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ORIGINAL ARTICLE

Clinical Features and Prognosis of Chinese Childhood
Pulmonary Arterial Hypertension-Related Gene
Mutation Carriers
Zhuoyuan Xu, Hongsheng Zhang, Chen Zhang, Qiangqiang Li, Hong Gu*
Department of Pediatric Cardiology, Beijing Anzhen Hospital, Capital Medical University, Beijing Institute of Heart Lung and Blood
Vessel Diseases, No. 2 Anzhen Road, Chaoyang District, Beijing, 100029, China

Abstract
Background: The impact of pulmonary arterial hypertension (PAH)-related gene mutations on the clinical phenotype
are not yet fully understood, especially in childhood.
Methods: Retrospective study of 114 pediatric Chinese Han population whose onset of PAH was between 3 months and
18 years of age with idiopathic pulmonary arterial hypertension (IPAH) were performed. Whole exome sequencing
results, clinical characteristics, treatments and outcomes were recorded in all patients.
Results: Thirty-one BMPR2, nine ACVRL1 and 33 other PAH-related gene mutation carriers were detected in this
cohort. The median age at diagnosis of PAH was 5.9 (3.4,10.3) years. 54 (47.4%) patients were female. 80 patients
including 59 mutation carriers underwent right heart catheter examinations, with acute vasodilator testing performed
simultaneously. ACVRL1 mutation carriers accounted for the largest proportion of NYHA FC III-IV (77.8%) at diagnosis
and had the highest median baseline BNP level compared with other subgroups (p ¼ 0.026). BMPR2 mutation carriers
showed the worst hemodynamic results and responded poorly to vasodilator (PVRI 24.0 to 25.5 WU*m2, p ¼ 0.785).
During a median follow up time of 2.3 (1.2, 5.1) years, 33 patients (29.0%) died. Survival rates of end-point-free events at
5 years after diagnosis was 66%. Cox proportional-hazards model for time to death indicated that ACVRL1 mutation
carriers had signiﬁcantly worst outcome than mutation noncarriers (HR 3.341, 95% CI: 0.61e18.20, p ¼ 0.027), followed by
BMPR2 mutation carriers (HR 2.957, 95% CI: 1.35e6.47, p ¼ 0.004).
Conclusions: Despite signiﬁcant advances in management, mortality remains signiﬁcant in pediatric IPAH cohort,
reinforcing the need for early genetic diagnosis and optimal individualized PAH targeted management to improve
outcomes.
Keywords: Pediatrics, Pulmonary arterial hypertension, Idiopathic, Phenotype, Outcomes

Introduction

P

ulmonary arterial hypertension (PAH) is characterized by increased pulmonary arterial
pressure (PAP) and pulmonary vascular resistance
(PVR), which is a serious condition with signiﬁcant
morbidity and mortality. In 1891, von Romberg

credited the ﬁrst anatomical description of pulmonary hypertension (PH) [1]. PH was used to be
deﬁned as mean PAP greater than 25 mm Hg at rest
by heart catheterization. In 2018, at the same time
similar changes were introduced for adults, the
deﬁnition of PH in pediatric patients was updated to
include any patient with a mean PAP (mPAP)
greater than 20mmHg at rest by heart catheterization
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after 3 months of age [2,3]. The term PAH was also
updated to include the subset of children with PH
who also have a pulmonary capillary wedge pressure
less than 15 mm Hg as well as pulmonary vascular
resistance index (PVRI) value greater than 3 Wood
units (WU)*m2. Idiopathic pulmonary arterial hypertension (IPAH) is a progressive disease with a
poor prognosis and high heritability [4]. The distribution of etiologies in pediatric PH is quite different
from that of adults, with children having a greater
predominance of IPAH. Rosenzweig et al. proposed
risk stratiﬁcation for IPAH pediatric patients to
determine additional therapy [3]. The median survival time without treatment was 2.8 years for adult
patients and was less than one year for children [5]. A
major breakthrough occurred in 2000, two independent groups identiﬁed homozygous mutations in
BMPR2 in familial PAH [6]. And in 2001 and 2003,
identiﬁcation of mutations in ACVRL1 and ENG were
discovered respectively in familial cases of hereditary
hemorrhagic telangiectasia (HHT) associated with
PAH. To date, more than 30 genes have been associated with IPAH [7]. This, combined with advances
in genetic technology such as whole-genome and
whole-exome sequencing, has substantially advanced
our understanding of the role certain genes play in
the pathogenesis of PAH [8].
While several gene predisposing to IPAH have
been identiﬁed, the genetic etiology is still unknown
in a large number of cases, especially in childhood
IPAH because there are little studies focused on
pediatric IPAH patients with relatively small sample
size. Furthermore, PAH is caused by a complex
interaction of many factors, such as drugs, environmental factors, age, sex, and ethnicity. Phenotypic data and outcomes based on large sample
sizes of Asian childhood onset IPAH patients are
still lacking. With the aforementioned limitations,
we aimed to describe the effect of genotype on
clinical characteristics in childhood onset IPAH patients from a large pediatric PAH referral center in
China.

Methods
Study population
Retrospective analysis of consecutive pediatric
Chinese Han population whose onset age was from 3
months to 18 years with unexplained PAH referred to
Beijing Anzhen Hospital throughout China between
January 2008 and January 2020 was performed.
The baseline demographic and clinical data,
including physical examination, New York Heart
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Association cardiac function classiﬁcation (NYHAFC), 6-min walking distance (6MWD) (for compatible children over 6 years old, 64 patients were
available), blood tests, results of the sequence of
PAH-related genes were recorded in all patients.
The clinical deﬁnition of PAH in our study was met
in all patients with mPAP 25 mmHg. Since it was a
retrospective study, the previous standard was used
[9e11], pulmonary artery wedge pressure (PCWP)
15 mm Hg, and PVRI >3 Wood units (WU)*m2,
measured by right heart catheter (RHC), and/or
invasive PAP monitoring. Acute vasodilator testing
(AVT) was performed with inhaled iloprost during
RHC in patients with mean PAP over 40 mmHg at
baseline, and a positive response was deﬁned according to current guidelines as a decrease in mean
PAP of at least 10 mmHg to < 40 mmHg, with a
stable cardiac output [12].
PAH targeted therapies in our study were followed according to the guidelines [3]. In patients
with a positive AVT response, oral calcium channel
blockers (CCB) were initiated [3]. In patients with a
negative, acute vasoreactivity response and with
lower risk, initiation of oral monotherapy was used
[3]. Treatments of choice were endothelin receptor
antagonist (ERA) (Bosentan, Ambrisentan), phosphodiesterase type 5 inhibitor (PDE5i) (Sildenaﬁl,
Tadalaﬁl) and prostacyclin (Beraprost sodium, Iloprost, Treprostinil). Since Epoprostenol is not
available in China, initiation of triple medications
including intravenous/subcutaneous Treprostinil
was performed in children at higher risk. Since the
ﬁrst PAH-targeted drug, Bosentan, was launched in
China in 2006, the patients we have been included
since 2008 have equal opportunities to receive PAHtargeted therapy, and the treatment strategy was
relatively uniform and standardized. PAH speciﬁc
medications were not covered by medical insurance
in China until 2020. We prescribed treatments to a
certain extent based on the patient's economic situation. We did not include patients diagnosed after
2020 in this study, so differences in choices of
medications were minimized as much as possible.
The date of PAH diagnosis was deﬁned as the date
of the ﬁrst conﬁrmatory RHC and was used as
baseline in our cohort. For patients who had PAH
deﬁnitively diagnosed by echocardiography prior to
RHC, the date of deﬁnitive echo study was used as a
baseline. Clinically, IPAH patients should be followed up every 3, 6e12 months’ time. We collected
data at the last follow up from all patients to obtain
their functional class, prognosis data and their
medications. The primary endpoint was mortality
and heart-lung transplant.
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Genetic assessment
Genomic DNAs were isolated from peripheral
venous blood. We performed whole exome
sequencing (WES) in all patients without known
triggering factors, with or without family history, as
well as their parents who served as veriﬁcation. In
this study, we included genes associated with
childhood-onset pulmonary hypertension, such as
BMPR2, BMPR1B, ACVRL1, ENG, CAV1, EIF2AK4,
NOTCH3, KCNK3, SMAD9, GDF2 (also known as
BMP9), TBX4, ATP13A3, CPS1, TBS1 and ABCA3
[13,14]. Based on the guideline recommendation
[13], test for BMPR2 and ACVRL1 mutations were
the ﬁrst-line gene-speciﬁc diagnostic strategies. Patients were divided into four subgroups: (1) BMPR2
mutation carriers, (2) ACVRL1 mutation carriers, (3)
other PAH-related gene mutations carriers, (4) noncarriers. Mutation carriers were deﬁned by ClinVar
(nih.gov) clinical signiﬁcance.
Study procedures were approved by the Research
Ethics Committee of Beijing Anzhen Hospital. In
accordance with local ethical guidelines, parents or
guardians of all patients provided informed consent.
Statistical analysis
Statistical analysis was performed using SPSS
version 28.0 (IBM Corporation, Armonk, NY). Normally distributed continuous data were summarized
as mean ± standard deviation; median (interquartile
range [IQR]) was reported when the distribution
was not normal. Categorical variables were presented as a number (percentage). Comparisons between groups were performed using the Wilcoxon
rank sum test or the c2 test, as appropriate.
Univariate Cox proportional hazards regression
analysis was used to compare all-cause mortality
between diagnostic groups; a multivariate Cox
proportional hazards model was also used to
determine the variables associated with an
increased risk of death. Composite and subgroup
Kaplan-Meier curves were plotted and analyzed
using a log-rank test between groups. A 2-sided Pvalue of less than 0.05 was considered to indicate
statistical signiﬁcance.

Results
Overall baseline clinical characteristics
A total of 114 consecutive pediatric patients
referred from at least 20 regions throughout mainland China were included in this study. The median
age at diagnosis was 5.9 (3.4,10.3) years. Four

patients (3.5%) had conﬁrmed family history of
PAH. 54 (47.4%) patients were female. At diagnosis,
most patients were in NYHA II-III (n ¼ 100, 87.7%).
The median time from onset of symptoms to diagnosis was 7.5 (2.4, 24.0) months. The baseline BNP
level was signiﬁcantly elevated at 352.0 (42.4, 808.0)
pg/ml. No statistical differences were found in other
blood test in subgroups, including hemoglobin,
alanine transaminase (ALT), albumin and total
bilirubin (all p > 0.05, Table 1). 34 patients (29.8%)
had decreased tricuspid annular plane systolic
excursion (TAPSE) and 62 patients had increased
right ventricular and left ventricular diameter ratio
at parasternal short axis view (RV/LV diameter ratio
at PSAX) while pulmonary artery dilatation and
pericardial effusion were also seen in 54.4% and
17.5% patients, respectively. 80 patients including 59
mutation carriers underwent RHC, with AVT performed simultaneously. Nine of the patients were
responders as shown in Table 1. The mean PAP and
PVRI were elevated in the whole cohorts, which
were 70.5 ± 24.2 mmHg and 18.4 ± 11.5 WU*m2,
respectively. At baseline, 54 patients (47.4%) were
categorized to higher risk of pediatric PAH risk
stratiﬁcation according to 2019 Consensus Statement. Considering the economic burden in these
patients, only 12 (12/54, 22.2%) of them received
initial
triple
PAH-speciﬁc
medications
(Bosentan þ Sildenaﬁl/Tadalaﬁl þ intravenous/
subcutaneous Treprostinil). Others received initial
dual PAH-speciﬁc medications (Bosentan þ Sildenaﬁl/Tadalaﬁl).
In our study, 73 gene mutations carriers were
identiﬁed, including 31 BMPR2 mutation carriers, 9
ACVRL1 mutation carriers and 33 in other PAHrelated genes, including ENG, CAV1, NOTCH3,
KCNK3 and so on (Figure 1). Eight patients (7%)
were de novo mutation carriers, 2 of whom were
BMPR2 mutation carriers, 3 were in TBX4, 2 in
ACVRL1, 1 in KCNK3. Among mutations detected
(n ¼ 73), 61 (83.6%) were missense mutations, 7
(9.6%) were large rearrangements or splice defects, 5
(6.8%) were truncation mutation.
Genetic subgroups
Based on the results of genetic sequencing testing,
we divided the patients into 4 groups. They were
BMPR2 mutation carriers (n ¼ 31), ACVRL1 mutation carriers (n ¼ 9), other PAH-related gene mutation carriers (n ¼ 33) and non-carriers (n ¼ 41).
Among ACVRL1 mutation carriers, one patient had
symptoms of skin telangiectasias and one patient
was conﬁrmed to have family history of HHT. No
signiﬁcant differences were found in the female
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Table 1. Baseline clinical characteristics of patients with idiopathic pulmonary arterial hypertension in different genetic subgroups (Total n ¼ 114).

N, %
Age at diagnosis, years
Time from onset of
symptoms to diagnosis, months
Female, n (%)
NYHA FC III-IV, n (%)
6MWD available, n (%)
6MWD, m
BNP, pg/ml
Hemoglobin, g/L
ALT, U/L
Albumin, g/L
Total bilirubin, umol/L
Room air SpO2, %
Echocardiology
TAPSE, mm
RV/LV diameter ratio
PA dilatation, n (%)
Pericardial effusion, n (%)
RHC
RHC available, n (%)
RAP, mmHg
mPAP, mmHg
mSAP, mmHg
mPAP/mSAP
Rp/Rs
PVRI, WU*m2
DPVRI, WU*m2
CI, L/min/m2
DCI, L/min/m2
SvO2, %
AVT positive, n (%)

BMPR2 (þ)

ACVRL1 (þ)

Other PAH-related
gene (þ)

Non-carries

P value

31/114 (27.2)
7.9 ± 3.8
7.0 (2.6, 24.0)

9/114 (7.9)
7.7 ± 4.2
5.5 (1.8, 12.0)

33/114 (28.9)
6.3 ± 4.5
6.0 (1.0, 17.3)

41/114 (36.0)
6.4 ± 4.8
12.0 (4.0, 25.5)

/
0.248
0.190

14/31 (45.2)
12/31 (38.7)
15 (48.4)
440.0 ± 78.8
324.0 (76.3, 898.2)
138.3 ± 17.4
31.3 (18.0, 37.0)
43.8 ± 4.8
15.1 ± 11.4
97.0 ± 3.2

4/9 (44.4)
7/9 (77.8)
4 (44.4)
444.5 ± 87.9
681.1 (497.2, 1093.1)
139.2 ± 21.4
27.0 (23.0, 31.8)
44.8 ± 3.6
12.2 ± 4.7
96.1 ± 3.0

16/33 (48.5)
13/33 (39.4)
20 (60.6)
455.3 ± 136.7
64.3 (25.0, 715.1)
138.4 ± 19.4
27.0 (12.5, 25.0)
44.7 ± 3.8
11.9 ± 6.3
95.9 ± 5.1

20/41 (48.7)
17/41 (41.5)
25 (61.0)
451.6 ± 101.2
355.0 (113.1, 1296.0)
131.3 ± 29.3
14.0 (11.0, 22.0)
43.8 ± 4.1
10.9 ± 8.5
96.0 ± 4.2

0.984
0.048
0.591
0.112
0.026
0.134
0.219
0.839
0.387
0.330

13.4 ± 3.8
1.26 ± 0.34
23 (74.2)
7 (22.6)

13.8 ± 4.2
1.24 ± 0.29
8 (88.9)
4 (44.4)

16.9 ± 4.8
1.01 ± 0.31
12 (36.3)
1 (3.0)

14.5 ± 3.5
1.12 ± 0.28
19 (46.3)
8 (19.5)

0.030
0.043
<0.001
0.019

25/31 (80.6)
11.2 ± 4.0
75.1 ± 19.2
76.5 ± 10.8
1.0 ± 0.2
1.1 ± 0.4
24.4 (14.0, 30.2)
2.5 (0.9, 3.4)
3.2 ± 1.1
0.4 (1.1, 0.8)
66.8 ± 13.2
1/25 (4.0)

7/9 (77.8)
10.1 ± 5.2
74.0 ± 13.1
82.7 ± 19.8
1.0 ± 0.3
1.2 ± 0.5
19.1 (16.9, 29.1)
4.0 (6.1, 3.3)
3.5 ± 1.1
0.3 (0.2, 0.8)
68.1 ± 5.1
0

27/33 (81.8)
9.3 ± 5.2
66.8 ± 27.7
74.0 ± 3.9
0.9 ± 0.4
1.1 ± 0.6
14.9 (7.2, 22.3)
7.2 (9.1, 2.7)
4.0 ± 1.8
0.2 (0.1, 0.4)
68.9 ± 9.0
2/27 (7.4)

21/41 (51.2)
7.9 ± 3.0
67.2 ± 28.4
80.2 ± 18.2
0.8 ± 0.3
0.8 ± 0.4
11.8 (6.0, 26.3)
7.6 (9.6, 2.9)
3.4 ± 1.4
0.4 (0.1, 0.8)
70.0 ± 6.2
6/21 (28.6)

0.013
0.049
0.556
0.097
0.319
0.169
0.011
0.165
0.449
0.210
0.583
0.068

Values are n (%), median (interquartile range), or mean (±standard deviation).
N, number; NYHA FC, New York Heart Association functional class; 6MWD, 6-min walk distance; BNP, B-type brain natriuretic peptide;
ALT, alanine transaminase; SpO2, percutaneous oxygen saturation; TAPSE, tricuspid annular plane systolic excursion; RV/LV diameter
ratio, right ventricular and left ventricular diameter ratio; PA, pulmonary artery; RHC, right heart catheterization; RAP, right atrial
pressure; mPAP, mean pulmonary artery pressure; mSAP, mean systemic artery pressure; mPAP/mSAP, mean pulmonary artery
pressure/mean systemic artery pressure; Rp/Rs, pulmonary vascular resistance/systemic vascular resistance; PVRI, indexed pulmonary
vascular resistance; CI, cardiac index; SvO2, mixed venous oxygen saturation; AVT, acute vasodilator testing. D, changes from AVT
compared with the baseline RHC with room air. P values < 0.05 are in bold.

ratio (p ¼ 0.984) and diagnostic age (p ¼ 0.248). As
shown in Table 1, signiﬁcant difference was seen in
baseline BNP level in subgroups (p ¼ 0.026).
ACVRL1 mutation carriers accounted for the largest
proportion of NYHA FC III-IV patients and had the
highest median baseline BNP level of 681.1 (497.2,
1093.1) pg/ml compared with the other three subgroups (Table 1).
As shown in Table 1, patients with BMPR2 and
ACVRL1 mutations had lower TAPSE and RV/LV
diameter ratios than the other two subgroups and
more of them were more likely to have pericardial
effusion and PA dilatation (all p < 0.05). Among
patients with available RHC, BMPR2 mutation carriers showed the worst hemodynamic results, with
the highest right atrial pressure (RAP), mPAP, PVRI

and lowest cardiac index (CI) (Table 1). Patients with
different gene mutations showed different AVT
responsiveness (Figure 2), with BMPR2 mutation
carriers exhibiting the worst responses to AVT
showing no decrease in PVRI compared with other
subgroups (Table 1, Figure 2).
There were no signiﬁcant differences in current
therapy among the four groups, but more ACVRL1
mutation carriers received combination therapies
and supportive treatments (Table 2). Despite the
similarity in treatments among the subgroups, there
was signiﬁcant difference in survival (Figure 3), with
BMPR2 and ACVRL1 having the worst prognosis. A
univariate Cox proportional-hazards model for time
to death indicated that ACVRL1 mutation carriers
had signiﬁcantly worst outcome than mutation non-
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Figure 1. Contributions of PAH-related genes mutations in Chinese pediatric idiopathic PAH in a cohort of 114 cases. Other PAH-related genes
included BMPR1B, ENG, CAV1, EIF2AK4, NOTCH3, KCNK3, SMAD9, GDF2 (also known as BMP9), TBX4, ATP13A3, CPS1, TBS1 and ABCA3.

carriers (HR 3.341, 95% CI: 0.61e18.20, p ¼ 0.027),
followed by BMPR2 mutation carriers (HR 2.957,
95% CI: 1.35e6.47, p ¼ 0.004) and there was no
signiﬁcant difference between other PAH-related
gene mutations carriers and mutation non-carriers
(p ¼ 0.110) (Table 3).
Follow up data and predictors of outcomes
82 (82/114, 71.9%) patients received PAH-targeted
medications till last follow up, including 47 patients
with monotherapies and 35 patients with

combination therapies. Only 5 patients received
initial triple PAH-speciﬁc medications (3 in ACVRL1
mutation carriers and 2 in non-carriers). In the
higher-risk cohort at baseline, 7 patients changed to
dual PAH-speciﬁc medications from triple PAHspeciﬁc medications, and 30 patients changed to
monotherapy from dual PAH-speciﬁc medications.
In the lower-risk cohort at baseline, 6 patients were
upgraded to dual-therapy and another 30 patients
had irregular or self-discontinued PAH-targeted
medications because of the socioeconomic problems
but still under supportive therapies with cardiotonic

Figure 2. Acute vasodilator testing responsiveness in patients with different gene mutations subgroups at baseline right heart catheterization with
inhaled room air and after inhaled iloprost. (PVRI, indexed pulmonary vascular resistance; AVT, acute vasodilator testing).
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Table 2. Current therapy in patients with pulmonary arterial hypertension at last follow up.
Total n ¼ 114 BMPR2 (þ) n ¼ 31 ACVRL1 (þ) n ¼ 9 Other PAH-related gene Non-carriers P value
mutations (þ) n ¼ 33
n ¼ 41
Monotherapy, n (%)
ERA
PGI2
PDE-5i
Combination therapy, n (%)
ERA þ PGI2
ERA þ PDE-5i
ERA þ PGI2þPDE-5i
CCB, n (%)
Cardiotonic drugs, n (%)
Diuretics, n (%)

47/114 (41.2)
32/47 (68.1)
11/47 (23.4)
4/47 (8.5)
35/114 (30.7)
3/35 (8.6)
27/35 (77.1)
5/35 (14.3)
2/114 (1.8)
35/114 (30.7)
39/114 (34.2)

14/31 (45.2)
11/14 (78.6)
3/14 (21.4)
0
10/31 (32.3)
2/10 (20.0)
8/10 (80.0)
0
0
11/31 (35.5)
11/31 (35.5)

2/9
1/2
1/2
0
5/9
0
2/5
3/5
0
7/9
8/9

(22.2)
(50.0)
(50.0)

11/33 (33.3)
10/11 (90.9)
1/11 (9.1)
0
11/33 (33.3)
1/11 (9.1)
10/11 (90.1)
0
0
13/33 (39.4)
16/33 (48.5)

(55.6)
(40.0)
(60.0)
(77.8)
(88.9)

20/41 (48.7)
10/20 (50.0)
6/20 (30.0)
4/20 (20.0)
9/41 (22.0)
0
7/9 (77.8)
2/9 (22.2)
2/41 (4.9)
4/41 (9.8)
4/41 (9.8)

0.328
0.061
0.493
0.143
0.224
0.196
0.557
0.077
0.198
0.167
0.201

Values are n (%). ERA, endothelin receptor antagonist; PGI2, Prostacyclin; PDE-5i, phosphodiesterase e 5 inhibitors; CCB, calcium
channel blockers.

Figure 3. Survival of BMPR2 and ACVRL1 mutation carriers, other PAH-related mutations and non-carriers with PAH (log-rank test, p ¼ 0.0001).

drugs and diuretics. Two of the AVT responders
received CCB treatment. The most common treatment proposal in this group of patients were ERA
monotherapy (Bosentan) and ERA with PDE-5i
combined therapy (Bosentan þ Sildenaﬁl) (Table 2).
During the median follow up time of 2.3 (1.2, 5.1)
years, 33 patients (29.0%) died: 11 due to heart failure
and multiorgan failure, 6 pulmonary hypertensive
crisis, 5 sudden cardiac death, and 2 hemoptysis; in
7, the cause of death was unknown, and in 2, the

cause of death was non-cardiac. Among these patients, 17 (51.5%) were BMPR2 mutation carriers, 4
(12.1%) were ACVRL1 mutation carriers, 10 (30.3%)
were negative and one in KCNK3 and one in ENG
mutation carriers. No one underwent heart or lung
transplant. 23 patients were at higher risk at baseline
while 10 were at lower risk at baseline. Among patients with initial triple PAH-speciﬁc therapy
(Bosentan þ Sildenaﬁl þ subcutaneous Treprostinil
20ng/kg/min), two patients died: one was BMPR2

Table 3. Univariate Cox proportional-hazards model for time to death in patients with pulmonary arterial hypertension.
Characteristic

Hazard Ratio (95% Conﬁdence Interval)

P value

Gene mutation
ACVRL1 mutation vs mutation noncarriers
BMPR2 mutation vs mutation noncarriers
Other PAH-related gene mutations vs mutation noncarriers
Sex (male vs female)

3.341
2.957
0.313
1.503

0.027
0.004
0.110
0.135

(0.61e18.20)
(1.35e6.47)
(0.10e1.00)
(0.76e2.98)

Univariate Cox proportional-hazards model analysis P values < 0.05 are in bold.

112

J HK COLL CARDIOL 2022;29(3):106e115

Figure 4. Changes in B-type natriuretic peptide (BNP) concentrations within 1e2 years (yrs) of follow-up (FU) from diagnosis of IPAH in different
genetic subgroups.

mutation carrier diagnosed at the age of 3.4 years
and died at age of 3.8 years, and one was ACVRL1
mutation carrier diagnosed at the age of 5.0 years
and died at age of 5.2 years. Changes in BNP levels
in alive and died patients from baseline to last
follow-up time were shown in Figure 4. Patients
who died during follow-up had elevated or maintained high BNP levels. Survival rates of endpoint-free events at 5 years after diagnosis was
66%. As shown in Table 3, male patients’ outcomes
tended to be similar with female patients’ outcomes
(p ¼ 0.135).

Discussion
We reviewed genotype and phenotype of 114 pediatric patients with IPAH whose onset age were
between 3 months and 18 years in a large experienced single referral center in China. The overall 5year survival for our cohort was 66%. This result was
similar and even lower than the previous studies
[15e17]. Our cohort also had younger diagnostic age
with more patients at higher risk at baseline. This
suggests that the disease is phenotypically distinct
or that genetic or environmental factors are
different. Based on the adult IPAH articles, there
were differences in the genetic backgrounds between the Eastern and Western populations [18,19],
and there were also differences between childhood
and adulthood onset IPAH patients [19,20].

We therefore conducted this retrospective study
based on the real-world data to describe the baseline clinical and hemodynamic characteristics as
well as treatments in Chinese Han cohort. According to our WES results, the most common risk gene
in our cohort was BMPR2 (27%), which was similar
to the ﬁndings of Welch CL et al. based on the US
Pediatric IPAH cohort [21]. The difference was that
TBX4 was the second common risk gene in the US
cohort, while our TBX4 mutations only accounted
for 4% of all, and ACVRL1 (8%) was the second
common gene in our cohort. Possibly because TBX4
mutations can also cause developmental lung diseases which belongs to the Group 3: PH due to lung
diseases and/or hypoxia [3]. Notably, de novo mutations were more common in the US cohort but
relatively rare in our cohort (15% vs. 7%) [21]. One
Chinese study [19] identiﬁed BMP9 as an IPAH
culprit gene in Chinese adult population, while only
2% was found in our pediatric population. These
showed the differences in genotype and phenotype
between different races.
In our study, 64% of the patients carried mutations
of PAH related genes, indicating that genetic factors
played an important role in the mechanism of IPAH
in childhood Chinese Han populations. Austin and
colleagues [22] identiﬁed that the mutation category
affects the PAH phenotype. Hemodynamic and
clinical characteristics of signiﬁcant gene mutation
carriers and non-carriers were compared in our
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study. Despite similar therapeutic approaches,
ACVRL1 mutation carriers had a far worse overall
mortality and functional class than other mutation
carriers and non-carriers which was similar to the
results of Girerd et al. [23]. ACVRL1 mutations
carriers had the shortest time from onset of symptoms to diagnosis in our study with lower TAPSE
and higher RV/LV diameter ratio, which may indicate that the RV function in these patients lacked
adaptation and compensation for the sudden
increased PAP, resulting in the worst survival. We
demonstrated that BMPR2 mutation carriers had
signiﬁcantly greater hemodynamic compromise at
diagnosis than the other three subgroups, as the
mean PAP, RAP, and PVRI values were higher and
were unlikely to demonstrate vasoreactivity reported by Elliott et al. [24], which might reﬂect poor
responses to drugs, as shown by the overall survival
data. Unlike the results reported by Sztrymf et al.
[25], non-carriers had the same survival with
BMPR2 mutation carriers. In our cohort, they had
the best survival, similar to other PAH-related gene
mutations carriers, and better than BMPR2 and
ACVRL1 mutation carriers, which suggested that
there may also be an unclear genetic background in
non-carriers.
Despite the differences between the genetic subgroups, the overall survival rate was not optimistic.
Based on the 2019 Consensus Statement for PAH
risk stratiﬁcation [9], nearly half of the patients in
our study were at higher risk at diagnosis. The 2019
Consensus is used to determine PAH speciﬁc therapy in our patient population. As previous research
concluded, intravenous Epoprostenol could strongly
improve functional class in HPAH/IPAH patients
[3,15]. We suggest not only treating aggressively
those with worse clinical manifestations or when
they had clinical exacerbation, but also treat
aggressively when they were diagnosed with speciﬁc IPAH gene mutations. However, since Epoprostenol was not available in mainland China, we
gave intravenous/subcutaneous Treprostinil treatment on our higher risk IPAH patients. For welltolerated patients, our maximum dose of subcutaneous Treprostinil was 20 ng/kg/min. Unfortunately, there were still only few patients treated with
Treprostinil in our country [15e17] and the doses
were lower compared with other countries. Because
PAH speciﬁc medications were not covered by national medical insurance in China until 2020, patients needed to pay by themselves. For economic
reasons, some of our high-risk patients had to
switch to monotherapy after a period of combination therapy. Inadequate treatment may be the
cause of the worst survival rate in this population.
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The vasoreactivity of patients varies by genotype,
clinicians should perform genetic testing as early as
possible for unexplained PAH [13], and with the
development of technology, genetic testing results
can be continuously analyzed [8]. As our results
showed, for some individuals with BMPR2 or
ACVRL1 mutations, even initial triple therapy
cannot reverse the outcome of early death. There
are still many unknown mechanisms for the relationship between genotype and disease progression
waiting to be explored [8].
The RV is the heart chamber directly affected by
PAH. Right heart function is an important factor in
determining the prognosis of patients with PAH
[26]. Echocardiology as a non-invasive tool was
widely used in providing functional and structural
assessment of the heart and estimates of pulmonary
hemodynamics. TAPSE has been suggested to be
strongly associated with outcomes in pediatric PAH
[27]. RV/LV diameter ratio was frequently used in
the diagnosis of PAH. A study demonstrated that a
RV/LV diameter ratio of 0.84 or greater was related
to the severity of IPAH and may be an independent
predictor of prognosis in these patients [28e30]. In
our study, echocardiographic values were different
between the genetic subgroups. Non-invasive indicators including echocardiology, 6MWD and
serum biomarkers can be used as efﬁcient tools for
follow-up and assessment of disease progression as
well as a treatment goal [31,32]. In addition, echocardiology and CMR can also provide many cardiac
functional indicators [33,34]. These indicators are
increasingly used to evaluate the treatment effect of
adult PAH patients. However, it is difﬁcult for
children to cooperate due to the long acquiring
time. It is possible to ﬁnd the functional assessment
indicators suitable for pediatric patients in the
future.
The difference in overall survival between male
and female patients was not observed in our study.
Girerd et al. [23] demonstrated no differences in
survival or time to death between male and female
patients in all generations as well. In contrast,
Moledina et al. [17] reported that worse survival was
associated with female gender in childhood IPAH. It
has also been suggested that female hormones may
contribute to PAH's female predominance [35].
These ﬁndings indicated that genetic factors affected
phenotype differently in male and female and had
implications for genetic counseling.
This is one of the largest studies in childhood
Chinese Han IPAH populations with an attempt
attempt to illustrate that patients with genetic
background are severe at diagnosis and respond
poorly to the treatments. The genetic background of
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IPAH is complex and the phenotype is highly heterogeneous. Gene sequencing is recommended as a
screening tool for etiology in unexplained PAH patients at an early stage. Despite signiﬁcant advances
in management, mortality remains signiﬁcant in
pediatric IPAH groups, reinforcing the need for
early genetic diagnosis and optimal individualized
aggressive PAH targeted management to improve
outcomes.

[7]

[8]
[9]

Limitations
[10]

Since this is a retrospective single center study, we
retrospectively collected the clinical and follow up
data on patients with existing genetic testing for
PAH. Follow up examination data from our hospital
such as echocardiography, blood tests and 6MWD
were reviewed and analyzed. However, clinical
follow up examinations that were obtained in local
hospitals were not available for analysis. We were
still
using
the
previous
deﬁnition
of
mPAP>25 mmHg. It is necessary to conduct prospective studies to reduce these deﬁciencies.
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