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Abstract: Aim: To define the clinical characteristics, hemodynamics, and adverse events for pediatric
patients with pulmonary arterial hypertension (PAH) undergoing right heart catheterization (RHC).
Methods: The large referral single center data of 591 diagnostic RHC procedures performed between
2005 and 2020 on pediatric PAH patients was retrospectively collected and analyzed. Results: A
total of 591 RHC procedures performed on 469 patients with congenital heart disease (CHD)-PAH
(median age 8.8 years, 7.9% New York Heart Association (NYHA) class > II, 1.5% with syncope) and
122 patients with idiopathic PAH (median age of 9.0 years, 27.0% NYHA class > II, 27.0% with
syncope) were included. Of those, 373 (63.1%) procedures were performed under general anesthesia.
Eighteen patients (18/591, 3.0%) suffered adverse events (mainly pulmonary hypertensive crisis,
PHC, n = 17) during the RHC procedure, including 14 idiopathic pulmonary arterial hypertension
(IPAH) patients and 4 CHD-PAH patients, and one IPAH patient died in hospital 63 hours after
RHC. The risk of developing PHC was significantly increased in patients with IPAH (OR = 14.02,
95%CI: 4.49–43.85, p < 0.001), atrial blood gas pH < 7.35 (OR = 12.504, 95%CI: 3.545–44.102, p < 0.001)
and RAP > 14 mmHg (OR = 10.636, 95%CI: 3.668–30.847, p < 0.001). Conclusions: RHC is generally
a low-risk procedure in pediatric patients with PAH. However, PHC occur in approximately 3% of
patients. Therefore, RHC should be performed in a large, experienced referral pediatric cardiology
center, especially in pediatric patients with IPAH requiring general anesthesia.

Keywords: pediatric; right heart catheterization; pulmonary arterial hypertension; outcome

1. Introduction

Pulmonary arterial hypertension (PAH) is defined according to the recommendation
at the time of the study as a resting mean pulmonary artery pressure (mPAP) of 25 mmHg
or above. According to the 5th World Symposium on Pulmonary Hypertension (WSPH),
PH is divided into: group 1—pulmonary arterial hypertension (PAH); group 2—PH due
to left heart disease; group 3—PH due to lung disease and/or hypoxia; group 4—PH due
to chronic thromboembolic disease and other pulmonary artery obstructions; and group
5—PH with unclear and/or multifactorial mechanisms [1]. The distribution of etiologies for
pediatric PAH is different to that of adults, with a greater predominance of idiopathic PAH
(IPAH), PAH associated with congenital heart disease (CHD-PAH) and developmental lung
diseases [2,3].

Right heart catheterization (RHC) is the gold standard for the measurement of pul-
monary artery pressure and plays a vital role in the severity assessment of pulmonary
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vascular disease and the selection of therapeutic strategy [4–6]. RHC is generally considered
a low-risk procedure, with a rate of complications of around 1% in adult patients [7,8]. How-
ever, pediatric patients tend to have higher risks due to low weight, respiratory depression,
anesthetic sensitivity and relatively unstable hemodynamic status [9,10].

This study therefore set out to investigate the clinical characteristics and hemody-
namics of Chinese pediatric patients with PAH from one of the largest pediatric PAH
referral centers, and further, to quantify the safety and efficiency of RHC in this vulnerable
population.

2. Methods
2.1. Study Patients

This was an observational cohort study of patients diagnosed with PAH from
3 months to 18 years of age who underwent baseline diagnostic RHC procedures at a
large single tertiary referral center (Beijing Anzhen Hospital, Beijing, China) between
January 2005 and December 2020. According to the “2015 ESC/ERS Guidelines on the
Diagnosis and Treatment of Pulmonary Hypertension” [1], PH was defined as an increase
of mean pulmonary artery pressure (mPAP) ≥ 25 mmHg at rest as assessed by RHC. PAH
was defined by a pulmonary artery wedge pressure (PAWP) ≤ 15 mmHg and a pulmonary
vascular resistance (PVR) > 3 Wood units in the absence of other causes of precapillary
PH. IPAH was defined as PAH with no underlying disease. All research protocols were
reviewed and approved by the local institutional ethics committee. Informed consent for
research protocols and for RHCs was obtained from patients and/or parents/guardians as
appropriate. If patients underwent repeated RHC, only the first procedure was considered.

The patients who could cooperate during the RHC procedure were examined under
local anesthesia, while procedures in younger patients or patients with incompatible factors
were performed under general anesthesia. The anesthetics used were ketamine, propofol,
dexmedetomidine or opioids at the anesthetist’s discretion. Patients were not intubated
for general anesthesia and oxygen masks were used as required, according to the patient′s
condition. We performed arterial and venous blood gas tests during and at the end of RHC.
The pH value included in this study was from aortic samples obtained during RHC.

Patients’ baseline demographics and clinical characteristics including primary diagno-
sis, New York Heart Association functional class (NYHA FC) [11], saturation of peripheral
oxygen (SpO2), initial symptoms, time from onset of symptom to RHC, comorbidities, type
of anesthesia, type of intervention, peri-procedural adverse events (hemoptysis, arrhythmia,
thrombosis, arteriovenous fistula formation or pseudoaneurysm, heart and vascular injury,
pulmonary hypertensive crisis) were collected and analyzed. Acute vasodilator testing
(AVT) was performed with an initial dose of inhaled iloprost of 5 µg for 15 min (Ventavis;
Bayer-Schering Pharma, Berlin, Germany), since nitric oxide is not available for medical
use in China. Acute vasodilator testing (AVT) was performed in PAH patients whose
mPAP > 40 mmHg without clinical features of left heart failure, and a positive response
was defined according to current guidelines as a decrease in mPAP of at least 10 mmHg
to <40 mmHg with a stable cardiac output [1,12,13]. Hemodynamics obtained from RHC
procedures and responses to AVT were also collected. Patients diagnosed with complex
CHD (e.g., univentricular physiology) or with left or right ventricular outflow obstruction
were excluded; however, data collected following anatomic correction were included.

2.2. Statistical Analysis

Statistical analysis was performed using SPSS version 28.0 (IBM Corporation, Armonk,
NY, USA). Normally distributed continuous data were summarized as mean ± SD; median
(interquartile range (QR)) was reported when the distribution was not normal. Categorical
variables were presented as numbers (percentage). Comparisons between groups were
performed using the Wilcoxon rank sum test or the χ2 test, as appropriate. Logistic
regression analysis was used to investigate the risk of pulmonary hypertensive crisis (PHC).
A 2-sided p-value of 0.05 was considered to indicate statistical significance.
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3. Results
3.1. Overall Characteristics

A total of 591 diagnostic RHC procedures were performed on pediatric PAH patients,
including 469 on patients with CHD-PAH and 122 on patients with IPAH. These patients
were from 27 provinces and regions of China. Overall, 357 (357/591, 60.4%) patients
were female. A total of 373 (373/591, 63.1%) procedures were performed under general
anesthesia, while the remaining patients who could cooperate during the procedure were
investigated under local anesthesia.

3.2. CHD-PAH Cohort

The majority of RHC procedures were performed in patients with CHD-PAH (469/591,
79.4%). The median diagnostic age in patients with CHD-PAH at the time of RHC was
8.8 (3.3, 13.3) years; 37 (7.9%) patients were at NYHA FC III-IV at the time of RHC; 64.4%
of patients were female; 296 (296/469, 63.1%) procedures were performed under general
anesthesia, while the remaining cases were under local anesthesia. The median time from
the onset of symptoms to the invasive establishment of diagnosis was 24.0 (6.0, 68.0) months.
Clinical characteristics and hemodynamics of patients with CHD-PAH are presented in
Table 1. Referral to RHC due to suspected PAH in the CHD group was due to abnormal
physical examination incidentally without specific clinical manifestation in most of the
patients (283/469, 60.3%). Other cases were detected by decreased exercise tolerance
(62/469, 13.2%), recurrent respiratory infections (60/469, 12.8%), cyanosis (38/469, 8.1%),
developmental delay (14/469, 3.0%), syncope (7/469, 1.5%) and hemoptysis (5/469, 1.1%).
In addition, 6.4% (30/469) of patients were diagnosed with Downs syndrome, 4 had
DiGeorge syndrome and 2 had Noonan syndrome.

Table 1. Clinical characteristics and hemodynamics of patients with CHD-PAH.

CHD-PAH Correctable
CHD-PAH

Non-Correctable
CHD-PAH

Postoperative
PAH

n 469 190 224 55
Diagnostic age,

years 8.8 (3.3, 13.3) 4.4 (2.0, 10.9) 10.3 (5.3, 13.9) 12.4 (7.2, 15.0)
General anesthesia,

n (%) 296 (63.1) 146 (76.8) 124 (55.4) 26 (47.3)
Female, n (%) 302 (64.4) 122 (64.2) 139 (62.1) 41 (74.5)

Height, cm 122.7 ± 32.5 107.7 ± 31.4 129.8 ± 30.1 142.6 ± 24.0
Weight, kg 27.1 ± 16.8 20.9 ± 14.9 30.1 ± 16.5 35.6 ± 17.2

Time from onset of
symptom to

diagnosis, months
24.0 (6.0, 68.0) 12.0 (4.0, 48.0) 24.0 (6.0, 84.0) 52.0 (14.3, 93.0)

NYHA-FC III-IV, n
(%) 37 (7.9) 2 (1.1) 25 (11.2) 10 (18.2)

Symptoms before diagnosis
History of syncope,

n (%) 7 (1.5) 1 (0.5) 2 (0.9) 4 (7.3)

Development
delay, n (%) 14 (3.0) 3 (1.6) 10 (4.5) 1 (1.8)

Hemoptysis, n (%) 5 (1.1) 2 (1.1) 3 (1.3) 0
RHC parameters

mPAP, mmHg 65.2 ± 21.4 54.0 ± 21.0 74.5 ± 16.6 65.9 ± 22.1
RAP, mmHg 7.8 ± 3.0 7.4 ± 2.7 7.9 ± 3.0 8.9 ± 3.7

AoMP/mPAP 1.3 ± 0.5 1.6 ± 0.7 1.2 ± 0.3 1.4 ± 0.5
PVRI, Wood

units·m2 12.4 (4.9, 20.7) 4.7 (2.6, 9.3) 16.8 (10.8, 24.4) 16.5 (8.9, 23.8)

SvO2, % 70.9 ± 8.3 72.1 ± 8.8 69.8 ± 8.2 71.5 ± 6.6
Qp/Qs 1.2 (1.0, 1.8) 1.8 (1.3, 2.5) 1.1 (0.8, 1.4) 1.0 (1.0, 1.0)
Rp/Rs 0.7 (0.4, 1.1) 0.4 (0.2, 0.6) 0.9 (0.7, 1.2) 0.9 (0.7, 1.2)

Cardiac Index,
L/min/m2 4.3 ± 1.9 4.9 ± 2.2 3.9 ± 1.6 3.6 ± 1.1

Adverse events, n
(%) 4 (0.9) 0 3 (1.3) 1 (1.8)

CHD-PAH = congenital heart disease associated with pulmonary arterial hypertension, NYHA FC = New York
Heart Association functional class, RHC = right heart catheterization, mPAP= mean pulmonary artery pressure,
RAP = right atrial pressure, AoMP = mean aortic pressure, PVRI = pulmonary vascular resistance index, SvO2
= mixed venous oxygen saturation, Qp/Qs = ratio of the pulmonary to systemic blood flow, Rp/Rs = ratio of
pulmonary to systemic vascular resistance.
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Of the 414 patients with an uncorrected shunt lesion, 190 CHD-PAH patients un-
derwent defect correction after RHC assessment, while 224 patients did not meet the
indications for repair at that time. In addition, 55 patients were postoperative PAH who
underwent RHC assessments. Figure 1 shows the distribution of defect correction status
by age. The proportion of patients with postoperative PAH and non-correctable PAH
increased with the increase of age. In our cohort, patients with a diagnostic age between
12 and 36 months were the group with the highest proportion of patients undergoing defect
correction (74%).
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Of all the CHD-PAH patients included, seven (7/469, 1.5%) had a history of syncope
(Table 1) and five of them were female. One patient had suffered from at least two episodes
of syncope. Their mean age at RHC was 14.5 ± 1.5 years, and RHC in all of them was
performed under local anesthesia. Their mean mPAP was 68.6 ± 21.0 mmHg, their mean
PVRI was 19.3 ± 12.4 WU·m2, their mean aortic pressure (AoMP)/mPAP was 1.7 ± 0.7
and their mean cardiac index (CI) was 3.4 ± 0.8 L/min/m2. Four patients were diagnosed
with postoperative PAH. Two patients were with non-correctable ventricular septal defect
(VSD) and atrial septal defect (ASD), respectively. One was an ASD patient. Notably, none
of them experienced adverse events but responded poorly to iloprost during AVT.

As illustrated in Table 1, patients with postoperative PAH had the highest proportion
of a history of syncope and NYHA-FC III-IV at the time of RHC. These patients with
previous syncope also had higher right atrial pressures (RAP) and lower CI compared to
CHD patients without syncope. Only four (0.9%) CHD-PAH patients suffered adverse
events during RHC. PHC occurred in one patient with postoperative PAH. The other three
adverse events occurred in non-correctable PAH patients, including two with PHC and one
with bradyarrhythmia.

3.3. IPAH Cohort

A total of 122 RHC procedures were performed on patients with IPAH. The median
age at RHC was 9.0 (5.0, 12.9) years. A total of 77 (63.1%) procedures were performed
under general anesthesia, which was similar to the CHD-PAH patients (both 63.1%). In
the IPAH group, 45.1% (55/122) of patients were female. The clinical characteristics and
hemodynamics of patients with IPAH are shown in Table 2. Median time from onset of
symptoms to catheter diagnoses was 12.0 (4.0, 25.5) months. A total of 33 (27.0%) patients
were in NYHA-FC III-IV at the baseline diagnostic RHC time. Decreased exercise tolerance
was the most common initial symptom for patients, which was found in 54 patients (54/122,
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44.3%), followed by syncope, found in 33 patients (33/122, 27.0%). Of these, 17 had a history
of recurrent syncope. Other cases were detected by shortness of breath (15/122, 12.3%),
physical examination (10/122, 8.2%), edema (8/122, 6.6%) and hemoptysis (2/122, 1.6%).
Compared with CHD-PAH patients, more IPAH patients had a prior history of syncope
(27% vs. 1.5%, p < 0.001) and worse functional capacity (NYHA III-IV) (27% vs. 7.9%,
p < 0.001). Compared to CHD patients, IPAH patients had a high risk of developing
adverse events (n = 14, 11.5%). All adverse events were due to PHC during the procedures.

Table 2. Clinical characteristics and hemodynamics of patients with IPAH.

IPAH

n 122
Diagnostic age, years 9.0 (5.0, 12.9)

General anesthesia, n (%) 77 (63.1)
Female, n (%) 55 (45.1)

Height, cm 129.7 ± 27.8
Weight, kg 31.8 ± 18.0

Time from onset of symptom to diagnosis,
months 12.0 (4.0, 25.5)

NYHA-FC III-IV, n (%) 33 (27.0)
SpO2 at room air, % 97.3 ± 2.7

Symptoms before diagnosis
History of syncope, n (%) 33 (27.0)

Short of breath, n (%) 15 (12.3)
Hemoptysis, n (%) 2 (1.6)

Edema, n (%) 8 (6.6)
RHC parameters

mPAP, mmHg 65.7 ± 22.7
RAP, mmHg 8.5 ± 3.8

AoMP/mPAP 1.4 ± 0.6
PVRI, Wood units·m2 16.1 (10.0, 21.6)

SvO2, % 69.7 ± 7.4
Rp/Rs 0.8 (0.6, 1.2)

Cardiac Index, L/min/m2 3.5 ± 1.3
AVT positive, n (%) 25 (20.5)

AVT-PVRI, Wood units·m2 11.4 (5.9, 17.7)
Adverse events, n (%) 14 (11.5)

IPAH = idiopathic pulmonary arterial hypertension, NYHA FC = New York Heart Association functional class,
SpO2 = saturation of peripheral oxygen, RHC = right heart catheterization, mPAP = mean pulmonary artery
pressure, RAP = right atrial pressure, AoMP = mean aortic pressure, PVRI = pulmonary vascular resistance index,
Rp/Rs = ratio of pulmonary to systemic vascular resistance, AVT = acute vasodilator testing.

Syncope episodes were a common complication in IPAH patients in our cohort. The
clinical characteristics and hemodynamics of patients with and without syncope episodes
were compared, and syncopal patients tended to have higher mPAP [(73.1 ± 22.1) to
(64.4 ± 24.5) mmHg, p = 0.007], older age at RHC [114.8 (61.8, 131.6) to 110.5 (60.2, 156.0),
p = 0. 002] and higher PVRI [18.6 (11.3, 21.4) to 16.2 (9.3, 23.3) WU·m2, p < 0.001]. Notably,
11 of the 33 syncopal patients were AVT positive (33.3%), compared to 15.7% in the non-
syncopal patients (p = 0.04).

3.4. Complications and Pulmonary Hypertensive Crisis

Eighteen patients (18/591, 3.0%) suffered adverse events during RHC, 14 in IPAH
patients and 4 in CHD-PAH patients. Two patients were under local anesthesia and
16 were under general anesthesia. Seventeen (17/591, 2.9%) patients developed PHC,
characterized by a sudden decline of systemic blood pressure with or without changes
in heart rate. One CHD-PAH patient had arrythmias with III◦ atrioventricular block.
Five patients underwent emergency cardiopulmonary resuscitation and three patients
required unplanned endotracheal intubation. Among the 17 children with PHC, PHC
occurred in five cases during induction of anesthesia, 10 cases during RHC, and two cases
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after pulmonary angiography. During the onset of PHC, there were seven cases of sinus
tachycardia, three cases of sinus bradycardia and three cases of new-onset complete right
bundle branch block. One case of short paroxysmal ventricular tachycardia, one case of
high-grade atrioventricular block and two cases of ST-T segment dynamic changes were
also reported. One IPAH patient died 62.5 h after the procedure due to refractory heart
failure related to PHC. No patients died during the RHC.

Overall, in our study, PHC occurred more frequently in patients without an intracar-
diac shunt (14 in IPAH, 1in postoperative PAH). Clinical and hemodynamic characteristics
in IPAH and CHD-PAH patients with PHC compared with non-PHC patients are shown in
Table 3. The similarities in IPAH and CHD-PAH cohorts were that patients with PHC were
younger, had lower arterial blood gas pH value during RHC procedures, had significant
elevated pulmonary artery pressure (decreased AoMP/mPAP) and PVRI. These differences,
however, were only statistically significant in the IPAH patients. More patients with PHC
required noninvasive assisted ventilation or endotracheal intubation (both p < 0.001). Body
surface area in IPAH patients with PHC was relatively smaller (p = 0.001) and RAP was
higher (p = 0.004), and most PHC occurred under general anesthesia procedures (p = 0.014),
while CHD-PAH patients have no significant differences in the above points (Table 3). In
response to PHC, RHC was terminated in three patients as patients were felt to be too
unstable to complete the RHC. Results of the logistic regression analysis, including odds
ratio of PHC, for the entire cohort is shown in Table 4. Patients with IPAH, with lower
atrial blood gas pH value and significant elevated RAP had significantly increased risk of
developing PHC. Patients with decreased cardiac function, general anesthesia condition
and had a history of syncope were also at higher risk with PHC.

Table 3. Clinical and hemodynamic characteristics in IPAH and CHD-PAH patients with PHC
compared with non-PHC patients.

IPAH (n = 122) CHD-PAH (n = 469)

PHC Non-PHC p Value PHC Non-PHC p Value

n 14 (11.5) 108 (88.5) 3 (0.6) 466 (99.4)
Diagnostic age,

years 5.5 ± 2.0 10.5 ± 0.7 0.002 6.7 ± 4.0 8.8 ± 5.4 0.610
Female, n (%) 8 (57.1) 47 (43.5) 0.335 2 (66.7) 300 (64.4) 0.934

Height, cm 115.6 ± 13.0 141.0 ± 6.0 <0.001 138.7 ± 37.1 122.7 ± 32.4 0.476
Weight, kg 18.5 ± 4.0 40.7 ± 6.9 0.006 34.9 ± 21.5 27.1 ± 16.8 0.612

Body surface area,
m2 0.8 ± 0.1 1.1 ± 0.2 0.001 1.0 ± 0.5 1.0 ± 0.4 0.974

NYHA-FC III-IV,
n (%) 5 (35.7) 28 (25.9) 0.438 1 (33.3) 36 (7.7) 0.101

History of
syncope, n (%) 6 (42.9) 27 (25.0) 0.157 0 7 (1.5) 0.831

RHC parameters
atrial blood gas

pH value 7.29 ± 0.04 7.34 ± 0.02 <0.001 7.30 ± 0.06 7.37 ± 0.04 0.086

mPAP, mmHg 82.2 ± 11.8 65.0 ± 23.3 0.002 95.5 ± 23.2 65.1 ± 21.3 0.068
RAP, mmHg 11.3 ± 4.4 8.2 ± 3.3 0.004 7.6 ± 4.1 7.8 ± 3.0 0.806
PVRI, Wood

units·m2 21.0 ± 5.3 16.6 ± 9.8 <0.001 26.7 ± 9.3 14.1 ± 10.6 0.128

AoMP/mPAP 0.84 ± 0.23 1.46 ± 0.59 <0.001 0.83 ± 0.16 1.34 ± 0.55 0.006
Anesthesia

General
anesthesia, n (%) 13 (92.9) 64 (59.3) 0.014 2 (66.7) 294 (63.1) 0.898

Duration of the
procedure, hours 1.9 (1.2, 2.0) 1.5 (1.0, 1.6) 0.136 1.8 (1.0, 3.5) 1.5 (1.0, 2.0) 0.446

Natural airway, n
(%) 11 (78.6) 106 (98.1) <0.001 2 (66.7) 465 (99.8) <0.001

Oxygen masks, n
(%) 0 2 (1.9) 0.608 0 0

Unplanned
endotracheal

intubation, n (%)
3 (21.4) 0 <0.001 1 (33.3) 1 (0.2) <0.001

PHC = pulmonary hypertensive crisis, IPAH = idiopathic pulmonary arterial hypertension, CHD-PAH = congen-
ital heart disease associated with pulmonary arterial hypertension, NYHA FC = New York Heart Association
functional class, RHC = right heart catheterization, mPAP = mean pulmonary artery pressure, RAP = right atrial
pressure, PVRI = pulmonary vascular resistance index, AoMP = mean aortic pressure.
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Table 4. Odds ratio of pulmonary hypertensive crisis in the whole cohort.

Variables Odd Ratio 95% Confidence Interval p Value

RAP ≥ 14 mmHg 10.64 3.67–30.85 <0.001
atrial blood gas pH < 7.35 12.50 3.55–44.10 <0.001

NYHA FC III-IV 3.87 1.30–11.50 0.015
History of syncope 8.66 3.02–24.84 <0.001

Diagnosed with IPAH 14.02 4.49–43.85 <0.001
General anesthesia 4.56 1.03–20.13 0.045

RAP = right atrial pressure, NYHA FC = New York Heart Association functional class, IPAH = idiopathic
pulmonary arterial hypertension.

4. Discussion

In our study, we reviewed clinical characteristics and hemodynamics of pediatric
patients with PAH in a large, experienced single referral center in China. Eighteen (3.0%)
patients suffered adverse events during RHC, 17 were PHC and one patient died in hos-
pital. According to the PAH guidelines [1] and clinical practice, RHC is the core part of
the hemodynamic diagnosis and evaluation of patients with PAH, but there are risks in
performing RHC in children with PAH. According to the literature, the mortality rate of
children undergoing RHC is 0.3% to 0.8%, but pediatric patients with PAH have a more
than 10-fold increased risk of cardiac arrest [14]. CHD-PAH and IPAH were the most
common types of pediatric PAH not only in China but all over the world [15,16]. Overall,
our data reveal that RHC is a safe procedure in pediatric patients with CHD-PAH, while
the probability of adverse events, especially PHC, was relatively higher in IPAH patients
and correlated with poor cardiac functional class and poor hemodynamic condition, history
of syncope, lower pH value and necessity of general anesthesia. However, with timely
aggressive treatments, most pediatric patients can complete the procedures safely. These
results suggest that RHC should be performed in an experienced large referral pediatric
cardiology center, especially in pediatric patients with IPAH under general anesthesia [9].

Compared to patients with CHD-PAH, IPAH patients presented with similar levels
of pulmonary artery pressure but higher PVRI. The time from onset of symptoms to
diagnosis of PAH was shorter in IPAH patients than patients with CHD-PAH, indicating a
more rapid disease progression, likely related to the different pathological mechanisms.
In congenital correctable systemic-to-pulmonary shunts, the elevated pulmonary artery
pressure is related to the volume/pressure overload of the pulmonary circulation and
lesions tend to occur in arteries 100–200 µm in external diameter [6,17]. However, no
certain etiology is clear in IPAH, and many patients even have a genetic background, with
lesions tending to occur in arteries less than 100 µm [6,17] combined with poorer pulmonary
vascular reactivity.

Previous studies have shown that pulmonary artery pressure higher than aortic pres-
sure is an independent risk factor for PHC and other major complications in PAH patients
under general anesthesia [9,18]. In our study, the mean AoMP/mPAP ratio was lower than
1 in patients with PHC both in IPAH and CHD-PAH cohorts. In addition, almost all patients
with PHC have increased central venous pressure, even with significant increased RAP
higher than 14 mmHg, suggesting severe right ventricular dysfunction. Right ventricular
dysfunction and systemic hypotension are core factors to the occurrence and development
of PHC [19]. All of the patients with PHC had different degrees of hypoxemia, and a small
number of patients were confirmed to have respiratory acidosis with decreased pH value.
Considering the lack of ventilation and the disturbance of the ventilation-perfusion ratio as
the main reasons, non-invasive assisted ventilation or tracheal intubation was required.

In our patients, seven cases had sinus tachycardia, one case had short paroxysmal
ventricular tachycardia, two cases had ST-T segment dynamic changes and three cases had
new-onset complete right bundle branch block, which all suggested that the right ventricle
overloaded, and suggested the requirements of timely and effective treatment. PHC can
occur not only during RHC procedures, but also during the induction of anesthesia and after
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pulmonary angiography (n = 7, 41.2%), which indicates that pulmonary vasoconstriction
caused by various inducing factors may also cause PHC, and these stimulating factors
should be avoided as much as possible [19].

Syncope is a serious complication in patients with severe PAH. During presyncope,
a sudden rise in PAP is accompanied by a gradual decrease in systemic arterial pressure,
while during syncope, there is a simultaneous decrease in heart rate and in pulmonary and
systemic arterial pressures [18]. Our study revealed that syncope mainly occurred in pa-
tients without shunts, including IPAH and postoperative PAH. Without the decompression
effect of intra- or extra-cardiac shunts, circulatory collapse may be more prone to occur
when PVR abruptly increases. This is the rationale for atrial septostomy and Potts-shunt
for refractory PAH [4,20,21]. The proportion of patients in the current study with a history
of syncope was significantly higher in IPAH, which may be related to the more serious
pulmonary vascular lesions and PHC.

RHC is considered to be the gold standard for the measurement of pulmonary artery
pressure and an effective tool to evaluate the pulmonary vascular reversibility [3,22].
According to the latest European Cardiology Society guidelines [1], defect closure was
recommended in patients with PVRI less than 4 WU·m2. In our center, patients who
underwent transcatheter closure followed the criteria mentioned above. However, the
criteria for surgical operations were less restrictive, with significantly higher mPAP, PVR
and PVRI, and lower SpO2. The reasons behind the tendency include: the size of defects
was smaller in patients who were suitable for catheter intervention. Long-term follow-up
studies are needed to evaluate the long-term prognosis of these patients.

RHC is generally considered a low-risk procedure, but severe complications can occur
and can be fatal, including PHC, cardiac rupture, tricuspid valve injury, pulmonary artery
rupture, and pseudoaneurysm formation [8,22]. Severe complications were reported to
occur in about 1% of all RHC procedures [8,10]. In our cohort, 3% of procedures were
aborted due to serious adverse events, and one patient died. Pulmonary hypertensive
crisis, a potentially fatal complication, is seen when there is a rapid rise in PVR, leading
to right heart failure and inadequate cardiac output [23]. The proportion of PHC was
higher in IPAH patients and was relatively lower in patients with CHD-PAH, primarily
occurring in patients with severe right ventricular dysfunction and systemic hypotension.
Our study showed a clear trend towards the highest risk of complications being in patients
with idiopathic PAH (13.5%) compared to 1.8% in CHD patients with postoperative PAH,
1.3% in CHD patients with PAH and uncorrectable defects, and 0% in those with PAH
and correctable defects. Therefore, while none of the CHD PAH patients died, the risk of
complications is highest in CHD patients with postoperative PAH.

While previous studies have reported on the morbidity and mortality risk of RHC
in patients with pulmonary hypertension [8,14,24] not all of them were focused solely on
pediatric patients, and to our knowledge, this is the largest study assessing morbidity and
mortality as well as risk factors for adverse outcomes in a large contemporary Chinese
population.

5. Limitations

We did not collect and further investigate the effects of different anesthetic drugs and
depth of sedation on PHC and this should be attempted in further studies. Insufficient
ventilation is also an important reason for PHC. However, patients in this study did not
have dynamic monitoring of blood gas analysis indicators. It is, therefore, difficult for us
to comment on the impact of ventilation status on PHC. Prospective studies need to be
designed for further understanding.

Patients with correctable congenital heart disease have been included in the analysis,
and these patients might not have irreversible pulmonary vascular disease. As the latter
must be considered as a risk factor for complications related to RHC. Therefore, this
suggests that complication rates might be higher than suggested by the current study in
pediatric patients without significant pulmonary vascular disease.
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This was a single center observational study including a large number of patients from
a high-volume center in China. The results of this study cannot be directly extrapolated to
low volume institutions or non-Asian populations.

In conclusion, our study reveals that RHC, as an invasive tool, is generally a low-risk
procedure in pediatric patients with PAH. CHD-PAH and IPAH have different clinical
characteristics, hemodynamic findings and risks during RHC. As PHC can be related
to many factors, RHC should be performed in an experienced referral large pediatric
cardiology center, especially in pediatric patients with IPAH under general anesthesia.

Author Contributions: Z.X. and H.G., conceptualized the study; Z.X. and H.Z., performed data
collection and curation; C.Z. and Q.L., conducted the clinical management of the patients; Z.X. and
H.Z., performed formal analysis and data visualization; Supervision was performed by H.G.; Z.X.,
wrote the original draft, which was critically reviewed and edited by A.A., B.B.K. and H.G. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study was approved by the Human Research Ethics
Committee of Beijing Anzhen Hospital (2021051X) and was performed in accordance with the Decla-
ration of Helsinki and the ethical standards of the institutional committee on human experimentation.

Informed Consent Statement: Informed consent was obtained from all subjects involved in
the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to data confidentiality reasons.

Acknowledgments: We are grateful to the patients and their families, whose generosity and coopera-
tion have made this study possible.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Galie, N.; Humbert, M.; Vachiery, J.L.; Gibbs, S.; Lang, I.; Torbicki, A.; Simonneau, G.; Peacock, A.; Vonk Noordegraaf, A.; Beghetti,

M.; et al. 2015 ESC/ERS Guidelines for the Diagnosis and Treatment of Pulmonary Hypertension. Rev. Esp. Cardiol. 2016, 69, 177.
2. Hansmann, G. Pulmonary Hypertension in Infants, Children, and Young Adults. J. Am. Coll. Cardiol. 2017, 69, 2551–2569.

[CrossRef]
3. Rosenzweig, E.B.; Abman, S.H.; Adatia, I.; Beghetti, M.; Bonnet, D.; Haworth, S.; Ivy, D.D.; Berger, R.M.F. Paediatric pulmonary

arterial hypertension: Updates on definition, classification, diagnostics and management. Eur. Respir. J. 2019, 53, 1801916.
[CrossRef] [PubMed]

4. Kubiak, G.M.; Ciarka, A.; Biniecka, M.; Ceranowicz, P. Right Heart Catheterization-Background, Physiological Basics, and Clinical
Implications. J. Clin. Med. 2019, 8, 1331. [CrossRef] [PubMed]

5. Humbert, M.; Weatherald, J. Right heart catheterisation is still a fundamental part of the follow-up assessment of pulmonary
arterial hypertension. Eur. Respir. J. 2018, 52, 1800738. [CrossRef]

6. van der Feen, D.E.; Bartelds, B.; de Boer, R.A.; Berger, R.M.F. Pulmonary arterial hypertension in congenital heart disease:
Translational opportunities to study the reversibility of pulmonary vascular disease. Eur. Heart J. 2017, 38, 2034–2041. [CrossRef]
[PubMed]

7. Duarte, A.G.; Lin, Y.L.; Sharma, G. Incidence of right heart catheterization in patients initiated on pulmonary arterial hypertension
therapies: A population-based study. J. Heart Lung Transplant. 2017, 36, 220–226. [CrossRef]

8. Hoeper, M.M.; Lee, S.H.; Voswinckel, R.; Palazzini, M.; Jais, X.; Marinelli, A.; Barst, R.J.; Ghofrani, H.A.; Jing, Z.C.; Opitz, C.; et al.
Complications of right heart catheterization procedures in patients with pulmonary hypertension in experienced centers. J. Am.
Coll. Cardiol. 2006, 48, 2546–2552. [CrossRef]

9. Taylor, C.J.; Derrick, G.; McEwan, A.; Haworth, S.G.; Sury, M.R. Risk of cardiac catheterization under anaesthesia in children with
pulmonary hypertension. Br. J. Anaesth. 2007, 98, 657–661. [CrossRef]

10. Matsuura, H. Cardiac catheterization in children with pulmonary arterial hypertension. Pediatr. Int. 2017, 59, 3–9. [CrossRef]
11. Lammers, A.E.; Adatia, I.; Cerro, M.J.; Diaz, G.; Freudenthal, A.H.; Freudenthal, F.; Harikrishnan, S.; Ivy, D.; Lopes, A.A.; Raj, J.U.;

et al. Functional classification of pulmonary hypertension in children: Report from the PVRI pediatric taskforce, Panama 2011.
Pulm. Circ. 2011, 1, 280–285. [CrossRef] [PubMed]

http://doi.org/10.1016/j.jacc.2017.03.575
http://doi.org/10.1183/13993003.01916-2018
http://www.ncbi.nlm.nih.gov/pubmed/30545978
http://doi.org/10.3390/jcm8091331
http://www.ncbi.nlm.nih.gov/pubmed/31466390
http://doi.org/10.1183/13993003.00738-2018
http://doi.org/10.1093/eurheartj/ehx034
http://www.ncbi.nlm.nih.gov/pubmed/28369399
http://doi.org/10.1016/j.healun.2016.07.017
http://doi.org/10.1016/j.jacc.2006.07.061
http://doi.org/10.1093/bja/aem059
http://doi.org/10.1111/ped.13161
http://doi.org/10.4103/2045-8932.83445
http://www.ncbi.nlm.nih.gov/pubmed/21874157


J. Clin. Med. 2022, 11, 5374 10 of 10

12. Hansmann, G.; Apitz, C.; Abdul-Khaliq, H.; Alastalo, T.P.; Beerbaum, P.; Bonnet, D.; Dubowy, K.O.; Gorenflo, M.; Hager, A.;
Hilgendorff, A.; et al. Executive summary. Expert consensus statement on the diagnosis and treatment of paediatric pulmonary
hypertension. The European Paediatric Pulmonary Vascular Disease Network, endorsed by ISHLT and DGPK. Heart 2016, 102
(Suppl. S2), ii86–ii100. [CrossRef] [PubMed]

13. Sitbon, O.; Humbert, M.; Jais, X.; Ioos, V.; Hamid, A.M.; Provencher, S.; Garcia, G.; Parent, F.; Herve, P.; Simonneau, G. Long-term
response to calcium channel blockers in idiopathic pulmonary arterial hypertension. Circulation 2005, 111, 3105–3111. [CrossRef]
[PubMed]

14. O’Byrne, M.L.; Glatz, A.C.; Hanna, B.D.; Shinohara, R.T.; Gillespie, M.J.; Dori, Y.; Rome, J.J.; Kawut, S.M. Predictors of Catastrophic
Adverse Outcomes in Children With Pulmonary Hypertension Undergoing Cardiac Catheterization: A Multi-Institutional
Analysis From the Pediatric Health Information Systems Database. J. Am. Coll. Cardiol. 2015, 66, 1261–1269. [CrossRef]

15. Zijlstra, W.M.H.; Douwes, J.M.; Rosenzweig, E.B.; Schokker, S.; Krishnan, U.; Roofthooft, M.T.R.; Miller-Reed, K.; Hillege, H.L.;
Ivy, D.D.; Berger, R.M.F. Survival differences in pediatric pulmonary arterial hypertension: Clues to a better understanding of
outcome and optimal treatment strategies. J. Am. Coll. Cardiol. 2014, 63, 2159–2169. [CrossRef]

16. Zhang, R.; Dai, L.Z.; Xie, W.P.; Yu, Z.X.; Wu, B.X.; Pan, L.; Yuan, P.; Jiang, X.; He, J.; Humbert, M.; et al. Survival of Chinese
patients with pulmonary arterial hypertension in the modern treatment era. Chest 2011, 140, 301–309. [CrossRef]

17. Barst, R.J.; Ertel, S.I.; Beghetti, M.; Ivy, D.D. Pulmonary arterial hypertension: A comparison between children and adults. Eur.
Respir. J. 2011, 37, 665–677. [CrossRef]

18. Mikhail, G.W.; Gibbs, J.S.; Yacoub, M.H. Pulmonary and systemic arterial pressure changes during syncope in primary pulmonary
hypertension. Circulation 2001, 104, 1326–1327. [CrossRef]

19. Salehi, A. Pulmonary hypertension: A review of pathophysiology and anesthetic management. Am. J. Ther. 2012, 19, 377–383.
[CrossRef]

20. Baruteau, A.E.; Belli, E.; Boudjemline, Y.; Laux, D.; Levy, M.; Simonneau, G.; Carotti, A.; Humbert, M.; Bonnet, D. Palliative Potts
shunt for the treatment of children with drug-refractory pulmonary arterial hypertension: Updated data from the first 24 patients.
Eur. J. Cardiothorac. Surg. 2015, 47, e105–e110. [CrossRef]

21. Khan, M.S.; Memon, M.M.; Amin, E.; Yamani, N.; Khan, S.U.; Figueredo, V.M.; Deo, S.; Rich, J.D.; Benza, R.L.; Krasuski, R.A.
Use of Balloon Atrial Septostomy in Patients With Advanced Pulmonary Arterial Hypertension: A Systematic Review and
Meta-Analysis. Chest 2019, 156, 53–63. [CrossRef] [PubMed]

22. Chen, Y.; Shlofmitz, E.; Khalid, N.; Bernardo, N.L.; Ben-Dor, I.; Weintraub, W.S.; Waksman, R. Right Heart Catheterization-Related
Complications: A Review of the Literature and Best Practices. Cardiol. Rev. 2020, 28, 36–41. [CrossRef] [PubMed]

23. Cunningham, M.E.; Berger, J.T. Pediatric Pulmonary Hypertensive Crisis Medications: A Stepping Stone for the Future. Pediatr.
Crit. Care Med. 2016, 17, 465–466. [CrossRef] [PubMed]

24. Vaiyani, D.; Kelleman, M.; Downey, L.A.; Kanaan, U.; Petit, C.J.; Bauser-Heaton, H. Risk Factors for Adverse Events in Children
with Pulmonary Hypertension Undergoing Cardiac Catheterization. Pediatr. Cardiol. 2021, 42, 736–742. [CrossRef]

http://doi.org/10.1136/heartjnl-2015-309132
http://www.ncbi.nlm.nih.gov/pubmed/27053701
http://doi.org/10.1161/CIRCULATIONAHA.104.488486
http://www.ncbi.nlm.nih.gov/pubmed/15939821
http://doi.org/10.1016/j.jacc.2015.07.032
http://doi.org/10.1016/j.jacc.2014.02.575
http://doi.org/10.1378/chest.10-2327
http://doi.org/10.1183/09031936.00056110
http://doi.org/10.1161/hc3601.095274
http://doi.org/10.1097/MJT.0b013e3181f94c02
http://doi.org/10.1093/ejcts/ezu445
http://doi.org/10.1016/j.chest.2019.03.003
http://www.ncbi.nlm.nih.gov/pubmed/30910639
http://doi.org/10.1097/CRD.0000000000000270
http://www.ncbi.nlm.nih.gov/pubmed/31804291
http://doi.org/10.1097/PCC.0000000000000724
http://www.ncbi.nlm.nih.gov/pubmed/27144695
http://doi.org/10.1007/s00246-020-02535-4

	Introduction 
	Methods 
	Study Patients 
	Statistical Analysis 

	Results 
	Overall Characteristics 
	CHD-PAH Cohort 
	IPAH Cohort 
	Complications and Pulmonary Hypertensive Crisis 

	Discussion 
	Limitations 
	References

