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Abstract

The aim of this single‐centre retrospective observational study was to evaluate

the safety, tolerability, and efficacy of an in‐class combination therapy switch

from bosentan plus sildenafil to ambrisentan plus tadalafil in children with

pulmonary arterial hypertension. Children aged over 5 years who were es-

tablished on sildenafil plus bosentan were offered to undergo a therapy switch

from May 2014 to May 2021 and, if remaining in the service, followed up to

May 2024. Children with Eisenmenger syndrome, open intra or extra‐cardiac
shunt, or with pulmonary hypertension‐associated lung disease were excluded.

As part of a structured clinical program children were assessed via walk test,

echocardiography, cardiac magnetic resonance imaging (CMRI), cardio-

pulmonary exercise testing, and serum biomarkers. Fifty‐two children were

included, 33 in the switch group and 19 in the control group. Clinical char-

acteristics at diagnosis and baseline assessments did not differ between groups.

All children tolerated the medication switch. Over a median 13.0

[12.0,13.7] week follow‐up in the switch group there was a significant

improvement in World Health Organization functional class (WHO FC,

p< 0.001); reduction in estimated right ventricular systolic pressure by echo-

cardiography of 7 mmHg (p= 0.03) and a 2% increase (p= 0.03) in right

ventricular ejection fraction on CMRI. There was a sustained improvement in

WHO FC (p< 0.01) in the switch group at medium‐term follow‐up of 40.9

[35.2,49.3] weeks. Long‐term outcome of transplant‐ or Potts shunt‐free sur-

vival was comparable between the two groups.
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INTRODUCTION

Pulmonary arterial hypertension (PAH) is a rare, pro-
gressive, and heterogenous disease in children for
which there is no cure. Outcomes for children in the
modern drug era remain poor. Transplant‐free survival
from recent international registries estimates survival of
74%–80% at 5 years.1,2 Clinical trials assessing the effi-
cacy of novel PAH therapies in children are limited by
the ability to recruit sufficiently large cohorts to power
studies and lack of consensus on trial endpoints for
pediatric populations. Prospective studies involving
children have instead primarily focused on the phar-
macokinetics and safety profile of new therapies in
PAH,3–10 with only a single randomized control trial
(RCT) in children.9 Instead, the use of PAH therapies in
children has been established in clinical practice
through the extrapolation of evidence from adult trials
and evidence from real‐world observational studies in
children to inform international consensus
guidance.11–13 Superiority of up‐front combination
therapy with ambrisentan plus tadalafil compared to
monotherapy with either ambrisentan or tadalafil in
treatment‐naive adults was demonstrated by the multi‐
centre RCT AMBITION.14 Subsequent real‐world pro-
spective and retrospective studies in both adults and
children have also shown up‐front and sequential
combination therapy with alternative combinations of
drugs in PAH to have additional benefit.15–21 Increased
adoption in clinical practice of combination therapy use
in children has been demonstrated in recent UK and
REVEAL registries1,22 and is also reflected in recent
clinical guidelines.11,12,23 However, superiority of dif-
ferent PAH therapy combinations in children has not
been demonstrated. Efficacy of an in‐class PAH therapy
switch has not been studied widely, with only a single
open‐label adult RCT showing this to be a potential
option for treatment escalation.24 Children with PAH in
the UK who meet recommendations for dual oral ther-
apy have historically been first established on combi-
nation therapy with bosentan plus sildenafil. Once es-
tablished on bosentan plus sildenafil children and their
families have been offered the option to switch to
combination therapy with ambrisentan plus tadalafil.
Safety and pharmacokinetics for both ambrisentan and
tadalafil as monotherapy3,4,25–29 and in combination30

have already been established in small cohorts of chil-
dren. The European Medicines Agency (EMA) only
recently approved ambrisentan for use in children above
the age of 8 years in 2021 and Tadalafil for the use in
children above the age of 2 years in 2023.31 However,
neither are currently approved for use in children by the
United States (US) Food and Drug Administration

(FDA). In this retrospective analysis we consider the
safety, tolerability, and efficacy of switching children
established on dual combination therapy with bosentan
plus sildenafil to ambrisentan plus tadalafil within a
structured clinical care program.

METHODS

Study setting and design

This is a single‐centre retrospective cohort study of
children with a diagnosis of PAH. A change in clinical
practice guidelines at our institution from May 1, 2014,
permitted offering children with a primary diagnosis of
PAH the possibility to switch oral combination therapy
from bosentan plus sildenafil to ambrisentan plus ta-
dalafil. Children were eligible if aged over of 5 years
during the study period ending May 1, 2021, with the
lower age cut‐off based on available safety data at the
time.3,4 Children with Eisenmenger syndrome, preva-
lent intra‐ and extra‐cardiac systemic‐to‐pulmonary
shunt, (including those with a palliative Potts shunt),
and children with early postoperative pulmonary
hypertension were excluded. Children with comorbid
lung disease that was contributory to their PAH were
also excluded. Medication switch was offered if, in the
view of the treating clinician, the child was not
achieving anticipated clinical targets or was demon-
strating worsening disease trajectory despite being es-
tablished on bosentan plus sildenafil (with or without
the addition of a prostanoid).32 Dosing for ambrisentan
and tadalafil was based on pediatric retrospective
cohorts and observational studies.3,4 In clinical practice,
dose banding for age and weight was used for both
ambrisentan and tadalafil, shown in Supporting Infor-
mation S1: Table 1. Children were included in the
analysis if established on combination therapy with
bosentan plus sildenafil, with or without additional
prostanoid therapy. Two groups of children were
identified: (1) switch group, that is, those who com-
pleted the combined medication switch and (2) control
group, that consisted of children who met all other
inclusion criteria but were not considered for a thera-
peutic switch or to whom the switch was offered but
declined (see Figure 1). Children were followed within
a structured clinical program with 3 to 6 monthly multi‐
parametric, noninvasive assessments33 from May 1,
2014 to May1, 2024.

This retrospective analysis utilizes anonymized data
collected for routine clinical care covered under ethical
approval 17/LO/0008, allowing individual consent to be
waived.
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Data collection and assessment structure

Data were collected on a standard minimum set of clinical
assessments as detailed in Figure 2: anthropometry, World
Health Organization functional class (WHO FC), 6‐minute
walk distance (6MWD), and echocardiography. Height and
weight were expressed as z‐scores for normal British chil-
dren, including the use of Down syndrome‐specific growth
charts.34,35 Echocardiographic indices associated with out-
comes in children with PAH included in the analysis were:
right atrial area (RAA); estimated right ventricular systolic
pressure (RVSP); tricuspid annular plane systolic excursion
(TAPSE); and left ventricular systolic and diastolic eccen-
tricity indices (LVEIs and LVEId).36 At study entry and at
follow‐up after medication‐switch children underwent car-
diac magnetic resonance imaging (CMRI). Image processing
and analysis of CMRI was performed as previously de-
tailed.37,38 Parameters included in the analysis were: right
ventricular ejection fraction (RVEF); right ventricular end‐
diastolic volume indexed to body surface area (RVEDVi);
and estimate of right ventricular afterload (est. mPAP). For
children undergoing therapeutic change, it is local practice
for additional multi‐parameter assessments before and fol-
lowing any medication change to assess for clinical response.
Therefore, those in the switch group also underwent car-
diopulmonary exercise testing (CPET) and/or N‐terminal pro
B‐type natriuretic peptide (NT‐proBNP). Parameters assessed
on CPET for children with PAH in routine clinical practice
have been described previously and those included in the
analysis were peak oxygen consumption (VO2) and ventila-
tory efficiency slope (VE/VCO2).

39 Liver function tests,

including aspartate aminotransferase (AST), alanine amino-
transferase (ALT), and bilirubin, in addition to hemoglobin
concentration and platelet count, were monitored monthly.

Timepoints

Timepoints for assessments are summarized in Figure 2.
Children in the switch group therefore underwent a base-
line assessment before medication switch and at approxi-
mately 6 weeks following each medication switch (post‐
ERA switch assessment and post‐switch completion assess-
ment). Children in both groups underwent a medium‐term
follow‐up assessment at approximately 6–12 months after
the baseline visit. Long‐term outcome was assessed at the
first occurrence of Potts shunt, lung transplant, death,
transition to adult care or the end of the review window.

Statistical analysis

Continuous variables are presented as median and inter‐
quartile range [IQR] or mean and standard deviation
(SD) as appropriate. Categorical variables are presented
as a number and percentage (%). Missing data was not
imputed. Comparisons were made for the medication
switch‐group between baseline assessment before ERA
switch and at each of the following time points: pre‐
baseline, post‐ERA switch, post‐switch completion and
medium‐term follow‐up assessments and additionally for
post‐ERA switch to post switch completion assessments.

FIGURE 1 Inclusion criteria for the switch
and control groups. Key: CHD, congenital heart
disease; ERA, endothelin receptor antagonist;
PAH, pulmonary arterial hypertension; PDE5‐i,
phosphodiesterase type‐5 inhibitor; review
window=May 1, 2014 to May 1, 2021. * Patients
excluded as the planned switch did not follow
local practice: switch done at the same time
without interval assessment in view of
compliance issues (1); unable to undergo
assessments (1); and prolonged switch period of
18 months (1).
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For children who did not undergo medication switch in
the control group comparisons were made between
baseline and medium‐term follow‐up assessments. Com-
parison between groups were made using the paired
t‐test or Wilcoxon signed rank test for continuous vari-
ables and Chi‐squared or Fisher's exact test for nominal
categorical variables as appropriate. Comparisons of
geometric mean for NT‐proBNP were made to assess any
change across assessments. Kaplan–Meier curves were
constructed in addition to univariate Cox regression
survival analysis for the determination of the composite
outcome of all‐cause mortality, lung transplantation, or
Potts shunt (referred to as transplant‐ or Potts shunt‐free

survival). Transplant‐ or Potts shunt‐free survival time
was taken from baseline assessment to either the time of
death, transplantation, Potts shunt, or the first censoring
event. Children were censored at transition to adult
services or at the end of the review window.

RESULTS

Patient groups and assessment completion

Fifty‐six children met the inclusion criteria (see Figure 1).
Thirty‐eight children intended to undergo a combined

FIGURE 2 Flow diagram demonstrating routine and structured assessments for the switch group and routine assessment for the
control group. Duration between assessments is given as a median and inter‐quartile range ([]) in weeks. Routine assessments included
WHO FC, 6MWD, and echocardiogram. For the switch group, children underwent additional assessments including CPET, CMRI and
NT‐proBNP, LFT, and FBC. The control group underwent CMRI at study initiation. Two children underwent adaptation to remote
assessments due to the COVID‐19 pandemic, and therefore, only WHO FC was obtained: one child in control group at pre‐baseline
assessment and one child in switch group at both post‐switch completion and medium‐term follow‐up assessments. Additional reasons for
missed assessments were: a One child had not entered the service before their study initiation visit. b Two children underwent lung
transplantation before medium‐term follow‐up. c One child had a deterioration in their disease requiring an unplanned admission after
baseline assessment and before post‐ERA switch assessment, therefore the timing between switching of the two medication classes was
truncated and their post‐ERA switch assessment was dropped. d No assessment due to the COVID‐19 pandemic, medication switched. e

Acute, non‐PAH related illness. Key: FC, functional class; 6MWD, 6‐min walk test; CPET, cardio‐pulmonary exercise testing; CMRI, cardiac
magnetic resonance imaging; NT‐proBNP, N‐terminal pro B‐type natriuretic peptide; LFT, liver function test; FBC, full blood count.
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switch to ambrisentan plus tadalafil, with four of these
children being excluded from our analysis and 1 child
entering the control group (details presented in Figure 1).
The reasons for undergoing the medication switch were
(a) disease progression as assessed by treating clinician
(n= 15); (b) stable disease but no satisfactory change in
symptom burden with current medication (n= 16); and
(c) persistent mildly elevated transaminases on bosentan
(n= 2). Nineteen children who continued with combina-
tion therapy with bosentan plus sildenafil and did not
undergo a switch in medication formed the control group.
Attendance at structured clinical follow‐up assessments,
median duration between assessments and reasons for
missed in‐person assessments in the switch group are
shown in Figure 2. In the control group, one child did
not have a pre‐baseline assessment due to becoming
eligible on their first review at our institution, taken as
their baseline assessment. Children who had an adapted
remote assessment due to the COVID‐19 pandemic were
assigned a WHO FC and underwent routine blood mon-
itoring only. One child in the switch group was unable to
perform a 6‐minute walk test, CPET or CMRI due to
co‐morbidities but tolerated echocardiography and blood
testing for NT‐proBNP. Hence, they were included in the
analysis.

Characteristics of switch and control
groups at diagnosis and baseline
assessment

The demographic and clinical characteristics of both the
switch and control groups are described in Table 1. Half
of the children had PAH associated with repaired con-
genital heart disease (CHD, 56%), followed by idiopathic
or heritable PAH (27%), coincidental cardiac shunt
(13%), and portal hypertension (4%). Children had
moderate to severe haemodynamic disease at diagnosis
with mean pulmonary artery pressure (mPAP) of
45.7 ± 12.1 mmHg and indexed pulmonary vascular
resistance (PVRi) of 13.5 ± 8.6WU.m2. There was no
difference in age at the commencement of dual agent
combination therapy with sildenafil plus bosentan
between the switch and control groups (7.0 ± 3.8 vs.
7.1 ± 4.2 years, p= 0.94). At baseline assessment, both
the switch and control groups were similar in terms of
age, PAH etiology and most measures of disease severity.
However, children in the switch group had significantly
greater 6 MWD (401 ± 92m vs. 300 ± 103m, p< 0.01)
and had been treated for longer, although this
was not statistically significant (49.2 ± 35.5 vs.
29.7 ± 33.7 months, p= 0.06). Over a third (37%) of
children were on triple therapy at baseline assessment,

and 8% were also treated with a calcium channel blocker,
there was no significant difference in additional therapy
between the two groups.

Assessments during medication switch

Changes between assessments during structured follow‐
up in the medication switch group are shown in Table 2.
Eleven children were on triple therapy with a prostanoid;
changes in assessments during structured follow‐up are
shown in Supporting Information S1: Table 2.

Primary assessment, baseline assessment to
post‐switch completion assessment

In the 13.0 [12.0,13.7] weeks between baseline (before
medication switch) and post‐switch completion assess-
ments, there was a significant improvement in WHO FC
(Figure 3a, p< 0.001) with all children either maintain-
ing or improving their WHO FC. Echocardiography‐
derived estimated RVSP fell (−7mmHg CI = [−13,
−1] mmHg, p= 0.03), and CMRI‐derived RVEF
increased (1.8%, CI = [0.2, 3.5]%, p= 0.03). However,
cardiac MRI assessed RVEDVi increased (5.7 mL/m2,
CI = [0.8, 10.6] mL/m2, p= 0.02). There was an
improvement in the VE/VCO2 slope on CPET (−3.5,
CI = [−7.1, −0.1], p= 0.07), although this change was not
significant. Neither 6MWD, NT‐proBNP, additional
echocardiographic nor CMRI parameters changed sig-
nificantly. For children on triple therapy with a prosta-
noid, 27% were in WHO FC III/IV at baseline assessment
compared to no children at post‐switch completion
assessment at 12.2 [12.0, 13.5] weeks, although this did
not reach statistical significance. There was no signifi-
cant change in any of the other assessed parameters in
children on triple therapy with a prostanoid.

Switch phase 1, baseline assessment to post‐
ERA switch assessment

In the 6.0 [6.0, 7.0] weeks following ERA switch, there
was a significant improvement in WHO FC (Figure 3a,
p< 0.001), with only one child (3%) experiencing a
worsening in their FC. There was a reduction in
echocardiography‐derived estimate of RVSP (−8 mmHg,
95%CI = [−14, −3] mmHg, p= 0.005). Cardiac MRI
assessed RVEDVi increased (3.3 mL/m2, 95%CI = [0.6,
6.1] mL/m2, p= 0.02). Neither 6MWD, NT‐proBNP,
additional echocardiographic nor CMRI parameters
changed significantly.
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TABLE 1 Demographic and clinical characteristics of switch and control groups at diagnosis and baseline assessments.

Characteristics All Switch Control p

N 52 33 19 ‐

At diagnosis

Female 37 (72) 25 (76) 12 (63) 0.56

Age (years) 5.5 ± 3.9 5.4 ± 3.6 5.6 ± 4.4 0.85

WSPH classificationb

1.1: Idiopathic 12 (23) 8 (24) 4 (21) 0.97

1.2: Heritable 2 (4) 1 (3) 1 (5)

1.4.3: a/w Portal hypertension 2 (4) 1 (3) 1 (5)

1.4.4.3: a/w Co‐incidental shunt 7 (13) 4 (12) 3 (16)

1.4.4.4: a/w Postoperative CHD 29 (56) 19 (58) 10 (53)

Co‐morbidities

Down syndrome 8 (15) 4 (12) 4 (19) 0.44

Other chromosomal abnormality/
associated gene variant

4 (8) 2 (6) 2 (11) 0.55

Haemodynamicsb n n n

mPAP (mmHg) 49 45.7 ± 12.1 30 44.1 ± 11.6 19 48.2 ± 12.8 0.27

PVRi (WU.m2) 48 13.5 ± 8.6 30 11.6 ± 5.9 18 16.5 ± 11.4 0.11

At study initiation

Age (years) 10.5 ± 3.6 11.1 ± 3.3 9.5 ± 4.1 0.17

Sildenafil plus bosentan therapy

Age established (years) 7.0 ± 3.9 7.0 ± 3.8 7.1 ± 4.2 0.94

Duration of therapy (months) 42.1 ± 35.8 49.2 ± 35.5 29.7 ± 33.7 0.06

Other therapy

Prostanoid 19 (37) 11 (33) 8 (42) 0.77

CCB 4 (8) 3 (9) 1 (5) 1.00

Anthropometry

Weight z‐score −0.37 ± 1.38 −0.29 ± 1.46 −0.51 ± 1.26 0.57

Height z‐score −0.5 ± 2.15 −0.06 ± 1.47 −0.65 ± 1.32 0.18

WHO functional class

I or II 29 (56) 17 (52) 12 (63) 0.24

III or IV 21 (40) 16 (48) 5 (26)

6MWT n n n

Walk distance (m) 40 378 ± 102 30 401 ± 92* 10 308 ± 103* <0.01

Echocardiography n n n

RAA (cm2) 30 13.3 ± 3.6 20 14.1 ± 3.3 10 11.5 ± 3.7 0.08

RVSP (mmHg) 48 68.9 ± 27.0 31 67.0 ± 24.5 17 72.3 ± 31.7 0.55

TAPSE (mm) 43 16.7 ± 4.7 30 15.9 ± 3.9 13 18.7 ± 5.8 0.13

LVEI diastole 43 1.33 ± 0.25 28 1.29 ± 0.21 15 1.40 ± 0.31 0.22

LVEI systole 44 1.75 ± 0.50 29 1.69 ± 0.51 15 1.88 ± 0.47 0.23
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Switch phase 2, post‐ERA switch assessment to
post‐switch completion assessment

In the 6.0 [6.0, 7.0] weeks following PDE5i switch there
was a significant increase in 6MWD (21m, 95%CI =
[5,37] m, p= 0.01). There was no significant change in
WHO FC (Figure 3a). There was no significant change in
NT‐proBNP, echocardiographic and CMRI parameters.

Comparison between switch and control
groups

Change in assessment parameters between pre‐baseline
to baseline assessments and baseline to medium‐term
assessments is summarized in Table 3 and Supporting
Information S1: Table 2.

Pre‐baseline assessment to baseline assessment

There was no significant difference in the duration from
pre‐baseline to baseline assessment between the switch
and control groups (24.0 [17.9, 33.0] weeks vs. 14.5 [10.0,
29.5] weeks, p= 0.36) (Figure 1). There was a significant
worsening in WHO FC in the switch group, with an
increase in the proportion of children in WHO FC III or
IV between pre‐baseline to baseline assessment (15% vs.
48%, p< 0.01, Figure 3a). There was no significant
change in WHO FC in the control group (Figure 3b).
Children in the control group walked on average 37m
less between pre‐baseline and baseline assessments (95%
CI = [−71, −3] m, p= 0.04). Children in the switch group
had a mean increase in RAA (1.8 cm2, 95%CI = [0.2,
3.5] cm2, p= 0.03). There was no significant change in
any other assessed parameters in either group.

Baseline assessment to medium‐term
assessment

Two children in the control group underwent lung
transplantation before medium‐term follow‐up. There-
fore, 50 children were assessed at medium‐term follow‐
up. There was no difference in the duration from base-
line to medium‐term follow‐up assessment between the
switch and control groups (40.9 [35.2, 49.3] weeks vs.
42.9 [36.9, 47.3] weeks, p= 0.38). The proportion of
children with WHO FC III or IV in the switch group
reduced from baseline to medium‐term assessment (48%
vs. 21%, p= 0.04) and there was no significant change in
the control group. Overall, there was a sustained
improvement in WHO FC at medium‐term assessment in
the switch group (Figure 3a, p< 0.01) and none in the
control group (Figure 3b). There was no significant
change in other assessed parameters in either group. In
the 11 children on triple therapy in the switch group
there was a sustained improvement in WHO FC from
baseline assessment to medium‐term assessment at 23.0
[17.8, 27.0] weeks, although this did not meet statistical
significance (proportion in WHO FC III/IV: 27% vs. 9%,
p= 0.58). There was no significant change in any of the
other assessed parameters in the children on triple
therapy with a prostanoid. Escalation to triple therapy
with the addition of a prostanoid by medium‐term
assessment in prostanoid‐naive children was the same
in both groups (2 (9%) in switch group compared to 1
(9%) in control group).

Longer‐term clinical outcomes

There was no significant difference in duration of follow‐
up from baseline assessment between the switch and

TABLE 1 (Continued)

Characteristics All Switch Control p

Cardiac MRI n n n

RVEDVI (mL/m2) 42 101.2 ± 36.7 32 98.9 ± 39.1 10 108.4 ± 28.1 0.41

RVEF (%) 42 51.7 ± 11.4 32 53.3 ± 8.9 10 46.5 ± 16.7 0.24

Estimated mPAP (mmHg) 40 56.0 ± 15.5 30 54.7 ± 14.7 10 59.8 ± 17.8 0.43

Note: Data represented as a number, n, percentage (%), and mean ± s.d. Statistically significant p values (<0.05) are shown in bold font.

Key: a/w., associated with; CHD, congenital heart disease; IV, intravenous; LVEI, left ventricular eccentricity index; mPAP, mean pulmonary artery pressure;
MRI, magnetic resonance imaging; PVRi, pulmonary vascular resistance indexed to body surface area; RAA, right atrial area; RVEDVi, right ventricular end‐
diastolic volume indexed to body surface area; RVEF, right ventricular ejection fraction; RVSP, estimate of right ventricular systolic pressure on
echocardiography; s/c, sub‐cutaneous; TAPSE, tricuspid annular plane systolic excursion; WHO, World Health Organization; WSPH, World Symposium on
Pulmonary Hypertension; 6MWT, 6‐min walk test.
a6th WSPH classification used.40

bFirst haemodynamic assessment at or after diagnosis.
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control groups (52.6 [32.8, 66.8] months vs. 41.8 [16.4,
69.1] months, p= 0.22). During long‐term follow‐up in
the switch group, 2 (6%) children underwent a Potts
shunt and 2 (6%) underwent insertion of an atrial‐flow
regulator. In the control group, 1 (5%) child underwent
atrial septostomy. Five children (15%) underwent lung

transplant in the switch group and 5 (26%) in the control
group. Four children (12%) in the switch group died,
compared to none in the control group. Those in the
switch group had transplant‐ or Potts shunt‐free survival
of 97%, 97%, and 84% at 1, 2, and 3 years respectively,
compared to 85%, 73%, and 68% in the control group

TABLE 2 Clinical, biometric, echocardiographic, and cardiac MRI assessed parameters across assessments in the switch group
summarized as mean ± standard deviation.

Primary assessment: Baseline
assessment to switch
completion assessment

Switch phase 1: Baseline
assessment to post ERA
switch assessment

Switch phase 2: post ERA switch
assessment to switch
completion assessment

Bosentan + sildenafil switched
to ambrisentan + tadalafil

Bosentan + sildenafil
switched to ambrisentan +
sildenafil

Ambrisentan + sildenafil
switched to ambrisentan +
tadalafil

n Δ p n Δ p n Δ p

WHO FCa

III/IV (%) ‐ 48 vs. 13a <0.01 ‐ 48 vs. 16 <0.01 ‐ 16 vs. 13 0.73

Exercise assessment

6MWD (m) 23 7 [−21, 35] 0.62 27 −8 [−32, 16] 0.51 23 21 [5,37] 0.01

VE/VCO2 slope 25 −3.5 [−7.1, 0.1] 0.06

VE/VCO2 slope % changeb 25 −7 [−14.4, 0.3] 0.06

Peak VO2 (L/min/m2) 25 0.6 [−1.7, 2.9] 0.60

Peak VO2% changeb 25 3.4 [−7.6, 14.4] 0.53

Biochemical measure

NT‐proBNP ratioc 26 0.96 [0.83, 1.10] 0.55 25 1.00 [0.89, 1.13] 0.97 26 0.93 [0.85, 1.01] 0.08

Echocardiographic parameters

RAA (cm2) 17 0.2 [−1.1, 1.6] 0.72 16 0.1 [−1.1, 1.4] 0.84 19 0.7 [−0.2, 1.7] 0.13

RVSP (mmHg) 27 −7 [−13, −1] 0.03 29 ‐8 [−14, −3] <0.01 26 3 [−3, 9.0] 0.3

Eccentricity index diastole 27 −0.007
[−0.09, 0.08]

0.87 26 0.07
[−0.05, 0.19]

0.22 26 −0.11
[−0.25, 0.03]

0.13

Eccentricity index systole 28 0.01
[−0.18, 0.16]

0.90 26 −0.01
[−0.20, 0.18]

0.90 26 0.02 [−0.25, 0.29] 0.89

TAPSE (mm) 28 0.02 [−1.4, 1.5] 0.98 29 0.16 [−0.8, 1.2] 0.74 29 0.1 [−1.6, 1.7] 0.95

Cardiac MRI parameters

RVEDVi (mL/m2) 30 5.7 [0.8, 10.6] 0.02 29 3.3 [0.6, 6.1] 0.02 27 2.9 [−1.9, 7.6] 0.23

RVEF (%) 30 1.8 [0.2, 3.5] 0.03 29 1.1 [−0.3, 2.5] 0.11 27 0.3 [−1.5, 2.0] 0.76

Estimated mPAP (mmHg) 28 0.7 [−4.7, 3.4] 0.74 26 0.3 [−3.5, 4.1] 0.88 25 −0.6 [−4.3, 3.1] 0.73

Note: Comparison of parameters between assessments summarized as difference, Δ, confidence interval, [], number of paired pre/post data, n, and p value, p.
Except for: ** comparison between % of children with the same or improved WHO FC and those with a worse WHO FC. Statistically significant p values
(<0.05) are shown in bold font.

Key: Echocardiographic parameters: LVEI, left ventricular eccentricity index; RAA, right atrial area; RVSP, estimate of right ventricular systolic pressure on
echocardiography; TAPSE, tricuspid annular plane systolic excursion. Cardiac magnetic resonance imaging (MRI) parameters: est. mPAP, estimated mean
pulmonary artery pressure; RVEDVi, right ventricular end‐diastolic volume indexed to body surface area; RVEF, right ventricular ejection fraction. Cardio‐
pulmonary exercise parameters: VO2, oxygen consumption; VE/VCO2, ventilatory efficiency slope. NT‐proBNP, N‐terminal pro‐B‐type natriuretic peptide.
WHO FC, World Health Organization functional class.
a% of children in FC III or IV in those assigned.
bVE/VCO2 slope % change and VO2% change are represented as means.
cNT‐proBNP is represented as the difference in geometric means and is expressed as a ratio.
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(Figure 4). However, the difference in outcome only met
statistical significance at 2 years (hazard ratio at 1 year,
0.47, 95%CI [0.14–1.62], p= 0.2; 2 years, 0.13, 95%CI
[0.01–1.13], p= 0.03; and 3 years, 0.47, 95%CI
[0.14–1.64], p= 0.2).

Safety and tolerability

At medium‐term follow‐up, no children became anemic
or experienced a significant elevation in liver transami-
nases that would require dose adjustment or dis-
continuation of ambrisentan after switching from
bosentan. A total of seven children (21%) experienced
adverse events (AE) that were considered minor, self‐
limiting and did not persist beyond post‐switch comple-
tion assessment: headache (n= 3), pedal edema (n= 2),
dizziness (n= 1) and transient elevation in serum sodium
(n= 1). One further child was temporarily switched back
to sildenafil plus bosentan at 6 months post‐switch
completion as they developed urticaria and angioedema.
They were subsequently diagnosed with idiopathic urti-
caria and angioedema and were successfully switched
back to tadalafil plus ambrisentan without recurrence of
reported symptoms.

DISCUSSION

In this study, we provide a robust assessment of the ef-
fects of an in‐class medication switch in children with
PAH using routine data obtained within a structured

clinical program with multiparametric assessment. We
have shown that a medication switch from bosentan plus
sildenafil to ambrisentan plus tadalafil in children with
PAH was safe, well tolerated, and associated with both
short‐ and medium‐term improvement in functional
status.

To date only one adult study has assessed the effect of
an in‐class medication switch in patients with PAH24

with our study being the first to do so in children.
Moreover, in comparison to adult cohorts, there is a
paucity of evidence for drug efficacy in children with
PAH due to a lack of RCTs and prospective studies.
Studies involving children are often designed primarily to
assess safety and dosing rather than efficacy due to
ethical considerations. As a result, there is frequently a
significant time lag or absence in the licensing of new
drugs for children with PAH. As an alternative to RCTs
and prospective studies, real‐world retrospective obser-
vational studies in children, such as this study, offer a
unique opportunity to study longer‐term outcomes of
therapeutic changes and provide unique insights into the
practicalities of medication switches in children. While
not directly comparable, our results align with the safety,
tolerability, and efficacy seen in adult RCTs and pediatric
prospective studies of PAH therapies.

To assess drug efficacy, we used a range of measures
across the domains of functional status, exercise and
cardiovascular assessment. A subset of these measures
have been considered as exploratory noninvasive end-
points in a handful of prospective studies in children
with PAH, including time to clinical worsening,27,41,42

change in WHO FC from baseline,7,26,27,29,41 change in

(a) (b)

FIGURE 3 World Health Organization functional class (WHO FC) assigned to (a) the switch group and (b) control group across
assessments. NS = nonsignificant, p values: * p< 0.01, **p< 0.001.
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6MWD,7,26,27,29 change in CPET parameters,9,43 echo-
cardiographic parameters7,26,27,44 and health surveys.27,41

We found that WHO FC improved from baseline fol-
lowing ERA switch, following medication switch com-
pletion, and at medium‐term follow‐up (40.9 [35.2,
49.3] weeks). This result is consistent with previous
prospective studies of both ambrisentan and tadalafil
demonstrating improved or maintained WHO FC at
24 weeks in children with PAH.26,27 In pediatric PAH
WHO FC has been shown to be a surrogate for survival
and is recommended as a treatment goal.11 Changes in
exercise tolerance were assessed using 6‐minute walk test
and CPET, which both have limitations of feasibility in
young children, limiting their use in trials. To date only
two trials in children have considered change in 6MWD
as an outcome, both of which were underpowered to
draw strong conclusions.7,27 Despite including children
less than the accepted age of 7 years in assessment of
6MWD we observed good data completeness, with 75% of
children performing a walk test at baseline. In our
cohort, following a switch of sildenafil to tadalafil, chil-
dren walked 21m farther. This is a similar result to the
58m increase in 6MWD seen in the open‐label extension
study of children treated with ambrisentan, although this
was over a median 3.5‐year follow‐up period.29 Only a
single pediatric trial has used CPET parameters as an
endpoint, assessing efficacy of sildenafil monotherapy in
treatment naïve children.9,43 We observed a 7.1%

reduction in VE/VCO2 and a 3.4% increase in peak VO2

in the 13 weeks from baseline, although neither result
was statistically significant. This finding is comparable to
the pediatric STARTS‐2 study that showed 9.7% reduc-
tion in VE/VCO2 and 7.7% increase in peak VO2 at
16 weeks of treatment with sildenafil.43 Measures of right
ventricular function and estimates of pulmonary artery
pressure were assessed using echocardiographic and
CMRI parameters in addition to surrogate marker NT‐
proBNP for ventricular strain. Echocardiographic
parameters were included in a recent post‐hoc analysis of
64 children treated with ambrisentan that showed a
high degree of variability with small changes in only
three parameters over the 24‐weeks of treatment.44

Nevertheless, we included a selection of echocardio-
graphic parameters that showed a small but significant
change in RVSP and RAA in the medication switch
group. As an alternative to echocardiography, CMRI has
been shown to provide robust and reproducible assess-
ment in children.38,45 It can also provide can provide an
estimate of mean pulmonary artery pressure.37 Moreover,
measures of RV volume and function have been shown to
correlate well with 6MWD, WHO FC, tricuspid doppler‐
derived estimates of systolic pulmonary artery pressure,
and invasive measurement of mPAP and to predict out-
comes in children with PAH.38 More recently, two adult
trials have used CMRI as an endpoint.24,46 Hence, our
analysis is the first to demonstrate the potential use of

FIGURE 4 Kaplan–Meier analysis for transplant‐ or Potts shunt‐free survival comparing the switch and control groups.
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CMRI as an exploratory endpoint for pediatric studies
assessing therapeutic efficacy in PAH. In children with
PAH NT‐proBNP has been demonstrated as a prognostic
marker47 and hence its use in routine surveillance in our
institution. However, there was significant data miss-
ingness due adoption on NT‐proBNP testing occurring
later in the review window. Therefore, NT‐proBNP did
not demonstrate utility in our comparison. Likewise,
recent trials that have incorporated NT‐proBNP as a
secondary or exploratory endpoint in children with PAH
have not been able to demonstrate a clinically mean-
ingful change due to studies being underpowered.26,27,29

The duration of follow‐up was longer than most RCTs
assessing efficacy of PAH therapy. Median duration of
follow‐up was 50.528 [68] months, allowing for long‐term
assessment of medication switch efficacy. At longer‐term
follow‐up escalation in therapy with a prostanoid and
occurrence of either all‐cause mortality, lung transplan-
tation, or Potts shunt were high in both the control and
switch groups. However, composite outcomes for chil-
dren who underwent medication switch were compara-
ble with those in the control group.

Adverse events were minimal and self‐limiting in
children switched to ambrisentan plus tadalafil, with
headache and pedal edema being the most common.
These AEs were also the most commonly reported in
adults in the results of the AMBITION study. However,
we did not observe AEs of nasal congestion, anemia, or
syncope in our pediatric cohort.14 The AE profiles in our
study are in‐keeping with pediatric cohorts of patients
treated with either ambrisentan or tadalafil, which found
that headache was the most commonly occurring
treatment‐related AE.3,4,26,28,29 Lower AE rates in our
cohort of children were likely attributed to prior estab-
lished combination therapy with bosentan plus sildenafil.
This has previously been shown in studies of children for
those who were treatment naïve experiencing higher
rates of AEs, than those undergoing an in‐class medica-
tion switch.3,4,26–28 Combination therapy with am-
brisentan and tadalafil has been shown to be safe and
tolerable in a small cohort of children in the retrospective
study by Issapour et al.30 However, only three children in
this study were switched from bosentan plus sildenafil,
whereas our study, with a larger number of children,
confirms safety and tolerability of this in‐class medica-
tion switch.

This study is limited by its retrospective design as
compared to a prospective randomized controlled study,
which is the gold‐standard for assessing treatment effi-
cacy and superiority. However, this study utilizes chil-
dren who did not undergo medication switch as a control
group, therefore allowing treatment effects to be com-
pared. Although the sample size for each group was

small, it was reasonable in comparison to retrospective
pediatric studies in rare diseases. Data for some children
was incomplete due to the study's real‐world setting and
retrospective design, with some assessments not being
available or performed. Data missingness was further
compounded by the study window encompassing the
COVID‐19 pandemic, which was declared in March 2020
in the UK. There was a temporary halt to in‐person
consultations during this time. Therefore, the number of
children included in the analyses differed for each vari-
able, depending on corresponding follow‐up data.

The US FDA has highlighted the need in PAH
trials to identify outcome measures that reflect how a
patient “feels, functions or survives.”48 We have
assessed the effect of a therapeutic change on “func-
tion” (WHO FC, exercise testing, and right ventricular
function) and “survival,” but due to the retrospective
design of this review we were unable to assess how a
patient “feels” through patient‐reported outcome
measures.

CONCLUSION

A switch in combination therapy from bosentan plus
sildenafil to ambrisentan plus tadalafil was well tolerated
in children with PAH. The therapeutic switch was
associated with improvements across a range of non-
invasive parameters assessed during routine reviews
within a structured clinical care program. At long‐term
follow‐up transplant‐ or Potts shunt‐free survival in
children who underwent combination oral medication
switch appeared to be comparable with those who were
not switched.
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