exercise capability to tailor pre- and post-operative rehabilitation
programmes to individual patient’s needs [16]. Contraindications for lung transplantation may include
failure of other organs, obesity, malignancy and a history of non-adherence to medical therapies [12, 17].
An exception to these criteria is chronic renal impairment due to venous congestion, which should not be
an absolute contraindication due to evidence which shows that this condition is reversible after lung
transplantation [15].

After the evaluation is complete, a decision must be made on when to list eligible patients for
transplantation. Current recommendations are to list patients as soon as they display an inadequate clinical
response to maximal medical therapy, including parenteral prostanoids, with severe haemodynamic
impairment (cardiac index <2 L-min~"-m™? or right atrial pressure >15 mmHg), 6-min walking distance
<350 m, or signs of right heart failure [12]. Patients should not be placed on an active waiting list for lung
transplantation until all other viable treatment options have been exhausted and the risk-benefit ratio
favours this procedure over conventional medical treatment [12]. Listing should be timed to avoid extreme
scenarios that are likely to increase morbidity while patients are on the waiting list, or post-operative
mortality. These include progression to end-stage PAH or the necessity for bridging strategies whilst a
patient awaits a donor organ [12, 17]. Due to differences in organ allocation systems, optimal timing for
listing for transplantation may vary among countries [12, 18].

If placed on an active waiting list, policies are in place to determine the patient’s priority for a lung
transplant relative to other candidates. This may be done based on waiting time, or by using a system to
assign priority according to medical urgency and expected survival benefit [19]. In the USA, the policy for
allocating lungs for transplantation was changed in 2005 from a system based primarily on waiting time,
to one that assigns priority according to a lung allocation score (LAS) [19]. A LAS is calculated for each
active registered candidate for lung transplantation aged >12 years. The LAS, which ranges from 0 to 100,
is used to predict waiting list survival probability with and without a lung transplant. A higher score
corresponds to greater priority for receiving a donor organ [19, 20]. In 2015, a new LAS model was
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TABLE 1 General indications and contraindications for lung transplantation surgery in adults (all indications) [12]

Indications for surgery Contraindications for surgery

High (>50%) risk of death from lung disease within 2 years if lung Too early in the disease course
transplantation is not performed Recent history of malignancy

High (>80%] likelihood of surviving at least 90 days after lung Poorly controlled, chronic infection with highly virulent or resistant
transplantation microbes

High (>80%] likelihood of 5-year post-transplant survival given Active Mycobacterium tuberculosis infection
adequate graft function Untreatable dysfunction in another organ class®

Acute medical instability

Uncorrected atherosclerotic disease

Uncorrectable bleeding diathesis

Significant chest wall or spinal deformity that may cause severe
restriction after transplantation

Body mass index >35.0 kg-m™2

Current or a history of non-compliance to medical therapy

Psychiatric or psychological conditions associated with inability to
adhere to medical therapy

Substance abuse or dependence

Absence of an adequate or reliable social support system

Severely limited functional status with poor rehabilitation potential

#. unless combined organ transplantation can be performed, except in the case of chronic renal impairment due to venous congestion which is
often reversible following lung transplantation [15].

introduced in the USA, which included modifications to the variables used to calculate the LAS, as well as
the relative weight of the variables used to predict the risk of death [21, 22]. It is anticipated that this will
improve the survival prediction for all patients, but will have the greatest impact on patients with a
diagnosis of pulmonary vascular disease [21].

Allocation policies based on the LAS have also been adopted in Germany, and more recently, the
Netherlands [22]. In the USA and Germany, the introduction of the LAS has shortened the time to
transplantation and decreased the risk of waiting list mortality for many diseases [23, 24], including
IPAH (25, 26]. Despite this observation, the LAS may not fully reflect disease severity in patients with
IPAH [14, 27]. This has led to revisions to the LAS, allowing PAH patients who demonstrate signs of
right heart failure or extreme disease severity to be granted an exception to the standard LAS criteria
(figure 1) [24, 29]. The exception to the LAS was introduced for patients in whom the calculated LAS
may not adequately reflect the urgency and expected outcome following lung transplantation [24]. The
introduction of a high priority allocation programme in France has also significantly reduced waiting-list
mortality for pulmonary hypertension (PH) patients [30]. In the USA, patients may be granted an
exception by their local regional review board even if they are not actively hospitalised or deteriorating.
However, there is regional variability in the ability to grant these exceptions.

A criticism of the LAS is that it may increase the number of transplant recipients with poorer survival
probabilities by prioritising those with greater urgency. If this is the case, any clinical benefit of shortening
the time to transplantation may be diminished by poorer overall survival post-transplantation [20, 31].
Moreover, demographic characteristics and risk factors for pre-and post-transplant mortality in patients on
waiting lists are likely to change over time. These considerations emphasise the need for ongoing
refinement and re-evaluation of lung allocation policies [12, 19].

Geographic location may also affect a patient’s waiting list time. Recent data have shown that a tendency
to distribute organs locally has led to significant numbers of patients with a low LAS score receiving
locally obtained organs [32]. This suggests that improvements in organ sharing across geographic regions
are required to facilitate the most appropriate allocation.

Management of patients ineligible for transplantation

For patients with advanced PAH who are ineligible for transplantation, the remaining surgical options are
limited. In exceptional cases, balloon atrial septostomy (BAS) may be considered in experienced centres
[33, 34]. If BAS is contraindicated, a transcatheter Potts shunt may be performed in rare cases; however,
this procedure is experimental and carries very high levels of risk [33]. These procedures are described in
more detail below. In patients with end-stage PAH for whom all available treatment options have been
exhausted, palliative care should be considered [35].
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eLAS request: PH group 1

Cardiac index <2 L-min-1-m-2
|
|
Yes: Accept, if at least one .
additional factor is present No: Probably no eLAS granted

RAP >15 mmHg in the last 12 months

eLAS should
represent
95th percentile

Bilirubin >1 mg-dL-" and increased by >50%

Creatinine >1 mg-dL-! and increased by >50%

6MWD <300 m and declined by >100 m

FIGURE 1 Circumstances under which pulmonary arterial hypertension patients with markers of severe
disease can be granted an exceptional lung allocation score (eLAS) [28]. 6MWD: 6-min walking distance;
PH: pulmonary hypertension; RAP: right atrial pressure.

Bridging to transplantation

There is generally a shortage of donor organs and, in PAH, mortality whilst on the transplant waiting list
remains relatively high compared with other conditions [9, 10]. For many eligible patients, bridging to
transplant may be necessary to keep the patient alive whilst on the waiting list and to avoid irreversible
end organ damage [36]. Bridging can be performed using a number of techniques, which are discussed in
detail below.

Balloon atrial septostomy

For PAH patients in WHO FC III or IV, the current guidelines suggest that BAS should be considered
after failure of maximal medical therapy [9, 10]. This is a percutaneous procedure by which a right-to-left
shunt is created by balloon dilatation of the atrial septum [9, 10, 37]. It results in decompression of the
right heart chambers and can increase left ventricular preload and cardiac output [9, 10]. Published
studies have demonstrated that BAS can be used successfully to bridge patients to lung transplant [37, 38].
However, there is a risk of peri-operative mortality associated with BAS [37] and the guidelines
recommend that the procedure should only be performed in an experienced centre [9, 10].

Potts shunt

The right heart can also be decompressed by performing a transcatheter Potts shunt, whereby a direct
anastomosis is created between the left pulmonary artery and the descending aorta [33]. In addition to
more reliable shunting, a theoretical advantage is that direct shunting (into the descending aorta) avoids
exposing the brain and myocardium to desaturated blood, which can occur following atrial septostomy
[33, 39]. Potts shunt has shown promise as a rescue therapy in paediatric patients with suprasystemic
pulmonary arterial pressures [40]. However, the procedural mortality rate is likely to be high in adults and
the procedure should be reserved for patients with a contraindication for BAS. Although some benefits
have been shown in a small case series in adult patients, the efficacy and long-term safety of this
procedure requires cautious study [39].

Extracorporeal membrane oxygenation

Extracorporeal membrane oxygenation (ECMO) is an invasive technique used to support cardiopulmonary
function [11] and which may be used as a bridging therapy in patients with PH with persistent right
ventricular failure in the absence of a response to medical treatment [36]. Originally, the use of ECMO
was limited by complications that accompany prolonged sedation and mechanical ventilation, such as
pneumonia and septicaemia [41]. To avoid these problems, ECMO has more recently been applied under
local anaesthesia in awake and spontaneously breathing patients [36, 41, 42]. This awake ECMO avoids the
increased risks to the right heart associated with long-term mechanical ventilation and intubation, and
permits the patient to begin pre-operative physiotherapy, which may improve post-transplantation
outcomes [36, 41, 42].
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In order to bridge patients with PAH to transplant, ECMO is most commonly used in a peripheral
veno-arterial setting. An alternative is the central use of oxygenator membranes that are implanted
between the pulmonary artery and left atrium, creating a parallel circuit where blood can be oxygenated
while unloading the right ventricle [36, 43, 44]. This device can immediately stabilise patients with right
ventricular failure and permits active rehabilitation [36]. Although suitable for patients who are predicted
to have a long waiting time on the transplant list [36], it requires a sternotomy or thoracotomy under
general anaesthesia for implantation [36, 43]. This may be problematic in PAH because of the substantial
haemodynamic risk of general anaesthesia in patients with right heart failure [41] and often requires the
use of veno-arterial ECMO prior to surgery.

Peri-lung transplantation

Bilateral lung transplantation is the standard procedure in PAH patients [9, 10] as it is associated with
comparable or better results than heart—lung transplantation and waiting times for lungs alone are
generally shorter than waiting times for both heart and lungs [45-47]. As a result, heart—lung
transplantation is usually only performed for PAH patients with uncorrectable congenital heart disease
[45]. Single-lung transplantation for PH is now rarely performed due to adverse post-operative outcomes,
including pulmonary oedema, graft dysfunction, ventilation/perfusion mismatching and the need for
prolonged ventilation and mechanical support [47, 48].

Almost all patients will require haemodynamic and respiratory support during the operative period. Until
recently, cardiopulmonary bypass (CPB) had been the standard method [49]. However, it is associated
with an increased peri- and post-procedural risk of bleeding due to heparinisation, as well as an increased
risk of primary graft dysfunction resulting from the systemic inflammatory response [49]. To reduce these
risks, ECMO has been adopted as an alternative to CPB in the intra-operative setting. As well as lowering
the risk of a systemic inflammatory response, this technique may also reduce the risk of bleeding, as full
heparinisation is not required [49]. A retrospective comparison of outcomes for patients treated with CPB
or ECMO during lung transplantation demonstrated that ECMO was associated with improved survival
and reduced post-procedural complication rates compared with CPB. ECMO can also be extended to
provide support during the post-operative period, to minimise haemodynamic instability during this
critical phase [49, 50]. For these reasons, ECMO has replaced CPB in lung transplantation and is now the
standard cardiopulmonary support procedure used in most transplantation centres [49, 51-53].

Post-lung transplantation

Post-operative management

The immediate post-operative management of PAH patients can be challenging. There are a number of
factors that may contribute to this; however, the pathophysiological changes that occur post-transplant are
perhaps the most important [27]. In PAH patients, lung transplantation leads to normalisation of
pulmonary vascular resistance, an immediate increase in cardiac output, and an increase in left ventricular
filling. This can lead to left ventricular failure, as the left ventricle may not be able to accommodate a
normal or high cardiac output in the immediate post-operative period [54, 55]. The scale of this
complication was demonstrated in a retrospective single-centre study, where almost a third of PAH
patients who underwent lung transplantation from 2008 to 2012 experienced left ventricular dysfunction
(five out of 16 patients) [56]. To avoid left ventricular dysfunction, use of ECMO can be prolonged into
the post-operative period in order to allow time for the left ventricle to adapt to the altered
haemodynamics that occur after transplantation [54].

Primary graft dysfunction is another important complication that can occur in the early post-operative
period and is a significant cause of early morbidity and mortality following lung transplantation [57]. It
has previously been reported that PH in the recipient is a significant risk factor for primary graft
dysfunction [58, 59]. Subsequently, in a recent study by PorTeous et al. [60], a number of donor, recipient
and operative characteristics were shown to be associated with the development of primary graft
dysfunction in patients with PH. These included higher recipient body mass index, female sex,
pre-operative pulmonary artery pressure, right atrial pressure and creatinine level at transplant, donor
tobacco exposure, use of cardiopulmonary bypass, transfusion volume and reperfusion fraction of inspired
oxygen. Patients should be monitored closely for the development of primary graft dysfunction [14] and
may benefit from treatments aimed at reducing post-surgical reperfusion injury. These include fluid
management, altered strategies of ventilation to reduce airway pressure including positive end-expiratory
pressure, use of inhaled vasodilators, beta-blockers to limit perfusion, and ECMO to provide the lungs
with a period of low-perfusion recovery [57, 61].

PAH patients who have undergone lung transplantation can also be affected by passive hepatic congestion
leading to the development of ascites and coagulopathies. Ascites may need to be drained to assist with
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ventilator weaning. Furthermore, patients may require treatment with vitamin K and coagulation factors to
prevent bleeding complications.

Post-operative outcomes

Following lung transplantation, patients with advanced PAH experience a reversal in right ventricular
failure and amelioration in symptoms [62]. The response of the right ventricle is immediate and patients
who are admitted for surgery whilst receiving combination therapy are able to discontinue PAH therapies
and demonstrate striking reductions in pulmonary artery pressures [14, 63]. However, as described earlier,
the immediate post-operative period can be difficult for PAH patients due to the rapid physiological
changes that occur upon implantation of donor lungs. This is reflected in the most recently published data
from the International Society for Heart and Lung Transplant (ISHLT), which reported that for patients
receiving a lung transplant between 1990 and 2014, the mortality risk in the first 3 months is higher for
IPAH (23%) than for many other indications, including chronic obstructive pulmonary disease (9%) or
cystic fibrosis (9%) [64]. However, recent advances in peri- and post-operative management have resulted
in considerable improvements in early post-transplant survival rates. Across all indications, 3-month
survival post-lung transplant has increased from 82% (transplants performed between 1990 and 1998) to
91% (transplants performed between 2009 and 2013) [64]. In the PH setting, considerable improvements
in early mortality have been reported by some specialist centres. For example, in a cohort of PH patients
receiving a bilateral lung transplant combined with post-operative ECMO in a specialist centre after 2010,
post-transplant survival rates at 3 and 12 months were reported to be 100% and 96%, respectively [54].
Similar results were obtained from a recent study of IPAH patients receiving prolonged ECMO after
bilateral lung transplantation. In this study, survival rates at 3 months, 1 year, 3 years and 5 years were
93%, 90%, 87% and 87%, respectively [65].

For PAH patients who survive the early post-transplant period, long-term outcomes are good and are
frequently better than for many other indications. Data from the ISHLT registry have demonstrated that
for primary transplant patients with IPAH who survived to 1 year, conditional median survival was
10.0 years. In contrast, conditional median survival for patients with chronic obstructive pulmonary
disease or interstitial lung disease was only 7.0 and 6.9 years, respectively [64]. Although the early
post-operative period is clearly the time of greatest risk, lung transplant recipients are frequently affected
by a number of serious long-term complications, including bronchiolitis obliterans syndrome (BOS),
malignancies and infection [66]. According to the ISHLT registry, almost half (41.5%) of all lung
transplant survivors develop BOS within 5 years of transplant [66] and it remains a leading cause of death
in the long-term, accounting for 21.5% of all deaths that occur more than 10 years post-transplant [66]. A
similar proportion of deaths in IPAH patients that occur more than 10 years post-transplant are
attributable to BOS (21.7%) [66]. Other long-term complications affecting transplant patients include
systemic hypertension, hyperlipidaemia, renal dysfunction and diabetes, all of which occur commonly as a
consequence of immunosuppression therapies [67].

Despite the short and long-term risks associated with lung transplantation, survival rates
post-transplantation are improving over time for all indications. This is clearly illustrated in data from the
ISHLT registry, which recently demonstrated that median survival times for all patients who have
undergone lung transplantation have increased from 4.3 years in 1990 to 1997, to 6.3 years in 2005 to 2012
[68]. In addition to increased survival, significant and substantial improvements in health-related quality
of life, predominantly in domains related to physical health and functioning, have been reported post-lung
transplant in patients with end-stage lung disease [69]. Patients who returned to work after lung
transplantation showed further improvements in short-term quality of life compared with those patients
who did not [70]. Patients should, therefore, be encouraged to return to work post-transplantation, as long
as their job is not a risk to their health [70].

Conclusions

For PAH patients who show an inadequate treatment response to medical therapy, lung transplantation is
an important option and outcomes for patients post-transplantation continue to improve due to advances
in surgical techniques and peri- and post-operative management. However, timely referral for
transplantation is critical, and eligible patients should be listed immediately following an inadequate
response to maximal combination medical therapy. Despite the benefits, lung transplantation is not
without risk; a careful risk/benefit decision must be taken to determine the most appropriate treatment
strategy in each patient with advanced PAH.
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