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Abstract

To assess the long‐term prognostic value of cardiac catheterization and

acute vasodilator testing (AVT) with inhaled iloprost in children with

idiopathic pulmonary arterial hypertension (IPAH). Data on 81 consecu-

tive children with IPAH referred to our center who underwent cardiac

catheterization and AVT between June 2008 and August 2019 were

collected. The correlation between the invasive hemodynamic data and

transplant‐free survival was analyzed. Twenty‐four patients died and

1 underwent lung transplantation during a median follow‐up of 3.8 years,

with a 5‐year transplant‐free survival rate of 64.9%. Univariate analysis

showed that predictors associated with improved survival included a

lower pulmonary vascular resistance index (PVRI), PVRI/systemic

vascular resistance index (SVRI), mean pulmonary arterial pressure

(mPAP)/mean systemic arterial pressure, mean right atrial pressure,

and a higher cardiac index (CI), mixed systemic venous oxygen

saturations (SvO2), and acute vasodilator response (AVR) according to

the Barst criteria (decrease in mPAP and PVRI/SVRI ratio of >20%

without a decrease in CI). In multivariate Cox regression analysis, Barst

AVR and SvO2 were independently related to transplant‐free survival.

Multiple hemodynamic variables from cardiac catheterization and

AVT with inhaled iloprost have important prognostic value for long‐
term survival in children with IPAH, of which pulmonary vasoreactivity

defined by the Barst criteria and SvO2 are independent prognostic

factors.
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BACKGROUND

Idiopathic pulmonary arterial hypertension (IPAH) is a
progressive disease characterized by increased pulmo-
nary vascular resistance (PVR) and pulmonary arterial
pressure (PAP) due to pulmonary artery remodeling and
obstructive lesions of the small pulmonary vessels
without an identifiable primary cause, eventually result-
ing in right ventricular failure and death.1 The natural
history of IPAH is associated with a poor prognosis.
Before pulmonary arterial hypertension (PAH)‐targeted
drugs became available, the median survival was 2.8
years in all patients with IPAH,2 and <1 year in
children.3 Although the prognosis of IPAH has improved
significantly in the modern medical era, a cure is still
lacking. At present, improving long‐term outcomes is our
main focus, hence accurately predicting long‐term
prognosis is a cornerstone of the management of IPAH.

According to current guidelines, cardiac catheteriza-
tion and acute vasodilator testing (AVT) are important
components of the algorithm for the diagnosis and
treatment of IPAH.4,5 Cardiac catheterization can pro-
vide comprehensive hemodynamic information for the
diagnosis of PAH, while AVT can identify the small
subset of IPAH patients who may respond favorably to
calcium channel blocker (CCBs) therapy.3,6 Furthermore,
hemodynamic parameters derived from cardiac catheter-
ization and AVT may be associated with long‐term
outcomes, and can act as prognostic predictors.7,8

Although similar to adult IPAH in clinical manifesta-
tions, pediatric IPAH differs not only in terms of the
younger age of onset, but also the lack of gender
differences in incidence rate, and the greater severity
and more adverse prognosis without treatment. These
differences should be taken into account when children
undergo hemodynamic assessment.9,10 However, due to
the rare nature of this disease, limited data are available
on the invasive hemodynamics of pediatric IPAH,
especially in Asians, and their relation to long‐term
outcomes. In this study, we analyzed cardiac catheteri-
zation and AVT data on pediatric IPAH patients assessed
over 11 years in a large specialist center in China,
focusing on their relation to long‐term prognosis.

METHODS

Patients

We retrospectively reviewed consecutive pediatric
patients (aged less than 18 years at diagnosis) with
IPAH, who underwent cardiac catheterization at the
Department of Pediatric Cardiology, Beijing Anzhen

Hospital, one of the largest pediatric PH centers in
China, between June 2008 and August 2019. Diagnosis of
PAH was defined as baseline mean pulmonary arterial
pressure (mPAP) >25mmHg, with a pulmonary artery
wedge pressure (PAWP) ≤15mmHg and PVR index
(PVRI) ≥3Wood units (WU)·m2. PH related to congenital
heart disease, connective tissue disease, chronic
thrombo‐embolic disease, portal hypertension, HIV
infection, or hyperthyroidism was excluded by further
diagnostic work‐up, including echocardiography, sero-
logical testing (autoantibodies, liver function, thyroid
function, HIV antibodies), high‐resolution computed
tomography, and pulmonary angiography. Two PH
experts reviewed the information and agreed on the
IPAH diagnosis. Only patients with complete invasive
hemodynamic data, including AVT, that could be
analyzed were included. In patients who had undergone
more than one catheterization, the first available
investigation was selected.

Our Institutional Medical Ethics committee waived
the need for patient consent in this study, because of its
retrospective nature and because individual patients
were not identified.

Baseline hemodynamic measurements

Baseline evaluation included medical history, World
Health Organization functional class (WHO‐FC), and
the first complete cardiac catheterization.

PH‐specific therapy was withdrawn 12 h before
catheterization for patients who had already received it.
In young children, cardiac catheterization was performed
under general anesthesia, and in older ones who could
cooperate with the procedure, only local anesthesia was
used. If possible, the children breathed room air during
baseline catheterization, without tracheal intubation and
oxygen inhalation. But if their oxygen saturation declined
by more than 5% from baseline while under anesthesia,
supplemental low oxygen was provided to maintain the
baseline level. Catheterization was performed through
the femoral vein and artery with a 5 or 6 F catheter. For
comprehensive hemodynamic measurements, both right
and left heart catheterization was performed. All proce-
dures were performed by the first author.

Baseline hemodynamic measurements included
mean right atrial pressure (mRAP), mean, systolic, and
diastolic PAP (mPAP, sPAP, and dPAP), mean PAWP,
mean, systolic, and diastolic systemic arterial pressure
(mSAP, sSAP, and dSAP), left ventricular end diastolic
pressure, and pulmonary arterial, systemic arterial,
and mixed systemic venous oxygen saturations (SvO2),
and oxygen pressures. Cardiac index (CI) was
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determined using Fick's method. PVRI and systemic
vascular resistance index (SVRI) were calculated by the
above related parameters.

Acute vasodilator testing

After baseline hemodynamic measurements, inhaled
iloprost (Bayer Schering Pharma, Germany) was delivered
at a dose of 20 μg (2ml, mixed with 2ml of saline), with the
exception of children aged <3 years of age or those
weighing <15 kg who received 10 μg. Iloprost was delivered
via a mask connected to PARI TurboBOY‐N air compressor
nebulizer (PARI GmbH), which produced aerosolized
particles with a mass median aerodynamic diameter of
2.2 μm, with 89% of the mass fraction <5 μm.11 If patients
were on supplemental oxygen during baseline hemo-
dynamics, they also received oxygen at the same concen-
tration. The inhalation lasted for 15–20min, during which
PAP, systemic arterial pressure (SAP), transcutaneous
oxygen saturation and heart rate were continuously
measured. Another complete set of hemodynamic mea-
surements was obtained at the end of iloprost inhalation.

The presence of acute vasodilator response (AVR) in
this study was evaluated according to two criteria:

(1) Sitbon criteria: decrease in mPAP of ≥10mmHg to
reach an absolute mPAP value of ≤40mmHg without
a decrease in CI.

(2) Barst criteria (modified)12: decrease in mPAP and
PVRI/SVRI ratio of >20% without a decrease in CI.

Follow‐up

Chronic drug therapies for PAH were initiated at the
discretion of the responsible physician. The follow‐up period
ended in December 2020. The endpoint for survival analyses
was all‐cause death, or lung transplantation. Patients who
underwent lung transplantation were censored at the time
of operation. Date of death or lung transplantation was
determined from the medical records and telephone follow‐
up. Patients lost to follow‐up were censored at the date of
last clinic visit or clinical communication.

Statistical analysis

Continuous variables were presented as mean± standard
deviation (SD) or median [range]. The Kolmogorov–
Smirnov test was used to determine whether the data were
normally distributed. Categorical variables were shown as
number and percent.

Hemodynamic changes following iloprost adminis-
tration were assessed with the paired Student's t‐test or
Wilcoxon signed‐rank test. McNemar's χ2 test was used to
compare the proportion of acute responders to iloprost
according to the Sitbon and Barst criteria. Comparisons
of demographic and clinical characteristics between
responders and nonresponders were performed using
either the unpaired Student's t‐test, Mann–Whitney
U‐test, or χ2 test, as appropriate. Transplant‐free survival
was depicted through the construction of Kaplan–Meier
curves for all patients, and subgroups of responders and
nonresponders to AVT. Survival differences between the
subgroups were compared with the Log‐Rank test.
Univariate Cox proportional hazards regression analysis
was used to test the prognostic value of hemodynamic
parameters and important clinical indicators, determin-
ing the hazard ratio and 95% confidence intervals.
Variables significantly associated with survival in the
univariate analysis were included in sequential multi-
variate Cox regression analysis (stepwise and forward).

Statistical analysis was performed using SPSS
statistics 20 software (IBM Corporation). All tests
were two‐sided and p < 0.05 were considered statisti-
cally significant.

RESULTS

Study group

A total of 81 children with confirmed IPAH who
underwent complete catheterization and AVT were
included in the analysis. Mean age was (8.3 ± 4.6) years
and 46 (56.8%) were male. All patients were Han
Chinese. Twenty patients (24.7%) had a WHO‐FC Ⅲ or
Ⅳ assessment. Thirty‐three patients (40.7%) were on one
or more PAH‐targeted medications at the time of
catheterization. Among them, 29 cases had received this
medication at the referring medical institutions before
being seen in our center; the majority (72.4%) had
received <4 weeks of treatment. In 4 cases, PAH‐targeted
therapy was initiated by our team before catheterization,
because patients were critically ill. The demographic data
and clinical characteristics of the patients studied are
shown in Table 1.

Baseline heart catheterization and AVT

Cardiac catheterization was performed under general
anesthesia in 56 cases (69%) of the children; in the
remainder, sedation and local anesthesia was used. At
baseline, mPAP was 67.9 ± 18.3 mmHg, PVRI was
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18.4 ± 8.0 WU·m2, and the mPAP/mSAP was 0.90 ±
0.30. In 31 cases (38.3%) the mPAP was severely
elevated and met or exceeded the mSAP. After
initiation of iloprost inhalation, mPAP dropped
to 52.6 ± 21.1 mmHg (p < 0.001), PVRI to 12.8 ±
8.1 WU·m2 (p < 0.001), and mPAP/mSAP to 0.69 ±
0.30 (p < 0.001). There was also an increase in CI and
SvO2 compared to the baseline, while SAP and SaO2

were not significantly affected. The hemodynamic
parameters at baseline and after initiation of iloprost
are summarized in Table 2.

According to the Sitbon and Barst criteria, there were
24 (29.6%) and 35 (43.2%) acute responders to inhaled
iloprost, respectively. The number of acute vasodilator
responders differed significantly when using the two
different response criteria (χ2 = 38.5, p< 0.001). Almost
all Sitbon responders were also Barst responders except
one, who did not demonstrate a reduction of at least 20%
in PVRI/SVRI during AVT (Table 3). There were no
significant differences in demographic and clinical
characteristics between responders and nonresponders
according to either the Sitbon or Barst criteria (Table 1).

Overall survival

The follow‐up period ranged from 4 months to 12.4
years, with a median follow‐up time of 3.8 years.

No patient was lost to follow‐up, and 70% patients
were followed for at least 3 years or until death or lung
transplantation.

Ten acute responders to iloprost, as judged by the
treating physician, received initial monotherapy with
CCBs after catheterization, 2 of whom were switched
to PAH‐targeted drugs after 6 and 12 months
because of clinical and hemodynamic aggravation.
The remaining 71 patients were treated with one or
more PAH‐targeted drugs. Most responders to AVT
did not receive CCBs because they refused repeat
cardiac catheterization for confirming sustained
response, or were not judged as responders by the
treating physician.

During follow‐up, 24 of 81 patients (30%) died: 17
from heart failure, 6 from sudden death after syncope,
and 1 from severe hemoptysis. Of these, 7 (29%) died

TABLE 2 Hemodynamic parameters at baseline and after initiation of iloprost

Baseline After iloprost p Valuea

Systolic pulmonary artery pressure (mmHg) 92.4 ± 24.2 75.3 ± 26.8 <0.001

Diastolic pulmonary artery pressure (mmHg) 51.9 ± 16.4 37.1 ± 19.2 <0.001

Mean pulmonary artery pressure (mmHg) 67.9 ± 18.3 52.6 ± 21.1 <0.001

Systolic systemic arterial pressure (mmHg) 99.6 ± 13.3 98.1 ± 13.1 0.167

Diastolic systemic arterial pressure (mmHg) 64.8 ± 11.6 63.9 ± 10.7 0.296

Mean systemic arterial pressure (mmHg) 77.5 ± 12.4 79.0 ± 11.2 0.169

Mean right atrial pressure (mmHg) 8 [3, 19] 7 [3, 21] 0.017

mPAP/mSAP 0.90 ± 0.30 0.69 ± 0.30 <0.001

Cardiac index (L/min/m2) 3.4 ± 1.1 3.7 ± 1.3 <0.001

Pulmonary vascular resistance index (WU·m2) 18.4 ± 8.0 12.8 ± 8.1 <0.001

Systemic vascular resistance index (WU·m2) 22.0 ± 7.3 21.0 ± 7.1 0.019

PVRI/SVRI 0.87 ± 0.36 0.63 ± 0.37 <0.001

Mixed venous oxygen saturation (%) 66.5 ± 7.5 69.3 ± 6.5 <0.001

Aortic oxygen saturation (%) 96 [81, 99] 96 [86, 100] 0.235

Note: Values are in mean ± SD or median [range]. Bold values are statistically significant p values.

Abbreviations: PVRI/SVRI, pulmonary to systemic vascular resistance index ratio; WU, woods units.
aComparison between baseline and after initiation of iloprost, with paired Student's t‐test or Wilcoxon signed‐rank test as appropriate.

TABLE 3 Comparison of the number of acute responders
according to Sitbon and Barst criteria

Sitbon criteria

Barst criteria

TotalResponders Nonresponders

Responders 23 1 24

Nonresponders 12 45 57

Total 35 46 81

Note: χ2 = 38.5, p< 0.001, with McNemar's χ2 test.
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during the first‐year follow‐up. One patient underwent
lung transplantation at 42 months of follow‐up, because
of severe heart failure without response to medicine.
Figure 1 shows overall transplant‐free survival. Mean
survival time from catheterization was 8.2 ± 0.7 years
(95% confidence intervals, 6.9–9.5 years), with 1‐, 2‐,
3‐ and 5‐year survival rates of 91.4, 81.5, 74.5% and 64.9%,
respectively.

Hemodynamic and clinical factors related
to survival

In univariate Cox regression analyses (Table 4), a series
of variables were predictors of transplant‐free survival
including WHO‐FC, and mSAP, mRAP, mPAP/mSAP,
CI, PVRI, PVRI/SVRI, and SvO2 at baseline, mPAP,
sPAP, dPAP, mPAP/mSAP, CI, PVRI, PVRI/SVRI, and
SvO2 after iloprost challenge, and AVR according to the
Barst criteria.

The Kaplan–Meier curves illustrated that survival
tended to be better in responders than in nonrespon-
ders according to both the Sitbon and Barst criteria,
but statistical significance was reached only for
the Barst criteria, but not the Sitbon criteria
(Figure 2). We conducted a further survival analysis
in the 57 Sitbon nonresponders, and found Barst
responders within this group still had a statistically
significantly better survival than Barst nonresponders
(Figure 3).

When multivariate Cox analysis was performed
(Table 4), only baseline SvO2 and Barst AVR remained
in the Cox proportional hazard model, suggesting that
these two factors were independent predictors of
transplant‐free survival in children with IPAH.

DISCUSSION

The present study demonstrates that invasive hemo-
dynamics carry prognostic power in children with IPAH.
Several hemodynamic parameters, at baseline assess-
ment and/or on AVT were strongly related to transplant‐
free survival at long‐term follow‐up. We identified AVR
fulfilling the Barst criteria and baseline SvO2 as
independent prognostic factors. Our study supports the
role of cardiac catheterization and AVT in pediatric
IPAH, not only in establishing the diagnosis and deciding
on treatment, but also as a powerful tool for assessing
long‐term prognosis.

IPAH involves pathologic remodeling of the pulmonary
vasculature and right ventricle.13 Accordingly, hemo-
dynamic parameters measured or calculated during cardiac
catheterization can be classified into two categories:
parameters related to pulmonary vasculature, including
PAP, PVR, and AVR to vasodilator challenge, and parame-
ters related to right ventricular function, including mRAP,
CI, and SvO2.

PAP and PVR are the most important hemodynamic
variables that reflect changes in the pulmonary vascula-
ture in IPAH. Variables derived from these include the
ratio mPAP/mSAP and PVRI/SVRI. Our data demon-
strated that baseline PAP, including sPAP, dPAP, and
mPAP, had no significant correlation with transplant‐
free survival, while PAP on AVT, PVRI, mPAP/mSAP,
and PVRI/SVRI, both at baseline and on AVT, were
associated with long‐term transplant‐free survival. Simi-
lar to our results, a previous study on children with IPAH
by Moledina et al.14 showed that hemodynamic variables
with predictive value at initial cardiac catheterization
included the PVRI, both at baseline and on AVT, and
mPAP on AVT, but not at baseline. PAP has the
advantage of being measured directly and at a higher
accuracy than PVR, which relies on an accurate
assessment of CO. However, PAP is related, not only to
the characteristics of the pulmonary vascular bed, but
also to cardiac function. When right ventricular function
is severely impaired, the relation between PAP and PVR
changes. Therefore, PVR remains a more reliable
measure of pulmonary vascular disease than PAP.15

Integrating both pulmonary and systemic circulation into
one metric, using the ratio of PVRI/SVRI or mPAP/
mSAP has the advantage of being less susceptible to
changes in CO, and makes up for some of the deficiencies
of PAP and PVR.15 None of these hemodynamic variables
were included in the guidelines on the risk stratification
of adults with PAH.5,16 However, mPAP/mSAP and PVRI
were included as risk stratification variables in the
consensus statement on pediatric PH.4,17 Our study
supports the important prognostic value of PVR‐related

FIGURE 1 Kaplan–Meier survival curve (with 95%
confidence intervals) of 81 children with idiopathic pulmonary
arterial hypertension
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TABLE 4 The results of univariate and multivariate Cox proportional hazards regression analysis for transplant‐free survival
in 81 children with IPAH

Variables

Univariate analysis Multivariate analysis

Hazard ratio (95%
confidence intervals) p Value

Hazard ratio (95%
confidence intervals) p Value

Age (months) 0.998 (0.991, 1.006) 0.686

Weight (Kg) 0.999 (0.976, 1.023) 0.927

Female sex 0.928 (0.416, 2.071) 0.855

WHO‐FC Ⅲ and Ⅳ 3.560 (1.619, 7.827) 0.002

Onset of symptoms (months) 0.990 (0.966, 1.016) 0.458

History of syncope 1.546 (0.615, 3.889) 0.355

Transcutaneous oxygen
saturation (%)

0.988 (0.884, 1.104) 0.829

Hemodynamic parameters at baseline

sPAP (mmHg) 1.005 (0.990, 1.021) 0.510

dPAP (mmHg) 1.022 (0.998, 1.047) 0.071

mPAP (mmHg) 1.009 (0.988, 1.030) 0.393

mSAP (mmHg) 0.957 (0.926, 0.989) 0.009

mRAP (mmHg) 1.147 (1.009, 1.303) 0.035

mPAP/mSAP 3.644 (1.040, 12.769) 0.043

CI (L/min/m2) 0.473 (0.274, 0.817) 0.007

PVRI (WU·m2) 1.065 (1.013, 1.120) 0.014

PVRI/SVRI 3.005 (1.075, 8.401) 0.036

SvO2 (%) 0.920 (0.876, 0.967) 0.001 0.932 (0.887, 0.980) 0.006

SaO2 (%) 0.948 (0.852, 1.054) 0.319

Hemodynamic parameters after iloprost challenge

sPAP (mmHg) 1.021 (1.004, 1.037) 0.012

dPAP (mmHg) 1.043 (1.017, 1.069) 0.001

mPAP (mmHg) 1.031 (1.009, 1.054) 0.005

mSAP (mmHg) 0.974 (0.938, 1.012) 0.180

mRAP (mmHg) 1.051 (0.936, 1.180) 0.402

mPAP/mSAP 7.871 (1.931, 32.080) 0.004

CI (L/min/m2) 0.593 (0.377, 0.932) 0.023

PVRI (WU·m2) 1.074 (1.029, 1.121) 0.001

PVRI/SVRI 4.868 (1.677, 14.135) 0.004

SvO2 (%) 0.944 (0.901, 0.990) 0.018

SaO2 (%) 1.001 (0.882, 1.135) 0.990

Pulmonary vasoreactivity

Sitbon response 0.668 (0.408, 1.092) 0.108

Barst response 0.203 (0.075, 0.548) 0.002 0.237 (0.087, 0.643) 0.005

(Continues)
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hemodynamic variables in pediatric IPAH. Hemo-
dynamic parameters assessed during AVT were related
to survival even more significantly in our pediatric IPAH
and may provide additional prognostic power to baseline
assessment.

Inhaled nitric oxide and iloprost are recommended
vasodilator agents for performing AVT,5 but nitric oxide
is not available in China, hence inhaled iloprost is
commonly used for AVT in Chinese PH centers.11 Data
of AVT with iloprost in children with IPAH is very
limited. This study provides AVT data using inhaled
iloprost in a large cohort of children with IPAH and
confirms that inhaled iloprost is a remarkably effective
pulmonary vasodilator, with little effect on the systemic
circulation, which is consistent with previous research in
adults and other types of PAH.18–20

To determine AVR, we examined two sets of criteria.
The Sitbon criteria were adopted by most guidelines on
PH,5,16 but are mainly based on adult data and remains
controversial in children. The Barst criteria are more
frequently used in children with IPAH to define AVR
than the Sitbon criteria.10,21 The proportion of responders
with pediatric IPAH has been reported to be higher when
using the Barst criteria (30%–35%) than the Sitbon
criteria (15%–19%).4,8,22 In our study, Barst responders
were indeed significantly more than Sitbon responders
(43.2% vs. 29.6%), and almost all Sitbon responders were

TABLE 4 (Continued)

Variables

Univariate analysis Multivariate analysis

Hazard ratio (95%
confidence intervals) p Value

Hazard ratio (95%
confidence intervals) p Value

mPAP change (mmHg) 0.936 (0.899, 0.975) 0.001

mPAP change (%) 0.962 (0.937, 0.987) 0.003

PVRI/SVRI change (%) 0.222 (0.052, 0.948) 0.042

Note: Bold values are statistically significant p values.

Abbreviations: CI, cardiac index; dPAP, diastolic pulmonary arterial pressure; mPAP, mean pulmonary arterial pressure; mPAP/mSAP, pulmonary to systemic
arterial pressure ratio; mRAP, mean right atrial pressure; mSAP, mean systemic arterial pressure; PVRI, pulmonary vascular resistance index; PVRI/SVRI,
pulmonary to systemic vascular resistance index ratio; SaO2, aorta saturation; sPAP, systolic pulmonary arterial pressure; SvO2, mixed venous oxygen
saturation; WHO‐FC, World Health Organization functional class.

FIGURE 2 Kaplan–Meier survival curves comparing responders versus nonresponders according to the Sitbon and Barst criteria,
respectively

FIGURE 3 Kaplan–Meier survival curves comparing survival
of responders versus nonresponders according to the Barst criteria
in the 57 Sitbon‐non‐responders
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also Barst responders. However, the overall proportion of
acute responders according to both sets of criteria were
higher than previously reported, which may be partly
attributed to the different agents used for AVT, or ethnic
differences.

It is still debated whether there is a correlation
between age and frequency of acute responders in IPAH.
The proportion of responders with IPAH has been
reported to be higher in children than in adults by some
studies,12,23 while no difference was identified in other
studies.7,8 Our data showed that the proportion of IPAH
responders in Chinese children according to the Sitbon
criteria is almost twice that reported in Chinese adults by
Jing et al.11 suggesting more pulmonary vasoreactivity in
children compared with adults. This may be due to
different pathological changes in the pulmonary vessels
of children compared to adults23: children with IPAH
have more pulmonary vascular medial hypertrophy, less
intimal fibrosis and fewer plexiform lesions,24,25 there-
fore have greater potential for pulmonary vascular
disease reversal, and may influence prognosis.

Indeed, previous studies have indicated that patients
with a predominant reversible vasoconstriction and less
irreversible vascular remodeling are more likely to
respond to AVT,26 and may have a more favorable
treatment response and clinical outcomes.7,8,27 However,
most previous studies on AVT focused on the outcome of
CCBs treatment,10,28 while few studies had shown that
the decrease of mPAP and PVR during AVT can predict
long‐term survival, independent of CCBs treatment.27

The Sitbon criteria are considered more efficient than the
Barst criteria in predicting the outcome of CCBs
treatment,8 but may be less efficient in evaluating long‐
term prognosis after treatment with any PAH therapy.
We found that both the absolute and percent mPAP
decrease, and the percent PVRI/SVRI decrease after
AVT, are significantly correlated with long‐term survival.
Yet, there was no significant correlation between AVR
according to Sitbon and long‐term survival, while Barst
responders had a better long‐term outcome. Even within
Sitbon nonresponders, acute responders according to the
Barst criteria had a better survival. Furthermore, AVR
according to the Barst criteria emerged as an indepen-
dent predictor of outcome on multivariate analysis,
supporting the use of the Barst criteria in this population
for the purpose of long‐term prognosis evaluation. Our
results were consistent with some previous studies in
adults and other types of PAH. Leuchte et al.29 studied 66
adult IPAH patients who did not meet Sitbon criteria
during AVT with inhaled iloprost, and also found that
patients with residual pulmonary vasodilative reserve,
defined as a PVR reduction of ≥30% during AVT, had a
better long‐term survival. Malhotra et al.27 reported that

PAH patients with a ≥30% reduction in PVR and ≥12%
reduction in mPAP during AVT had a 53% and 55%
relative reduction in mortality, respectively. Among the
35 Barst responders in our study, PVRI decreased by
28%–90% during AVT, mostly by more than 30% except
for two patients (in whom PVRI dropped by 28% and
29%, respectively), essentially matching the criteria of
pulmonary vasodilative reserve proposed previously.
Hence, the Barst criteria appear more efficient than the
Sitbon criteria in predicting the long‐term survival of
children with IPAH receiving modern treatment, because
it can identify patients with pulmonary vasodilative
reserve (rather than having to reach a mPAP <40mmHg
in AVT). These patients may be very different from those
with almost no pulmonary vasodilative reserve in
pulmonary pathological changes, such as pulmonary
vascular fibrosis and vascular stiffness,30 which may be
the basis of different treatment response and long‐term
prognosis. However, since there were still some other
studies inconsistent with our results,8,31 further research
is necessary.

It is generally accepted that right ventricular dys-
function is the strongest predictor of mortality in
PAH.32,33 In patients with IPAH, clinical severity mainly
depends on right ventricular morphologic and functional
features,13 and right ventricular failure is the leading
cause of death,2,33 which was also the case in our
population. Despite the causal relationship between
changes in the pulmonary vasculature and right ventric-
ular function, there is no fixed corresponding relation-
ship in severity due to heterogeneity,13 hence the
parameters related to right ventricular function are
independent of those related to pulmonary vasculature.

mRAP is an important marker of right ventricular
function, and has been used for risk stratification in most
PAH guidelines.4,16,17,34 Some studies indicated that
mRAP was lower in children than that in adults, and
only correlates to survival in adult patients, not in
children.7 In our study, mRAP at baseline, but not during
AVT, was modestly correlated to transplant‐free survival.
Further studies are needed to determine whether mRAP
is a valid predictor of survival in children with IPAH.

CI and SvO2 are important cardiac function indica-
tors reflecting blood supply provided by systemic
circulation, and were both included in the risk stratifica-
tion model for adults with PAH,16,34 but only a low CI
was deemed a risk factor in the pediatric guide-
lines.4,17,35,36 It may be partly due to the sparse pediatric
data. Our data suggests that SvO2, as well as CI, is an
important predictor of outcome in pediatric IPAH. In
univariate analysis, baseline CI and SvO2 were highly
predictive of transplant‐free survival, while their predic-
tive power was modest after AVT. On multivariate
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analysis, only baseline SvO2 was an independent predic-
tor of outcome. Previous studies in adult IPAH patients
have also shown that SvO2 is a more effective prognosti-
cator than CI.37 As a parameter measured directly rather
than calculated, SvO2 has a high accuracy, while CI may
be prone to error depending on the method used.38

CI quantifies blood supply by the heart, while SvO2 reflects
whether the cardiac output is sufficient to meet the tissue
oxygen demands,37 which may be related to the reserve of
cardiac function and long‐term outcome more closely.

Study limitations

Because of its retrospective nature, no standardized
treatment protocol was followed in this study. Although
catheterization should generally be performed at diag-
nosis, before the initiation of PH‐specific treatment,
about 40% of patients in this cohort had received PAH‐
targeted medications before catheterization, which did
not meet the real baseline status. Furthermore, not all
acute responders identified by AVT were treated with
CCBs, and the choice of PAH‐targeted drugs after
catheterization was influenced by other factors besides
risk state, including financial/insurance issues. How-
ever, this was a single‐center study from one of the
largest pediatric PH centers in China, with a large
sample size for a rare disease. Our data reflect real‐life
clinical practice and are of clinical relevance, strength-
ened by the standardized diagnostic and treatment
strategies applied in our clinical practice and the
complete long‐term follow‐up.

CONCLUSIONS

In conclusion, cardiac catheterization and AVT with
inhaled iloprost, which can provide multiple hemo-
dynamic parameters related to pulmonary vasculature
and right ventricular function, has important prognostic
value in terms of long‐term transplant‐free survival in
children with IPAH. AVR defined by the Barst criteria
and SvO2 are independent prognostic factors and should
be integrated in the risk stratification of pediatric IPAH.

AUTHOR CONTRIBUTIONS
Chen Zhang designed the study, performed the proce-
dures and data analyses, and drafted the manuscript.
Konstantinos Dimopoulos and Hong Gu contributed to
data interpretation and manuscript writing. Qiangqiang
Li assisted at the procedures. Hong Gu takes responsibil-
ity for the content of the manuscript. All authors read
and approved the final manuscript.

ACKNOWLEDGMENTS
The authors would like to thank the patients, care
providers, and all those involved in the treatment of
these children. This study was supported by the
National Natural Science Foundation of China (Grant/
Award Number: 82070243). The research was approved
by the institutional research committee, who permitted
the collection of data for audit and research purposes
(2022143X).

CONFLICT OF INTEREST
The authors declare no conflict of interest.

ETHICS STATEMENT
It is hereby certified that our study have passed the
review of our hospital ethics committee. The review
number is 2022143X.

ORCID
Chen Zhang http://orcid.org/0000-0002-8573-8236
Qiangqiang Li http://orcid.org/0000-0002-2649-6775

REFERENCES
1. Runo JR, Loyd JE. Primary pulmonary hypertension. Lancet

(London, England). 2003;361:1533–44.
2. D'alonzo GE, Barst RJ, Ayres SM, Bergofsky EH, Brundage BH,

Detre KM, Fishman AP, Goldring RM, Groves BM, Kernis JT.
Survival in patients with primary pulmonary hypertension.
Results from a national prospective registry. Ann Intern Med.
1991;115:343–9.

3. Barst RJ, Maislin G, Fishman AP. Vasodilator therapy for
primary pulmonary hypertension in children. Circulation.
1999;99:1197–208.

4. Hansmann G, Koestenberger M, Alastalo TP, Apitz C,
Austin ED, Bonnet D, Budts W, D'Alto M, Gatzoulis MA,
Hasan BS, Kozlik‐Feldmann R, Kumar RK, Lammers AE,
Latus H, Michel‐Behnke I, Miera O, Morrell NW, Pieles G,
Quandt D, Sallmon H, Schranz D, Tran‐Lundmark K,
Tulloh RMR, Warnecke G, Wåhlander H, Weber SC,
Zartner P. 2019 updated consensus statement on the diagnosis
and treatment of pediatric pulmonary hypertension: the
European Pediatric Pulmonary Vascular Disease Network
(EPPVDN), endorsed by AEPC, ESPR and ISHLT. J Heart
Lung Transplant. 2019;38:879–901.

5. Humbert M, Kovacs G, Hoeper MM, Badagliacca R, Berger RMF,
Brida M, Carlsen J, Coats AJS, Escribano‐Subias P, Ferrari P,
Ferreira DS, Ghofrani HA, Giannakoulas G, Kiely DG, Mayer E,
Meszaros G, Nagavci B, Olsson KM, Pepke‐Zaba J, Quint JK,
Rådegran G, Simonneau G, Sitbon O, Tonia T, Toshner M,
Vachiery JL, Vonk Noordegraaf A, Delcroix M, Rosenkranz S.
ESC/ERS Scientific Document Group. 2022 ESC/ERS Guidelines
for the diagnosis and treatment of pulmonary hypertension. Eur
Heart J. 2022;43:3618–3731.

6. Sitbon O, Humbert M, Jaïs X, Ioos V, Hamid AM,
Provencher S, Garcia G, Parent F, Hervé P, Simonneau G.
Long‐term response to calcium channel blockers in idiopathic

10 of 12 | ZHANG ET AL.

http://orcid.org/0000-0002-8573-8236
http://orcid.org/0000-0002-2649-6775


pulmonary arterial hypertension. Circulation. 2005;111:
3105–11.

7. Douwes JM, van Loon RLE, Hoendermis ES, Vonk‐
Noordegraaf A, Roofthooft MTR, Talsma MD, Hillege HL,
Berger RMF. Acute pulmonary vasodilator response in
paediatric and adult pulmonary arterial hypertension: occur-
rence and prognostic value when comparing three response
criteria. Eur Heart J. 2011;32:3137–46.

8. Douwes JM, Humpl T, Bonnet D, Beghetti M, Ivy DD,
Berger RMF, Weintraub RG, Geiger R, Marx M, Jing ZC,
Sondergaard L, Apitz C, Hager A, Szatmari A, Milanesi O,
Saji T, Pulido T, Moll J, Michalak KW, Kawalec W, Zuk M,
Fasnacht Boillat M, Olguntürk R, Kula S, Alehan D, Schulze‐
Neick I, Atz AM, Mallory GB, Austin ED, Moore DJ,
Feinstein JA, Day RW, Yung D, Berger JT. Acute vasodilator
response in pediatric pulmonary arterial hypertension. J Am
Coll Cardiol. 2016;67:1312–23.

9. Matsuura H. Cardiac catheterization in children with pulmo-
nary arterial hypertension. Pediatr Int. 2017;59:3–9.

10. Del CM, Moledina S, Haworth SG, Ivy D, Dabbagh A, Banjar H,
Diaz G, Heath‐Freudenthal, A, Galal AN, Humpl T, Kulkarni S,
Lopes A, Mocumbi AO, Puri GD, Rossouw B, Harikrishnan S,
Saxena A, Udo P, Caicedo L, Tamimi O, Adatia I. Cardiac
catheterization in children with pulmonary hypertensive vascular
disease: consensus statement from the Pulmonary Vascular
Research Institute, Pediatric and Congenital Heart Disease Task
Forces. Pulm Circ. 2016;6:118–25.

11. Jing ZC, Jiang X, Han ZY, Xu XQ, Wang Y, Wu Y, Lv H,
Ma CR, Yang YJ, Pu JL. Iloprost for pulmonary vasodilator
testing in idiopathic pulmonary arterial hypertension. Eur
Respir J. 2009;33:1354–60.

12. Apitz C, Hansmann G, Schranz D. Hemodynamic assessment
and acute pulmonary vasoreactivity testing in the evaluation
of children with pulmonary vascular disease. Expert consen-
sus 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:i23–9.

13. Badagliacca R, Poscia R, Pezzuto B, Nocioni M, Mezzapesa M,
Francone M, Giannetta E, Papa S, Gambardella C, Sciomer S,
Volterrani M, Fedele F, Dario Vizza C. Right ventricular
remodeling in idiopathic pulmonary arterial hypertension:
adaptive versus maladaptive morphology. J Heart Lung
Transplant. 2015;34:395–403.

14. Moledina S, Hislop AA, Foster H, Schulze‐Neick I,
Haworth SG. Childhood idiopathic pulmonary arterial hyper-
tension: a national cohort study. Heart. 2010;96:1401–6.

15. Amsallem M, Bagherzadeh SP, Boulate D, Sweatt AJ,
Kudelko KT, Sung YK, Feinstein JA, Fadel E, Mercier O,
Denault A, Haddad F, Zamanian R. Hemodynamic trajectories
and outcomes in patients with pulmonary arterial hyper-
tension. Pulm Circ. 2020;10:1–12.

16. Galiè N, Humbert M, Vachiery JL, Gibbs S, Lang I, Torbicki A,
Simonneau G, Peacock A, Vonk Noordegraaf A, Beghetti M,
Ghofrani A, Gomez Sanchez MA, Hansmann G, Klepetko W,
Lancellotti P, Matucci M, McDonagh T, Pierard LA,
Trindade PT, Zompatori M, Hoeper M, ESC Scientific
Document G. 2015 ESC/ERS Guidelines for the diagnosis and
treatment of pulmonary hypertension: The Joint Task Force for

the diagnosis and treatment of pulmonary hypertension of the
European Society Of Cardiology (ESC) and the European
Respiratory Society (ERS): endorsed by: Association for
European Paediatric and Congenital Cardiology (AEPC),
International Society for Heart and Lung Transplantation
(ISHLT). Eur Heart J. 2016;37:67–119.

17. Hansmann G, Apitz C, Abdul‐Khaliq H, Alastalo TP,
Beerbaum P, Bonnet D, Dubowy KO, Gorenflo M, Hager A,
Hilgendorff A, Kaestner M, Koestenberger M, Koskenvuo JW,
Kozlik‐Feldmann R, Kuehne T, Lammers AE, Latus H, Michel‐
Behnke I, Miera O, Moledina S, Muthurangu V, Pattathu J,
Schranz D, Warnecke G, Zartner P. 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 2):i86–100.

18. Leuchte HH, Schwaiblmair M, Baumgartner RA, Neurohr CF,
Kolbe T, Behr J. Hemodynamic response to sildenafil, nitric
oxide, and iloprost in primary pulmonary hypertension. Chest.
2004;125:580–6.

19. Rimensberger PC, Spahr‐Schopfer I, Berner M, Jaeggi E,
Kalangos A, Friedli B, Beghetti M. Inhaled nitric oxide versus
aerosolized iloprost in secondary pulmonary hypertension in
children with congenital heart disease: vasodilator capacity and
cellular mechanisms. Circulation. 2001;103:544–8.

20. Hoeper MM, Olschewski H, Ghofrani HA, Wilkens H,
Winkler J, Borst MM, Niedermeyer J, Fabel H, Seeger W.
A comparison of the acute hemodynamic effects of inhaled
nitric oxide and aerosolized iloprost in primary pulmonary
hypertension. J Am Coll Cardiol. 2000;35:176–82.

21. Caicedo L, Hopper RK, Garcia H, Ivy DD, Haag D, Fineman J,
Humpi T, Tamimi OA, Feinstein J, Berger RMf, Rosenzweig EB,
Kashour T, Diaz GF, Mendoza A, Bobhate P, Handler S,
Lopes AA, Barwad PB, Rahit MK, Krishnan UK, Adatia ITK,
Moledina S, Abman S, Del Cerro Marin MJ. Acute vasoreactivity
testing in pediatric idiopathic pulmonary arterial hypertension:
an international survey on current practice. Pulm Circ.
2019;9:2045894019857533.

22. Barst RJ, McGoon MD, Elliott CG, Foreman AJ, Miller DP,
Ivy DD. Survival in childhood pulmonary arterial hyper-
tension: insights from the registry to evaluate early and long‐
term pulmonary arterial hypertension disease management.
Circulation. 2012;125:113–22.

23. Barst RJ, Ertel SI, Beghetti M, Ivy DD. Pulmonary arterial
hypertension: a comparison between children and adults. Eur
Respir J. 2011;37:665–77.

24. Haworth SG. Pulmonary hypertension in the young. Heart.
2002;88:658–64.

25. Yamaki S, Wagenvoort CA. Comparison of primary plexogenic
arteriopathy in adults and children. A morphometric study in
40 patients. Heart. 1985;54:428–34.

26. Costa EL, Jardim C, Bogossian HB, Amato MB, Carvalho CR,
Souza R. Acute vasodilator test in pulmonary arterial
hypertension: evaluation of two response criteria. Vascul
Pharmacol. 2005;43:143–7.

27. Malhotra R, Hess D, Lewis GD, Bloch KD, Waxman AB,
Semigran MJ. Vasoreactivity to inhaled nitric oxide with
oxygen predicts long‐term survival in pulmonary arterial
hypertension. Pulm Circ. 2011;1:250–8.

PULMONARY CIRCULATION | 11 of 12



28. Sitbon O, Humbert M, Jagot JL, Taravella O, Fartoukh M,
Parent F, Herve P, Simonneau G. Inhaled nitric oxide as a
screening agent for safely identifying responders to oral
calcium‐channel blockers in primary pulmonary hyper-
tension. Eur Respir J. 1998;12:265–70.

29. Leuchte HH, Baezner C, Baumgartner RA, Muehling O,
Neurohr C, Behr J. Residual pulmonary vasodilative reserve
predicts outcome in idiopathic pulmonary hypertension.
Heart (British Cardiac Society). 2015;101:972–6.

30. Grignola JC, Domingo E, Aguilar R, Vázquez M, López‐
Messeguer M, Bravo C, Roman A. Acute absolute vasodilatation
is associated with a lower vascular wall stiffness in pulmonary
arterial hypertension. Int J Cardiol. 2013;164:227–31.

31. Zijlstra W, Douwes JM, Rosenzweig EB, Schokker S,
Krishnan U, Roofthooft M, Miller‐Reed K, Hillege HL,
Ivy DD, Berger R. Survival differences in pediatric pulmonary
arterial hypertension: clues to a better understanding of
outcome and optimal treatment strategies. J Am Coll Cardiol.
2014;63:2159–69.

32. Prisco SZ, Thenappan T, Prins KW. Treatment targets for right
ventricular dysfunction in pulmonary arterial hypertension.
JACC: Basic Transl Sci. 2020;5:1244–60.

33. van Wolferen SA, Marcus JT, Boonstra A, Marques KMJ,
Bronzwaer JGF, Spreeuwenberg MD, Postmus PE, Vonk‐
Noordegraaf A. Prognostic value of right ventricular mass,
volume, and function in idiopathic pulmonary arterial
hypertension. Eur Heart J. 2007;28:1250–7.

34. Leuchte HH, Ten FH, Gall H, Halank M, Hoeper MM,
Koemmerer H, Kähler C, Riemekasten G, Ulrich S,
Schwaiblmair M, Ewert R. Risk stratification strategy and
assessment of disease progression in patients with pulmo-
nary arterial hypertension: Updated Recommendations
from the Cologne Consensus Conference. Int J Cardiol.
2018;272S:20–9.

35. Hansmann G, Apitz C. Treatment of children with pulmonary
hypertension. 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 2):
ii67–85.

36. Abman SH, Hansmann G, Archer SL, Ivy DD, Adatia I,
Chung WK, Hanna BD, Rosenzweig EB, Raj JU, Cornfield D,
Stenmark KR, Steinhorn R, Thébaud B, Fineman JR,
Kuehne T, Feinstein JA, Friedberg MK, Earing M, Barst RJ,
Keller RL, Kinsella JP, Mullen M, Deterding R, Kulik T,
Mallory G, Humpl T, Wessel DL. Pediatric pulmonary
hypertension: guidelines from the American Heart Associa-
tion and American Thoracic Society. Circulation. 2015;132:
2037–99.

37. Khirfan G, Almoushref A, Naal T, Abuhalimeh B, Dweik RA,
Heresi GA, Tonelli AR. Mixed venous oxygen saturation is a
better prognosticator than cardiac index in pulmonary arterial
hypertension. Chest. 2020;158:2546–55.

38. Khirfan G, Ahmed MK, Almaaitah S, Almoushref A,
Agmy GM, Dweik RA, Tonelli AR. Comparison of different
methods to estimate cardiac index in pulmonary arterial
hypertension. Circulation. 2019;140:705–7.

How to cite this article: Zhang C, Dimopoulos K,
Li Q, Gu H. Long‐term prognostic value of cardiac
catheterization and acute vasodilator testing with
inhaled iloprost in pediatric idiopathic pulmonary
arterial hypertension. Pulmonary Circulation.
2022;e12169. https://doi.org/10.1002/pul2.12169

12 of 12 | ZHANG ET AL.

https://doi.org/10.1002/pul2.12169



