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Introduction and outline of the thesis

INTRODUCTION
In 1897 Victor Eisenmenger was the first to describe a patient with Eisenmenger syndrome.1 His patient was a powerfully built man of 32 who gave a history of cyanosis
and moderate breathlessness since infancy. Examination revealed marked cyanosis,
clubbing of the fingers and toes and thickening of the distal joints. He managed well
enough and was able to lead an active life until the age of 29. At that time dyspnea had
increased, edema set in and he was admitted to the hospital in state of heart failure. He
improved with rest and medication, but collapsed and died more or less suddenly following large coughing of blood. Autopsy confirmed the clinical suspicion of congenital
heart disease (CHD).2
Notwithstanding limited treatment options at the time, current survival of children
with CHD has markedly improved, resulting in a continuously growing population of
adults with CHD.3 This prolonged survival makes patients at risk for several complications. Pulmonary arterial hypertension (PAH) is a serious complication of congenital
heart disease, especially arising when a systemic-to-pulmonary shunt remains uncorrected.4 A systemic-to-pulmonary shunt gives rise to volume and pressure overload of
the pulmonary circulation, leading to increases in pulmonary vascular resistance which
above a certain level are described as PAH.5 Ultimately, the high pulmonary pressures
can lead to shunt reversal and subsequently cyanosis. This far end of the PAH-spectrum
is called Eisenmenger syndrome.
PAH in CHD (PAH-CHD) is associated with increased morbidity and mortality.6 Although PAH-CHD cannot be cured, in the last two decades several pharmacological trials have made significant contributions to improve quality of life, exercise capacity and
even length of life for patients with PAH-CHD.7 Even so, management of this population
remains challenging and requires specific expertise for both diagnosis and follow-up.4
The development of PAH-specific therapies has led to a whole new management option.
However, we need to know the relative benefits of the different PAH-specific therapies
to determine the best therapeutic strategy.7,8 An important challenge for caretakers is
to identify those patients at highest risk for morbidity and mortality, in order to enable
more aggressive therapy and intensified follow-up. At the beginning of this decennium,
decisions to use additional PAH-specific therapy were based on the occurrence of a
complication. Novel insights have shifted these standards and call to base this decision
on an extensive evaluation of clinical status.9,10
In order to enter a new era, the main objectives of this thesis are to obtain more
insight in the prognosis and markers of mortality, and to obtain more insight in novel
pharmacological strategies to prevent further disease progression and complications,
and to improve quality of life and prognosis.
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CHAPTER 1

OUTLINE
This thesis consists of two parts. The first part consists of studies on markers of prognosis. Chapter 2 is a review of current knowledge on the management of patients with
pulmonary arterial hypertension due to congenital heart disease. In Chapter 3 we
tried to identify the value of standardized self-reported quality of life assessments. We
studied the association between mortality and changes in quality of life surveys (SF36)
during two years of therapy in adults with PAH-CHD. In Chapter 4 we investigated
the predictive value of novel cardiac biomarker cystatin C for long-term mortality and
clinical events. To achieve more insight into whether a multi-biomarker approach might
improve risk stratification, we studied the value of additional biomarkers to predict
mortality and determined whether these biomarkers can be used to predict long-term
mortality in Chapter 5. The predictive value of cross-sectional baseline parameters may
weaken after years of follow-up. In Chapter 6 we hypothesized that observation of serial
changes in parameters over time may better reflect prognosis.
The second part of this thesis concerns management of patients with PAH-CHD. A wellknown and widely used management option is to lower pulmonary arterial pressures
with an endothelin receptor antagonist (ERA) in order to improve symptoms, quality of
life and prognosis. In Chapter 7 we investigated the effects of a switch from the widely
used ERA bosentan to its novel successor macitentan on clinical status. In Chapter 8 we
questioned whether perioperative treatment with bosentan could improve outcomes in
adults with CHD undergoing cardiac surgery. Regular physical activity and aerobic exercise training are related to decreased cardiovascular mortality in healthy individuals, as
well as in cardiac patients. Unfortunately, the effect of exercise training in symptomatic
adults with CHD remains unclear. The objective of Chapter 9 was to provide evidence
that encouragement of a six-month sports participation program is safe and improves
exercise capacity and quality of life in symptomatic adults with CHD.
The results of this thesis are summarized and discussed in Chapter 10.
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CHAPTER 2

ABSTRACT
Pulmonary arterial hypertension is a serious complication of adult congenital heart
disease associated with systemic-to-pulmonary shunts. Although early shunt closure
restricts development of pulmonary arterial hypertension, patients remain at risk even
after repair. The development of pulmonary arterial hypertension is associated with a
markedly increased morbidity and mortality. It is important to identify patients with
a poor prognosis using disease-specific markers. Echocardiography and biomarkers
arise as practical tools to determine the risk of mortality. Although pulmonary arterial
hypertension cannot be cured, four classes of disease-targeting therapies are currently
available and several promising therapies are being studied. Furthermore, there is a
shift in drug studies towards more clinically relevant endpoints such as time to clinical
worsening, morbidities and mortality.
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Introduction
Pulmonary arterial hypertension (PAH) is a serious complication of adult congenital
heart disease (CHD).1 PAH develops in CHD patients with a systemic-to-pulmonary shunt
(SPs) as a result of increased pulmonary vascular resistance (PVR) due to a chronic volume and pressure overload of the pulmonary circulation. This adverse cascade in turn
results in right ventricular (RV) remodeling, dysfunction and ultimately failure. In the
final stage, pulmonary and RV pressures overcome the systemic pressures. This leads to
flow reversal and cyanosis, known as Eisenmenger syndrome (ES).1 Management of CHD
patients includes restricting PAH development through timely surgical or percutaneous
procedures, which prevent SPs. If PAH due to CHD (PAH-CHD) develops, PAH-specific
therapy should be started to improve hemodynamics, augment exercise capacity and
improve quality of life (QoL). Despite current medical management, PAH-CHD still has a
significant impact on morbidity and mortality. In this paper, we provide an overview of
novel insights regarding management of adults with PAH-CHD and briefly highlight the
possible future developments in this field.

Definition and classification
Pulmonary hypertension (PH) is a general term for a wide spectrum of disease entities
with increased pulmonary pressures. It is defined by a mean pulmonary arterial pressure
(mPAP) > 25 mmHg at rest measured by right heart catheterization.2 Pulmonary capillary wedge pressure should be < 15 mmHg in all groups except for left heart disease.2
PH is subdivided into five groups of disease entities that share pathophysiological
mechanisms, clinical appearance and response to medical therapy.3 The first group is
designated as PAH, the other groups are described as PH owing to left heart disease,
lung disease, chronic thromboembolic and multifactorial mechanisms, respectively.
PAH-CHD is part of associated PAH, together with PAH due to connective tissue disease,
HIV infection, portal hypertension and schistosomiasis. Due to the heterogeneity of
PAH-CHD manifestations, a further subclassification was proposed in order to provide a
simple and practical system to identify PAH-CHD patients. This subdivision of four classes
includes Eisenmenger syndrome, PAH associated with SPs, PAH with small defects (SDs)
and PAH after corrective cardiac surgery.3 Figure 1 demonstrates the classification of PH
and the subclassifications for PAH-CHD.
Pulmonary hypertension
1. Pulmonary arterial hypertension
2. Pulmonary hypertension due to left heart disease
3. Pulmonary hypertension due to lung diseases and/or hypoxia
4. Chronic tromboembolic pulmonary hypertension
5. Pulmonary hypertension with unclear multifactorial mechanisms

PAH
1.1 Idiopathic PAH
1.2 Heritable PAH
1.3 Drug and toxin induced
1.4 Associated PAH

Associated PAH
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

PAH-CHD
1. Eisenmenger syndrome
2. Left-to-right shunts
3. Small defects
4. Post-operative PAH

Figure 1. Classification in pulmonary hypertension.
Abbreviations: PAH: pulmonary arterial hypertension; PAH-CHD: PAH due to congenital heart disease.
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Prevalence
Due to improved survival, adult CHD prevalence increased over the past decades and
has now reached an estimated 3,000 per million.4 There is a large variation in prevalence estimates of PAH in CHD patients due to differences in classification and study
methodology. In the Dutch population-based CONgenital CORvitia registry, deemed
representative of the total CHD population,5 the overall prevalence of pulmonary hypertension, defined as systolic PAP > 40 mmHg, is estimated to be around 3.2%.6 In CHD
patients with SPs, who are specifically at risk, the PAH prevalence is estimated at 7.4%.
A Canadian health-care database study found an additional code of PH in 5.8% of the
38,430 included CHD patients.7 In a binational PAH-CHD registry of New Zealand and
Australia, mean age at diagnosis of PAH in adulthood was 31.2 years, and patients were
diagnosed on average six years after onset of symptoms.8

Management
General
With increasing PAH, RV failure will eventually occur in all CHD patients. However, the
natural course of PAH-CHD is heterogeneous, with some patients showing RV failure
within months and others not for decades. There is also a large variation in clinical
presentation. Approximately 56% of patients were in World Health Organization (WHO)
functional classification III or IV at inclusion in a national Spain registry containing 240
PAH-CHD patients.9 Ninety percent of patients experienced dyspnea, while heart failure
was present in 26% (ranging from 5% in patients with SDs to 28% in those with closed
defects or ES). Currently, heart-lung transplantation is the only curative option in PAHCHD, although it is often considered as a palliative option due to its many complications. Unfortunately, due to their relatively good prognosis compared to idiopathic PAH
(IPAH),10 patients with PAH-CHD often do not meet the criteria for transplantation and
can remain on the waiting list indefinitely. Management therefore comprises treatment
of PAH by surgery, percutaneous procedures and medical therapy.
Surgery and percutaneous procedures
All PAH-CHD patients need to be evaluated for surgical or percutaneous closure of the
SPs. However, the severity of PAH influences the possibilities of shunt closure. In patients
with ES, shunt closure is contraindicated due to the risk of acute decompensation and
death.1 This is because the shunt, in ES patients, functions as a relieve valve for the high
pulmonary pressures. In patients without progression to irreversible PAH and pulmonaryto-systemic shunting, closure should be carefully evaluated. However, in patients with
PAH and coincidental SDs, the clinical picture is very similar to IPAH and closure of the
defect is contraindicated similar to ES patients.3 A comprehensive overview of indications
for shunt closure was published recently.11 In short, patients with a SPs and a normal
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PVR (< 3 Wood units (WU)) can safely undergo shunt closure. Limited data are available
on feasibility of shunt closure in patients with higher PVR values. Usually patients with
PVR values in the “gray zone” of 3-6 WU should be treated with PAH-specific therapy and
re-evaluated with a right heart catheterization. Shunt closure can be considered when
treatment has led to a PAP < 2/3 of systemic blood pressure or PVR < 3 WU or < 2/3 of
the systemic vascular resistance together with a net SPs (Qp:Qs > 1.5).11 This treatment
approach is called the treat-and-repair strategy.12 Although repair in patients with severe
PAH (PVR > 6 WU) is contraindicated, several recent case report studies have shown that
patients in whom PAH was previously considered as irreversible could still accomplish
reduction of PVR with PAH-specific therapy and subsequently undergo successful shunt
closure.13–15 Selected patients might benefit from this procedure, but careful follow-up is
mandatory to determine the long-term benefits and risks of this approach.
Besides the treat-and-repair strategy, another approach for patients with atrial or ventricular septal defects and associated high PVR is fenestrated closure of the defect. The
assumption is that fenestrated occluders reduce the SPs and in the long run lower PAPs.
To avoid acute decompensation following total closure of severe PAH-associated septal
defects, surgeons nowadays may leave an opening in the patch or use a flap patch that
allows for residual SPs.16 Fenestration is also occasionally performed using transcatheter
occluding devices, with favorable short-term results in several cases of atrial septal
defect (ASD) and even ventricular septal defect (VSD), with significant decrease of pulmonary artery pressures.17–19 However, this procedure is not advised as first choice since
both major and minor complications may occur during or after transcatheter closure,
including hemolysis, cardiac perforation, rhythm disturbances and endocarditis. Similar
to the treat-and-repair strategy, long-term results still need to be elucidated and careful
follow-up is mandatory.
Creation of a Potts anastomosis (left pulmonary artery to descending aorta) has
sometimes been used in children to manage severe pulmonary hypertension, refractory
to maximal medical treatment, in patients with severe symptoms including syncope.
Recently, the first successful adult case was reported.20 However, the safety and efficacy
of this procedure needs further evaluation.
In general, there has been a marked increase in the number and range of percutaneous procedures in adults with CHD, in some cases obviating the need for surgery entirely.1 Device closure has become first choice for secundum ASD closure (Figure 2) when
feasible from morphology.1 Although percutaneous VSD closure can be safely employed
in selected patients, improvements in device technology are required to make this a routine option in the majority of patients.1 21 Percutaneous closure of atrioventricular septal
defects is not feasible.1 In general, the decision to perform a percutaneous intervention
should be tailored to the individual patient anatomy and involve rigorous peer review
and multidisciplinary discussion.
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Figure 2. Amplatzer device.
A 66-year-old male patient, six weeks after percutaneous correction of a secundum ASD.
A: Transthoracic four-chamber view showing RA and RV dilatation. The white arrow points to the Amplatzer
device.
B: Transesophageal view showing the Amplatzer device in the interatrial septum.
Abbreviations: ASD: atrial septal defect; RA: right atrium; LA: left atrium; RV: right ventricle; LV: left ventricle;
TTE: transthoracic echocardiogram; TEE: transesophageal echocardiogram.

PAH after shunt closure
For a long time, CHD patients have been considered cured after successful repair of a
small shunt, leading to a large number of patients currently not receiving follow-up
care.22 It now appears that PAH can develop even after successful repair with a prevalence
of 5.7-13.3% for PAH in closed defects.6 23 Recently, the cumulative incidence of PH after
shunt closure was described.24 Presence of PH was defined by right heart catheterization
(mPAP ≥ 25 mmHg in combination with a wedge < 15 mmHg) or by echocardiography
(PAP ≥ 40 mmHg without signs of left-sided valvular disease or elevated diastolic pressures). The cumulative incidence of PH in 1,103 CHD patients (most commonly simple
defects) ranged from 2.1% directly after closure, to more than 15% 50 years after closure.
Moreover, the 10-year survival was significantly lower in CHD patients who developed
PH after closure compared to patients with closed shunts without PH (odds ratio 3.5).
Predictors for PH development after closure were PH pre-closure and a WHO functional
classification > I pre-closure. The above findings are in line with a study of Manes and
coworkers, who reported that patients with PAH following shunt repair have a high
mortality rate, higher than in any other type of PAH-CHD.10 The reason is unclear, but
impaired adaptation of the RV to an increasing afterload in combination with lack of
a possible “escape” pulmonary-to-systemic shunt may contribute to this high mortality.10 These alarming results call for monitoring of all CHD patients after shunt closure,
irrespective of the age the procedure took place. This is currently not yet included in
the European and Northern American guidelines, which state that patients with simple
defects like secundum ASD, repaired under the age of 25, do not require regular followup.1 25 Moreover, there is a need to identify CHD patients with closed shunts who have
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become lost-to-follow-up and raise awareness among physicians, for example, with
national campaigns.5 26
Medical therapy
In the last two decades, the therapeutic arsenal for PAH-CHD has expanded considerably. Currently, nine different drugs are approved for use in PAH in North America and
Europe.27 These are subdivided into four drug classes: phosphodiesterase type-5 (PDE-5)
inhibitors, endothelin receptor antagonists (ERAs), prostacyclins and soluble guanylate
cyclase (sGC) stimulators. Although most landmark trials on PAH treatment are limited
by small numbers of PAH-CHD patients, all of the PAH-specific therapies are used and
approved for the treatment of PAH-CHD. Table 1 provides an overview of randomized
controlled trials (RCTs) on PAH-specific therapy in patients with PAH-CHD or in mixed
PAH groups including patients with PAH-CHD.
Calcium channel blockers are contraindicated in the ES population due to the risk of
systemic vasodilation with increased pulmonary-to-systemic shunting and deterioration of cyanosis.1
Prostacyclins
The first pulmonary vasodilators were intravenous prostacyclin analogs. Prostacyclin
is produced predominantly by endothelial cells and induces potent vasodilation of all
vascular beds and has antiproliferative activities.27 The prostacyclin and the two other
vascular remodeling pathways are displayed in Figure 3.
Studies on intravenous prostacyclins mainly included patients with more advanced
disease (WHO functional classification III and IV). Therapy resulted in improvements of
WHO functional classification, oxygen saturation and pulmonary hemodynamics.28–30
Currently, treprostinil and iloprost offer alternatives to intravenous prostacyclins, being
available by subcutaneous infusion and inhalation. However, robust data for these drugs
in PAH-CHD are lacking. Recently, a multicenter, prospective, open-label, single-arm trial
of inhaled iloprost in 18 ES patients with 24 weeks follow-up showed significant improvements in six-minute walk distance (6-MWD), QoL and RV myocardial performance
index after treatment.31
Selexipag is a novel prostacyclin in oral form. The results of the prostacyclin (PGI2)
Receptor agonist In Pulmonary arterial HypertensiON (GRIPHON) trial on selexipag
were presented at the American College of Cardiology conference in March 2015. In a
randomized placebo-controlled event-driven study, which included 1,156 patients of
various PAH etiologies, selexipag decreased the risk of a combined end point of morbidity and mortality events by 40%. Currently, selexipag awaits approval by the US Food
and Drug Administration.
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EARLY

Galiè et al. (2008)

EVALUATION

PATENT-1

Jing et al. (2011)

Ghofrani et al. (2013)

Prostacyclin

+

PDE-5 inhibitor

PDE-5 inhibitor

Vardenafil■
Riociguat

PDE-5 inhibitor

PDE-5 inhibitor

PDE-5 inhibitor

PDE-5 inhibitor

ERA

ERA

ERA

ERA

ERA

ERA

ERA

Prostacyclin

Prostacyclin

Prostacyclin

Tadalafil

Sildenafil

Sildenafil

Sildenafil

Ambrisentan/Tadalafil

Macitentan

Sitaxsentanº

Bosentan

Sitaxsentanº

Bosentan

Sitaxsentanº

Treprostinil

Treprostinil

Treprostinil

Iloprost

Prostacyclin

Prostacyclin

Beraprost

Prostacyclin

Treprostinil

Medication
group

Beraprost+

Medication

ERA/prostanoids

None

Bosentan

Epoprostenol

None

None

None

PDE-5/prostanoids

None

None

None

None

None

None

PDE-5/ERA

PDE-5/ERA

Bosentan

None

None

None

Background
therapy

PAH (443; 8)

PAH (66; 9)

PAH (405; 12)

PAH (267; not given)

PAH (20; 50)

PAH (278; 6)

PAH (500; 2)

PAH (250; 8)

PAH (98; 16)

PAH (185; 17)

PAH (245; 11)

ES (54)

PAH (178; 24)

PAH (349; 5)

PAH (310; 1)

PAH (354; 6)

PAH (67; not given)

PAH (116; 16)

PAH (130; 18)

PAH (470; 23)

Study population
(n; % with CHD)

12 weeks

12 weeks

16 weeks

16 weeks

14 weeks

12 weeks

609 days

6-MWD

6-MWD

6-MWD

6-MWD

6-MWD

6-MWD

Composite endpoint

Composite endpoint
2

6-MWD

18 weeks

6-MWD, HD

6-MWD

SpO2

Peak VO2

6-MWD

6-MWD*

6-MWD*

6-MWD, WHO, HD, CW

Composite endpoint

6-MWD

6-MWD

Primary outcome

129 weeks1

26 weeks

18 weeks

16 weeks

12 weeks

12 weeks

16 weeks

16 weeks

12 weeks

52 weeks

12 weeks

12 weeks

Study
duration

[S20]

[S19]

[S18]

[S17]

[S16]

[S15]

[S14]

[S13]

[S12]

[S11]

[S10]

[S9]

[S8]

[S7]

[S6]

[S5]

[S4]

[S3]

[S2]

[S1]

Ref

This table contains all randomized controlled trials on disease targeting therapies in patients with PAH-CHD or mixed PAH groups. Studies on mixed PAH groups were
included only if PAH-CHD patients were included as well.

PACES

PHIRST

Simonneau et al. (2008)

-

Singh et al. (2006)

Galiè et al. (2009)

AMBITION

SUPER

Galiè et al. (2015)

Galiè et al. (2005)

-

STRIDE-2

Barst et al. (2006)

SERAPHIN

BREATHE-5

Galiè et al. (2006)

Sandoval et al. (2012)

STRIDE-1

Barst et al. (2004)

Pulido et al. (2013)

FREEDOM-C2

FREEDOM-C

Tapson et al. (2012)

-

STEP

McLaughlin et al. (2006)

Tapson et al. (2013)

-

Barst et al. (2003)

Jing et al. (2013)

-

ALPHABET

Simonneau et al. (2002)

Galiè et al. (2002)

Official
acronym

First author (year)

Table 1. Currently available randomized controlled trials on disease targeting therapies in patients with pulmonary arterial hypertension due to congenital heart disease
or mixed pulmonary arterial hypertension groups.
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* Primary endpoint not met.
+ Beraprost is approved only in Japan and S. Korea.
■
Vardenafil is currently not available for patients with pulmonary arterial hypertension.
º Sitaxsentan was voluntarily removed from the market due to concerns about liver toxicity.
1
Median value.
2
Mean value.
Abbreviations: 6-MWD: six-minute walk distance; ALPHABET: arterial pulmonary hypertension and beraprost european trial; AMBITION: ambrisentan and tadalafil in patients with pulmonary arterial hypertension; BREATHE: bosentan randomized trial of endothelin antagonist therapy; CHD: congenital heart disease; CW: time to clinical
worsening; EARLY: endothelin antagonist trial in mildly symptomatic pulmonary arterial hypertension patients; ERA: endothelin receptor antagonist; ES: eisenmenger
syndrome; EVALUATION: efficacy and safety of vardenafil in the treatment of pulmonary arterial hypertension; FREEDOM-C: oral treprostinil in combination with an endothelin receptor antagonist (ERA) and/or a phosphodiesterase-5 (PDE-5) inhibitor for the treatment of PAH; HD: hemodynamics; PACES: pulmonary arterial hypertension
combination study of epoprostenol and sildenafil; PAH: pulmonary arterial hypertension; PATENT: pulmonary arterial hypertension soluble guanylate cyclase-stimulator
trial; PDE-5: phosphodiesterase type-5 inhibitor; PHIRST: pulmonary arterial hypertensIon and response to tadalafil; SERAPHIN: study with an endothelin receptor antagonist in pulmonary arterial hypertension to improve clinical outcome; STEP: iloprost inhalation solution safety and pilot efficacy trial in combination with bosentan for
evaluation in pulmonary arterial hypertension; STRIDE: sitaxsentan to relieve impaired exercise; SUPER: sildenafil use in pulmonary arterial hypertension; VO2: maximal
oxygen consumption; WHO: World Health Organization functional classification.
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Soluble guanylate cyclase

+
cAMP

Nitric oxide
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endothelin
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endothelin
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Adenylate cyclase

Citrulline
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Prostacyclin

NO

cGMP
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Phosphodiesterase
type-5
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PDE 5
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Figure 3. The endothelin, prostacyclin and NO pathways.
Prostacyclin is produced from arachidonic acid by prostacyclin synthase. Prostacyclins bind to the prostacyclin receptors, leading to an increase of cAMP and subsequently vasodilation and antiproliferation. Big
endothelin is converted to endothelin-1 by endothelin converting enzymes. Endothelin-1 exerts vasoconstrictor and mitogenic effects by binding to two distinct receptor isoforms, endothelin-A and -B receptors, in the pulmonary smooth muscle cells. NO is produced from arginine by endothelial NO synthase.
NO stimulates soluble guanylate cyclase, leading to an increase of cGMP which subsequently results in
vasodilation and antiproliferation.
Abbreviations: ERA: endothelin receptor antagonist; PDE-5: phosphodiesterase type-5 inhibitor; sGC: soluble guanylate cyclase inhibitor; NO: nitric oxide; cAMP: cyclic adenosine monophosphate; cGMP: cyclic
guanosine monophosphate.

Recently, iloprost was compared with nitric oxide (NO) for vasoreactivity testing.32
Iloprost requires no specific monitoring and is less expensive, but not well studied in
PAH-CHD. In a cohort of 185 PAH-CHD patients, iloprost and NO inhalation resulted in
similar changes of PAP, PVR, pulmonary blood flow and the ratio of total pulmonary
blood flow to total systemic blood flow (Qp:Qs). No side effects were reported. Based on
these data, aerosolized iloprost has the potential to become a valuable new option for
vasoreactivity testing in PAH-CHD.
Most common side effects of prostacyclins include headache, jaw pain, flushing,
nausea, diarrhea, skin rash and musculoskeletal pain. Moreover, intravenous use might
cause infections and infusion interruptions.25
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At present, prostacyclins are recommended as the first choice treatment in WHO
functional classification IV patients. All prostacyclins share equal treatment benefits on
6-MWD, WHO functional classification and pulmonary hemodynamics. Epoprostenol is
best studied in PAH-CHD but requires intravenous administration. Inhaled treprostinil or
iloprost are viable alternatives, but require 4-6 treatment sessions daily. Selexipag, as an
oral prostacyclin, might further expand the use of prostacyclins among patients in WHO
functional classification II and III.
Endothelin receptor antagonists
Endothelin exerts vasoconstrictor and proliferative effects by binding to two distinct
receptor isoforms in the pulmonary vascular smooth muscle cells, endothelin-A and -B
receptors. ERAs with single- or dual-receptor antagonism share comparable efficacy in
PAH.27
ERAs include bosentan, ambrisentan and macitentan. The Bosentan Randomized trial
of Endothelin Antagonist THErapy-5 (BREATHE-5) was the landmark trial for bosentan in
PAH-CHD. In a 16-week safety-driven double-blind, placebo-controlled trial with 54 ES
patients, bosentan was well tolerated and improved exercise capacity and hemodynamics.33 These results are supported by a systematic review and meta-analysis of bosentan
in PAH-CHD, including eight articles and 215 patients.34 Long-term results of bosentan
therapy were recently published, confirming a sustained positive impact on exercise
capacity, stroke volume, QoL and subjective symptoms.35 36 The guidelines approve the
use of bosentan in patients with Down syndrome or complex heart disease. Three small
real-world studies recently confirmed the efficacy and safety in these subgroups.37–39
Small patient numbers limit the value of these studies. However, they support earlier
publications40 41 and experience from daily clinical practice.
The evidence supporting ambrisentan comes from the Ambrisentan in pulmonary arterial hypertension, Randomized, double-blind, placebo-controlled, multicenter, Efficacy
Study (ARIES) I and II studies, which were concurrent, double-blind, placebo-controlled
studies with a 12-week follow-up period, including 202 and 192 patients of various PAH
etiologies (no PAH-CHD patients), respectively.42 Ambrisentan improved time to clinical
worsening, WHO functional classification, 6-MWD, QoL and brain natriuretic peptide
(BNP). These effects were sustained after two years.43 In addition, a study group from the
United Kingdom evaluated the safety and long-term tolerability of ambrisentan in 272
PAH patients, thereby including 29 CHD patients.44 Of note, 50 patients (18%) stopped
treatment due to side effects and an additional 33 (12%) due to lack of efficacy. The
high number of side effects probably reflects the real-world use. Patients in clinical trials
might experience more difficulty of withdrawing medication.
Macitentan is the most recent ERA, developed by modifying the structure of bosentan
to increase tissue penetration and binding kinetics. Macitentan was evaluated using a
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combined morbidity and mortality end point, comprising death, atrial septostomy, lung
transplantation, initiation of treatment with intravenous or subcutaneous prostacyclins,
or worsening of pulmonary arterial hypertension.45 Worsening PAH was defined by a
decrease in 6-MWD, in combination with a worsening WHO functional classification,
and need for additional treatment. Sixty-two closed shunt PAH-CHD patients, among a
total of 742 patients of various PAH etiologies, were included in a randomized, placebocontrolled, event-driven clinical trial. Macitentan 10 mg once daily was associated
with a lower occurrence of the composite end point (31.4% compared to 46.4% in the
placebo group). The composite end point was mainly driven by worsening of PAH, which
comprised 59 of the 76 events in the macitentan 10 mg group. Subanalyses showed
no direct effect of macitentan on mortality. In a second paper from the same research
group, macitentan was shown to reduce the risk and rate of all-cause hospitalization.46
It is unclear whether the results of the Study with an Endothelin Receptor Antagonist in
Pulmonary arterial Hypertension to Improve cliNical outcome (SERAPHIN) trial can be
extrapolated to other groups of PAH-CHD, for instance, to ES patients. A study with macitentan in ES patients, named MAcitentan in Eisenmenger Syndrome To RestOre exercise
capacity (MAESTRO) trial, is currently being carried out (ClincialTrials.gov identifier:
NCT01743001). The primary end point is 6-MWD. Results are expected in March 2016.
Most common side effects of ERAs are headache, anemia, development of edema
and nasal congestion. Potential hepatotoxicity requires monthly liver function assessment.2 25
Of the three available ERAs, treatment with bosentan is most established in PAH-CHD.
Many studies have addressed its safety and efficacy, and long-term results show a sustained positive impact on exercise capacity, QoL and subjective symptoms.36 47–49 There is
less evidence for ambrisentan in PAH-CHD and possibly a higher rate of adverse events,
favoring the use of bosentan. A direct clinical comparison of bosentan and macitentan
is lacking, as well as data on macitentan in ES patients. Based on the current literature,
the authors advise bosentan as the first choice ERA.
PDE-5 inhibitors
PDE-5 inhibitors act through the NO pathway by inhibiting the cyclic guanosine monophosphate degrading enzyme PDE-5. This results in vasodilation and antiproliferation.2
Currently, two PDE-5 inhibitors are available, sildenafil and tadalafil. The evidence
for sildenafil originates from the Sildenafil Use in Pulmonary artERial hypertension 1
(SUPER) trial.50 This double-blind, placebo-controlled study included 278 patients of
various PAH etiologies (6.5% closed defect PAH-CHD). Twelve weeks of sildenafil was
associated with improvements in exercise capacity, WHO functional classification and
hemodynamics. Several studies subsequently investigated sildenafil in the CHD population,51 52 confirming the previous results. The effect size of sildenafil is similar for different
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CHD pathologies. In an uncontrolled study, which included 55 PAH-CHD patients, comparable improvements on 6-MWD and PVR were found for ASD, VSD or patent ductus
arteriosus.53
The evidence supporting tadalafil comes from the Pulmonary arterial HypertensIon
and ReSponse to Tadalafil (PHIRST) trial.54 This 16-week, double-blind, placebo-controlled
study included 405 patients of various PAH etiologies (47 PAH-CHD). Tadalafil increased
6-MWD, QoL and time to clinical worsening, defined as the first occurring of death, lung
or heart-lung transplantation, atrial septostomy, hospitalization for PAH, initiation of
additional PAH therapy and worsening WHO functional classification. Tadalafil was also
evaluated in ES patients, with comparable results.55
Common side effects of PDE-5 inhibitors are mild to moderate and mainly related to
vasodilation. They include headache, flushing, dyspepsia and epistaxis.25 27
Of the two available PDE-5 inhibitors, treatment with sildenafil is most established
in PAH-CHD. Tadalafil has the advantage of a once-daily dose compared to three-times
daily for sildenafil. Given the equal efficacy and the absence of a head-to-head comparison, choice of drug may depend on approval status, patient preferences, physician
experience and the costs.
Soluble guanylate cyclase stimulators
Riociguat is the first approved drug of the novel class of soluble guanylate cyclase
stimulators for treatment of PAH. Riociguat has a dual mode of action, acting in synergy
with endogenous NO and also directly stimulating guanylate cyclase independently of
NO availability.27
In Pulmonary Arterial hyperTENsion soluble guanylate cyclase-stimulator Trial
(PATENT)-2, a phase III, double-blind RCT, 443 patients of various PAH etiologies (35
PAH-CHD) were randomized in a 2:4:1 ratio to placebo, riociguat 1.5-mg-maximum or
riociguat 2.5-mg-maximum daily.56 Riociguat was evaluated in therapy-naive patients
or on top of background therapy (50%) on ERAs or prostacyclins. Riociguat therapy was
initiated at a dose of 1 mg three-times daily and adjusted according to the systemic
arterial blood pressure and occurrence of hypotension. After 12 weeks follow-up, the
2.5-mg-maximum group showed significant improvements in 6-MWD, PVR, N-terminal
pro BNP (NT-proBNP) levels, WHO functional classification, time to clinical worsening
and Borg dyspnea score compared to placebo. Time to clinical worsening was defined
by the first occurrence of the following events: death, heart/lung transplantation, atrial
septostomy, hospitalization for PAH, addition or change of PAH-specific therapy, decrease in 6-MWD or decrease in WHO functional classification. The PATENT-2 open-label
extension study showed further increase in 6-MWD in the 2.5-mg-maximum riociguat
group.57
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The most common side effects are headache, dyspepsia, peripheral edema, nausea,
dizziness and diarrhea.
In general, riociguat shows similar results compared to the previously mentioned PDE5 inhibitors. Its additional value compared to or in addition to PDE-5 inhibitors, which
target the same pathway, needs to be examined.
Combination therapy
The rationale for combination therapy in PAH is taking advantage of different treatment
pathways to target the disease. There is much speculation about initial drug combination
therapy, being superior to monotherapy or subsequent sequential drug combination
therapy. Two small observational studies reported feasibility of upfront double58 and
triple59 therapy, with improvements in WHO functional classification, exercise capacity
and hemodynamics. In addition, two RCTs on initial combination therapy were published. The first failed to show a significant advantage of the combination epoprostenol
and bosentan compared to epoprostenol and placebo.60 Very recently, the results of
the AMBrIsentan and Tadalafil in patients with pulmonary arterial hypertensION (AMBITION) study were reported. In this event-driven, double-blind study, 500 therapy-naive
participants were randomly assigned, in a 2:1:1 ratio, to initial combination therapy with
ambrisentan plus tadalafil, ambrisentan plus placebo and tadalafil plus placebo. Initial
combination therapy resulted in a lower risk of clinical failure events than the risk with
ambrisentan or tadalafil monotherapy.
In contrast to initial combination therapy, numerous RCTs of sequential combination
therapy were conducted in PAH. Very few trials, however, were specifically designed
to evaluate combination therapy. Two meta-analyses of RCTs reported that sequential
combination therapy improves clinical and hemodynamic outcomes,61 62 which resulted
in a class IA recommendation for PAH patients with inadequate clinical response to
initial monotherapy.28
The SERAPHIN trial was the first to provide evidence in favor of sequential combination therapy on a combined morbidity/mortality end point.45 Further studies as the
GRIPHON trial will provide additional insight into the effects of combination therapy on
long-term outcomes. The choice of initial or sequential drug combination therapy may
depend on patient preferences and physician experience since no comparative studies
exist. Currently, most studies investigated rapid sequential add-on therapy. It is unclear
whether the results represent a class effect or are specific to the investigated combinations. Most studies investigated combinations of bosentan with PDE-5 inhibitors or
prostacyclins.54 60 63–65 The combination of riociguat and PDE-5 inhibitors is contraindicated due to high rates of hypotension, serious adverse events and death.66 We would
advise the combination of an ERA and PDE-5 inhibitor as first choice therapy for initial
drug combination therapy.
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New medical therapies
Similar to PDE-5 inhibitors and sGC stimulators, citrulline acts on the NO pathway.
Citrulline is an amino acid that is produced by the urea cycle and a precursor for NO.
Recently, the first clinical trial with L-citrulline in a mixed cohort of IPAH and ES patients
was conducted.67 Twenty-five patients (20 IPAH, 5 ES) received 1 mg L-citrulline threetimes daily for two weeks on top of conventional treatment. After two weeks, there was
a significant improvement in 6-MWD (+44 m; p = 0.005), mean PAP (83.34-79.10 mmHg;
p = 0.01) and most aspects of the QoL. NT-proBNP level was stable. Long-term results
need to be awaited.
Although many new drugs target the existing three pathophysiological pathways,
some truly novel therapies are being pursued. Mitochondria are important metabolic
regulators. Pyruvate dehydrogenase is a mitochondrial enzyme, central for the Krebs
cycle, which is suppressed in PAH.68 This suppression leads to inhibited apoptosis and
proliferation. Dichloroacetate is a small molecule that results in activation of pyruvate
dehydrogenase. Dichloroacetate has been shown to decrease PVR and RV hypertrophy
in rat models.69 A phase I clinical trial is currently being conducted (NCT01083524). This
open-label, dose-escalating study includes patients with advanced PAH, already treated
with all the indicated PAH-specific therapies.
Summary of medical therapies
Of the nine currently available PAH-specific therapies, most evidence for treatment of
PAH-CHD is available for bosentan, which has a sustained positive impact on exercise
capacity, QoL and subjective symptoms. Prostacyclins are a viable alternative but are
not yet clinically available in oral form. Still, in WHO functional classification IV patients
epoprostenol is first choice therapy. More data on real-world treatment with selexipag
and riociguat are required. New therapies such as citrulline need to be evaluated for
long-term results. Sequential combination therapy is recommended for patients with
inadequate clinical response to initial monotherapy. Moreover, initial combination
therapy seems superior to monotherapy in reducing clinical events.
Specific considerations
Pregnancy
Pregnancy in women with PAH-CHD is associated with significant risks for mother and
child and is contraindicated.70 There is a high risk of maternal mortality, ranging from
28% in overall PAH-CHD to 36% in ES patients.71 72 Although the risk of premature birth,
low birth weight and maternal mortality increases with more elevated pulmonary pressures, no safe cut-off value is known.70 Even moderate forms of PAH can worsen during
pregnancy as a result of the decrease in systemic vascular resistance and overload of the
RV, resulting in a pregnancy contraindication for all PAH severities. Dual contraception
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is advised, especially for patients on treatment with ERAs. Oral contraception is preferably achieved with progesterone-only pills due to the thrombotic risk of estrogens.
Levonorgestrel-releasing intrauterine devices are safe and effective, but in ES patients
should only be placed in the hospital due to a small risk (≈ 5%) of a postimplant vasovagal reaction.70
Women with PAH-CHD who become pregnant should be counseled about the risks
and possibility of termination, preferably in the first trimester. In case pregnancy is
continued, patients should be referred to an expert center on PAH-CHD, anesthesia and
intensive care. ERAs should be switched to PDE-5 inhibitors due to the fetal toxicity.25 In
case anticoagulation is required, low-molecular-weight heparin should be considered.
In patients with heart failure, diuretics must be used judiciously and at the lowest effective dose to avoid intravascular volume depletion. Close follow-up with monthly
visits and echocardiograms to screen for and treat RV decompensation and right heart
failure is advised.73 There is no robust evidence to recommend either vaginal delivery or
a cesarean section. The decision should be based on the individual patient. In general,
caution should be taken to prevent syncope during vaginal delivery, which can result
from impaired systemic output due to increases of the systemic vascular resistance during acute blood loss and high abdominal pressures. Cesarean section has the advantage
that it can be performed electively, but blood loss is usually higher.73 Antibiotic prophylaxis against infective endocarditis is no longer recommended for vaginal delivery.1 73
Sports
Sports participation in CHD patients is a relatively new territory, requiring careful education from caretakers. The first concern regards the safety of sports activities. PAH-CHD
patients are at risk for sudden cardiac death during sports activity.74 Exercise increases
pulmonary vascular pressures and results in an increased pulmonary-to-systemic shunt
and cyanosis. Although most patients self-limit their activity due to limited exercise
capacity, they should not participate in competitive sports, as indicated in the guidelines.1 74 Patients with an ASD and mild PAH can participate in low-intensity competitive
sports. Patients with a large VSD without marked elevation of pulmonary resistance are
candidates for repair, allowing full participation in all sports after a successful shunt
closure.74
In general, physicians are over-conservative in their advice. Although data on feasibility and efficacy of exercise training programs in PAH-CHD are scarce, several studies
reported that these programs are safe and increase exercise capacity and QoL.75–77
However, longer follow-up in larger patient cohorts is required before regular sports activities in PAH-CHD patients can be advocated. As a general recommendation, dynamic
exercise is preferred to static exercise.1 Patients should be cautious to avoid the extreme
heat and encouraged to drink sufficiently to avoid dehydration and hemoconcentration.
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Air travel
In healthy people, the fall in oxygen tensions with altitude in commercial air flight causes
a marked decrease in the arterial oxygen pressure but only a mild reduction of the arterial oxygen saturation, which usually remains unnoticed.78 In patients with cyanotic CHD,
the commonly feared dangerous decrease of arterial oxygen saturation during air travel
does not occur.78 Similar results were reported in ES patients.79 General measures are to
avoid dehydration by drinking sufficient non-alcoholic beverages. To reduce the risk of a
thromboembolic event during the long periods of inactivity, walking at regular intervals
is advised.80 Supplemental oxygen is unlikely to improve the arterial oxygen saturation
in the ES patient because their low saturation is the result of pulmonary-to-systemic
shunting and not of diminished gas exchange in the lungs.78 Although air travel is not
contraindicated in ES patients, their clinical condition must be taken into account.1 In
case of rhythm disturbances, psychological instability or evident heart failure, air travel
should be discouraged.
Management of complications
ES is a multisystem disorder, associated with a particularly high morbidity. Cardiac complications include heart failure, syncope, cardiac arrhythmia and sudden death. Chronic
hypoxemia associated with ES also has numerous consequences. These include erythrocytosis, hyperviscosity, cerebral abscesses, stroke, gout, osteoarthropathy, hemoptysis,
endocarditis and thrombosis.1
Thrombosis is caused by coagulation abnormalities, stasis of blood in dilated
chambers and vessels, atherosclerosis and/or endothelial dysfunction, the presence of
thrombogenic material (e.g., conduits) and arrhythmias.1 The use of anticoagulants in
this population is controversial as there is a high risk of thrombosis as well as an increased risk of hemoptysis and bleeding. The guidelines do not recommend the use of
anticoagulants in ES but suggest that they should be considered in patients with atrial
fibrillation and may be considered in patients pulmonary artery thrombosis and low
bleeding risk.1
Cerebrovascular accidents may be caused by a paradoxical embolism, microcytosis,
endothelial dysfunction and atherosclerosis.1 Therapy for ischemic stroke is supportive
and symptomatic. Decisions about the initiation of antiplatelet or anticoagulant therapy
should be individualized.
Routine phlebotomy should not be performed as secondary erythrocytosis is beneficial for oxygen transport and delivery.2 If moderate-to-severe symptoms of hyperviscosity are present (hematocrit > 65%), and iron deficiency and dehydration have been
excluded, phlebotomy with isovolumic replacement should be performed carefully.1
Hemoptysis is the most common major bleeding event and is an external manifestation of an intrapulmonary hemorrhage, requiring chest X-ray followed by chest CT
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scan if there is an infiltrate. Bronchoscopy seldom provides useful information. Therapy
includes discontinuation of antiplatelets and anticoagulants, treatment of hypovolemia
and anemia, reduction of physical activity and suppression of nonproductive cough.
Selective embolization of bronchial arteries may be required for refractory hemoptysis.
Infectious complications include endocarditis, cerebral abscess and pneumonia.
Fever, associated with new or different headache, raises suspicion of a brain abscess.1
Empirical antibiotic therapy should be considered until the results of blood cultures are
available.81 Endocarditis prophylaxis is only recommended for dental procedures.1
Hyperuricemia is common in patients with cyanotic CHD because of increased production and decreased renal clearance of uric acid.1 If gouty arthritis occurs, colchicine is the
treatment of choice. Oral corticosteroids are reasonable alternatives. Nonsteroidal antiinflammatory agents should generally be avoided because they interfere with platelet
function and hemostasis. Allopurinol or low-dose oral colchicine is recommended for
prophylaxis of gouty arthritis.81
Diuretic treatment is indicated in patients with signs of RV failure and fluid retention,2
but should be used carefully to avoid intravascular volume depletion and thrombosis.82
Digoxin may be considered in patients who develop atrial tachyarrhythmias to slow
ventricular rate.2

Predictors of survival
In the era of modern treatment, several registry-based studies on survival in PAH-CHD
published 5-year survival rates following the date of diagnosis between 78-88%.8 9 83
However, there is large variation between survival rates of subgroups of PAH-CHD. In
a recent publication, current survival rates were compared between patients with ES,
PAH-CHD associated with SPs, PAH with SDs and PAH after defect correction (CDs).10 Of
192 patients, 90 had ES, 48 SP, 10 SD and 44 CD. Survival at 20 years for ES, SP and CD
were 87, 86 and 36%. Survival for SD at 15 years was 66%. The low survival, especially
of patients with closed defects and SDs, should be realized when planning medical or
interventional treatment strategies in PAH-CHD patients.
The overall impaired survival in PAH-CHD underlines the importance of adequate
risk stratification in order to guide treatment decisions. A large number of predictive
variables were identified in recent years. These were implemented in the PAH guidelines
and include progression of symptoms, syncope, WHO functional classification, 6-MWD,
maximal oxygen consumption (VO2 max), RV function, hemodynamic parameters and
plasma levels of BNP.2 25 However, since most studies were conducted with IPAH patients,
the significance of these prognostic markers for patients with PAH-CHD remains unclear.
Evaluation of mortality risk using PAH-CHD markers should be based on the specific
pathophysiology and prognosis of CHD patients and also take into account feasibility in
patients with Down syndrome. Table 2 provides an overview of predictors of mortality
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in multivariate analysis in groups of PAH-CHD patients or patients with PAH of various
etiologies. Independent predictors for PAH-CHD include age, WHO functional classification, arterial oxygen saturation, 6-MWD, several biomarkers and parameters of right
atrial (RA) dilatation and RV dysfunction.49 84–88 In contrast to IPAH, in PAH-CHD there is
no evidence for markers such as syncope and VO2 max.89
Similar to the PAH landmark trials, the first studies in PAH-CHD focused on functional
parameters for prognostication, such as WHO functional classification, arterial oxygen
saturation and 6-MWD. These parameters are noninvasive and easy to use. However, there
remains controversy about the usefulness of the 6-MWD test. Although in some studies
6-MWD was found to be an independent predictor of mortality,84 86 90 this could not be
reproduced in several other studies.49 91–93 The reason for this discrepancy is uncertain,
although the studies with a significant outcome for 6-MWD tended to have a shorter
follow-up. Low 6-MWD might thus not reflect long-term mortality but instead be a late
sign associated with a high short-term mortality. Indeed, in the large Registry to EValuate
Early And Long-term PAH disease management (REVEAL) registry, 6-MWD was found to
be an independent predictor for mortality at four but not at seven years follow-up.86
Echocardiography is useful to identify the PAH-associated decline in RA and RV dimensions, which may occur prior to clinical deterioration. It is an important noninvasive tool
for both diagnosis and evaluation of PAH in CHD patients. In a recent study based on
data of 181 ES patients, a composite echocardiographic score including tricuspid annular plain systolic excursion (TAPSE, Figure 4), systolic to diastolic duration and RA area
was highly predictive of clinical outcome.85
In recent years, the focus of studies on predictors of mortality has shifted from functional and echocardiographic parameters toward biomarkers. While in acquired heart
failure biomarkers are already fully incorporated into clinical practice, in PAH-CHD this
is still an evolving area. The most extensively studied biomarkers in PAH-CHD are BNP
and its biologically inactive form NT-proBNP, which have been associated with mortality.49 84 94 Moreover, presence of an NT-proBNP level ≥ 500 ng/l is a superior predictor of
mortality compared to clinical events, which are currently often used when deciding on
extending PAH-specific therapy.49 Other potential biomarkers in PAH-CHD are less well
studied (Table 2).
The prognostic relevance of longitudinal changes of parameters is currently studied
and may better reflect disease progression. It was shown that decreases in QoL, based on
the SF36 physical component, predicted mortality in a group of 39 PAH-CHD patients.95
Additionally, Kempny and colleagues revealed that changes in 6-MWD predicted mortality, although this could not be demonstrated in a meta-analysis of 22 randomized
trials in overall PAH.96 97 The additional value of longitudinal parameters need to be
demonstrated in larger prospective studies.
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Table 2. Predictors of mortality in multivariate analysis in PAH-CHD.
HR

Study
population
(n; % with CHD)

Ref

BNP < 50 pg/ml

0.28

CHD (353)

[S21]

BNP per 100 pg/ml

1.71

ES (181)

[S22]

NT-proBNP ≥ 500 ng/l

4.00

CHD (91)

[S23]

10% increase in BNP

1.02

ES (181)

[S22]

Creatinin per 10 μmol/l

0.70

ES (181)

[S22]

Creatinin clearance ≤ 66 ml/min

3.30

PAH (191;20)

[S24]

Creatinin per 1 mmol/l

1.01

ES (188)

[S25]

CRP

CRP per 10 mg/l

1.14

CHD (225)

[S26]

Fe/Fe-Transferrin

Fe < 30 ng/ml or 30-100 + transferrin < 20%

2.93

ES (77)

[S27]

Uric acid

Uric acid per 1 mg/dl

1.61

ES (94)

[S28]

VWF

Mean of 4 measurements of VWF > 139 U/dl

6.56

CHD (46)

[S29]

RDW

RDW per %

1.16

ES (109)

[S30]

HbA1c

HbA1c per 1 unit

2.23

PAH (115;17)

[S31]

6-MWD

6-MWD per 100 meter

0.68

CHD (353)

[S21]

6-MWD per 10 meter

0.93

ES (181)

[S22]

Predictors
NT-proBNP/BNP

Functional

Biomarkers

Creatinin

O2 saturation

O2 per %

0.93

CHD (225)

[S26]

Clinical deterioration

↑WHO or 6-MWD < 300 m or SatO2 ≥ 75th%

4.25

ES (77)

[S27]

WHO

WHO III or IV

2.60

ES (109)

[S32]

WHO IV

3.10

PAH (2716;12)

[S33]

Heart failure index

Heart failure index per point

1.55

ES (122)

[S34]

∆VE/∆VCO2

∆ VE/VCO2 per point

1.07

PAH (72;7)

[S35]

HRR1min

HRR1min < 18 beats/min

1.17

PAH (72;7)

[S35]

4.00

CHD (91)

[S23]

3.24

ES (188)

[S25]

TAPSE/RV dysfunction TAPSE < 15 mm
Obvious RV dysfunction present

Imaging

RA area

RHC

34

TAPSE per 1 mm

0.82

ES (58)

[S36]

RA area per 10 cm2

2.94

ES (181)

[S37]

RA/LA area

RA/LA area per point

8.73

ES (181)

[S37]

RA pressure

RA pressure per 10 mmHg

4.07

ES (181)

[S37]

S:D ratio

S:D ratio per point

2.21

ES (181)

[S37]

LVEF

LVEF < 50%

2.29

ES (122)

[S34]

Pericardial effusion

Pericardial effusion present

3.31

PAH (81;20)

[S38]

Cardiac index

CI < 2.5 l/min/m2

3.19

PAH (81;20)

[S38]

mRAP

Higher mRAP

1.09

CHD (353)

[S21]

mRAP ≥ 10 mmHg

3.19

PAH (81;20)

[S38]

PVR > 32 WU

4.10

PAH (2716;12)

[S33]

∆PVRi per %

0.97

ES (38)

[S39]

PVR

Management of patients with pulmonary arterial hypertension due to congenital heart disease

35

Table 2. Predictors of mortality in multivariate analysis in PAH-CHD. (continued)
HR

Study
population
(n; % with CHD)

Ref

Age > 60 years

6.60

PAH (191;20)

[S24]

Age at referral per year

0.90

ES (109)

[S32]

Age onset clinical deterioration per year

0.83

ES (188)

[S25]

Men > 60 years of age

2.20

PAH (2716;12)

[S33]

Complex CHD

Complex type CHD present

4.91

ES (188)

[S25]

PAH-therapy

On PAH-therapy

0.10

ES (229)

[S40]

Vasoreactivity

Vasoreactivity present

0.33

CHD (353)

[S21]

ECG amplitude

Voltage criteria RVH present

2.47

ES (122)

[S34]

Voltage criteria RVH present

1.61

ES (109)

[S32]

History arrythmia

History SVT requiring treatment

3.44

ES (109)

[S32]

Quality of life

MLHF score per 10 points

1.73

PAH (48;4)

[S41]

Predictors

Other

Age

Abbreviations: RHC: right heart catheterization; PAH: pulmonary arterial hypertension; CHD: congenital
heart disease; PAH-CHD: PAH due to congenital heart disease; BNP: brain natriuretic peptide; NT-proBNP: Nterminal pro-brain natriuretic peptide; CRP: C-reactive protein; Fe: ferritin; VWF: Von Willebrand factor; RDW:
right blood cell distribution width; HbA1c: glycolated haemoglobin; 6-MWD: six-minute walk distance; O2:
oxygen; WHO: World Health Organization functional classification; VE: minute ventilation; VCO2: pullmonary
carbon dioxide output; HRR1min: heart rate recovery in 1 minute; TAPSE: tricuspid annular plane systolic excursion; RV: right ventricular; RA: right atrial; LA: left atrial; S:D ratio: ratio of right ventricular effective systolic
to diastolic duration; LVEF: left ventricular ejection fraction; CI: cardiac index; mRAP: mean right atrial pressure; PVR: pulmonary vascular resistance; PVRi: pulmonary vascular resistance index; WU: Wood unit; RVH:
right ventricular hypertrophy; SVT: supraventricular tachycardia; MLHF: Minnesota Living with Heart Failure.

In summary, the conflicting evidence on the prognostic value of 6-MWD and concerns
about its validity in Down syndrome patients warrant a focus on other prognostic
parameters. Mean RA pressure might be an alternative, but right heart catheterization
is infrequently used for follow-up because of its invasive character and unfeasibility in
Down syndrome patients. Based on the current literature and the noninvasive character,
the authors advise to routinely assess TAPSE and NT-proBNP to evaluate prognosis and
timing of therapeutic interventions in PAH-CHD.

Expert commentary
PAH-CHD is a chronic disease associated with high morbidity and mortality. Risk stratification is important to evaluate prognosis and timing of therapeutic interventions. The
studied predictors of mortality shift from functional parameters toward echocardiography and biomarkers. Currently, TAPSE and NT-proBNP have arisen as practical noninvasive predictors of mortality.49
Management in PAH-CHD may comprise the treatment of PAH by surgery, percutaneous interventions and medical therapy. Although shunt closure in the presence of PAH
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Figure 4. Tricuspid annular plane systolic excursion.
Transthoracic echocardiograms showing TAPSE measurements in a normal (A) and dysfunctional (B) right
ventricle.
Abbreviations: LA: left atrium; LV: left ventricle; RA: right atrium; RV: right ventricle; TAPSE: tricuspid annular
plane systolic excursion.

has a high risk of adverse outcomes, some encouraging results have been demonstrated
in selected patients. The treat-and-repair strategy and fenestrated closure techniques
shift the border toward operating patients with higher PVR values. However, long-term
results need to be awaited and multidisciplinary individualized assessment is mandatory for decision-making regarding treatment.
An important paradigm shift regarding the PAH pathophysiology is the possibility of
PAH development after successful shunt closure, even at young age.24 This might be
explained by slow ongoing subclinical changes in the pulmonary vasculature, which
have already been put in motion before shunt closure was performed. In addition, the
existence of PAH after correction significantly impacts mortality.10 These alarming findings call for careful follow-up of corrected CHD patients and warrant screening for PAH
with incidental echocardiography. Unfortunately, many of these patients have erroneously been considered cured after repair, leading to a large amount of patients being
lost to follow-up. National campaigns are warranted to increase awareness and retrieve
patients lost to follow-up.

Five-year view
In the near future, several questions remain to be elucidated (Box 1). The population of
adult CHD patients is increasing due to more effective surgical and medical management.98 At present, the first geriatric CHD patients are forming a new challenge in the
care of adults with CHD.99 It is expected that the number of PAH patients will increase
likewise in this growing population of adult CHD. Due to limited availability, PAH-CHD
patients rarely receive a heart transplant in many countries. Alternatives, such as longterm mechanical support and/or xenotransplantation, may be introduced more often
into clinical practice. It is expected that the availability of novel pulmonary vasodilator
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therapies will expand the operative indications. The availability of these therapies will
probably continue to improve symptoms, QoL and survival.
Box 1. Unanswered questions.
- Does targeted PAH therapy improve survival?
- Is macitentan superior to bosentan in treatment of PAH-CHD patients?
- Combination therapy, up-front or stepwise sequential?
- Which parameters determine operability of CHD in severe PAH?
- How often should CHD patients receive follow-up after defect closure?

Abbreviations: PAH: pulmonary arterial hypertension; CHD: congenital heart disease; PAH-CHD: PAH due to
congenital heart disease.

Box 2. Key issues.
- PAH is a common complication in CHD, associated with high morbidity and mortality.
- Early shunt closure does not preclude PAH development.
- Patients developing PAH after shunt closure have a poor prognosis.
- Careful follow-up with incidental echocardiography is warranted to screen for PAH in patients with closed
defects.
- National campaigns could increase awareness of CHD patients who are lost to follow-up.
- The treat-and-repair strategy is beneficial for selected patients, however RCTs are warranted.
- Routine assessment of TAPSE and NT-proBNP is advised to evaluate prognosis and timing of therapeutic
interventions in PAH-CHD.
- There should be a focus on clinically relevant endpoints in PAH-CHD studies, such as time to clinical
worsening and all-cause mortality.

Abbreviations: PAH: pulmonary arterial hypertension; CHD: congenital heart disease; PAH-CHD: PAH due
to congenital heart disease; RCT: randomized controlled trial; TAPSE: tricuspid annular plane systolic excursion; NT-proBNP: N-terminal pro-brain natriuretic peptide.
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ABSTRACT
Background
Decrease in quality of life (QoL) in acquired left-sided heart failure precedes poor survival,
which can be reversed with exercise training. We investigated whether QoL is associated
with mortality in patients with pulmonary arterial hypertension due to congenital heart
disease (PAH-CHD).

Methods
In this observational study, adults with PAH-CHD referred for PAH-specific therapy were
included. QoL surveys (SF36) were recorded during two years of therapy. Based on shift
in SF36 scores during this period, patients had either decreased or non-decreased QoL.
Subsequently, patients were followed for mortality.

Results
Thirty-nine patients with PAH-CHD (mean age 42 years, 44% male, 49% Down syndrome)
were analyzed. Following PAH-specific therapy, SF36 physical component summary
(PCS) decreased in 13 (35-31 points, p = 0.001) and showed no decrease in 26 patients
(34-43 points, mean values, p < 0.001). Post-initiation phase, median follow-up was 4.5
years, during which 12 deaths occurred (31%), 10 (56%) in the decreased and 2 (10%) in
the non-decreased group (p = 0.002). Cox regression showed that a decrease in SF36 PCS
predicted mortality (HR 3.4, 95% CI 1.03-11.12, p = 0.045).

Conclusion
In patients with PAH-CHD, decrease in SF36 PCS following initiation of PAH-specific
therapy is a determinant of mortality.
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INTRODUCTION
Adults with congenital heart disease (CHD) have a lower life expectancy than their
healthy counterparts,1 especially when pulmonary arterial hypertension (PAH) develops.2–7 PAH-specific therapy has become the cornerstone in the management of these
patients because of its beneficial effects on disease symptoms, hemodynamics and quality of life (QoL).3 8–10 However, life expectancy and QoL still remain markedly impaired.
In patients with acquired left-sided heart failure, several studies found an association
between baseline QoL and mortality.11 12 In addition, a decrease in QoL over time was
significantly associated with increased mortality in these patients,13 suggesting QoL
may identify patients in need for interventions to improve their survival. Furthermore,
several studies in acquired left-sided heart failure revealed that survival and QoL can
be improved by exercise training.14–16 Thus, QoL has the potential to serve as both an
important determinant for mortality and a therapeutic target for treatment. The current
study aims to investigate whether a decrease in QoL is associated with late mortality in
adult patients with PAH due to CHD (PAH-CHD).

METHODS
Study population
This was a prospective, multicenter, observational study of adult patients with PAH-CHD,
including patients with Down syndrome,17 18 referred for PAH-specific therapy between
January 2005 and May 2013. The current QoL study was part of an ongoing non-randomized trial on PAH-specific therapy in patients with PAH-CHD.5 Patients with all kinds
of structural heart defects, including closed defects, could be enrolled. PAH was defined
upon the echocardiographic PAH probability (tricuspid regurgitation velocity ≥ 2.9 m/s).

Study protocol
In the initiation phase of the study, PAH-specific therapy was started according to a standardized protocol.5 This included the conduction of QoL questionnaires at standardized
time intervals. After the initiation phase those QoL questionnaires were used to form
individual QoL regression lines in order to divide patients into either a decreased or nondecreased QoL group. Relevant improvement or decrease of QoL was defined as more
than two points change during the initiation phase. Baseline (T0) was defined as the
start of follow-up to determine survival, which was two years after the initiation phase
in each patient. According to the treatment protocol, patients were evaluated with
clinical examination, determination of functional classification, six-minute walk distance
(6-MWD), echocardiography, laboratory tests (including N-terminal pro-brain natriuretic
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peptide (NT-proBNP)) and quality of life questionnaires. These tests were all conducted
24, 21, 18, 15 and 12 months before T0 and at T0, apart from echocardiography which
was performed twice a year. Quality of life was evaluated using the 36-Item Short Form
Health Survey (SF36), a well-documented, widely used and validated, self-administered
QoL scoring system. It incorporated both a physical and mental component summary
(PCS and MCS), thus reflecting physical and mental health. The QoL questionnaires were
filled out by the patient or, in case of Down syndrome, the patient’s parent or guardian.
Survival and in case of death, time and causes of death during follow-up were obtained
from the participating hospitals until March 2014. Doppler echocardiography (Vivid 7
General Electric, United States of America) was performed to evaluate right ventricular
function, using tricuspid annular plane systolic excursion (TAPSE) from M-mode recordings. Systolic pulmonary artery pressure was obtained from Doppler recording using the
modified Bernoulli equation.

Statistical analysis
Descriptive data were presented as mean ± standard deviation if normally distributed
or median with interquartile range, as appropriate. Categorical data were evaluated
using the chi-square statistic. The change of continuous variables was evaluated using
a two-tailed paired t-test. Independent sample t-test or Mann-Whitney U test was used
for comparison of continuous variables between two groups. Spearman’s analysis was
used for correlation of numerous variables, as appropriate. Time to event analysis was
performed with Kaplan-Meier estimates of survival. Log-rank test was performed to
determine significant differences in mortality rate between the two groups. The associations between predictors and mortality were evaluated using univariate Cox regression
analysis. All reported p values are two-sided, and values of p < 0.050 were considered
significant. Statistical analysis was performed with SPSS 20.0 (IBM Corp, Armonk, United
States of America). Since this study focused on shift in QoL, only data from patients who
returned more than one questionnaire were used in the final analysis.

RESULTS
Patient cohort
Ninety-one adults (42 ± 14 year) with PAH-CHD were included (Figure 1), divided over Amsterdam (n = 64), Nijmegen (n = 15) and Groningen (n = 12). One patient refused treatment
initiation. In five patients health insurance refused reimbursement of treatment. In total 85
patients started standardized PAH-specific therapy (initiation phase). Of these, 61 (72%)
patients returned the first QoL questionnaire. Baseline characteristics of these 61 patients
are described in the supplementary data (Table S1). In the 61 patients returning the first
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Eligible patients
n = 91
declined to participate
n=1
refused reimbursement
of treatment
n=5
Initiation phase
n = 85
no QoL returned
n = 24
1 QoL returned
n = 22
≥2 QoL returned
n = 39

decreased QoL
n = 13

non-decreased QoL
n = 26

Figure 1. Flowchart of patient inclusion.
Abbreviations: QoL: quality of life.

QoL questionnaire, no differences in QoL were found among those who continued and
those who were lost to follow-up, for either the SF36 PCS (mean values 35-35 respectively,
p = 0.930) or SF36 MCS (mean values 50-48 respectively, p = 0.426). In total 39 PAH-CHD
patients (mean age 42 ± 12 years, 44% male, 49% Down syndrome) completed the initiation phase and their data were used for the final analysis. Baseline characteristics at T0 are
summarized in Table 1. Based on their individual SF36 PCS regression lines during the twoyear initiation phase (Figure 2A), patients were divided into two groups. Group 1 consisted
of patients with decreased (Figure 2B) and group 2 of patients without decreased SF36
PCS regression lines (Figure 2C). At T0 mean SF36 PCS was 38 ± 12 (range 11-58, n = 39),
which is more than one standard deviation lower than the general population. SF36 MCS
was 49 ± 13 (23-67, n = 39), which closely resembles the mean score of the general population. The two groups, based on either decreased or non-decreased SF36 PCS, were well
balanced with respect to most clinical characteristics. However, patients with decreased
SF36 PCS had a lower baseline 6-MWD (p = 0.009) and World Health Organization (WHO)
functional classification (p = 0.006), compared with patients without a decrease. In contrast, no relation was found between change in SF36 PCS and change in 6-MWD (r = 0.12, p
= 0.468). The 39 patients who finished the initiation phase completed 131 questionnaires
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Table 1. Baseline characteristics at T0.
Group 1

Group 2

Declined QoL

Non-declined QoL

39

13

26

42 ± 12

43 ± 10

42 ± 13

0.929

Male

17 (44)

7 (54)

10 (39)

0.361

Down syndrome

19 (49)

8 (62)

11 (42)

0.257

Eisenmenger syndrome

35 (90)

13 (100)

22 (85)

0.135

Body Mass index, kg

24 ± 4

25 ± 3

24 ± 4

0.731

WHO III or IV

15 (43)

9 (75)

6 (26)

0.006

SF36 PCS

38 ± 12

31 ± 11

41 ± 11

0.010

SF36 MCS

49 ± 13

48 ± 13

50 ± 13

0.716

36 (92)

13 (100)

23 (89)

0.202

Variables

All Patients

Number
Age, y

p

Medication
Bosentan
Diuretics

15 (39)

5 (39)

10 (39)

1.000

Cardiac surgery

8 (23)

2 (17)

6 (26)

0.529

6 (1-66)

5 (2-7)

8 (1-66)

0.643

Age surgery, median (range), y
Saturation in rest, %

85 ± 6

86 ± 6

85 ± 7

0.651

NT-proBNP, ng/L

429 (189-1197)

508 (270-1011)

382 (172-1263)

0.353

6-MWD, m

385 ± 129

311 ± 112

422 ± 123

0.009

TAPSE, mm

19 ± 6

19 ± 7

19 ± 5

0.785

SPAP, mmHg

93 ± 17

98 ± 17

90 ± 17

0.212

Pre tricuspid

6 (15)

2 (15)

4 (15)

Post tricuspid

18 (46)

5 (39)

13 (50)

Complex*

15 (39)

6 (46)

9 (35)

Shunt Type

0.760

* Complex shunts included atrioventricular septal defects and univentricular hearts.
Data are presented as number (percentage), mean ± standard deviation or median (interquartile range),
unless otherwise specified.
Abbreviations: SF36 PCS: short form health survey of physical health; SF36 MCS: short form health survey of
mental health; SD, standard deviation; IQR: interquartile range; QoL: quality of life; 6-MWD: six-minute walk
distance; SPAP: systolic pulmonary artery pressure; TAPSE: tricuspid annular plane systolic excursion; NTproBNP: N-terminal pro-brain natriuretic peptide; WHO: World Health Organization functional classification.

(median 4, range 2-5). In 13 patients the SF36 PCS decreased by a mean of ten points
(mean values 36-26, p = 0.006). In the 26 patients without a decrease, QoL improved in 20
patients (mean values 36-47, p = 0.006) and remained stable in 6 (mean values 31-33, p =
0.344). Decrease in SF36 PCS was equally distributed in patients with (53%) and without
(40%) Down syndrome (p = 0.429). The effect size of decrease was similar in both groups
(mean differences 5.3 and 5.1, respectively). Figure 3 shows the variability of the QoL
scores during the initiation phase.
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Figure 2. Quality of life regression lines.
A: Individual SF36 PCS regression lines of 39 PAH-CHD patients.
B: Decreased SF36 PCS regression lines, 13 patients.
C: Non-decreased SF36 PCS regression lines, 26 patients.
All QoL measurements were recorded in the initiation phase after the start of PAH-specific standardized
therapy. The thick lines represent the mean regression lines. Abbreviations: QoL: quality of life; PAH: pulmonary arterial hypertension; PAH-CHD: PAH due to congenital heart disease.

Mortality
During a median follow-up of 4.5 (range 0.3-6.4) years, all-cause mortality was 31% (12
deaths). Median time until death was 2.3 years. No patients died during the two-year
initiation phase. Two (10%) patients died in the non-decreased and ten (56%) in the
decreased QoL group (p = 0.002). Causes of death were right-sided heart failure (n = 7),
sudden cardiac death (n = 2), sepsis (n = 1) and unknown (n = 2). Five-year mortality for
all patients was 18%. Seven out of 19 patients with Down syndrome died during followup compared with 5 out of 20 non-Down patients (p = 0.423). Using univariate Cox
regression analysis, the significant determinants of mortality were age, WHO functional
classification, NT-proBNP, 6-MWD and decrease in SF36 PCS (Table 2). Patients with a
decrease in SF36 PCS had a 5-year survival of 29% compared with 74% in those without
a decrease in SF36 PCS (Figure 4).
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Table 2. Determinants of survival at T0 in 39 PAH-CHD patients.
Univariate analysis

HR

95% CI

p

Male gender

1.1

0.36 - 3.44

0.863

Age, per 5 yrs

1.3

1.06 - 1.56

0.009

Saturation at rest

1.0

0.94 - 1.12

0.594

Ferritin, µg/L

1.0

0.97 - 1.02

0.613

WHO III or IV

4.5

1.30 - 15.56

0.018

NT-proBNP, per 500 ng/L

1.2

1.04 - 1.27

0.005

6-MWD, per 10 m

0.9

0.87 - 0.97

0.003

SPAP, mmHg

1.0

0.97 - 1.04

0.673

TAPSE, mm

0.9

0.78 - 1.02

0.097

QoL PCS

1.0

0.91 - 1.05

0.534

QoL MCS

1.0

0.95 - 1.07

0.768

Decreasing saturation at rest

0.9

0.28 - 3.05

0.898

Decreasing NT-proBNP

0.9

0.27 - 3.04

0.874

Decreasing WHO

0.5

0.10 - 2.06

0.304

Decreasing 6-MWD

2.8

0.85 - 9.16

0.092

Decreasing SPAP

0.7

0.22 - 2.15

0.511

Decreasing TAPSE

2.8

0.75 - 10.64

0.126

Decreasing QoL PCS

3.4

1.03 - 11.12

0.045

Decreasing QoL MCS

1.6

0.43 - 5.95

0.478

Abbreviations: QoL: quality of life; PCS: physical summary score; MCS: mental summary score; 6-MWD:
six-minute walk distance; SPAP: systolic pulmonary artery pressure; TAPSE: tricuspid annular plane systolic
excursion; WHO: World Health Organization functional classification; NT-proBNP: N-terminal pro-brain natriuretic peptide.
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Figure 3. Variability plot showing median, 25 and 75% values of QoL scores during the initiation phase.
A: Variability of SF36 physical component summary scores.
B: Variability of SF36 mental component summary scores.
Abbreviations: QoL: quality of life; PCS: physical component summary; MCS: mental component summary.
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Figure 4. Kaplan-Meier survival curve of PAH-CHD patients with decreased and non-decreased SF36 PCS,
two years after initiation of PAH-specific therapy.
Abbreviations: PAH: pulmonary arterial hypertension; PAH-CHD: PAH due to congenital heart disease; PCS:
physical component summary; QoL: quality of life.

DISCUSSION
Quality of life and mortality
The current study shows, for the first time, that a decrease in QoL on the physical component of the SF36 during the initiation phase of PAH-specific therapy in adult PAH-CHD
patients is associated with late mortality. Patients with a decrease in SF36 PCS had a
5-year survival of 29% compared with 74% in those without a decrease in SF36 PCS.
Our finding is in line with previous studies demonstrating an association between QoL
and mortality, in healthy people19 and in patients with acquired heart disease.11 12 20 The
above-mentioned studies used single instead of serial QoL measurements. In 2013,
Apers et al. proposed that serial follow-up on QoL could be of more value than single
measurements.21 Four studies examined QoL with serial follow-up in CHD. They identified psychosocial determinants of baseline and serial QoL,22 23 analyzed associations between QoL and exercise capacity over time24 and provided insight into the longitudinal
course of QoL.25 None of these studies evaluated mortality. We, however, demonstrate
that assessing QoL with serial follow-up provides useful information about late mortality, suggesting that serial follow-up may be a robust guide to clinical management in
CHD patients. The use of patient-reported outcomes such as QoL instruments in clinical
practice could help to screen for functional problems, to monitor disease progression
or treatment effect, to stratify patients according to mortality risk and to guide clinical
management. In order to implement serial QoL follow-up in clinical practice, its predictive value for mortality has to be weighed against traditional determinants of mortality
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in PAH-CHD. Unfortunately, multivariate regression analysis could not be performed in
our study due to the small number of events. However, despite our number of events,
decrease in QoL was significantly associated with mortality, making it a promising
determinant. It is possible that physical quality of life is a proxy for disease severity. In
accordance, patients with decreased QoL on the physical component of the SF36 in
our study had a lower 6-MWD and worse WHO functional classification implying more
advanced disease. However, if decrease in QoL was merely a proxy for disease severity,
one would expect baseline SF36 PCS to predict mortality as well and this was not the
case. Given the results described above, we suggest the use of serial QoL follow-up in
clinical practice to determine a patient’s mortality. The relationship between decrease in
QoL and late mortality in adult PAH-CHD patients, as shown in our study, emphasizes the
importance of screening for decrease in QoL since periodical assessment could facilitate
an early recognition of disease progression. A critical question is whether survival can
be optimized in patients with disease progression. The use of knowledge from other
areas of heart disease can be important for this task. In patients with acquired left-sided
heart failure, baseline QoL was found to be a reliable determinant for mortality.11 12 Additionally a study by Lupon et al. in 1,151 heart failure patients focused on shift in QoL.13
They used Minnesota QoL questionnaires for up to five years with extended follow-up
to six years for prognosis assessment. During this period 457 deaths were recorded. A
decrease in QoL (score deterioration of ≥ 10%) was associated with impaired 12-month
survival (HR 1.01, 95% CI 1.01-1.02, p < 0.001). On top of QoL serving as a determinant for
mortality, three other studies reported that stimulation of physical activity has shown to
be effective for improving QoL, as well as mortality.14–16 It might be interesting for future
studies in PAH-CHD patients to evaluate whether an improvement of QoL influences
survival.

Study limitations
Quality of life questionnaires have not been properly validated in patients with Down
syndrome. To address this problem and increase their validity, QoL questionnaires were
filled in by the patient’s parent or guardian. Since self-reports are impossible in these
patients, even though the SF36 has not been validated for proxy report, it is the most
appropriate way to evaluate QoL in Down syndrome patients. This approach has yielded
favorable results in earlier studies3 5 26 and makes sure new scientific insights are also
gained for patients with Down syndrome. In this study, decrease in SF36 PCS was equally
distributed and had a similar effect size for both Down and non-Down patients. However,
further research is crucial to determine the value of questionnaires by proxy reports.
Although our study comprises the largest Dutch cohort of PAH-CHD patients, we were
unfortunately unable to perform multivariate regression analysis due to the low number
of events. Finally, invasive hemodynamics are recommended in the guidelines for the

Decrease in quality of life predicts mortality

diagnosis of PAH.27 28 However, echocardiography is an adequate non-invasive modality
in patients with evident diagnosis of PAH29 30 in patients with CHD. Due to the higher
complication risk in patients with PAH-CHD cardiac catheterization was not routinely
performed in these patients, but only if the diagnosis of PAH was not clearly evident at
echocardiography.

CONCLUSION
A decrease in QoL on the physical component of the SF36 after the initiation of PAHspecific therapy in adult patients with PAH-CHD predicts mortality. Patients with a decrease in SF36 PCS during the initiation phase have a five-year survival of 29% compared
with 74% in those without a decrease in SF36 PCS. Periodical assessment of quality of
life in patients with PAH-CHD could facilitate early recognition of disease progression.
Based on the association between QoL and mortality, it might be interesting for future
studies in patients with PAH-CHD to evaluate whether interventions to improve QoL
might influence survival.
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SUPPLEMENTARY DATA
Table S1. Baseline Characteristics at start standardized PAH-specific treatment protocol.
Variables

All Patients

1 QoL
questionnaire

> 1 QoL
questionnaire

Number

61

22

39

Age, y

49 ± 13

52 ± 15

47 ± 12

0.047

Male

26 (43)

9 (41)

17 (44)

0.839

Down syndrome

23 (38)

4 (18)

19 (49)

0.018

Eisenmenger syndrome

48 (79)

13 (59)

35 (90)

0.005

Body Mass Index, kg

24 ± 5

25 ± 6

24 ± 5

0.494

WHO III or IV

31 (51)

16 (73)

15 (39)

0.025

SF36 PCS

35 ± 9

35 ± 11

35 ± 8

0.930

SF36 MCS

49 ± 12

48 ± 13

50 ± 11

0.426

Bosentan

61 (100)

22 (100)

39 (100)

1.000

Diuretics

22 (39)

7 (39)

15 (39)

0.975

Cardiac surgery

17 (28)

9 (41)

8 (21)

0.006

4 (1-75)

4 (2-75)

6 (1-66)

0.867

Saturation in rest, %

87 (80-93)

88 (80-96)

85 (80-91)

0.256

NT-proBNP, ng/L

466 (218-1209)

424 (161-1623)

556 (244-1127)

0.500

6-MWD, m

377 ± 124

401 ± 125

364 ± 123

0.279

TAPSE, mm

19 (16-23)

17 (15-22)

19 (16-23)

0.293

SPAP, mmHg

89 (71-98)

81 (49-91)

91 (76-103)

0.016

p

Medication

Age surgery, median (range), y

Shunt type

0.769

Pre tricuspid

11 (18)

5 (23)

6 (15)

Post tricuspid

27 (44)

9 (41)

18 (46)

Complex*

23 (38)

8 (36)

15 (39)

* Complex shunts included atrioventricular septal defect and univentricular heart.
Data are presented as number (percentage), mean ± standard deviation or median (interquartile range),
unless otherwise specified.
Abbreviations: SF36 PCS: short form health survey of physical health; SF36 MCS: short form health survey
of mental health; QoL: quality of life; 6-MWD: six-minute walk distance; SPAP: systolic pulmonary artery
pressure; TAPSE: tricuspid annular plane systolic excursion; NT-proBNP: N-terminal pro-brain natriuretic
peptide; WHO: World Health Organization functional classification.
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ABSTRACT
Background
Adults with pulmonary arterial hypertension due to congenital heart disease (PAH-CHD)
have a poor prognosis. Identifying patients with a high risk for clinical events and death
is important because their prognosis can be improved by intensifying their treatment.
Cystatin C, a novel cardiac biomarker, correlates with right ventricular dimensions in patients with idiopathic pulmonary arterial hypertension, giving it potential to determine
prognosis in patients with PAH-CHD. We investigated the predictive value of cystatin C
for long-term mortality and clinical events in patients with PAH-CHD.

Methods
Fifty-nine patients with PAH-CHD (age 42 ± 13 years, 42% male) were included in this
prospective observational study, with cystatin C measurements between 2005 and 2015
on the outpatient clinic. Patients were evaluated with a standardized evaluation protocol including laboratory, functional and echocardiographic variables. Clinical events
comprised worsening functional classification, worsening heart failure, symptomatic
hyperviscosity, hemoptysis and arrhythmia. We used Cox regression to determine predictors for mortality and clinical events.

Results
Mean follow-up was 4.4 years, during which 12 (20%) patients died. Cystatin C (HR 1.3,
p < 0.001), creatinine (HR 1.2, p < 0.001), NT-proBNP (HR 2.0, p = 0.012), hs-troponin T
(HR 1.9, p = 0.005), 6-MWD (HR 0.8, p = 0.044) and TAPSE (HR 0.8, p < 0.001) predicted
mortality. Similar results were found for the prediction of clinical events. When adjusted
for NT-proBNP or glomerular filtration rate in multivariate analysis, cystatin C remained
predictive for mortality.

Conclusion
Cystatin C, a novel cardiac biomarker, predicts long-term mortality and clinical events
in patients with PAH-CHD. Consequently, cystatin C may attribute to clinical decision
making regarding treatment intensity.
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INTRODUCTION
In congenital heart disease (CHD), the presence of pulmonary arterial hypertension
(PAH) is associated with poor prognosis.1–4 PAH-CHD is characterized by increased
pulmonary vascular resistance resulting in right ventricular (RV) remodeling, dysfunction and eventually failure. During this process, PAH-CHD patients are at risk for clinical
events such as hospitalization for heart failure, arrhythmias and ultimately death.
Identifying patients with a high risk for clinical events and death is important because
their prognosis can be improved by intensifying their treatment.5 Currently timing
of initiation of PAH-specific combination therapy and determination of follow-up
intensity depend on parameters with an established association with mortality. These
parameters, such as six-minute walk distance (6-MWD) and World Health Organization
(WHO) functional classification, are formulated as treatment goals in both the American
and European PAH guidelines.6 7 However, the PAH guidelines are based on studies
combining various PAH etiologies, thus hampering their use in PAH-CHD patients specifically. Within the last decade, biomarkers emerged as important prognostic markers
for clinical events and death in patients with PAH-CHD.8–11 Recently cystatin C, a novel
cardiac biomarker, has been suggested as potential prognostic biomarker in idiopathic
PAH patients.12 Cystatin C correlates with RV pressures, function and morphology12 and
reflects renal function,13 inflammation and vascular and myocardial remodeling,14 15 all
pathways with relevance in PAH-CHD. Moreover, cystatin C is inexpensive, widely available, minimally invasive and simple to determine.13 However, its prognostic value for
patients with PAH-CHD is still not established.
In the current study we investigated the predictive value of the novel cardiac biomarker cystatin C for long-term mortality and clinical events in patients with PAH-CHD.

METHODS
Study population
The current study was part of a prospective observational study on PAH-specific therapy
in adult patients with PAH-CHD,2 including patients with Down syndrome.16 17 All PAHCHD patients with cystatin C measurements between March 2005 and July 2015 were
included, on the outpatient clinic of two tertiary referral centers. Both patients with
open or closed systemic-to-pulmonary shunts were included. PAH was defined upon
the echocardiographic PAH probability (tricuspid regurgitation velocity ≥ 2.9 m/s).
Right heart catheterization was only performed in case diagnosis of PAH was not clearly
evident at echocardiography. In patients who were PAH-therapy naive, bosentan or macitentan monotherapy was started. Eisenmenger syndrome, the most advanced stage
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of PAH-CHD, was defined as a net right-to-left shunt over the congenital heart defect
due to an increased pulmonary vascular resistance. Approval of the research protocol
by the local ethics committee was obtained. Informed consent was not required, as all
investigations were performed for routine clinical care.

Data collection
Patients on the outpatient clinic were evaluated every three to six months with a standardized evaluation protocol including laboratory, six-minute walk test and echocardiographic parameters. In order to perform biomarker measurements at a later stage,
blood obtained from peripheral venous sampling was collected. This was stored in a -80
°C frozen state until biomarker measurements were performed. This stored blood was
used in 30 (51%) patients for cystatin C and high-sensitivity troponin T (hs-troponin T)
measurements.
The six-minute walk test was performed according to the American Thoracic Society
guidelines with continuous pulse oximetry monitoring.18 Baseline echocardiography was
performed with a Vivid 7 ultrasound system (General Electric, United States of America).
Pulmonary stenosis was ruled out in all patients.19 Tricuspid annular plane systolic excursion (TAPSE) was measured in the lateral tricuspid valve annulus using M-mode in the
apical four-chamber view. Right ventricular systolic pressure (RVSP) was obtained from
Doppler recording of tricuspid regurgitation using the modified Bernoulli equation.
N-terminal pro-brain natriuretic peptide (NT-proBNP) levels were determined by electrochemiluminescence immunoassay on an Elecsys 2010 analyzer (Roche Diagnostics,
Almere, The Netherlands). Hs-troponin T levels were determined with an enzyme-linked
immunosorbent assay method on the same analyzer. Cystatin C levels were determined
with an immunonefelometry method on an ProSpec analyzer (BN ProSpec, Siemens,
Frimley, United Kingdom) using latex enhanced particles coated with anti-cystatin C
antibodies. The reference values for young healthy persons range from 0.53 to 0.95 mg/l.
The coefficient of variation was 1.8% within one run and 2.0% during reproducibility
tests. Freezing and long-term storage up to 25 years has a small impact on stability of
cystatin C.20

Definition of clinical events
Clinical events comprised worsening WHO functional classification, worsening heart
failure, symptomatic hyperviscosity, hemoptysis and arrhythmia. Worsening heart
failure was defined as start or increase of diuretics or hospital admission, for worsening
symptoms of heart failure. Arrhythmias were defined as any episode of documented supraventricular tachycardia that required electrocardioversion or change of medication.
Symptomatic hyperviscosity was defined as two or more symptoms of hyperviscosity
(headache, faintness, dizziness, fatigue, tinnitus, blurred vision, paresthesia of fingers,
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toes, and lips, muscle pain, and weakness) in combination with an elevated hematocrit
(male ≥ 0.50 l/l, female ≥ 0.45 l/l). Worsening WHO functional classification was defined
as the first increase in WHO functional classification during follow-up compared to the
baseline value. Hemoptysis was defined as expectoration of blood ranging from bloodstreaking of sputum to the presence of gross blood in the absence of any accompanying
sputum.

Statistical analysis
Descriptive data were presented as mean ± standard deviation if normally distributed
or median with interquartile range, as appropriate. Categorical data were evaluated using the chi-square statistic. The change of continuous variables was evaluated using a
two-tailed paired t-test. Independent samples t-test or Mann-Whitney U test were used
for comparison of continuous variables between two groups. Time to event analysis
was performed with Kaplan-Meier estimates of survival. Log-rank test was performed
to determine significant differences in mortality rate between two groups. Associations between predictors and outcome were evaluated using univariate Cox regression
analysis. The baseline visit was defined as the evaluation on the outpatient clinic during
which cystatin C was measured. This date was used as start date in the Cox analysis.
Relevant cut-offs for cystatin C and NT-proBNP were obtained using a receiver operating characteristics curve. All reported p values were two-sided, and values of p < 0.050
were considered significant. Statistical analysis was performed with SPSS 22.0 (IBM Corp,
Armonk, United States of America).

RESULTS
Patient cohort
Fifty-nine adults (42 ± 13 years, 42% male) with PAH-CHD were included in the study.
Table 1 summarizes the baseline characteristics. Of all patients 41% had Down syndrome and 81% Eisenmenger syndrome. Most patients had a normal renal function with
a median creatinine of 80 μmol/l (upper limit of normal 110 μmol/l). Baseline therapy
included use of bosentan (20%), macitentan (17%), a combination of bosentan or macitentan with sildenafil (8%), or no PAH-therapy (55%). Following baseline measurements,
all of the therapy naive patients started with either bosentan or macitentan within two
weeks, except for one patient in whose case reimbursement of bosentan was rejected
by the health insurance. Mean follow-up was 4.4 years, during which 12 (20%) patients
died. Causes of death were right-sided heart failure (n = 6), sudden cardiac death (n =
2), sepsis (n = 2), and unknown (n = 2). Seven out of 24 patients with Down syndrome
died during follow-up compared to 5 out of 35 non-Down patients (p = 0.163). There
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Table 1. Baseline characteristics.
Variables

All patients
n = 59

Deceased
n = 12

Survivors
n = 47

p

Demographics
Age, yrs

42 ± 13

45 ± 11

41 ± 14

0.322

Male

25 (42)

8 (67)

17 (36)

0.056

Down syndrome

24 (41)

7 (58)

17 (36)

0.163

48 (81)

11 (92)

37 (79)

Clinical subgroup
Eisenmenger syndrome

0.677

Systemic-to-pulmonary shunt

4 (7)

0 (0)

4 (9)

Small defect

1 (2)

0 (0)

1 (2)

Closed defect

6 (10)

1 (8)

5 (11)

Bosentan monotherapy

12 (20)

1 (8)

11 (23)

Macitentan monotherapy

10 (17)

1 (8)

9 (19)

PAH-therapy

0.148

Combination ERA/PDE-5 inhibitor

5 (8)

0 (0)

5 (11)

PAH-therapy naive

32 (55)

10 (83)

22 (47)

0 (0)

0 (0)

0 (0)

WHO functional classification
WHO I

0.851

WHO II

26 (44)

5 (42)

21 (45)

WHO III

33 (56)

7 (58)

26 (55)

WHO IV

0 (0)

0 (0)

0 (0)

Cystatin C, mg/l

0.88 (0.79-1.14)

1.19 (0.88-2.03)

0.87 (0.78-1.08)

High-sensitive troponin T, µg/l

0.008 (0.005-0.017) 0.017 (0.007-0.030) 0.006 (0.005-0.015) 0.021

Laboratory
0.004

NT-proBNP, ng/l

430 (227-1100)

827 (385-2235)

339 (218-959)

0.066

Creatinine, µmol/l

80 (67-98)

98 (79-154)

78 (67-92)

0.005

Potassium, mmol/l

4.2 ± 0.4

4.5 ± 0.5

4.2 ± 0.4

0.010

ASAT, U/l

31 ± 10

37 ± 14

29 ± 8

0.078

CRP, mg/l

4.1 (2.2-9.4)

3.1 (2.4-9.2)

4.4 (1.6-9.9)

0.800

Hemoglobin, mmol/l

11.2 ± 2.5

11.4 ± 2.7

11.1 ± 2.5

0.675

Echocardiography
RVSP, mmHg

83 ± 22

90 ± 14

81 ± 24

0.103

TAPSE, mm

19 ± 5

15 ± 5

20 ± 5

<0.001

Moderate or severely impaired LVF

5 (9)

2 (17)

3 (6)

0.254

Exercise testing
Six-minute walk distance, m

379 ± 118

306 ± 115

398 ± 113

0.015

Resting arterial oxygen saturation, %

87 ± 7

84 ± 8

87 ± 7

0.188

Resting heart rate, bpm

80 ± 13

87 ± 14

78 ± 12

0.034

Data are presented as number (percentage), mean ± standard deviation or median (interquartile range).
Abbreviations: PAH: pulmonary arterial hypertension; ERA: endothelin receptor antagonist; PDE-5: phosphodiesterase type 5; WHO: World Health Organization functional classification; NT-proBNP: N-terminal
pro-brain natriuretic peptide; CRP: C-reactive protein; ASAT: aspartate aminotransferase; RVSP: right ventricular systolic pressure; TAPSE: tricuspid annular plane systolic excursion; LVF: left ventricular function.
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were several clinical events: fourteen patients had a worsening WHO functional classification, eight patients experienced arrhythmia, fourteen had worsening heart failure
(all patients received treatment with diuretics), six had symptomatic hyperviscosity and
six patients had hemoptysis.

Predictors of outcome in PAH-CHD
Figure 1 shows the predictors of outcome, including mortality and the clinical events
arrhythmia and worsening heart failure. An overview of all predictors and clinical events
is listed in supplementary Table 1 (Table S1). Using univariate Cox regression analysis,
significant determinants of mortality were cystatin C (HR 1.3, p < 0.001), creatinine (HR
1.2, p < 0.001), NT-proBNP (HR 2.0, p = 0.012), hs-troponin T (HR 1.9, p = 0.005), 6-MWD
(HR 0.8, p = 0.044) and TAPSE (HR 0.8, p < 0.001). Moreover, TAPSE and the biomarkers
cystatin C, creatinine, NT-proBNP and hs-troponin T were predictive for all clinical events.
This accounted both for clinical events individually and for the combined endpoint of
any event.
Mortality
Variables
Cystatin C *
Creatinine *
CRP *
Anaemia *x
NT-proBNP *
Hs-troponin T *
Age a
Exercise intolerance bx
WHO III or IV
Cyanosis x
Heart rate
RV dysfunction x

0

Arrhythmia

1

2
Hazard ratio

3

4

0

1

Worsening heart failure

2
Hazard ratio

3

4

0

1

2

3

4

Hazard ratio

Figure 1. Univariate predictors of outcome.
x
To improve reader convenience all predictors with a protecting effect on survival were multiplied with
minus one. Thus an increase of a predictor’s value equals a worse prognosis.
RV dysfunction = -1*TAPSE; cyanosis = -1*arterial oxygen saturation; exercise intolerance = -1*six-minute
walk distance; anemia = -1*hemoglobin.
* = log-transformed; a = per 10 years; b = per 50 meter.
Abbreviations: RV: right ventricle; CRP: C-reactive protein; NT-proBNP: N-terminal pro-brain natriuretic peptide; Hs-Troponin T: high-sensitivity troponin T; WHO: World Health Organization functional classification.

Cystatin C in PAH-CHD
Cystatin C was measured with a median level of 0.88 mg/l (upper limit of normal 0.95
mg/l). Twenty-five patients had elevated cystatin C levels (range 0.95 to 5.20 mg/l).
Patients with Down syndrome were more likely to have elevated levels of cystatin C (p
= 0.010; Table S2). Six-minute walk distance (319 vs. 424 m, p < 0.001) and estimated
glomerular filtration rate (52 vs. 60 ml/min/1.73m2, p < 0.001) were significantly lower
in patients with elevated cystatin C compared to patients with normal cystatin C levels.
Finally, patients with elevated cystatin C levels showed higher C-reactive protein levels
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(6.1 vs. 2.9 mg/l, p = 0.002). The receiver operating characteristic analysis showed that
a cystatin C level of 1.10 mg/l was the best cut-off value to predict mortality with a
sensitivity of 67% and a specificity of 83% (area under the curve (AUC) 0.77). Patients
with cystatin C levels above the 1.10 mg/l cut-off value showed a higher mortality rate
(67% versus 36%, p = 0.001, Figure 2). The best cut-off for NT-proBNP to predict mortality
was 350 ng/l (sensitivity 83%, specificity 51%, AUC 0.67). A predicted survival model on
baseline cystatin C and NT-proBNP serum levels is shown in Figure 3. Patients with both
a baseline cystatin C level > 1.10 mg/l and NT-proBNP > 350 ng/l had a mortality rate
of 58% versus 11% in patients without both risk factors (log-rank 16; p < 0.001). When
adjusted for NT-proBNP or glomerular filtration rate in multivariate analysis, cystatin C
remained predictive for mortality (Table 2).

    

 



    





  



  












 













Figure 2. Kaplan-Meier cystatin C above or under 1.10 mg/l.
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Figure 3. Predicted survival model based on cystatin C and NT-proBNP serum levels.
Abbreviations: CysC: cystatin C; NT-proBNP: N-terminal pro-brain natriuretic peptide.
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Table 2. Multivariate analysis of cystatin C on mortality.
HR

p

Cystatin C*a

1.3

0.009

NT-proBNP*

1.1

0.771

A

B
Cystatin C*a

1.2

0.028

MDRD-GFR

1.0

0.749

A: multivariate analysis of cystatin C adjusted for NT-proBNP.
B: multivariate analysis of cystatin C adjusted for MDRD-GFR.
* = log-transformed; a = per 0.1 mg/l.
Abbreviations: NT-proBNP: N-terminal pro-brain natriuretic peptide; MDRD-GFR: modification of diet in renal disease glomerular filtration rate.

DISCUSSION
Interpretation
The current study is the first to indicate that the novel cardiac biomarker cystatin C
predicts long-term mortality and clinical events in patients with PAH-CHD. After dichotomizing for survival analysis based on receiver operating characteristics, cystatin C
above the optimal cut-off (1.10 mg/l) was associated with a higher mortality rate (67%
versus 36%, p = 0.001, Figure 2). Cystatin C levels in our study were relatively low (mean
1.08 mg/l) compared to studies on the effect of cystatin C on mortality in acquired heart
disease (mean 1.20-1.51 mg/l),21–24 presumably because our patient cohort was relatively
young and had preserved renal function. Similarities between these studies and the current study were that, even with different cut-off points, all studies found that increasing
levels of cystatin C were associated with worse survival. Additionally we showed cystatin
C also predicts clinical events such as arrhythmia and worsening heart failure.
It is well established that renal insufficiency predicts mortality in PAH-CHD.11 25 26
Because cystatin C is a sensitive indicator of renal filtration,13 it is conceivable cystatin
C merely reflects renal dysfunction that by itself predicts mortality. However, cystatin
C remained predictive for mortality after adjustment for glomerular filtration rate in
multivariate analysis (Table 2). Moreover, three large studies, including 990, 480 and
279 patients with acquired heart disease, showed that cystatin C predicts mortality
independently from renal function.21–23 Other potential contributing mechanisms that
could be responsible for the prognostic role of cystatin C are the association between
cystatin C and inflammation, direct role of cystatin C in the vascular wall remodeling in
atherosclerosis and role in remodeling of heart extracellular matrix.14 15
Cystatin C levels were higher in Down syndrome patients. The result can be explained
by multiple factors. Down syndrome patients in our cohort had a more advanced PAH
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disease severity, indicated by higher numbers of Eisenmenger syndrome, RVSP, and
lower 6-MWD (Table S2). PAH influences vascular wall remodeling.27 More advanced PAH
disease severity may have more effect on vascular wall remodeling, which could have
increased cystatin C levels. Furthermore, Down syndrome patients had a higher CRP (although non-significant), possibly indicating more inflammation. Lastly, Down syndrome
patients received PAH-specific combination therapy less frequently, which in turn could
have influenced disease severity. To our best knowledge, a direct effect of PAH-specific
therapy on cystatin C levels is unknown.
The development of PAH in patients with CHD is associated with increased mortality and high morbidity.28 However, it is believed that the prognosis of patients with
PAH-CHD can be improved by intensifying their treatment. A recent study has shown
that a more aggressive approach using upfront combination therapy is more effective
than monotherapy.5 Consequently, it is particularly important that simple markers are
identified that can risk-stratify patients to allow optimal medical management. The
PAH guidelines describe several treatment goals which incorporate parameters with an
established association with prognosis,6 7 but the guidelines are mainly based on studies
with idiopathic PAH patients. Since there are significant differences in pathophysiology
and prognosis between PAH-CHD and idiopathic PAH,29 it could well be that the effect
size of the predictors for mortality also differs.

Clinical impact
A recent study of Diller and coworkers in Eisenmenger patients challenged the traditional view of benign survival prospects of patients with Eisenmenger syndrome and
suggested a proactive treatment strategy including a more aggressive approach trying
to avoid the development of the condition.30 Traditionally, determination of follow-up
intensity and timing of initiation of PAH-specific combination therapy depended on
worsening of functional parameters such as 6-MWD and TAPSE. Our data suggests that
several simple biomarkers, next to these functional parameters, can be used to evaluate
prognosis of patients with PAH-CHD. This way a timely start of aggressive treatment is
possible and disease progression might be delayed.
The use of multiple cardiac biomarkers is currently advocated in acquired heart failure
because it achieves greater predictive accuracy.31 NT-proBNP is an already established
biomarker of prognosis in patients with PAH-CHD.6 7 In addition, we demonstrated the
added value of combining NT-proBNP with cystatin C. Our prediction model of NTproBNP and cystatin C demonstrated that patients with both a baseline cystatin C level
above 1.10 mg/l and NT-proBNP above 350 ng/l had higher mortality rates compared to
patients without both risk factors, which favors the use of multiple biomarkers. For the
prediction of mortality in PAH-CHD, we suggest the use of biomarkers which reflect different pathological pathways, for instance inflammation, volume overload, RV and vas-
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cular wall remodeling. Cystatin C is an inexpensive, widely available, minimally invasive
and simple to determine laboratory biomarker which can give additional information
about the prognosis of patients with PAH-CHD.

Limitations
A potential limitation was the relatively small study size, as in most studies in patients
with CHD. Secondly, invasive hemodynamics are recommended in the guidelines for the
diagnosis of PAH. However, echocardiography is an adequate non-invasive modality in
patients with evident diagnosis of PAH32 in patients with CHD. The vast majority of patients (81%) had Eisenmenger syndrome. Due to the higher complication risk in patients
with PAH-CHD, cardiac catheterization was not performed routinely in these patients.
Patients with PAH-CHD often have abnormal hemostasis, including thrombocytopenia,
making them at risk for both bleeding and thrombosis.33 In particular, parietal thrombosis of enlarged proximal pulmonary arteries can be found in up to 20% of patients.
Catheterization in these patients may cause peripheral embolization and pulmonary infarctions, and is associated with biventricular dysfunction and reduced pulmonary flow
velocity.34 Right heart catheterization was only performed at baseline in case diagnosis
of PAH was not clearly evident at echocardiography.

CONCLUSION
Prognosis of adult PAH-CHD patients remains poor. Our study in PAH-CHD patients
showed that cystatin C, a novel cardiac biomarker, predicts long-term mortality and
clinical events. Consequently, cystatin C may attribute to clinical decision making regarding treatment intensity.
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Supplementary data

Variables

n

n=6

n=6

n = 32

HR p

HR p

HR p

HR p

HR p

HR p

HR p

Any eventx

n = 14

Hemoptysis

n=8

Hyperviscosityᴪ

n = 14

Worsening HF

n = 12

Arrhythmia

Worsening WHO

Table S1. Univariate predictors of outcome.

Mortality
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Biomarkers
Cystatin C, mg/l*a

59 1.3 <0.001 1.4 <0.001 1.3 <0.001 1.3 <0.001 1.3 <0.001 1.2 <0.001 1.4 <0.001

Cystatin C > 1.10

59 6.4 0.003

6.2 0.003

7.7 0.001

7.0 0.002

5.5 0.006

5.6 0.005

6.2 0.003

Creatinine, µmol/l*b 59 1.2 <0.001 1.4 <0.001 1.2 <0.001 1.2 <0.001 1.2 <0.001 1.2 <0.001 1.3 <0.001
CRP, mg/l*

34 1.1 0.661

1.1 0.793

1.1 0.668

1.1 0.736

1.1 0.851

1.1 0.814

1.0 0.921

Potassium, mmol/l

59 3.0 0.062

3.1 0.050

2.7 0.078

3.6 0.038

3.2 0.057

2.8 0.074

3.1 0.054

Hb, mmol/l

59 1.0 0.974

1.0 0.919

1.0 0.785

1.0 0.721

1.0 0.873

1.0 0.929

1.0 0.839
2.0 0.005

*

NT-proBNP, ng/l

57 2.0 0.012

1.9 0.015

1.9 0.008

2.1 0.004

1.9 0.015

1.8 0.019

NT-proBNP > 350

57 5.0 0.039

4.9 0.041

5.8 0.024

6.1 0.021

5.0 0.039

4.9 0.040

6.0 0.021

Hs-troponin T, µg/l*

56 1.9 0.005

2.1 0.005

1.9 0.004

1.9 0.003

1.9 0.008

1.8 0.011

2.0 0.004

Agec

59 1.4 0.097

1.4 0.138

1.6 0.046

1.7 0.039

1.4 0.119

1.4 0.106

1.5 0.071

6-MWDd

59 0.8 0.044

0.8 0.031

0.8 0.026

0.8 0.032

0.8 0.053

0.8 0.058

0.8 0.037

WHO III or IV

59 0.5 0.302

0.5 0.306

0.6 0.442

0.7 0.533

0.5 0.224

0.5 0.289

0.7 0.564

SaO2, %

59 1.0 0.229

1.0 0.225

0.9 0.134

0.9 0.148

1.0 0.219

0.9 0.205

0.9 0.168

Heart rate, bpm

59 1.0 0.344

1.0 0.228

1.0 0.159

1.0 0.204

1.0 0.387

1.0 0.294

1.0 0.164

TAPSE, mm

56 0.8 <0.001 0.7 <0.001 0.7 <0.001 0.7 <0.001 0.8 <0.001 0.7 <0.001 0.7 <0.001

Other parameters

ψ = symptomatic hyperviscosity; * = log-transformed; a = per 0.1 mg/l; b = per 0.1 µmol/l; c= per 10 years;
d = per 50 meter.
x = combination of mortality, worsening WHO, arrhythmia, worsening heart failure, symptomatic hyperviscosity, hemoptysis.
Abbreviations: HF: heart failure; WHO: World Health Organization functional classification; CRP: C-reactive
protein; Hb: hemoglobin; NT-proBNP: N-terminal pro brain natriuretic peptide; Hs-troponin T: high-sensitive troponin T; 6-MWD: six-minute walk distance; TAPSE: tricuspid annular plane systolic excursion; SaO2:
arterial oxygen saturation.
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Table S2. Baseline differences of Down and non-Down patients.
Down

Non-Down

n = 24

n = 35

Died

7 (29)

5 (14)

0.163

Age, yrs

37 ± 10

46 ± 14

0.006

Male

13 (54)

12 (34)

0.129

Eisenmenger syndrome

24 (100)

24 (69)

0.002

15 (63)

18 (51)

0.400

0 (0)

5 (14)

0.053

Cystatin C, mg/l

1.04 (0.86-1.20)

0.85 (0.74-1.08)

0.010

High-sensitive troponin T, µg/l

0.008 (0.005-0.015)

0.008 (0.005-0.017)

0.680

NT-proBNP, ng/l

326 (187-1307)

462 (233-1100)

0.550

Creatinine, µmol/l

84 (71-95)

78 (64-103)

0.250

CRP, mg/l

5.1 (2.4-10.7)

2.5 (1.1-7.2)

0.075

RVSP, mmHg

93 ± 11

76 ± 25

0.002

TAPSE, mm

20 ± 5

18 ± 5

0.185

317 ± 91

423 ± 116

<0.001

Variables

p

Demographics

WHO functional classification
WHO III - IV
PAH-therapy
PAH-specific combination therapy
Laboratory

Echocardiography

Exercise testing
Six-minute walk distance, m

Data are presented as number (percentage), mean ± standard deviation or median (interquartile range).
Abbreviations: PAH: pulmonary arterial hypertension; WHO: World Health Organization functional classification; NT-proBNP: N-terminal pro brain natriuretic peptide; CRP: C-reactive protein; RVSP: right ventricular
systolic pressure; TAPSE: tricuspid annular plane systolic excursion.
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ABSTRACT
Background
Assessing prognosis is the key objective in the care of patients with pulmonary arterial
hypertension due to congenital heart disease (PAH-CHD). Guidelines advise the use of
biomarker N-terminal pro-brain natriuretic peptide (NT-proBNP) for its established association with mortality. In this study we investigated the value of additional biomarkers
to predict mortality and determined whether these biomarkers can be used to predict
long-term mortality.

Methods
The current study was part of a prospective cohort study, in which biomarkers were
collected in adult patients with PAH-CHD at the first outpatient clinic visit. Predictive
properties of baseline NT-proBNP, high-sensitive troponin T, cystatin C, galectin-3 and
C-reactive protein (CRP) were evaluated using C-statistics for all-cause mortality. Missing
values were imputed. Hazard ratios for short-term and long-term survival were compared.

Results
Ninety-six patients with PAH-CHD were included (mean age 43 years, 34% Down, 66%
Eisenmenger). During a median follow-up of 6.4 years, 37 patients died. All biomarkers except CRP were univariately predictive for mortality in Cox regression analysis.
C-statistic for NT-proBNP was 0.68, and addition of high-sensitive troponin T and galectin-3 led to a small but insignificant increment (+0.02). More or other biomarkers did not
further impact C-statistics. NT-proBNP was predictive for long-term mortality without
significant change in hazard ratio.

Conclusion
No additional benefit was demonstrated of multi-biomarkers compared to NT-proBNP
only to predict mortality.
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INTRODUCTION
Advances in therapeutic modalities have improved survival of patients with pulmonary
arterial hypertension due to congenital heart disease (PAH-CHD).1 2 Although the natural
course of the disease is poor, there is a large variability in survival between individuals. This underlines the importance of adequate risk stratification to guide treatment
decisions, such as timing of initiation of PAH-specific combination therapy and determination of follow-up intensity. While several biomarkers have been identified to play
a prognostic role in PAH-CHD,3-6 current guidelines solely advise the use of biomarker
N-terminal pro-brain natriuretic peptide (NT-proBNP) for its established association with
mortality.7 8
In patients with acquired left-sided heart failure a multi-biomarker approach has led
to significant improvements in risk prediction.9–11 To date, no such data is available for
patients with PAH-CHD. The aim of this study was to determine whether the use of additional biomarkers offers additional value to predict mortality in patients with PAH-CHD.
Our second aim was to determine whether biomarkers can be used to predict mortality
for the long-term.

METHODS
As part of a prospective study,12 blood was obtained from peripheral venous sampling
during the first visit of adult patients with PAH-CHD to the outpatient clinic of two tertiary
referral centers between 2004-2016. The following biomarkers were determined: NTproBNP, high-sensitive troponin T (hs-troponin T), cystatin C, galectin-3 and C-reactive
protein (CRP). Missing values were imputed. All blood obtained between 2004-2007
was stored in a -80°C frozen state. This was used in 32 (33%) patients for cystatin C,
hs-troponin T and galectin-3 measurements. PAH diagnosis was based on right heart
catheterization or on echocardiography in case of a clear clinical profile of Eisenmenger
syndrome or severe PAH.7
The study protocol conforms to the ethical guidelines of the 1975 Declaration of
Helsinki as reflected in a priori approval by the institution’s human research committee.
Informed consent was not required, as all investigations were performed for routine
clinical care.
Data are described as number with frequency, median with interquartile range and
mean with standard deviation. Univariate Cox proportional-hazard analysis was used
to identify biomarkers predictive for mortality. The value of single and multi-biomarker
models was evaluated with optimism-corrected C-statistics, after internal validation in
40 bootstrap samples. To test whether an extended model is superior compared to the
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standard NT-proBNP model, both models were evaluated in 1,000 bootstrap samples.
The value of multi-biomarkers for predicting prognosis was illustrated using KaplanMeier survival curves. Survival was stratified by the amount of biomarkers elevated.
Secondly, survival of patients with PAH-CHD was compared between the recommended
NT-proBNP only model and the multi-biomarker model with the highest C-statistic. The
cut-offs used in this study were either identified before (500 ng/l for NT-proBNP),5 based
on 95% reference interval (Figure 1A) or below/above median risk (Figure 1B). The value
of biomarkers over time was evaluated by comparing the hazard ratios for short-term
(0-2 years) and long-term (2-10 years) mortality. Endpoint was all-cause mortality. All
reported p values were two-sided, and values of p < 0.050 were considered significant.
Statistical analysis was performed with SPSS 23.0 (IBM Corp, Armonk, United States of
America) and R version 3.3.1 (R Foundation for Statistical Computing, Vienna, Austria).

RESULTS
In 96 of the 112 PAH-CHD patients who visited the outpatient clinics between 20042016, biomarkers were measured at their first visit. Their mean age was 43 ± 16 years.
Thirty-two (33%) patients were male and 33 (34%) had Down syndrome. All PAH-CHD
subgroups7 were included: 63 (66%) with Eisenmenger syndrome, 14 (15%) with systemic-to-pulmonary shunts, 1 (1%) with a small defect and 18 (19%) with closed defects.
Twenty (21%) patients were on PAH-specific therapy at their baseline visit (15 bosentan
monotherapy, 5 other). The majority of patients were in World Health Organization
functional class II (n = 50; 52%) or III (n = 38; 40%) and mean six-minute walk distance
for all patients was 377 ± 128 meter. A total of 224 (47%) biomarker imputations were
executed for 67 (70%) cases with incomplete data. Biomarker levels at baseline were 639
ng/l (232-1451) for NT-proBNP, 0.019 µg/l (0.010-0.028) for hs-troponin T, 1.08 mg/l (0.871.31) for cystatin C, 16.1 µg/l (14.8-18.5) for galectin-3 and 6.4 mg/l (2.3-11.3) for CRP.
During a median follow-up of 6.4 (4.0-10.2) years, 37 (39%) patients died. Causes of
death were right sided heart failure in 17 (46%), sudden cardiac death in 6 (16%), sepsis
in 6 (16%), other in 6 (16%) and unknown in 2 (6%) patients. More deaths occurred in
patients with Eisenmenger syndrome (n = 28; 44%) than in patients with closed defects
(n = 2; 11%).
Baseline NT-proBNP, hs-troponin T, cystatin C and galectin-3 were significant predictors of mortality using univariate Cox regression analysis (Table 1). There was a nonsignificant trend towards higher mortality in case of higher levels of CRP. NT-proBNP
had the highest C-statistic (0.68) of all biomarkers separately for mortality. The best
improvement in risk prediction was achieved by adding hs-troponin T and galectin-3
to NT-proBNP (C-statistic +0.02 to 0.70), however this was not significant (p = 0.055).
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Figure 1. Risk stratification.
A: Risk stratification according to the amount of biomarkers elevated.
Cut-offs: NT-proBNP 500 ng/l, hs-troponin T 0.014 µg/l, cystatin C 1.12 mg/l, galectin-3 16.9 µg/l, CRP 5 mg/l.
B: Comparison of NT-proBNP alone with the multi-biomarker model with the highest C-statistic: NT-proBNP,
hs-troponin T and galectin-3.
Cut-offs: 500 ng/l for NT-proBNP, below/above median risk for the multi-biomarker model.
Abbreviations: NT-proBNP: N-terminal pro-brain natriuretic peptide; hs-troponin T: high-sensitive troponin
T; CRP: C-reactive protein.
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Table 1. Dynamic prediction of biomarkers for short-term and long-term mortality.
Biomarkers*

Total FU

0-2 year FU

2-10 year FU

HR

HR

HR

95% CI

95% CI

95% CI

NT-proBNP (/sd)

1.9

1.30-2.78

1.6

0.89-2.88

2.1

1.31-3.50

Hs-troponin T (/sd)

1.5

1.14-2.08

1.6

0.90-2.78

1.5

1.07-2.18

Cystatin C (/sd)

1.7

1.21-2.37

1.8

1.03-3.01

1.6

1.07-2.53

Galectin-3 (/sd)

1.6

1.14-2.19

1.5

0.89-2.55

1.6

1.07-2.46

CRP (/sd)

1.4

1.00-2.03

1.7

0.95-2.99

1.3

0.82-2.01

* All biomarkers were log transformed and expressed as z-score.
Abbreviations: FU: follow-up; NT-proBNP: N-terminal pro-brain natriuretic peptide; Hs-troponin T: highsensitive troponin T; CRP: C-reactive protein.

Addition of other or more biomarkers did not yield in a further improvement of the
C-statistic. Figure 1 shows Kaplan-Meier curves for survival based on the amount of
biomarkers elevated (Figure 1A) and next a comparison of NT-proBNP only versus the
optimal multi-biomarker model (Figure 1B).
NT-proBNP was predictive for long-term (2-10 years) mortality (Table 1). The hazard
ratio for long-term follow-up was not decreased compared to the one for short-term
follow-up. Only CRP showed a decrease in hazard ratio when comparing prediction of
short-term to long-term mortality.

DISCUSSION
The current study is the first to perform a multi-biomarker based analysis in patients
with PAH-CHD, and included five biomarkers. Nearly all biomarkers were significantly
associated with mortality and a higher number of elevated biomarkers corresponded to
a worse survival. However, there was only limited additional prognostic value of multibiomarkers compared to the recommended model with NT-proBNP only. NT-proBNP appeared to be highly predictive for long-term mortality. Moreover, comparative analysis
of multiple time frames showed comparable effect sizes for the prediction of short-term
(0-2 years) and long-term (2-10 years) mortality for NT-proBNP. This indicates that NTproBNP retains its prognostic accuracy over time.
Current PAH guidelines have not implemented a multi-biomarker approach.7 8 In the
last decades numerous biomarkers were identified in PAH-CHD showing promising
prognostic value.3 4 13–15 However, this abundancy of potential biomarkers can easily lead
to increased healthcare costs and has to be weighed against clinical utility. Our results
support the currently advocated single biomarker approach. Our study is limited by

No additional benefit of multi-biomarkers compared to NT-proBNP only to predict mortality in PAH-CHD

the relatively small number of patients, as most studies in PAH-CHD. Unfortunately, the
small number of patients and events prohibits a correction for other clinical parameters.
A further limitation regards the relatively small number of biomarkers included: NTproBNP, hs-troponin T, cystatin C, galectin-3 and CRP. However, the biomarkers included
in the present study all reflect different pathophysiological pathways, ranging from
myocardial stress, myocyte injury, cardiorenal dysfunction and fibrosis to inflammation.
While NT-proBNP, hs-troponin T, cystatin C and CRP have been studied before,3 4 13 14 this
is the first report on the prognostic value of galectin-3 in PAH-CHD. Due to the high
number of missing biomarkers in our dataset, multiple imputations were necessary.
Current PAH guidelines advocate regular six-month intervals for evaluation of prognosis in patients with PAH-CHD. Based on our results, a less frequent determination of
NT-proBNP may be considered. Further research should elucidate the optimal timing for
a repeated NT-proBNP measurement. Our results may aid clinicians in determination of
prognosis with a clinically relevant easy cut-off for NT-proBNP. This optimal cut-off for
NT-proBNP used in our study (500 ng/l) was based on its clinical usefulness and on the
receiver operating characteristic curve as described before.5

CONCLUSION
No additional benefit was demonstrated of multi-biomarkers compared to the recommended NT-proBNP only for the prediction of mortality in patients with PAH-CHD. NTproBNP is also able to predict mortality for the long-term. Therefore regular six-month
assessments of NT-proBNP for clinical evaluation may be reduced for low risk patients
with PAH-CHD.
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ABSTRACT
Background
Adult patients with pulmonary arterial hypertension due to congenital heart disease
(PAH-CHD) suffer from high mortality. This underlines the importance of adequate risk
stratification to guide treatment decisions. Several baseline parameters are associated
with mortality, however, their prognostic value may weaken after years of follow-up.
Therefore we investigated the prognostic value of serial changes in standard clinical
parameters in PAH-CHD.

Methods
In this prospective observational cohort study we included consecutive adults with
PAH-CHD, between 2005 and 2016. Control visits to the outpatient clinic were standardized, including functional, biochemical and echocardiographic tests, according to the
guidelines. The prognostic value of serial changes was determined with time-dependent
Cox regression.

Results
Ninety-two patients with PAH-CHD were included (age 43 ± 15 years, 34% male, 38%
Down syndrome, 73% Eisenmenger syndrome). During a median follow-up of 6.0 (IQR
3.7-9.3) years, 35 (38%) patients died. Serial changes in World Health Organization (WHO)
functional classification (hazard ratio (HR) 18.3 for onset class IV), six-minute walk distance (6-MWD, HR 0.7 per 50 meter increase), oxygen saturation at peak exercise (peak
SaO2, HR 0.7 per 5% increase), NT-proBNP (HR 2.3 per 1,000 ng/l increase) and echocardiographic right ventricular function (TAPSE, HR 0.8 per 0.5 cm increase) significantly
predicted mortality. Moreover, serial changes in these parameters were more potent
predictors compared to baseline parameters, based on reduction in -2 log likelihood.

Conclusion
Serial changes in standard clinical parameters have more prognostic value compared
to baseline parameters in PAH-CHD. Our results emphasize the importance of screening
for serial changes since periodical assessment could guide treatment decisions to delay
disease progression.

Mortality in pulmonary arterial hypertension due to congenital heart disease: serial changes improve prognostication
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INTRODUCTION
Pulmonary arterial hypertension (PAH) is a potential and serious complication of
congenital heart disease (CHD), associated with a poor prognosis.1–3 PAH due to CHD
(PAH-CHD) is characterized by increased pulmonary vascular resistance resulting in
right ventricular remodeling, dysfunction and eventually failure. During this process,
PAH-CHD patients are at risk for clinical events such as hospitalization for heart failure,
arrhythmias and ultimately death.
Identifying patients with a high mortality risk is important because their prognosis
can be improved by intensifying their treatment.4 Currently, timing of initiation of PAHspecific combination therapy and determination of follow-up intensity depend on the
value of baseline parameters with an established association with mortality.5 6 In order to
delay clinical deterioration, PAH guidelines recommend to evaluate PAH-CHD patients
twice per year using functional, biochemical and echocardiographic parameters.7 8 However, these PAH guidelines are based upon studies combining various PAH etiologies,
thus hampering their use in PAH-CHD patients specifically.
Although there have been several PAH-CHD studies in which baseline parameters have
been associated with mortality,8 the prognostic value of these baseline parameters may
weaken after years of follow-up. Observation of serial changes in these parameters over
time may better reflect prognosis. A limited number of studies explored the prognostic
value of serial changes in standard clinical parameters.9–12 However, not all parameters
have been described, nor the underlying coherence. Knowledge about which serial
changes in parameters influence mortality might improve risk stratification by capturing
disease progression in an earlier state.
In the current study we investigated the prognostic value of serial changes in standard
clinical parameters in patients with PAH-CHD. Moreover, we evaluated the parameter
specific impact on the length of survival.

METHODS
Study population
The current study was part of a prospective observational study on PAH-specific therapy
in adult patients with PAH-CHD.13 We included all consecutive adults with PAH-CHD, also
patients with Down syndrome, referred to the outpatient clinic of two tertiary referral centers between January 2005 and May 2016. Both patients with open and closed
systemic-to-pulmonary shunts were included. PAH diagnosis was based on right heart
catheterization or, in case of a clinical profile of Eisenmenger syndrome (ES) or severe
PAH, on echocardiography.8 Before 2014, bosentan monotherapy 62.5 mg twice daily
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was started in all patients after their first visit, increasing the dose to 125 mg twice a
day after four weeks, as tolerated. From 2014, therapy naive patients started macitentan
monotherapy 10 mg once a day. Approval of the research protocol by the local ethics
committee was obtained. Informed consent was not required, as all investigations were
performed for routine clinical care.

Data collection
Patients from the outpatient clinic were evaluated every six months with a standardized
evaluation protocol including functional (arterial oxygen saturation at peak exercise
(peak SaO2), six-minute walk distance (6-MWD)), biochemical (hemoglobin, urea, N-terminal pro-brain natriuretic peptide (NT-proBNP) and creatinine) and echocardiographic
parameters (tricuspid annular plane systolic excursion (TAPSE), velocity of the tricuspid
annular systolic motion (RV S’) and systolic pulmonary artery pressure (SPAP)).
The six-minute walk test was performed according to the American Thoracic Society
guidelines with continuous pulse oximetry monitoring.14 Arterial oxygen saturation and
heart rate were recorded prior to the test and directly at the end of the six-minute walk
test.
Echocardiography was performed with a Vivid 7 ultra-sound system (General Electric,
United States of America) according to the guidelines.15 Pulmonary stenosis was ruled
out in all patients. TAPSE was measured in the lateral tricuspid valve annulus using Mmode in the apical four-chamber view. RV S’ was assessed by pulsed tissue Doppler.
SPAP was measured by continuous wave Doppler recording of the maximal tricuspid
regurgitation velocity. This was done by calculating the systolic transtricuspid gradient
using the modified Bernoulli equation, and then adding an assumed right atrial pressure
based on inferior vena cava size and collapsibility.
NT-proBNP levels were determined by electrochemiluminescence immunoassay on
an Elecsys 2010 analyzer (Roche Diagnostics, Almere, The Netherlands).

Statistical analysis
Continuous variables are presented as mean ± standard deviation or median and interquartile range (IQR) as appropriate. Categorical variables are presented as number
(percentage). Differences in categorical data were evaluated using the chi-square
test. Independent samples t-test or Mann-Whitney U test was used for comparison of
continuous variables between two groups. The relation between baseline parameters
and mortality was assessed with Cox proportional-hazards regression analysis. The
proportional-hazards assumption for baseline parameters and mortality was plotted
using Schoenfeld residuals. Serial changes in parameters were assessed with Cox regression analysis with time-dependent covariates.11 Time “0” was the first full clinical assessment during the study period. Information about survival status was collected from
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the participating hospitals until May 2016. Univariate statistics identified significant
determinants for inclusion in multivariate analysis. The goodness of fit for serial changes
in parameters and baseline parameters in multivariate models was determined based
on reduction in -2 log likelihood.
In a final step, serial changes in parameters with a significant association with mortality in univariate time-dependent Cox regression were used in a survival model. Cut-offs
for these parameters were obtained by maximizing the sensitivity, specificity and positive predictive values for mortality. Patients without any repeated measurements were
excluded from these analyses. All reported p values were two-sided, and values of p <
0.050 were considered significant. Statistical analysis was performed with SPSS 23.0 (IBM
Corp, Armonk, United States of America) and R version 3.3.1 (R Foundation for Statistical
Computing, Vienna, Austria).

RESULTS
Patient cohort
All ninety-two adult patients with PAH-CHD (age 43 ± 15 years, 31 (34%) males) which
were referred for PAH-specific therapy were included in this study. Demographic and
clinical characteristics of all patients are presented in Table 1. Of all patients, 35 (38%)
had Down syndrome and 67 (73%) Eisenmenger syndrome. Most patients had a normal
creatinine value (77 (67-94) µmol/l, upper limit of normal 110 µmol/l) and elevated value
of NT-proBNP (581 (223-1506) ng/l, upper limit of normal 130 ng/l). There was a wide
variation in 6-MWD (375 ± 132 meter).
During a median follow-up period of 6.0 (3.7-9.3) years, 35 (38%) patients died. Causes
of death were right sided heart failure in 20 (57%), sudden cardiac death in 4 (11%),
sepsis in 3 (9%), other infections in 2 (6%), cerebrovascular accident in 1 (3%) and unknown in 5 (14%) patients. Fifteen out of 35 (43%) patients with Down syndrome died
during follow-up compared to 20 out of 57 (35%) non-Down patients (p = 0.456). In
the overall population, 1- and 5-year survival rates were 89% and 73% respectively, as
shown in supplementary Figure 1 (Figure S1). In patients with Eisenmenger syndrome,
1- and 5-year survival rates were 90% and 70% respectively. Between-group comparison
indicated that patients in the deceased group had a higher baseline value of World
Health Organization (WHO) functional classification (p = 0.036) and NT-proBNP (p =
0.020) compared to patients in the surviving group. Furthermore, the deceased group
showed a significantly lower 6-MWD (314 vs. 410 meters, p = 0.001) and lower resting
arterial oxygen saturation (84 vs. 88%, p = 0.024). During follow-up 24 (26%) patients
initiated PAH-specific combination therapy.
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Table 1. Baseline characteristics by vital status.
Variables

All patients

Deceased

Survivors

n = 92

n = 35

n = 57

p

Demographics
Age, yrs

43 ± 15

50 ± 15

39 ± 14

0.001

Male

31 (34)

11 (31)

20 (35)

0.718

Down syndrome

35 (38)

15 (43)

20 (35)

0.456

67 (73)

29 (83)

38 (67)

Clinical subgroup
Eisenmenger syndrome

0.110

Systemic-to-pulmonary shunt

10 (11)

3 (9)

7 (12)

Small defect

1 (1)

1 (2)

0 (0)

Closed defect

14 (15)

2 (6)

12 (21)

25 (27)

12 (34)

13 (23)

Shunt location
Pre-tricuspid

0.461

Post-tricuspid

31 (34)

10 (29)

21 (37)

Complex

36 (39)

13 (37)

23 (40)

WHO functional classification

0.036

WHO I

1 (1)

0 (0)

1 (2)

WHO II

49 (54)

13 (38)

36 (63)

WHO III

39 (43)

19 (56)

20 (35)

WHO IV

2 (2)

2 (6)

0 (0)

77 (67-94)

77 (68-94)

77 (67-95)

Laboratory
Creatinine, µmol/l

0.702

Hemoglobin, mmol/l

10.7 ± 2.3

10.9 ± 2.2

10.6 ± 2.4

0.538

NT-proBNP, ng/l

581 (223-1506)

1252 (562-1597)

386 (190-1372)

0.020

Echocardiography
SPAP, mmHg

81 ± 25

76 ± 21

84 ± 27

0.219

TAPSE, cm

2.1 ± 1.2

1.8 ± 0.6

2.2 ± 1.5

0.233

RV S’, cm/sec

10.1 ± 2.8

9.8 ± 2.8

10.2 ± 2.9

0.579

375 ± 132

314 ± 129

410 ± 122

0.001

Exercise test
Six-minute walk distance, m
Arterial oxygen saturation rest, %

87 ± 8

84 ± 7

88 ± 8

0.024

Heart rate rest, bpm

83 ± 15

85 ± 16

81 ± 14

0.307

Data are presented as number (percentage), mean ± standard deviation or median (interquartile range).
Abbreviations: WHO: World Health Organization functional classification; NT-proBNP: N-terminal pro-brain
natriuretic peptide; SPAP: systolic pulmonary artery pressure; TAPSE: tricuspid annular plane systolic excursion; RV S’: velocity of the tricuspid annular systolic motion.

Univariate Cox regression using baseline parameters
Univariate analyses of baseline parameters are presented in supplementary Table 1
(Table S1). Regarding biomarkers, there was a significant association with mortality
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for baseline values of log-transformed creatinine (p = 0.027), urea (p = 0.032) and NTproBNP (p = 0.002). Regarding the echocardiographic parameters, there was a trend
towards significance for baseline TAPSE (hazard ratio (HR) 0.5 per cm increase, p = 0.061)
to predict mortality. Of the functional parameters, baseline 6-MWD and WHO functional
classification III or IV were associated with mortality (HR 0.8 per 50 meter increase, p =
0.001 and HR 2.8, p = 0.005 respectively). Having a pre-tricuspid shunt was borderline
significant for predicting mortality (p = 0.053). Supplementary Figure 2 shows a plot of
the proportional-hazards assumption, showing dynamic patterns of the hazard ratios
over time for the baseline parameters.

Univariate and multivariate Cox regression using serial changes in parameters
Table 2 describes the association of serial changes in standard clinical parameters with
mortality. Regarding serial changes in biomarkers, only NT-proBNP changes were associated with mortality (HR 2.3 per 1,000 ng/l, p < 0.001). There was a trend towards
significance for serial changes in creatinine (p = 0.051). Considering the WHO functional
classification, onset of class IV was highly predictive for mortality (HR 18.3, p < 0.001). Of
parameters involving the six-minute walk test, both serial changes in walking distance
(HR 0.7 per 50 meter increase, p = 0.003) and peak SaO2 (HR 0.7 per 5% increase, p =
0.003) were associated with mortality. Exclusion of patients with Down syndrome did
not alter the outcomes for WHO functional classification, 6-MWD or peak SaO2 (Table S2).
Regarding echocardiographic parameters, only serial changes in TAPSE were predictive
for mortality (HR 0.8 per 0.5 cm increase, p = 0.014). Exclusion of post-pericardiotomy
Table 2. Cox regression using serial changes in clinically used parameters.
Variables

Univariate analyses

Multivariate analysis

HR

95% CI

p

HR

95% CI

p

∆ NT-proBNP (1000 ng/l)

2.3

1.55-3.27

<0.001

2.1

1.40-3.25

<0.001

∆ Creatinine (10 µmol/l)

0.9

0.81-1.00

0.051

∆ Urea (1 mmol/l)

1.0

1.00-1.08

0.083

∆ Hemoglobin (1 mmol/l)

0.9

0.60-1.42

0.704

∆ SPAP (10 mmHg)

1.0

0.77-1.30

0.993

∆ TAPSE (0.5 cm)

0.8

0.66-0.96

0.014

0.5

0.22-0.96

0.038

∆ RV S’ (1 cm/s)

1.0

0.79-1.22

0.837

WHO (onset class IV)

18.3

8.47-39.73

<0.001

∆ 6-MWD (50 m)

0.7

0.49-0.87

0.003

∆ peak SaO2 (5%)

0.7

0.61-0.90

0.003

0.7

0.53-0.92

0.010

Abbreviations: ∆: delta; NT-proBNP: N-terminal pro-brain natriuretic peptide; SPAP: systolic pulmonary artery pressure; TAPSE: tricuspid annular plane systolic excursion; RV S’: velocity of the tricuspid annular systolic motion; WHO: World Health Organization functional classification; 6-MWD: six-minute walk distance;
peak SaO2: arterial oxygen saturation at peak exercise.
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patients (n = 28) strengthened these results (HR 0.3 per 0.5 cm increase, p < 0.001). The
initiation of PAH-specific combination therapy was not related to mortality in univariate
time-dependent Cox regression analysis (HR 0.7, p = 0.586). Exclusion of non-ES patients
had no significant impact on the results (Figure S3).
In multivariate analysis, serial changes in peak SaO2, NT-proBNP and TAPSE independently predicted mortality. The hazard ratio for serial changes in peak SaO2 was 0.7 (per
5% increase, p = 0.010), 2.1 for NT-proBNP (per 1,000 ng/l increase, p < 0.001) and 0.5 for
TAPSE (per 0.5 cm increase, p = 0.038). Based on significant determinants in univariate
analyses, random combinations of three parameters were made to evaluate all possible
multivariate models for both serial changes in parameters and baseline parameters.
There was a better goodness of fit for all models containing serial changes in parameters
compared to baseline parameters (Figure S4).
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Start:

line 1:
line 2:
line 3:
line 4:
line 5:

Onset of WHO-FC IV
NT-proBNP +1000 ng/l
TAPSE -0.5 cm
6-MWD -50 m
Peak SaO2 -5 %

Survival, %

98

1

75

BL

time to criteria

2

0.06
1.3
Time since criteria, years

3

3.7

4

5

4.4 4.5

Figure 1. Length of survival after a variable change.
This survival model describes the time to 25% mortality according to serial changes in standard clinical
parameters. Parameters with a significant association with mortality in univariate time-dependent Cox regression were used in this model. Relevant cut-offs were obtained by maximizing sensitivity, specificity and
positive predictive values for mortality. Three patients without any repeated measurements were excluded
from this model. Two patients died without reaching at least one of the criteria. Baseline reflects the start
of the study. Time to criteria reflects the time between start of the study and meeting one of the criteria.
Abbreviations: BL: baseline; WHO-FC: World Health Organization functional classification; NT-proBNP: Nterminal pro-brain natriuretic peptide; TAPSE: tricuspid annular plane systolic excursion; 6-MWD: six-minute walk distance; SaO2: arterial oxygen saturation.
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Table 3. Impact of serial changes on 1 and 3 year survival rates.
Variables

1 year survival

3 year survival

WHO (onset class IV)

33%

26%

∆ NT-proBNP (+1000 ng/l)

84%

49%

∆ TAPSE (-0.5 cm)

85%

76%

∆ 6-MWD (-50 m)

89%

86%

∆ peak SaO2 (-5%)

93%

85%

Abbreviations: ∆: delta; WHO: World Health Organization functional classification; NT-proBNP: N-terminal
pro-brain natriuretic peptide; TAPSE: tricuspid annular plane systolic excursion; 6-MWD: six-minute walk
distance; peak SaO2: arterial oxygen saturation at peak exercise.

Survival model
Figure 1 shows a survival model, based on serial changes of parameters with a significant
association with mortality in time-dependent univariate Cox regression. The following
parameters and cut-offs were used: onset of WHO class IV, increase in NT-proBNP of
1,000 ng/l, decrease in TAPSE of 0.5 cm, decrease in 6-MWD of 50 meters and decrease in
peak SaO2 of 5%. These cut-offs were obtained by maximizing the sensitivity, specificity
and positive predictive values for mortality. Three patients were excluded due to lack
of repeated measurements, resulting in 89 patients, of whom 32 (36%) died. Two of the
deceased patients never met any of the above five criteria. In patients meeting the WHO
criterion, 25% mortality was reached in 0.06 years. Next, in patients with an NT-proBNP
increase of 1,000 ng/l, 25% mortality was reached in 1.3 years. In addition, in patients
meeting the TAPSE criterion, 25% mortality was reached in 3.7 years. Finally, in patients
meeting the 6-MWD and peak SaO2 criteria, 25% mortality was reached in respectively
4.4 and 4.5 years. Table 3 shows the impact of serial changes on 1 and 3 year survival
rates.

DISCUSSION
This study is the first to extensively investigate the prognostic value of serial changes in
standard clinical parameters in patients with PAH-CHD. Our results showed that serial
changes in WHO functional classification, peak SaO2, 6-MWD, NT-proBNP and TAPSE
predicted mortality and were more potent compared to baseline parameters. Moreover,
serial changes in these parameters each had a specific impact on the length of survival.
Mortality rate was highest in patients who deteriorate to WHO class IV, followed by those
with NT-proBNP increase of +1,000 ng/l and a TAPSE decrease of -0.5 cm. Mortality rate
is lowest in patients with a -50 m change in 6-MWD and -5% change in peak SaO2. Ad-
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ditionally, multivariate analysis showed that serial changes in peak SaO2, NT-proBNP
and TAPSE independently predicted mortality.
Our results are in line with earlier findings in patients with PAH-CHD, demonstrating that serial changes in NT-proBNP and 6-MWD are predictive for mortality.10 11 The
prognostic value of serial changes in WHO functional classification has only been found
in patients with idiopathic PAH.16 TAPSE and peak SaO2 are only known as baseline
predictors in patients with PAH-CHD, but the prognostic value of serial changes in these
parameters has not been reported.
Comparison of survival between studies is difficult due to differences in follow-up time,
inclusion criteria, demographical characteristics, treatment and reporting. Nonetheless,
mortality in our study cohort seems somewhat higher than in comparable cohorts.17–21
There are several possible explanations. Firstly, one-year mortality was higher (11%) due
to referral of rather ill patients at the time of introduction of the first oral PAH-specific
drug (bosentan). Secondly, partly due to patients’ reluctance to use additional medication, our study cohort was initially treated suboptimally with regards to PAH-specific
combination therapy. Finally, the study cohort was older, had longer follow-up and a
higher percentage of pre-tricuspid shunts compared to most other studies.17–21 In contrast to other publications, having a pre-tricuspid shunt was only borderline significant
for mortality in our study, probably due to smaller patient numbers.17 18 22
Current PAH guidelines recommend to evaluate patients with PAH-CHD twice a year
using functional, biochemical and echocardiographic parameters.7 8 These parameters
may guide treatment decisions such as initiation of PAH-specific combination therapy.
Although current risk stratification schemes are based on baseline parameters, the
prognostic value of these baseline parameters may weaken after years of follow-up.
Indeed our study showed that hazard ratios of baseline parameters are dynamic over
time (Figure S2). The use of serial changes in parameters during follow-up may better
reflect mortality. However, only a limited number of studies evaluated the relevance of
serial changes in these parameters.9–12 Our results show that serial changes in important
standard clinical parameters predict mortality in PAH-CHD and are more potent than
baseline parameters. The observation of serial changes in parameters fits well with current practice of the recommended PAH evaluations, every three to six months. Moreover,
the new insight that a combination of serial changes in functional, biochemical and
echocardiographic parameters (resp. peak SaO2, NT-proBNP and TAPSE) independently
predicts mortality in patients with PAH-CHD emphasizes the importance of screening
for serial changes in these parameters since periodical assessment could guide treatment decisions to delay disease progression.
The PAH-guidelines make no distinction between the PAH-CHD subgroups with regards to recommendations for follow-up or pharmacological treatment.7 8 Based on the
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sensitivity analysis (Figure S3) the current study results seem applicable to the overall
PAH-CHD population.
Although our study comprises the largest Dutch cohort of PAH-CHD patients, a potential limitation is the relatively small study population, as in most studies in PAH-CHD.
However, the follow-up period was relatively long compared to other studies9–12, with
a median of 6.0 years. A second limitation of this prospective study could be that the
hazard ratios of the serial changes in parameters are based on the six-month interval between control visits. Longer or shorter follow-up visits probably influence these hazard
ratios. To examine the influence of shorter or longer follow-up duration on the overall results, sensitivity analyses were performed only using data of follow-up visits 3-9 months
after a prior visit (Table S3). These showed comparable results. The six-month interval
between the standardized evaluations, including the collection of functional, biochemical and echocardiographic parameters, is according to the latest PAH guideline.8

CONCLUSION
Mortality rates in adults with PAH-CHD remain substantial. Current treatment decisions
are based on the evaluation of baseline parameters with an association with mortality, according to the PAH guidelines. We demonstrated the prognostic value of serial
changes in standard clinical parameters in patients with PAH-CHD. Serial changes in
WHO functional classification, peak SaO2, 6-MWD, NT-proBNP and TAPSE predicted
mortality and were more potent compared to baseline parameters. Furthermore, serial
changes in these parameters each had a specific impact on the length of survival, with
shortest survival in patients who deteriorate to WHO class IV, followed by those with NTproBNP increase of +1,000 ng/l and a TAPSE decrease of -0.5 cm. Our results emphasize
the importance of screening for serial changes in these parameters since periodical
assessment could guide treatment decisions to delay disease progression.
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supplementary data
Supplementary Tables
Table S1. Univariate Cox regression using baseline parameters.
All patients (n = 92)
Variables

Univariate analyses
HR

95% CI

p

NT-proBNP, ng/l*

3.5

1.59-7.57

0.002

Creatinine, µmol/l*

13.3

1.52-115.53

0.019

*

10.7

1.61-71.64

0.014

Hemoglobin, mmol/l

1.0

0.86-1.16

0.961

SPAP, mmHg

1.0

0.97-1.00

0.076

TAPSE, cm

0.5

0.24-1.03

0.061

RV S’, cm/s

0.9

0.80-1.06

0.247

WHO III or IV

2.8

1.36-5.59

0.005

6-MWD, 50 m

0.8

0.69-0.91

0.001

Peak SaO2, %

1.0

0.97-1.01

0.355

Pre-tricuspid shunt

2.0

0.99-4.05

0.053

Urea, mmol/l

* = Log transformed.
Abbreviations: NT-proBNP: N-terminal pro-brain natriuretic peptide; SPAP: systolic pulmonary artery pressure; TAPSE: tricuspid annular plane systolic excursion; RV S’: velocity of the tricuspid annular systolic motion; WHO: World Health Organization functional classification; 6-MWD: six-minute walk distance; peak
SaO2: arterial oxygen saturation at peak exercise.

Table S2. Sensitivity analyses of functional parameters with exclusion of Down syndrome.
Non-Down patients (n = 57)
Variables

Univariate analyses
HR

95% CI

p

WHO (onset class IV)

15.5

5.63-42.40

<0.001

∆ 6-MWD (50 m)

0.7

0.50-0.91

0.010

∆ peak SaO2 (5%)

0.7

0.54-0.97

0.028

Univariate Cox regression using changes in clinically used parameters excluding patients with Down syndrome.
Abbreviations: ∆: delta; WHO: World Health Organization functional classification; 6-MWD: six-minute walk
distance; peak SaO2: arterial oxygen saturation at peak exercise.
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Table S3. Sensitivity analyses only using follow-up data between 3-9 months of a prior visit.
Univariate analyses

Variables

HR

95% CI

p

∆ NT-proBNP (1000 ng/l)

1.2

1.05-1.39

0.009

∆ TAPSE (0.5 cm)

1.1

0.66-1.72

0.804

WHO (onset class IV)

5.3

2.27-12.25

<0.001

∆ 6-MWD (50 m)

0.6

0.48-0.86

0.003

∆ peak SaO2 (5%)

0.8

0.64-0.95

0.015

Univariate Cox regression using changes in clinically used parameters of follow-up visits between 3-9
months of a prior visit.
Abbreviations: ∆: delta; NT-proBNP: N-terminal pro brain natriuretic peptide; TAPSE: tricuspid annular plane
systolic excursion; WHO: World Health Organization functional classification; 6-MWD: six-minute walk distance; peak SaO2: arterial oxygen saturation at peak exercise.
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Figure S1. Kaplan-Meier overall survival.
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Plot of proportional-hazards assumption using Schoenfeld residuals for baseline parameters. The thick line
represents the regression line through the Schoenfeld residuals. In case of constant hazard ratios over time,
this line would be horizontal. The dotted lines represent the 95% confidence interval.
Abbreviations: WHO-FC: World Health Organization functional classification; 6-MWD: six-minute walk distance; NT-proBNP: N-terminal pro-brain natriuretic peptide; TAPSE: tricuspid annular plane systolic excursion.
A
Variables
Δ NTproBNP (1000 ng/l)
Δ Creatinine (10 μmol/l)
Δ Urea (1 mmol/l)
Δ Hemoglobin (1 mmol/l)
Δ SPAP (10 mmHg)
Δ TAPSE (0.5 cm)
Δ RV S' (1 cm/s)
WHO-FC (onset class IV)
Δ 6-MWD (50 m)
Δ SaO2 peak (5%)
.2

HR (95% CI)
p-value
2.25 (1.55-3.27) <0.001
0.051
0.90 (0.81-1.00)
1.04 (1.00-1.08)
0.083
0.704
0.92 (0.60-1.42)
0.993
1.00 (0.77-1.30)
0.014
0.80 (0.66-0.96)
0.98 (0.79-1.22)
0.837
18.34 (8.47-39.73) <0.001
0.65 (0.49-0.87)
0.003
0.74 (0.61-0.90)
0.003
1
Hazard ratio

5

20

B
Variables
Δ NTproBNP (1000 ng/l)
Δ Creatinine (10 μmol/l)
Δ Urea (1 mmol/l)
Δ Hemoglobin (1 mmol/l)
Δ SPAP (10 mmHg)
Δ TAPSE (0.5 cm)
Δ RV S' (1 cm/s)
WHO-FC (onset class IV)
Δ 6-MWD (50 m)
Δ SaO2 peak (5%)
.2

HR (95% CI)
p-value
2.72 (1.57-4.73) <0.001
0.052
1.41 (1.00-1.99)
1.04 (1.00-1.08)
0.038
0.323
0.82 (0.56-1.21)
0.598
0.93 (0.71-1.22)
0.28 (0.16-0.49) <0.001
0.95 (0.75-1.22)
0.693
17.78 (7.67-41.24) <0.001
0.63 (0.39-1.03)
0.065
0.71 (0.57-0.90)
0.004
1
Hazard ratio

5

20

Figure S3. Sensitivity analyses with exclusion of non-Eisenmenger syndrome patients.
A: Total group (n = 92).
B: Eisenmenger syndrome (n = 67).
Abbreviations: ∆: delta; NT-proBNP: N-terminal pro-brain natriuretic peptide; SPAP: systolic pulmonary
artery pressure; TAPSE: tricuspid annular plane systolic excursion; RV S’: velocity of the tricuspid annular
systolic motion; WHO-FC: World Health Organization functional classification; 6-MWD: six-minute walk distance; peak SaO2: arterial oxygen saturation at peak exercise.
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Figure S4. -2 Log likelihood as a measure of fit for multivariate Cox regression models.
The above graph shows the -2 log likelihood, as a measure of goodness of fit, of various Cox proportionalhazard models for mortality in 92 PAH-CHD patients: models including every combination of three out of
the five significant baseline (circles; Table S1) or change (diamonds; Table 2) parameters. Lower -2 log likelihood and higher reduction in -2 log likelihood correspond to a model better fitting the data.
A: Absolute -2 log likelihood.
B: Percentage reduction of -2 log likelihood with each model as compared to no model.
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ABSTRACT
Background
Macitentan, a new endothelin receptor antagonist, improves morbidity and mortality
of patients with pulmonary arterial hypertension (PAH). Compared to bosentan, its enhanced receptor binding implies a potential improvement of therapeutic effect. The aim
of the present study was to evaluate the effect of a switch from bosentan to macitentan
on clinical status in patients with PAH due to congenital heart disease (PAH-CHD).

Methods
In this prospective observational study in an existing cohort of adult patients with PAHCHD, patients switched from bosentan to macitentan therapy, with standardized evaluation of clinical outcome. Outcomes were the currently used secondary determinants of
prognosis: hospitalization for heart failure, syncope, World Health Organization (WHO)
functional classification III or IV, six-minute walk distance (6-MWD), oxygen saturation
(SaO2), ferritin, N-terminal pro-brain natriuretic peptide (NT-proBNP) and tricuspid annular plane systolic excursion (TAPSE). Change in outcome variables was evaluated with
McNemar’s test, a two-tailed paired t-test or Wilcoxon signed-rank test as appropriate.

Results
Forty PAH-CHD patients switched to macitentan (44 ± 13 years, 40% male, 40% Down
syndrome, 75% Eisenmenger syndrome). During follow-up one patient died due to sepsis. After six months follow-up, the number of patients in WHO functional classification
III or IV decreased from 48% to 23% (p = 0.004). Levels of NT-proBNP improved from 723
ng/l to 488 ng/l (p = 0.019). Moreover, TAPSE improved from 19 to 21 mm (p = 0.002).
There was no significant change in the number of patients with hospitalization for heart
failure or syncope per six months, nor in the 6-MWD, SaO2 and ferritin levels.

Conclusion
Our findings suggest that patients with PAH-CHD who are currently using bosentan
might improve from a switch to macitentan on subjective and surrogate endpoints.
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INTRODUCTION
Pulmonary arterial hypertension (PAH) due to congenital heart disease (PAH-CHD)
is a progressive disorder characterized by chronic elevation of pulmonary vascular
resistance, leading to significant impairment in exercise capacity, right heart failure and
ultimately death. In absence of a cure for PAH-CHD, patients are treated with pulmonary
vasodilators to improve symptoms and prognosis. Bosentan, the most widely applied
pulmonary vasodilator, improves exercise capacity and quality of life of patients with
PAH-CHD.1 2 However, prognosis remains impaired.3 Macitentan, a new pulmonary vasodilator analogous to bosentan with enhanced receptor binding,4 improved mortality
and morbidity in a placebo controlled trial in a wide spectrum of PAH patients,5 including
those with repaired congenital heart disease shunts. Desirable features of macitentan
include the once-a-day profile (vs. b.i.d. for bosentan) and freedom from monthly liver
function tests.6 Furthermore, macitentan has enhanced tissue penetration6 and achieves
greater reduction in mean pulmonary artery pressures compared to bosentan in preclinical studies.7 Therefore, macitentan might be an alternative to bosentan, or even superior. However, a direct clinical comparison with bosentan has not been investigated,
and it is unclear whether patients with PAH-CHD currently on bosentan will benefit from
a therapy switch. The aim of the present study was to evaluate the effects of a switch
from bosentan to macitentan on clinical status in patients with PAH-CHD.

METHODS
We conducted a prospective, observational study in an existing cohort of 43 adult patients with PAH-CHD, including patients with Down syndrome, who were treated with
bosentan at the outpatient clinic of two tertiary referral centers. The median treatment
duration on bosentan was 7.2 years (interquartile range (IQR) 5.0-8.1). Ten patients (23%)
were on bosentan-sildenafil combination therapy. There were no changes in PAH-specific
therapy in the six months prior to the switch. Switch to macitentan was performed with
a 24 hours washout period following cessation of bosentan. Outcomes of interest were
the currently used secondary determinants of prognosis: hospitalization for heart failure,
syncope, World Health Organization (WHO) functional classification III or IV, six-minute
walk distance (6-MWD), oxygen saturation (SaO2), ferritin, N-terminal pro-brain natriuretic peptide (NT-pro-BNP) and tricuspid annular plane systolic excursion (TAPSE). Hemodynamic data were unavailable because patients could not be motivated to undergo
right heart catheterization. The variables were evaluated at baseline (before the start of
macitentan) and six months follow-up. The events syncope and hospitalization for heart
failure, during the six months prior to the switch, were used for comparison with the

7

114

CHAPTER 7

period on macitentan. Change in outcome variables was evaluated with McNemar’s test,
two-tailed paired t-test or Wilcoxon signed-rank test as appropriate. Determination of all
patients’ functional classification was performed by two trained physicians. In case of a
discrepancy, a third physician was consulted. Echocardiography was performed with a
Vivid 7 ultrasound system (General Electric, United States of America) according to the
guidelines.8 Three consecutive cycles were averaged for each TAPSE. The study protocol
conforms to the ethical guidelines of the 1975 Declaration of Helsinki as reflected in a
priori approval by the institution’s human research committee. Informed consent was
not required, as all investigations were performed for routine clinical care.

RESULTS
In our cohort of 43 PAH-CHD patients on bosentan, 40 patients (44 ± 13 years, 40% male,
40% Down syndrome, 75% Eisenmenger syndrome) were willing to switch to macitentan.
Baseline characteristics are reported in Table 1. Data regarding clinical subgroups and
underlying shunts are provided in Table 2. Before therapy switch, 52% of patients were
in WHO functional classification II and 48% in III. Mean 6-MWD was 394 ± 125 meters.
Most patients had a normal renal function (median creatinine 80 µmol/l, IQR 68-112, upper limit of normal (ULN) 110), and elevated NT-proBNP (median 723 ng/l, IQR 311-1328,
ULN 130). One patient died due to sepsis four months after switch to macitentan. After
six months follow-up, the number of patients in WHO III or IV decreased from 19 (48%)
to 9 (23%) patients (p = 0.004, Table 3). Levels of NT-proBNP improved from 723 ng/l (IQR
311-1328) to 488 ng/l (IQR 215-1291; p = 0.019). Moreover, TAPSE improved from 19 ±
4 to 21 ± 5 mm (p = 0.002). The amount of patients with hospitalization for heart failure
(n = 3 for bosentan, n = 1 for macitentan, p = 0.500) and syncope (n = 1 for bosentan, n
= 1 for macitentan, p = 1.000) was similar during six months bosentan and macitentan
treatment. Furthermore, levels of 6-MWD (394 ± 125 m to 397 ± 123 m, p = 0.791) SaO2
(87% IQR 81-93 to 85% IQR 81-94, p = 0.418) and ferritin (45 ng/l IQR 22-89 to 63 ng/l IQR
28-110, p = 0.411) remained the same. Macitentan therapy was well tolerated. No suspected serious adverse events were recorded. After six months macitentan, a > 1 mmol/l
drop in hemoglobin was seen in two (5%) patients (-1.2 and -1.6 mmol/l respectively),
without therapeutic consequences. Liver function tests remained stable (< 3 times ULN)
for alanine aminotransferase (ALAT)/aspartate aminotransferase, except for one patient
with temporary ALAT increase three times ULN, which resolved spontaneously.
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Table 1. Baseline characteristics.
Variables

All patients
n = 40

Demographics
Age, yrs

44 ± 13

Male

16 (40.0)

Down syndrome

16 (40.0)

Clinical subgroup
Eisenmenger syndrome

30 (75.0)

Systemic-to-pulmonary shunt

3 (7.5)

Small defect

1 (2.5)

Closed defect

6 (15.0)

Clinical status
WHO I/II

21 (52)

WHO III/IV

19 (48)

Six-minute walk distance, m

394 ± 125

Arterial oxygen saturation, %

87 (81-93)

Heart rate, bpm

75 ± 11

Systolic blood pressure, mmHg

120 ± 17

RVSP, mmHg

74 ± 23

TAPSE, mm

19 ± 4

Laboratory
Hemoglobin, mmol/l

11.3 (8.8-13.7)

ASAT, U/l

27 (23-32)

Creatinine, µmol/l

80 (68-112)

Hs-troponin T, µg/l

0.014 (0.006-0.026)

NT-proBNP, ng/l

723 (311-1328)

Drugs
Diuretics

15 (37.5)

Beta blockers

10 (25.0)

ACE or ARBs

5 (12.5)

Anticoagulantia

8 (20.0)

Sildenafil

10 (25.0)

Follow-up
Median follow-up on bosentan, yrs

7.3 (4.8-8.1)

Data are presented as number (percentage), mean ± standard deviation or median (interquartile range).
Abbreviations: WHO: World Health Organization functional classification; RVSP: right ventricular systolic
pressure; TAPSE: tricuspid annular plane systolic excursion; ASAT: aspartate aminotransferase; Hs-troponin
T: high-sensitive troponin T; NT-proBNP: N-terminal pro-brain natriuretic peptide; ACE: angiotensin-converting-enzyme inhibitors; ARBs: angiotensin II receptor blocker.
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Table 2. Clinical subgroups and underlying shunts.
All patients n = 40

n (%)

Clinical subgroup
Eisenmenger syndrome

30 (75.0)

Systemic-to-pulmonary shunt

3 (7.5)

Small defect

1 (2.5)

Closed defect

6 (15.0)

Underlying shunt
Pre-tricuspid

9 (22.5)

Post-tricuspid

11 (27.5)

Complex

20 (50.0)

Table 3. Clinical outcome of 40 PAH-CHD patients who switched from bosentan to macitentan.
Determinants of prognosis

Bosentan

Macitentan

p

Hospitalization heart failure*

7.5

2.5

0.500

Syncope*

2.5

2.5

1.000

WHO III or IV

48

23

0.004

6-MWD, m

394 ± 125

397 ± 123

0.791

SaO2, %

87 (81-93)

85 (81-94)

0.418

Ferritin, ng/l

45 (22-89)

63 (28-110)

0.411

NT-proBNP, ng/l

723 (311-1328)

488 (215-1291)

0.019

TAPSE, mm

19 ± 4

21 ± 5

0.002

* Hospitalization for heart failure and syncope events were recorded during six months of bosentan and
macitentan therapy.
Data are presented as percentage, mean ± standard deviation or median (interquartile range).
Statistics used include McNemar’s test, two-tailed paired t-test or Wilcoxon signed-rank test, as appropriate.
Abbreviations: PAH-CHD: pulmonary arterial hypertension due to congenital heart disease; WHO: World
Health Organization functional classification; 6-MWD: six-minute walk distance; SaO2: arterial oxygen saturation; NT-proBNP: N-terminal pro-brain natriuretic peptide; TAPSE: tricuspid annular plane systolic excursion.

DISCUSSION
This study is the first to describe the effects of a switch from bosentan to macitentan
on clinical status in patients with PAH-CHD. All PAH-CHD subclasses were investigated,
including patients with Eisenmenger syndrome. Switch from bosentan to macitentan
was associated with improvement of WHO functional classification, NT-proBNP and
TAPSE, even after several years of bosentan. The beneficial changes, apparent at six
months follow-up, might be explained by the sustained receptor binding and enhanced
tissue penetration of macitentan compared to bosentan. It should be noted that 6-MWD
did not change while WHO functional classification improved. There may be two ex-
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planations for this discrepancy. Firstly, in contrast to the WHO functional classification,
6-MWD is a point measurement, making it vulnerable to day-to-day variation. Secondly,
it is known that the beneficial effects of PAH-specific therapy on 6-MWD are less pronounced in Down syndrome patients.9 The relatively high number of Down syndrome
patients (40%) in our cohort may have influenced overall 6-MWD levels. Our study did
not show changes in the number of hospitalizations for heart failure, a strong clinical
endpoint. Our cohort may have been underpowered to detect a difference, given the
relatively low event rate. In a placebo-controlled randomized trial both all-cause and
PAH-hospitalizations were less frequent in patients using macitentan.10

CONCLUSION
Our findings suggest that patients with PAH-CHD who are currently using bosentan
might improve from a switch to macitentan on subjective and surrogate endpoints.
However, careful follow-up is recommended.
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ABSTRACT
Background
During cardiac surgery, endothelin-1 release induces pulmonary arteriolar vasoconstriction, resulting in an elevation of the pulmonary vascular resistance. We investigated
whether perioperative treatment with bosentan, an endothelin-1 receptor antagonist,
could improve outcome in adults with congenital heart disease (CHD) undergoing
cardiac surgery.

Methods
In a prospective randomized open label study, adults with CHD scheduled for elective
cardiac surgery were randomized to either 17-weeks perioperative bosentan therapy
or no therapy. Primary endpoint was peak oxygen consumption (VO2) six weeks postoperatively. Secondary endpoints were postoperative right ventricular function (RVF),
NT-proBNP, length of intensive care unit stay and central venous pressure.

Results
Sixty-eight patients were included (mean age 44 years, 63% male): 36 receiving
bosentan, 32 controls. Cardiac surgery was mainly left sided (n = 39). Following cardiac
surgery, three patients died in-hospital (bosentan 0, controls 3). The primary endpoint
of peak VO2 six weeks postoperatively did not differ between the intervention (21.3 IQR
14.3-27.7 ml/kg/min) and control group (20.2 IQR 14.3-25.9 ml/kg/min; p = 0.520). The
secondary endpoints were comparable as well. However, subgroup analyses showed a
beneficial effect of bosentan on RVF (TAPSE) six weeks postoperatively in patients with
symptoms (WHO functional classification > I), elevated systolic pulmonary artery pressure (SPAP > 40 mmHg) or lower preoperative RVF (TAPSE < 2.4 cm).

Conclusion
Our results do not support routine use of bosentan in adults with CHD undergoing cardiac surgery. However, in patients with symptoms, elevated pulmonary artery pressure
or lower RVF, perioperative bosentan may accelerate recovery of RVF.
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INTRODUCTION
As a result of advancements in cardiac surgery and perioperative care in the past decades,
nearly all newborns with congenital heart disease (CHD) now survive into adulthood.1
A significant proportion of adults with CHD will still have to undergo cardiovascular
surgery, either for first corrective surgery or for reoperations to treat residual defects or
long-term complications.2–4 Unfortunately, there is a high rate of postoperative complications associated with cardiac surgery in CHD patients,5 with an increasing mortality
rate with every following reoperation.2
Contrary to non-CHD related cardiac surgery, one of the most important postoperative complications is right ventricular failure.6 Although the exact mechanism for postoperative right ventricular failure is still unclear, it seems that the right ventricle (RV)
in CHD patients is especially vulnerable to increased afterload. Perioperative release of
cytokines that initiate pulmonary vasoconstriction7–9 can increase pulmonary vascular
resistance (PVR) nearly fourfold.10 One of the perioperative released cytokines is endothelin-18 9 and clinical relevance of endothelin-1 levels after surgery was demonstrated
in a study showing an association between postoperative endothelin-1 levels and length
of intensive care unit (ICU) stay.8 Minimizing the effects of endothelin-1 could reduce
strain on the RV and possibly reduce postoperative incidence of right ventricular failure
in CHD patients. Selective endothelin-1 receptor antagonists (ERA) have been shown to
reduce PVR significantly in the postoperative period.10 A lower PVR was associated with
significantly higher exercise capacity - measured by peak oxygen consumption (peak
VO2) - in patients with acquired heart failure.11 Furthermore, reducing right ventricular
afterload has shown to improve right ventricular function (RVF) in patients with pulmonary arterial hypertension.12 13
Currently, data are lacking on the clinical benefits of perioperative endothelin receptor blockade in adult patients with CHD undergoing cardiac surgery. In the current study
we investigated whether perioperative treatment with bosentan, an ERA, could improve
outcome in adult patients with CHD undergoing cardiac surgery. We hypothesized that
perioperative treatment with an ERA will reduce PVR and prevent excessive right ventricular afterload elevation in adult CHD patients. This may minimize the risk of decline
in systolic RVF, reduce the risk of developing right ventricular failure and improve clinical
outcome measured by exercise capacity.
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METHODS
Study design
The study was prospectively registered at www.clinicaltrials.gov with identifier number
NCT01184404. This was a prospective randomized open label trial, conducted in a single
tertiary referral center for CHD surgery. The total study duration was 17 weeks, consisting of five weeks preoperatively and 12 weeks postoperatively. The study protocol
conformed to the ethical guidelines of the 1975 Declaration of Helsinki as reflected in a
priori approval by the institution’s human ethics committee. Written informed consent
was obtained in all patients.
The first study visit was the baseline visit and included laboratory tests and echocardiography. Patients were randomized to one of the following treatment regimens:
bosentan treatment for five weeks preoperatively plus 12 weeks postoperatively or no
treatment. The starting dosage of bosentan was 62.5 mg orally twice a day. This dosage
was doubled after four weeks to reach the standard dose of 125 mg twice a day.14 We
evaluated the compliance for bosentan verbally at the study visits. Follow-up data was
collected directly (1-5 days), intermediate (6 weeks) and late (12 weeks) after surgery.
A flowchart of the study design is shown in Figure 1. The primary endpoint was the
difference in peak VO2 between the intervention and control group. This was measured
with a cardiopulmonary exercise test (CPET), performed six weeks after cardiac surgery.
Secondary endpoints were differences in RVF, NT-proBNP, length of ICU stay and central
venous pressure at ICU admission.

Study population
Patients were identified at the cardiac surgery meeting at the department of cardiothoracic surgery. All adults with CHD who were scheduled for elective cardiac surgery in
the Academic Medical Center in Amsterdam between 2011 and 2015 were eligible for
inclusion. Exclusion criteria were any ejection fraction below 30%, use of bosentan at the
time of inclusion, systolic arterial pressure < 85 mmHg, incapability of giving informed
consent, hypersensitivity to bosentan, moderate to severe liver disease (Child-Pugh class
B or C), raised plasma transaminases levels (three times upper limit), or simultaneous use
of cyclosporine A.

Data collection
Clinical characteristics, laboratory tests, World Health Organization (WHO) functional
classification, exercise, echocardiographic, ICU and surgical data were collected prospectively.
CPET: Cardiopulmonary exercise testing for assessment of peak VO2 was performed six
weeks following cardiac surgery, according to the guidelines of the American Thoracic
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Figure 1. Study flowchart.
Abbreviations: CHD: congenital heart disease; TTE: transthoracic echocardiography; ICU: intensive care
unit; CPET: cardiopulmonary exercise test.

Society.15 Patients were placed on a cycle ergometer to perform continuous measurements of minute ventilation, oxygen consumption, heart rate, blood pressure, and
electrocardiography (Jaeger Oxycon Pro, Wuerzburg, Germany). A personalized exercise
protocol was used, in which work load was increased within two minute intervals aimed
at achieving target time to peak exercise in 8-12 minutes. All patients trained up to their
maximum exercise capability.
Echocardiography: Transthoracic echocardiograms were conducted at baseline and
directly (1-5 days), intermediate (6 weeks) and late (12 weeks) after surgery. Echocardiography was performed with a Vivid 7 ultrasound system (General Electric, United States
of America). All recordings were analyzed by a single observer with more than 10 years
of experience in adult CHD echocardiography, who was blinded to clinical information.
Cardiac chambers and valve regurgitation were quantified according to guidelines.16–18
RVF was evaluated by means of tricuspid annular plane systolic excursion (TAPSE).
TAPSE was measured in the lateral tricuspid valve annulus using M-mode in the apical
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four-chamber view. The mean of three TAPSE measurements was used for analyses. The
velocity of the tricuspid annular systolic motion (RV S’) was assessed by pulsed tissue
Doppler. Systolic pulmonary artery pressure (SPAP) was estimated by continuous wave
Doppler recording of the maximal tricuspid regurgitation velocity.
Laboratory: NT-proBNP levels were quantified by electrochemiluminescence immunoassay on an Elecsys 2010 analyzer (Roche Diagnostics, Almere, The Netherlands).
Anesthesia: Anesthetic regimen was not standardized for this study. All patients
received general anesthesia with an intravenous induction agent. The trachea was
intubated and positive pressure ventilation applied. As principal hypnotic, sevoflurane
was used for maintaining anesthesia in 67 (99%) patients and propofol in 1 (1%) patient.
During cardiopulmonary bypass propofol was used in 37 (54%) and sevoflurane in 31
(46%) patients. Management of hemodynamics and depth of anesthesia as well as
choice of additional drugs including analgesics and muscle relaxants was at discretion
of the attending anesthesiologist. Routine monitoring consisted of ECG, arterial oxygen
saturation, continuous arterial blood pressure via an arterial line in the radial artery
and central venous pressure. Trans esophageal echocardiography was performed in all
cases. Nitric oxide (NO) inhalation was not used in any patient. Cardiopulmonary bypass
was used during surgery under mild hypothermia. Management of clinical variables
including blood pressure, heart rate and ventilator settings were performed at discretion of the attending anesthesiologist. After surgery, patients were transported to the
ICU. Mechanical ventilation was discontinued when patients were hemodynamic and
respiratory stable.
ICU: Central venous pressure was measured invasively with a central venous line
inserted via the right jugular vein.

Statistical analysis
Continuous variables were presented as mean ± standard deviation or median plus
interquartile range (IQR) as appropriate. Categorical variables were presented as numbers (percentage). Differences in categorical data were evaluated using the chi-square
test. Independent samples t-test or Mann-Whitney U test was used for comparison of
continuous variables between two groups. Baseline was defined as the preoperative
study visit. Randomization was performed after informed consent with a block size of 10
and a bosentan-control ratio of 1-1. Sample size calculation was based on data from our
own retrospective registry of seven patients treated with bosentan and evaluated with
peak VO2. For our primary outcome peak VO2 100 patients were needed for detection of
a difference in peak VO2 of 2 ml/kg/min with a power of 80% and a two-sided alfa of 0.05.
To accommodate for 10% drop out, inclusion of 110 patients was required. All reported p
values were two-sided, and p values below 0.050 were considered significant. Subgroup
analyses were performed post hoc. Relevant cut-off for SPAP was based on the echo-
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cardiographic pulmonary hypertension probability (SPAP > 40 mmHg) according to the
pulmonary hypertension guideline.19 The TAPSE cut-off (TAPSE < 2.4 cm) represented
the median TAPSE in the study cohort. Statistical analysis was performed with SPSS 23.0
(IBM Corp, Armonk, United States of America). Analyses were by intention to treat.

RESULTS
Patient cohort
From 344 eligible candidates identified at the cardiac surgery meetings, 68 (20%) were
included. The target sample size of 110 patients was not reached. Seventy-eight patients
refused to participate. The majority was reluctant to start medication, as they were often
therapy naive at the time of surgery. In 124 cases time to cardiac surgery was less than
five weeks, which was too short -according to the protocol- after signing informed consent to start bosentan. The study was terminated prematurely due to the low inclusion
rate despite a five-year inclusion period and absence of a treatment effect in interim
analyses. The primary endpoint of peak VO2 six weeks following cardiac surgery could
be evaluated in 59 (87%) patients.
The patient and clinical characteristics of the 68 participants (age 44 ± 14 years, 43
(63%) males) are presented in Table 1. Thirty-six (52%) patients received perioperative
bosentan therapy, and 32 (47%) patients were randomized to the control group. Bosentan was prescribed for an average of 36 ± 22 days before surgery and 104 ± 32 days
after surgery. Side effects reported in patients treated with bosentan were headache in 7
(19%), nausea in 6 (17%), flushing in 5 (14%), palpitations in 3 (8%) and edema in 2 (6%).
Two (6%) patients ceased therapy because of unacceptable side effects. Congenital
diagnoses were of mild severity in 28 (41%), moderate in 31 (46%) and complex in 9
(13%) patients.20 Left-sided diagnoses included familiar ascending aortic aneurysms in
19 (28%), congenital aortic valve stenosis in 6 (9%), bicuspid aortic valve in 5 (7%) and
other in 8 (12%) patients. Right-sided diagnoses included anomalous pulmonary venous
drainage in 10 (15%), congenital pulmonary valve stenosis in 5 (7%), tetralogy of Fallot
in 4 (6%), and other in 5 (7%) patients. Both sided defects were congenitally corrected
transposition of the great arteries in 3 (4%) and other in 3 (4%) patients.
Cardiac surgery was left-sided in 39 (57%) patients, right-sided in 22 (33%) patients
and both-sided in 7 (10%) patients. Type of surgery was aortic root surgery in 27 (40%)
patients, valve surgery in 28 (41%) patients and correction of other cardiac defects in 13
(19%) patients. Prior cardiac surgery had been performed in 22 (32%) patients. Baseline
characteristics were comparable among the intervention and control group (Table 1).
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Table 1. Baseline characteristics.
Variables

All patients

Bosentan

Controls

n = 68

n = 36

n = 32

p

Patient characteristics
Age, yrs

44 ± 14

44 ± 14

44 ± 14

0.843

Male

43 (63)

24 (67)

19 (59)

0.534

Weight, kg

82 ± 17

82 ± 19

81 ± 16

0.694

Mild severity

28 (41)

17 (47)

11 (34)

Moderate severity

31 (46)

15 (42)

16 (50)

Complex severity

9 (13)

4 (11)

5 (16)

41/40/19/0

45/47/8/0

38/31/31/0

Congenital defect

0.549

WHO functional classification
WHO†, I/II/III/IV, %

0.051

Laboratory
NT-proBNP, ng/l

122 (56-511)

113 (59-529)

124 (50-526)

0.917

Creatinine, µmol/l

79 ± 16

81 ± 17

77 ± 15

0.373

Hemoglobin, mmol/l

8.9 ± 0.9

9.1 ± 0.8

8.8 ± 0.9

0.129

Echocardiography
SPAP, mmHg

35 ± 13

35 ± 13

34 ± 14

0.848

TAPSE, cm

2.4 (2.0-2.7)

2.4 (2.0-2.7)

2.3 (1.9-2.7)

0.598

Severe valvular disease

31 (46)

16 (44)

15 (47)

0.841

Moderate or severely impaired LVF

3 (4)

2 (6)

1 (3)

0.626
0.285

Surgery
ASA score, I/II/III/IV, %

0/0/67/1

0/0/36/0

0/0/31/1

Logistic EuroSCORE‡, %

4.7 (2.3-5.9)

4.7 (2.1-5.6)

4.7 (3.6-6.5)

0.369

Prior cardiac surgery

22 (32)

10 (28)

12 (38)

0.392

Left-sided

39 (57)

19 (53)

20 (63)

0.418

Right-sided

22 (33)

13 (36)

9 (28)

0.482

Aortic valve

7 (10)

4 (11)

3 (9)

0.814

Mitral valve

13 (19)

6 (17)

7 (22)

0.586

Pulmonary valve

8 (12)

4 (11)

4 (13)

0.859

Tricuspid valve

13 (19)

7 (19)

6 (19)

0.942

Data are presented as number (percentage), mean ± standard deviation or median (interquartile range),
unless otherwise specified.
† The World Health Organization functional classification ranges from I to IV, with higher classes indicating
worse condition.
‡ The European System for Cardiac Operative Risk Evaluation (EuroSCORE) allows the calculation of the risk
of death after heart surgery. The full logistic version of EuroSCORE produces more accurate risk prediction
for high risk patients.
Abbreviations: WHO: World Health Organization functional classification; NT-proBNP: N-terminal pro-brain
natriuretic peptide; SPAP: systolic pulmonary artery pressure; TAPSE: tricuspid annular plane systolic excursion; LVF: left ventricular function; ASA score: ASA Physical Status Score.
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Outcomes after cardiac surgery
There was no mortality during surgery and on the first postoperative day. However, during the 12-week postoperative study period, three (9%) patients in the control group
died from cardiogenic shock in combination with infection.
The primary endpoint of peak VO2 six weeks following cardiac surgery showed no
differences between the intervention (n = 33, median value 21.3 (14.3-27.7) ml/kg/min)
and control group (n = 26, median 20.2 (14.3-25.9) ml/kg/min; Figure 2).

p=0.604

Peak VO2, ml/kg/min

40
30
Figure 2. Peak VO2 six weeks after cardiac surgery.
Abbreviations: VO2: oxygen consumption.

20
10
0

Bosentan
n=33

Controls
n=26

Overall, there was a significant fall in RVF between baseline and directly after cardiac
surgery (median TAPSE 2.4 (2.0-2.7) to 1.4 (1.2-1.6) cm, p < 0.001), and this was similar for
the intervention and control group (Figure 3). Postoperative TAPSE was lower in patients
undergoing right-sided surgery (median TAPSE 1.4 (1.2-1.5) cm) compared to left-sided
surgery (median TAPSE 1.5 (1.4-1.7) cm; p = 0.011). Decline in RV S’ directly after cardiac
surgery showed a similar pattern as decline in TAPSE (median RV S’ 12.0 (9.8-13.6) to 8.3
(6.8-9.9) cm). No significant differences were observed between the intervention and
control group regarding NT-proBNP, length of ICU stay or central venous pressure at
ICU admission, following cardiac surgery. Table 2 provides an overview of the primary
and secondary endpoints stratified by treatment regime. Post hoc subgroup analyses
identified a significantly higher TAPSE six weeks postoperatively in patients receiving
bosentan therapy who had symptoms (WHO functional classification > I), elevated pulmonary artery pressure (SPAP > 40 mmHg), or lower preoperative RVF (TAPSE < 2.4 cm)
(Figure 4). In subgroups with right or left sided surgery, no differences in postoperative
RVF were found between the intervention and control group.
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Bosentan
Controls

2.0

1.5

1.0

p=0.598

p=0.154

p=0.136

p=0.777

preop*

surgery

surgery
+6 wks

surgery
+12 wks

n
29
28

n
34
29

n
34
25

n
32
24

Bosentan
Controls

Figure 3. Perioperative TAPSE values.
* Preoperative visit, median time before cardiac surgery 5 wks, IQR 3-7 wks.
Comparison between groups was done with Mann-Whitney U analyses.
Abbreviations: TAPSE: tricuspid annular plane systolic excursion; IQR: interquartile range.

Table 2. Primary and secondary endpoints.
Variables

n (%) All patients

n (%) Bosentan

n (%) Controls

p

Cardiopulmonary exercise test
Peak VO2 surgery + 6 wks, ml/kg/min 59 (87) 21.2 (14.3-27.0) 33 (92) 21.3 (14.3-27.7) 26 (81) 20.2 (14.3-25.9) 0.604
VO2 % of predicted surgery + 6 wks, % 58 (85) 60 (41-73)

32 (89) 61 (45-73)

26 (81) 58 (37-70)

0.257

Intensive care unit
ICU stay, hours

60 (88) 34 (21-47)

31 (86) 26 (21-46)

29 (91) 43 (21-68)

0.363

CVP at admission, mmHg

60 (88) 11 (7-14)

31 (86) 10 (7-13)

29 (91) 11 (8-15)

0.454

Echocardiography
TAPSE surgery, cm

63 (93) 1.4 (1.2-1.6)

34 (94) 1.5 (1.2-1.6)

29 (91) 1.4 (1.2-1.5)

0.154

TAPSE surgery + 6 wks, cm

59 (87) 1.7 (1.4-2.0)

34 (94) 1.8 (1.6-2.1)

25 (78) 1.7 (1.4-2.0)

0.136

TAPSE surgery + 12 wks, cm

56 (82) 1.9 (1.5-2.0)

32 (89) 1.9 (1.5-2.0)

24 (75) 1.9 (1.5-2.1)

0.777

NT-proBNP surgery + 6 wks, ng/l

58 (85) 264 (143-428)

33 (92) 299 (143-422) 25 (78) 258 (144-455) 0.643

NT-proBNP surgery + 12 wks, ng/l

54 (79) 156 (87-317)

31 (86) 187 (102-298) 23 (72) 144 (68-373)

Laboratory
0.310

Data are presented as number (percentage), mean ± standard deviation or median (interquartile range).
Abbreviations: VO2 max: maximal oxygen consumption; ICU: intensive care unit; CVP: central venous pressure; TAPSE: tricuspid annular plane systolic excursion; NT-proBNP: N-terminal pro-brain natriuretic peptide.
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3.0

1.5
1.0

Bosentan
Controls

p=0.167

p=0.030

p=0.433
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surgery
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15
17
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17

surgery
+6 wks

surgery
+12 wks

n
19
15
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15

SPAP >40 mmHg

3.0

TAPSE, cm

Bosentan
Controls

2.0

1.0

0

Bosentan
Controls

1.8
1.6
1.4

p=0.202

*preoperative visit, median time before cardiac surgery 5 wks, IQR 3-7 wks

C

Bosentan
Controls

2.0

TAPSE, cm

2.0

TAPSE <2.4 cm

2.2

Bosentan
Controls

2.5

TAPSE, cm
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p=0.230

p=0.183

p=0.017

p=0.286

preop*

surgery

n
13
10

n
13
09

surgery
+6 wks

surgery
+12 wks

n
13
09

n
12
08

1.2

Bosentan
Controls

p=0.650

p=0.648

p=0.018

p=0.558

preop*

surgery

n
15
13

n
15
12

surgery
+6 wks

surgery
+12 wks

n
14
11

n
15
09

*preoperative visit, median time before cardiac surgery 5 wks, IQR 3-8 wks

Figure 4. Perioperative TAPSE values in subgroups.
A: WHO > 1.
B: TAPSE < 2.4 cm.
C: SPAP > 40 mmHg.
Comparison between groups was done with
Mann-Whitney U analyses.
Abbreviations: WHO: World Health Organization
functional classification; TAPSE: tricuspid annular
plane systolic excursion; SPAP: systolic pulmonary artery pressure.

*preoperative visit, median time before cardiac surgery 4 wks, IQR 3-8 wks

DISCUSSION
This is the first study to determine whether perioperative treatment with bosentan, an
endothelin-1 receptor antagonist, could improve outcome in adult patients with CHD
undergoing cardiac surgery. We did not observe significant effects of bosentan on
postoperative exercise capacity, RVF, NT-proBNP, length of ICU stay or central venous
pressure. However, subgroup analyses showed a beneficial effect of bosentan on RVF
(TAPSE) six weeks postoperatively in patients with symptoms (WHO functional classification > I), elevated pulmonary artery pressure (SPAP > 40 mmHg) or lower preoperative
RVF (TAPSE < 2.4 cm).

Interpretation of study results
Various hypotheses regarding decline in RVF after cardiac surgery in patients with CHD
have been discussed, however without clear result. Prospective studies are therefore
important to reveal potential mechanisms and identify patients at risk. The present
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study evaluated the hypothesis that bosentan, an endothelin receptor antagonist, could
prevent excessive right ventricular afterload elevation, thereby minimizing decline in
RVF and improving exercise capacity.
Our results did not show an improvement of peak VO2 with bosentan. In patients with
acquired left-sided heart failure Butler et al. found an inverse association between PVR
and peak VO2, suggesting that PVR lowering could improve exercise performance.21
Their finding is further strengthened by results from pulmonary hypertension trials
showing that endothelin-blockade improved exercise capacity.22 Reason for absence of
peak VO2 improvement in the current study may be the pathophysiologic state of the
trial participants. Endothelin-1 release may play a modest role in healthy, but probably
a larger role in pathophysiological states.23 The release of endothelin-1 perioperatively
may have been insufficient to allow a treatment effect. Indeed, in a subset of patients
with SPAP above 40 mmHg, suggesting a significant endothelin-1 release, an accelerated recovery of RVF was demonstrated.
Postoperative RVF was not significantly different between the intervention and control
group. This again may indicate that the benefits of right ventricular afterload reduction
are dependent on the pathophysiologic state of patients, as reflected by RVF improvement in subgroups of patients with symptoms, elevated pulmonary artery pressure and
lower preoperative RVF. Kaya et al. found a similar effect of bosentan -an improvement
of RVF- in CHD patients with Eisenmenger syndrome.24 Furthermore, elevated levels
of endothelin-1 have been identified in many disease processes, including pulmonary
hypertension, congestive heart failure and myocardial ischemia.25 This may explain the
postoperative RVF improvement in the above mentioned subgroups.
The absence of RVF improvement directly after cardiac surgery may indicate that
other mechanisms contribute (more) to the genesis of decline in RVF after cardiac
surgery. Potentially, acute ischemia or air emboli may have caused the decline in RVF.
An earlier study on CHD patients undergoing cardiac surgery showed a correlation between decline in RVF and post-operative troponin T levels, indicating ischemia.7 Other
hypotheses, such as perioperative temperature variations and the deleterious effects of
pericardial disruption on right ventricular filling and function are plausible, but require
further investigation.7

Safety and tolerability
In our study, induction of oral bosentan therapy was well tolerated in CHD patients
undergoing cardiac surgery. Risk of fluid retention, a well-known side effect of bosentan, was small. This is an important finding and consistent with the results from other
randomized controlled trials on bosentan in CHD.26 27
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Critical study analysis, limitations, and future directions
The present study was limited by the lack of placebo and the small sample size. The
study was terminated prematurely due to the low inclusion rate despite a five-year
inclusion period and absence of a treatment effect in interim analyses. Future studies
need to increase their sample size, by national or international collaborations. A different study design with a shorter preoperative drug period could improve inclusion rate.
Macitentan, a recently introduced ERA without the need for titration, would be suitable
for this purpose.
RVF was evaluated by means of TAPSE, however, RV S’ showed a similar course perioperatively and was comparable between the intervention and control group. The TAPSE
values and studied cut-off were relatively high in our study cohort. TAPSE values are
known to be influenced by tricuspid regurgitation and abnormal ventricular geometry.28
A considerable amount of patients with moderate-to-severe tricuspid regurgitation or
atrial septal defects probably accounts for the TAPSE distribution in the study cohort.
Advantages of a lower cut-off for TAPSE (commonly 1.6 cm) may be addressed by future
studies.
Subgroup analyses showed a beneficial effect of bosentan on RVF (TAPSE) six weeks
postoperatively in patients with symptoms, elevated pulmonary artery pressure or lower
preoperative RVF. An accelerated recovery of RVF could be of paramount importance
for vulnerable patients at highest risk for developing right heart failure. However, as
usual with post hoc subgroup analyses, the results should be taken with caution and are
hypothesis generating at most.

CONCLUSION
Our results do not support routine use of bosentan in adults with CHD undergoing
cardiac surgery. However, in patients with symptoms (WHO functional classification
> I), elevated pulmonary artery pressure (SPAP > 40 mmHg) or lower right ventricular
function (TAPSE < 2.4 cm), perioperative bosentan may accelerate recovery of right
ventricular function.
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ABSTRACT
Background
Regular physical activity and aerobic exercise training are related to decreased cardiovascular mortality in healthy individuals, as well as in individuals with cardiovascular risk
factors and cardiac patients. Unfortunately, the effect of exercise training in symptomatic grown-up congenital heart disease (CHD) patients remains unclear. The objective of
the ExTra GUCH trial is to provide evidence that encouragement of a six-month sports
participation program is safe and improves exercise capacity and quality of life in symptomatic grown-up CHD patients.

Methods
We designed a large-scale, prospective, international, multicenter, parallel, randomized controlled trial. All grown-up CHD patients in World Health Organization (WHO)
functional classification II or III are eligible for inclusion. The intervention group receives
a six-month individualized exercise-training program; the control group receives
usual care. The primary safety outcome is the composition of all hospitalizations and
all deaths during, or within three hours after exercise. The primary efficacy outcome is
the difference in change in maximum rate of oxygen consumption (peak VO2) between
patients in the sports participation group and the control group. Secondary outcome
measures are the differences in change in WHO functional classification, quality of life
and NT-proBNP levels.

Conclusion
With this large-scale, prospective, randomized controlled trial, we aim to establish the
role of exercise training in symptomatic grown-up CHD patients.
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INTRODUCTION
Survival of patients with congenital heart disease (CHD) has steadily increased over the
past decades,1-3 with even those with severe congenital cardiac anomalies currently
reaching adulthood. A large number of these patients will eventually develop symptomatic heart failure, due to residual lesions of their cardiac condition in addition to previous
cardiac surgery and cyanosis during childhood.4 In patients with acquired heart failure
regular physical activity decreases both morbidity and even mortality.5–8
Beneficial effects of aerobic exercise training are achieved, as it decreases myocardial
oxygen demand by lowering both heart rate and blood pressure. Moreover, exercise
training has been shown to increase coronary artery diameter, to improve microcirculation and endothelial function. In addition, exercise diminishes the chance of obesity,
and the development of diabetes mellitus.9 Although these rationales behind the beneficial effects of physical activity seem equally applicable to grown-up CHD patients, no
conclusive evidence of its benefits exists.10 11
European consensus reports in 2006 and 2011 stated that exercise should be
performed and encouraged in asymptomatic patients with CHD of mild to moderate
severity.12 13 Nevertheless, many physicians are reluctant to recommend exercise for CHD
patients since knowledge of cardiac effects and risk related to exercise is scarce.10 14 Our
previous, small-scaled pilot-study on exercise training in asymptomatic adult patients
with a systemic right ventricle demonstrated an increase in exercise capacity after a 10week training program. In addition, exercise training was found to be safe, even in these
complex cardiac patients.15 Therefore, we consider it highly likely that exercise training
will lead to substantial improvements in cardiovascular morbidity in a much broader
spectrum of grown-up CHD patients, also in those suffering from symptomatic heart
failure.
The objective of the “ExTra GUCH trial”, a large-scale, prospective, international, multicenter, parallel, randomized controlled trial, is to provide evidence that encouragement
of a six-month sports participation program is safe and improves exercise capacity and
quality of life in symptomatic grown-up CHD patients.

METHODS
We designed a large-scale, prospective, international, multicenter, parallel, randomized
controlled trial to assess whether encouragement of a six-month sports participation
program in addition to usual care in symptomatic grown-up CHD patients is safe and
improves exercise capacity and quality of life. The primary hypothesis of this study is
that a six-month sports participation program will result in an improvement of the
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maximum rate of oxygen consumption (peak VO2) during incremental exercise. Secondary hypotheses are that a sports program will improve quality of life, World Health
Organization (WHO) functional classification, and will lower serum neurohormone levels
of N-terminal pro-brain natriuretic peptide (NT-proBNP). The primary safety outcome is
the composite of all hospitalizations, and all deaths during, or within three hours after
exercise. The secondary safety outcome is the composite of all exercise related injuries
for which medical attention is sought.
The study is being conducted in two tertiary referral centers, one in the Netherlands
and one in Italy. The protocol has been approved by the institutional ethics committees of both participating centers. The authors are solely responsible for the design and
conduct of the study, all study analyses, the drafting and editing of the paper, and its
final contents. There are no conflicts of interests, nor any financial disclosures. The trial
is registered at http://clinicaltrials.gov, number NCT02825472. A flowchart of the study
design is shown in Figure 1.

Figure 1. Flowchart of the study design.
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Subject selection
Patients ≥ 18 years old with congenital heart disease who are treated in one of the participating centers (Academic Medical Center Amsterdam, I.R.C.C.S. San Donato Milanese)
are eligible to participate in the study. Inclusion and exclusion criteria are presented in
Table 1. Potential Dutch candidates are identified via the CONCOR database, the national
database and DNA data bank of adult patients with congenital heart disease. Potential
Italian patients are identified via the echocardiography database at I.R.C.C.S. San Donato
Milanese in Milan, Italy, in which all patients with congenital heart disease are labeled
as such. Patients are selected and approached by their treating physician. If a patient
meets all the inclusion and none of the exclusion criteria, the patient is invited to the
outpatient clinic for a detailed explanation of the study and asked for informed consent.
Table 1. Inclusion and exclusion criteria.
Inclusion and exclusion criteria
Inclusion criteria
Age ≥ 18 years
Congenital heart disease of all complexities
WHO II or III
Exclusion criteria
Inability to give informed consent
Inability to participate in an exercise training program
Exercise-induced arrhythmia and/or ischemia
Cyanosis at rest
Pregnancy
Major cardiovascular event and/or procedure within three months previous to inclusion
Participation in interventional clinical trial

Abbreviations: WHO: World Health Organization functional classification.

Randomization and masking
When all baseline procedures have been performed and the investigator has observed
that all inclusion and none of the exclusion criteria apply, patients are randomly assigned in a 1:1 ratio to commence with the exercise training program, or to refrain from
the exercise training program. Randomization is performed by the investigators using
randomly permuted blocks of 10, stratified by site and patient complexity. The complexity of the congenital heart disease is according to the Task Force, and is divided into
two groups: congenital heart disease of low and moderate complexity vs. congenital
heart disease of high complexity.16 Written informed consent will be obtained from each
patient prior to randomization.
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Study intervention
Consenting patients agree to sports participation three times a week, for 26 consecutive
weeks (e.g. six months). Training sessions are individualized, based on the heart rate
reserve (HRR: maximum heart rate - resting heart rate) at the baseline cardiopulmonary
exercise test (CPET). Target heart rate zones are based on a percentage of HRR added to
the resting heart rate. This ensures optimal individualized training schedules, and takes
into account any possible use of medication. Each training session takes a minimum
of thirty minutes at target heart rate zone. Patients are requested to keep a log for the
training program, stating dates and times of performed exercise, and heart rates during exercise. Participating patients will be provided with a digital heart rate monitor to
monitor frequency and intensity of the training sessions, as well as heart rate during
exercise.
Previous exercise training studies (in grown-up CHD patients) were hampered because
participating patients did not meet expected exercise intensity, and drop-out rates were
high.10 To overcome lack of compliance and high drop-out levels, two major differences
compared to previous studies are incorporated into our study. Firstly, consenting patients can choose their preferred sport to perform the exercise-training program as they
like, as long as the above-mentioned time- and intensity criteria are met. Secondly, to increase compliance and create solidarity, consenting patients are added to the enclosed
ExTra GUCH Facebook group, which is available in Dutch and Italian. The ExTra GUCH
Facebook group is designed to post sportive accomplishments and study progress.
Participation in the ExTra GUCH Facebook group is voluntary, and refusal to participate
does not exclude consenting patients from participation in the trial.

Outcome measures
Study measures (i.e. extensive history taking, physical examination, WHO functional
classification, electrocardiography, blood analysis, CPET, and quality of life questionnaires) are obtained in all participating patients at baseline. They will be repeated after
a 26 weeks follow-up period.

Clinical data and definitions
CPET: Cardiopulmonary exercise testing will be performed in all patients at baseline and
will be repeated at 26 weeks follow-up. Before exercise, respiratory flow volume loops
are acquired and maximal breathing capacity is determined. The CPET is performed to
assess maximum oxygen consumption according to the guidelines of the American
Thoracic Society.17 Patients are placed on a cycle ergometer to perform continuous
measurements of minute ventilation, oxygen consumption, carbon dioxide production,
heart rate, blood pressure, and electrocardiography (Jaeger Oxycon Pro, Wuerzburg,
Germany). Work load will be increased gradually, in a constant manner, depending on
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the individually predicted maximum exercise capacity and in such a way that calculated
maximal effort will be attained in approximately 10-15 minutes. All patients are exercised to their maximum exercise capability.
Electrocardiography: A 12-lead electrocardiogram is registered in all patients at
baseline and 26 weeks follow-up.
Neurohormone levels: Concentrations of NT-proBNP will be measured at baseline and
26 weeks follow-up. NT-proBNP levels will be determined by electrochemiluminescence
immunoassay on an Elecsys 2010 analyzer (Roche Diagnostics, Almere, The Netherlands).
Quality of life questionnaires: Quality of life is assessed at baseline, and after a 26week follow-up period using two different quality of life questionnaires. Health-related
quality of life is assessed by means of the Dutch and Italian translations of the Medical Outcomes Study Short Form 36 item (SF36) health survey.18 The SF36 is a generic,
well documented, widely used and validated, multi-item questionnaire comprising 36
questions on eight domains (physical functioning, role functioning physical, bodily
pain, general health perception, vitality, social functioning, role functioning emotional
and mental health). Scores range from 0 to 100, with higher scores representing better
quality of life. Patients’ SF36 scores will be analyzed against published age- and gendermatched reference population norms, after which the eight domains are combined into
two higher-ordered clusters; the physical component summary (PCS) and the mental
component summary (MCS). All PCS/MCS are norm based with the general population
means equal to 50 and the standard deviation equal to 10. In addition, quality of life
will be assessed by means of the Dutch and Italian translations of the CHD-TNO/AZL
Adult Quality of Life (CHD-TAAQOL) questionnaire. The CHD-TAAQOL is developed as
a disease-specific tool for measuring health-related quality of life in adults with congenital heart defects.19 It contains 26 items covering three subscales: symptoms or
limitations during the previous month, worries during the previous month and impact
of the medical examinations. The scores are transformed to a 0-100 scale, with higher
scores representing better quality of life. Convergent and discriminate validity showed
satisfactory coefficients.19
Safety: The primary safety outcome is the composite of all hospitalizations and all
deaths during, or within three hours after exercise. The secondary safety outcome is the
composite of all exercise related injuries for which medical attention is sought.

Statistical considerations
Sample size calculation is based on the primary endpoint of exercise capacity (peak VO2
in ml/kg/min). Assuming a standard deviation of 4 ml/kg/min, 76 patients are required
to obtain 90% power to detect a difference of 3 ml/kg/min (0 in the control group to
3 ml/kg/min in the exercise group) in two treatment groups after six months with a
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two-sided α of 0.05. Taking into account a 25% dropout during the study period we aim
to include 100 patients.
Analyses are intention-to-treat. For statistical analyses SPSS 23.0 (IBM Corp, Armonk,
United States of America) for Windows is used. A two-tailed p value of 0.050 is used as
a criterion for statistical significance. The descriptive data will be presented as numbers
with percentage, or as mean with standard deviation, or median with range, as appropriate. Potential imbalances in protocol violation and loss to follow-up between the two
groups are evaluated with a student independent t-test, or a chi-square test. Differences
between baseline and follow-up between treatment arms are assessed for all patients
in the intervention and control groups with a two-tailed paired t-test or a Wilcoxon
matched-paired signed rank test where appropriate. The difference in the primary endpoint (difference in peak VO2) is assessed with a two-sample t-test.

Time line and trial enrolment
Patient enrollment started in June 2016. Currently, thirty-eight patients are included.

DISCUSSION
This is the first large-scale, prospective, international, multicenter, parallel, randomized
controlled trial that evaluates whether encouragement of a six-month sports participation program is safe and improves exercise capacity and quality of life in symptomatic
grown-up CHD patients.
Guidelines on the treatment of acquired heart failure recommend regular physical
activity, irrespective of their WHO functional classification, as it is known to lower both
morbidity and mortality in these patients.5 7 8 Although the rationale behind the benefits
of physical exercise seems equally applicable to the grown-up CHD population with
heart failure, randomized trials are currently lacking. Recently, a systematic review summarized current available evidence on the effect of physical exercise training programs
in CHD. A total of 31 articles was described, together including 621 subjects (age range
4-45 years). Training sessions were on average three times a week, and most often lasted
12 weeks. Overall, twenty-three studies (72%) found a significant positive change in the
main outcome measure after the training period. None of the studies reported serious
adverse events related to physical exercise training. Although these findings have led to
exercise training being no longer dissuaded in grown-up CHD patients with mild congenital heart disease, restrictions remain in place for symptomatic or complex grown-up
CHD patients.20 Unfortunately, the effect of these restrictions may well be adverse.21
The hiatus in current knowledge has led us to initiate the first prospective intervention
study, set-up to evaluate the effect of sports participation in symptomatic grown-up
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CHD patients. In 2009, we designed a randomized controlled trial on exercise training in
54 patients with a systemic right ventricle.15 Exercise training led to significantly higher
peak VO2 at ten weeks follow-up, however, this effect did not persist over a subsequent
three-year follow-up period.22 Interestingly, patients who already participated in regular
sports or exercise at baseline, showed a better exercise capacity and increased eventfree survival during follow-up. In 2015, Dean and coworkers performed a retrospective
questionnaires study in 177 patients with CHD aged 13-30 years, showing that patients
with CHD commonly participated in competitive sports, and they also found that such
participation was independently associated with higher quality of life and improved
exercise capacity.21 However, the study was hampered by a retrospective design and
did not describe whether patients were symptomatic, which makes definite conclusions
on a causal relation between sports participation and quality of life or exercise capacity
difficult.
Many caretakers are reluctant to recommend exercise because of a potential risk of
serious adverse events, even though no such events have been reported in a recent
systematic review of prior studies in asymptomatic grown-up CHD patients.10 Indeed,
although safety has also long been a major concern in patients with acquired heart
disease, major cardiovascular events seem to occur in a mere 1 in 50,000 to 120,000
patient-hours, with cardiovascular fatality even being five times less common.9 To
provide evidence on similar safety in our symptomatic (WHO functional classification II
and III) grown-up CHD population, we included safety as a primary outcome. Given the
relatively small patient numbers in CHD studies compared to acquired heart failure trials,
a strong primary efficacy endpoint, such as hospitalization for heart failure or mortality,
is unlikely to be met. Instead we chose peak VO2, a widely used surrogate endpoint with
high clinical impact.
Given the above mentioned data, we expect sports participation to be beneficial
regardless of CHD severity. Unfortunately, previous exercise training studies in CHD
have shown that compliance is a pitfall, possibly reducing the initial training benefits.
Participating patients performed less exercise than required, and drop-out levels were
high.10 To overcome lack of compliance and high drop-out levels, two unique differences
compared to previous studies are incorporated in our study. Firstly, consenting patients
can choose their preferred sport to perform the exercise program, as they like, as long
as the scheduled time- and intensity criteria are met. This increases the likelihood of the
new lifestyle being maintained even after the study. Secondly, consenting patients are
invited to the ExTra GUCH social media group. By mutual contact through social media,
we assume patients to remain involved and motivated.
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CONCLUSION
This large-scale, prospective, international, multicenter, parallel, randomized controlled
trial is set-up to assess whether encouragement of a six-month sports participation program is safe and improves exercise capacity and quality of life in symptomatic grown-up
CHD patients. This would provide these patients with a low-cost, simple, beneficial, and
evidence-based treatment option.
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SUMMARY
Many years ago Victor Eisenmenger was the first to describe a cyanotic patient with a
condition he did not fully understand. He named it Eisenmenger syndrome. A century
later physicians and researchers still struggle to deliver optimal care to patients with
Eisenmenger syndrome and other forms of pulmonary arterial hypertension due to
congenital heart disease (PAH-CHD). We have entered a new era in which congenital
heart disease (CHD) is diagnosed more often and earlier than before, due to advancements in cardiac imaging. The successes of cardiac surgery have resulted in a dramatically increased life expectancy of children with congenital heart disease. Unfortunately,
this prolonged survival puts patients at higher risk for devastating complications such
as pulmonary arterial hypertension (PAH). This thesis - congenital heart disease and
pulmonary arterial hypertension: end of an era? - focuses on risk stratification in adult
patients with PAH-CHD, the various treatment options available, new indications for
therapy perioperatively and a sports encouragement program for patients with CHD.
Chapter 1 is the general introduction and outline of this thesis. In the first part of this
thesis the association of several clinical variables with prognosis has been studied, in
order to improve risk stratification and, subsequently, treatment. The second part of this
thesis is about management options. We report the design and results of an observational cohort study on the effects of a switch in pharmacological therapy in adults with
PAH-CHD. Next, the potential of a new perioperative management option was examined
in a randomized controlled trial for CHD patients undergoing cardiac surgery. Finally, we
report the design of a trial to evaluate the effects of a six-month sports encouragement
program.

PART I RISK STRATIFICATION
Chapter 2
Chapter 2 gives an overview of the current state of art in patients with pulmonary arterial hypertension due to congenital heart disease. We report that CHD patients remain
at risk for PAH even after early shunt closure. We describe the current identification of
patients with a poor prognosis using disease-specific markers. Echocardiography and
biomarkers arose as practical tools to determine the risk of mortality. Furthermore we
describe four classes of disease-targeting therapies currently available and several
promising therapies which have been studied.
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Chapter 3
The studies described in chapters 3, 4, 5 and 6 were all part of a larger prospective observational cohort study on PAH-specific therapy. In chapter 3 we assess whether quality of
life was associated with mortality in adult patients with PAH-CHD. Quality of life surveys
(SF36) were recorded during two years of therapy. Based on shift in SF36 scores during
this period, patients had either decreased or non-decreased quality of life. Decrease in
the physical component of the SF36 following initiation of PAH-specific therapy was
related to mortality.

Chapter 4
Cystatin C, a novel cardiac biomarker, correlates with right ventricular dimensions in
patients with idiopathic PAH, giving it potential to determine prognosis in patients with
PAH-CHD. In this chapter we report the predictive value of cystatin C for long-term mortality and clinical events. Nearly half of the participants had elevated levels of cystatin
C. In multivariate analysis cystatin C remained predictive when adjusted for NT-proBNP
or glomerular filtration rate. Consequently, cystatin C may attribute to clinical decision
making regarding treatment intensity.

Chapter 5
While several biomarkers have been identified to play a prognostic role in PAH-CHD,
current guidelines solely advise the use of biomarker NT-proBNP for its established
association with mortality. In patients with acquired left-sided heart failure, a multibiomarker approach has led to significant improvements in risk prediction. The aim of
chapter 5 was to determine whether the use of additional biomarkers offers additional
value to predict mortality in patients with PAH-CHD. However, no additional benefit was
demonstrated of multi-biomarkers compared to NT-proBNP only to predict mortality.

Chapter 6
Risk stratification was further investigated in chapter 6. Several cross-sectional baseline
parameters such as NT-proBNP, six-minute walk distance and World Health Organization
(WHO) functional classification were related to mortality. However, their prognostic
value seemed to weaken after years of follow-up. Compared to baseline parameters,
serial changes in standard clinical parameters were more potent predictors for mortality
in PAH-CHD. Furthermore, serial changes in these parameters each had a specific impact
on the length of survival.

Summary

155

PART II MANAGEMENT
Chapter 7
In chapter 7 we describe the effects of a switch from the widely used endothelin receptor
antagonist (ERA) bosentan to its novel successor macitentan on clinical status. Bosentan,
the most widely applied pulmonary vasodilator, improves exercise capacity and quality
of life of patients with PAH-CHD. Still, prognosis remains impaired. Macitentan, a new
pulmonary vasodilator analogous to bosentan with enhanced receptor binding has
several promising properties. However, a direct clinical comparison with bosentan
had not been investigated. A switch from bosentan to macitentan was associated with
improvement of WHO functional classification, NT-proBNP and right ventricular function
at six months follow-up. Six-minute walk distance and frequency of hospitalizations for
heart failure were unchanged.

Chapter 8
The BOCA study, described in this chapter, did not show a benefit of routine use of
bosentan in adults with CHD undergoing cardiac surgery. However, in patients with
preoperative symptoms, elevated pulmonary artery pressure or lower right ventricular
function, perioperative bosentan may accelerate recovery of right ventricular function.
Future studies, in larger cohorts through international collaboration, should further address this issue.

Chapter 9
The trial design described in chapter 9 aims to establish the role of exercise training in
symptomatic adult CHD patients. The ExTra GUCH study is a large-scale, prospective,
international, multicenter, parallel, randomized controlled trial. All adult CHD patients
in WHO functional classification II or III are eligible for inclusion. The intervention group
will receive a six-month individualized exercise-training program; the control group
will receive usual care. Outcomes of interest are the composition of hospitalizations
and deaths during, or within three hours after exercise and the difference in change in
maximum rate of oxygen consumption between the groups.
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NEDERLANDSE SAMENVATTING
Vele jaren geleden kwam Victor Eisenmenger met een beschrijving van een fenomeen
dat hij op dat moment nog niet ten volle begreep. Hij gaf hier zijn naam aan. Een eeuw
later hebben artsen en onderzoekers nog steeds moeite om optimale zorg te leveren
aan patiënten met het eisenmenger-syndroom en andere vormen van pulmonale
arteriële hypertensie door een aangeboren hartaandoening (PAH-CHD). Inmiddels zijn
we een nieuw tijdperk binnengegaan waar aangeboren hartaandoeningen (CHD) zowel
vaker als eerder gediagnosticeerd worden, door vooruitgang in cardiale beeldvorming.
De successen van de hartchirurgie hebben geleid tot een drastische toename van de
levensverwachting van kinderen met een aangeboren hartaandoening. Helaas maakt
deze toename in levensverwachting patiënten tevens vatbaar voor ernstige complicaties, zoals pulmonale arteriële hypertensie (PAH). Deze thesis - congenital heart disease
and pulmonary arterial hypertension: end of an era? - richt zich op risicostratificatie van
patiënten met PAH-CHD, de verschillende behandelopties die beschikbaar zijn, nieuwe
indicaties voor behandeling perioperatief en een sporttrainingsprogramma voor patiënten met een aangeboren hartaandoening. Hoofdstuk 1 bestaat uit een algemene
inleiding en overzicht van deze thesis. In het eerste deel van deze thesis bestuderen
we de associatie tussen verscheidene klinische variabelen en de prognose. We trachten
hiermee de risicostratificatie en daarmee de individuele behandeling te verbeteren. Het
tweede deel van deze thesis gaat over behandelopties. We rapporteren de opzet en de
resultaten van een observationele cohortstudie naar de effecten van een switch van
farmacologische therapie in volwassenen met PAH-CHD. Vervolgens onderzoeken we
het potentieel van een nieuwe perioperatieve behandeloptie in een gerandomiseerde
gecontroleerde studie voor patiënten met een aangeboren hartaandoening die hartchirurgie moeten ondergaan. Als laatste rapporteren we de opzet van een nieuwe studie
om de effecten van een zes maanden durend sporttrainingsprogramma in kaart te
brengen.

DEEL I RISICOSTRATIFICATIE
Hoofdstuk 2
Hoofdstuk 2 geeft een overzicht van de huidige stand van zaken bij patiënten met
pulmonale arteriële hypertensie door een aangeboren hartaandoening. We rapporteren
dat patiënten een risico blijven houden voor PAH ondanks een eventuele correctie van
hun hartdefect op jonge leeftijd. We beschrijven de huidige identificatie van patiënten
met een slechte prognose door ziekte-specifieke markers. Hierbij blijken echocardiografie en biomarkers praktische hulpmiddelen om het risico op overlijden in te schatten.
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Verder beschrijven we vier klassen van PAH-medicijnen die momenteel beschikbaar zijn
en beschouwen we verscheidene therapieën die nog onderzocht worden.

Hoofdstuk 3
De studies die beschreven worden in hoofdstuk 3, 4, 5 en 6 zijn alle onderdeel van een
grotere prospectieve observationele cohortstudie naar de effecten van PAH-medicatie.
In hoofdstuk 3 onderzoeken we of kwaliteit van leven geassocieerd is met mortaliteit
in volwassen patiënten met PAH-CHD. Kwaliteit-van-levenvragenlijsten (SF36) werden
afgenomen gedurende twee jaar van behandeling op de polikliniek cardiologie. Gebaseerd op een verandering in de scores van deze vragenlijsten werden patiënten geclassificeerd als hebbende een afgenomen of behouden kwaliteit van leven. Een afgenomen
kwaliteit van leven in de fysieke component van de SF36 na initiatie van PAH-therapie
bleek gerelateerd aan mortaliteit.

Hoofdstuk 4
Cystatine C, een nieuwe cardiale biomarker, correleert met rechterkamerdimensies in
patiënten met idiopathische PAH, wat het potentie geeft om de prognose te bepalen in
patiënten met PAH-CHD. In dit hoofdstuk rapporteren we de voorspellende waarde van
cystatine C voor langetermijnmortaliteit en klinische events. Bijna de helft van de onderzochte populatie had een verhoogd cystatine C. In multivariate analyse bleef cystatine
C voorspellend, ook na correctie voor NT-proBNP of nierfunctie. Derhalve zou cystatine
C een bijdrage kunnen leveren aan de klinische beslisvorming om de medicamenteuze
PAH-behandeling uit te breiden.

Hoofdstuk 5
Hoewel inmiddels verschillende biomarkers geïdentificeerd zijn die een prognostische
rol spelen in PAH-CHD, adviseren de huidige richtlijnen om alleen de biomarker NTproBNP te gebruiken. Dit vanwege de overduidelijke en veel onderzochte associatie van
NT-proBNP met mortaliteit. In patiënten met verworven linkszijdig hartfalen bleek een
multi-biomarker aanpak tot significante verbeteringen in risicostratificatie te leiden. Het
doel van hoofdstuk 5 was om te bepalen of het gebruik van additionele biomarkers
ook tot verbeterde risicostratificatie zou leiden in patiënten met PAH-CHD. Er werd geen
bijkomend voordeel gedemonstreerd van multi-biomarkers vergeleken met NT-proBNP
alleen om mortaliteit te voorspellen.

Hoofdstuk 6
Risicostratificatie werd verder onderzocht in hoofdstuk 6. Verschillende cross-sectionele
baseline parameters zijn gerelateerd aan mortaliteit in PAH-CHD, waaronder NT-proBNP,
zes-minuten loopafstand en wereldgezondheidsorganisatie (WHO) functionele klasse.
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De prognostische waarde van deze parameters blijkt echter af te zwakken bij een langere follow-up. Vergeleken met baseline parameters bleken seriële veranderingen in
standaard klinische parameters krachtiger te voorspellen voor mortaliteit in PAH-CHD.
Daarbij bleken seriële veranderingen in deze parameters elk een eigen impact te hebben op de lengte van de overleving.

DEEL II MANAGEMENT
Hoofdstuk 7
In hoofdstuk 7 beschrijven we de effecten van een switch van de veel gebruikte endotheline receptor antagonist (ERA) bosentan naar zijn nieuwere opvolger macitentan
op klinische status. Bosentan, een wijd verspreide pulmonale vaatverwijder, verbetert
inspanningscapaciteit en kwaliteit van leven voor patiënten met PAH-CHD. De prognose
blijft echter ook na behandeling beperkt. Macitentan, een nieuwere pulmonale vaatverwijder analoog aan bosentan met verbeterde receptor binding, heeft verschillende
veelbelovende eigenschappen. Een directe vergelijking tussen beide middelen ontbrak
echter. Onze studie wijst uit dat een switch van bosentan naar macitentan resulteert in
een verbetering van WHO functionele klasse, NT-proBNP en rechterventrikelfunctie bij
zes maanden follow-up. Zes-minuten loopafstand en de frequentie van hospitalisaties
voor hartfalen bleven onveranderd.

Hoofdstuk 8
De BOCA studie, beschreven in dit hoofdstuk, liet geen voordeel zien van een routinegebruik van bosentan in volwassenen met een aangeboren hartaandoening die hartchirurgie ondergingen. Echter, in patiënten met preoperatieve vermoeidheidsklachten,
hoge longdrukken of beperkte rechterventrikelfunctie, zou perioperatief gebruik van
bosentan kunnen leiden tot een sneller herstel van rechterventrikelfunctie. Toekomstige
studies, in grotere cohorten door nationale of internationale samenwerking, zouden dit
onderwerp verder moeten exploreren.

Hoofdstuk 9
In hoofdstuk 9 beschrijven we een onderzoeksopzet om te bepalen wat de rol is van een
sporttrainingsprogramma in symptomatische volwassenen met een aangeboren hartaandoening. De ExTra GUCH studie is een groot, prospectief, internationaal, multicenter,
parallel, gerandomiseerd onderzoek. Alle volwassenen met een aangeboren hartaandoening in WHO functionele klasse II of III kunnen meedoen. De interventiegroep krijgt
een zes maanden durend geïndividualiseerd trainingsprogramma opgelegd; de controle
groep krijgt geen inspanningsadvies. Uitkomsten van belang zijn een gecombineerd
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eindpunt van hospitalisaties en overlijden gedurende, of binnen drie uur na het sporten
en het verschil in verandering in zuurstofopnamevermogen tussen de beide groepen.
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Ilja Mark Blok was born as the first of three children on the 16th of July 1987 in Alkmaar, the Netherlands. His school carrier began at primary school De Kring in Alkmaar,
but he moved to Hengelo (Overijssel) where he continued in group 7. In 2005 he passed
his gymnasium at the Bataafse Kamp in Hengelo. Outside of school he played hockey,
tennis and practiced in playing the piano. He started studying medicine at the University
of Amsterdam, which he enjoyed. The required hours of studying were interspersed with
vivid card games on the various squares in the Academic Medical Center and he became
member of a student society. During his clinical internships he worked for several months
in Brussels for pediatrics and in Paramaribo for neurology. Being attracted to cardiology he
arranged a voluntary internship in cardiology at the BovenIJ hospital. His final internship
was on the cardiology ward and first aid of the Onze Lieve Vrouwe Gasthuis.
After he obtained his degree as a medical doctor in 2012, he worked as a resident
cardiology at the Spaarne Gasthuis in Hoofddorp. In 2013 he began his PhD project
at the department of congenital cardiology in adults at the Academic Medical Center.
His supervisors were prof. dr. Barbara J.M. Mulder, cardiologist, and dr. Berto J. Bouma,
cardiologist. The clinical nature of the research provided an opportunity to maintain
patient contact. In April 2017, he started as a resident cardiology in the HagaZiekenhuis
in The Hague, where he hopes to obtain his cardiology degree.
Ilja Mark Blok werd geboren als eerste van drie kinderen op 16 juli 1987 in Alkmaar,
Nederland. Daar begon zijn schoolcarrière op basisschool de Kring, maar hij rondde zijn
bassischool af in Hengelo (Overijssel) na een verhuizing in groep 7. Zijn middelbareschooldiploma gymnasium behaalde hij in 2005 op de Bataafse Kamp. Buiten schooltijd
speelde hij hockey, tennis en beoefende hij zich in pianospelen. In 2005 startte hij met
de studie geneeskunde aan de Universiteit van Amsterdam, wat hij met veel plezier
deed. De nodige studie-uren werden afgewisseld met fervent klaverjassen op de diverse
pleinen in het Academisch Medisch Centrum en hij werd lid van een studentenvereniging. Tijdens zijn coschappen ging hij enkele maanden naar Brussel voor kindergeneeskunde en naar Paramaribo voor neurologie. Omdat hij zich aangetrokken voelde tot de
cardiologie, organiseerde hij in het eerste jaar van zijn coschappen een vrijwillige stage
in het BovenIJ ziekenhuis op de cardiologie. Zijn oudste coschap deed hij op de afdeling
cardiologie en de eerste hulp in het Onze Lieve Vrouwe Gasthuis.
Na het behalen van zijn diploma geneeskunde in 2012 heeft Ilja eerst een jaar als
arts-assistent cardiologie gewerkt in het Spaarne Gasthuis in Hoofddorp. In 2013 begon
hij zijn promotieonderzoek bij de congenitale cardiologie bij volwassenen in het Academisch Medisch Centrum. Het promotieonderzoek werd begeleid door prof. dr. Barbara
J.M. Mulder, cardioloog, en dr. Berto J. Bouma, cardioloog. Het klinische onderzoek gaf
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hem veel mogelijkheden om patiëntencontact te onderhouden. In april 2017 is hij gestart als arts-assistent cardiologie in het HagaZiekenhuis Den Haag alwaar hij hoopt te
starten met de opleiding tot cardioloog.
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Promoveren is samenwerken. Dit proefschrift heeft alleen maar tot stand kunnen komen
door de gezamenlijke inspanningen van velen. Ik ben zeer erkentelijk voor alle hulp die
ik heb gekregen. Als eerste wil ik de patiënten van de volwassen congenitale cardiologie
in het Academisch Medisch Centrum (AMC) bedanken. Zonder hun tomeloze inzet en
bijdrages had dit onderzoek niet verwezenlijkt kunnen worden.
Mijn promotor prof. dr. B.J.M. Mulder ben ik veel dank verschuldigd. Beste Barbara, ik wil
je bedanken voor je enorme betrokkenheid. Je hebt me geleerd het beste uit mezelf te
halen. Je altijd drijvende kracht, resultaat gerichte werkwijze, passie voor onderzoek en
doortastendheid bewonder ik.
Ik dank dr. B.J. Bouma, mijn copromotor voor de begeleiding gedurende het promotietraject. Beste Berto, dank voor je humor, aanvullingen en hulpvaardigheid. ik bewonder
je vermogen om altijd met alles tegelijk bezig te zijn en dit toch tot een goed einde te
brengen. Hoewel je druk was maakte je altijd tijd, desnoods op vrijdag avond.
De leden van de promotiecommissie, prof. dr. R.J. de Winter, prof. dr. N.A. Blom, prof. dr.
R.J.G. Peters, prof. dr. P. Moons, dr. D.R. Koolbergen, dr. H.W. Vliegen en dr. M.C. Post wil ik
bedanken voor de bereidheid zitting te nemen in mijn promotiecommissie en voor het
beoordelen van mijn proefschrift.
Een kernpunt in onderzoek is samenwerken. Graag wil ik alle samenwerkende centra
bedanken. In het bijzonder wil ik de samenwerking met het Radboud ziekenhuis in Nijmegen vermelden. Dank aan alle betrokkenen voor de mogelijkheid om de Nijmeegse
patiënten te includeren voor dit onderzoek. Beste Arie, zonder jou waren veel van de
onderzoeken in dit proefschrift niet mogelijk geweest. Ik waardeer je humor, enthousiasme voor het vak en het onderzoek, je intellectuele bijdrages en ook de mogelijkheid
om talloze uren in je werkkamer te mogen zoeken naar data voor het onderzoek. Ook
wil ik het Leids Universitair Medisch Centrum noemen. Mijn dank gaat uit naar dr. Vliegen voor de mogelijkheid Leidse patiënten te includeren en naar Diederick Verheijen
die de logistiek daar oppakte. Tevens wil ik alle afdelingen in het AMC bedanken die
hebben meegewerkt aan de BOCA studie. Eveline van Westerop, bedankt voor al je
hulp bij het identificeren van kandidaten voor de BOCA studie. Dank aan dr. Backx voor
het rotsvaste geloof en de leuke gesprekken. Michiel Winter, dank voor je begeleiding
tijdens de promotie. Dank aan prof. dr. Zwinderman voor alle statistische hulp. De coauteurs van de hoofdstukken in dit proefschrift wil ik bedanken voor hun expertise bij
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het beoordelen van de manuscripten. Dank aan allen die hebben meegewerkt aan de
studies opgenomen in dit proefschrift.
Dank aan Actelion Pharmaceuticals, zowel internationaal als de vestiging in Nederland
voor de prettige samenwerking. Ik waardeer het enorm hoe Actelion staat voor goede
patiëntenzorg voor mensen met pulmonale hypertensie. Dit blijkt onder meer uit jullie streven om mee te denken hoe de zorg naar een hoger niveau getild kan worden
en jullie wens om hierin een betekenisvolle bijdrage te leveren. In het bijzonder wil ik
Simon van’t Sant, Karin Driessen, Han Brouwer, Suzanne Jansen, Shane de Buijzer en
Robin Verhagen bedanken voor de prettige samenwerking.
Dank aan het I.C.I.N. – Netherlands Heart Institute – voor de begeleiding, alle leuke
personeelsuitjes en kans om te kunnen promoveren. Dank aan het Durrer centrum voor
de prettige samenwerking en de opslag van samples. Dank aan Anita Nairy en Regina
Ruane, de afdelingssecretaresses voor jullie onmisbare hulp bij de promotie. Dank aan
Margreet de Bruin voor alle hulp bij de logistiek van de promotie.
Ik prijs mezelf erg gelukkig onderdeel te hebben mogen uitmaken van de congenitale cardiologie groep (ook wel “de congenitals”) in het AMC. Vanaf het eerste moment
voelde dit als thuis. Ik heb er vrienden voor het leven ontmoet. Allereerst wil ik mijn
voorgangers Mariëlle, Jeroen en Mark bedanken voor al hun voorwerk op onderzoeksgebied. Annelieke, Hayang, George, Lisette, Josephine, Jouke, Joey, Alexandra en Odilia,
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