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ABSTRACT

Pulmonary arterial hypertension (PAH) secondary to
congenital heart disease (CHD) is the third most common
cause of PAH, and it is becoming increasingly common

as improvements in the management of CHD have led to
increased life expectancy for these patients. The medical
management of PAH due to CHD (PAH-CHD) is largely

the same as what has been used for the treatment of
idiopathic PAH, though the body of literature supporting
this management decision is very small. There are
currently few studies available which specifically focus on
the treatment of PAH-CHD. The purpose of this literature
review is to compare the results of those studies that
assessed the response to medical therapy among adults
with PAH-CHD; studies were excluded if they focused on
paediatric patients, did not include an assessment of 6 min
walking distance or specifically assessed combination
therapies. This review found that riociguat, bosentan,
epoprostenol and sildenafil were all capable of improving
functional capacity and haemodynamic parameters in
patients with PAH-CHD, but whether this corresponds to
an increase in mortality remains to be seen. Limitations

of this review include the small sample size and variable
duration of the included studies, which makes drawing
direct comparisons between studies and the study drugs
difficult. The lack of large, randomised double-blind clinical
trials comparing different drugs head to head highlights an
area that is ripe for ongoing medical research, the results
of which may help shape future treatment algorithms
tailored specifically for adults with PAH-CHD.

INTRODUCTION

Pulmonary arterial hypertension (PAH) is a
haemodynamic disorder defined as a mean
pulmonary arterial pressure (mPAP) >25mm
Hg at rest during right heart catheterisa-
tion (RHC). This increase in mPAP causes
increased pulmonary vascular resistance
(PVR) and cardiac remodelling, which even-
tually gives rise to right heart failure.' PAH is
most often idiopathic (IPAH) but it can also
arise from a number of underlying medical
conditions, including connective tissue
disease, chronic thromboembolic pulmonary
disease and congenital heart disease, among
others? (box). PAH due to congenital heart

disease (PAH-CHD) refers to PAH that is asso-
ciated with small cardiac defects (ventricular
septal defects (VSDs)<lcm or atrial septal
defects (ASDs)<2cm), systemic-to-pulmo-
nary shunts, Eisenmenger syndrome (ES) or
corrective cardiac surgery” (table 1). While
each cardiac defect is included in a single
encompassing group, the aforementioned
causes of PAH-CHD differ significantly in
terms of pathophysiology, illness severity
and risk of developing PAH-CHD (table 2).
PAH-CHD is the second most common
cause of PAH due to an underlying medical
condition (second to PAH due to connective
tissue disease). Congenital heart disease is a
common disorder, affecting 1% of newborns;
the development of PAH-CHD among
patients with septal defects was 6.1%, and the
development of PAH-CHD among patients
with  systemic-to-pulmonary shunts has
been estimated to range between 0.00016%
and 0.00125%.” The most severe cases of
PAH-CHD are often those associated with ES
and corrective cardiac surgery.

In PAH-CHD, the associated heart defect
causes increased pulmonary blood flow
which exerts excess stress and pressure on the
pulmonary endothelium, and from here, the
underlying pathophysiology is considered to
be the same as the pathophysiology behind
other forms of PAH”: the pathological stresses
on the pulmonary endothelium result in
endothelial dysfunction, impaired synthesis
of the vasodilatory nitric oxide (NO) and
prostacyclin, and overproduction of the
vasoconstricting thromboxane A2 and endo-
thelin; the net result is increased pulmonary
vascular tone, remodelling of the pulmonary
vasculature and impaired pulmonary blood
flow.” Because the pathophysiology behind
PAH-CHD is so similar to what is seen in the
other forms of PAH, the medical manage-
ment of PAH-CHD is based largely on what
has been used to treat the other forms of
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Box Updated clinical classification of pulmonary hypertension

(Nice, 2013)

1. Pulmonary arterial hypertension
1.1. Idiopathic PAH
1.2. Heritable PAH
1.2.1. BMPR2
1.2.2. ALK1, ENG, SMAD9, CAV1, KCNK3
1.2.3. Unknown
1.3. Drug-induced and toxin-induced
1.4. Associated with
1.4.1. Connective tissue diseases
1.4.2. HIV infection
1.4.3. Portal hypertension
1.4.4. Congenital heart diseases
1.4.5. Schistosomiasis
1’. Pulmonary veno-occlusive disease and/or pulmonary capillary
haemangiomatosis
1”. 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. Congenital/acquired left heart inflow/outflow tract obstruction
and congenital cardiomyopathies
3. Pulmonary hypertension due to lung diseases and/or hypoxia
3.1. Chronic obstructive pulmonary disease
3.2. Interstitial lung disease
3.3. Other pulmonary diseases with mixed restrictive and
obstructive pattern
3.4. Sleep-disordered breathing
3.5. Alveolar hypoventilation disorders
3.6. Chronic exposure to high altitude
3.7. Developmental lung diseases
4. Chronic thromboembolic pulmonary hypertension
5. Pulmonary hypertension with unclear multifactorial mechanisms
5.1. Haematological disorders: chronic haemolytic anaemia,
myeloproliferative disorders, splenectomy
5.2. Systemic disorders: sarcoidosis, pulmonary histiocytosis:
lymphangioleiomyomatosis
5.3. Metabolic disorders: glycogen storage disorders, Gaucher
disease, thyroid disorders
5.4. Others: tumorous obstruction, fibrosing mediastinitis, chronic
renal failure, segmental PH

ALK1, activinreceptor-like kinase 1; BMIPR2, bone morphogenetic protein
receptor type 2; CAV1,caveolin-1; ENG, endoglin; PAH, pulmonary arterial
hypertension. Adapted with permission from Simonneau.

PAH.* However, despite the similar pathophysiology, the
catalyst of this process (ie, structural heart disease) is not
the same as the underlying mechanism for other types of
PAH, and the medical therapies which have been shown
to be effective for one type of PAH may not necessarily
translate to the same level of efficacy for PAH-CHD or the
other types of PAH.

Presently, there are a number of studies which assess
the medical management of PAH. Many of these studies
focus on treating patients with PAH without differenti-
ating between the aforementioned subtypes; among the
studies which do focus on treatment of specific subtypes

of PAH, IPAH and PAH due to connective tissue disease
have been particularly well studied. Recently, there has
been a growing interest in the medical management of
PAH-CHD because the number of patients living with
PAH-CHD is on the rise due to improvements in the
surgical treatment of congenital heart disease and subse-
quent increase in life expectancy. Guidelines specific
to the medical management of PAH-CHD are currently
lacking, though the same algorithm used for the treat-
ment of IPAH is well-accepted,” with one exception:
vasoreactivity testing does not help guide management
of patients with PAH-CHD. While there is some evidence
to suggest that vasoreactivity testing may have prognostic
value for these patients, testing differs for patients with
PAH-CHD compared with other forms of PAH in that it
does not serve as an indication to begin treatment with a
calcium channel blocker as these agents have only been
shown to have benefit for patients with IPAH and anorex-
igen-induced PAH® and may actually be detrimental to
patients with ES (because the systemic vasodilation and
the negative inotropic effects of calcium channel blockers
may exacerbate the degree of right-to-left shunting). For
patients with PAH-CHD, treatment begins with manage-
ment of their CHD and associated heart failure using
conventional therapies: oxygen, anticoagulation, digoxin
and cautious use of diuretics.® If the patient remains symp-
tomatic, the next step is to add an endothelin receptor
antagonist (ERA) or phosphodiesterase-5 (PDE-5) inhib-
itor; persistent symptoms are then managed with the
addition of a prostanoid; finally, patients who have failed
medical management may benefit from balloon atrial
septostomy or lung transplant (figure 1).

To date, the prostanoid epoprostenol is the only medi-
cation shown to improve mortality in PAH,” though
the most well-studied medication for the management
of PAH-CHD is the ERA bosentan, which has demon-
strated both functional and haemodynamic improve-
ment in patients with PAH-CHD. The effects of bosentan
have resulted in improved exercise tolerance and better
quality of life in patients with PAH-CHD, while its oral
route of administration, favourable side effect profile
and more affordable cost have made it the preferred
first-line choice for management of PAH-CHD, while
epoprostenol is often added on if patients continue to
deteriorate while on bosentan. Other prostanoids and
ERAs, as well as PDE-b inhibitors such as sildenalfil, have
also been used in various combinations for the treatment
of PAH-CHD. Recently, a new drug for PAH, the soluble
guanylate cyclase (sGC) stimulator, riociguat, has been
studied for the treatment of PAH-CHD, with promising
results." The role that each medication plays in reducing
or reversing the pathophysiological effects of PAH is illus-
trated in figure 2.

This review will compare the effects of medical
management on several functional parameters affected
by PAH-CHD: 6min walking distance (6MWD) and
WHO functional classification (WHO FC)® (table 3). It
will also compare the effects on several haemodynamic
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Table 1
shunts associated with PAH

Nice 2013 world symposium on pulmonary hypertension’s clinical classification of congenital systemic-to-pulmonary

A. Eisenmenger syndrome

Includes all large intracardiac and extracardiac defects which begin as systemic-to-pulmonary shunts and progress with

time to severe elevation of PVR and to reversal (pulmonary-to-systemic) or bidirectional shunting; cyanosis, secondary
erythrocytosis and multiple-organ involvement are usually present.

» Correctable
» Non-correctable

B. Left-to-right shunts

Include moderate-to-large defects; PVR is mildly to moderately increased, systemic-to-pulmonary shunting is still

prevalent, whereas cyanosis is not a feature.
Marked elevation in PVR in the presence of small cardiac defects, which themselves do not account for the development

C. PAH with coincidental CHD

of elevated PVR; the clinical picture is very similar to idiopathic PAH. To close the defects is contraindicated.

D. Postoperative PAH

CHD s repaired but PAH either persists immediately after surgery or recurs/develops months or years after surgery in

the absence of significant postoperative haemodynamic lesions. The clinical phenotype is often aggressive.

Adapted with permission from Simonneau.?

CHD, congenital heart disease; PAH, pulmonary arterial hypertension; PVR, pulmonary vascular resistance.

parameters: PVR, mPAP and serum levels of the N-ter-
minal of the prohormone of brain natriuretic peptide
(NT-proBNP).

Studies were included if they exclusively enrolled
patients with PAH-CHD or if they enrolled patients with
PAH due to various aetiologies and subgroup analysis was
performed to allow for evaluation of the medication’s
effects specifically on patients with PAH-CHD. Studies
were excluded from this review if they did not enrol
patients with PAH-CHD or if they enrolled patients with
PAH-CHD, but subgroup analysis was not performed,
making it difficult to determine whether the results
obtained were affected by the inclusion of patients with
PAH aetiologies apart from CHD. Studies were also
excluded if they did not include an assessment of 6MWD
(as this is the primary endpoint in most studies on PAH
and is the most widely used test for exercise tolerance and
functional capacity among patients with PAH) or if they
specifically evaluated the effects of combination therapy
(ie, more than one drug started simultaneously—though
patients were allowed to receive PAH medications other
than the study drug so long as they had either been on
these other medications prior to the start of the study

Table 2 Prevalence of pulmonary arterial hypertension
among various cardiac defects

Cardiac defect Prevalence (%)

Closed ASD 12
Open ASD without ES 33
Open ASD with ES 100
Closed VSD 13
Open VSD without ES 11
Open VSD with ES 100

Cyanotic defect (other than ASD or VSD) without ES 12
Cyanotic defect (other than ASD or VSD) with ES 100

Original table, based on data presented by Engelfriet, et al.%'
ASD, atrial septal defect; ES, Eisenmenger syndrome; VSD,
ventricular septal defect.

or if they required these additional medications due to
clinical deterioration while receiving the study drug).
Because this review is intended to evaluate medical thera-
pies for adult patients with PAH-CHD, studies focusing on
paediatric patients were also excluded. Table 4 provides
a summary of the findings from each of the studies
discussed in this review.

SOLUBLE GUANYLATE CYCLASE STIMULATOR

Riociguat

Riociguat is a new drug approved both for the treatment
of PAH and chronic thromboembolic pulmonary hyper-
tension. Riociguat facilitates the binding of sGC to NO by
stabilising the NO-sGC bond, and riociguat also directly
stimulates sGC activity, independent of NO; both of these
interactions result in increased production of cyclic
guanosine monophosphate (cGMP) and subsequent
vasodilation of the pulmonary vasculature.’ Increased
c¢GMP also inhibits smooth muscle proliferation, leuco-
cyte recruitment, platelet aggregation and vascular
remodelling."

Two trials evaluating riociguat for PAH recently under-
went subgroup analysis to specifically assess the drug’s
effect on patients with PAH-CHD." Post hoc subgroup
analysis was performed on 35 patients with PAH-CHD
following corrective cardiac surgery who were enrolled
in the Pulmonary Arterial hyperTENsion sGC-stimulator
Trial-1 (PATENT-1) study, a 12-week-long, randomised,
double-blind, placebo-controlled phase III clinical trial.
The post hoc analysis showed that patients who received
riociguat, either low-dose (1.5mg) or high-dose (2.5 mg)
three times daily, experienced a considerable improve-
ment (>10%) in 6MWD and PVR from baseline. mPAP
also improved in both treatment groups, and >20% of
patients in both groups experienced an improvement
in WHO FC, while the remainder of patients remained
in the same class without deterioration. PATENT-1 was
one of the few studies to report NT-proBNP levels; the
1.5mg group saw a 64.50% reduction in NT-proBNP, and
the 2.5mg group had a 21.55% reduction. Dyspepsia,
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I

Begin with
conventional
therapy (oxygen,
anticoagulation,
digoxin, and
diretics)

RHC (with or
without
vasoreactivity

testing for
ognostication),

Calcium channel!
blockers are
contra-indicated in
Eisenmenger
syndrome

Start an ERA
and/or PDE-5
inhibitor

Sustained
response

Continue the ERA
and/or PDE-S
inhibitor

Continue medical
management

( Sustained ) Inadequate chnica
e e pfos':ano'd —@

Inadequate clinica
response

4

Invasive
management
(balloon atrial
septostomy or

lung transplant)

Figure 1 Algorithm for the management of pulmonary arterial hypertension due to congenital heart disease. ERA, endothelin
receptor antagonist; PDE-5, phosphodiesterase-5; RHC, right heart catheterisation.

headache and dizziness were the most commonly
reported adverse events. One patient in the 2.5mg group
discontinued treatment due to drug-related supraven-
tricular tachycardia and hypotension, and there was
one death in the 1.5mg group due to right ventricular
(RV) failure and worsening PAH.

The second post hoc analysis' focused on the Pulmo-
nary Arterial hyperTENsion sGC-stimulator Trial-2
(PATENT-2), a long-term extension of PATENT-1 that
followed patients up until 2 years after the start of
PATENT-1. PATENT-2 included 33 of the 35 patients
with PAH-CHD enrolled in PATENT-1. Patients from
the 1.5mg group, 2.5mg group and the placebo group
received riociguat 2.5 mg three times daily for the dura-
tion of the 2-year trial. The former 1.5mg group experi-
enced only a slight additional improvement in 6MWD,
while the former 2.5 mg and placebo groups experienced
a marked improvement in 6MWD over the course of

PATENT-2 (an additional 18.70% improvement was seen
in the former 2.5mg group, while the former placebo
group experienced a 9.44% improvement). Collectively,
the population of patients with PAH-CHD who completed
PATENT-2 experienced an 18.34% improvement in
6MWD; 32% of patients improved to a better WHO FC,
60% remained stable at the same class and only 8% dete-
riorated to a worse class. Regarding adverse effects, 8
of the 33 patients (24%) were unable to complete the
2-year study due to the development of some form of clin-
ical worsening (defined as hospitalisation due to PAH,
requirement for additional PAH medications, decrease
in 6MWD or death) during PATENT-2. One of the most
serious adverse effects of riociguat is respiratory tract
bleeding. There was one episode of this adverse event
reported during PATENT-2. Severe hepatic impairment
with liver function test (LFT) abnormalities is another
serious adverse effect, one which was not observed in any
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NO

sGC PDE-5

GTP cGMP

GMP

Smooth muscle
vasodilation

Decreased
smooth muscle
proldferation

Endothelin-A
receptor

Smooth muscle

- VasSOCONSIFCHion
Endothelin-1 Macitentan
Increased smooth
: muscle

proliferabion

noothesn- 8
receptor
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Decreased
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Figure 2 Mechanism of action for pulmonary arterial hypertension medications. Solid black arrows indicate that the
compound stimulates its target, facilitates a reaction or induces a change in vascular tone. Dotted white arrows indicate that
the compound inhibits its target. AC, adenylyl cyclase; ATP, adenosine triphosphate; cAMP, cyclic adenosine monophosphate;
cGMP, cyclic guanosine monophosphate; GMP, guanosine monophosphate; GTP, guanosine triphosphate; IP, prostaglandin 12
receptor; NO, nitric oxide; PDE-5, phosphodiesterase-5; PGI2, prostaglandin 12; sGC, soluble guanylyl cyclase.

patient with PAH-CHD during PATENT-1 or PATENT-2.
Additional concerns for riociguat include its contraindi-
cation in pregnancy and in patients with systolic blood
pressure <95mm Hg (as well as in patients taking PDE-5
inhibitors, nitrates or NO donors such as amyl nitrate).

ENDOTHELIN RECEPTOR ANTAGONISTS

Bosentan

Endothelin-1 is a vasoconstrictor which is overproduced
in the pulmonary vasculature of patients with PAH;

overexpression of endothelin results in increased PVR
and obstruction of pulmonary blood flow. ERAs, such as
bosentan, prevent endothelin-1 from binding to its recep-
tors. ERAs are commonly used to treat patients with PAH.
To date, bosentan is the most well-studied drug used in
the treatment of PAH-CHD.”

Two small, short-term studies supported the use
of bosentan in patients with PAH-CHD. Each study
observed 10 patients over the course of 3-4 months
and found that bosentan improved 6MWD by 9.21%"!

Table 3 WHO classification of functional status of patients with pulmonary hypertension

Class Description

| Patients with pulmonary hypertension in whom there is no limitation of usual physical activity; ordinary physical activity does not
cause increased dyspnoea, fatigue, chest pain or presyncope.

I Patients with pulmonary hypertension who have mild limitation of physical activity. There is no discomfort at rest, but normal physical
activity causes increased dyspnoea, fatigue, chest pain or presyncope.

1l Patients with pulmonary hypertension who have a marked limitation of physical activity. There is no discomfort at rest, but less than
ordinary activity causes increased dyspnoea, fatigue, chest pain or presyncope.

v Patients with pulmonary hypertension who are unable to perform any physical activity at rest and who may have signs of right
ventricular failure. Dyspnoea and/or fatigue may be present at rest and symptoms are increased by almost any physical activity.

Adapted with permission from Barst, et al.®
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|I

% %
Study improvement % improvement
(reference) in mean improvement in mean
Trial Drug Mean duration Sample size* 6MWD in mean PVR mPAP

Rosenkranz et al'  Riociguat 2.5mg three  2years (an

PATENT-2 (open- times daily additional

label extension to 45months

PATENT-1) following the end
of PATENT-1)

(a) 6 patients who (@) 13.55¢1 Not reported Not reported
were originally inthe  (b) 29.27¢

riociguat 1.5mg arm of (c) 9.44t

PATENT-1 (d) 18.34%

(b) 10 patients who

were originally in the
riociguat 2.5mg arm of
PATENT-1

(c) 9 patients who were
originally in the placebo
arm of PATENT-1

(d) 25 (total number of
patients who completed
PATENT-2)

Gatzoulis et al'? Bosentan 3months

10 39.76 Not reported Not reported

I14

Benzaet a Bosentan 1year

24 10.37 23.98 13.33

Sitbon et al'® Bosentan 18.3months

27 22.15 28.28 No significant

improvement

Diller et al'® Bosentan 2years

18 43.66 Not reported Not reported

Gatzoulis et a/®  Bosentan 40 weeks (an
Open-label extension additional
to BREATHE-5 (19) 24weeks

following the end
of BREATHE-5)

(a) 26 patients who
were originally in
the bosentan arm of
BREATHE-5

(b) 11 patients who
were originally in
the placebo arm of
BREATHE-5

(a) 14.20t
(b) 8.301

Not reported Not reported

Continued

(=2}

Varela DL, et al. Open Heart 2018;5:€000744. doi:10.1136/openhrt-2017-000744



Pulmonary vascular disease

Table 4 Continued

% %
Study improvement % improvement
(reference) in mean improvement in mean
Trial Drug Mean duration Sample size* 6MWD in mean PVR mPAP
Apostolopoulou et Bosentan 2years (an 19 -3.73t Not reported Not reported
al” additional
Extension to the 44 months
16-week-long study following the
by Apostolopoulou®’ end of the initial
16-week-long
study)
Van Loon et a/”®  Bosentan (a) 1year 20 (a) 12.89 Not reported Not reported
(b) 2.7 years (b) 5.15¢
Duffels et al** Bosentan (a) 6 months 58 () 7.96 Not reported Not reported
(b) 22 months (b) OF
Kermeen et a/?® Bosentan or sitaxsentan  1year 49 36.88 Not reported Not reported
D’Alto et al*® Bosentan 13.6 months (a) 19 patients with (a) 20.50 (a) 25.00 (@) 9.00
Down syndrome (b) 13.41 (b) 23.10 (b) O
(b) 58 patients without
Down syndrome
Herbert et al®® Macitentan 9.6 months (mean (a) 6 patients naive to  (a) 58.85 Not reported Not reported
duration) bosentan (b) 7.71
(b) 9 patients previously
treated with bosentan
Blok et af*' Macitentan 6 months 40 No significant Not reported Not reported
improvement
Fernandes et al*>  Epoprostenol 3months 8 780.00 48.78 Not reported
Rosenzweig et al*®>  Epoprostenol 1year 20 12.75 52.00 20.78
Galie et af*® (a) Beraprost 12 weeks @9 (a) No significant () No significant  (a) No significant
ALPHABET (b) Placebo (b) 15 improvement improvement improvement
(b) No significant  (b) No significant  (b) No significant
improvement improvement improvement
Chau et al®® Sildenafil 6weeks 7 No significant 43.08 25.71
improvement
D’Alto et al*® Sildenafil 6 months 32 22.87 20.84% No significant
improvement
Zeng et al* Sildenafil 12 weeks (a) 15 patients with ASD (a) 15.65 (@) 30.89 (a) No significant
(b) 24 patients with VSD (b) 11.32 (b) 24.76 improvement
(c) 16 patients with PDA (c) 14.58 (c) 31.72 (b) 11.28
(c) No significant
improvement
Mukhopadhyay et Tadalafil 12 weeks 16 12.50 31.23 7.65
al®®

*Sample size may not reflect the total number of patients enrolled in each study as it only includes the number of adult patients with PAH-
CHD (ie, this table excludes enrolled patients with other forms of PAH and it excludes all paediatric patients).
TValues reported reflect changes from baseline values.
6MWD, 6 min walking distance; ALPHABET, Arterial Pulmonary Hypertension and Beraprost European Trial; ASD, atrial septal defect;

BREATHE-5, Bosentan Randomised Trial of Endothelin Antagonist THErapy-5; mPAP, mean pulmonary arterial pressure; PAH,

pulmonary arterial hypertension; PAH-CHD, pulmonary arterial hypertension due to congenital heart disease; PATENT-1, Pulmonary Arterial
hyperTENsion sGC-stimulator Trial-1; PATENT-2, Pulmonary Arterial hyperTENsion sGC-stimulator Trial-2; PDA patentductus arteriosus; PVR,
pulmonary vascular resistance; VSD, ventricular septal defect; WHO FC, WHO functional class.

and 39.76%."* One study also reported that WHO FC
improved in 50% of patients and remained stable in
the other 50%."" Two patients experienced serious
adverse events requiring hospitalisation in one study

(peripheral oedema related to bosentan use and hypo-
glycaemia unrelated to bosentan use)."' The other study
reported transient peripheral oedema in four patients,
but no serious adverse events.'?
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Larger studies on the use of bosentan for up to
lyear of treatment or longer also reported encour-
aging results,"”"® with improvements in 6MWD ranging
between 8.49% and 43.66% and improvements in PVR
between 23.98% and 36.36%. One study by Kotlyar et al'®
did note that 6MWD only improved among their patients
who were naive to prior treatment with PAH-specific medi-
cations, while those patients who were already receiving
some form of therapy did not experience any significant
improvement in 6MWD. Most studies also reported a
significant improvement in WHO FC in many patients,
with only one patient experiencing a worsening of WHO
FC."” Among these studies, four patients discontinued
bosentan due to peripheral oedema," > four discon-
tinued due to elevated LFTs,14 15 two discontinued due to
perceived lack of improvement'” and two died (one due
to worsening PAH, and the other due to progressive heart
failure in a patient with ‘single ventricle’ physiology)."” '®

The Bosentan Randomised Trial of Endothelin Antag-
onist THErapy-5 (BREATHE-5) study was the first trial
designed as a multicentre, double-blind, randomised,
placebo-controlled study that assessed the effects
of bosentan on PAH-CHD." Fifty-four patients with
PAH-CHD received either bosentan or placebo for 16
weeks. 6MWD improved by 12.08% in the bosentan group
and decreased by 2.74% in the placebo group. PVR and
mPAP also improved in the bosentan group. Also, 35% of
patients in the bosentan group and 13% of patients in the
placebo group had improved by at least one WHO FC,
while one patient in the bosentan group and two patients
in the placebo groups deteriorated to a worse class.
Peripheral oedema was the most frequent adverse event
in the bosentan group, occurring in 19% of patients. Two
patients from each group discontinued treatment (due
to angina and elevated LFTs in the treatment group,
and due to fatigue and worsening of PAH in the placebo
group). An open-label extension to BREATHE-5* was
performed to extend the length of treatment from 16
weeks to 40 weeks in patients who completed the initial
study. Patients from both the bosentan and placebo groups
received bosentan for 24 weeks following the completion
of BREATHE-5. The former bosentan group maintained
its improvement in 6MWD, while the former placebo
group improved by 8.30% from baseline. Collectively, the
study population experienced a 17.75% improvement in
6MWD from baseline; >60% of all patients improved by
at least one WHO FC from baseline. Peripheral oedema,
chest pain, nasopharyngitis and diarrhoea were the
most frequently reported adverse events. Three patients
discontinued treatment (one withdrew consent, another
experienced elevated LFTs and the third suffered from
considerable abdominal pain, nausea, diarrhoea and
lethargy). Another patient experienced a significant
drop in haemoglobin during the study.

Unfortunately, not all studies on bosentan have
reported such beneficial outcomes following long-term
(>lyear) use. Four studies® ™ found that the improve-
ments in 6MWD achieved during the first 4-12 months of

bosentan therapy began to deteriorate thereafter, drop-
ping back down to baseline, or slightly below baseline.
Despite this gradual deterioration in 6MWD, improve-
ments initially seen in WHO FC did persist long term,
and no patient experienced deterioration in WHO FC
during any of these studies. Despite the improvements in
WHO FC, four patients died (three cases of arrhythmia
and one case of brain abscess),” ** two patients discon-
tinued bosentan (nasopharyngitis and lack of improve-
ment),” one patient experienced an episode of
haemoptysis which required hospitalisation,”’ and four
patients required additional PAH medications.” In addi-
tion to their adult patients, Van Loon et al*® also studied
a group of paediatric patients. They noticed that among
their paediatric patients, who tended to be sicker than
the adult patients, the long-term deterioration in 6MWD
was more pronounced. Van Loon et al proposed that
long-term deterioration in 6MWD may be more likely to
occur in patients who suffer from more severe PAH-CHD.
Duffels et aP* performed a subgroup analysis on their
patients with PAH-CHD which showed that the bene-
ficial effects of bosentan persisted even after 2 years in
the subgroup with ES, but not in the subgroup without
ES, suggesting that bosentan’s effects are more likely to
be maintained long term in patients with ES. Duffels
also performed subgroup analysis on patients with Down
syndrome and found that 6MWD neither improved nor
worsened during treatment (which the authors reported
may have been due to the fact that intellectual disability
in many patients with Down syndrome may have limited
their ability to appropriately complete the 6 min walking
test at full effort). However, a separate study on adult
patients with Down syndrome by Kermeen et al” found a
marked improvement in 6MWD of 36.88% in response to
bosentan (or sitaxsentan for a small number of patients).
Kermeen et al attributed this substantial improvement
to the possibility that their patients suffered from more
advancedPAHandwere thereforemorelikelytoexperience
appreciable improvement in exercise capacity following
treatment, which goes against the suggestion by Van Loon
et al that patients with more severe disease were less likely
to respond well to bosentan long term. D’alto et al®
studied the effects of bosentan on adult patients with and
without Down syndrome for 1year and found that both
groups benefited equally in terms of both 6MWD and
haemodynamics, though, like Duffels et al, they noted the
questionable validity of the 6 min walking test for patients
with Down syndrome and suggested this as a plausible
explanation for the discrepant 6 MWD results reported by
Duffels, Kermeen and other studies on patients with Down
syndrome. Despite the questionable results of the 6 min
walking test for patients with Down syndrome, D’alto
et al did comment that the improved haemodynamics
and WHO FC observed were reassuring for the benefits
of bosentan among patients with Down syndrome, at
least for the first year of treatment. The results of these
studies suggest that there is still more to learn about
bosentan’s long-term efficacy in patients with PAH-CHD
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and whether or not the underlying pathophysiology or
severity of disease affects patients’ response to treatment.
Peripheral oedema and significant elevations in LFTs
were among the most frequently reported adverse effects,
the latter being particularly concerning given that hepa-
totoxicity is one of the most serious potential complica-
tions of bosentan therapy. For some patients, reducing
the dose of bosentan by half helped resolve the oedema
and LFT abnormalities, while for others, the symp-
toms persisted and they had to discontinue treatment.
Anaemia is another concerning adverse reaction to
bosentan, though a significant decrease in haemoglobin
was only reported in one patient.”” Importantly, there
was no significant deterioration of arterial oxygen satu-
ration in any study, which is significant because there has
been some concern regarding the use of bosentan and
other pulmonary vasodilators in patients with PAH-CHD
because these agents may cause systemic vasodilation as
well, and if the systemic vasodilation occurs to a greater
extent than pulmonary vasodilation, then an increase
in pulmonary-to-systemic shunting across the structural
heart defect may occur, which could cause arterial oxygen
saturation to deteriorate, resulting in cyanosis.

Sitaxsentan

Another ERA, sitaxsentan, has greater selectivity for the
endothelin-A receptor (responsible for pulmonary vaso-
constriction) over the endothelin-B receptor (respon-
sible for pulmonary vasodilation), while bosentan is
rather non-selective. Because endothelin-A is the desired
target implicated in the pathophysiology of PAH and
because endothelin-B may counteract some of the vaso-
constriction mediated by endothelin-A, investigators have
suggested that sitaxsentan’s selectivity for endothelin-A
may make it a preferable drug over bosentan. Sitaxsentan
has not been well studied in patients with PAH-CHD.
One study by Barst e al’’ showed that patients with PAH,
including patients with PAH-CHD, had increased 6MWD,
improved WHO FC and decreased PVR following 12
weeks of sitaxsentan therapy. However, subgroup anal-
ysis was not performed, making an evaluation of sitax-
sentan’s effects on patients with PAH-CHD impossible.
And in 2010, sitaxsentan was withdrawn from the market
and from further clinical trials due to concerns that the
risks of hepatotoxicity were greater for this drug than for
bosentan and without any evidence of increased efficacy.

Ambrisentan

Ambrisentan is the third ERA studied for the treatment
of PAH. Like sitaxsentan, it is selective for the endothe-
lin-A receptor, but it has not been associated with the
same degree of hepatotoxicity, and it may even have
a lower risk of hepatotoxicity than bosentan.® The
Ambrisentan in Pulmonary Arterial Hypertension, Rand-
omized, Double-Blind, Placebo-Controlled, Multicenter,
Efficacy Study 1 (ARIES-1) and the Ambrisentan in
Pulmonary Arterial Hypertension, Randomized, Double-
Blind, Placebo-Controlled, Multicenter, Efficacy Study 2

(ARIES-2) trials® have shown improvement in 6MWD
in patients with PAH. However, there are currently no
studies on the efficacy of ambrisentan in patients with
PAH-CHD.

Macitentan

Macitentan is the newest ERA studied for the treatment
of PAH. Like bosentan, macitentan antagonises both the
endothelin-A and endothelin-B receptors, though it does
exhibit greater selectivity for endothelin-A receptors.
Other differences between macitentan and bosentan
include macitentan’s once-daily dosing (vs twice daily for
bosentan), freedom from monthly LFT monitoring and
enhanced tissue penetration.

A study by Herbert e a® was conducted on 15 patients
with PAH-CHD of varying aetiologies, the most common
of which being a complete or partial atrioventricular
septal defect. Eight patients had Down syndrome.
Also, 9 of the 15 patients were previously on bosentan
and switched to macitentan due to either insufficient
response or adverse reaction to bosentan; the remaining
6 patients were ERA naive. After a mean treatment time
of approximately 10 months, the study found that as a
collective whole the patients exhibited a 25.87% improve-
ment in 6MWD, with the greatest observed improvement
seen among treatment-naive patients (58.85% for treat-
mentnaive patients vs 7.71% for patients previously
treated with bosentan). WHO FC remained stable at III
for all patients. In this study, one patient discontinued
due to rash, while another patient with advanced disease
passed away shortly after initiation of therapy. Neither
anaemia nor transaminitis were reported as adverse
events. A larger study by Blok et af’' looked to further
evaluate the potential benefit of switching from bosentan
to macitentan. In total, 40 patients with PAH-CHD,
including 16 with Down syndrome, who had already been
on bosentan for a median of 7.2 years (some of whom
were also on sildenafil) were switched from bosentan
to macitentan (patients who were previously on silde-
nafil were allowed to continue this medication). 6MWD
showed no significant improvement. Twenty-five per cent
of patients had an improvement in WHO FC. NT-proBNP
levels improved by 48.16%. One patient died 4 months
after switching to macitentan due to sepsis, but no adverse
events were directly attributed to macitentan. While
the data supporting macitentan’s efficacy in improving
6MWD are mixed, this may be due to the fact that many
of the patients in the above studies had Down syndrome,
a group for which the 6 min walking test is not as well vali-
dated, as well as the fact that many of the patients in both
studies had previously been treated with bosentan, which
may have produced more pronounced improvements
in 6MWD prior to enrolment, thus blunting potential
improvements from macitentan. Despite the mixed data
for 6MWD, the improvement and stabilisation in WHO
FC, improved NT-proBNP levels, good tolerability and
once-daily dosing have provided encouraging results thus
far and prompted the authors to advocate for further
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studies to evaluate macitentan’s role in the management
of PAH-CHD.

PROSTANOIDS

Epoprostenol

Prostacyclin (PGI2) is produced by pulmonary endothe-
lium. It acts as a vasodilator, and it also has anti-inflam-
matory properties and antiproliferative effects on smooth
muscle cells and fibroblasts in the pulmonary vasculature;
endothelial damage in PAH results in underproduction
of prostacyclin, contributing to the increased pulmo-
nary vascular tone and remodelling. Thus, prostacyclin
analogues, such as the intravenous agent epoprostenol,
have been used to slow disease progression and improve
symptoms for patients with both PAH and PAH-CHD.

In a small study by Fernandes et al,”* the effects of
epoprostenol were evaluated in eight patients with
PAH-CHD. After 3 months of epoprostenol, median
6MWD increased by 780% (this exceptionally large
improvement may be due in part to the small sample size
and the fact that the patients started with a significantly
diminished mean 6MWD of 44m at baseline). All eight
patients improved by at least one WHO FC, and PVR
decreased by 48.78%. In a larger study by Rosenzweig
et al”® 20 patients with PAH-CHD who failed conven-
tional therapy (eg, oxygen, anticoagulation, digoxin, and
diuretics) were treated with epoprostenol. No patient
acutely responded to epoprostenol; however, long-term
(1year) epoprostenol use resulted in a 12.75% increase
in 6MWD, as well as a 52.00% improvement in PVR, and
20.78% reduction in mPAP. Seventy per cent of patients
improved by at least one WHO FC. In addition to
epoprostenol’s effects on improving both functional and
haemodynamic parameters in patients with PAH-CHD,
only epoprostenol has been shown to have a mortality
benefit in patients with PAH-CHD.” However, epopro-
stenol has a very short halfife (2-7min); as a result,
its only viable route of administration is via continuous
intravenous infusion. The necessity of a permanently
implanted central venous catheter has resulted in poor
patient adherence and the risk of serious complica-
tions, including infection or thrombosis of the chronic
indwelling central venous catheter, sepsis and delivery
system malfunction™; other adverse effects include jaw
pain, rash, arthralgias, nausea and vomiting. Fernandes
et al saw one patient experience an episode of cath-
eterrelated sepsis, and in the study by Rosenzweig
et al, 14 patients experienced jaw pain, 8 experienced
rash, 6 experienced arthralgias, 2 experienced nausea
and vomiting, 7 experienced dislodged central venous
lines, 4 experienced line infections and 2 experienced
pump malfunctions. Due to the significant adverse
effects of epoprostenol and the complications associated
with its delivery mechanism, current recommendations
are to only consider patients for long-term epoprostenol
therapy if they fail conventional therapy or if they fail
other PAH-specific therapies (eg, bosentan or sildenafil).

Treprostinil

Treprostinil is another prostanoid approved for the
treatment of PAH. It acts similarly to epoprostenol by
promoting pulmonary vasodilation and preventing
inflammation and smooth muscle proliferation. Trepros-
tinil is most often given in a subcutaneous injection,
though intravenous, oral and inhaled forms also exist.
Because subcutaneous injection has fewer complica-
tions associated with it than intravenous administration,
treprostinil has been proposed as an ideal alternative
to epoprostenol. Both epoprostenol and treprostinil
have been shown to improve survival in patients with
PAH, with similar long-term survival reported in patients
treated with either agent.”* Currently, no studies on the
use of treprostinil exclusively in patients with PAH-CHD
have been performed.

Beraprost

Beraprost is another prostanoid used for the treatment
of PAH. It is available in pill form and can be taken
orally, making it more convenient than both the intra-
venous epoprostenol and the subcutaneous treprostinil.
However, beraprost is less well studied than both of those
agents for the treatment of PAH, and further studies are
necessary to provide more insight into its role in the treat-
ment of PAH.”

Galie et al® looked at the results of the Arterial
Pulmonary Hypertension and Beraprost European Trial
(ALPHABET), which was a 12-week randomised, double-
blind, placebo-controlled, multicentre study designed to
determine the effects of oral administration of beraprost
sodium in patients with PAH, including a subset of patients
with PAH-CHD. Patients with IPAH had a statistically
significant improvement in 6MWD; however, for patients
with PAH due to an underlying medical condition such
as PAH-CHD, improvements in 6MWD were minimal and
not statistically significant. The authors reported that this
lack of improvement for patients with PAH due to under-
lying medical conditions could be explained by a number
of reasons. One possible explanation is the small sample
size of each subgroup of patients with PAH due to under-
lying medical conditions. Another explanation is that the
doses of beraprost sodium administered to these patients
were substantially lower than the doses given to the
patients with IPAH (62+36 g four times daily vs 96+35ng
four times daily, respectively); dose increase was usually
limited by symptoms such as headache, flushing and diar-
rhoea, which were more common among patients with
PAH due to underlying medical conditions. One last
explanation is that a 12-week study may be too short to
demonstrate a beneficial effect of prostanoid therapy in
the patients with PAH due to underlying medical condi-
tions, while it may be long enough for a beneficial effect
to be seen in patients with IPAH; patients with PAH-CHD
due to systemic-to-pulmonary shunt, for example, often
have a slower rate of clinical deterioration and a longer
preservation of cardiac output, and this may affect the
rate at which these patients respond to treatment.
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lloprost

An inhaled prostanoid, iloprost, also exists. Iloprost has
been shown to have a longer duration of action than
epoprostenol (around 30-90min vs 15min). Iloprost has
been shown to result in significant clinical improvement
in patients with severe PAH,” though patients with IPAH
had greater improvement than patients with PAH due to
underlying medical conditions, and there are currently
no studies available that evaluate iloprost’s effects specifi-
cally in patients with PAH-CHD.

Selexipag

Selexipag is a new oral medication which acts in a similar
fashion to the prostanoids. Specifically, selexipag is a
non-prostanoid agent which serves as an agonist at the
PGI2 receptor, facilitating the same downstream effects
as the prostanoids. The Prostacyclin (PGI2) Receptor
Agonist In Pulmonary Arterial Hypertension study
showed a reduction in hospitalisation rates and disease
progression among patients with PAH who received
selexipag over the course of 3 years, but little effect on
mortality.”® There was minimal improvement in 6MWD
(treatment effect of only 12m), which the authors
suggested may have been due to the fact that many
patients were already receiving background therapy with
either an ERA, PDE-5 inhibitor or both, which may have
produced improvements in baseline functional capacity
prior to the start of this study, potentially blunting selex-
ipag’s treatment effect. The study included 110 patients
(10% of study population) with PAH-CHD due to closed
defects, though subgroup analysis was not performed,
and data pertaining to selexipag’s effects specifically for
patients with PAH-CHD due to closed defects are unavail-
able. There are also no data to support the use of selex-
ipag for patients with PAH-CHD due to other aetiologies
apart from closed defects.

PDE-5 INHIBITORS

Sildenafil

PDE-5 is an enzyme present in high concentration in the
lungs. PDE-5 functions to degrade the cGMP produced
after NO binds to sGC; this degradation of cGMP results
in impaired pulmonary arterial vasodilation. The role of
PDE-b inhibitors, such as sildenalfil, is to block the action
of PDE-5, increase cGMP and promote the relaxation of
the pulmonary vasculature. The subsequent increase in
pulmonary blood flow can help improve the symptoms of
patients with PAH.

Chau et af conducted a prospective open-label study
in which they gave sildenafil to six patients with IPAH and
seven patients with PAH-CHD. After 6 months, 6MWD
did not show a statistically significant improvement in
patients with PAH-CHD, though PVR, mPAP and WHO
FC each improved. The authors noted that the adverse
effect of significantly decreased systolic blood pressure
only occurred in the PAH-CHD group. The authors
commented that this may indicate that the systemic

vasculature in patients with PAH-CHD may be more sensi-
tive to sildenafil than the systemic vasculature in patients
with IPAH. They recommended cautious monitoring for
the development of hypotension after starting sildenafil
in patients with PAH-CHD.

D’Alto et al' studied the effects of sildenafil on 32
patients with PAH-CHD and underlying ES who had previ-
ously failed to improve with bosentan therapy. After 6
months, they found that the addition of sildenafil resulted
in a 22.87% increase in 6MWD, a 20.84% reduction in
PVR and improved WHO FC from an average of III to II.
They also noted a 60.14% reduction in NT-proBNP level,
but no significant change in mPAP. Zeng et al'' studied
the effects of sildenafil on 55 patients with PAH-CHD over
the course of 12 weeks. Patients were separated into three
groups according to the location of their congenital heart
defect: ASD, VSD and patent ductus arteriosus (PDA).
6MWD increased between 11.32% and 14.58% in each
group, and PVR decreased between 24.76% and 31.72%.
mPAP decreased only in the VSD group (11.28%). The
authors concluded that sildenafil was able to successfully
treat patients with PAH-CHD irrespective of the location
of the cardiac defect. The incidence of adverse events
was similar among the three groups, occurring in 15%
of patients; headache, flushing, nasal congestion, tinnitus
and menorrhagia were the most frequently reported
events.

Tadalafil

Tadalafil is another PDE-5 inhibitor that has been
studied for the treatment of PAH. Tadalafil has the
same mechanism of action as sildenafil. However, tada-
lafil‘s longer half-life (around 18 hours compared with
4hours) has led some investigators to consider it a suit-
able alternative to sildenafil. Tadalafil’s longer half-life
means it can be given once daily, whereas sildenafil
is usually given three times daily; as a result, patient
adherence may be greater with tadalafil than with silde-
nafil. Also, in terms of adverse effects, tadalafil is more
selective for PDE-5, while sildenafil also inhibits other
phosphodiesterases, which may result in increased risk
of adverse events such as visual disturbances, flushing
and tachycardia.*

Mukhopadhyay et al* studied the effects of tadalafil
over a 12-week period in 16 patients with PAH-CHD.
6MWD increased by 12.50% and PVR decreased by
31.21%; WHO FC improved by at least one class in all 16
patients. No patient experienced any adverse events.

Vardenafil

Vardenatfil is the third major PDE-5 inhibitor. Unlike silde-
nafil and tadalafil, vardenafil is not currently approved
for the treatment of PAH." Vardenafil was shown to
improve 6MWD and CI, while decreasing PVR and mPAP
in a 12-week placebo-controlled clinical trial in patients
with PAH." No studies exist to evaluate vardenafil’s role
in the management of PAH-CHD.
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DISCUSSION

PAH is a serious complication of CHD. More than 4%
of patients born with CHD will go on to develop PAH
in adulthood. Without early surgical repair, this number
is even greater, nearly 33%. PAH-CHD has a better
prognosis than PAH caused by other aetiologies; 3-year
survival rate for PAH-CHD has been reported to be 77%
compared with only 37% for PAH due to connective tissue
disease and 35% for untreated IPAH.* Despite the better
survival rates in patients with PAH-CHD, it is important to
find effective medication options to manage this condi-
tion in order to improve exercise capacity and quality of
life while also slowing the rate of clinical deterioration
and the need for more definitive treatment (heart and
lung transplantation). Current treatment algorithms for
PAH-CHD are largely the same as those used for PAH,
though the small number of available studies conducted
specifically on patients with PAH-CHD calls for the need
of a more thorough evaluation of treatment strategies
for this population. While many studies that have been
performed on patients with PAH due to a variety of aetiol-
ogies have suggested that response to treatment has been
similar between patients with IPAH and PAH-CHD, other
studies have suggested that this may not be the case for all
medications.* % Furthermore, it is important to consider
that PAH-CHD encompasses a variety of pathophysiolog-
ical processes, and the prognosis and treatment response
may vary based on the specific underlying process (eg,
PAH-CHD due to ES may not carry the same prognosis nor
the same response to treatment as PAH-CHD following
corrective cardiac surgery or PAH-CHD in patients with
Down syndrome).

In most studies, MWD is used as the primary endpoint
in assessing the efficacy of each drug in the medical
management of PAH-CHD. While not necessarily an indi-
cator of mortality benefit, GMWD has been validated as
a convenient and inexpensive marker for patients’ exer-
cise capacity and overall functional status, which corre-
sponds to patients’ overall quality of life. 6MWD>400 m
is considered acceptable in patients with PAH-CHD,
while 6MWD<332m indicates a poor prognosis." The
minimum improvement in 6MWD considered to be
clinically important is at least 33—42m for patients with
PAH.' Patients who received riociguat in PATENT-2 had
an increase in 6MWD of 108 m (29.27% improvement).
Patients receiving bosentan in the open-label extension
of BREATHE-5 saw an increase in 6MWD of 60m (17.75%
improvement), with a number of other studies on
bosentan showing similar results, at least during the first
several months of treatment. Macitentan has shown mixed
results in regards to 6MWD, ranging from no improve-
ment to an improvement of 113 m (58.85% improvement
in ERA-naive patients). These variable findings may be
because many of the patients in the macitentan studies
were treated with bosentan just prior to their enrol-
ment, which could have blunted macitentan’s treatment
effect; the large number of patients with Down syndrome

included in the macitentan studies may have also contrib-
uted to the mixed results as the 6 min walking test is not
as well validated for this group of patients. While epopro-
stenol has been well studied for the management of PAH
and is the only drug shown to have a mortality benefit,
studies evaluating its use specifically for patients with
PAH-CHD are few in number, though the currently avail-
able studies report positive results’™ *; the largest study
by Rosenzweig et al” showed an improvement of 52m
(12.75% improvement). Regarding the use of sildenafil,
Zeng et al'! found that the drug improved 6MWD between
40 and 60m (10%-15% improvement), though Chau
et a® did not observe a significant improvement in their
study. And for tadalafil, Mukhopadhyay et al* showed
an improvement of 43m (12.5% improvement). Given
the recommendation that an improvement of 33-42m
is clinically important, riociguat, bosentan, macitentan,
epoprostenol and sildenafil all met this criterion, in at
least one study; however, directly comparing the efficacy
of each agent against the others is very difficult due to the
fact that each study was conducted over a different length
of time, with patients suffering from PAH-CHD due to
various aetiologies and of varying degrees of severity, and
with each study enrolling patients who were PAH-specific
therapy naive, already receiving background therapy with
other PAH medications, or a mixture of both.

One concern that has been brought up for bosentan
is that some studies have suggested that initial improve-
ments in 6MWD may return to baseline values after
long-term use.”** Van Loon et al® suggested that this
phenomenon may be more likely to occur in patients
with more advanced PAH-CHD, and Duffels et al*
suggested that this may have resulted from either gradual
tolerance to bosentan or natural disease progression in
their patients. This phenomenon was not observed for
the other medications, though this may be related to the
fact that there have been more studies conducted on the
long-term use of bosentan than on the long-term use of
the other agents. It is possible that with further investiga-
tion similar observations may be seen for the other drugs
as well.

Improvement in WHO FC in response to PAH-specific
medications has been shown to be another important
finding in patients with PAH. Barst et al’’ looked at 3-year
survival in patients with PAH and found that 3-year
survival was better in patients whose WHO FC improved
at least one class in response to treatment. Three-year
survival was 84% for those patients whose WHO FC
improved, while it was 64% for those patients whose
WHO FC remained the same, and it dropped to only 29%
for those patients whose WHO FC worsened after starting
treatment. Among the studies that reported changes in
WHO FC, there was usually a significant percentage of
patients who improved by at least one class. Perhaps more
importantly, for those patients who did not improve, the
vast majority at least remained stable at the same class,
with very few studies reporting patients who deteriorated
to a worse class.
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RV failure is the leading cause of death in patients with
PAH. Increased PVR and progressive pulmonary arte-
rial stiffening are the two major factors contributing to
increased RV demand.* mPAP has been used to diag-
nose PAH and to predict survival. Improvements in PVR
and mPAP have been used to demonstrate medications’
efficacy in reversing pulmonary vasculature remodelling,
which may suggest that medications which improve these
parameters could play a role in preventing RV failure
and improving mortality. After 12 weeks of riociguat in
PATENT-1, PVR decreased between 12.03% and 22.02%,
and mPAP decreased by 4.48% and 6.78%. Similar
improvements were seen in the 16-week-long BREATHE-5
trial (placebo-corrected reduction in PVR of 13.78% and
a 7.07% reduction in mPAP). Other studies on bosentan
have shown reductions in PVR between 22.66% and
36.36%"'3 14 16; some studies also showed a decrease in
mPAP between 9.60% and 13.38% on bosentan,'*2! while
others failed to show any significant improvement.'® '’
The greatest improvements in PVR and mPAP were seen
in the two studies on epoprostenol, which showed reduc-
tions in PVR of 48.78% and 52.00%,%*** and reductions in
mPAP of 20.78%.% The impressive improvements in PVR
and mPAP seen with epoprostenol, combined with these
parameters’ role in preventing RV failure, hint towards
a possible mechanism by which epoprostenol improves
mortality in PAH-CHD. Interestingly, the studies on
sildenafil have also shown impressive improvements in
PVR and mPAP, approaching those seen with epopro-
stenol. Chau et al” saw a 48.08% reduction PVR and a
25.71% decrease in mPAP. Zeng et al'' saw reductions in
PVR between 24.76% and 31.72%; mPAP decreased by
11.28%, but only in the group of patients with PAH-CHD
associated with a VSD. Though each of these two silde-
nafil studies had small sample sizes, the marked improve-
ment in PVR and mPAP draw reason to re-evaluate this
drug’s potential role in improving mortality in patients
with PAH-CHD.

NT-proBNP levels are helpful when assessing a medi-
cation’s efficacy in the treatment of PAH-CHD because,
like PVR and mPAP, the NT-proBNP level has been
shown to reflect the severity of RV failure, the leading
cause of death in PAH-CHD. NT-proBNP below a
median of 553 pg/mL was related to better 6-month and
lyear survival rates.* Unfortunately, only a few studies
comment on changes in NT-proBNP levels. In PATENT-1,
NT-proBNP levels dropped from a mean of 761 to 597
pg/mL (21.55% improvement) after 12 weeks of riociguat
2.5mg. Interestingly, in the group that received the lower
dose of riociguat 1.5mg, there was an even greater drop
in NT-proBNP levels from a mean of 1352 to 480 pg/mL
(64.50% improvement). The study by Duffels et al™* saw
no improvement in NT-proBNP in response to bosentan.
Blok et al’' saw a decrease in NT-proBNP from a mean of
723 to 488 pg/mL (48.16% improvement), and D’Alto et
al”® saw a decrease from 760 to 303 pg/mL (60.14% reduc-
tion). Based on the overall paucity of data on NT-proBNP
in patients with PAH-CHD, it is difficult to draw any hard

conclusions on this parameter’s role in the prognostica-
tion and management of PAH-CHD. Future studies may
elect to measure serum levels of this protein to gain more
insight into each medication’s role in protecting against
RV failure.

One concern that has been raised regarding the use
of PAH-specific medications in patients with congenital
heart defects is that the systemic vasodilation caused
by these agents may occur to a greater extent than the
intended pulmonary vasodilation, which could result
in pulmonary-to-systemic shunting across the structural
heart defect and lead to arterial oxygen desaturation.
However, arterial oxygen saturation was monitored in
most of the studies included in this review, and there were
no cases of arterial oxygen desaturation reported. In fact,
arterial oxygen saturation increased slightly following
treatment in many studies, a finding which was attributed
to the improved pulmonary blood flow secondary to
pulmonary vasodilation. Based on these findings, it seems
unlikely that pulmonary-to-systemic shunting should be
a concern when considering whether or not to initiate
treatment with PAH-specific medications in patients with
PAH-CHD.

LIMITATIONS OF THIS REVIEW

Most of the limitations of this review are related to the
limitations common among the included studies. Small
population size was common among many of the studies,
especially those studies which included patients with a
variety of causes of PAH; when the PAH-CHD subgroup
was looked at in those studies, the sample size was usually
very small, often <20 patients. Also, many of the studies
included in this review were of varying durations, which
makes making direct comparisons between the results of
each study difficult. Additionally, studies which lasted for
longer durations may have suffered from bias due to loss
to follow-up.

A couple of studies have reported that the effects of
medications on PAH may be related to the severity of
disease,” ** suggesting that the studies which included
more patients with advanced disease (eg, patients who
were WHO FCIII and IV) were more likely to show greater
improvement in 6MWD than studies that included more
patients with less advanced disease (eg, patients who were
WHO FC I and II). Also, many of the studies focused
on patients with PAH-CHD due to a specific cause;
PATENT-1 and PATENT-2 looked exclusively at patients
with PAH-CHD post-corrective cardiac surgery, and many
of the other studies assessed patients with PAH-CHD due
to ES. Some studies have shown that patients with ES
are more responsive to treatment than patients without
ES; Duffels et al** showed that patients with ES were
more likely to exhibit long-term improvement in 6MWD
while on bosentan, while patients without ES exhibited
a gradual return to baseline by 2 years of treatment.
Studies on patients with Down syndrome***” * 3! have
shown variable responses to treatment, most likely due
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to the questionable validity of the 6 min walking test in
this population. Zeng et al'' addressed the issue that the
type and location of the congenital heart defect (eg, ASD,
VSD, PDA) may also play a role in patients’ response to
PAH-specific medical therapies, and they found that the
location of the defect did not significantly influence
patients’ response to treatment. More research is neces-
sary to provide additional insight into how the severity
and aetiology of patients’ congenital heart disease affects
their response to treatment.

Another major limitation is that some of the studies in
this review evaluated medications used as monotherapy
for PAH-CHD, while others evaluated the study drug
after patients had received prior treatment with other
PAH-specific medications. If patients had already
received prior treatment, then their response to the
study drug may be blunted by any improvements
previously attained in response to those earlier treat-
ments,” *' * a finding which may hold particularly true
for the currently available studies on macitentan, where
many patients had previously been treated with bosentan
for an extended period. Additionally, pharmacokinetic
interactions between drugs may also occur; some studies
have suggested that bosentan may significantly decrease
plasma concentrations of sildenafil when co-admin-
istered to patients with PAH,* *” and it is possible that
similar interactions may occur between other PAH medi-
cations as well.

Finally, PATENT-1, PATENT-2, BREATHE-5 and
ALPHABET were placebo-controlled trials. However,
many of the studies were not placebo-controlled, making
it difficult to assess whether or not a placebo effect was
impacting the results reported in those studies.

FUTURE STUDIES

More randomised, double-blinded placebo-controlled
trials that assess the use of each medication specifically
in large numbers of patients with PAH-CHD would help
provide the highest quality of data to help draw compari-
sons between the efficacy of each medication and assist in
the creation of treatment algorithms tailored specifically
for patients with PAH-CHD. Of course, implementation
of such studies would prove difficult as the overall prev-
alence of PAH-CHD is quite low and can make enrolling
sufficient numbers of patients to allow for meaningful
randomised, double-blinded placebo-controlled trials
very difficult. There may also be much to learn if more
studies were designed to assess each medication’s effi-
cacy when the patient population consists exclusively
of patients with the same underlying cardiac defect, so
as to remove confounding that might be introduced by
the variable pathophysiology, illness severity and poten-
tial treatment response from each type of cardiac defect.
Though this too would likely be difficult to arrange due
to the already small pool of patients with PAH-CHD,
where further subdivision into groups consisting of only
a single specific cardiac defect may drastically hinder the

ability to create studies with sufficient power to draw any
meaningful conclusions.

Future studies may choose to evaluate each medica-
tion as monotherapy for treatment-naive patients, so as
to avoid any confounding that may occur from interac-
tions between PAH-specific medications, though again,
the number of patients with PAH-CHD is already quite
small and further narrowing of the patient pool to treat-
ment-naive patients would make for a challenging and
limited enrolment process. Furthermore, this could
introduce selection bias that would favour healthier
patients who are for the first time requiring treatment
with advanced therapies and select against sicker patients
who require multiple medications.

In regards to endpoints, the 6 min walking test is often
used as the gold-standard test for assessing PAH medi-
cations’ efficacy, though there have been few studies
which have evaluated these medications’ effects on other
important outcomes, most notably mortality. Currently,
epoprostenol is the only medication shown to improve
mortality in patients with PAH-CHD, and future studies
may choose to assess whether other medications can also
lead to a mortality benefit in these patients.

Finally, several PAH-specific medications, such as
ambrisentan, macitentan, treprostinil, iloprost, selexipag
and vardenafil, have yet to be studied for the manage-
ment of PAH-CHD, and future studies may look to see
what roles these agents could play in the management of
this disease.

SUMMARY

PAH-CHD is becoming an increasingly common form
of PAH, one which could benefit from a more thorough
evaluation of appropriate treatment strategies. While the
current approach of using the same treatment algorithms
for PAH-CHD as those used for other forms of PAH has
shown to be effective, subtle differences in the patho-
physiology and haemodynamics of PAH-CHD mean that
the assumption that medications which work for other
forms of PAH are equally appropriate for PAH-CHD
may not necessarily hold true. This review found that
riociguat, bosentan, epoprostenol and sildenafil were all
capable of improving functional capacity and haemody-
namic parameters in patients with PAH-CHD; however,
whether this corresponds to improved mortality remains
to be seen, with only epoprostenol having been shown
to have a survival benefit at this time. Furthermore,
this review did not find that any of the PAH-specific
medications resulted in worsening of pulmonary-to-sys-
temic shunting (as determined by arterial oxygen desat-
uration) in any study, which was one of the biggest
concerns regarding the use of these agents in patients
with structural heart defects. Therefore, this concern
should not discourage physicians from prescribing
these agents to patients with PAH-CHD. Making direct
comparisons between the efficacy of each medica-
tion remains difficult as many of the studies currently
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available are of varying durations, have small sample sizes
and enrol patients whom may or may not be receiving
background therapy with other PAH-specific medica-
tions. Future investigations consisting of randomised,
placebo-controlled trials which enrol large numbers of
patients not receiving additional background therapy
may provide new insights into each medication’s role in
the management of PAH-CHD.
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