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Monitoring of Hemodynamics With Right 
Heart Catheterization in Children With 
Pulmonary Arterial Hypertension
Julien Grynblat , MD, MSc*; Sophie-Guiti Malekzadeh-Milani , MD*; Mathilde Meot , MD, MSc;  
Frédéric Perros , PhD; Isabelle Szezepanski, CRA; Stéphane Morisset, MSc; Caroline Ovaert , MD, PhD; 
Caroline Bonnet , MD; Pascale Maragnes, MD; Julien Ranchoup, MD; Marc Humbert , MD, PhD;  
I. David Montani , MD, PhD; Marilyne Levy , MD, PhD; Damien Bonnet , MD, PhD

BACKGROUND: Right heart catheterization (RHC) is a high-risk procedure in children with pulmonary arterial hypertension with-
out clear guidelines for the indications and targets of invasive reassessment. Our objectives are to define the aims of repeated 
RHC and evaluate the correlation between noninvasive criteria and hemodynamic parameters.

METHODS AND RESULTS: Clinical and hemodynamic characteristics from 71 incident treatment-naïve children (median age 
6.2 years) with pulmonary arterial hypertension who had a baseline and reevaluation RHC were analyzed. Correlations be-
tween noninvasive predictors and hemodynamic parameters were tested. Adverse outcomes were defined as death, lung 
transplantation, or Potts shunt. At baseline, pulmonary vascular resistance index (hazard ratio [HR] 1.07 per 1 WU·m2 increase 
[95% CI, 1.02–1.12], P=0.002), stroke volume index (HR 0.95 per 1 L·min−1·m−2 increase [95% CI, 0.91–0.99], P=0.012), pulmo-
nary artery compliance index (HR 0.16 per 1 mL·mm Hg−1·m−2 increase [95% CI, 0.051–0.52], P=0.002), and right atrial pressure 
(HR, 1.31 per 1 mm Hg increase [95% CI, 1.01–1.71], P=0.043) were associated with adverse outcomes. Pulmonary vascular 
resistance index, pulmonary artery compliance index, and right atrial pressure were still associated with a worse outcome at 
second RHC. Noninvasive criteria accurately predicted hemodynamic evolution; however, 70% of the patients who had im-
proved based on noninvasive criteria still presented at least 1 “at risk” hemodynamics at second RHC.

CONCLUSIONS: Pulmonary vascular resistance index, pulmonary artery compliance index, and right atrial pressure are solid 
predictors of adverse outcomes in pediatric pulmonary arterial hypertension and potential therapeutic targets. Noninvasive 
criteria accurately predict the evolution of hemodynamic parameters, but insufficiently. Repeated RHC are helpful to identify 
children with persistent higher risk after treatment introduction.

Key Words: outcome ■ pediatric ■ pulmonary arterial hypertension ■ pulmonary hypertension ■ right heart catheterization

Pulmonary arterial hypertension (PAH) is a rare dis-
ease characterized by a progressive obstruction of 
the small pulmonary vessels leading to an increase 

in pulmonary vascular resistance (PVR), right heart fail-
ure, and death. It is a form of precapillary pulmonary 
hypertension (PH) with an estimated incidence ranging 
from 0.47 to 2 cases per million children.1–5

The definition and diagnosis of PAH is the same as 
in adults and relies on hemodynamic assessment by 
right heart catheterization (RHC). RHC is also a useful 
tool for risk stratification, and hemodynamic param-
eters including stroke volume index (SVI), right atrial 
pressure (RAP), and pulmonary arterial compliance 
(PAC) have proven to be accurate markers of severity 
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at diagnosis and during the follow-up in adult patients, 
while being scantily tested in the pediatric population. 
Additionally, although RHC holds a central place in 
the care of children with PAH, it is associated with a 

relatively high probability of complications with an esti-
mated risk of major adverse events ranging from 3.5% 
to 6.2% and a risk of death estimated between 0.2% 
and 1.4% in experimented centers.6–10

There are currently no clear guidelines for the in-
dication of repeated RHC in children with PAH. This 
lack of recommendation, associated with the limited 
knowledge regarding the relevance of new hemody-
namic parameters in the pediatric population, poten-
tially leads to an underestimation of the gravity of the 
condition of the patients, while exposing them to un-
necessary invasive investigation. To try to alleviate this 
problem, we aimed to define relevant hemodynamic 
parameters at diagnosis and reevaluation. In addition, 
we sought to evaluate the correlation between non-
invasive characteristics and those hemodynamic pa-
rameters, allowing us to eventually draw conclusions 
on the necessity of performing monitoring RHC as well 
as the complementarity of hemodynamics and non-
invasive parameters in a cohort of incident cases of 
children with PAH.

METHODS
The data that support the findings of this study are 
available from the corresponding author upon reason-
able request.

Study Population
From January 2000 to October 31, 2021, we ret-
rospectively analyzed data from incident patients 
diagnosed with PAH at our institution (Necker-enfants-
malades Hospital). Patients were included if they were 
<18 years old, treatment-naïve for PAH-specific drugs 
at first RHC, and had at least a second RHC during 
their follow-up. Patients with PAH associated with 
open cardiac shunts, postcapillary PH, and with a per-
sistent response to calcium channel blockers, were 
excluded. Only children with PAH associated with 
atrial septal defect were included in the present study. 
All patients underwent a full-scale genetic analysis 
as previously reported.11,12 Patient assents were col-
lected if they were able to give it and parents signed 
an informed consent. Patients with atrial septal defect 
and PAH who had a mutation in 1 of the PAH genes 
were classified as heritable PAH. The study was ap-
proved by our institution ethics committee (MR004 
n°20 220 729 172 242).

Therapeutic decision after first RHC was based on 
the clinical, biological, and echocardiographic status 
of the patient. Triple therapy was indicated from the 
outset in case of pericardial effusion, right heart fail-
ure, multiple syncope at rest, or after nonimprove-
ment in the clinical status despite oral combination 
therapy.

CLINICAL PERSPECTIVE

What Is New?
•	 Correlation between clinical and hemodynamic 

parameters in children with pulmonary arterial 
hypertension (PAH) are unknown, while new 
prognosis hemodynamic factors such as stroke 
volume index or pulmonary artery compliance 
index have been scarcely tested.

•	 Pulmonary vascular resistance index, pulmo-
nary arterial compliance index, right atrial pres-
sure, and stroke volume index are independent 
prognosis factors at baseline evaluation in chil-
dren with PAH.

What Are the Clinical Implications?
•	 Hemodynamic variables remain an essential 

part of the follow-up in children with PAH at di-
agnosis but also at reevaluation.

•	 There is a strong correlation between noninva-
sive and hemodynamic parameters. However, 
children who improved after the introduction of 
a specific PAH therapy would still benefit from 
an invasive assessment by right heart cath-
eterization because they may present “at risk” 
values. Children who did not improve despite 
specific PAH therapy would benefit from a ther-
apeutic intensification before invasive reassess-
ment, since they will systematically present an 
“at risk” value at right heart catheterization, sug-
gesting they would benefit from a therapeutic 
intensification before undergoing hemodynamic 
reassessment.

Nonstandard Abbreviations and Acronyms

CI	 cardiac index
HR	 heart rate
mPAP	 mean pulmonary arterial pressure
NYHA-Fc	 New York Heart Association-

functional class
PACi	 pulmonary arterial compliance index
PAH	 pulmonary arterial hypertension
PH	 pulmonary hypertension
PVRi	 pulmonary vascular resistance index
RAP	 right atrial pressure
RHC	 right heart catheterization
SVI	 stroke volume index
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Clinical, Biological, and Hemodynamic 
Data
Before 2019, patients were diagnosed with PAH if 
mPAP was >25 mm Hg, associated with PVR >3 WU 
and pulmonary arterial wedge pressure <15 mm Hg; 
after 2019, we used a mPAP value of 20 mm Hg as an 
inclusion criterion.13,14 During sequential noninvasive 
evaluations, 3 noninvasive factors were collected: New 
York Heart Association-functional class (NYHA-Fc), 
echocardiographic assessment, and brain natriu-
retic peptide (BNP)/ NT-proBNP (N-terminal pro-B-
type natriuretic peptide)   value. The measurement of 
BNP level was replaced by the measurement of NT-
proBNP level during the period of the study; BNP value 
>100 pg/mL and NT-proBNP value >300 pg/mL were 
classified as abnormal otherwise. Echocardiographic 
improvement was defined as a decrease of 0.5 m/s of 
the tricuspid velocity, an increase of 2 mm in the abso-
lute tricuspid annular plane systolic excursion value, or 
an absence of right cavities dilatation in patients with 
previously dilated cavities.

All patients with a diagnosis of PAH undergo a 
second RHC in the year following PAH treatment in-
troduction. We retrospectively analyzed every report 
preceding the second RHC. Patients undergoing a sec-
ond RHC were classified as worsened or not improved 
if the patient was still in NYHA-Fc III or IV, worsened 
or did not improve its echocardiographic assessment, 
and had an abnormal value of BNP/NT-proBNP when 
available. In case of missing BNP/NT-proBNP values, 
the conclusion was solely based on clinical status and 
echocardiographic data.

Cardiac output was measured using the thermo-
dilution method and the Fick method in case of atrial 
shunting. Cardiac index was calculated by the formula 
cardiac output/body surface area (BSA), pulmonary 
vascular resistances were calculated by the formula: 

(mPAP–pulmonary arterial wedge pressure)/ cardiac 
output, pulmonary vascular resistance index (PVRi) 
were calculated using the following formula: PVR/
BSA. SVI was calculated from the cardiac index di-
vided by heart rate (HR) at time of RHC, and pulmo-
nary artery compliance index (PACi) was calculated 
by SVI divided by pulse pressure (difference between 
systolic and diastolic PAP). Acute vasodilatation test-
ing was performed and analyzed according to current 
recommendations.15,16

Statistical Analysis
To present the demographic variables and biological 
parameters and measurements, descriptive analyses 
were made at every RHC (a total of 4). Quantitative 
variables were synthetized as mean and SD and as 
median, range (extreme values) and quartiles (first 
and third). Statistical comparisons between values at 
different catheterizations were done using ANOVA (if 
normal distributions were assumed) or nonparametric 
Kruskal–Wallis test. Qualitative variables were sum-
marized as counts and percentage (calculated on 
the number of available data). The number of missing 
data was counted for every variable if any. To observe 
the evolution of the biological parameters of each pa-
tient, they were compared pairwise from 1 catheteri-
zation to the next one until the fourth catheterization. 
Quantitative variables were compared with paired t test 
if the value differences between catheterizations were 
normally distributed or with the rank-signed Wilcoxon 
test otherwise. Qualitative variables were compared 
pairwise according to the McNemar test. These pair-
wise analyses were done on the global population and 
in the 2 subgroups “catheterization after improvement” 
and “catheterization after worsening.” To avoid a po-
tential immortal bias, the event-free survival since the 
second catheterization has been modelized, where the 

Figure 1.  Flow chart of the population.
AVT indicates acute vasoreactivity testing; PAH, pulmonary arterial hypertension; PH, 
pulmonary hypertension; and RHC, right heart catheterization.

307 exploratory RHC for pulmonary 
hypertension

160 pa�ents with PAH

71 pa�ents with PAH and repeated RHC

89 pa�ents with PAH excluded
18 pa�ents with 1 catheteriza�on
23 pa�ents were previously treated
34 Pa�ents with Eisenmenger syndromes
11 lack of data
3 Pa�ents with persistent posi�ve AVT

147 pa�ents excluded
16 Complex congenital heart disease (group 5)
68 lung disease (group 3)
35 isolated post capillary PH (group 2)
13 lack of data
15 No PH 
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first event was defined as Potts, transplant, or death. 
Otherwise, patients were censored at their last follow-
up or at 5 years. Survival curves were illustrated with 
the Kaplan–Meier method, completed with a log-rank 
test to compare curves.

Associations with biological parameters at the first and 
second catheterizations have been analyzed through uni-
variate Cox regressions. Proportion hazards tests based 
on Schoenfeld residuals were performed systematically 
beforehand. To illustrate the significant results based on 
quantitative variables, the maximum AUC estimated over 
time-dependent receiver operating characteristic curves 
at 24 and 36 months since the second catheterization 
have been used to find the best threshold value with the 
“closest top-left” method. The level of significance was 
set at 5%; consequently estimations of odds ratios, haz-
ard ratios, and probabilities were presented with their 

95% bilateral CIs. No correction of P values has been 
done for multiple testing. Statistical analyses and graph-
ics were computed with R v4.1.2, with the help of “sur-
vival,” “timeROC,” and “ggplot2” packages.

RESULTS
Population Description
Over the study period, 307 patients were referred at 
our institution for RHC to confirm pulmonary hyper-
tension; 147 were excluded because they were part of 
group 2, 3, and 5 of the current PH classification, and 
had no PH or missing data (Figure 1).

One hundred sixty patients had a diagnosis of PAH; 
89 were excluded, because of previous treatment with 
PAH drugs (n=23), lack of RHC during follow-up (n=18), 

Table 1.  Clinical and Hemodynamics Parameters of Patients at Baseline Evaluation Showing No Significant Differences 
Before PAH Treatment Introduction

Total (n=71)
First RHC in patients who 
worsened (n=14)

First RHC in patients who 
improved (n=57) P value

Clinical characteristics

Age, y (Q1–Q3) 6.2 (2.8–12.1) 3.5 (1.9–8.3) 6.5 (3.2–12.2) 0.201

M/F 18/53 5/10 13/43 0.511

BMI 15.63 14.86 15.87 0.086

NYHA-Fc (%)

I-II 41 (58) 8 (57) 33 (57) 0.277

III-IV 30 (42) 6 (43) 24 (43)

Clinical presentation

Right heart failure (%) 2 (2.82) 0 (0) 2 (3.57)

Cough (%) 2 (2.82) 0 (0) 2 (3.57)

Fatigue (%) 27 (38.03) 5 (33.33) 22 (39.29)

Chest pain (%) 2 (2.82) 0 (0) 2 (3.57)

Dizziness (%) 8 (11.27) 2 (13.33) 6 (10.71)

Cyanosis at rest (%) 27 (38.03) 4 (26.67) 23 (41.07)

Cyanosis at effort (%) 15 (21.13) 4 (26.67) 11 (19.64)

Syncope (%) 27 (38.03) 7 (46.67) 20 (35.71)

Hemodynamics values

sPAP, mm Hg (Q1–Q3) 74.5 (61.25–97.5) 85 (69.5–91.5) 82 (65–93) 0.737

mPAP, mm Hg (Q1–Q3) 56 (46.5–70.5) 56 (45.23–75) 56 (47–70) 0.868

dPAP, mm Hg (Q1–Q3) 39 (28–55) 31 (26–55.5) 40 (29.5–54) 0.429

PVR, WU (Q1–Q3) 14.5 (11.12–21.2) 18.9 (10–20) 14 (11.55–21.7) 0.838

PVRi, WU·m2 (Q1–Q3) 13.15 (8.7–18.85) 12.3 (8.3–24.9) 13.2 (8.7–18.7) 0.965

CI, L·min−1·m−2 (Q1–Q3) 3.53 (2.6–4.43) 3.17 (2.16–5.35) 3.53 (2.67–4.4) 0.914

RAP, mm Hg (Q1–Q3) 6 (4.5–7.5) 7 (4–8) 6 (5–7) 0.736

SVI, mL·m−2 (Q1–Q3) 40.93 
(32.25–48.55)

39.05 (26.32–67.82) 41.18 (33.98–48.55) 0.517

PACi, mL·mm Hg−1·m−2 (Q1–Q3) 1.14 (0.71–1.58) 0.83 (0.55–1.34) 1.21 (0.81–1.61) 0.187

HR, beats per minute (Q1–Q3) 100 (83–112) 96.5 (83.75–103.25) 100 (83–118) 0.463

BMI indicates body mass index; CI, cardiac index; dPAP, diastolic pulmonary arterial pressure; F, female; HR, heart rate; M, male; mPAP, mean pulmonary 
arterial pressure; NYHA-Fc, New York Heart Association-functional class; PACi, pulmonary arterial compliance index; PAH, pulmonary arterial pressure; PVR, 
pulmonary vascular resistance; PVRi, pulmonary vascular resistance index; RAP, right atrial pressure; RHC, right heart catheterization; sPAP, systolic pulmonary 
arterial pressure; and SVI, stroke volume index.
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PAH with open cardiac shunt other than atrial septal 
defect (n=34), long-term responders to calcium channel 
blockers (n=3), or missing data (n=11). We analyzed data 
from 71 incident patients with a diagnosis of PAH and 
treatment-naïve: 25 heritable PAH (35.2%), 23 idiopathic 
PAH (32.4%), 14 PAH associated with a congenital heart 
disease (19.7%) amidst 3 patients with an opened atrial 
septal defect, and 10 patients who developed PAH after 
closure of simple lesions, 3 pulmonary veno-occlusive 
disease (4.2%), 4 connective tissue disease–associated 
PAH (5.6%), 2 drugs, and toxin-induced PAH (2.8%). 
There were 53 women and 18 men, and the median 

age at diagnosis was 6.2 years (min. 31 days–max. 
17.4 years). Clinical presentation and baseline hemo-
dynamics values are presented in Table  1. Thirty pa-
tients (42%) were in NYHA-Fc III-IV at diagnosis, the 
median tricuspid annular plane systolic excursion value 
was 18 mm. BNP and NT-proBNP values were avail-
able for 56 patients and were considered abnormal in 
26 patients. The median mPAP value was 56 mm Hg 
(25–103), 15 patients had a PVRi value >20 WU·m2, 3 
patients had a RAP value >10 mm Hg, 11 patients had 
a CI <2.5 L·min−1·m−2; the median value for SVI, PACi, 
and HR were 40.93  mL·m−2, 1.14 mL ·mm Hg−1, and 100 

Figure 2.  Survival curves of significant hemodynamic parameters at first RHC.
Relevant hemodynamic parameters at first RHC in our cohort included PVRi (n=64 available data), PACi (n=53 available data), 
SVI (n=53 available data), and RAP (n=67 available data). We determined that threshold values for PVRi, SVI, and PACi were 10.7 
WU·m−2, 41.18 mL·m−2, and 1.27 mL·mm Hg−1·m−2, respectively. Cath indicates right heart catheterization; PACi, pulmonary arterial 
compliance index; PVR, pulmonary vascular resistance; PVRi, pulmonary vascular resistance index; RAP, right atrial pressure; 
RHC, right heart catheterization; and SVI, stroke volume index.
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bpm, respectively, and 18 patients (27.7%) were consid-
ered responders (Sitbon’s criteria) during vasodilatation 
testing.

Effects of PAH Treatment on the 
Hemodynamic Parameters at Second 
RHC
At second RHC, 7 patients (9.9%) did not receive any 
treatment, 32 patients (45.1%) received oral mono-
therapy, 20 patients (28.2%) were treated with oral 
dual therapy, and 12 patients (16.9%) were treated 
with a triple therapy including a prostacyclin analog. 
The median delay between first and second RHC was 
7.4 months (min. 0.5–max. 59.4). At second RHC, 61 
patients (86%) were in NYHA-Fc I-II versus 41 at base-
line (58%; P<0.001), and 41 patients (74%) had a nor-
mal BNP/NT-proBNP value versus 25 (49%) at baseline 
(P=0.009) (Figures Tables S1–S4 and S2). There was a 
significant improvement in the tricuspid annular plane 
systolic excursion value whether as an absolute value 
or in the Z score (P=0.001 and P=0.017). Overall, first-
line PAH treatment led to a decrease of ≈15% in mPAP 
(P<0.001) with a mean decrease in PVRi of 24% (3.19 
WU·m−2), 18% (2.49 WU·m−2), 68% (9.13 WU·m−2), and 
in mPAP of 16% (9.1 mm Hg), 9% (5.1 mm Hg), 27% 
(15.08 mm Hg) with oral monotherapy (endothelin re-
ceptor antagonist or phosphodiesterase 5 inhibitor), 
dual oral therapy (endothelin receptor antagonist + 
phosphodiesterase 5 inhibitor), and triple therapy (en-
dothelin receptor antagonist + phosphodiesterase 5 
inhibitor+prostacycline analogue intravenous or sub-
cutaneous), respectively. Among patients treated with 
triple therapy, 6 of them had a triple therapy right after 
the first RHC, and 5 were initially treated with dual oral 
therapy, and then escalated because of insufficient re-
sponse after the first clinical evaluation. PACi and SVI 
significantly increased (P<0.001 and P=0.005, respec-
tively) with no significant changes in the RAP or the 
HR. Supplementary Table S1 summarize the changes 
in the patients’ characteristics and in hemodynamics.

Hemodynamic Parameters Associated 
With Adverse Outcomes
Univariate analysis at first RHC showed that PVRi 
(HR 1.07 per 1 WU·m2 increase [95% CI, 1.02–1.12], 
P<0.001), SVI (HR 0.95 per 1 L·min−1·m−2 increase 
[95% CI, 0.91–0.99], P=0.003), PACi (HR 0.16 per 
1 mL/mm Hg increase [95% CI, 0.051–0.52], P=0.001), 
and RAP (HR 1.31 per 1 mm Hg increase [95% CI, 
1.01–1.71], P=0.043) were associated with adverse 
outcomes, while CI and HR were not. We determined 
threshold values at baseline of 10.7 WU·m−2 (AUC, 
0.716; P=0.002), 1.27 mL·mm Hg−1·m−2 (AUC, 0.816; 
P=0.008), and 41.18 mL·m−2 (AUC, 0.636; P=0.014) for 
PVRi, PACi, and SVI, respectively, with predicted sur-
vival curves shown in Figure 2.

At second RHC, PVRi (HR 1.11 per 1 WU·m−2 in-
crease, [95% CI, 1.07–1.16], P<0.001), PACi (HR 0.11 per 

Table 2.  Univariable Cox Proportional Hazards Regression 
Showing Clinical and Hemodynamic Variables Associated 
With Lung Transplantation, Death, or Potts Shunt at 
Baseline and Reevaluation

Variable (%)
Hazard 
ratio 95% CI

Cox P 
value

First RHC

Sex (100) 1.72 0.63–4.68 0.288

Age at diagnosis (100) 1.00 1.00–1.00 0.939

BMI (100) 1.01 0.85–1.19 0.938

Cyanosis at effort (100) 3.22 1.25–8.32 0.016

Cyanosis at rest (100) 3.97 1.49–10.55 0.006

Syncope (100) 1.39 0.56–3.48 0.477

Dizziness (100) 3.57 1.36–9.38 0.010

Right heart failure (100) 2.79 0.26–30.00 0.398

NYHA-Fc I-II/III-IV (100) 2.42 0.94–6.20 0.067

mPAP (100) 1.02 1.00–1.05 0.025

sPAP (100) 1.02 1.00–1.03 0.019

dPAP (100) 1.03 1.00–1.06 0.029

Time between first RHC 
and diagnosis, d (100)

1.00 1.00–1.00 0.990

BNP, by 100 units (31) 1.00 1.00–1.00 0.001

NT-proBNP, by 100 units 
(46.5)

1.00 1.00–1.00 0.001

Positive AVT (92) 0.15 0.018–1.2 0.073

PVRi (90) 1.07 1.02–1.12 <0.001

SVI (75) 0.95 0.91–0.99 0.003

HR (75) 1.01 0.99–1.03 0.418

PACi (75) 0.16 0.051–0.52 0.001

RAP (94) 1.31 1.01–1.71 0.043

CI (75) 0.68 0.43–1.08 0.086

Second RHC

PVRi (96) 1.11 1.07–1.16 <0.001

SVI (76) 0.96 0.91–1.01 0.126

HR (79) 1.01 0.98–1.03 0.502

PACi (76) 0.11 0.031–0.42 0.001

RAP (96) 1.25 1.07–1.45 0.002

CI (76) 0.73 0.47–1.14 0.085

TAPSE (79) 0.9 0.81–1.00 0.046

BNP/NT proBNP (77) 0.15 0.05–0.44 0.001

Relevant hemodynamic parameters at first RHC included PVRi, SVI, 
PACi, and RAP, and only PVRi, RAP, and PACi at second RHC, suggesting 
those parameters are not only relevant prognosis factors but also potential 
therapeutic targets. AVT indicates acute vasoreactivity testing; BMI, body 
mass index; BNP, brain natriuretic peptide; CI, cardiac index; dPAP, diastolic 
pulmonary arterial pressure; HR, heart rate; mPAP, mean pulmonary arterial 
pressure; NT-proBNP, N-terminal pro-B-type natriuretic peptide; NYHA-Fc, 
New York Heart Association-functional class; PACi, pulmonary arterial 
compliance index; PVRi, pulmonary vascular resistance index; RAP, right 
atrial pressure; RHC, right heart catheterization; sPAP, systolic pulmonary 
arterial pressure; SVI, stroke volume index; and TAPSE, tricuspid annular 
plane systolic excursion.
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1 mL/mm Hg increase [95% CI, 0.031–0.42] P=0.001), 
and RAP (HR 1.25 per 1 mm Hg increase, [95% CI, 
1.07–1.45], P=0.004) were significantly associated with 
adverse outcomes; SVI, CI, and HR were not. Cutoff 
values at second RHC were 6.3 WU·m−2 (AUC, 0.849, 
P<0.001) for PVRi, 1.61 mL·mm Hg−1·m−2 (AUC, 0.816, 
P=0.053) for PACi, and 8 mm Hg (AUC, 0.746; P=0.003) 
for RAP. Predictors of adverse outcomes (death, lung 
transplantation, or Potts shunt) at first and at second 
RHC are listed in Table 2. Kaplan–Meier curves show-
ing the absolute values and their associated survival at 
second RHC and combined values at first and second 
RHC are shown in Figures 3 and 4.

Correlation Between Clinical and 
Hemodynamic Parameters
When analyzing noninvasive parameters collected at 
the last clinic before the second RHC, we sought to 
evaluate the correlation between the clinical and the 
hemodynamic parameters. Fifty-seven patients had a 
second RHC after a clinical improvement and 14 pa-
tients had a second RHC after clinical worsening as 
defined above. Detailed treatment for each group is 
listed in Table S2. There was no significant difference 
between those 2 groups in the clinical or hemody-
namic status at baseline (Table 1). In the group under-
going a second RHC after clinical improvement, there 

Figure 3.  Survival curves of hemodynamic parameters associated with adverse outcomes at second RHC.
Threshold values for PVRi (n=68 available data), PACi (n=54 available data), and RAP (n=68 available data) in our cohort were 
6.3 WU·m−2, 1.61 mL·mm Hg−1·m−2, and 8 mm Hg, respectively. Cath indicates right heart catheterization; PACi, pulmonary arterial 
compliance index; PVRi, pulmonary vascular resistance index; RAP, right atrial pressure; and RHC, right heart catheterization.
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was a significant improvement in the mPAP, the PVRi, 
the SVI, and the PACi values, while there was no dif-
ference in the RAP, HR, and CI values (Table 3). In the 
group undergoing a second RHC after clinical wors-
ening or no status change despite introduction of PAH 
treatment, we did not find any significant improvement 
in any of the hemodynamic parameters (Table  4). 
Patients who had a second RHC after a clinical im-
provement had significantly lower mPAP and PVRi 
values, and higher SVI and PACi values compared 
with patients who had a second RHC for worsening 
(Table S2).

Necessity Assessment of Hemodynamic 
Reevaluation
To assess the necessity for a second RHC, we evalu-
ated the hemodynamic parameters based on the evo-
lution of the patients. We hypothesized that patients 
with a significant clinical improvement after introduc-
tion of PAH treatment would necessitate a reevalua-
tion RHC, while patients who did not improve should 
not undergo a second RHC, given their clinical status 
and the likely absence of improvement. Detailed clini-
cal characteristics and hemodynamic characteristics of 
patients from both groups are listed in Tables 3 and 4. 
Among patients who had a second RHC after a clinical 

Figure 4.  Survival curves of patients at first and second RHC with predetermined threshold values in our cohort.
Cath indicates right heart catheterization, PACi, pulmonary arterial compliance index; PVR, pulmonary vascular resistance; PVRi, 
pulmonary vascular resistance index; RAP, right atrial pressure; and RHC, right heart catheterization.
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improvement, 40 (74%) still had 1 parameter that could 
be considered as higher risk: 38 (69%) had a PVRi 
value ≥6.3 WU·m−2, 28 (62%) had a PACi value <1.61 
mL·mm Hg−1·m−2, and 10 (18.5%) had a RAP value 
>8 mm Hg. Considering patients who underwent a sec-
ond RHC after a clinical worsening, all of them had at 
least 1 hemodynamic parameter at higher risk based on 
the values we defined as predictors of outcome at sec-
ond RHC. To further explore the correlation between 
clinical and hemodynamics parameters, we evaluated 
34 patients who had a third RHC study; 16 could be 
considered as “systematic” RHC, while in 18 the third 
RHC was performed for worsening. The median delay 
between second and third RHC was 17.51 months. We 
found no significant differences in the hemodynamics 
values between second and third RHC of patients who 
had a RHC despite their stable status, while patients 
who had a third invasive exploration because of clinical 
worsening had significantly worsened mPAP, PVR, and 
PVRi values (Tables S3 and S4).

DISCUSSION
This study analyzes for the first time the correlation and 
potential discrepancies between clinical and hemody-
namic findings in children with PAH, while implement-
ing new relevant hemodynamic parameters at baseline 
and follow-up after treatment initiation.

We confirmed that PVRi, PACi, SVI, and RAP 
are robust predictors of worse outcomes at base-
line and at reevaluation after PAH treatment intro-
duction. We found lower threshold values for PVRi 
(10.7 WU·m−2) and higher cutoff values for PACi (1.14 
mL·mm Hg−1·m−2) and SVI (41.18 mL·m−2) than previ-
ously described in the pediatric population.17-19 CI 
was not a predictor of outcome in our series. This 
may be explained by the inclusion of patients with 
open shunts and Eisenmenger syndrome in previous 
studies,17,18 which we deliberately excluded. This dif-
ference in pathophysiology will irremediably lead to 
different results for data directly depending on the CI. 
Furthermore, patients undergoing Potts shunt as a 
worse outcome were not included in any of the survival 

Table 3.  Clinical and Hemodynamic Parameters of Patients Undergoing a Second RHC After Improvement Based on 
Noninvasive Criteria

Baseline RHC 1 RHC 2 after improvement P value

Noninvasive characteristics

NYHA-Fc

I-II 33 57 <0.001

III-IV 24 0

BNP or NT-proBNP

Abnormal (%) 23 (53) 10 (22.7) 0.009

Normal (%) 20 (46.5) 34 (77.3)

TAPSE, mm (Q1–Q3) 17 (14.8–20) (n=36) 21 (18–23) (n=45) <0.001

TAPSE/sPAP, mm/mm Hg 
(Q1–Q3)

0.2 (0.16–0.28) 0.48 (0.31–0.6) <0.001

TR peak velocity, m/s (Q1–Q3) 4.3 (3.85–4.6) 3.3 (2.95–3.8) <0.001

Hemodynamic parameters

sPAP, mm Hg (Q1–Q3) 85 (69.5–91.5) 65 (49.8–82) <0.001

mPAP, mm Hg (Q1–Q3) 56 (47–70) 45 (34–60) <0.001

dPAP, mm Hg (Q1–Q3) 40 (29.5–54) 29 (23–44) 0.001

PVR (WU) (Q1–Q3) 14 (11.55–21.7) 8.1 (5.43–11.5) <0.001

PVRi (WU·m−2) (Q1–Q3) 14 (8.8–18.6) 8.3 (5.6–11.79) <0.001

CI (L·min−1·m−2) (Q1–Q3) 3.53 (2.67–4.4) 4.3 (3.05–5.38) 0.069

RAP (mm Hg) (Q1–Q3) 6 (5–7) 6 (4–8) 0.959

SVI (mL·m−2) (Q1–Q3) 41.18 (33.98–48.55) 46.81 (39.11–52.56) 0.001

PACi (mL·mm Hg−1·m−2) (Q1–Q3) 1.21 (0.81–1.61) (n=45) 1.35 (1.03–1.88) (n=45) <0.001

HR (beats/min) (Q1–Q3) 100 (83–118) 95 (85–112) 0.322

Positive AVT 14 0 <0.001

There was a significant improvement in those patients in most of the hemodynamic parameters, proving the correlation between noninvasive criteria 
and hemodynamic parameters. AVT indicates acute vasoreactivity testing; BMI, body mass index; BNP, brain natriuretic peptide; CI, cardiac index; dPAP, 
diastolic pulmonary arterial pressure; HR, heart rate; mPAP, mean pulmonary arterial pressure; NYHA-Fc, New York Heart Association functional class; PACi, 
pulmonary arterial compliance index; PVR, pulmonary vascular resistance; PVRi, pulmonary vascular resistance index; RAP, right atrial pressure; RHC, right 
heart catheterization; sPAP, systolic pulmonary arterial pressure; SVI, stroke volume index; TAPSE, tricuspid annular plane systolic excursion; and TR, tricuspid 
regurgitation.
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curves of those preceding studies.20,21 HR alone was 
not associated in any good or bad outcome in our 
study, this is in accordance with the Weatherald et al 
study.22 Although 2 pediatric studies found resting HR 
associated with worse outcome in children with PAH, 
the groups were heterogeneous, with ≈20% of the pa-
tients in the Moledina et al study who had a miscella-
neous cause of PH and a shorter follow-up duration 
(3 years), and an important difference in patients’ age 
in both cohorts.18,23

To further explore the importance of those param-
eters, we analyzed data from the second RHC and 
found that PVRi, PACi, and RAP could not only be 
considered as prognosis factors but also as potential 
therapeutic targets since their changes with treatment 
were associated with changes in outcomes (Figures 2 
and 3).

Sequential noninvasive evaluation/risk stratification 
during follow-up accurately predicts the improvement 
in hemodynamic parameters. Given this significant 
improvement in all the main hemodynamic values, the 
second RHC may seem unnecessary; nonetheless 

those improvements are not sufficient. Indeed, in pa-
tients who had a second RHC after clinical improve-
ment, an important proportion was still at higher risk if 
we consider the threshold values of PVRi (69%), PACi 
(37%), and RAP (18%). Those patients may benefit 
from a therapeutic escalation, which would not have 
been detected if the evaluation was solely based on 
noninvasive parameters. To confirm the importance 
of a standardized second RHC in the year after the 
baseline RHC, we found that 13 of our patients who 
had an initial positive acute vasoreactivity testing had 
a clinical improvement despite “losing” their vaso-
reactivity at reevaluation. Notwithstanding, invasive 
measurements after the second RHC in clinically sta-
bilized patients do not seem necessary, given their 
hemodynamic status did not significantly vary from 
second to third RHC. To reinforce this idea, we per-
formed the same analysis on 16 patients who under-
went a fourth RHC despite being stable and found 
the same outcome (data not shown). Contrastingly, 
all patients who underwent a second RHC after clin-
ical worsening did have higher risk hemodynamic 

Table 4.  Clinical and Hemodynamic Parameters of Patients Undergoing a Second RHC After Worsening

Baseline RHC1 RHC2 after worsening P value

Noninvasive characteristics

NYHA-Fc

I-II 8 5 0.371

III-IV 6 9

BNP or NT-proBNP

Abnormal 3 4 1.000

Normal 5 7

TAPSE 13.5 17 0.309

TR 4.15 4.5 0.363

TAPSE/sPAP 0.15 0.15 0.782

Hemodynamic parameters

sPAP, mm Hg (Q1–Q3) 85 (61.25–97.5) 88.5 (80–103) 0.307

mPAP, mm Hg (Q1–Q3) 56 (45.3–75) 59 (52–64.75) 0.358

dPAP, mm Hg (Q1–Q3) 31 (26–55.5) 40 (29.75–47.75) 0.434

PVRi, WU·m−2 (Q1–Q3) 12.3 (8.3–24.9) 17.7 (8.9–23) 0.524

CI, L·min−1·m−2 (Q1–Q3) 3.17 (2.16–5.35) 2.99 (2.51–3.7) 1

RAP, mm Hg (Q1–Q3) 7 (4–8) 5 (4.3–9.5) 0.826

SVI mL·m−2 (Q1–Q3) 39.05 (26.32–67.82) 36.39 (27.97–41.67) 0.809

PACi, mL·mm Hg−1·m−2 
(Q1–Q3)

0.83 (0.55–1.34) 0.93 (0.49–1.14) 0.962

HR, beats/min (Q1–Q3) 96.5 (83.75–103.25) 95 (87–102) 0.962

Positive AVT 4 0 <0.001

There was no significant difference between the hemodynamic parameters between baseline and reevaluation despite specific pulmonary arterial 
hypertension treatment introduction, suggesting that the second RHC should instead be performed after a therapeutic intensification in those patients.

AVT indicates acute vasoreactivity testing; BMI, body mass index; BNP, brain natriuretic peptide; CI, cardiac index; dPAP, diastolic pulmonary arterial 
pressure; HR, heart rate; mPAP, mean pulmonary arterial pressure; NT-proBNP, N-terminal pro-B-type natriuretic peptide; NYHA-Fc, New York Heart 
Association functional class; PACi, pulmonary arterial compliance index; PVRi, pulmonary vascular resistance index; RAP, right atrial pressure; RHC, right 
heart catheterization; sPAP, systolic pulmonary arterial pressure; SVI, stroke volume index; TAPSE, tricuspid annular plane systolic excursion; and TR, tricuspid 
regurgitation.
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values of PVRi (100%), PACi (100%), and RAP (71%), 
while at third RHC there was a significant worsening 
in hemodynamic parameters of worsened patients. 
Overall, this suggests—counterintuitively—that a sec-
ond RHC should be systematically performed in pa-
tients with a clinical improvement after PAH treatment 
introduction, while it ought not to be carried out in 
clinically stabilized patients, and rather be executed 
after a therapeutic adjustment in clinically worsened 
patients (Figure 5). Our results confirm the idea that 
RHC still holds a central place in the care of patients 
with PAH24; however, given the risk engendered by 
this invasive tool in the pediatric population, children 
should be carefully screened before undergoing he-
modynamic evaluation.

The collecting and evaluation of our data are made 
over a 20-year period, and changes in therapeutic 
strategy during this period may affect the outcomes 
of our patients. However, the main innovations in the 
care of children with PAH during those years were the 
introduction of Potts Shunt and the introduction of tri-
ple therapy with addition of subcutaneous treatment; 

also, the Potts procedure was included in our survival 
curves, while triple therapy was introduced in 1998 in-
travenously and in 2005 subcutaneously at our unit,25 
and only 2 patients (2.7%) underwent RHC before this 
date. The retrospective and monocentric collection of 
the data added to the inclusion of Potts shunt as a major 
end point may limit the generalization of the threshold 
values found in our cohort. Nevertheless, our results 
are in accordance with the most recent recommenda-
tions in the adult population. Although those new he-
modynamic parameters seem promising, we were not 
able to evaluate the effect of specific PAH therapeutics 
on those parameters, since they were not systemati-
cally analyzed in our unit or in the pediatric population 
in general. Therefore, further studies are needed to val-
idate the use of those new hemodynamic parameters 
and their possible use as therapeutic targets.

CONCLUSIONS
Hemodynamic variables are valid tools to appreci-
ate the severity of PAH in children at first and at 

Figure 5.  Algorithm presenting prognosis factors and indications of RHC in children with PAH.
This algorithm shows the hemodynamic values we found at first and second RHC, and the indications of reassessment. Based 
on our results, patients with a clinical worsening despite PAH therapy introduction should not undergo a second RHC; instead an 
intensification in the therapeutics should be made before the invasive reevaluation. On the other hand, reevaluation of patients who 
improved after treatment introduction should be performed in order to validate this improvement. NYHA indicates New York Heart 
Association; PAH, pulmonary arterial hypertension; PACi, pulmonary arterial compliance index; PVRi, pulmonary vascular resistance 
index; RAP, right atrial pressure; and RHC, right heart catheterization.
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second catheterization, suggesting they may be 
used as prognostic factors and therapeutic tar-
gets. The clinical evaluation can predict the trend 
of hemodynamic changes at repeated RHC, but its 
accuracy is not sufficient to precisely adapt treat-
ments and predict outcomes. Further studies are 
needed to confirm our findings and accurately de-
fine threshold values.

ARTICLE INFORMATION
Received December 14, 2022; accepted February 15, 2023.

Affiliations
M3C-Necker, Hôpital Necker-Enfants malades, AP-HP, Université de Paris 
Cité, Cardiologie Congénitale et Pédiatrique, Paris, France (J.G., S.-G.M.-M.,  
M.M., I.S., M.L., D.B.); Université Paris-Saclay, Faculty of Medicine, Le 
Kremlin-Bicêtre, France (J.G., F.P., M.H., I.D.M.); INSERM UMR_S 999, 
Hôpital Marie Lannelongue, Le Plessis Robinson, France (J.G., F.P., M.H., 
I.D.M.); Department of Respiratory and Intensive Care Medicine, AP-HP, 
Hôpital Bicêtre, Le Kremlin-Bicêtre, France (F.P., M.H., I.D.M.); Freelance 
Biostatistician, Pérouges, France (S.M.); Department of Pediatric Cardiology, 
La Timone Hospital, CHU Marseille, France (C.O.); Department of Pediatric 
Cardiology, CHU Lyon, France (C.B.); Department of Cardiology, Caen 
University, CHU de CAEN, Caen, France (P.M.); and Department of Pediatric 
Pulmonology, CHU Lyon, France (J.R.).

Acknowledgments
DB, JG, and S-GM-M participated in the design of the study. CB, JG, MM, 
MP, OC, RJ, and SI participated in acquiring of the data. DB, DM, JG, MH, 
MMS, and S-GM-M participated in the analysis and interpretation of the 
data. DB, ML, MM, S-GM-M, and SI participated in the follow-up of patients. 
All authors reviewed the paper.

Sources of Funding
JG is supported by a poste d’accueil INSERM.

Disclosures
D. Bonnet reports grants and consulting fees from Janssen and Novartis; 
and participation on the advisory board for Lupin, outside the submitted 
work. M. Humbert and D. Montani have relationships with drug companies, 
including Actelion, Bayer, GSK, Novartis, and Pfizer. In addition to being in-
vestigators in trials involving these companies, other relationships include 
consultancy services and memberships to scientific advisory boards outside 
the submitted work. The remaining authors have no disclosures to report.

Supplemental Material
Tables S1–S4
Figures S1–S2

REFERENCES
	 1.	 Rosenzweig EB, Abman SH, Adatia I, Beghetti M, Bonnet D, Haworth 

S, Ivy DD, Berger RMF. Paediatric pulmonary arterial hypertension: up-
dates on definition, classification, diagnostics and management. Eur 
Respir J. 2019;53:1801916. doi: 10.1183/13993003.01916-2018

	 2.	 del Cerro Marín MJ, Sabaté Rotés A, Rodriguez Ogando A, Mendoza 
Soto A, Quero Jiménez M, Gavilán Camacho JL, Raposo Sonnenfeld I, 
Moya Bonora A, Albert Brotons DC, Moreno Galdó A, et al. Assessing 
pulmonary hypertensive vascular disease in childhood. Data from the 
Spanish registry. Am J Respir Crit Care Med. 2014;190:1421–1429. doi: 
10.1164/rccm.201406-1052OC

	 3.	 van Loon RLE, Roofthooft MTR, Hillege HL, ten Harkel ADJ, van Osch-
Gevers M, Delhaas T, Kapusta L, Strengers JLM, Rammeloo L, Clur 
S-AB, et al. Pediatric pulmonary hypertension in The Netherlands: 
epidemiology and characterization during the period 1991 to 2005. 
Circulation. 2011;124:1755–1764. doi: 10.1161/CIRCULATIONAHA.​
110.969584

	 4.	 Li L, Jick S, Breitenstein S, Hernandez G, Michel A, Vizcaya D. 
Pulmonary arterial hypertension in the USA: an epidemiological study 
in a large insured pediatric population. Pulm Circ. 2017;7:126–136. doi: 
10.1086/690007

	 5.	 Moledina S, Hislop AA, Foster H, Schulze-Neick I, Haworth SG. 
Childhood idiopathic pulmonary arterial hypertension: a national cohort 
study. Heart. 2010;96:1401–1406. doi: 10.1136/hrt.2009.182378

	 6.	 Zuckerman WA, Turner ME, Kerstein J, Torres A, Vincent JA, Krishnan 
U, Kerstein D, Rosenzweig EB. Safety of cardiac catheterization at a 
center specializing in the care of patients with pulmonary arterial hyper-
tension. Pulm Circ. 2013;3:831–839. doi: 10.1086/674752

	 7.	 Jassal A, Cavus O, Bradley EA. Pediatric and adolescent pulmonary hy-
pertension: what is the risk of undergoing invasive hemodynamic test-
ing? J Am Heart Assoc. 2018;7:e008625. doi: 10.1161/JAHA.118.008625

	 8.	 Beghetti M, Schulze-Neick I, Berger RMF, Ivy DD, Bonnet D, Weintraub 
RG, Saji T, Yung D, Mallory GB, Geiger R, et al. Haemodynamic charac-
terisation and heart catheterisation complications in children with pul-
monary hypertension: insights from the Global TOPP Registry (Tracking 
Outcomes and Practice in Paediatric Pulmonary Hypertension). Int J 
Cardiol. 2016;203:325–330. doi: 10.1016/j.ijcard.2015.10.087

	 9.	 del Cerro MJ, Moledina S, Haworth SG, Ivy D, Al Dabbagh M, Banjar 
H, Diaz G, Heath-Freudenthal A, Galal AN, Humpl T, et al. Cardiac 
catheterization in children with pulmonary hypertensive vascular dis-
ease: consensus statement from the Pulmonary Vascular Research 
Institute, Pediatric and Congenital Heart Disease Task Forces. Pulm 
Circ. 2016;6:118–125. doi: 10.1086/685102

	10.	 Rosenzweig EB, Bates A, Mullen MP, Abman SH, Austin ED, Everett 
A, Fineman J, Feinstein J, Hopper RK, Kinsella JP, et al. Cardiac cath-
eterization and hemodynamics in a multicenter cohort of children with 
pulmonary hypertension. Ann Am Thorac Soc. 2022;19:1000–1012. doi: 
10.1513/AnnalsATS.202108-998OC

	11.	 Levy M, Eyries M, Szezepanski I, Ladouceur M, Nadaud S, Bonnet D, 
Soubrier F. Genetic analyses in a cohort of children with pulmonary hyperten-
sion. Eur Respir J. 2016;48:1118–1126. doi: 10.1183/13993003.​00211-2016

	12.	 Eyries M, Montani D, Nadaud S, Girerd B, Levy M, Bourdin A, Trésorier 
R, Chaouat A, Cottin V, Sanfiorenzo C, et al. Widening the landscape of 
heritable pulmonary hypertension mutations in paediatric and adult cases. 
Eur Respir J. 2019;53:1801371. doi: 10.1183/13993003.01371-2018

	13.	 Simonneau G, Montani D, Celermajer DS, Denton CP, Gatzoulis MA, 
Krowka M, Williams PG, Souza R. Haemodynamic definitions and up-
dated clinical classification of pulmonary hypertension. Eur Respir J. 
2019;53:1801913. doi: 10.1183/13993003.01913-2018

	14.	 Galiè 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 hy-
pertension: 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). Eur Respir J. 2015;46:903–
975. doi: 10.1183/13993​003.01032-2015

	15.	 Humbert M, Kovacs G, Hoeper MM, Badagliacca R, Berger RMF, Brida 
M, Carlsen J, Coats AJS, Escribano-Subias P, Ferrari P, et al. 2022 ESC/
ERS guidelines for the diagnosis and treatment of pulmonary hyperten-
sion. Eur Heart J. 2022;43:3618–3731. doi: 10.1093/eurheartj/ehac237

	16.	 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 chan-
nel blockers in idiopathic pulmonary arterial hypertension. Circulation. 
2005;111:3105–3111. doi: 10.1161/CIRCULATIONAHA.104.488486

	17.	 Ivy DD, Rosenzweig EB, Lemarié J-C, Brand M, Rosenberg D, Barst 
RJ. Long-term outcomes in children with pulmonary arterial hyperten-
sion treated with bosentan in real-world clinical settings. Am J Cardiol. 
2010;106:1332–1338. doi: 10.1016/j.amjcard.2010.06.064

	18.	 Douwes JM, Roofthooft MTR, Bartelds B, Talsma MD, Hillege HL, 
Berger RMF. Pulsatile haemodynamic parameters are predictors of 
survival in paediatric pulmonary arterial hypertension. Int J Cardiol. 
2013;168:1370–1377. doi: 10.1016/j.ijcard.2012.12.080

	19.	 Takatsuki S, Nakayama T, Ikehara S, Matsuura H, Ivy DD, Saji T. Pulmonary 
arterial capacitance index is a strong predictor for adverse outcome in 
children with idiopathic and heritable pulmonary arterial hypertension. J 
Pediatr. 2017;180:75–79.e2. doi: 10.1016/j.jpeds.​2016.10.003

	20.	 Grady RM, Canter MW, Wan F, Shmalts AA, Coleman RD, Beghetti 
M, Berger RMF, Del Cerro Marin MJ, Fletcher SE, Hirsch R, et al; 
International Registry Potts Shunt. Pulmonary-to-systemic arterial shunt 
to treat children with severe pulmonary hypertension. J Am Coll Cardiol. 
2021;78:468–477. doi: 10.1016/j.jacc.2021.05.039

D
ow

nloaded from
 http://ahajournals.org by on N

ovem
ber 30, 2023

https://doi.org//10.1183/13993003.01916-2018
https://doi.org//10.1164/rccm.201406-1052OC
https://doi.org//10.1161/CIRCULATIONAHA.110.969584
https://doi.org//10.1161/CIRCULATIONAHA.110.969584
https://doi.org//10.1086/690007
https://doi.org//10.1136/hrt.2009.182378
https://doi.org//10.1086/674752
https://doi.org/10.1161/JAHA.118.008625
https://doi.org//10.1016/j.ijcard.2015.10.087
https://doi.org//10.1086/685102
https://doi.org//10.1513/AnnalsATS.202108-998OC
https://doi.org//10.1183/13993003.00211-2016
https://doi.org//10.1183/13993003.01371-2018
https://doi.org//10.1183/13993003.01913-2018
https://doi.org/10.1183/13993003.01032-2015
https://doi.org//10.1093/eurheartj/ehac237
https://doi.org//10.1161/CIRCULATIONAHA.104.488486
https://doi.org//10.1016/j.amjcard.2010.06.064
https://doi.org//10.1016/j.ijcard.2012.12.080
https://doi.org//10.1016/j.jpeds.2016.10.003
https://doi.org//10.1016/j.jacc.2021.05.039


J Am Heart Assoc. 2023;12:e029085. DOI: 10.1161/JAHA.122.029085� 13

Grynblat et al� Hemodynamics Monitoring in Children With PAH

	21.	 Blanc J, Vouhé B, Bonnet D. Potts shunt in patients with pulmonary hyper-
tension. NEJM. 2004;350:623. doi: 10.1056/NEJM2​00402​05350​0623

	22.	 Weatherald J, Boucly A, Chemla D, Savale L, Peng M, Jevnikar M, 
Jaïs X, Taniguchi Y, O’Connell C, Parent F, et al. Prognostic value of 
follow-up hemodynamic variables after initial management in pulmo-
nary arterial hypertension. Circulation. 2018;137:693–704. doi: 10.1161/
CIRCULATIONAHA.117.029254

	23.	 Moledina S, Pandya B, Bartsota M, Mortensen KH, McMillan M, Quyam 
S, Taylor AM, Haworth SG, Schulze-Neick I, Muthurangu V. Prognostic 
significance of cardiac magnetic resonance imaging in children with 

pulmonary hypertension. Circ Cardiovasc Imaging. 2013;6:407–414. 
doi: 10.1161/CIRCIMAGING.112.000082

	24.	 Humbert M, Weatherald J. Right heart catheterisation is still a fun-
damental part of the follow-up assessment of pulmonary arterial 
hypertension. Eur Respir J. 2018;52:1800738. doi:  10.1183/13993​
003.00738-2018

	25.	 Levy M, Celermajer DS, Bourges-Petit E, Del Cerro M-J, Bajolle F, 
Bonnet D. Add-on therapy with subcutaneous treprostinil for refractory 
pediatric pulmonary hypertension. J Pediatr. 2011;158:584–588. doi: 
10.1016/j.jpeds.2010.09.025

D
ow

nloaded from
 http://ahajournals.org by on N

ovem
ber 30, 2023

https://doi.org/10.1056/NEJM200402053500623
https://doi.org//10.1161/CIRCULATIONAHA.117.029254
https://doi.org//10.1161/CIRCULATIONAHA.117.029254
https://doi.org//10.1161/CIRCIMAGING.112.000082
https://doi.org/10.1183/13993003.00738-2018
https://doi.org/10.1183/13993003.00738-2018
https://doi.org//10.1016/j.jpeds.2010.09.025


Supplemental Material 

D
ow

nloaded from
 http://ahajournals.org by on N

ovem
ber 30, 2023



Before treatment (n=71) After treatment (n=71) P value 
Treatment 
Oral monotherapy (%) 0 20 (28.2) 
Oral dual bitherapy (%) 0 32 (45.1) 
Tritherapy (%) 0 12 (16.9) 

Noninvasive parameters 

NYHA-Fc 
I-II 41 (57.7) 61 (86) <0.001 
III-IV 30 (42.2) 10 (14) <0.001 
BNP and NT pro BNP
Normal 25 ( 14 0.009 
Abnormal 26 41 
TAPSE (mm) (Q1-Q3) 18 (14-20.25) (n=40) 19.3 (17-22.25) (n=56) 0.071 
TAPSE/sPAP (Q1-Q3) 0.2 (0.15-0.24) (n=30) 0.43 (0.26-0.58) (n=36) <0.001 
TR (Q1-Q3) 4.3 (3.77-4.62) (n=30) 3.4 (3-4.3) (n=36) <0.001 

 Hemodynamics values 

 sPAP (mmHg) (Q1-Q3)  
 mPAP (mmHg) (Q1-Q3) 
 dPAP (mmHg) (Q1-Q3) 
 PVR (WU) (Q1-Q3) 
 PVRi (WU.m²) (Q1-Q3) 
 RAP (mmHg) (Q1-Q3) 
 SVI (mL.m-2) (Q1-Q3)
 PACi (mL.mmHg-1.m-2) (Q1-Q3) 
 HR (beats per minute) (Q1-Q3) 
 Positive AVT 

 74.5 (61.25-97.5) 
 56 (46.5-70.5) 
 39 (28-55) 
 14.5 (11.12-21.2) 
 13.15 (8.7-18.85) (n=64) 
 6 (4.5-7.5) (n=67) 
 40.93 (32.25-48.55) (n=53) 
 1.14 (0.71-1.58) (n=53) 
 100 (83-112) (n=53) 

  18 

 50 (39-80) 
 47 (36.5-61) 

  30 (24-44) 
  8.3 (6.05-12.65) 
  8.9 (6.27-13.2) (n=68) 
  6 (4-8) (n=68) 
  43.81 (38.5-51.6) (n=54) 
  1.33 (0.94-1.8) (n=54) 
  95 (85-112) (n=56) 
  0 

 0.004 
 0.004 
 0.009 
 <0.001 
 0.003 
 0.849 
0.008 
 <0.001 
0.404 
<0.001 

Abbreviations: AVT – Acute vasoreactivity testing; BNP – Brain natriuretic peptide; dPAP – 
diastolic pulmonary arterial pressure; HR – Heart rate; mPAP – mean pulmonary arterial 
pressure; PACi – indexed pulmonary arterial compliance; PVR – Pulmonary vascular 
resistance; PVRi – indexed pulmonary vascular resistance; RAP – right atrial pressure; sPAP – 
Systolic pulmonary arterial pressure; SVI – stroke volume index; NYHA-Fc – New York Heart 
Association-functional class. 

Table S1. Clinical and hemodynamic characteristics of patients before and after initiation of specific PAH 
therapy. 
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2nd RHC after worsening 
(n=14) 

2nd RHC after improvement 
(n=57) 

P 
value 

Treatment strategy 0.011 

Monotherapy (%) 3 (21.4) 29 (50.9) 
Oral dual bitherapy (%) 9 (64.3) 11 (19.3) 
Tritherapy (%) 1 (7.1) 11 (19.3) 

Noninvasive characteristics 

WHO FC 
I-II (%) 5 ( 57 <0.001 
III-IV (%) 9 0 
BNP or NT pro BNP
Abnormal 4 10 0.427 
Normal 6 34 
TAPSE (Q1-Q3) 17 21 0.008 
TR (Q1-Q3) 4.5 3.3 <0.001 
TAPSE/ sPAP (Q1-Q3) 0.15 0.48 0.015 

Hemodynamic parameters 

sPAP (mmHg) (Q1-Q3) 88.5 (80-103) 65 (49.8-82) <0.001 
mPAP (mmHg) (Q1-Q3) 59 (52-64.75) 45 (34-60) 0.004 
PVRi (WU.m-²) (Q1-Q3) 17.7 (8.9-23) 8.3 (5.6-11.79) 0.002 
CI (L.min-1.m-2) (Q1-Q3) 2.99 (2.51-3.7) 4.3 (3.05-5.38) 0.161 
RAP (mmHg) (Q1-Q3) 5 (4.3-9.5) 6 (4-8) 0.825 
SVI (mL.m-2) (Q1-Q3) 36.39 (27.97-41.67) 46.81 (39.1-52.6) 0.013 
PACi (mL.mmHg-1.m-2) (Q1-Q3) 0.93 (0.49-1.14) 1.35 (1.03-1.88) (n=45) 0.004 
HR (Q1-Q3) 95 (87-102) 95 (85-112) 0.973 
Positive AVT 0 0 1.000 

There was a significant difference in the treatment strategy. Patients undergoing a 2nd RHC 
after clinical improvement were significantly more treated with oral monotherapy or 
tritherapy, while patients undergoing a 2nd RHC were significantly more treated with 
bitherapy. 

Abbreviations: AVT – Acute vasoreactivity testing; BNP – Brain natriuretic peptide; dPAP – 
diastolic pulmonary arterial pressure; HR – Heart rate; mPAP – mean pulmonary arterial 
pressure; PACi – indexed pulmonary arterial compliance; PVR – Pulmonary vascular 
resistance; PVRi – indexed pulmonary vascular resistance; RAP – right atrial pressure; sPAP – 
Systolic pulmonary arterial pressure; SVI – stroke volume index; NYHA-Fc – New York Heart 
Association-functional class. 

Table S2. Comparison of noninvasive and hemodynamic parameters in patients who underwent a 2nd RHC after 
worsening or after improvement. 
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RHC 2 after worsening 
(n=18) 

RHC 3 after worsening 
(n=18) 

P 
value 

Noninvasive 
characteristics 

WHO-Fc 0.404 
I-II 16 13 
III-IV 2 5 

BNP or NT pro BNP 0.409 
Abnormal 2 6 
Normal 11 11 

TAPSE (Q1-Q3) 18 (17-21) 17 (15.25-20.45) 0.474 

Invasive parameters 

sPAP mmHg (Q1-Q3) 72.5 (62.5-84.25) 87 (76.25-92.5) <0.001 
mPAP mmHg (Q1-Q3) 49.5 (45-59) 63.5 (53-70.75) <0.001 
PVRi WU.m² (Q1-Q3) 9.2 (8.03-11.02) 13.5 (10.9-18) <0.001 
CI L.min-1.m-2 (Q1-Q3) 4.93 (3.5-5.17) 3.83 (3.55-4.4) 0.113 
RAP mmHg (Q1-Q3) 5 (4-8) 7 (5-8) 0.060 
SVI mL.m-2 (Q1-Q3) 47.81 (35.44-51.41) 45.75 (36.51-50.08) 0.893 
PACi mL.mmHg-1 (Q1-Q3) 1.24 (0.84-1.51) 1.3 (0.71-1.51) 0.405 
HR beats per minute (Q1-Q3) 97 (90-113) 85 (74-97) 0.015 

There is a significant worsening in mPAP, sPAP, and PVRi in those patients. 

Abbreviations: AVT – Acute vasoreactivity testing; BNP – Brain natriuretic peptide; dPAP – 
diastolic pulmonary arterial pressure; HR – Heart rate; mPAP – mean pulmonary arterial 
pressure; PACi – indexed pulmonary arterial compliance; PVR – Pulmonary vascular 
resistance; PVRi – indexed pulmonary vascular resistance; RAP – right atrial pressure; sPAP – 
Systolic pulmonary arterial pressure; SVI – stroke volume index; NYHA-Fc – New York Heart 
Association-functional class. 

Table S3. Clinical and hemodynamic parameters for patients undergoing a 3rd RHC after clinical deterioration. 
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RHC 2 in stable patients(n=16) RHC 3 in stable patients 
(n=16) 

P 
value 

Noninvasive 
characteristics 

WHO-Fc 

 I-II
III-IV 14 

  2 
16 

  0 
 1.000 

BNP or NT pro BNP 
Abnormal 2 6   0.231 
Normal   10   9 

TAPSE   20 (16.5-23.5)   21 (19.5-22.5)   0.387 

Invasive parameters 

sPAP mmHg (Q1-Q3)  72.5 (69.5-75.25) 64 (52-103) 0.352 
mPAP mmHg (Q1-Q3) 50.5 (40.25-62) 50.5 (39-71.5) 0.648 
PVR WU (Q1-Q3) 12.9 (10.2-16.3) 10.7 (6-14.6) 0.634 
PVRi WU.m² (Q1-Q3) 9.2 (6.4-13.8) 10.7 (6.6-15.8) 0.820 
CI L.min-1.m-2 (Q1-Q3) 2.8 (2.55-4.5) 4.03 (3.25-5.1) 0.788 
RAP mmHg (Q1-Q3) 7 (5-8.3)  7 (6.8-8) 0.672 
SVI mL.m-2 (Q1-Q3) 45.26 (38.7-53.3) 43.3 (39.1-51.9) 0.979 
PACi mL.mmHg-1 (Q1-Q3) 1.27 (0.94-1.42) 1.33 (0.99-1.6) 0.709 
HR beats per minute (Q1-Q3) 92.5 (85.5-110) 87 (83-99) 0.023 

There was no significant difference in any of the relevant hemodynamic data between the 
2nd and 3rd RHC. 

Abbreviations: AVT – Acute vasoreactivity testing; BNP – Brain natriuretic peptide; dPAP – 
diastolic pulmonary arterial pressure; HR – Heart rate; mPAP – mean pulmonary arterial 
pressure; PACi – indexed pulmonary arterial compliance; PVR – Pulmonary vascular 
resistance; PVRi – indexed pulmonary vascular resistance; RAP – right atrial pressure; sPAP – 
Systolic pulmonary arterial pressure; SVI – stroke volume index; NYHA-Fc – New York Heart 
Association-functional class. 

Table S4. Hemodynamic parameters in clinically stable patients. 
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Figure S1. Evolution of BNP after treatment introduction, introduction of treatment 
led to a significant improvement in BNP absolute value (p=0.037).
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Figure S2. Evolution of NT pro BNP after treatment introduction, introduction of 
treatment led to a significant improvement in NT pro BNP absolute value (p=0.032). 
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