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Abstract

Rationale: Pediatric pulmonary hypertension is an important
cause of childhood morbidity and mortality, but there are limited
data on the range of associated diseases, contributions of different
pulmonary hypertension subtypes, therapeutic strategies, and
clinical outcomes in children.

Objectives: To report the 20-year experience of a large UK
National Pediatric Pulmonary Hypertension Service focusing on
epidemiology and clinical outcomes.

Methods: Consecutive patients presenting between 2001 and
2021 were included, and survival analysis was performed for
incident patients.

Measurements and Main Results: Of 1,353 patients assessed,
a pulmonary hypertension diagnosis was made in 1,101 (81.4%)
patients (51% female, median age, 2.6 [interquartile range,
0.8–8.2] years). The most common form was pulmonary arterial
hypertension in 48%, followed by 32.3% with pulmonary
hypertension due to lung disease. Multiple contributory causes of
pulmonary hypertension were common, with 16.9% displaying

features of more than one diagnostic group. The annual
incidence of childhood pulmonary hypertension was 3.5 (95%
confidence interval [CI], 3.3–3.8) per 1 million children, and the
prevalence was 18.1 (95% CI, 15.8–20.4) per 1 million. The
incidence was highest for pulmonary hypertension due to lung
disease in infancy (15.0 [95% CI, 12.7–17.2] per 1 million per
year). Overall, 82.4% patients received pulmonary arterial
hypertension therapy, and escalation to triple therapy during
follow-up was required in 13.1%. In 970 (88.1%) incident
patients, transplant-free survival was 86.7% (95% CI, 84.5–89%)
at 1 and 68.6% (95% CI, 64.7–72.6%) at 10 years. Pulmonary
hypertension due to left heart disease had the lowest survival
(hazard ratio, 2.0; 95% CI, 1.36–2.94; P, 0.001).

Conclusions: Clinical phenotypes of pediatric pulmonary
hypertension are heterogeneous and overlapping, with clinical
phenotypes that evolve throughout childhood. Despite
widespread use of pulmonary arterial hypertension therapy, the
prognosis remains poor.
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Pulmonary hypertension (PH) is a rare but
serious disease in childhood associated with
significant morbidity and mortality. Despite
sharing common features with adult disease,
pediatric PH has many unique characteristics
in terms of etiology and presentation, which
are highlighted in the sixthWorld
Symposium on PH classification (1). Our
current understanding of the etiology of
pediatric PH is based on previous registries,
which have identified a high proportion of
multifactorial and “transient” cases of PH in
childhood (2–4). However, given the rarity
and heterogeneity of PH in children, only
large national datasets with long follow-up
can accurately report on the epidemiology
and outcomes across the spectrum of
pediatric disease.

In the United Kingdom, specialized PH
care has been centralized since 2001 to

provide a consistent national approach to
diagnosis and management. All children
with PH are managed by a single center that
acts as the hub of a specialist pediatric PH
network. This protocolized approach to care
and centralization of data offers a unique
opportunity to study the epidemiology and
outcomes across the breadth of pediatric PH
while limiting selection bias. In this study,
we report the entire 20-year experience of
the UKNational Pediatric Pulmonary
Hypertension Service, focusing on the
incidence, clinical phenotypes, and outcomes
of children diagnosed with PH. Some of the
results of this study have been previously
reported in the form of an abstract (5).

Methods

Study Design
This is a retrospective study of consecutive
patients with PH presenting to our service
from its inception on January 1, 2001, to
January 1, 2021. To reduce selection bias, the
initial screening cohort included 1) patients
presenting with suspected or confirmed PH
to the specialist service, 2) cases referred for a
second opinion, and 3) cases requiring
specialist inpatient review or advice. Criteria
for inclusion into the analysis cohort were
age< 18 years with a firm diagnosis of PH
by cardiac catheterization based on
established hemodynamic criteria, or on
noninvasive clinical assessment with signs of
PH on echocardiography and a diagnosis
established by the PHmult-disciplinary
team (6). This retrospective analysis was
covered under ethics approval 17/LO/0008
and based on anonymized data collected for
routine clinical care; hence, individual
informed consent was waived.

Data Collection
Demographic and clinical characteristics
were collected from a dedicated clinical
database. Height-for-age and weight-for-age
z-scores were calculated using appropriate
growth charts (see the online supplement for
further details) (7–9). Each patient was
assigned to a PH group: group 1 PH or
pulmonary arterial hypertension (PAH);
group 2, PH associated with left heart
disease; group 3, PH associated with lung
disease and/or related to hypoxia; group 4,
PH due to pulmonary artery obstructions;
and group 5, PH with unclear and/or
multifactorial mechanisms (10). A PH
subgroup was then assigned according to the

sixthWorld Symposium on PH international
classification system (1). Secondary and
tertiary causes of PH were documented
where apparent. If a patient could be
allocated to more than one group, this was
reviewed by the senior investigator, and a
consensus was reached. Resolution of PH
was defined as normalization of PA pressure
on invasive or noninvasive assessment after
cessation of PAH therapy.

Statistical Analysis
Statistical analyses were performed using R
version 4.1.0 (R Foundation for Statistical
Computing). Continuous variables are
presented as mean6 SD or median
(interquartile range [IQR]). Categorical
variables are presented as number (%). The
denominator for percentages was the total
number of patients with available data for
each variable analyzed. Missing data were
not imputed. Comparisons between groups
were performed using theWilcoxon rank
sum and chi-square tests. The incidences of
groups 1–5 and for overall PH were
calculated with reference to annual UK
childhood population statistics (11).
Additional detail on the method for making
these measurements is provided in the online
supplement.

Survival analysis was performed in the
incident PH group using a composite
outcome of all-cause mortality or lung or
heart–lung transplantation. Patients were
censored at the first occurrence of any of the
following: alive on January 1, 2021, reached
18 years of age, transitioned to an adult PH
service, emigrated from the United
Kingdom, or lost to follow-up. The Kaplan-
Meier method was used to generate survival
curves (see the online supplement for further
details on survival and competing risks
analysis). A two-sided P value of less than
0.05 indicated statistical significance.

Results

From January 1, 2001, to January 1, 2021,
1,353 patients were referred to the UK
National Pediatric Pulmonary Hypertension
Service and were included in this study.
From this referral cohort, 252 patients did
not have PH (see Table E1 in the online
supplement for referral indications), and a
diagnosis of PH was made in the remaining
1,101 (81.4%) patients. Most (80.5%) patients
in whom PHwas excluded at first assessment
by the PH service were “at-risk” patients

At a Glance Commentary

Scientific Knowledge on the
Subject: Pediatric pulmonary
hypertension represents a
heterogeneous group of diseases with
overlapping clinical phenotypes that
evolve throughout childhood and
resemble adult phenotypes in
adolescence. Our current
understanding of etiology and
outcomes in pediatric pulmonary
hypertension is based on previous
registry studies, which often focus on
group 1 pulmonary hypertension
and provide survival data to 5 years
after diagnosis.

What This Study Adds to the
Field: This national cohort study
reports on the experience of the
single UK referral center for
pulmonary hypertension in children,
providing the first estimates of
incidence and prevalence of all
pediatric pulmonary hypertension
groups from infancy to late
adolescence. This study also uses
mortality data from a large cohort
of consecutive patients with
long-term follow-up and good
ascertainment to determine survival
for different pediatric pulmonary
hypertension groups.
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(e.g., reviewed as part of family screening or
because of a comorbid condition with a
known association to PH).

Overall PH Cohort and International
PH Classification Groups
A full list of diagnostic subgroups is show in
Table 1, and the baseline characteristics of
the PH cohort are shown in Table 2 (for data
on each diagnostic PH group, please see
Table E2). Overall, 51.0% were female, with a
median age at diagnosis of PH of 2.6 (IQR,
0.8–8.2] years (Figure 1). Almost half of
patients, 529 (48.0%), belonged to group 1
of the International PH Classification
(pulmonary arterial hypertension [PAH]).
The majority of these had PAH associated
with congenital heart disease (62.9%),
followed by idiopathic PAH (22.3%) and
then by heritable PAH (5.3%). There were
only 8 (1.5%) patients with persistent PH of
the newborn.

Group 3 PH (PH due to lung disease)
was the secondmost common diagnosis
(32.3% of the total population). Within this
category, young children with
bronchopulmonary dysplasia and congenital
diaphragmatic hernia were the largest
subgroups, accounting for 48.3% and 11.0%
of group 3 patients, respectively.

Group 2 (left heart disease) and group
5 PH (unclear and/or multifactorial
mechanisms) accounted for 8.8% and 9.0%,
respectively. Of group 2 patients, 38.1% were
related to ventricular disease, 33.0% were
because of pulmonary vein stenosis, and
24.7% were secondary to valve disease.
Group 5mainly consisted of patients with
congenital heart disease (28.3% Glenn/
Fontan, 8.1% unoperated univentricular,
21.0% segmental PH, and 12.0% scimitar
syndrome) or patients with systemic/
metabolic disorders (29.3%). Group 4 PH
was the least common diagnosis (20, 1.8%),
with only 5 (0.5%) cases of chronic
thromboembolic PH and 15 (1.4%) cases of
peripheral pulmonary artery obstructions.

Overall, 186 (16.9%) patients had
features fitting more than one PH diagnostic
group (“intergroup links”) (Figure E1). Two
different PH diagnostic groups were
identified in 14.5% and three groups in 2.4%.
The most commonly associated diagnostic
groups were groups 1 and 3 (12.3%, 113 of
917 patients with groups 1 or 3 PH),
bronchopulmonary dysplasia and PAH
related to congenital heart disease coexisting
in 3.6% of patients.

Incidence, Prevalence, and Sex Ratios
by Primary PH Group
The estimated annual incidence of childhood
PH in the United Kingdomwas 3.5 (95%

confidence interval [CI], 3.3–3.8) per
1 million population, varying by age and
diagnostic group (Figure 2; see Figure E2
for CIs). The incidence of PH was highest

Table 1. Diseases Associated with Main Pediatric Pulmonary Hypertension
Diagnosis According to the 2018 International Classification System (1)

Pulmonary Hypertension Group n %

Group 1: PAH
1.1 Idiopathic PAH 63 5.7
1.2 Heritable PAH 28 2.5
1.3 Drug- and toxin-induced PAH 10 0.9
1.4.1 APAH connective tissue disease 13 1.2
1.4.2 APAH HIV infection 1 0.1
1.4.3 APAH portal hypertension 10 0.9
1.4.4.1 APAH CHD Eisenmenger Syndrome 90 8.2
1.4.4.2.1 APAH CHD Left to right Shunt (deemed operable) 50 4.5
1.4.4.2.2 APAH CHD Left to right Shunt (deemed inoperable) 36 3.3
1.4.4.3 APAH CHD – PAH with co-incidental CHD 47 4.3
1.4.4.4 APAH CHD Post-operative PAH 129 11.7
1.4.4.x APAH CHD Cannot be classified 28 2.5
1.5 PAH long-term responders to calcium channel blockers 8 0.7
1.6 PAH with overt features of venous/capillaries (PVOD/PCH) involvement 8 0.7
1.7 Persistent PH of the newborn syndrome 8 0.7

Group 2: PH due to left heart disease
2.1 PH due to heart failure with preserved LVEF 27 2.5
2.2 PH due to heart failure with reduced LVEF 10 0.9
2.3 Valvular heart disease 9 0.8
2.4.1 Pulmonary vein stenosis 32 2.9
2.4.2 Cor triatriatum 2 0.2
2.4.3 Obstructed total anomalous pulmonary venous return 1 0.1
2.4.4 Mitral/aortic valve stenosis (including supra/subvalvular) 15 1.4
2.4.5 Aorta/great arteries 1 0.1

Group 3: PH due to lung disease and/or hypoxia
3.1 Obstructive lung disease 4 0.4
3.2 Restrictive lung disease 31 2.8
3.3 Other lung disease with mixed restrictive/obstructive pattern 48 4.4
3.4 Hypoxia without lung disease 24 2.2
3.5.1 Bronchopulmonary dysplasia 172 15.6
3.5.10 Pulmonary lymphangiectasia 2 0.2
3.5.2 Congenital diaphragmatic hernia 39 3.5
3.5.3 Down syndrome 8 0.7
3.5.4 Alveolar capillary dysplasia with “misalignment of veins” (FOXF1) 6 0.5
3.5.5 Lung hypoplasia, acinar dysplasia 12 1.1
3.5.6 Surfactant protein abnormalities 1 0.1
3.5.6 TTF1/NKX2-1 1 0.1
3.5.7 TBX4 4 0.4
3.5.8 Pulmonary interstitial glycogenesis 3 0.3
3.5.9 Pulmonary alveolar proteinosis 1 0.1

Group 4: PH due to pulmonary artery obstructions
4.1 Chronic thromboembolic PH 5 0.5
4.2.5 Congenital pulmonary artery stenoses 15 1.4

Group 5 PH with unclear and/or multifactorial mechanisms
5.1.1 Hematologic, chronic hemolytic anemia 4 0.4
5.2.3 Systemic/metabolic, glycogen storage disease 1 0.1
5.2.4 Systemic/metabolic, neurofibromatosis 1 0.1
5.2.x Systemic/metabolic - other named 23 2.1
5.4.1.1 Complex CHD segmental PH isolated PA of ductal origin 2 0.2
5.4.1.2 Complex CHD segmental PH absent PA 3 0.3
5.4.1.3 Complex CHD segmental PH PA VSD MAPCAs 10 0.9
5.4.1.4 Complex CHD segmental PH hemitruncus 4 0.4
5.4.1.5 Complex CHD segmental PH other 2 0.2
5.4.2 Single ventricle, including Fontan/Glenn 37 3.4
5.4.3 Scimitar syndrome 12 1.1

Definition of abbreviations: APAH=associated pulmonary arterial hypertension;
CHD=congenital heart disease; FOXF1=Forkhead box F1; LVEF= left ventricular ejection
fraction; MAPCA=major aortopulmonary collateral; PA=pulmonary artery; PAH=pulmonary
arterial hypertension; PCH=pulmonary capillary hemangiomatosis; PH=pulmonary
hypertension; PVOD=pulmonary venoocclusive disease; TBX4=T-box transcription factor-4;
TTF1/NKX2-1= thyroid transcription factor; VSD=ventricular septal defect.
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in infancy across all groups, with the
highest incidence occurring in group 3
(15.0 [95% CI, 12.7–17.2] cases per 1 million
children per year). Beyond infancy, group 1
PH had the highest incidence. The
prevalence of childhood PH in the United
Kingdomwas 18.1 (95% CI, 15.8–20.4) per 1
million population. PAH had the highest
prevalence at 9.8 (95% CI, 8.1–11.5) cases
per 1 million, whereas the prevalence of
group 4 PH was 0.3 (95% CI, 0–0.5) cases
per 1 million.

There was a significant interaction
between age group and sex (P=0.03), deriving
mainly from the adolescent age group
(12–18 yr). Indeed, in all groups, there was a
significant female preponderance in
adolescence (12–18 years; 1.5:1; P=0.006), but
not in children,12 years (P=0.9) (Figure 1).
This was exaggerated in PAH, where there
was an excess of female patients in the 5- to
12- and 12- to 18-year age groups (P=0.04
and P=0.001, respectively). Group 2 PHwas
significantly more frequent inmale children

(0–18 years; 1.8:1; P=0.02), whereas there was
a female preponderance in idiopathic or
heritable PAH (0–18 years; 1.6:1; P=0.02).

Heritable PAH and Associated
Genetic Syndromes
Genetic abnormalities were detected in 370
(34.1%) patients. Down syndrome was the
most commonly associated syndrome,
occurring in 176 (16.0%) children. Overall,
17 (4.2% of 724 patients for whom family
history was available) patients had a positive

Table 2. Baseline Characteristics of Overall Pulmonary Hypertension Cohort and for Pulmonary Hypertension Diagnostic Groups
1 and 3

Overall (n=1101) Group 1 (n=529) Group 3 (n=356) P Value (Group 1 vs. 3)

Demographic characteristics
Incident PH, n (%) 1061 (96.4) 497 (94.0) 355 (99.7) <0.001
Female, n (%) 558 (50.7) 295 (55.8) 170 (47.8) 0.02
Age at diagnosis, y 2.6 [0.8 to 8.2] 4.8 [1.7 to 11] 0.85 [0.5 to 2] <0.001

Perinatal history
Gestation at birth, weeks 39 [32.5 to 40] 40 [37.7 to 40] 30.3 [26.1 to 38] <0.001
Preterm, n (%) 343 (36.9) 86 (19.6) 222 (67.1) <0.001
Admission to neonatal unit, n (%) 628 (71.4) 207 (50.5) 302 (93.8) <0.001
Oligohydramnios, n (%) 14 (1.3) 3 (0.6) 11 (3.2) 0.008
Chorioamnionitis, n (%) 10 (0.9) 2 (0.4) 8 (2.3) 0.03
History of PPHN, n (%) 101 (11.1) 31 (6.8) 63 (22) <0.001
History of ECMO, n (%) 62 (5.7) 19 (3.6) 25 (7.1) 0.03

Comorbidities
Family history of PH, n (%) 24 (3.3) 17 (4.2) 3 (1.6) 0.16
CHD, n (%) 816 (74.1) 405 (76.6) 231 (64.9) <0.001
Down syndrome, n (%) 176 (16.0) 123 (23.3) 44 (12.4) <0.001
Associated lung disease, n (%) 499 (45.4) 104 (19.7) 336 (94.4)* <0.001
Developmental 337 (30.6) 45 (8.5) 256 (71.9) <0.001
Aspiration 82 (7.4) 22 (4.5) 55 (15.4) <0.001
Recurrent infection 35 (3.2) 8 (1.5) 24 (6.7) <0.001
ILD 33 (3.0) 7 (1.3) 25 (7) <0.001
Other primary lung disease 18 (1.6) 6 (1.1) 11 (3.1) 0.07
Unclear cause 31 (2.8) 11 (2.1) 14 (3.9) 0.15
Associated airway disease, n (%) 132 (12.0) 42 (7.9) 71 (19.9) <0.001

Clinical assessment at presentation
Height z-score 21.1 [22.1 to 0.1] 20.8 [21.8-0.1] 21.6 [23.1 to 0.9] <0.001
Weight z-score 21.4 [22.7 to 20.3] 21.0 [22.0-0] 22.3 [23.7 to 0.9] <0.001
Resting oxygen saturations, % 96 [92 to 98] 96 [90 to 98] 96 [94 to 98] 0.11

WHO functional class <0.001
I 181 (20.3) 109 (22.9) 43 (18.1)
II 247 (27.8) 146 (30.7) 46 (19.4)
III 262 (29.4) 161 (33.8) 32 (13.5)
IV 200 (22.5) 60 (12.6) 116 (48.9)
Presenting syncope, n (%) 68 (6.2) 57 (10.8) 5 (1.4) <0.001
6MW test completed† 190 (54.4) 139 (59.1) 12 (38.7) <0.001
6MW distance, m 3096 118 3126119 2936128 0.59
Catheterization completed 684 (62.4) 425 (81.0) 99 (27.9) <0.001

Definition of abbreviations: 6MW=6-minute-walk; CHD=congenital heart disease; ECMO=extracorporeal membrane oxygenation;
ILD= interstitial lung disease; PH=pulmonary hypertension; PPHN=persistent pulmonary hypertension of the newborn; WHO=world health
organization.
Continuous variables are presented as median [interquartile range] or mean6 standard deviation. Categorical variables are presented as n (%).
P, 0.05 indicative of statistical significance. P values ,0.05 were indicative of statistical significance (shown in bold font).
*Patients with group 3 pulmonary hypertension without lung disease had pulmonary hypertension secondary to hypoxia alone.
†Reported in patients .6 yr old.
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family history of PAH. Gene mutations
causing heritable PAH along with other
genetic abnormalities are indicated in
Table E3.

Presenting Clinical Features
In this pediatric cohort, only 677 (61.9%)
patients had typical symptoms of PH at
presentation. In the remainder, PH was

identified during routine evaluation of an
underlying condition, such as congenital
heart disease (57.0%), or during intercurrent
illness (43.0%). Dyspnea on exertion or
exercise limitation (n=329, 30.1%) was the
most reported presenting symptom, followed
by cardiorespiratory failure (n=117, 10.7%)
(Table E4). In 68 (6.2%) patients, syncope
was the main presenting symptom, and this

was much more common in patients with
PAH (10.8% vs. 1.9% in other PH groups;
P, 0.001). Functional class at diagnosis
(World Health Organization classification)
was available for 890 (80.8%) patients. World
Health Organization functional class could
not be determined for 92(8.4%) patients with
various types of disability. Patients in group 3
had the highest proportion in functional class
III or IV (P, 0.001) followed by patients in
group 1 (P, 0.001). Growth restriction was
observed in the overall PH cohort (median
height z-score,21.1 [IQR,22.1 to 0.1];
median weight z-score,21.4 [IQR,22.7
to 0.3]) and was greater for group 3 than
group 1 patients with PH (both P, 0.001).
A 6-minute-walk distance at presentation
was available for 190 (54.4%) patients over
the age of 6 years at diagnosis. The median
distance walked was 325 [IQR, 240 to 400] m
in the overall PH group.

Diagnostic cardiac catheterization was
performed in 684 (62.4%) patients in the
overall group.Median pulmonary vascular
resistance index was higher in group 1 than
group 3 PH (12.0 [IQR, 7.0–19.9] vs. 7.2 [IQR,
4.7–10.1]WU.m2; P, 0.001) (Table E5).
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Figure 1. (A–E) Diagnoses by age for the overall pulmonary hypertension cohort (A) and for pulmonary hypertension groups 1, 2, 3, and 5
(B–E) with corresponding sex ratios for infancy, young childhood, middle childhood, and adolescence. *P,0.05 on chi-square testing
compared with expected childhood sex ratio in the United Kingdom.

Age group,
y

Group 1 Group 2 Group 3 Group 4 Group 5 Any PH

5.89 1.82 15.0 0.09 1.47 24.2

1.95 0.35 0.95 0.07 0.35 3.67

1.11 0.20 0.29 0.05 0.34 2.00

1.08 0.12 0.13 0.06 0.25 1.64
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Figure 2. Estimated annual incidence of childhood pulmonary hypertension (PH) in the United
Kingdom (groups 1–5) for infancy (0–1 yr), early childhood (1–5 yr), prepubescence (5–12 yr),
and adolescence (12–18 yr). The average point prevalence for the years 2005–2019 inclusive
is also given for each PH group and for the overall childhood population. See Figure E2 in the
online supplement for confidence intervals.
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Initial PAH Therapy
The initial PAH therapeutic strategy (within
8 weeks of PH diagnosis) in the overall PH
cohort and in PH group 1 and 3 is shown in
Table 3 (for details of clinical management
and outcomes for all PH diagnostic groups,
see Table E6). At 8 weeks, 617 (56.0%)
patients were on monotherapy, most
commonly with a phosphodiesterase-5
inhibitor (47.7%) or an endothelin receptor
antagonist (5.8%). Upfront dual-agent
therapy was used in 157 (14.3%) patients,
whereas initial triple therapy was used in
46 (4.2%). Patients with group 3 PHwere less
likely to be started or maintained on
combination therapy after initial specialist
assessment (12.6% vs. 23.4%; P, 0.001).
Conversely, children diagnosed with
idiopathic PAHwere more likely to be
treated aggressively with upfront
combination therapy than other patients
with PAH (49.3% vs. 13.6%; P, 0.001).
Of 146 patients with idiopathic or heritable
PAH, 24 (16.4%) were treated with calcium
channel blockers as acute vasoresponders.

Management of PH at the Latest
Follow-Up
At the latest follow-up visit, 696 (76.4% of
patients started on PAH therapy) patients
remained on PAH therapy (monotherapy in
35.0% and combination therapy in 27.2%).

During the entire study period, prostanoid
therapy was used in 144 (13.1%) patients, in
102 (70.8%) of whom it was required as part
of triple therapy. Triple therapy was far more
common in patients with idiopathic PAH
than other PAH (37.0% vs. 7.6%; P, 0.001).
Of patients on prostanoid therapy, 73.6%
were on intravenous epoprostenol, 16.7% on
inhaled iloprost, 6.9% on subcutaneous
Treprostinil, and 3.5% on oral selexipag.
Only half (n=181, 50.8%) of patients in
group 3 were maintained on PAH therapy
until the end of follow-up and were more
likely to receive sildenafil monotherapy than
patients with PAH (36.5% vs. 23.3%;
P, 0.001). Only 15 (4.2%) patients in group
3 received prostanoid therapy, compared
with 113 (21.4%) with PAH overall and 75
(51.4%) with idiopathic PAH (both
P, 0.001).

In addition to PAH pharmacotherapy,
57 (5.2%) patients underwent the following
interventional procedures for management
of PH during the follow-up period: 41 (3.7%)
patients received an atrial septostomy or
atrial flow regulator, 6 (0.5%) underwent a
Potts shunt, and 10 (0.9%) had stenting of an
existing patent ductus arteriosus.

Clinical Outcomes
Clinical outcomes were examined for 970
(88.1%) patients with incident PH (median

follow-up, 3.0 years [range, 1 day to 16.6
years]; 3,948.6 total patient-years).
Resolution of PH occurred in 171 (15.5%)
patients. In group 3, one-half of patients
experienced PH resolution within 8.6 (95%
CI, 8.5–8.7) years of initial PH diagnosis.
Resolution was more common in group 3
than all other groups combined (38.6% vs.
16.6% at 5 years after diagnosis; P, 0.001),
and patients with PAH (10.7%; P, 0.001).
Of patients with group 1 PHwho
experienced resolution, the most common
diagnostic subgroup was PAH related to
congenital heart disease (CHD) (21 [5.5% of
patients with PAH related to CHD and
61.8% of resolved PAH]), followed by drug-
or toxin-related PAH (5 [50.0% of patients
with drug-/toxin-related PAH and 14.7% of
resolved PAH]) and persistent pulmonary
hypertension of the newborn (PPHN) (4
[50.0% of patients with PPHN and 11.8% of
resolved PAH]).

During follow-up, there were 268
(24.3%) deaths and 39 (3.5%) bilateral lung
or heart–lung transplants after a median time
on the active waiting list of 4.8 (IQR,
1.5–10.1) months. A further 20 (1.8%)
patients had been listed for transplantation,
of whom 55.0% died while on the transplant
list after a median 8.2 (IQR, 2.3–15.4)
months. In the overall PH group,
transplant-free survival was 86.7% (95% CI,

Table 3. Clinical Management and Outcome in the Overall Pediatric Pulmonary Hypertension Cohort and for Groups 1 and 3
Pulmonary Hypertension

Overall
(n=1101)

Group 1
(n=529)

Group 3
(n=356)

P Value
(Group 1 vs. 3)

Clinical management
PH therapy use at any time 910 (82.7) 437 (82.6) 309 (86.8) 0.11
Initial PH therapeutic strategy

Monotherapy 617 (56) 266 (50.3) 238 (66.9) <0.001
Dual agent combination therapy 157 (14.3) 90 (17.0) 39 (11.0) 0.02
Triple therapy 46 (4.2) 34 (6.4) 6 (1.7) 0.002
None 281 (25.5) 139 (26.3) 73 (20.5) 0.06

Initial monotherapy
PDE5 inhibitor 525 (47.7) 193 (36.5) 234 (65.7) <0.001
ERA 64 (5.8) 54 (10.2) 2 (0.6) <0.001
Prostanoid 3 (0.3) 2 (0.4) 0 (0) 0.66

Therapy at end of follow-up
Monotherapy 390 (35.4) 168 (31.8) 135 (37.9) 0.07
Dual agent combination therapy 197 (17.9) 135 (25.5) 29 (8.1) <0.001
Triple therapy 102 (9.3) 83 (15.7) 14 (3.9) <0.001
None 412 (37.4) 143 (27.0) 178 (50) <0.001

Clinical outcomes
Resolution within 5 yr of diagnosis, %* 23.6 10.7 38.6 —
Transplanted lung or heart within 5 yr of diagnosis, %* 2.7 3.5 1.1 —

Definition of abbreviations: ERA=endothelin receptor antagonist; PDE5=phosphodiesterase 5; PH=pulmonary hypertension.
*Outcome statistics are based on the competing risks analysis. Continuous variables are presented as median [interquartile range] or
mean6 standard deviation. Categorical variables are presented as n (%). P, 0.05 indicative of statistical significance.
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84.5–89.0%) at 1 year, 73.9% (95% CI,
70.7–77.1%) at 5 years, and 68.6% (95% CI,
64.7–72.6%) at 10 years (Figure 3A). PAH
related to CHD had the highest transplant-
free survival (hazard ratio, 0.58; 95% CI,
0.43–0.79; P, 0.001). Group 2 had the
lowest transplant-free survival (hazard ratio,
2.0; 95% CI, 1.36–2.94; P, 0.001), whereas
overall survival in groups 3 and 5 did not
differ significantly from group 1 PH
(Figure 3B). Although early survival
appeared to diverge between groups 1 and
3 PH, this difference was not statistically
significant (P=0.07; see Figure E3 for
competing outcomes).

Discussion

This paper describes the epidemiology,
clinical characteristics, and outcomes of the
largest national cohort of consecutive
incident patients with pediatric PH, assessed
over a 20-year period within a universal
healthcare system.We found a substantial
peak in the incidence of pediatric PH in
infancy, as well as changes in subgroup
distribution and sex ratio by age. Multiple
contributory causes of PH were common, as
was resolution of disease, especially in group
3 patients. Short- and longer-term outcomes
were poor for all types of pediatric PH,
despite significant usage of PAH therapies.
The unique features of childhood PH
described in this report challenge current

disease paradigms and should inform future
systems of disease classification.

Our study reports incidence and
prevalence by pediatric PH group, as well as
incidence by age. We found that PH
incidence was highest in infancy for all
groups and fell sharply thereafter, indicative
of the dominance of developmental
conditions related to pediatric disease. The
incidence and prevalence of PH in childhood
were similar to those reported in other
clinical registries (2, 12, 13) and predictably
lower than in studies that used
administrative or claims data, given the
different methodologies used (4, 14, 15).
Indeed, registry design, and especially
inclusion and exclusion criteria, affect the
clinical phenotypes of the patients enrolled.

Our study included all fiveWorld
Symposium on PH groups and did not
require cardiac catheterization for the
diagnosis of PH. PH due to lung disease was
the predominant group in infancy, and these
patients undergo cardiac catheterization less
commonly than patients with other types of
PH. Our cohort had a higher proportion of
group 3 PH (32.3%) and a lower median age
(2.6 yr) than the Tracking Outcome and
Practice in Pediatric PH and the Spanish
Registry for Pediatric PH (REHIPED), both
of which required cardiac catheterization for
registry inclusion. Similar to our cohort, the
PPHNet registry did not require cardiac
catheterization and had an even younger
population (median age, 0.5 yr) with a higher
proportion of group 3 PH (3, 16–18).

Although group 1 PH has been the focus of
research in pediatric PH, our results support
the inclusion of patients with PH due to lung
disease in pediatric PH registries and the
development of initiatives seeking to
improve diagnosis and management in this
subset of patients.

One in six children in our study had PH
related to more than one diagnostic group.
The most common association was between
bronchopulmonary dysplasia (group 3) and
PAH related to CHD (group 1). The frequent
cooccurrence of diverse causes of PH
highlights the need for systematic
phenotyping and care provided by
multispecialty, multidisciplinary teams with
PH clinicians working alongside pediatric
cardiologists, respiratory pediatricians,
neonatologists, and clinical geneticists,
among others (6). Understanding the relative
contribution of each cause of PH can be
extremely challenging, especially as different
conditions can evolve in different ways. For
example, bronchopulmonary dysplasia may
resolve, whereas PAH typically progresses.
Therefore, the presence of multiple causes of
PHmay influence prognosis and the
response to treatment.

PAH therapies are increasingly used in
pediatrics and were used in a significant
proportion of our patients (6). The use of
PAH therapy in our population was similar
to other registries in terms of the proportion
of patients with PAH treated and the use of
combination therapy. However, a higher
proportion of patients received prostacyclin
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in the North American registry than our
cohort, possibly pointing to differences in
prescription practices and/or treatment
incentives. In the past, the use of PAH
therapies in children has been extrapolated
almost exclusively from studies in adults
given the common etiology between
pediatric and adult group 1 disease. More
recently, pediatric PH programs have
enabled clinical trials of therapy in the
childhood PAH population (19, 20). As
expected, group 1 patients, and particularly
those with idiopathic or heritable PAH, were
far more likely to be treated with
combination PAH therapy than other forms
of PH. However, a sizeable proportion of
patients outside of group 1 PHwere treated
with PAH therapy, including patients with
PH associated with left heart disease and
lung disease, who are rarely treated in adult
centers. It should be noted that the etiology
of pediatric PH outside of group 1 differs
substantially from adult disease; hence, the
role of PAH therapies in these children needs
to be evaluated separately. For example,
pediatric group 3 PHwas caused primarily
by developmental lung disease related to
bronchopulmonary dysplasia or congenital
diaphragmatic hernia. These involve
completely different pathophysiological
processes compared with adult group 3 PH,
which is most commonly seen in the context
of chronic obstructive pulmonary disease
and idiopathic pulmonary fibrosis (21). In
group 2 PH, the main pediatric etiologies
were pulmonary vein stenosis and childhood
cardiomyopathies (22), and patients referred
to the pediatric PH service are typically those
with advanced disease, in whom experts may
use PAH therapies as an adjunct to
conventional heart failure therapy. Finally,
group 5 PH in childhood was related to
either complex congenital heart disease, or to
rare systemic or metabolic diseases, for
which an evidence base for PAH therapy is
largely absent. While awaiting clinical trials
in these groups, PAH therapies should only
be considered and managed in specialist
centers on an individual-patient basis, with
careful monitoring of side effects and
therapeutic response.

This cohort covers an extended period
of 20 years. To avoid immortal time bias, we
restricted our survival analysis to
consecutive, incident patients (16, 23). As
such, the results likely provide an accurate
indication of expected outcome in newly
diagnosed individuals. Almost one-third of

patients had undergone transplantation or
died within 10 years of diagnosis, and
patients with group 2 PH had the worst
outcome. Our outcomes were broadly similar
to those reported by REHIPED and
intermediate between other European and
North American registries (2, 23). Overall
transplant-free survival in the PPHNet
registry was 84% at 5 years, compared with
73.9% in the present study. Clinical
characteristics of the study population
potentially explain small differences in
outcomes. Apart from being younger at
enrollment, with a higher proportion of
group 3 PH, children in the PPHNet registry
had more favorable hemodynamics (e.g.,
PVRI 7.1 vs. 10WU.m2) and a higher rate of
disease resolution than our cohort. This was
especially striking in patients with PAH, for
whom resolution at 5 years in the North
American registry was 42% versus 10.7% in
our study. Indeed, patients with transient
forms of PH were present in greater numbers
in PPHNet: PPHNwas the primary
diagnosis in 7.6% versus 0.7% of patients in
our cohort. Our overall outcomes were
broadly similar to those reported by
REHIPED, where survival at 3 years was
80%. However, the Spanish registry reported
superior outcomes in patients with PAH
compared with the remainder, which neither
our study nor the North American registry
was able to demonstrate. Pediatric PH of all
types still carries significant morbidity and
mortality despite major improvements in
diagnosis, supportive care, and
pharmacological therapies that have
improved the natural history of the disease.
There remains an urgent need for
therapeutic innovation for these
patients (24, 25).

Resolution of PH is a unique feature of
pediatric disease, occurring in one in seven
patients diagnosed in our center, and was far
more common in group 3 PH. Resolution
occurred at a median 2 years from study
inclusion, indicating that the majority of
these patients do not have “transient PH” as
previously defined (4). Currently, there are
no data to predict which patients will
experience resolution of their disease.
Further study of the process of PH resolution
may provide novel mechanistic insights, with
the potential to drive therapeutic advances
aimed at developing a cure for PH in
children and adults.

The main limitation of our study was its
retrospective design, with data collected from

clinical records and databases. As with all
retrospective cohort studies, our analysis may
be subject to selection bias owing to referral
patterns and inclusion criteria. For example,
we did not have access to data, including
outcomes, of patients who were not referred
to the PH service. As a national referral
center, however, the influence of geographic
coverage and competing referral pathways is
minimized, especially for patients with
significant or progressive PH. Although right
heart catheterization is required to confirm
the diagnosis of PH, we also enrolled a
smaller proportion of patients without a
cardiac catheter after thorough noninvasive
assessment, which permitted the inclusion of
individuals who were too unwell or not
suitable for catheterization. Moreover, our
cohort included very few patients with
transient forms of PH, such as PPHN,
reflecting referral practices in the United
Kingdom. Such transient forms of PH are
not fully captured in our study, and our
estimates of incidence and prevalence focus
mainly on more persistent types of PH.
Finally, reporting changes in survival over
time and the impact of PAH therapy/
therapeutic strategy on hemodynamics and
clinical outcomes was beyond the scope of
the current study.

Despite these limitations, this study
represents the largest reported national
cohort of consecutive children with PH. The
size of the population, the completeness and
granularity of the clinical data, and the
extensive follow-up allowed an accurate
description of the epidemiology, clinical
phenotypes, and long-term outcomes of the
overall PH group and diagnostic subgroups.

In conclusion, pediatric patients with
PHmanaged in a tertiary referral center are a
vastly heterogeneous group, with a high
burden of disease in infancy and early
childhood, and significantly adverse
outcomes despite widespread use of PAH
therapies. Structured clinical programs are
necessary to ensure high quality of care but
also facilitate research and accelerate the
transition of therapeutic innovations from
adult PH to children (26).�
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