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Portopulmonary hypertension (POPH) is a complication of portal hypertension characterized by
pulmonary vasoconstriction and vascular remodeling that can lead to right heart failure and
death. Differentiation of POPH from other causes of pulmonary hypertension, such as volume
overload or a hyperdynamic high flow state, is critical because a diagnosis of POPH has
significant implications for liver transplant risk stratification, Model for End Stage Liver Disease
exception points, and the use of pulmonary arterial hypertension-(PAH) specific therapy.
Currently, there are 12 approved medications for the treatment of PAH in the US, and three of
these were approved in 2013. This review will discuss the diagnosis, evaluation and management

of POPH and the role of recently approved PAH therapies in the treatment of POPH.
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Pulmonary hypertension

Pulmonary hypertension: diagnosis &
mechanisms

Pulmonary hypertension (PH) refers to a het-
erogencous group of diseases characterized by
an elevated mean pulmonary arterial pressure
(mPAP) 225 mmHg (1. PH can develop due
to three distinct pathologic mechanisms, all
of which can occur in patients with liver
disease, as depicted in Fieure 1 [2]. These
mechanisms include: a hyperdynamic state
associated with an elevated cardiac output
(CO), pulmonary venous congestion due to
volume overload or left-sided cardiac dys-
function, and increased pulmonary vascular
resistance (PVR) to flow due to vasoconstric-
tion and vascular proliferation. Right heart
catheterization with measurement of mPAP,
CO, and pulmonary artery wedge pressure
(PAWP) with calculation of PVR using the
following equation (PVR = [mPAP- PAWP]/
CO) is necessary for the definitive diagnosis
of PH as well as determination of the under-
lying mechanism [12]. When PH develops
due to increased vascular resistance to flow
through the pulmonary arteries, it is referred
to as pulmonary arterial hypertension (PAH)
or precapillary PH [1].

PH: classification

PH is also classified into five distinct groups
based on the WHO classification system
recently updated at the 5th World Symposium
in 2013 [3). These groups, which are summa-
rized in (Box 1), each have distinct mechanisms
and approaches to therapy [3]. Portopulmonary
hypertension (POPH), the term for precapillary
PH that develops as a consequence of portal
hypertension, is a subtype of WHO Group
1 PAH (3]. Both the European Respiratory Soci-
ety task force on pulmonary vascular complica-
tions of liver disease in 2004 [4] and the recent
5th World Symposium on the updated clinical
classification of PAH in 2013 [3] endorsed the
classification of POPH as a subtype of WHO
Group 1 PAH. Group 1 PAH is characterized
by pulmonary vasoconstriction and pulmonary
vascular remodeling associated with endothelial,
fibroblast and smooth muscle cell proliferation,
platelet aggregation and in situ thrombosis.
POPH is classified with idiopathic PAH
because it has similar approaches to therapy and
potentially similar pathologic mechanisms [4].

Portopulmonary hypertension

POPH: diagnosis & evaluation

POPH is diagnosed in approximately 5-6% of
patients evaluated for liver transplant [5-7] and
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Figure 1. Pulmonary hemodynamic profiles of different
pathologic mechanisms of pulmonary hypertension in liver
disease.

CO: Cardiac Output; mPAP: Mean pulmonary arterial pressure;
PAWP: Pulmonary artery wedge pressure; PVR: Pulmonary vascular
resistance; TPG: Transpulmonary gradient (mPAP-PAWP).

Revised and adapted from Krowka MJ [2].

accounts for 5-10% of the overall PAH population [89]. Symp-
toms of POPH and resultant right heart failure include dys-
pnea, lower extremity edema and abdominal distension.
Because these symptoms are non-specific and can frequently
overlap with symptoms of liver disease, the diagnosis of POPH
can be easily missed. Echocardiography is an effective screening
tool for POPH [10}; transthoracic echocardiograms should be
performed yearly in patients on the liver transplant list to iden-
tify patients that should be referred for right heart catheteriza-
tion [4. A recent study identified that an estimated right
ventricular systolic pressure (RVSP) cutoff value of 38 mmHg
had a sensitivity of 100%, a specificity of 82%, a negative pre-
dictive value of 100%, and a positive predictive value of 22%
for identification of patients who were subsequently diagnosed
with POPH by right heart catheterization [11). Addition of RV
dilation defined as an RV end-diastolic diameter >3.3 c¢cm to
the estimated RVSP cutoff value of 38 mmHg improved the
specificity to 93% and the positive predictive value to 41%.
The authors of this study recommended referral of patients
with an estimated RVSP >38 mmHg and right ventricular dila-
tion on echocardiogram for right heart catheterization. Accord-
ing to the most recent guidelines for management of
POPH (4], published in 2004, and the Mayo Clinic algorithm
for screening (Ficure 2) [2.12], patients with an estimated RVSP
>40-50 mmHg or right ventricular abnormalities on echocar-
diogram should be referred for right heart catheterization for
further evaluation of POPH.

A definitive diagnosis of POPH requires a right heart cathe-
terization that demonstrates precapillary PAH without an alter-
native etiology in a patient with portal hypertension [13,14].
Precapillary PAH is defined as mPAP 225 mmHg and PVR
>3 Woods units (240 dyn-s-cmfs) in the setting of a normal
PAWP <15-18 mmHg [1]. Although the last consensus

guidelines published by the European Respiratory Society task
force on pulmonary vascular complications of liver disease in
2004 4] recommended a PAWP <15 mmHg for the diagnostic
criteria for POPH, more recent literature [15] suggests that a
PAWP <18 mmHg may be a more appropriate cutoff because
filling pressures can be elevated in the setting of the hyperdy-
namic state that is often present in liver disease. A diagnosis of
POPH is also suggested if mPAP, PVR and PAWP are elevated
if the transpulmonary gradient (mPAP-PAWP) s
>12 mmHg [2]. Patients with this hemodynamic profile often
require diuresis in addition to PAH-specific therapy. Patients
with an elevated mPAP, PVR, and PAWP and a TPG
<12 mmHg often just require diuresis. Additional testing to rule
out other causes of PH, such as chronic lung disease and chronic
thromboembolic PH, is also an important part of the diagnostic
evaluation because treatment of these diseases may be different.

Right heart catheterization enables differentiation of POPH
from other causes of PH that are frequently encountered in
patients with liver disease, as shown in Foeure 1. In a Mayo
Clinic study of patients with portal hypertension, 101 patients
with an estimated RVSP >50 mmHg on echocardiogram
underwent right heart catheterization. Sixty-five percent of
patients with a mPAP >25 mmHg were diagnosed with
POPH, whereas 35% of patients had an elevated mPAP due to
an elevated CO or PAWP [5]. An elevated mPAP due to an ele-
vated CO or PAWP did not have any adverse implications for
liver transplant. Differentiation of POPH from other causes of
PH with right heart catheterization is critical because a diagno-
sis of POPH has significant implications for perioperative risk
stratification and liver transplant candidacy, Model for End
Stage Liver Disease (MELD) exception points, and the use of
PAH-specific therapy as discussed below.

POPH: pathophysiology

The pathogenesis of POPH is poorly understood. Neither the
severity of liver disease [6,16-19] nor the degree of portal hyperten-
sion [6,16] are associated with the presence or severity of POPH.
A retrospective case—control study identified a higher prevalence
of large spontaneous portosystemic shunts among patients with
moderate (mPAP 35-50) to severe (mPAP >50) POPH com-
pared with milder or no POPH [20]. Larger shunts were also
associated with poor echocardiographic response to treatment [20].
The findings of this study suggest that vasoactive factors bypass-
ing the liver in the presence of portosystemic shunting may play
a role in the pathogenesis of disease, but the identity of these fac-
tors is not known. Pathologically, POPH is indistinguishable
from idiopathic PAH [21]. It is not known, however, whether the
pathophysiological mechanisms of these two diseases are distinct.
Similar to patients with idiopathic PAH [22,23], small studies have
described increased endothelin-1 levels and decreased pulmonary
artery  prostacyclin  synthase in patients with
POPH [23-26]. Female sex is also considered a risk factor for both
idiopathic PAH and POPH [192728], and a case—control study
identified genetic variations in estrogen signaling pathways and
higher estradiol levels in patients with POPH compared with
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cirthotic controls, suggesting a role for sex hormones in the path-
ogenesis of disease [29].

POPH: prognosis & implications for liver transplant

POPH can lead to right heart failure and death (3. Without
treatment or liver transplant, POPH is associated with a 1-year
survival of 46% and a 5-year survival of 14% [30]. In the modern
PAH treatment era, a large, multicenter prospective Registry to
Evaluate Early and Long-term PAH disease management
(REVEAL) registry in the US reported worse survival for patients
with POPH compared with patients with idiopathic or familial
PAH (2-year survival 67 vs 85% and 5-year survival 40 vs 64%)
as depicted in Fieure 3 [8]. Patients with POPH had a worse sur-
vival despite a lower PVR and higher CO, factors typically asso-
ciated with a better prognosis. The cause of this increased
mortality observed in POPH is not known, but is potentially
related to the presence of comorbid liver disease. Improved 1-
and 5-year survival rates of 88 and 68%, respectively, were
reported in a French cohort of POPH patients with less severe
liver disease (31]. In these patients, causes of death were distrib-
uted approximately equally between liver disease and PAH.
Increased mortality in POPH compared with idiopathic PAH
could also be due to a decreased likelihood of patients with
POPH to be on PAH-specific therapy. The REVEAL registry
also identified that patients with POPH were significantly less
likely to be treated with PAH-specific therapy compared with
patients with idiopathic or familial PAH [s].

POPH can complicate and preclude liver transplantation due
to elevated perioperative mortality risk, which can be stratified
based on mPAP [32]. A retrospective study by Krowka ez al. (32)
found that untreated patients with POPH and mPAP
>50 mmHg had 100% cardiopulmonary mortality with liver
transplant, whereas patients with mPAP 35-50 mmHg had a
50% cardiopulmonary mortality and patients with mPAP
<35 mmHg had 0% cardiopulmonary mortality. Based on this
study, mPAP >50 mmHg is considered an absolute contraindica-
tion to liver transplant and mPAP of 35-50 mmHg is considered
a relative contraindication due to increased perioperative mortal-
ity risk [33]. For this reason, treatment of POPH to decrease
mPAP to <35 mmHg is of utmost importance and urgency in
patients awaiting liver transplant to minimize perioperative risk.

In addition to hemodynamic assessment of mPAP, the evalu-
ation of right ventricular function is also essential in determin-
ing perioperative risk for liver transplant candidates with
POPH. Adequate right ventricular function is necessary to han-
dle the acute increase in CO that occurs with liver transplant
during reperfusion [3435]. In patients with right ventricular dys-
function and a fixed PVR, a decreased capacity to handle the
increase in CO and pulmonary arterial pressure at the time of
reperfusion can lead to right heart failure and death.

Since 2006, patients with treated POPH on the liver trans-
plant list have been eligible to receive waitlist priority upgrades,
or MELD exception points to prioritize and expedite liver trans-
plant (36). According to the current United Network for Organ
Sharing (UNOS) MELD exception policy (33], patients with

Box 1. Updated clinical classification of pulmonary
hypertension according to the Fifth World
Symposium.
1. PAH
1.1 Idiopathic PAH
1.2 Heritable PAH
1.3 Drug and toxin induced
1.4 Associated with:
1.4.1 Connective tissue disease
1.4.2 HIV infection
1.4.3 Portal hypertension
1.4.4 Congenital Heart Disease
1.4.5 Schistosomiasis

1’ Pulmonary veno-occlusive disease and/or pulmonary
capillary hemangiomatosis
17 Persistent pulmonary hypertension of the newborn

2. Pulmonary hypertension due to left heart disease
2.1 Left ventricular systolic dysfunction
2.2 Left ventricular diastolic dysfunction
2.3 Valvular Disease

2.4  Left heart inflow/outflow tract obstruction and
congenital cardiomyopathies

3. Pulmonary hypertension due to lung diseases and/or
hypoxia
4. Chronic thromboembolic pulmonary hypertension (CTEPH)
5. Pulmonary hypertension with unclear multifactorial
mechanisms
5.1 Hematologic disorders: chronic hemolytic anemia,
myeloproliferative disorders, splenectomy
5.2 Systemic disorders: Sarcoidosis, etc.
5.3 Metabolic disorders: Glycogen storage disease, thyroid
disorders, etc.
5.4 Others

PAH: Pulmonary arterial hypertension.
Abbreviated and reproduced with permission from [3].

POPH who have an adequate hemodynamic response to PAH-
specific therapy (defined as a decrease in mPAP to <35 mmHg
and a PVR <400 dyn-s-cm™°) can receive MELD exception
points. To remain active on the waitlist and continue to accrue
10% mortality equivalent exception points, patients must
undergo right heart catheterizations every 3 months and demon-
strate a sustained response to therapy that meets the above
hemodynamic criteria. The MELD exception scoring system is
used to prioritize liver transplant for patients with POPH, but
whether POPH in the absence of significant liver disease should
be an indication for liver transplant is not known.

Outcomes of POPH with liver transplant are variable and
unpredictable. Several case series have described improved hemo-
dynamics and de-escalation of POPH therapy in select patients
after liver transplant [37-40). Hollatz ez a/. [37) described 11 patients
treated predominantly with oral sildenafil and subcutaneous
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Screening transthoracic echocardiogram

RVSP >50 mm Hg?

Right heart catheterization

35 < MPAP < 50 50 < MPAP

PVR

Yes RX
needed

Yes

LT— Yes

Reprinted with permission from [12].

treprostinil, who successfully underwent liver transplant with 0%
mortality after 7-60 months of follow-up. Sixty-four percent of
patients were off all pulmonary vasodilators post-transplant.
Sussman ez al. (38] also described four patients with moderate-to-
severe POPH, who underwent liver transplant after treatment
with epoprostenol to decrease mPAP to <35 mmHg, and
Ashfaq et al. [39] described 11 patients with moderate-to-severe
POPH, who underwent liver transplantation after treatment
with PAH-specific therapy to decrease mPAP to <35 mmHg. In

these patients, 1-year survival was 91% and 5-year survival was

S

Survival (%)

{1 |— IPAH/FPAH, n = 1190?
----PoPH, n = 153%

Overall wald chi-square p < 0.001
0 I I I

Re-echo in 12 months

v

Figure 2. Mayo Clinic Screening algorithm for portopulmonary hypertension.
LT: Liver transplant; MPAP: Mean pulmonary arterial pressure; NR: Never reported;
PVR: Pulmonary vascular resistance; RVSP: Right ventricular systolic pressure.

———
-
——

67%. In addition, nine out of 11 patients
were off PAH therapy after a median
9.2 months post-transplant. Although
reporting bias is possible given the retro-
spective nature of these reports, most case
series suggest that liver transplant may be
important in the therapeutic management
of POPH.

Worsening of POPH post-transplant
has been described as well [4142]). Some
case reports have also described the devel-

opment or worsening of POPH after liver
transplant in patients with antecedent hep-
atopulmonary syndrome [4243]. A recent
- analysis of the Scientific Registry of Trans-
plant Recipients data also demonstrated
that patients who received a MELD excep-
tion score for POPH between 2002 and
2010 (n = 78) had a higher risk of death
and graft failure 1 year post-transplant [44].
An additional analysis of the Organ Pro-
curement and Transplantation Network
data from 2006 to 2012 demonstrated that only 47.1% of
patients receiving a MELD exception met the formal hemody-
namic criteria for POPH [45]. These studies demonstrate that
prospective studies to determine which patients will benefit the
most from liver transplant and to evaluate the post-transplant
outcomes in patients with POPH are warranted.

Treatment of PAH

Therapeutic pathways in PAH

Therapy for WHO Group 1 PAH targets three distinct path-
ways involved in the pathogenesis of pul-
monary vasoconstriction and vascular
remodeling: the prostacyclin, nitric oxide,
and endothelin pathways [46). There are
currently four classes of therapeutics that
target these pathways. These include
prostacyclin analogs, phosphodiesterase 5
inhibitor (PDES5I), endothelin receptor
antagonists (ERAs) and soluble guanylate

40 £ 6%

N

cyclase (sGC) stimulators. Drugs available
in each class are listed in Tase 1 along

with their trade names and route of

0 1 2 3

Time from diagnosis (years)
No. at risk
IPAH/FPAH 419 485 527 472

PoPH 56 63 59 55

Figure 3. Kaplan—-Meier curves from REVEAL study demonstrating 5-year survival
for patients with idiopathic/familial PAH (IPAH/FPAH) (solid line) versus POPH

(dashed line) (64 vs. 40%, p <0.001).

Reproduced with permission from the American College of Chest Physicians [8].

IPAH: Idiopathic PAH.

administration. Prostacyclin analogs, such
as epoprostenol and treprostinil, are cyto-
protective and antiproliferative therapies
that cause vasodilation and inhibit plate-
let aggregation [46]. PDESI, such as sil-
denafil and rtadalafil, prevent the
metabolism of ¢cGMP, which mediates
the vasodilatory effects of nitric oxide.

393 311
43 27

These medications have been shown to
improve exercise capacity and pulmonary
hemodynamics [46]. ERAs, which include
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bosentan, ambrisentan, and now maciten-
tan, antagonize the effect of endothelin-1,
resulting in  both vasodilation and EUGTIEY Y&
decreased  cellular proliferation. They

have been shown in clinical trials to
Prostacyclin

improve exercise capacity and hemody-
analogs

namics [46). Riociguat, a sGC stimulator
discussed in more detail below, increases
the production of cGMP independent of
nitric oxide, resulting in vasodilation [47].
Sildenafil, tadalafil, riociguat, and ERAs

are available in oral formulations, whereas

Endothelin receptor
antagonists

Phosphodiesterase-5
prostacyclin analogs are now available in  Inhibitors
oral (PO), inhaled (IH), subcutaneous

’ ) Soluble guanylate
(SC), and intravenous (IV) formulations.

cyclase stimulators

Table 1. Currently approved therapies for the treatment of World

Health Organization Group 1 pulmonary arterial hypertension in the

Epoprostenol  Flolan \Y,

Treprostinil Remodulin/Tyvaso/Orenitram IV and SC/INH/PO
lloprost Ventavis INH

Bosentan Tracleer PO

Ambrisentan Letairis PO

Macitentan Opsumit PO

Sildenafil Revatio PO

Tadalafil Adcirca PO

Riociguat Adempas PO

INH: Inhaled; IV: Intravenous; PO: Oral; SC: Subcutaneous.

New treatments for PAH

In 2013, three new oral therapies were

approved for the treatment of PAH. These included maciten-
tan, a dual ERA with enhanced tissue penetration, oral trepros-
tinil, the first approved oral prostacyclin analog, and riociguat,
a first-in-class sGC stimulator. With the approval of these med-
ications, there are now 12 PAH-specific therapies available in
the USA. Further details about these recently approved medica-
tions and the clinical trials that evaluated their efficacy are

detailed below.

Macitentan (Opsumit, Actelion Pharmaceuticals)

Macitentan is a novel dual ERA with improved tissue penetra-
tion compared with other ERAs [48]. The pivotal study that led
to its approval, Study with an ERA in Pulmonary arterial
Hypertension to Improve cliNical outcomes (SERAPHIN) [49],
was the largest, longest and first event-driven trial published in
PAH to date. Seven hundred and forty-two patients with
symptomatic PAH were randomized 1:1:1 to receive placebo
(n = 250), macitentan 3 mg (n = 250), or macitentan 10 mg
(n = 242) and were followed for a median duration of
115 weeks. Macitentan was associated with a decreased time to
a primary composite endpoint of morbidity or mortality events.
Worsening of PAH was the most frequent component of the
composite endpoint, and there was no significant difference in
mortality alone. Macitentan was also well tolerated. The most
common side effects were peripheral edema (18.2%), upper
respiratory tract infection (15.3%), nasopharyngitis (14.0%),
headache (13.6%), and anemia (13.2%), and the number of
adverse events reported was similar in all groups. Unlike bosen-
tan, which was associated with a 10.1% annual rate of amino-
transferase  elevation in  post-marketing surveillance  [s0],
macitentan does not require monthly monitoring of liver func-
tion tests. In SERPAHIN [49], ALT and AST elevation >3x,
the upper limit of normal occurred in 3.4% of patients on
macitentan 10 mg compared with 4.5% of patients in the pla-
cebo arm. Additional studies have also demonstrated that dose
adjustment in patients with hepatic or renal impairment is not
necessary [51].

Oral treprostinil (Orenitram, United Therapeutics)

Oral treprostinil is an oral prostacyclin analog developed by
United Therapeutics. Oral treprostinil has been evaluated in
several clinical trials to date. The trial that led to the US FDA
approval was FREEDOM-M ([s2], which evaluated the effect of
oral treprostinil as monotherapy on exercise capacity in patients
with WHO Group 1 PAH. Three hundred and forty-nine
patients were randomized to treprostinil (n = 233) or placebo
(n = 116). In a modified intention-to-treat analysis, they found
that oral treprostinil improved exercise capacity as assessed by
6-min walk distance by 23 m in the treatment group compared
with placebo over 12 weeks of treatment. Most common side
effects were similar to side effects with other prostacyclin thera-
pies and included headache (69%), nausea (39%), diarrhea
(37%), jaw pain (25%), and vomiting (24%). Ten percent of
patients on the study drug discontinued the therapy due to
adverse effects. Notably, the FREEDOM-C and FREEDOM-
C2 studies [5354), which evaluated the effect of oral treprostinil
in combination with other background PAH therapy, did not
demonstrate a significant improvement in exercise capacity.

Riociguat (Adempas, Bayer Healthcare)

Riociguat is a sGC stimulator that acts on the nitric oxide
pathway, similar to PDE5I, but directly increases cGMP pro-
duction, leading to vasodilation [47]. Riociguat was approved
for the treatment of PAH following completion of PATENT-1
(47), a Phase III, randomized, controlled, double-blinded study,
in which 443 patients with symptomatic PAH received placebo
(n = 120), riociguat in doses up to 2.5 mg three times daily
(n = 254), or riociguat in doses up to 1.5 mg three times daily
as an exploratory arm (n = 63). By week 12, riociguat
improved exercise capacity, pulmonary hemodynamics, WHO
functional class (FC), and time to clinical worsening. The most
common adverse effects in patients receiving riociguat included
headache (27%), dyspepsia (19%), edema (17%), nausea
(16%), dizziness (16%) and diarrhea (14%). Three percent of
patients in the treatment arm discontinued the study drug due
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to adverse effects. Compared with placebo, hypotension was
also significantly more common (10%) in patients receiving
riociguat.

Unlike the SERAPHIN and FREEDOM-M studies evaluat-
ing the safety and efficacy of macitentan and oral treprostinil,
respectively, PATENT-1, the Phase III study that led to
approval of riociguat for the treatment of WHO Group I
PAH, included 13 patients with POPH. Eleven patients with
POPH were included in the treatment arm and two patients
were included in the placebo arm. There was no published sub-
group analysis; however, preliminary analysis suggested a signif-
icant improvement in PVR and 6-min walk distance with
riociguat versus placebo [MJ Krowka, Pers. Comnt].

Treatment of POPH

Goals of therapy & approach to treatment

In WHO Group 1 PAH, the main goal of therapy is to
improve symptoms and FC. Improvements in exercise capacity,
right ventricular function, and survival are additional goals of
therapy (5s5]. The current guidelines recommend initiation and
titration of therapy based on FC and symptoms, rather than
specific hemodynamic parameters, such as mPAP [4656]. These
guidelines recommend an ERA, PDES5I or riociguat for initial
therapy in patients with FC II symptoms (PH resulting in a
slight limitation in physical activity); an ERA, PDES5I, rioci-
guat, inhaled, IV or SC prostacyclin, or initial combination
therapy in patients with FC III symptoms (PH resulting in
marked limitation of physical activity); and IV epoprostenol for
patients with FC IV symptoms (PH resulting in inability to
perform any physical activity without symptoms, symptoms at
rest or syncope). IV epoprostenol is recommended for patients
with FC IV symptoms as it is the only PAH therapy that has
been shown to improve survival in patients with PAH [57].
With the exception of IV epoprostenol for patients with FC IV
symptoms, the current guidelines do not recommend a particu-
lar therapeutic agent or pathway for the treatment of PAH.

In patients with POPH being considered for liver transplant,
the goals of therapy are similar, but an additional goal is to
decrease mPAP to <35 mmHg to facilitate safe liver transplanta-
tion. Targeting this hemodynamic parameter can often drive
treatment decisions in POPH. The approach to choosing a ther-
apeutic agent in POPH is similar to other subtypes of WHO
Group 1 PAH, and there is no evidence to suggest that use of
one therapeutic class or agent over another is preferred in
patients with FC II-III symptoms. As a subtype of WHO group
1 PAH, IV epoprostenol is also recommended for POPH
patients with FC IV symptoms. In addition, beta blockers, fre-
quently prescribed for prophylaxis in patients with esophageal
varices, have been associated with decreased exercise capacity and
worsening pulmonary hemodynamics in POPH (s8] and they
should be discontinued or used with caution in these patients.

Patients receiving a MELD exception for POPH also must
undergo serial catheterizations every 3 months to ensure pul-
monary hemodynamics are acceptable for liver transplant and
to accrue MELD exception points. Serial catheterization is not

typically performed on a routine basis in patients with other
subtypes of PAH unless clinically indicated. Although right
heart catheterization is a generally safe and well-tolerated proce-
dure, the risk of repeated catheterizations in patients with liver
disease who often have concomitant thrombocytopenia and
coagulopathy is not insignificant.

The use of PAH therapies in POPH

Although there has been an increase in the number of available
therapies for the treatment of WHO Group 1 PAH, there
remains little data to guide the medical management of patients
with POPH. There have been no prospective randomized con-
trolled trials to determine the safety and efficacy of therapy in
this subgroup of patients, and most studies in PAH have typi-
cally excluded patients with POPH, including two out of three
of the recent studies described above. Consequently, the safety,
tolerability and efficacy of PAH-specific therapy in patients
with POPH is not known but inferred from published case
series, observational studies and provider experience.

Numerous case reports have described improved hemody-
namics with the use of IV epoprostenol in POPH [17.3839.59-61],
although improvements in survival have not been described
with epoprostenol in POPH [3138]. In one recent single center
case series [62], Khaderi e al. described the use of continuous
IV epoprostenol to successfully reduce the mPAP to
<35 mmHg in six of seven patients with POPH to facilitate
liver transplant. There are also challenges with the use of IV
prostacyclin therapy in patients with liver disease, however.
Continuous IV prostacyclin therapy requires placement of a
central venous catheter, which can be associated with an
increased risk of bloodstream infections and other complica-
tions. Adverse effects, such as progressive splenomegaly and
thrombocytopenia, have also been reported in patients with
POPH (6364]. In addition to IV epoprostenol favorable hemo-
dynamic effects have been described with the use of other pros-
tacyclin analogs as well, including IV and SC treprostinil [3765]
and inhaled iloprost [1866].

Small studies have described the use of PDE5I and ERAs
in POPH as well. Retrospective series have reported that sil-
denafil improved functional capacity and decreased PVR and
mPAP in POPH [67-69], and the successful use of sildenafil in
combination with SC treprostinil to facilitate liver transplant
has also been reported [37]. Additional studies have described
improved pulmonary hemodynamics with bosentan and ambri-
sentan in patients with POPH [7071). Seven patients (annual
rate of 5.5%) in the bosentan study developed elevations in
liver transaminases >3 X the upper limit of normal, which
resolved with dose reduction or discontinuation, and no
patients in the ambrisentan study (n = 13) had significant
changes in liver function parameters. The use of oral combina-
tion therapy with PDESI and ERAs as a bridge to liver trans-
plant has also been reported in a case series of seven patients
with POPH [72].

Limited experience has documented that highly selected,
treated POPH patients normalize pulmonary hemodynamics
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after liver transplant and subsequently, pulmonary vasoactive
medications can be safely weaned and discontinued
(3037-39.6269,72). In addition, a recent systematic review and
meta-analysis reported that the use of PAH-specific therapy
in POPH was associated with improved pulmonary hemody-
namics as well as exercise capacity. In a review of 12 publica-
tions, PAH therapy was associated with an improvement in
mPAP by 7.54 mmHg, CO by 1.77 I/min and PVR by
253 dyn-s-cm ™. PAH therapy also increased G-min walk dis-
tance by 61.8 m [73). The safety and efficacy of macitentan,
oral treprostinil and riociguat in patients with POPH, however,
has yet to be described in the literature.

Expert commentary

POPH is a serious yet treatable disease of pulmonary vasocon-
striction and vascular remodeling associated with portal hyper-
Unfortunately, there is litdle data to guide
management of POPH. The safe and effective use of prostacy-
clin analogs, ERAs, and PDE5 inhibitors has been described in
case series and case reports, but patients with POPH have been
excluded from most randomized clinical trials in PAH.
Although the armamentarium for the treatment of PAH has
been expanding at a rapid pace, we do not yet have a method
for predicting clinical or hemodynamic response to a particular

tension.

agent or therapeutic class.

The role of new medications, such as macitentan, oral tre-
prostinil and riociguat in the treatment of POPH remains to
be determined. Macitentan, the first oral PAH therapy to dem-
onstrate an improvement in a composite endpoint of morbidity
and mortality, is a potentially promising treatment for POPH
given the description of increased endothelin levels in POPH
and the absence of significant aminotransferase elevation com-
pared with placebo in SERAPHIN. It is important to note,
however, that macitentan was not studied in patients with
POPH and there have been no head-to-head trials with ambri-
sentan or other classes of PAH therapeutics. Anemia, which
was more frequent in patients taking macitentan compared
with placebo, may also limit its use in patients with preexisting
anemia or risk factors for bleeding. Given issues with continu-
ous IV administration of prostacyclin analogs, particularly in
patients with POPH, oral treprostinil is also an appealing new
agent. The frequency of adverse effects and lack of significant
improvement in exercise capacity with background PAH ther-
apy, however, may limit its use compared with other PAH
therapies. The randomized controlled trial, PATENT-1, that
studied the safety and efficacy of riociguat, included patients
with POPH, but the results in this subgroup have not been
reported in peer-reviewed literature. In addition, because this is
a new class of PAH medications, there have been no published
case reports yet that have described the outcomes of sGC stim-
ulators in POPH. The main concern with the use of riociguat
in POPH is an increased risk of hypotension and the need to
closely monitor blood pressure with dose titration. Conse-
quently, the use of riociguat in patients with liver disease may
be restricted to patients with higher baseline blood pressures.

Despite an increasing number of medications available for
the treatment of PAH, there is still a great deal to learn about
the use of both older and newer PAH therapies and the opti-
mal management of patients with POPH. First, it is unknown
if patients with POPH have distinct pathophysiologic mecha-
nisms of disease that could have therapeutic implications.
Patients with hepatic autoimmune disorders, such as primary
biliary cirrhosis with CREST syndrome, or who have had sple-
nectomy may have different responses to PAH-targeted therapy.
We also do not know if patients with POPH would benefit
more from targeting a particular therapeutic pathway, such as
endothelin, or an alternative pathway that is not currently a
target of approved PAH drugs, such as estradiol.

Second, the role of liver transplant in the management of
POPH needs prospective study. There are no known prognos-
tic factors that predict the pulmonary hemodynamic response
to transplant, but POPH can resolve, at least hemodynamically,
following liver transplant in highly selected patients. Given the
unpredictable outcomes of POPH with transplant and lack of
long-term POPH treatment data without transplant, it is ques-
tionable that treated POPH should be an indication for liver
transplant in patients with mild liver disease. In addition, treat-
ment may dramatically reduce PVR and increase CO, yet the
resultant mPAP may be elevated due to a high flow state as
opposed to obstruction to flow. Hence, the reliance on mPAP
alone as determining priority for liver transplant needs recon-
sideration. The treatment effect on right ventricular size and
function are also underemphasized, important parameters that
should be included in the evaluation of transplant candidates
with POPH.

Third, the use of serial right heart catheterizations every
3 months to target a specific mPAP is associated with increased
risk and discomfort for patients with POPH, particularly those
with concomitant coagulopathy. Although right heart catheteri-
zation is a valuable diagnostic tool, there is a pressing need to
develop non-invasive surrogate biomarkers to follow the pro-
gression of this disease so patients are not subjected to the risk
of repeated procedures.

In summary, the field of PAH therapeutics has been evolving
at a rapid pace over the past few years with the approval of
three new drugs in 2013 and a paradigm shift toward develop-
ing long-term studies with clinical endpoints. As in the past,
we expect to learn more about the use of these new therapies
through the publication of case reports and case series that will
describe provider experience with macitentan, oral treprostinil
and riociguat in patients with POPH. Prospective studies of
PAH therapeutics to better understand their safety and efficacy
in patients with POPH, however, is warranted.

Five-year view

In 5 years, we anticipate that we will have a better understanding
of the pathogenesis of POPH, which may have significant impli-
cations for the use of targeted therapeutics in this group of
patients. We also hope that we will have an improved under-
standing of the role of liver transplant in the management of
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this disease and will be able to identify prognostic factors that
are predictive of post-transplant outcomes in POPH. Ideally,
this information could then be incorporated into the MELD
exception scoring system so livers can be allocated to patients
who are most likely to benefit from transplant. Although a chal-
lenging patient population to study given the presence of comor-
bid liver disease, we hope that patients with POPH will be
included as a subgroup in future studies so we can learn more
about the safety and efficacy of PAH therapeutics in POPH.
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Key issues

e PAH, diagnosed with right heart catheterization, is characterized by an elevated mean pulmonary arterial pressure and pulmonary

vascular resistance in the setting of a normal pulmonary artery wedge pressure.

to elevated perioperative risk.

PAH-specific therapy.

POPH is a subtype of WHO Group 1 PAH that develops in patients with portal hypertension and can preclude liver transplantation due

Compared with patients with idiopathic PAH, patients with POPH have a significantly higher mortality and are less likely to be on

There are currently 12 US FDA-approved medications for the treatment of PAH that target the nitric oxide, endothelin, and prostacyclin

pathways; although not specifically evaluated in prospective clinical trials, these drugs are also used for the treatment of POPH.

Three new therapies for the treatment of PAH (macitentan, riociguat, and oral treprostinil) were approved in 2013 and represent

significant advances in the field of PAH, although patients with POPH were only included in one out of three of these studies.

We anticipate that future studies in WHO Group 1 PAH will include patients with POPH and will also determine if patients with POPH

have unique pathophysiology that would affect clinical and hemodynamic response to therapy.
» POPH is a serious but treatable disease with important implications for liver transplant candidacy, MELD exception points, the use of

PAH-specific therapy, and overall prognosis.
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