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Abstract: Introduction: Pulmonary hypertension (PH) is a common complication in patients with
congenital heart disease (CHD), aggravating the natural, post-operative, or post-interventional course
of the underlying anomaly. The various CHDs differ substantially in characteristics, functionality, and
clinical outcomes among each other and compared with other diseases with pulmonary hypertension.
Objective: To describe current management strategies and outcomes for adults with PH in relation to
different types of CHD based on real-world data. Methods and results: COMPERA (Comparative,
Prospective Registry of Newly Initiated Therapies for Pulmonary Hypertension) is a prospective,
international PH registry comprising, at the time of data analysis, >8200 patients with various forms of
PH. Here, we analyzed a subgroup of 680 patients with PH due to CHD, who were included between
2007 and 2018 in 49 specialized centers for PH and/or CHD located in 11 European countries. At
enrollment, the patients’ median age was 44 years (67% female), and patients had either pre-tricuspid
shunts, post-tricuspid shunts, complex CHD, congenital left heart or aortic disease, or miscellaneous
other types of CHD. Upon inclusion, targeted therapies for pulmonary arterial hypertension (PAH)

http://www.mdpi.com/2077-0383/9/5/1456?type=check_update&version=1
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included endothelin receptor antagonists, PDE-5 inhibitors, prostacyclin analogues, and soluble
guanylate cyclase stimulators. Eighty patients with Eisenmenger syndrome were treatment-naïve.
While at inclusion the primary PAH treatment for the cohort was monotherapy (70% of patients),
with 30% of the patients on combination therapy, after a median observation time of 45.3 months,
the number of patients on combination therapy had increased significantly, to 50%. The use of oral
anticoagulants or antiplatelets was dependent on the underlying diagnosis or comorbidities. In the
entire COMPERA-CHD cohort, after follow-up and receiving targeted PAH therapy (n = 511), 91
patients died over the course of a 5-year follow up. The 5-year Kaplan–Meier survival estimate for
CHD associated PH was significantly better than that for idiopathic PAH (76% vs. 54%; p < 0.001).
Within the CHD associated PH group, survival estimates differed particularly depending on the
underlying diagnosis and treatment status. Conclusions: In COMPERA-CHD, the overall survival of
patients with CHD associated PH was dependent on the underlying diagnosis and treatment status,
but was significantly better as than that for idiopathic PAH. Nevertheless, overall survival of patients
with PAH due to CHD was still markedly reduced compared with survival of patients with other
types of CHD, despite an increasing number of patients on PAH-targeted combination therapy.

Keywords: congenital heart disease; pulmonary hypertension; pulmonary arterial hypertension;
adults; observational; survival; targeted therapy

1. Introduction

Pulmonary hypertension (PH) is one of the most severe complications of congenital anomalies of
the heart and/or the great vessels (CHD) [1]. The presence of PH aggravates the natural, post-operative
or post-interventional course of the underlying anomaly and impacts disease burden and outcome.
The various types of CHD (i.e., pre-/post-tricuspid shunts, complex lesions) differ substantially in
disease, clinical manifestation, functionality, and clinical outcomes, and the prevalence, characteristics,
and impact of PH largely depend on the nature of the anomaly. However, scientific data on the impact
of PH on the various forms of CHD remain sparse.

According to current guidelines [2], PH is generally defined as a mean pulmonary artery pressure
(mPAP) ≥25 mmHg, although an even lower threshold of 20 mmHg has recently been proposed by
the Sixth World Symposium on Pulmonary Hypertension [3]. Pre-capillary PH, characterized by a
pulmonary artery wedge pressure (PAWP) ≤15 mmHg and a pulmonary vascular resistance (PVR)
>3 Wood units (WU), is distinguished from postcapillary PH, where PAWP is ≥15 mmHg, and PVR
may be <3 WU (isolated post-capillary) or ≥3 WU (combined post- and pre-capillary) [2,3]. The given
hemodynamic definitions also apply to PH associated with CHD [2].

The clinical classification of PH comprises five major groups: pulmonary arterial hypertension
(PAH, Group I); PH due to left heart disease (LHD, Group II); PH due to lung disease (Group III);
chronic thromboembolic PH (Group IV); and unclear or multifactorial PH (Group V) [4]. According to
guideline recommendations, PH associated with CHD is assigned to either Group I (PAH), Group II
(due to LHD), or Group V (unclear/multifactorial mechanism) [1,2,5–7].

The incidence of PH associated with CHD has been declining in developed countries but remains
prevalent despite advances in modern medicine. This is also true for Eisenmenger syndrome [6]. The
prevalence of PAH ranges from 4.2% to 28% in CHD patients, and Eisenmenger syndrome develops
in 3.5% to 7.1% of patients with CHD and PAH [8,9]. Women with CHD have a 33% higher risk
of developing PAH than men [10], which is consistent with the female predominance in idiopathic
PAH [11].

Due to the improved survival chances of both patients who have undergone successful repair
of a left-right shunt and complex patients with palliative Fontan circulation who may develop
non-Eisenmenger types of PH, clinical deterioration due to pulmonary vascular disease has become
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a common complication. In the future, this complication is likely to increase, largely determining
morbidity and mortality of affected patients [6,12–16]. Beyond that, PH is also an evolving phenomenon
in aging patients with congenital anomalies of the left heart, e.g., in aortic coarctation, congenital aortic
valve disease, or congenital mitral valve disease [1].

Although numerous drugs have been approved for the treatment of PAH, the evidence for their
efficacy and safety in CHD remains limited, as these patients have either been excluded from major
trials or were underrepresented and inadequately characterized. Furthermore, reliable data on the
outcomes of patients with PAH in CHD is comparatively limited compared with data on patients with
idiopathic PAH.

The aim of the current study was to depict demographics, characteristics, treatment patterns,
and outcome of patients with PH due to CHD who were included into COMPERA (Comparative,
Prospective Registry of Newly Initiated Therapies for Pulmonary Hypertension), a European-based PH
registry that enrolls patients with all forms of PH, and constitutes one of the largest series of patients
with any form of PH or pulmonary vascular disease [17–19].

2. Patients and Methods

2.1. Setting

The COMPERA registry was launched in July 2007 and continues to enroll patients [20]. Since
June 2009, COMPERA includes patients with all forms of PH on any pulmonary vasoactive therapy.
From June 1st, 2007 until December 1st, 2018, a total of 8200 adult PH patients have been registered
in COMPERA.

The registry was approved by the institutional review boards (Technical University Dresden,
Germany: Master approval EK 129052007 as of 22 May 2007) of all contributing centers and written
informed consent was obtained from all participating patients before the start of documentation.
Guidelines on good pharmacoepidemiological practice (GPP) and data protection guidelines were
followed. As of December 1st, 2018, 49 PAH centers from 11 European countries (Austria, Belgium,
Germany, Hungary, Italy, Latvia, Lithuania, Slovakia, Switzerland, the Netherlands, and the UK) had
entered their data in COMPERA-CHD.

2.2. Patient Selection

Included in the current study were adults (age ≥18 years) with any form of PAH in CHD on
targeted PAH-drug treatment for the PAH, either as mono- or combination therapy. In addition, the
registry allowed the documentation of patients with Eisenmenger physiology not receiving targeted
PAH treatment.

The PAH diagnosis was established by the participating investigators from expert centers
according to current guidelines [3,21], but was not adjudicated by a third party. Eisenmenger syndrome
was defined as PH associated with CHD stemming from an initially large, non-restrictive intra- or
extracardiac communication with systemic-to-pulmonary shunt, that induced progressive pulmonary
vascular disease, shunt reversal, and central cyanosis.

Also included and designated as “Non-Eisenmenger-PAH-treated” were CHD patients
who had undergone previous corrective surgery or interventions for an intra- or extracardiac
systemic-to-pulmonary shunt, with PAH associated with prevalent systemic-to-pulmonary shunts, or
PAH with small/coincidental defects.

Moreover, patients with univentricular circulation after cavo-pulmonary anastomosis (modified
Fontan operation) were documented if they received targeted PAH medication for “pulmonary vascular
disease or dysfunction”.

Targeted PAH medication included endothelin receptor antagonists (ERA), phosphodiesterase
type-5 inhibitors (PDE5i), riociguat (as the only licensed soluble guanylate cyclase (sGC) stimulator),
or prostanoids (including selexipag as an oral prostacyclin receptor agonist).
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2.3. Data Documentation

Patients were included on a consecutive basis with data collected prospectively at the time of
diagnosis (baseline), and usually in six-month intervals or whenever the patient had a predefined
clinical event (death, transplantation, PH-related hospitalization, deterioration in World Health
Organization (WHO) functional class (WHO-FC), any unscheduled change in PAH therapy, or other
serious adverse events).

Documentation included demographics (age, sex), type of PH according to the 2013 nice
classification, WHO-FC, six-minute walking distance (6MWD), selected laboratory variables,
hemodynamic data obtained by previous cardiac catheterization, arterial oxygen saturation, and
detailed information about the PAH medication [3].

For the documentation of adults with PAH due to CHD, the treatment centers were offered either
a standard internet-based documentation form or an extended documentation form for specialist
centers capturing additional information (i.e., type and repair status of cardiac malformation and
additional hemodynamic parameters). The collected, comprehensive data allowed the description and
categorization of subgroups of CHD in greater detail and with higher reliability than in previous reports.

Out-of-range data or missing values were automatically queried during data entry or in the context
of statistical plausibility checks at regular intervals. The validity of the entered data was verified by
comparison of registry data with source data in the patient files in the context of independent on-site
monitoring in approximately 70% of the participating centers.

In order to compare the findings on PAH in CHD patients with those in other PAH populations,
incident patients (inclusion within six months of diagnosis) with idiopathic PAH—according to
European Society of Cardiology (ESC) and the European Respiratory Society (ERS) guidelines—who
were enrolled into COMPERA after January 1st, 2009, were selected for comparison.

For CHD patients, time since inclusion into COMPERA was evaluated, for idiopathic PAH time
since diagnosis. Survival analyses were restricted to an observation time of 5 years.

2.4. Statistical Analysis

Descriptive statistics in terms of percentages, median with interquartile range (IQR), or mean with
standard deviations were provided to describe characteristics of the study population. Comparison
of categorical variables was conducted by the χ2-test or the Fisher’s exact test. Group differences of
continuous variables were tested with a t-test if normal distribution was assumed, or the Mann–Whitney
test otherwise. A p-value < 0.05 was considered significant. Survival was compared using Kaplan–Meier
analysis, and p-values of the Breslow test are shown. Tests were performed without adjustment for
multiple testing. IBM SPSS Statistics 24.0 (IBM, Armonk, NY, US) was used for all statistical analyses.

The author(s) of this manuscript have certified that they comply with the Principles of Ethical
Publishing in the American Journal of Cardiology [22].

3. Results

3.1. Patient Demographics and Baseline Characteristics

Out of 8200 adult PH patients enrolled in COMPERA at the time of data analysis, 680 (8.3%) had a
diagnosis of PAH due to CHD, and were therefore eligible for the present analysis.

Patient demographics and baseline characteristics are summarized in Tables 1–3. All patients
had undergone a complete non-invasive evaluation upon enrollment. Cardiac catheterization had
been performed in 487 patients (71.6%). In patients without catheterization, the PAH diagnosis was
established through non-invasive imaging and clinical evaluation.
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Table 1. Demographics and clinical characteristics at enrollment.

IPAH
(n = 1481)

PAH-CHD
Total

(n = 680)

ES
Untreated

(n = 80)

ES Treated
(n = 240)

Non-ES-PAH
Treated

(n = 167)

Fontan
Treated
(n = 7)

Age 66.3 ± 15.5 45.5 ± 16.8 40.1 ± 14.6 43.8 ± 15.1 47.6 ± 18.3 31.9 ± 9.4
Sex male 604 40.8% 227 33.4% 26 32.5% 76 31.7% 55 32.9% 3 42.9%

female 877 59.2% 453 66.6% 54 67.5% 164 68.3% 112 67.1% 4 57.1%
FC unknown 78 5.3% 80 11.8% 30 37.5% 19 7.9% 14 8.4% 4 57.1%

I 3 0.2% 22 3.2% 1 1.3% 8 3.3% 5 3.0% 0 0%
II 178 12.0% 159 23.4% 11 13.8% 65 27.1% 44 26.3% 3 42.9%
III 997 67.3% 392 57.6% 36 45.0% 136 56.7% 101 60.5% 0 0%
IV 225 15.2% 27 4.0% 2 2.5% 12 5.0% 3 1.8% 0 0%

6-min-walk
distance (m) 294 ± 123 367 ± 120 392 ± 118 354 ± 121 381 ± 120 475 ± 50

Abbreviations: CHD, congenital heart disease; ES, Eisenmenger syndrome; FC, functional class according to Perloff;
IPAH, idiopathic pulmonary arterial hypertension; non-ES-PAH, patients with congenital heart disease-associated
pulmonary arterial hypertension but without Eisenmenger syndrome; PAH-CHD; congenital heart disease-associated
pulmonary arterial hypertension. Age and 6-min-walk distance are given in mean ± SD.

Table 2. Treatment characteristics of the patients with congenital heart disease-associated pulmonary
arterial hypertension. “Non-Eisenmenger-PAH treated” comprises patients with congenital heart
disease-associated pulmonary arterial hypertension but without Eisenmenger syndrome who received
targeted PAH treatment. Abbreviations: PAH, pulmonary arterial hypertension.

Treatment Characteristics Number of Patients Included

CHD-PAH total 680
Eisenmenger - untreated 80 (11.8%)

Eisenmenger - treated 240 (35.3%)
Non-Eisenmenger-PAH - treated 167 (24.6%)

Fontan - treated 7 (1.0%)
Not categorized 186 (27.4%)

Targeted PAH medication
Endothelin receptor antagonists (ERA) 389 (57.2%)

Phosphodiesterase type-5 inhibitors (PDE5i) 353 (51.9%)
Prostanoids 35 (5.1%)

Soluble guanylate cyclase (sGC) stimulator 17 (2.5%)
Tyrosine kinase inhibitor 1 (0.1%)

Treatment strategy and supportive treatment
Monotherapy with targeted PAH medication 408 (60.0%)

Combination therapy with targeted PAH medication 192 (28.3%)
Oral anticoagulation: Vitamin K antagonists 217 (31.9%)

Oral anticoagulation: Non-vitamin K antagonists (NOAC) 30 (4.4%)
Antiplatelet therapy (Aspirin, Clopidogrel) 68 (10.0%)
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Table 3. Targeted PAH treatment of the patients with congenital heart disease-associated pulmonary
arterial hypertension. “Non-Eisenmenger-PAH treated” comprises patients with congenital heart
disease-associated pulmonary arterial hypertension but without Eisenmenger syndrome who received
targeted PAH treatment. Abbreviations: ERA, endothelin receptor antagonists; PAH, pulmonary
arterial hypertension; PDE5-I, phosphodiesterase type-5 inhibitors; sGC-stimulator, soluble guanylate
cyclase (sGC) stimulator. Comparative tests were only performed between treated Eisenmenger and
non-Eisenmenger patients.

Treatment
Group

Number of
Patients

Included (Total)

Targeted PAH
Medication n (%) p-Value

Mono-/
Combination-

Therapy
p-Value

CHD-associated
PAH - total 680

ERA
PDE5-I

Prostanoid
sGC-stimulator
Tyrosine kinase

inhibitor

389 (57.2%)
353 (51.9%)

35 (5.1%)
17 (2.5%)
1 (0.1%)

408 (60.0%)/
192 (28.3%)

Eisenmenger,
treated 240

ERA
PDE5-I

Prostanoid
sGC-stimulator
Tyrosine kinase

inhibitor

172 (71.7%)
134 (55.8%)

20 (8.3%)
7 (2.9%)

0

152 (63.3%)/
88 (36.7%)

Non-Eisenmenger-
PAH, treated 167

ERA
PDE5-I

Prostanoid
sGC-stimulator
Tyrosine kinase

inhibitor

100 (59.9%)
97 (58.1%)
7 (4.2%)
6 (3.6%)
1 (0.6%)

0.013
0.652
0.099
0.703
0.410

121 (72.5%)/
46 (27.5%) 0.054

Fontan, treated 7

ERA
PDE5-I

Prostanoid
sGC-stimulator
Tyrosine kinase

inhibitor

1 (14.3%)
7 (100 %)
1 (14.3%)

0
0

6 (85.7%)/
1 (14.3%)

Not categorized,
treated 187

ERA
PDE5-I

Prostanoid
sGC-stimulator
Tyrosine kinase

inhibitor

116 (62.4%)
115 (61.8%)

7 (3.8%)
4 (2.2%)

0

129 (69.4%)/
57 (30.6%)

In the entire cohort of 680 patients with CHD-associated PAH, 320 (47.1%) had a proven
Eisenmenger syndrome, 167 (24.6%) had “non-Eisenmenger PAH”, and 7 (1.0%) had a Fontan
circulation. Another 186 (27.4%) patients with CHD were on a targeted PAH medication but could not
be clearly categorized on the basis of the data entered.

The median age was 44 years (range 18–87 years), and 66.6% (n = 453) were female. More than
half of the patients were in the 3rd, 4th, or 5th decade of life (n = 379, 55.7%); 148 patients were younger
than 30 years (21.8%); and 153 patients (22.5%) were in the 6th decade of life or older (22.5%) (Figure 1).
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Figure 1. Age distribution of the population with CHD-associated pulmonary arterial hypertension
(PAH). Data represent the percentage of patients from each subgroup in the respective age groups.
CHD, congenital heart disease.

At first assessment, 26.6% (n = 181), 57.6% (n = 392), and 4.0% (n = 27) of the patients were in
WHO-FC I/II, III, and IV, respectively. WHO-FC was not documented in 80 patients (11.8%). At the
time of inclusion, the mean 6MWD (assessed in 454 patients) was 367 ± 120 m.

3.2. Type of Congenital Heart Defect

The underlying main diagnoses of CHD were sub-classified into five groups (Table 4): pre-tricuspid
shunts (n = 213); post-tricuspid shunts (n = 325); complex forms of CHD (n = 121); left-sided heart
disease, congenital aortic valve anomalies and obstruction of the aorta (n = 9); and “other CHD”,
a group of 12 patients with diagnoses of pulmonary artery stenosis (n = 3), AV valve anomalies (n = 2),
and other entities (n = 5), as well as two patients for whom the type of CHD was not reported in detail.

Table 4. Subgroups of adult patients with PAH, and types of congenital heart defects.

n (%)

1. Pre-tricuspid shunts (n = 213)

Persisting foramen ovale 5 (0.7)

Atrial septal defect 186 (27.4)

Partial atrioventricular septal defect 4 (0.6)

Partial anomalous pulmonary venous return 16 (2.4)

Total anomalous pulmonary venous return 1 (0.1)

details not stated 1 (0.1)

2. Post-tricuspid shunts (n = 325)

Complete atrioventricular septal defect 79 (11.6)

Ventricular septal defect 199 (29.3)

Patent ductus arteriosus Botalli 40 (5.9)

Aortopulmonary window 6 (0.9)

details not stated 1 (0.1)
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Table 4. Cont.

n (%)

3. Complex anomalies (n = 121)

Complete transposition of great arteries 19 (2.8)

Congenitally corrected transposition of great arteries 12 (1.8)

Double-outlet right ventricle with transposition of
great arteries 5 (0.7)

Truncus arteriosus 4 (0.6)

Tricuspid atresia 12 (1.8)

Double-inlet ventricle 13 (1.9)

Pulmonary atresia with intact ventricular septum 1 (0.1)

Fallot´s Tetralogy 13 (1.9)

Double-outlet right ventricle—Fallot type 9 (1.3)

Pulmonary atresia with ventricular septal defect 30 (4.4)

Ebstein’s anomaly 2 (0.3)

details not stated 1 (0.1)

4. Left heart disease/aortic valve,
and aortic anomalies (n = 9)

Aortic coarctation 2 (0.3)

Aortic valve stenosis 5 (0.7)

Subaortic stenosis 1 (0.1)

Aortic valve regurgitation 1 (0.1)

5. Other congenital cardiac
anomalies (n = 12)

Atrioventricular valve anomalies 2 (0.3)

other 5 (0.7)

Pulmonary artery stenosis 3 (0.4)

details not stated 2 (0.3)

The most common underlying CHD was ventricular septal defect (29.3%), followed by atrial
septal defect (27.4%), atrioventricular septal defect (11.6%), patent ductus arteriosus Botalli (5.9%), and
pulmonary atresia with ventricular septal defect (4.4%).

A total of 167 patients (63.3%) had developed PAH after previous reparative cardiac surgery for
CHD (operated; n = 264). For 55 of these patients (20.8%), the dates of PAH diagnosis and/or surgery
were not available.

Down syndrome was present in 92 patients and most of them had a complete atrioventricular-septal
defect (AVSD) (58.7%) or a ventricular septal defect (27.2%) as underlying CHD.

3.3. Medication and Treatment Strategy

At baseline, of the entire CHD-associated PAH group of 680 patients, 600 (88.2%) received targeted
PAH therapy. Of those 600 patients, 389 (65%) received endothelin receptor antagonists; 353 (59%)
phosphodiesterase type-5 inhibitors; 35 (5.8%) prostanoids; 17 (2.8%) a soluble guanylate cyclase
stimulator; a single patient a tyrosine kinase inhibitor; and 24 (4.0%) received calcium channel blockers
(Figure 2).

Phosphodiesterase type-5 inhibitors were the preferred drug class in the small Fontan cohort
(n = 7; 7/7 of these patients received this treatment).

Regarding baseline use within each drug class, among endothelin receptor antagonists, bosentan
(n = 276) was more often used than ambrisentan (n = 49), sitaxentan (n = 26), or macitentan (n = 38),
while among phosphodiesterase type-5 inhibitors (n = 353), sildenafil (n = 286) was more often used
than tadalafil (n = 67). With regard to sitaxentan, it should be noted that the registry was established at
a time when this drug had not yet been withdrawn from the market.
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Figure 2. Drug classes for targeted PAH therapy in the patients with CHD-associated PAH at inclusion
and at last observation (mean/median observation time of 50.5/45.3 months respectively; for 512
patients with at least one follow-up). “Other therapy” includes soluble guanylate cyclase (sGC)
stimulator, tyrosine kinase inhibitor, calcium channel blockers, and other PAH-specific trial therapies.
Abbreviations: PCA, prostanoids.

Considering changes in targeted PAH medications over time, the primary treatment choice was
maintained in the majority of patients. Changes in drug prescription within the different drug classes
of targeted PAH therapy between inclusion and at last observation (median 45.3 months) are depicted
in Figure 2 for 512 patients with at least one follow-up.

Among all treated patient groups (n = 600), the primary treatment strategy at inclusion was
monotherapy in the majority of patients. In the Eisenmenger and non-Eisenmenger-PAH patients, 33%
and 27%, respectively, were on initial combination therapy with at least two PAH drugs. In the small
Fontan group (n = 7), all but one patient were on monotherapy.

During the observation period, the treatment pattern changed over time, as significantly more
patients were on combination therapy at their last observation (Figure 3).
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Figure 3. Targeted mono- or combination therapy in 512 CHD patients with PAH, with at least one
follow-up using different drug classes at inclusion and at last observation (mean/median observation time
of 50.5/45.3 months respectively). CHD, congenital heart disease; PAH, pulmonary arterial hypertension
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The use of anticoagulants or platelet inhibitors varied among groups, and according to the time of
observation. The use of anticoagulants or platelet inhibitors was lowest in untreated Eisenmenger
patients and highest in patients with Fontan circulation (Figure 4).
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Figure 4. Anticoagulation/platelet inhibition regime in patients with CHD-associated PAH at inclusion
and at last observation. Abbreviations: CHD, congenital heart disease; NOAC, non-vitamin K
antagonists; vit, vitamin; PAH, pulmonary arterial hypertension

3.4. Survival

The survival status of patients receiving PAH medication was evaluated in 511 patients of the
CHD cohort and 1326 patients from the idiopathic PAH cohort. Five-year survival could be ascertained
in 78% (400 out of 511) of the CHD-cohort and 66% (872 out of 1326) of the idiopathic PAH cohort. The
intermediate loss to follow-up was 3.9% (20 out of 511) in the CHD group, and 2.6% (35 out of 1326) in
the idiopathic PAH group.

In patients receiving targeted PAH therapy at enrollment, 91 CHD patients and 419 idiopathic
PAH patients died during the 5-year follow-up period. Survival of CHD patients with targeted PAH
treatment was superior to that of idiopathic PAH patients; the 5-year (Kaplan–Meier) survival estimate
was 76% for CHD with PAH and 54% for idiopathic PAH (p < 0.001) (Figure 5A).

Within the entire CHD cohort that received targeted PAH therapy at enrollment, the 5-year
Kaplan–Meier survival estimate was 76% overall, 78% for Eisenmenger patients, and 77% for
non-Eisenmenger-PAH patients (p = 0.384) (Figure 5B). Thus, the non-Eisenmenger-PAH patients, had
5-year survival rates comparable to those of the Eisenmenger patients.

The current data show that the survival rate in Eisenmenger patients is also affected by the
complexity of the CHD. The survival rate of 121 patients with Eisenmenger syndrome due to a
complex CHD (including transposition of the great arteries, congenitally corrected transposition of the
great arteries, double-inlet ventricle, double-outlet right ventricle—Fallot type, double-outlet right
ventricle with transposition of the great arteries, Ebstein´s anomaly, tetralogy of Fallot, tricuspid
atresia, pulmonary atresia with intact ventricular septum, pulmonary atresia with ventricular septal
defect, and truncus arteriosus), was worse than the survival rate of patients in whom simple CHD
had caused an Eisenmenger syndrome. Among the Eisenmenger patients receiving targeted PAH
therapy at enrollment, nine patients in the complex-CHD and 23 patients in the simple-CHD cohort
died during the 5-year follow-up period. Survival of patients with Eisenmenger syndrome due to
a simple CHD was superior to survival of those with Eisenmenger syndrome caused by a complex
CHD; the 5-year Kaplan–Meier survival estimate was 81% for simple CHD and 64% for complex CHD
(p = 0.063) (Figure 5C).
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Figure 5. Kaplan–Meier 5-year survival estimates. (A) Comparison of all patients who underwent
targeted PAH treatment for either congenital heart disease-associated pulmonary hypertension (CHD
treated, total) or incident idiopathic PAH. The 5-year Kaplan–Meier survival estimate was 76%
for PAH due to CHD and 54% for idiopathic PAH (p < 0.001). (B) Comparison of subgroups of
patients with CHD and PAH under targeted PAH medication: (1) CHD-treated, total (green); (2)
Eisenmenger-patients-treated (EM treated; purple); (3) non-Eisenmenger-PAH-patients (Non-EM
treated; blue). The overall 5-year survival estimate was 76%, compared with 78% for the Eisenmenger
patients, and 77% for the non-Eisenmenger-PAH-patients (p = 0.384). (C) Comparison of subgroups
of patients with Eisenmenger syndrome due to complex or simple CHD. The 5-year Kaplan–Meier
survival estimate was 81% for Eisenmenger syndrome caused by simple CHD and 64% for Eisenmenger
syndrome due to complex CHD (p = 0.063). Kaplan–Meier survival estimates (top) and number of
cases still under observation (bottom) are shown in tabular form. Abbreviations: CHD, congenital
heart disease; non-EM, non-Eisenmenger-PAH-patients; PAH, pulmonary arterial hypertension.
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4. Discussion

The international COMPERA-CHD registry provides information on the characteristics, treatment
patterns, and long-term outcomes in a large number of patients with PAH caused by CHD, in the
modern treatment era. This is of paramount importance as there are relatively limited data on targeted
PAH therapy and outcomes in adults with PAH resulting from CHD compared with idiopathic
PAH [1,23–27]. Furthermore, the existing data are mostly derived from small, uncontrolled studies with
few patients, predominantly with simple congenital heart defects, and short monitoring periods [28].

Evidence for the efficacy, safety, and tolerability of PAH therapies (endothelin receptor antagonists,
phosphodiesterase type-5 inhibitors/soluble guanylate cyclase stimulators, prostanoids) is available
from numerous randomized clinical trials of acquired PAH, demonstrating improvements in exercise
tolerance, quality of life, and reduction of morbidity and mortality events in PAH [29–32]. However,
such data may be ambiguous or even misleading for the management of PAH in CHD.

Even if patients with CHD and PAH were included in the majority of trials, neither the type of
CHD nor the CHD-specific hemodynamic status have been sufficiently considered, and data have not,
for the most part, been presented separately from data on non-congenital forms of PAH.

Accordingly, there is a shortage of evidence about targeted PAH therapies for CHD with PAH,
and it remains unclear whether data from current studies on other forms of PAH can be applied to
PAH patients with CHD [23,33].

As long as data from randomized controlled trials are not available for PAH from CHD, data from
registries, which include larger patient populations and longer observation periods than clinical trials,
are valuable to characterize PAH associated with CHD in terms of demographics, clinical presentation,
risk factors, and outcomes, as well as PAH-targeted therapies or supportive measures. However,
similar to controlled clinical trials, most PAH registries have so far also failed to differentiate between
CHD subtypes, and have merged the characteristics, treatments, and outcomes of different patient
groups, thus precluding the analysis of details on CHD subgroups [12,13,34–38].

Accordingly, the special situation of CHD patients is not yet adequately addressed in the current
PAH guidelines. The German consensus-based recommendations for the management of patients with
pulmonary hypertension state that the ESC/ERS guidelines on pharmacotherapy in PAH from CHD
are focused on patients with Eisenmenger syndrome. The main reason for this may be the currently
available evidence, but this also implies that the recommendations do not fully acknowledge the
breadth, heterogeneity, and complexity of CHD patients with associated PAH [1]. The COMPERA
registry provides for the first time such data in Europe on a broad scale.

The COMPERA registry is one of the largest structured, non-interventional (observational),
prospective international registries for patients with any form of PH, providing a unique opportunity to
obtain detailed information on epidemiological and clinical features, treatment patterns, and outcomes
in a sufficient number of patients with various forms of CHD with PAH. Within this registry, we
analyzed a group of 680 adults with CHD and PAH, with a focus on PAH-targeted therapy, supportive
treatment, and outcome. As a unique feature, COMPERA-CHD not only included adults with CHD
associated PAH who were receiving PAH-targeted therapy, but also a number of Eisenmenger patients
who were not receiving any targeted therapy.

4.1. Demographics, Hemodynamics, and Treatment

This cohort of patients with CHD associated PAH comprised almost all types of congenital heart
anomalies, including post-tricuspid shunts (n = 325), followed by pre-tricuspid shunts (n = 213), and
complex anomalies (n = 121).

The mean age of each subgroup of patients with CHD associated PAH at the time of inclusion
was significantly lower than the mean age of the included idiopathic PAH patients, but higher than the
mean age in any other registry of patients with PAH in CHD [12,13,34–37].

Despite many parallels between PAH in CHD and idiopathic PAH, COMPERA revealed
several attributes that, depending on the underlying congenital cardiovascular anomaly, distinguish
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CHD-associated PAH from idiopathic PAH. These include a more favorable hemodynamic profile
due to a better maintenance of cardiac output and a more favorable right ventricular response, in
CHD-associated PAH [8].

One major difference is that, compared with other forms of PAH, the cause of PAH in CHD is often
multifactorial, but commonly secondary to a left-to-right shunt lesion leading to increased pulmonary
artery flow and/or pressure. Other important predisposing factors for pulmonary vascular disease in
CHD include previous Fontan operation and left heart obstructive disease causing post-capillary PH.
A further distinction from other forms of PAH is that, in CHD, timing and extent of the development
of PAH depends on various different factors, e.g., the pre- or post-tricuspid localization of the primary
left-to right shunt [39]. For example, Eisenmenger syndrome will evolve even in large defects at the
atrial level much later in life compared with defects at the ventricular or great artery levels.

Moreover, the data from the COMPERA registry confirm the perception that patients with PAH
from CHD, unlike patients with other forms of PAH, are often clinically stable for years or decades and
remain at a low WHO-FC until an advanced age.

This may explain why, despite the existence of Eisenmenger syndrome, a considerable number
of patients without PAH-targeted therapy enrolled in COMPERA. Pertinent to this, patients in the
untreated Eisenmenger cohort were younger and had milder clinical symptoms. In addition, in this
group, the 6MWD was substantially higher than that in treated Eisenmenger patients (392 ± 118 vs.
354 ± 121 m). These observations may indicate that healthcare centers did not apply targeted PAH
therapy indiscriminately but followed the current guidelines, which recommend PAH-targeted therapy
depending on clinical symptoms and WHO-FC.

In contrast, however, due to the accumulating evidence for the safety and efficacy of targeted
therapy, the majority of patients with CHD and PAH included in COMPERA were treated with targeted
PAH medications.

Among the various drug classes, at baseline, endothelin receptor antagonists and
phosphodiesterase type-5 inhibitors were by far the predominantly prescribed compounds, whereas
prostanoids and soluble guanylate cyclase stimulators were only rarely used.

Initially, the majority of the 600 treated patients with CHD associated PAH were on monotherapy,
although a significant number of patients was put on combination therapy (Figure 3). Furthermore,
utilization of combination therapy increased over time (with the exception of Fontan patients), with
approximately half of the patients being on combination therapy at the time of last observation
(Figure 3).

At that point, the therapeutic approach for adults with PAH and CHD differs from the approach
for those with idiopathic PAH, as there are only few data to support routine up-front/early sequential
oral combination therapy for Eisenmenger syndrome [1,6,26,39–42]. In adults with PAH and CHD,
sequential combination therapy is frequently initiated only upon symptomatic deterioration or if
predefined, and often center-specific treatment goals are not achieved [43].

4.2. Co-Medication with Anticoagulants or Antiplatelets

Another important subject is the use of oral anticoagulants or antiplatelets in CHD-associated
PAH, which appears to differ from that in idiopathic PAH [14]. A recent, controversially debated
study from the COMPERA group revealed a survival benefit from using anticoagulation in patients
with idiopathic PAH; however, for other forms of PAH, the evidence remained inconclusive [18]. In
patients with Eisenmenger syndrome, the situation is even more complex, as they usually have both
increased bleeding and increased thrombotic risk due to changes in platelet function, platelet counts,
and coagulation parameters. So far, no data exist suggesting that oral anticoagulation has a beneficial
effect on morbidity or mortality in Eisenmenger patients. Consequently, current guidelines on CHD do
not recommend the routine use of oral anticoagulation for these patients [1,6,44,45].

This approach is also reflected in the COMPERA data. At baseline, most patients (up to 66%)
in both subgroup with the Eisenmenger syndrome and the non-Eisenmenger-PAH subgroups were
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not anticoagulated using vitamin K antagonists, and only a few patients received oral non-vitamin
K antagonists.

In contrast, most patients with Fontan circulation (71%) were on oral anticoagulants to prevent
thromboembolic events, reflecting the common treatment strategy, at least in many adults with early
modifications of the Fontan operation [46].

Surprisingly, at least 13.4% of the Eisenmenger patients were on antiplatelets, although currently
no reliable data exist on a protective effect of Aspirin or Clopidogrel for this condition. The application
of antiplatelets can perhaps be attributed to the unproven belief that they may have fewer negative
effects on the bleeding tendency in cyanotic patients than oral anticoagulants. On the contrary, the
inhibitory effect of the always diminished count of platelets in cyanotic patients can be devastating.

4.3. Survival

Although mortality has decreased in adults with CHD, morbidity is still high due to residua,
sequelae, or complications, and many patients develop pathologies of the pulmonary vascular bed,
complicating the natural history of the particular anomaly [4,23,47,48]. In adults with PAH from
CHD, all-cause mortality is more than two-fold, and the rate of health service utilization is three-fold
higher compared with CHD without PAH [38]. Moreover, the survival prospects of treatment-naïve
patients with Eisenmenger syndrome has not improved since the 1960s, if confounding factors, such as
immortal time bias, are considered [49].

The survival rates of patients with different types of PAH have been published based on a
few studies and national registries, demonstrating that patients with PAH in CHD had a better
survival rate than those with idiopathic PAH. The current data from the COMPERA registry confirm
this, as the 5-year survival of patients with PAH from CHD was significantly better than that of
idiopathic PAH-patients.

It is noteworthy that the 5-year survival rate of treated patients with PAH from CHD in COMPERA
was 76%, i.e., lower than in some previous studies. However, Diller et al. recently reported a similar
5-year survival rate of 74.9% (95% CI 67.6–83.1%) for the Eisenmenger patients in the German National
Registry for CHD [24]. In contrast, Manes et al. showed, in their mono-centric analysis, estimated
survival rates of 87%, 86%, and 36% after follow-up for up to 20 years in 192 patients with Eisenmenger
syndrome, PAH in prevalent systemico-pulmonary shunts, and PAH after repair, respectively [42].

The unfavorable survival rate in COMPERA may be attributable to the fact that the PAH in several
of the enrolled patients was due to a complication of complex CHD (n = 121; 18%). In support of this
possibility, Diller et al. reported that patients with Eisenmenger syndrome due to complex CHD had a
significantly worse prognosis than patients with a simple CHD [50].

Comparing COMPERA CHD patients treated for Eisenmenger syndrome with those who had any
form of PAH from CHD but no Eisenmenger syndrome, there was no significant difference between
the groups in terms of 5-year survival.

Under targeted PAH medication, the survival rate of non-Eisenmenger-PAH patients appears to
be less favorable than that of Eisenmenger patients, especially over a time period of 1 to 4 years.

These data are in accordance with the results from the Spanish REHAP registry [12], as well as
data from Thailand [25]. Both of these studies also found that patients with Eisenmenger syndrome
had a better survival rate than patients with PAH after previous defect closure [12,25].

4.4. Limitations

Strengths include the large sample size of prospectively enrolled patients with PAH caused by
CHD, the inclusion of all types of PAH from CHD, the “real-life” setting, and the relatively long
observation period.

This study has limitations, as it is a voluntary, prospective registry and not a prospective
randomized clinical trial. However, COMPERA enrolls consecutive patients on a prospective basis and
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several control measures have been implemented to ensure high data quality, including independent
on-site source data monitoring. Still, missing values were a relevant limitation of this study.

Observational data such as ours are prone to various types of bias including selection bias,
incomplete outcome bias (attrition bias), immortal time bias, and survivor bias [51–53].

Statistical measures to reduce confounding factors, such as propensity score matching or
multivariable risk-adjusted modelling, were not applied, and therefore group differences at baseline
have to be considered for all results and conclusions.

COMPERA did not document in detail medications other than PAH-approved drugs and
anticoagulants, and did not determine therapeutic adherence, which is considered an integral
component of pharmaceutical care practice and patient healthcare.

As idiopathic PAH patients in the present series were older than patients in previous PH registries,
it cannot be excluded that some patients diagnosed with idiopathic PAH had comorbidities or
confounding factors that may have led to a mixed etiology of PH. However, all participating centers
had expertise in the management of PH and evaluated their patients according to the current guidelines.
Moreover, a similar trend regarding the age of idiopathic PAH patients has been reported from other
PH registries [54,55]. Co-morbidities were only assessed at inclusion in COMPERA and their increasing
presence at follow up might have affected survival.

Finally, the sample of patients may not represent the pattern of adults with PAH in the community
and does not represent the typical population of CHD seen by a general practitioner or a non-CHD
expert cardiologist.

5. Conclusions

PAH is still a serious problem for numerous patients with CHD and there are many uncertainties
regarding optimal medical treatment. In the future, it is expected that an increasing number of patients
will develop PAH with complex CHD or pulmonary vascular diseases in the univentricular heart after
a Fontan operation. The current data confirm the still-unfavorable prognosis and reduced survival
rates of patients with PAH from CHD, despite the availability of a variety of PAH-targeted drugs,
application modalities (e.g., oral, inhaled, subcutaneous, intravenous) and therapeutic strategies (e.g.,
mono, dual, or triple therapy), and palliative interventions (e.g., percutaneous Pott´s shunt).

The estimated survival rates for patients with CHD associated PAH at 5 years was only 76%, but
was nevertheless significantly better than those for idiopathic PAH patients. The best survival rate was
seen in patients with Eisenmenger syndrome.

The results of this study imply that it must be ascertained in any case, that the particularities
of CHD are taken into account in diagnosis and treatment, as the management of PAH-CHD is
often different from other forms of PAH. Accordingly, such patients should always be managed with
cooperation between CHD specialists and PAH specialists, preferably in tertiary care settings.

In the future, the registry will provide data on specific patient cohorts for PAH-CHD-targeted
therapeutic approaches and allow detailed survival analysis of these patients.

Author Contributions: (I) Conception and design: H.K., M.M.H., C.A., E.G., D.H., C.O., D.P., S.R.; M.G.; (II)
administrative support: all authors; (III) provision of study materials or patients: all authors; (IV) collection and
assembly of data: H.K., C.A., E.G., M.M.H., D.H., C.O., D.P., S.R., M.G.; (V) data analysis and interpretation: H.K.,
M.M.H., C.A., G.-P.D., E.G., D.H., C.O., D.P, S.R., M.G.; (VI) manuscript writing: all authors; (VII) final approval of
manuscript: all authors. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: The authors would especially like to thank all staff members of the participating institutions
and hospitals, PhD students, doctoral candidates and research fellows, who have contributed to the development
of the registry and the publication. We also thank Claudia S. Copeland for scientific English editing of the final
draft of the manuscript.

Conflicts of Interest: COMPERA is supported by an educational grant from Bayer, GSK, OMT and Actelion. The
authors declare no conflicts of interest in relation to the study.



J. Clin. Med. 2020, 9, 1456 18 of 21

References

1. Kaemmerer, H.; Apitz, C.; Brockmeier, K.; Eicken, A.; Gorenflo, M.; Hager, A.; De Haan, F.; Huntgeburth, M.;
Kozlik-Feldmann, R.G.; Miera, O.; et al. Pulmonary hypertension in adults with congenital heart disease:
Updated recommendations from the Cologne Consensus Conference 2018. Int. J. Cardiol. 2018, 272, 79–88.
[CrossRef] [PubMed]

2. Galié, N.; Humbert, M.; Vachiéry, J.-L.; Gibbs, S.; Lang, I.; Torbicki, A.; Simonneau, G.; Peacock, A.;
Noordegraaf, A.V.; Beghetti, M.; et al. 2015 ESC/ERS guidelines for the diagnosis and treatment of pulmonary
hypertension. Eur. Heart J. 2016, 37, 67–119. [CrossRef] [PubMed]

3. Simonneau, G.; Montani, D.; Celermajer, D.S.; Denton, C.P.; Gatzoulis, M.A.; Krowka, M.; Williams, P.G.;
Souza, R. Haemodynamic definitions and updated clinical classification of pulmonary hypertension. Eur.
Respir. J. 2019, 53, 1801913. [CrossRef] [PubMed]

4. Brida, M.; Gatzoulis, M.A. Pulmonary arterial hypertension in adult congenital heart disease. Heart 2018,
104, 1568–1574. [CrossRef]

5. Simonneau, G.; Gatzoulis, M.A.; Adatia, I.; Celermajer, D.S.; Denton, C.; Ghofrani, H.A.; Sánchez, M.A.G.;
Kumar, R.K.; Landzberg, M.; Machado, R.; et al. Updated clinical classification of pulmonary hypertension.
J. Am. Coll. Cardiol. 2013, 62, D34–D41. [CrossRef]

6. Kaemmerer, H.; Apitz, C.; Brockmeier, K.; Eicken, A.; Gorenflo, M.; Hager, A.; De Haan, F.; Huntgeburth, M.;
Kozlik-Feldmann, R.; Miera, O. Pulmonary hypertension in grown-ups with congenital heart disease:
Recommendations of the Cologne Consensus Conference 2016. Dtsch. Med. Wochenschr. (1946) 2016, 141,
S70–S79.

7. Klinger, J.R.; Elliott, C.G.; Levine, D.J.; Bossone, E.; Duvall, L.; Fagan, K.; Frantsve-Hawley, J.; Kawut, S.M.;
Ryan, J.J.; Rosenzweig, E.B.; et al. Therapy for pulmonary arterial hypertension in adults. Chest 2019, 155,
565–586. [CrossRef]

8. Franklin, W.J.; Parekh, D.R.; Safdar, Z. Adult congenital heart disease and pulmonary arterial hypertension:
The Texas adult congenital heart program experience. Postgrad. Med. 2011, 123, 32–45. [CrossRef]

9. Duffels, M.; Engelfriet, P.; Berger, R.; Van Loon, R.; Hoendermis, E.; Vriend, J.W.; Van der Velde, E.T.; Bresser, P.;
Mulder, B. Pulmonary arterial hypertension in congenital heart disease: An epidemiologic perspective from
a Dutch registry. Int. J. Cardiol. 2007, 120, 198–204. [CrossRef]

10. Verheugt, C.L.; Uiterwaal, C.S.P.M.; Van der Velde, E.T.; Meijboom, F.J.; Pieper, P.G.; Vliegen, H.W.; Van
Dijk, A.; Bouma, B.J.; Grobbee, D.E.; Mulder, B. Gender and outcome in adult congenital heart disease.
Circulation 2008, 118, 26–32. [CrossRef]

11. Safdar, Z. Pulmonary hypertension: A woman’s disease. Tex. Heart Inst. J. 2013, 40, 302–303.
12. Alonso-Gonzalez, R.; Lopez-Guarch, C.J.; Subirana-Domènech, M.T.; Ruiz, J.M.O.; González, I.O.; Cubero, J.S.;

Del Cerro, M.J.; Salvador, M.L.; Dos Subira, L.; Gallego, P.; et al. Pulmonary hypertension and congenital
heart disease: An insight from the REHAP National Registry. Int. J. Cardiol. 2015, 184, 717–723. [CrossRef]
[PubMed]

13. Favilli, S.; Spaziani, G.; Ballo, P.; Fibbi, V.; Santoro, G.; Chiappa, E.; Arcangeli, C. Advanced therapies in
patients with congenital heart disease-related pulmonary arterial hypertension: Results from a long-term,
single center, real-world follow-up. Intern. Emerg. Med. 2015, 10, 445–450. [CrossRef] [PubMed]

14. Galié, N.; Hoeper, M.M.; Humbert, M.; Torbicki, A.; Vachiery, J.-L.; Barberà, J.A.; Beghetti, M.; Corris, P.;
Gaine, S.P.; Gibbs, J.S.; et al. Guidelines for the diagnosis and treatment of pulmonary hypertension: The
task force for the diagnosis and treatment of pulmonary hypertension of the European Society of Cardiology
(ESC) and the European Respiratory Society (ERS), endorsed by the International Society of Heart and Lung
Transplantation (ISHLT). Eur. Heart J. 2009, 30, 2493–2537. [CrossRef] [PubMed]

15. Derk, G.; Houser, L.; Miner, P.; Williams, R.; Moriarty, J.; Finn, P.; Alejos, J.; Aboulhosn, J. Efficacy of
endothelin blockade in adults with f ontan physiology. Congenit. Heart Dis. 2015, 10, E11–E16. [CrossRef]
[PubMed]

16. Kempny, A.; Hjortshøj, C.S.; Gu, H.; Li, W.; Opotowsky, A.R.; Landzberg, M.J.; Jensen, A.S.; Søndergaard, L.;
Estensen, M.-E.; Thilén, U.; et al. Predictors of death in contemporary adult patients with eisenmenger
syndrome. Circulation 2017, 135, 1432–1440. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.ijcard.2018.08.078
http://www.ncbi.nlm.nih.gov/pubmed/30195841
http://dx.doi.org/10.1093/eurheartj/ehv317
http://www.ncbi.nlm.nih.gov/pubmed/26320113
http://dx.doi.org/10.1183/13993003.01913-2018
http://www.ncbi.nlm.nih.gov/pubmed/30545968
http://dx.doi.org/10.1136/heartjnl-2017-312106
http://dx.doi.org/10.1016/j.jacc.2013.10.029
http://dx.doi.org/10.1016/j.chest.2018.11.030
http://dx.doi.org/10.3810/pgm.2011.11.2493
http://dx.doi.org/10.1016/j.ijcard.2006.09.017
http://dx.doi.org/10.1161/CIRCULATIONAHA.107.758086
http://dx.doi.org/10.1016/j.ijcard.2015.02.031
http://www.ncbi.nlm.nih.gov/pubmed/25781723
http://dx.doi.org/10.1007/s11739-014-1185-1
http://www.ncbi.nlm.nih.gov/pubmed/25573622
http://dx.doi.org/10.1093/eurheartj/ehp297
http://www.ncbi.nlm.nih.gov/pubmed/19713419
http://dx.doi.org/10.1111/chd.12189
http://www.ncbi.nlm.nih.gov/pubmed/24890846
http://dx.doi.org/10.1161/CIRCULATIONAHA.116.023033
http://www.ncbi.nlm.nih.gov/pubmed/27979875


J. Clin. Med. 2020, 9, 1456 19 of 21

17. Hoeper, M.M.; Huscher, D.; Ghofrani, H.A.; Delcroix, M.; Distler, O.; Schweiger, C.; Gruenig, E.; Staehler, G.;
Rosenkranz, S.; Halank, M.; et al. Elderly patients diagnosed with idiopathic pulmonary arterial hypertension:
Results from the COMPERA registry. Int. J. Cardiol. 2013, 168, 871–880. [CrossRef]

18. Olsson, K.M.; Delcroix, M.; Ghofrani, H.A.; Tiede, H.; Huscher, D.; Speich, R.; Grünig, E.; Staehler, G.;
Rosenkranz, S.; Halank, M.; et al. Anticoagulation and survival in pulmonary arterial hypertension:
Results from the comparative, prospective registry of newly initiated therapies for pulmonary hypertension
(COMPERA). Circulation 2014, 129, 57–65. [CrossRef]

19. Opitz, C.; Hoeper, M.M.; Gibbs, J.S.R.; Kaemmerer, H.; Pepke-Zaba, J.; Coghlan, J.G.; Scelsi, L.; D’Alto, M.;
Olsson, K.; Ulrich, S.; et al. Pre-capillary, combined, and post-capillary pulmonary hypertension. J. Am. Coll.
Cardiol. 2016, 68, 368–378. [CrossRef]

20. National Institutes of Health, US Library of Medicine. COMPERA/COMPERA-KIDS. Available online:
https://clinicaltrials.gov/ct2/show/NCT01347216. (accessed on 11 May 2020).

21. Stout, K.K.; Daniels, C.J.; Aboulhosn, J.A.; Bozkurt, B.; Broberg, C.S.; Colman, J.M.; Crumb, S.R.; Dearani, J.A.;
Fuller, S.; Gurvitz, M.; et al. 2018 AHA/ACC guideline for the management of adults with congenital heart
disease: Executive summary: A report of the american college of cardiology/american heart association task
force on clinical practice guidelines. J. Am. Coll. Cardiol. 2019, 73, 1494–1563. [CrossRef]

22. Coats, A.; Shewan, L. Statement on authorship and publishing ethics in the international journal of cardiology.
Int. J. Cardiol. 2011, 153, 239–240. [CrossRef] [PubMed]

23. Tulloh, R.M.R.; Dimopoulos, K.; Condliffe, R.; Clift, P.; CHAMPION Steering Committee. Management
of adults with congenital heart disease and pulmonary arterial hypertension in the UK: Survey of current
practice, unmet needs and expert commentary. Heart Lung Circ. 2017, 27, 1018–1027. [CrossRef] [PubMed]

24. Diller, G.P.; Körten, M.-A.; Bauer, U.M.; Miera, O.; Tutarel, O.; Kaemmerer, H.; Berger, F.; Baumgartner, H.
Current therapy and outcome of Eisenmenger syndrome: Data of the German National Register for congenital
heart defects. Eur. Heart J. 2016, 37, 1449–1455. [CrossRef] [PubMed]

25. Vijarnsorn, C.; Durongpisitkul, K.; Chungsomprasong, P.; Bositthipichet, D.; Ketsara, S.; Titaram, Y.;
Chanthong, P.; Kanjanauthai, S.; Soongswang, J. Contemporary survival of patients with pulmonary arterial
hypertension and congenital systemic to pulmonary shunts. PLoS ONE 2018, 13, e0195092. [CrossRef]
[PubMed]

26. Condliffe, R.C.; Clift, P.; Dimopoulos, K.; Tulloh, R.M.R. Management dilemmas in pulmonary arterial
hypertension associated with congenital heart disease. Pulm. Circ. 2018, 8. [CrossRef] [PubMed]

27. Hascoët, S.; Fournier, E.; Jaïs, X.; Le Gloan, L.; Dauphin, C.; Houeijeh, A.; Godart, F.; Iriart, X.; Richard, A.;
Radojevic, J.; et al. Outcome of adults with Eisenmenger syndrome treated with drugs specific to pulmonary
arterial hypertension: A French multicentre study. Arch. Cardiovasc. Dis. 2017, 110, 303–316. [CrossRef]

28. Varela, D.; Teleb, M.; El-Mallah, W. Advanced therapies for the management of adults with pulmonary
arterial hypertension due to congenital heart disease: A systematic review. Open Heart 2018, 5, e000744.
[CrossRef]

29. Rosenkranz, S. Pulmonary hypertension 2015: Current definitions, terminology, and novel treatment options.
Clin. Res. Cardiol. 2015, 104, 197–207. [CrossRef]

30. Pulido, T.; Adzerikho, I.; Channick, R.N.; Delcroix, M.; Galié, N.; Ghofrani, H.A.; Jansa, P.; Jing, Z.-C.; Le
Brun, F.-O.; Mehta, S.; et al. Macitentan and morbidity and mortality in pulmonary arterial hypertension.
N. Engl. J. Med. 2013, 369, 809–818. [CrossRef]

31. Hoeper, M.M.; Apitz, C.; Grünig, E.; Halank, M.; Ewert, R.; Kaemmerer, H.; Kabitz, H.-J.; Kähler, C.; Klose, H.;
Leuchte, H.; et al. Targeted therapy of pulmonary arterial hypertension: Updated recommendations from
the Cologne Consensus Conference 2018. Int. J. Cardiol. 2018, 272, 37–45. [CrossRef]

32. Humbert, M.; Ghofrani, H.A. The molecular targets of approved treatments for pulmonary arterial
hypertension. Thorax 2016, 71, 73–83. [CrossRef] [PubMed]

33. McGoon, M.D.; Benza, R.L.; Escribano-Subías, P.; Jiang, X.; Miller, D.P.; Peacock, A.J.; Pepke-Zaba, J.;
Pulido, T.; Rich, S.; Rosenkranz, S.; et al. Pulmonary arterial hypertension: Epidemiology and registries.
J. Am. Coll. Cardiol. 2013, 62, D51–D59. [CrossRef] [PubMed]

34. Rose, M.L.; Strange, G.; King, I.; Arnup, S.; Vidmar, S.; O’Donnell, C.; Kermeen, F.; Grigg, L.; Weintraub, R.G.;
Celermajer, D.S. Congenital heart disease-associated pulmonary arterial hypertension: Preliminary results
from a novel registry. Intern. Med. J. 2012, 42, 874–879. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.ijcard.2012.10.026
http://dx.doi.org/10.1161/CIRCULATIONAHA.113.004526
http://dx.doi.org/10.1016/j.jacc.2016.05.047
https://clinicaltrials.gov/ct2/show/NCT01347216.
http://dx.doi.org/10.1016/j.jacc.2018.08.1028
http://dx.doi.org/10.1016/j.ijcard.2011.10.119
http://www.ncbi.nlm.nih.gov/pubmed/22108502
http://dx.doi.org/10.1016/j.hlc.2017.10.018
http://www.ncbi.nlm.nih.gov/pubmed/29191503
http://dx.doi.org/10.1093/eurheartj/ehv743
http://www.ncbi.nlm.nih.gov/pubmed/26843280
http://dx.doi.org/10.1371/journal.pone.0195092
http://www.ncbi.nlm.nih.gov/pubmed/29664959
http://dx.doi.org/10.1177/2045894018792501
http://www.ncbi.nlm.nih.gov/pubmed/30033821
http://dx.doi.org/10.1016/j.acvd.2017.01.006
http://dx.doi.org/10.1136/openhrt-2017-000744
http://dx.doi.org/10.1007/s00392-014-0765-4
http://dx.doi.org/10.1056/NEJMoa1213917
http://dx.doi.org/10.1016/j.ijcard.2018.08.082
http://dx.doi.org/10.1136/thoraxjnl-2015-207170
http://www.ncbi.nlm.nih.gov/pubmed/26219978
http://dx.doi.org/10.1016/j.jacc.2013.10.023
http://www.ncbi.nlm.nih.gov/pubmed/24355642
http://dx.doi.org/10.1111/j.1445-5994.2011.02708.x
http://www.ncbi.nlm.nih.gov/pubmed/22212153


J. Clin. Med. 2020, 9, 1456 20 of 21

35. Jansa, P.; Jarkovsky, J.; Al-Hiti, H.; Popelová, J.R.; Ambrož, D.; Zatočil, T.; Votavova, R.; Polacek, P.; Marešová, J.;
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