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Abstract

Background Pulmonary hypertension (PH) is a severe hemodynamic condition with high morbidity and mortality. Approved
targeted therapies are limited for pediatric subjects, and treatments are widely adopted from adult algorithms. Macitentan is
a safe and effective drug used for adult PH, but data on pediatric patients are limited. In this prospective single-center study,
we investigated mid- and long-term effects of macitentan in children with advanced pulmonary hypertensive vascular disease.
Methods Twenty-four patients were enrolled in the study for treatment with macitentan. Efficacy was determined by echo
parameters and brain natriuretic peptide levels (BNP) at 3 months and 1 year. For detailed analysis, the entire cohort was
subgrouped into patients with congenital heart disease-related PH (CHD-PH) and non-CHD-PH patients, respectively.
Results Mean age of the patients was 10.7 + 7.6 years; median observation period was 36 months. Twenty of 24 patients
were on additional sildenafil and/or prostacyclins. Two of 24 patients discontinued because of peripheral edema.

Within the entire cohort, BNP levels and all echo measures such as right ventricular systolic pressure (RVSP), right ventricu-
lar end-diastolic diameter (RVED), tricuspid annular plane systolic excursion (TAPSE), pulmonary velocity time integral
(VTI), and pulmonary artery acceleration time (PAAT) improved significantly after 3 months (p < 0.01), whereas in the long
term significant improvement persisted for BNP levels (—16%), VTI (+14%) and PAAT (+11%) (p < 0.05). By subgroup
analysis, non-CHD PH patients showed significant improvements in BNP levels (—57%) and all echo measures (TAPSE
+21%, VT1 +13%, PAAT +37%, RVSP —24%, RVED —12%) at 3 months (p < 0.01), whereas at 12 months, improvements
persisted (p < 0.05) except for RVSP and RVED (nonsignificant). In CHD-PH patients, none of the measures changed (non-
significant). 6-MWD (distance walked in 6 minutes) slightly increased but was not statistically evaluated.

Conclusion Data presented herein account for the largest cohort of severely affected pediatric patients receiving macitentan.
Overall, macitentan was safe and associated with significant beneficial effects and sustained positive signals after 1 year,
albeit in the long term disease progression remains a major concern. Our data suggest limited efficacy in CHD-related PH,
whereas favorable outcomes were mainly driven by improvements in patients with PH not related to CHD. Larger studies
are needed to verify these preliminary results and to prove efficacy of this drug in different pediatric PH entities.

1 Introduction

Pulmonary hypertension (PH) is a severe condition caused
by progressive functional and structural abnormalities in the
pulmonary vasculature. The hemodynamic consequences
include a continuous increase of right ventricular (RV)
afterload by elevated pressure/resistance leading to right
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heart failure over time. In childhood, PH may be idiopathic
or heritable (iPAH, hPAH) or may occur in the context of
various conditions—such as lung disease, congenital heart
defects, or other disorders [1-4].

The term pulmonary hypertensive vascular disease
(PHVD) was established in 2011 by the pediatric taskforce
and highlights the common pathology of pulmonary vascular
remodeling independent of associated underlying diseases
[5]. Pathogenetically PHVD results from imbalances of the
three main biological molecules nitric oxide (NO), prosta-
cyclins (PGI), and endothelins (ET) leading to dysregulation
of the pulmonary vascular tone defined by a lack of vasodila-
tion and an increase of proliferation and local inflammation
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This study investigates the outcomes of children with
pulmonary hypertension treated with macitentan, a
second-generation endothelin receptor antagonist, which
is currently part of adult pulmonary arterial hypertension
(PAH) treatment algorithms.

We used macitentan in pediatric patients with advanced
disease progression and analyzed clinical course, echo-
cardiographic changes, and BNP levels over a 1-year
observational period.

Treatment was safe and effective in attenuating disease
progression; CHD-PH patients appear to benefit less than
those with other PH entities.

[6, 7]. Current treatment options exert their beneficial effects
by influencing the pathways of these substances and have led
to improved quality of life and survival of adult and pediatric
patients with PAH [3, 8, 9]. Throughout the last two decades
several newer substances became available and have been
approved for PAH treatment, mainly based on larger studies
in adults. Although these substances have been shown to
be as beneficial in children, controlled pediatric studies are
limited due to the smaller number of patients and the higher
heterogeneity of PHVD [10]. Therefore, most pediatric treat-
ment algorithms are currently adopted from adult guidelines
and/or based on expert opinions [3, 11].

Macitentan, a second-generation endothelin receptor
antagonist (ERA), is one of the promising newer substances
and has been approved for adult PAH treatment in 2013 [12,
13].

Compared with its precursor bosentan it has improved
biochemical properties favoring sustained receptor bind-
ing and higher tissue penetration [14, 15]. Clinically, it has
the advantage of exhibiting fewer hepatic side effects and
interactions with other drugs [14]. It has become a part of
standard treatment in adults [4, 12].

Its use in children is currently investigated by a large ran-
domized multicenter open-label study (TOMORROW study
AC-055-312); its results will hopefully lead to approval of
macitentan. However, the character of life-limiting disease
often forces pediatricians to use non-approved drugs such as
prostacyclins and other substances commonly used in adults
to attenuate disease progression and to save time before
more invasive treatment strategies such as reversed Potts
shunt, balloon atrioseptostomy (BAS), or lung transplanta-
tion become necessary. During the past few years, there has
been increasing promising experience with macitentan in
children [16—19]. We recently reported on practical aspects
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and safety issues when using macitentan in pediatric patients
and now present mid-term effects in children and adoles-
cents with severe PHVD [20].

2 Methods
2.1 Study Design

This is a prospective single-center observational study con-
ducted at the Division of Pediatric Cardiology at the Medical
University of Vienna. Macitentan was used as compassion-
ate therapy in 24 pediatric patients with PHVD. Informed
consent was obtained from all patients and their respec-
tive caregivers before treatment initiation. The study was
approved by the local ethics committee (local ethics number
1619/2018).

2.2 Study Endpoints

Primary endpoints of the study were changes of echo param-
eters such as estimated right ventricular systolic pressure
(RVSP), right ventricular end diastolic diameter (RVED),
tricuspid annular plane systolic excursion (TAPSE), pul-
monary artery acceleration time (PAAT), and pulmonary
velocity time integral (VTI), as well as measurement of
brain natriuretic peptide (BNP) levels at baseline (before
treatment initiation), 3 months and 1 year after treatment
initiation (Fig. 1).

To meet the pathophysiological differences resulting from
different PAH entities, we performed additional subgroup
analysis by separating patients with CHD-related PHVD
(n = 10) from the others (non-CHD group, n = 12).

Secondary endpoints were changes of heart failure func-
tional class (FC) according to New York Heart Association
(NYHA) or modified Ross classification in younger chil-
dren [21]. In patients able to perform the 6-min walking
test (6-MWT), we assessed change of walking distance and
saturation levels at the beginning and the end of walking as
an additional efficacy parameter.

Efficacy was determined at 3 months and after 1 year. In
patients with clinical deterioration and subsequent treatment
escalation or further interventions during the study period,
the most recent measures prior to escalation of therapy were
taken for analysis. The first follow-up visit for assessment of
efficacy was 3 months after treatment initiation. Safety was
evaluated after 4 weeks and then every 3 months (Fig. 1).

2.3 Patients and Inclusion/Exclusion Criteria

Patients diagnosed with PHVD on the basis of measure-
ments by transthoracic echocardiography and/or invasive
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Fig. 1 Flowchart of the study
design with an overview on
number of included patients,
endpoints, macitentan treat-
ment, and follow-up. BNP

brain natriuretic peptide, BPD
bronchopulmonary dysplasia,
CHD congenital heart disease,
PAH pulmonary arterial hyper-
tension, NYHA FC New York
Heart Association functional
class, PAAT pulmonary artery
acceleration time, RVED

right ventricular end-diastolic
diameter, RVSP right ventricular
systolic pressure, 6-MWT 6-min
walking, TAPSE tricuspid annu-
lar plane systolic excursion, V717
velocity time integral
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24 Pts

idiopathic PAH (n=7), CHD (n=10),
developmental pulmonary vascular
hypertensive disease (n=2), BPD (n=2)

others(n=3)

Primary Endpoints
RVED, RVSP, TAPSE
PAAT, pulm.VTI, BNP
Secondary Endpoints

NHYA-FC, O2-Sat., 6o MWT (if poss.)

Start Macitentan

0,1-0,6 mg/kg/d

Daily monitoring of Blood pressure,
heart rate and saturation during 1 week

Safety check after 4 weeks
Blood pressure, heart rate
02-Sat. blood count, liver

function test

2 Pts discontinued after 2
weeks

catheterization were included. Classification of pulmo-
nary hypertension (PH) was based on the consensus paper
reported by the pediatric taskforce of the Pulmonary Vas-
cular Research Institute (PVRI) (Panama Paper) and the
updated classification proposed by the 6th World Sympo-
sium on Pulmonary Hypertension [5, 12]. Demographic
data, PHVD entity, and ongoing treatment were assessed
in all patients.

Neonates (< 1 month of age) as well as patients with
postcapillary PH were excluded from the study.

Every 3 months
Safety-check

Primary/secondary endpoint parameters

Endpoint 12 months
Safety-check

Primary/secondary endpoint parameters

Further follow-up beyond 12 months
7 Pts needed treatment escalation
2 Pts required catheter intervention

2 Pts transitioned to adult care

2.4 Treatment

Different starting doses depending on body weight were
applied as a single daily dose.

¢ Infants with a body weight below 10 kg received a start-
ing dose of 1 mg of macitentan, which was increased
daily in 1 mg steps up to a maximum dose of 3 mg per
day or a decrease of blood pressure, defined as a drop of
> 15 % of systolic value and > 10 % of diastolic value
compared with baseline [22].
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e Children with a body weight between 10 and 15 kg
started with 3 mg of macitentan to reach a target dose of
5 mg (daily uptitration mode: 3—4-5 mg).

e In children with a body weight between 15 and 20 kg,
the starting dose was 3 mg, and this was increased to a
maximum of 7.5 mg (uptitration mode: 3-5-7.5 mg).

e Adolescents and all children with a body weight above
20 kg received 5 mg as starting dose. While older chil-
dren were rapidly increased to a target dose of 10 mg
(5-7.5-10 mg), children with a body weight between 20
and 30 kg remained on 7.5 mg until the first follow-up.
They were then increased to the target dose of 10 mg,
provided there was no significant drop of blood pressure
or other side effects [22].

For dose adjustment in children with lower body weight,
we used macitentan capsules containing lactose monohy-
drate as carrier substance. Older patients requiring higher
doses received the original tablets (10 mg). Patients were
titrated to target doses according to weight within a maxi-
mum of 1 week. If patients were switched from bosentan to
macitentan, the latter was initiated 24 h after the last bosen-
tan intake.

The first ten patients and all infants below 10 kg of body
weight or under 2 years of age were started on macitentan
in hospital. Measurement of saturation, blood pressure, and
heart rate monitoring were performed daily for the first five
days, either during hospital stay or in our outpatient clinic
or by a caring nurse or physician and at each follow-up visit
at our outpatient clinic.

2.5 Outcome Parameters

For assessment of efficacy, transthoracic echocardiography
was performed by an experienced pediatric cardiologist,
using a commercially available echocardiographic system
(GE Vivid™ Cardiovascular Ultrasound System). Images
were recorded digitally and analyzed using off-line soft-
ware (Echo PAC software™). To obtain reliable values, we
determined the average of three measurements for each echo
variable. All parameters were determined by two blinded
certified pediatric cardiologists.

e Tricuspid annular plane systolic excursion (TAPSE, mm)
as a surrogate for RV function was measured by M-mode
in the apical four-chamber view [23, 24].

e Pulmonary velocity time integral (VTI) and PA accel-
eration time (PAAT) as surrogates for pulmonary artery
(PA) compliance and resistance were obtained from
the RVOT pulse wave Doppler profile in the paraster-
nal short-axis view [25-27]. The transducer position
was adjusted to open the RVOT, with the sample vol-
ume placed proximal to the pulmonic valve. PAAT is
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the interval in milliseconds from the onset of ejection to
the peak flow velocity. VTI (cm) is obtained by manu-
ally tracing the obtained Doppler spectrum. The pulmo-
nary VTI values are measured by the built-in calculation
package of the ultrasound unit and are equal to the area
enclosed by the baseline and Doppler spectrum.

e Right ventricular end-diastolic diameter (RVED, mm)
reflecting RV load was obtained by M-mode at the par-
asternal long-axis view [28].

e Right ventricular systolic pressure (RVSP) as an esti-
mate for systolic PA pressure (SPAP) in the absence of
right ventricular outflow tract obstruction or pulmonary
valve/artery stenosis was assessed by measuring tricuspid
regurgitation (TR) jet in the apical four-chamber view
and was calculated by applying the modified Bernoulli
equation. In the absence of TR, RVSP was derived from
estimated mean PA pressure (mPAP) assessed by pulmo-
nary regurgitation (PR) jet (measured from the short-axis
view) using the following calculation: mean pulmonary
artery pressure (mPAP) = 0.61 sPAP + 2 mmHg [29,
30]. RA pressure was not obtained and must be added to
the RVSP values for estimation of systolic PA pressure.
RVSP was not analyzed for the entire patient cohort as
this measure was not reliably obtainable in patients with
CHD-associated PHVD.

Furthermore, we assessed BNP levels as a surrogate for
heart function in all patients. FC was determined by two
independent pediatric cardiologists. 6-MWT—as an addi-
tional efficacy parameter—was performed in all patients
capable to walk. As to our institutional protocol, oxygen
saturation (SpO,) is continuously measured while walking
until the end of the test.

For assessment of safety, laboratory tests including liver
function parameters [serum glutamic oxaloacetic transami-
nase (SGOT), serum glutamate-pyruvate transaminase
(SGPT), gamma glutamyl transferase (GGT), alkaline phos-
phatase (AP)], kidney parameters [creatinine (Crea) and uric
acid (UA)], and blood cell count [hemoglobin (Hb), hema-
tocrit (Hkt), white blood cells (WBC), and platelets (PLT)]
were measured before, 4 weeks after initiation of treatment,
and subsequently every three months on the targeted dosage
of the drug.

2.6 Statistics

Data are reported as descriptive analysis. Continuous
parameters were described as median with range. Categori-
cal variables were displayed as frequencies. Differences
between baseline, 3-month, and 1-year echo and laboratory
parameters were tested with the nonparametric Wilcoxon
test, and mixed-model regression analysis was done. Cor-
relation was evaluated with Spearman’s rank correlation
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coefficient. Statistical significance was determined as
p < 0.05, and the Holm—Bonferroni was used when appli-
cable. Statistical tests were performed by using IBM SPSS
Statistics for Windows, version 28 (IBM Corp., Armonk,
NY, USA).

3 Results

Twenty-four pediatric patients (14 male, 10 female) were
enrolled for treatment with macitentan. PHVD was classi-
fied according to PANAMA criteria [5] as either isolated
idiopathic PAH (n = 7), associated with congenital heart
defects (CHD) (n = 10), as developmental pulmonary vascu-
lar hypertensive disease (n = 2), associated with bronchopul-
monary dysplasia (n = 2) and associated with other systemic
disorders (n = 2) or CTEPH (n = 1). Detailed demographic
data are listed in Table 1.

Mean age of the included patients was 10.7 + 7.6 years
(range 0.1-23 years). Median observation period was
36 months (interquartile range 15-43 months).

Macitentan was started as monotherapy in six patients;
two out of six patients were switched from bosentan, while
the remaining four received macitentan as first pharmaco-
logical agent. In ten patients, macitentan was used as part
of a dual therapy in addition to an ongoing treatment with
either PDE-Is, soluble guanylate cyclase stimulator, or PGI.
Eight patients were on a combined treatment with PDE-Is in
addition to either inhalative or intravenous prostacyclines,
when macitentan was initiated (triple therapy). Eighteen
of 24 patients received conventional baseline therapy with
diuretics, iron supplements, anticoagulation, and/or digoxin
(Table 1).

As to NYHA/modified Ross score, 12 patients (pts) were
assigned to FC 2, 10 pts to FC 3, and 2 pts to FC 4.

The median estimated sPAP at treatment initiation was
78 mmHg (44-155 mmHg), the median BNP value was
375 pg/ml (30-14,078 pg/ml). Accordingly, 18/24 patients
presented with suprasystemic (9) and systemic PA pressures
(9) respectively, while the remaining 6 patients had subsys-
temic PA pressures (Tablel).

Two of 24 discontinued the study because of side effects
with symptomatic peripheral edema during the first two
weeks after initiation, whereas macitentan was well toler-
ated in the remaining patients. These two patients were
excluded from efficacy analysis. Tolerability and side
effects of this substance was reported in detail in our pre-
vious work [20].

3.1 BNPlevels

After initiation of macitentan median BNP levels (pg/ml)
dropped from 375 (30-14,078) at baseline to 152 (32-6456;

22%, p = 0.03) after 3 months and to 153 (40-3920) after
1 year (baseline to 1 year: —16%; p < 0.05).

Subgroup analysis revealed significant improvement of
BNP levels only for the non-CHD group with a median base-
line value of 408 (30-14,078) decreasing to 143 (32-376)
after 3 months (p = 0.03) and to 145 (40-934) after 1 year
(p = 0.03). Among patients with CHD no significant changes
were found (Fig. 2, Table 2).

3.2 Echo Parameters

TAPSE After initiation of macitentan, the longitudinal sys-
tolic RV function, as assessed by TAPSE (mm) improved
from median 13 (7-21) to 16 (7-24) after 3 months (+11%;
p =0.001) and to 15 mm (9-24 mm) after 1 year (baseline
to 1 year: ns). Similarly, z-scores changed from —4.2 to —3.4
after 3 months (bl-3mo p = 0.0002) and to —3.66 after 1 year
(ns). In the non-CHD group, TAPSE values increased signif-
icantly from median 14 (9-19) to 16 (10-21; p = 0.005) after
3 months and to 15 after 1 year (10-18; bl-1y: p < 0.05).
Similar improvements were found for calculated z-scores
(bl-3mo: p = 0.0004, bl-1y: p = 0.03). In the CHD group
none of the values changed (Fig. 3, Table 2).

Pulmonary VTI Within the entire cohort there was a
significant increase of median pulmonary VTI (cm) from
15 (9-51) at baseline to 18 (10-59) after 3 months (+13%;
p = 0.002) and to 16 (11-57) after 1 year (bl-1y: +14%;
p =0.03).

Whereas in the non-CHD group significant improvement
was demonstrated between baseline (14; 9-18) and 3 months
(17; 5-22, p = 0.005) and 1 year (15; 11-22, p = 0.04), no
significant changes could be demonstrated for the CHD
group (Fig. 4, Table 2).

PAAT Opverall, PAAT (ms) increased significantly
from median 56 (38-90) at baseline to 66 (43-90; +9%;
p = 0.003) after 3 months and to 69 (41-104) after 1 year
(bl-1y: +11%; p = 0.01).

In the non-CHD group, there was a similar significant
increase of median PAAT from 43 (38-81) at baseline to
64 (43-90) after 3 months (+37%; p = 0.002) and to 63
(41-92) after 1-year follow up (+25%; p = 0.02). Again,
in the CHD group no significant changes were observed
(Fig. 5, Table 2).

RVED RVED (mm) decreased from median 26 (16—43)
at baseline to 24 (12-45) after 3 months (p = 0.02); after
1 year, RVED returned to a median of 25 (13-50; bl-1y:
ns). These results were mirrored by the changes of z-scores
(z-bl: +1.6, z-3mo: +1.2, z-1y: +1.2). In the non-CHD
group, there was significant reduction from baseline (24;
12-35) to 3 months (22; 12-35, p = 0.01), whereas after
1 year reduction did not reach statistical significance (22;
13-42). In contrast, z-score calculation showed statisti-
cally significant improvements at both timepoints (z-bl:
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Table 1 Demographic and clinical data of enrolled patients. Conventional therapy included anticoagulation, diuretics, digoxin, and/or iron sup-
plements

PHVD clas- PH group Age (years) Estimated Advanced Conven-  Diagnosis NYHA/Ross Treatment
sification (6th sPAP/sSAP therapy tional FC escalation dur-
WSPH) (mmHg) therapy ing follow-up
time (months)
1. IPAH 1 12 95/90 PDES5-1, inh. Y Cathe- 1 1V PGI
PGI ter + Echo 12 months
2. IPAH 1 12 103/92 PDES5-1 Y Cathe- 1T inh. PGI
ter + Echo 10 months
3. IPAH 1 22 99/112 IV PGI Y Cathe- 1T -
ter + Echo
4. IPAH 1 1.5 84/80 PDES5-1, inh. Y Cathe- 1T Diuretics
PGI ter + Echo 14 months
5. IPAH 1 11 147/105 PDES-I, IV Y Cathe- v Discontinued
PGI ter + Echo
6. IPAH 1 16 111/104 PDES-I, inh. Y Cathe- v Selexipag
PGI ter + Echo 12 months
7.  PAH/PVOD 1 0.5 100/80 PDES5-1, inh. Y Cathe- 1 Discontinued
PGI ter + Echo
8. CHD (ES) 1 15 112/112 PDES5-1 N Cathe- 1T -
ter + Echo
9. CHD (ES) 1 10.5 108/108 PDES-1 Y Cathe- 11 Spironolactone
ter + Echo 18 months
10. CHD postop 1 23 93/99 sGC stimulator N Cathe- II Diuretics
ter + Echo 16 months
Adult care
20 months
11. CHD (PA/ 5 0.8 62/70 PDES5-1 Y Cathe- 1T Catheter inter-
VSD/MAP- ter + Echo vention
CAS) 11 months
12. CHD (PA/VSD 5 1.6 65/80 PDES5-1 Y Cathe- 1T -
MAPCAS) ter + Echo
13. CHD (PA/VSD 5 19 92/102 PDES5-1 Y Cathe- 1 -
MAPCAS) ter + Echo
14. CHD (PA/VSD 5 23 98/90 PDE5-I, inh. Y Cathe- 1 Adult care
MAPCAS) PGI ter + Echo 16 months
15. CHD (PA/ 5 10 40/110 PDES5-1 N Cathe- 1T Catheter inter-
VSD/MAP- ter + Echo vention
CAS) 18 months
16. CHD postop 1 19 107/110 PDES5-1 Y Echo II Adult care
14 months
17.  CHD postop 1 11 60/98 - Y Cathe- 1T -
ter + Echo
18. CHD + lung 1+3 0.2 84/88 - Y Cathe- I -
disease ter + Echo
19. BPD, 3 8 102/100 PDES5-I N Cathe- I Spironolactone
developmental ter + Echo Diuretics
PVHD 12 months
20. Developmental 3 6 47/118 - N Cathe- 1T -
PVHD ter + Echo
21. Developmental 3 4 47/120 PDES5-1 N Echo II -
PVHD
22. Systemic 5 0.5 84/80 PDES5-1, inh. Y Cathe- I -
disorder PGI ter + Echo
(mitochon-
driopathy)
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Table 1 (continued)

PHVD clas- PH group Age (years) Estimated Advanced Conven-  Diagnosis NYHA/Ross Treatment
sification (6th sPAP/sSAP therapy tional FC escalation dur-
WSPH) (mmHg) therapy ing follow-up
time (months)
23. CTEPH 4 16 98/102 PDES5-I, inh. Y Cathe- 11 -
PGI ter + Echo
24. Systemic 5 15 47/106 - Y Cathe- I -
disorder ter + Echo
malignancy,
bone marrow
transplanta-
tion

BPD bronchopulmonary dysplasia, CHD congenital heart disease, NYHA FC New York Heart Association functional class, PA/VSD/MAPCAS
pulmonary atresia with VSD and aortopulmonary collaterals, 6th WSPH World Symposium on Pulmonary Hypertension.

BNP
-14
k 1
10000
A(bl-1y) -34
k {
0
1000 } |
?z A(3mo-1y) +30
1 —
100 H 14
————————
o A(bl-3mo) -57
° \ )
I {
EINon-CHD
WicHD
baseline 3 mo 1y b i - . = 0
a BNP Median % change

Fig.2 a Median BNP levels (pg/ml) for the entire cohort before
treatment (baseline), after 3 months and after 1 year of treat-
ment. Decrease of median BNP levels from 375 to 152 at 3 months
(p = 0.03) and to 153 at 1 year (p < 0.05). b Percent change of BNP
levels according to patient groups (CHD-related PH, non-CHD-

+1.4, z-3mo: +0.8; z-1y:4+0.9; p < 0.02). In the CHD
group neither absolute values nor z-scores showed sig-
nificant changes (Table 2).

RVSP RVSP as a non-invasive estimate of systolic PA
pressure was assessed only in the non-CHD group. There
was a decrease from median 69 mmHg (47-101 mmHg)
at baseline to 61 mmHg (33-85 mmHg) after 3 months
(p = 0.01), which equals 24% change of difference.
Decrease of RVSP to 53 mmHg (29-107 mmHg) after
1 year was not significant (Fig. 6, Table 2).

related PH): from baseline to 3 months (Abl-3mo), from 3 months
to 1 year (A3mo-ly) and from baseline to 1 year (Abl-ly). Note
improvement between bl-3mo and bl-1y with no change/worsening
between 3 months and 1 year. BNP, brain natriuretic peptide; CHD,
congenital heart disease; PH, pulmonary hypertension

3.3 6-MWT and Oxygen Saturation

Twelve of 22 pts were old enough and mentally able to
perform 6-MWT (5 non-CHD/7 CHD group). The mean
change of walking distance was 21 m after 3 months and
28 m after 1 year for the entire cohort.

In the CHD group the walked distance was less, with
390 m at baseline (versus 430 m in the non-CHD group).
After 3 months it increased by 13 m and dropped again to
388 m after 1 year.
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Fig. 3 a Median TAPSE levels (cm) for the entire cohort before treat-
ment (baseline), after 3 months and after 1 year of treatment. Increase
from median 13 to 16 after 3 months (p = 0.001) and to 15 mm
(9-24 mm) at 1 year (bl-1y: ns). b Percent change of TAPSE as to
patient groups (CHD-related PH, non-CHD-related PH): from base-

VTI

line to 3 months (Abl-3mo), from 3 months to 1 year (A3mo-1ly) and
from baseline to 1 year (Abl-1y). Significant increase in the non-CHD
group (bl-3mo; bl-1y) with worsening between 3 months and 1 year.
CHD congenital heart disease, TAPSE tricuspid annular plane systolic
excursion, PH pulmonary hypertension

VTI (cm)

baseline 3 mo ly

Fig.4 a Median pulmonary VTI levels (cm) for the entire cohort
before treatment (baseline), after 3 months and after 1 year of treat-
ment. Increase from median 15 at baseline to 18 after 3 months
(p = 0.002) and to 16 at 1 year (p = 0.03). b Percent change of
VTI from baseline to 3 months (Abl-3mo), from 3 months to 1 year

In these patients mean oxygen saturation levels at rest
were 87% and increased to 89% after 3 months but dropped
again to 87% after 1 year. We also assessed “exercise” oxy-
gen saturation levels, measured at the end of 6-MWT, levels
were 66% at baseline and increased to 73% after 3 months
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(A3mo-1ly) and from baseline to 1 year (Abl-1y) as to patient groups
(CHD related PH, non-CHD-related PH). Note improvement between
bl-3mo and bl-1y with no change/worsening between 3 months and
1 year. CHD congenital heart disease, VI velocity time integral, PH
pulmonary hypertension

but finally dropped again to 70%. In the non-CHD group
only five patients performed 6-MWT and distance increased
from 430 m at baseline to 475 m after 1 year. Measured
saturation levels at rest and remained unchanged in the long
term.
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PAAT
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Fig.5 a PAAT levels (ms) for the entire cohort before treatment
(baseline), after 3 months and after 1 year of treatment. Increase from
median 56 at baseline to 66 after 3 months (p = 0.003) and to 69
after 1 year (p = 0.01). b Percent change of PAAT from baseline to
3 months (Abl-3mo), from 3 months to 1 year (A3mo-1ly) and from
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baseline to 1 year (Abl-ly) as to patient groups (CHD-related PH,
non-CHD-related PH). Note improvement between bl-3mo and bl-1y
with no change/worsening between 3 months and 1 year. CHD con-
genital heart disease, PAAT pulmonary artery acceleration time, PH
pulmonary hypertension
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Fig.6 a Median RVSP levels (mmHg) in patients with non-CHD
related PH before treatment (baseline), after 3 months and after
1 year of treatment. Decrease from median 69 at baseline to 61 after
3 months (p = 0.01) and to 53 at 1 year (ns). b Percent change of
RVSP from baseline to 3 months (Abl-3mo), from 3 months to 1 year

3.4 NYHA/Modified Ross Functional Class
and Clinical Course

During the observational period of 1 year, 15/22 patients
remained unchanged in terms of their functional classes.
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RVSP Median % change (Non-CHD)

(A3mo-1ly) and from baseline to 1 year (Abl-1y) (non-CHD-related
PH). Note improvements between bl-3mo and bl-ly but worsening
between 3 months and 1 year. CHD congenital heart disease, PH pul-
monary hypertension, RVSP right ventricular systolic pressure

Three of 22 patients improved from FC class 3 to 2, and 1
patient improved from FC class 2 to 1. FC worsened in four
patients (1 pt changed from FC 3 to 4 and 3 pts from FC 2 to
3). In 7/22 patients, treatment had to be escalated with either
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conventional therapy or targeted treatment (such as PGIs or
PDE-]) in the further course of follow-up.

4 Discussion

Our efficacy data showed that macitentan had highly sig-
nificant beneficial effects regarding echo parameters, BNP
levels, and NYHA class at 3 months follow-up. However,
for the entire cohort, these effects persisted only for PAAT,
VTI, and BNP levels over the 1-year observational period,
whereas improvements of the remaining parameters per-
sisted but failed to reach statistical significance. Our find-
ings suggest that the mid-term effects were mainly produced
by the initial improvements. Between 3 months and 1 year
all parameters remained either unchanged or even showed a
trend of worsening towards baseline values (Table2).

Notably, our treated patients presented with rather
advanced disease progression, as more than 50% had at
least systemic PA pressures and were therefore receiving
combination therapy including prostacyclins at the time of
introduction of macitentan. Especially in those, we felt it was
clinically important to take advantage of the better pharma-
cological properties of the second-generation ERA. Many
of them were treated before initiation of the TOMORROW
trial and would not have been eligible due to concomitant
therapies or disease entity.

However, about one-third of our patients (7/22) had to
receive therapy escalation (either targeted or conventional
treatment) because of disease progression during the fur-
ther follow-up period. This fact is an important finding and
underlines the fatality of disease and that, in some patients,
disease will continue to proceed over time despite initial
response to treatment. Therefore, careful monitoring and
timely escalation of therapy is essential for long-term
outcome. Our findings and the fact that within the entire
cohort not all measures showed sustained improvement are
somehow disappointing and partially contrast the available
data in children, although none of the published studies is
completely comparable to ours [16, 19, 32]. Schweintzger
et al. demonstrated significant improvements in echo param-
eters (PAAT, TAPSE, RVSP) as well as in BNP levels in
a heterogeneous cohort of 18 pediatric patients with PAH
after 6 months; notably, those patients had a lesser degree
of PHVD [19].

Aypar et al. studied a cohort of 27 pediatric and adult
patients between 12 and 35 years of age; two-thirds of
them had CHD-PAH. They found significant improvement
in 6-MWT, BNP, and saturation after 6 months, but these
effects were no longer significant after 24 months; echo
assessment was not performed [32].

The differences of outcomes in our study could be
explained by the fact that our patient cohort presented

with more advanced disease progression and that severely
affected patients might, especially in the longer term, not
benefit as much as patients with lesser degree of disease
severity.

On the other hand, the decreasing effects after 1 year
could also be explained by tachyphylaxis, which is known
from other targeted substances such as PGIs. Whether
increased dosage is necessary and how to adjust must be
answered in future.

Finally, faced with a disease that is continuously pro-
gressing, incremental long-term improvement might simply
not be achievable; its lack therefore does not necessarily
mean treatment failure. Slowing down the process and gain-
ing time to more invasive treatment alternatives—especially
in pediatric patients—might also be a defined treatment goal
and endpoint of future studies.

Overall, our data showed that VTI and PAAT were the
only measures on echo with sustained significant improve-
ment. Both are considered surrogates of pulmonary artery
stiffness and resistance that inversely correlate with pulmo-
nary blood flow [25, 26, 33]. VTI was not yet investigated
in pediatric studies for assessment of efficacy, though it is
rather easy to obtain. Recent studies have suggested VTI
or VTI/RVSP as a simple non-invasive surrogate for PVR,
which represents an important prognostic factor in patients
with PAH [25-27]. Particularly for pediatric patients this
parameter might be of interest as invasive testing to calculate
PVR is not without risk. Macitentan is considered highly
effective in modulating pulmonary vascular tone and stiff-
ness resulting in improved pulmonary blood flow [15, 34].
Our findings of persisting improvements of VTT and PAAT
as non-invasive surrogates are in accordance with this phe-
nomenon, which is also supported by several adult studies
showing a decrease of PVR by macitentan [13, 31].

Decrease of PVR in patients with PH is generally asso-
ciated with an increase of cardiac output and RV function
[35]. Whether improvement of RV function is directly
achieved by macitentan or represents a consequence of
lowered PVR is currently unclear [36-38]. As to our study,
patients showed profound improvements in flow param-
eters, which were mirrored by improved RV function
as assessed by TAPSE and BNP levels (Supplementary
Fig. 1). However, in the long term the latter was less pro-
nounced and only changes of BNP levels remained statisti-
cally significant (Table 2).

To rule out uncertainties due to heterogeneous entities
and to address the fact that the commonly used echo and
laboratory parameters might not account as well for patients
with PHVD due to complex CHD, those patients were
investigated separately in our subgroup analysis. Thereby
we found that in patients with CHD none of the assessed
parameters changed significantly at any time. In contrast,
non-CHD patients showed highly significant improvements
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of all assessed parameters at 3 months, indicating that over-
all efficacy was mainly driven by beneficial effects in this
subgroup. These effects accounted not only for ERA-naive
patients but also for those who had previously been treated
with bosentan, suggesting a possible superiority of maciten-
tan when compared with its precursor.

After 1 year, non-CHD patients (in contrast to the entire
cohort) demonstrated statistically significant improvements
regarding RV function (BNP and TAPSE) and flow param-
eters (VTI and PAAT). Changes of RVED absolute values
did not reach statistical significance. However, the broad
range of RVED in pediatric age might not reliably allow cor-
rect analysis of changes; we therefore additionally calculated
z-scores, which showed (in contrast to the absolute values)
significant improvement after 1 year (p = 0.02).

In the non-CHD group RVSP did not show significant
improvement after 1 year, though it decreased by a median
of 24% at 3 months and 22% at 1-year follow-up. This find-
ing contrasts the persisting beneficial changes of the remain-
ing functional parameters such as TAPSE, VTI, PAAT, and
BNP. However, the lack of persisting significant decrease
of RVSP might indicate disease progression earlier com-
pared with other markers, all of which remained statistically
significant despite a lack of further improvement between
3 months and 1 year. As such, one-third of the patients
received therapy escalation due to clinical worsening during
the further follow-up period. On the other hand, estimation
of PA pressure by measuring RVSP may be subjected to
numerous technical errors leading to over- or underestima-
tion of RVSP. Though measurements were always obtained
by the same echocardiographer, invasive assessment by cath-
eter would have been more accurate.

About one-third of our patients had PHVD associated
with complex CHD and/or Eisenmenger (ES). The benefi-
cial role of targeted therapies in this patient cohort has been
proven in many studies investigating different substances,
mainly bosentan and sildenafil [39-43]. However, the role of
macitentan in these patients remains controversial. Whereas
some studies reported on positive clinical signals, a large
controlled trial (clinical study to evaluate the effects of maci-
tentan on exercise capacity in subjects with Eisenmenger
syndrome, the MAESTRO study) did not reach its primary
endpoint of change in 6-MWT [44—47].

In children, studies on targeted therapies restricted to
PHVD associated with CHD are limited so far [48]. In
most of the specifically pediatric cohorts, patients with
CHD-PAH were investigated together with patients with
PAH with other entities such as IPAH, CLD, and others [3,
49, 50, 51] . Given the huge variability of associated dis-
eases and the relatively small numbers of pediatric patients,
it might be difficult to conduct studies on each pediatric
PHVD entity.
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Furthermore, some of our patients in this group had seg-
mental PH associated with complex CHD, such as pulmo-
nary atresia, ventricular septal defect, and major aortopul-
monary collaterals (PA/VSD and MAPCAs); all of them
had pulmonary hemodynamics not suitable for immediate
complete surgical repair or they had persisting PH after cor-
rective surgery. Given the severity of this disease and the
lack of curative treatments, the use of targeted therapies to
improve hemodynamics—mostly in addition to transcath-
eter interventions or surgical procedures—seems reasonable
in some of these patients. Several case series in adults and
children have reported clinical improvements of patients
receiving pharmacological therapy such as bosentan or
sildenafil [52-55]. However, the role of targeted therapy
currently remains under debate among experts. Similarly,
patients in our study were managed according to a combined
strategy consisting of medical treatment as adjunct to vari-
ous interventions. To subtract/eliminate the effect of certain
procedures in these patients, our data were always obtained
in time intervals between two transcatheter or surgical inter-
ventions. Nevertheless, the used variables might not be fully
suitable for assessment of efficacy in this setting of anatomy,
as they may be subjected to factors other than hypertensive
vascular disease. Our findings with only limited effects in
these patients therefore need to be interpreted with caution.

6-MWT was performed in 12/22 patients (7 CHD, 5 non-
CHD patients). The mean change of walking distance was
21 m after 3 months and 28 m after 1 year for the entire
cohort. Among patients with CHD, associated PHVD
walking distance and saturation levels remained essentially
unchanged after 1 year. We did not perform statistical cal-
culation of these findings as the number of patients was too
small for analysis.

Routine cardiac catheterization to determine hemody-
namic efficacy was not performed, although almost all our
patients underwent invasive hemodynamic assessment at
least once at the time of diagnosis of PHVD. We consid-
ered that sedation or general anesthesia for routine cardiac
catheterization would make them susceptible to unjustified
increased risk, while on the other hand, assessment of PA
pressure and RV dysfunction was possible non-invasively
by echo and other parameters in nearly all patients. Whereas
this strategy stands in contrast to adult approach, which
includes regular hemodynamic assessment to determine
efficacy of treatments, regular cardiac catheterization in
children remains a matter of discussion. Pediatric experts
recommend this procedure at least once, whereas repeated
catheterization should be performed on the basis of indi-
vidual risk stratification given the rather high postprocedural
complication rates ranging from 2% to 6% [1, 56]. Therefore,
and in contrast to adults, many pediatric studies are mean-
while performed without invasive hemodynamic assessment
as a primary endpoint.
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4.1 Limitations

Limitations include the small sample size and the hetero-
geneity of the study population, which in fact reflects the
shortcomings of a single-center observational study in pedi-
atric patients with PAH. We addressed this drawback by per-
forming subgroup analysis, which on the other hand further
reduced the analyzed patient numbers.

However, whether all the parameters used offer an appro-
priate tool to monitor treatment efficacy in the different PH
entities might be debatable.

The open-label nature of our study and the lack of a con-
trol group constitutes a further limitation. Moreover, maci-
tentan doses used were empiric and extrapolated from adult
studies. We did not perform a pharmacokinetic analysis,
which is an important limitation of the study; however, this
is part of the currently ongoing trial (TOMORROW). There-
fore, and due to the overall small patient numbers, careful
interpretation of our findings is warranted.

5 Conclusion

Data presented herein currently comprise the largest cohort
of severely affected patients receiving macitentan at a pedi-
atric tertiary care center. Overall, macitentan was safe and
associated with beneficial mid-term effects, which were most
pronounced during the first three months. In the long term,
progression of this disease remains a major challenge and
therapy escalation should be considered early. Our data sug-
gest only limited efficacy in CHD-PH and that favorable
outcomes were mainly driven by improvements in patients
with PH not related to CHD. Larger studies are needed
to verify these preliminary results and to prove our novel
aspects regarding efficacy of this drug in different pediatric
PHVD entities.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s40272-023-00573-y.
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