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Right ventricular end-systolic remodeling index in the
assessment of pediatric pulmonary arterial hypertension. The
European Pediatric Pulmonary Vascular Disease Network

(EPPVDN)
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Sabrina Schweintzger'?, Stefan Kurath-Koller', Massimiliano Cantinotti*®, Dagmar Hohmann* and Georg Hansmann®*

BACKGROUND: Echocardiographic determination of the right ventricular end-systolic remodeling index (RVES RI) has clinical value
for the assessment of pulmonary hypertension (PH) in adults. We aim to determine RVES Rl values in pediatric PH and to correlate
RVES RI data with echocardiographic variables and NYHA functional class (FC).

METHODS: Prospective echocardiography study in 49 children with PH. The 49 matched control subjects were chosen from 123
healthy children used to construct pediatric normal reference values. The associations with invasive hemodynamic variables were
also investigated in a validation cohort of 12 PH children and matched controls.

RESULTS: RVES Rl was increased in children with PH vs. healthy controls (1.45 £+ 0.16 vs. 1.16 + 0.06; p < 0.01; confirmed in the
validation cohort). RVES Rl was associated with invasive hemodynamic variables, i.e. the mean pulmonary artery pressure. RVES Rl
values increased with worsening NYHA-FC. The highest RVES Rl values were observed in PH children with NYHA FC 3 (1.60 £ 0.12).
CONCLUSIONS: RVES Rl is a useful indicator of RV remodeling and dilation in the setting of increased RV pressure load, especially
when the degree of regurgitation of the tricuspid and pulmonary valves is insufficient to numerically estimate RV systolic pressure

and mPAP, due to incomplete Doppler envelopes.

Pediatric Research (2020) 88:285-292; https://doi.org/10.1038/s41390-020-0748-2

INTRODUCTION

Right ventricular (RV) volume and/or pressure overload causes not
only cardiac remodeling but also systolic and diastolic ventricular
dysfunction of the RV."? An accurate assessment of RV size and
function is critically important for guiding treatment and follow-up
in a number of pediatric cardiovascular conditions, e.g., pulmonary
hypertension (PH).>~” Survival of patients with PH has been shown
to be closely related to RV function.*®? Several echocardiographic
parameters, including the tricuspid annular plane systolic excur-
sion (TAPSE), the tricuspid annular peak systolic velocity (S’), and
RV end-systolic dimensions, have been shown to be associated
with prognosis in children with PH.'®'" Echocardiographically
measured parameters such as RV end-diastolic basal diameter or
the RV end-diastolic area can easily be obtained and therefore
may be used as non-invasive measures of RV size and
performance in children.'? A simple index that would incorporate
both the longitudinal component of RV adaptation and the end-
systolic dimension would add significant information of RV
behavior in pediatric PH. The novel RV end-systolic remodeling
index (RVES RI), defined as the ratio of end-systolic RV free wall
longitudinal/septal length, has been demonstrated to be a simple

reproducible prognostic marker in adults with PH."> With
increasing pressure afterload, the RV remodeling progresses from
physiological RV hypertrophy to maladaptation/RV dilation. During
this process, echocardiographic and hemodynamic RV parameters,
including RVES Rl as a surrogate of RV remodeling, are expected to
worsen, but pediatric experience is sparse.

The aim of this study was first to determine reference values for
RVES RI for children and to assess correlations between this new
index and conventionally used echocardiographic parameters in
children with PH.'*'> We hypothesize that RVES Rl provides easily
obtainable, comprehensive information on RV volume and short-
ening in children with PH and is associated with invasive and
echocardiographic variables altered in RV pressure overload.

MATERIALS AND METHODS
Healthy control study group
Our healthy control study group consisted of 123 children
without any significant health condition (67 males; 56 females,
age range: 1 day to 18 years (median: 5.7 years), body weight
(BW): 2.6 kg to 76.0kg; body surface area (BSA): 0.19-1.99 m?,

"Division of Pediatric Cardiology, Department of Pediatrics, Medical University Graz, Graz, Austria; 2European Pediatric Pulmonary Vascular Disease Network, Berlin, Germany;
3Institute for Medical Informatics, Statistics and Documentation, Medical University Graz, Graz, Austria; “Department of Pediatric Cardiology and Critical Care, Hannover Medical
School, Hannover, Germany; *Centre of Physiological Medicine, Medical University Graz, Graz, Austria and ®Fondazione G. Monasterio CNR-Regione Toscana, Massa and Pisa, Pisa,

Italy

Correspondence: Martin Koestenberger (martin.koestenberger@medunigraz.at) or Georg Hansmann (georg.hansmann@gmail.com)

Received: 29 May 2019 Revised: 23 September 2019 Accepted: 23 November 2019

Published online: 10 January 2020

© International Pediatric Research Foundation, Inc. 2020

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41390-020-0748-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41390-020-0748-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41390-020-0748-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41390-020-0748-2&domain=pdf
http://orcid.org/0000-0003-1766-7859
http://orcid.org/0000-0003-1766-7859
http://orcid.org/0000-0003-1766-7859
http://orcid.org/0000-0003-1766-7859
http://orcid.org/0000-0003-1766-7859
mailto:martin.koestenberger@medunigraz.at
mailto:georg.hansmann@gmail.com
www.nature.com/pr

Right ventricular end-systolic remodeling index in the assessment of...
M Koestenberger et al.

286

Table 1. Demographic basic data of healthy controls and children
with PH.

Healthy children Healthy children Children

for normal values for age-matching with PH
Age 74+6.1 6.6+5.7 6757
n 123 49 49
Sex (% female) 45.5% 38.8% 38.8%
Weight (kg) 22 (9.5-47.0) 20.0 (12.0-33.0) 16.6 (10.2-39.0)
Length (cm) 114.0 (75-155) 110.0 (78.0-148) 105.5 (80.0-154)
BSA (m?) 0.8 (0.4-1.4) 0.8 (0.5-1.2) 0.7 (0.5-1.3)
RVES RI 1.16 £ 0.06 1.15+0.06 1.45+0.16
Mean +SD or median (interquartile range) for continuous variables and
percentage for categorical data are shown

neonates (n = 11), infants (n = 19), children (1-10 years; n =47),
and adolescents (11-18 years; n=45), Table 1). For the
comparison with the PH study group, 49 healthy subjects were
matched according to sex and age (0-<1, 1-<4, 4-18 years) to
patients with PH. These 49 healthy subjects had comparable BW
and BSA when compared to the 49 children with PH. The control
subjects were recruited prospectively from healthy children
referred to our cardiology service for evaluation of a heart
murmur or a family history of heart disease. All patients with
congenital heart disease (CHD) such as pulmonary stenosis,
acquired heart diseases, or chromosomal syndromes were
excluded. Patients with patent ductus arteriosus were also
excluded because ductal left-to-right shunt flow causes turbu-
lence within the pulmonary artery (PA) and may therefore
influence volume-dependent measurements. The normal
pulsed wave (PW) PA Doppler profile is smooth, without
“notching” of the Doppler envelope. A PA Doppler notch can
be associated with increased pulmonary vascular resistance
(PVR) in PH patients,'® and therefore patients with a “notched”
Doppler envelope were excluded from analysis of the
healthy cohort. In line with our clinical experience, adequate
RVES Rl measurements were possible in 98% of the study
echocardiograms. Patients were examined in a resting state. In
our healthy cohort, we confirmed that all children had a normal
left ventricular ejection fraction (LVEF), a normal age-related
mitral annular plane systolic excursion,'” normal pulmonary
artery acceleration time (PAAT),'® a normal RV size,'® and
normative TAPSE and RV tricuspid annular peak systolic
velocity (5).2%%

PH study group

The PH study group from Graz consisted of 49 children with
PH as defined by a mPAP >20 mm Hg, i.e, 22 children with
pulmonary arterial hypertension (PAH) associated with congeni-
tal heart disease (PAH-CHD),*> 15 patients with PH associated
with bronchopulmonary dysplasia (PH-BPD),** and 12 patients
with idiopathic PAH (IPAH), (median age: 5.3 years; age
range 1.5 months to 18.0 years; 30 males, 19 females; BSA:
0.20-1.92 m?, Table 2. At the time of enroliment, all patients had
been clinically stable without change of medications within the
preceding 4 months. For the PAH-CHD subgroup, inclusion
criteria were status post repair of a post-tricuspid left-to-right
shunt such as ventricular septal defects (VSDs) and atrio-
ventricular septal defects; patients with significant residual
cardiovascular shunt (Qp/Qs >1.5) or isolated atrial septal defect
were excluded. All patients in the IPAH and PAH-CHD subgroups
underwent cardiac catheterization prior to enrollment, thereby
excluding any significant intracardiac shunt. Patients with
acquired heart diseases or chromosomal syndromes were
excluded from this study. Patients with persistent patent
ductus arteriosus and with significant postoperative (residual)
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Table 2. Demographic data of PH patients.
n or median (range)
All PH patients
Fulfilled inclusion criteria (n) 49
Female (%) (n) 19 (39)
Age at baseline (range) (years) 53 (0.13-17.9)
Body weight (range) (kg) 16.6 (3.0-71.0)
Body length (range) (cm) 106 (48-185)
BSA range (m?) 0.70 (0.20-1.92)
NYHA-FC 1 (n) 17
Il (n) 18
Il (n) 7
PH medication
Bosentan (n) 5
Bosentan-tSildenafil (n) 7
Macitentan (n) 8
Macitentan-Sildenafil (n) 10
Sildenafil (n) 16
Calcium antagonists (n) 3
Selexipag (n) 2
Variables
TRV (m/s) 4.1 (29-5.9)
TRV/RVOT VTI ratio 0.29 (0.19-0.69)
mPAP (Mean + range; mm Hg) 39 (27-90)
PVR (Mean + range; WU) 6.2 (2.3-29.9)
PAH-CHD (n) 22
TRV (m/s) 3.8 (2.9-5.0)
TRV/RVOT VTI ratio 0.38 (0.19-0.66)
sPAP/sSAP (%) 73 (40-105)
mPAP (Mean + range; mm Hg) 38 (27-56)
PVRi (Mean + range; WU) 4.2 (2.3-16.0)
Diagnosis
AVSD (n) 10
VSD (n)
PA with VSD (n) 3
IPAH (n) 12
TRV (m/s) 4.5 (3.3-5.6)
TRV/RVOT VTI ratio 0.48 (0.25-0.73)
sPAP/sSAP (%) 90 (42-119)
mPAP (Mean £ range; mm Hg) 46 (29-90)
PVRi (Mean + range; WU) 8.0 (3.2-29.9)
PH-BPD (n) 15
TRV (m/s) 3.4 (2.7-4.7)
TRV/RVOT VTI ratio 0.33 (0.24-0.56)
% of systemic pressure (%) 64 (40-88)
mPAP (Mean + range; mm Hg) 35 (27-54)
PVRi (Mean + range; WU) 6.7 (3.4-15.5)
Age of our patients at baseline is the age at inclusion in the study.
Subgroups of patients (PAH-CHD, IPAH, PH-BPD) are provided
AVSD atrio-ventricular septal defect, BSA body surface area, RVOT right
ventricular outflow tract, VT velocity time integral, mPAP mean pulmonary
artery pressure, sPAP systolic pulmonary artery pressure, PH pulmonary
hypertension, PA pulmonary atresia, PH-CHD PH-associated with congenital
heart disease, PAH-BPD PH secondary to bronchopulmonary dysplasia, IPAH
idiopathic PAH, PVRi indexed pulmonary vascular resistance, RVOT VTI right
ventricular outflow tract velocity, TAPVR total anomalous pulmonary
venous return, sSAP systolic systemic artery pressure, TA tricuspid atresia,
TRV tricuspid regurgitation velocity, VSD ventricular septal defect

intracardiac shunt were also excluded because the left-to-right
shunt flow may influence the RV morphology.

The respective CHDs were surgically repaired in all patients at a
mean age of 5.7 months (range: 0.3-14.2 months). All of these
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patients were status post complete repair patients without
significant shunts who have persistent PH. PH was defined as a
mean pulmonary artery pressure (mPAP)>=20mmHg at rest
(definition by the WSPH 2018), a pulmonary capillary wedge
pressure <15 mm Hg, and a PVR >3 mm WU-m? [iWU].>* By directly
measuring pressures and indirectly measuring flow, we deter-
mined the cardiac output (Qs) (using Fick's principle), mixed
venous oxygen saturation, and mPAP (Table 2).

All PH-BPD patients had at least measurable mild-to-moderate
tricuspid regurgitation (TR) so that TR jets could be well
interrogated with continuous wave (CW)-Doppler. The RV systolic
pressure was estimated by applying the modified Bernoulli
equation.” A TR velocity >2.8 m/s was considered a reasonable
cut-off to define elevated pulmonary pressure in the absence of
pulmonary stenosis.”®

Validation cohort

In order to validate our findings, including the cut-off value to
distinguish PH from non-PH condition, we conducted a blinded
image analysis of echocardiograms prospectively obtained at the
tertiary University Children’s Hospital at Hannover Medical School.
The validation cohort consisted of 12 pediatric PH patients (5 IPAH,
4 PAH-CHD, 3 PH-associated lung disease) and 9 age-matched,
non-PH controls. All subjects underwent echocardiography at the
day of admission at the Children’s Hospital, Hannover Medical
School and cardiac catheterization the next day (Table 3). The
corresponding DICOM echocardiographic image clips of full
studies were sent to the study center in Graz where the images
were (re-)analyzed in a blinded fashion, in order to limit selection
bias and interobserver variability.

Image acquisition

To minimize variability, a strict institutional protocol for image
acquisition was used for this prospective study. Age, BW, BL, and
BSA were measured at the time of echocardiography, and the
BSA was calculated using the Mosteller formula.”” The echo-
cardiographic measurement of the RVES Rl in children is shown
in Fig. 1.

Echocardiographic protocol

Echocardiograms were performed using a commercially avail-
able echocardiographic system (Sonos iE33, Philips, Andover,
MA, USA) using transducers of 5-1, 8-3, and 12-4 MHz depending
on patient age, size, and weight. Images were recorded digitally
and analyzed using the off-line software (Xcelera Echo; Philips
Medical Systems, The Netherlands). All measures were averaged
over three cycles and analyzed according to the latest guidelines
by two blinded certified readers.?® Indices of RV size and
function were measured on the focused RV apical four-
chamber view. In seven cases, echocardiography was performed
the day before the cardiac catheterization; in one case, the
echocardiography was conducted 7 days prior to the invasive
catheterization study; and in all other cases, transthoracic
echocardiography was performed on the same day as the
cardiac catheterization study.

RVES remodeling index

RVES RI is defined as the ratio of end-systolic RV free wall
longitudinal length:septal height (RVES Rl = end-systolic lateral
free wall length/septal height).'* Internal scaling free wall length
to septal length rather was shown to have the advantage of
scaling using the same dimension (dimensional consistency) and
being less influenced by edematous state or obesity.'> The
lateral wall length was measured from the lateral tricuspid
annulus to the insertion point of the RV on the interventricular
septum. The septal length (representing the RV length at the
level of the septum) was measured as a straight line from
the septal tricuspid annulus to the RV insertion on the
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Table 3. Characteristics of control subjects and PAH patients studied.
Control (non- PAH (N=12) p value
PAH) (N=9)
Demographics
Age, years 6.5 (0.4-17.1) 7.8 (0.5-17.7) n.s.
(mean, range)
Male sex, n (%) 5 (55.6) 5 (41.7)
Height (cm) 115.0+425 118.8+38.1 n.s.
Weight (kg) 240+ 16.6 26.5+19.7 n.s.
BSA (m?) 0.86 +0.48 0.91+0.48 ns.
Disease subtypes  Mild/moderate IPAH (4), PAH/PH-CLD
(n) LVOTO (7), (2), PAH-repaired
mediastinal CHD (4), PH—portal
teratoma (1), hypertension (1)
portal vein
stenosis (1)
Echocardiography
RVES RI 1.18 £ 0.06 1.50+£0.29 0.0025
RVAWD (cm) 0.33+0.09 0.66 +0.21 0.0008
RVEDD (cm) 1.21 £0.54 2.11+0.84 0.0283
TAPSE (cm) 1.96 £0.19 1.48 £ 0.41 0.0152
LVEF (%) 73.8+6.5 63.8+10.0 0.0267
Cardiac catheterization
mRAP (mm Hg) 5.00+1.91 5.00+3.25 n.s.
sPAP (mmHg) 23.1+6.6 64.3+24.5 <0.0001
mPAP (mmHg) 16.8+6.1 47.7 £18.5 <0.0001
dPAP (mmHg) 11.2+64 30.1+£18.0 0.0058
mPAP/mSAP 0.27 +£0.09 0.67 £0.27 <0.0001
mTPG (mmHg) 6.50+2.73 40.25+ 194 <0.0001
dTPG (mmHg) 1.22+1.48 233175 0.0007
PVRi (WU-m?) 1.60 +£0.75 11.8+£6.6 0.0001
PVR (WU) 242 +1.80 16.9+12.2 0.0005
PVR/SVR 0.10 £ 0.05 0.71+£0.38 <0.0001
Qsi (L/min/m?) 447 +1.11 3.90+1.29 n.s.
Qpi (L/min/m?) 4.09+0.96 3.73+1.02 n.s.
Qp/Qs 0.93+0.11 0.97 £ 0.08 n.s.

Values are presented as mean + SD. Mann-Whitney U statistical test was
applied. p < 0.05 was considered significant. All PAH patients with repaired
congenital heart disease (PAH-CHD) had the repair >12 months prior to
cardiac catheterization. Three of the PAH patients had trisomy 21 (all with
PAH-repaired CHD)

BSA body surface area, LVOTO left ventricular outflow tract obstruction,
IPAH idiopathic PAH, CLD chronic lung disease, CHD congenital heart
disease, RVES Rl right ventricular end-systolic remodeling index, RVAWD
right ventricular anterior wall diameter, RVEDD right ventricular end-
diastolic diameter, TAPSE tricuspid annular plane systolic excursion, LVEF
left ventricular ejection fraction, mRAP mean right atrial pressure, sPAP
systolic pulmonary arterial pressure, mPAP mean pulmonary arterial
pressure, dPAP diastolic pulmonary arterial pressure, mSAP mean systemic
arterial pressure, mTPG mean transpulmonary pressure gradient, dTPG
diastolic transpulmonary pressure gradient, PVRi pulmonary vascular
resistance index, PVR pulmonary vascular resistance, SVR systemic vascular
resistance, Qsi systemic blood flow (cardiac index), Qpi pulmonary flow
index, n.s. not significant

interventricular septum. The RVES Rl was measured at end
systole, which was defined as the time frame preceding tricuspid
valve opening, showing the minimal RV area (in most instances,
the time of the end of the T wave). While in the original adult
study protocol'® an exact endocardial tracking approach was
used (more curvy line), we preferred a more straight approach to
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Measurement of the right ventricular end-systolic remodeling index. a Nine-year-old child with PH related to congenital heart

disease (CHD). The right ventricular end-systolic remodeling index (RVES RI) represents a simple ratio of end-systolic lateral height:septal
height (representing RV longitudinal length measured straight from the septal tricuspid annulus point to the RV insertion on the
interventricular septum). The green line marks the septal height, the red line the lateral height. b Healthy nine-year-old child with normal RV
size and function. RA right atrium, RV right ventricle. The RVES Rl was measured at end systole, which was defined as the time frame preceding
tricuspid valve opening, showing the minimal RV area (in most instances, the time of the end of the T wave).

measure the lateral RV wall, thereby ignoring certain trabecula-
tions of the RV.

We measured the PAAT as the interval between the onset of
ejection and the peak PA flow velocity in accordance with
previous studies, acknowledging existing pediatric reference
values.®

The TAPSE reflects the longitudinal excursion of the tricuspid
annulus toward the apex and is measured with M mode in the
apical four-chamber view.?°

PW tissue Doppler imaging was performed using transducer
frequencies of 2.5-3.5MHz with spectral Doppler filters
adjusted until a Nyquist limit of 15-20cm/s. The tricuspid
annular peak systolic velocity (S) was recorded and analyzed
off-line.?’

The ratio of RV diameter to LV diameter is measured from a two-
dimensional parasternal short axis image at the LV papillary
muscle level as the ratio of the anterior-posterior dimension to the
RV and LV diameters at end systole. The RV/LV ratio was derived to
combine a measure of RV size with septal shift secondary to
elevated end-systolic RV pressure.?

SPRINGERNATURE

The left ventricular eccentricity index (LVEI) is the ratio of the
minor axis of the LV parallel to the septum divided by the minor
axis perpendicular to the septum.?®

The estimation of systolic PAP (PASP) is based on the peak
velocity of the jet of tricuspid regurgitation (TRV). The simplified
Bernoulli equation and CW-Doppler is used to assess velocity
within the TRV jet: right ventricular systolic pressure [(RVSP)=
PASP = 4 x (TRV)? + right atrial (RA) v wave = approx. 4 x (TRV)? +
mean right atrial pressure (mRAP)]. Thus the CW-Doppler-derived
TRV is a surrogate of RVSP and PASP, in the absence of an RV
outflow tract obstruction or pulmonary artery stenosis. The time
intervals between cardiac catheterization and echocardiography
was <12 h in most cases (n = XX), 12-24 h in X cases, and 7 days in
1 case. All measurements were taken by 3 well-trained observers,
reviewing 3-5 consecutive beats, and data were averaged as
previously recommended.'?

Invasive hemodynamic assessment

Cardiac catheterization was performed through the internal
jugular or right femoral vein. RAP, systolic pulmonary arterial
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pressure, mPAP, PVR/SVR ratio, and pulmonary vascular resistance
index (PVRi) were determined at both centers.

Statistics

Reliability of both the interobserver and intraobserver measure-
ments (measurements of 15 children and 30 observations were
included) were analyzed by a random effects model analysis of
variance (intraclass correlation coefficient (ICC). Data are
presented as mean and SD for normally distributed continuous
variables and median (interquartile range (IQR)) when the
distribution was skewed. Categorical variables are presented
as absolute and relative frequencies. Differences between
children with PH and age- and sex-matched healthy children
were analyzed using independent t Test. The ability of RVES RI
values to identify children with PH was analyzed. Therefore,
sensitivity, specificity, negative predictive value, and positive
predictive value for a cut-off score of mean+2 SDs was
calculated.

Receiver-operating characteristic curves (ROCs) were used to
calculate the best cut-off score. Area under the curve (AUC) and
corresponding 95% confidence intervals (Cls) were calculated.
Therefore, Youden Index was calculated, which maximize sensitivity
and specificity. A validation cohort was used to evaluate the
ability of this “best cut-off’ to distinguish between PH patients
and controls (here: non-PH patients) in a different cohort. ROC
analysis was also performed for the ability of RVES RI to identify
patients with a PVRi >6 WU-m?. Correlations were performed using
Spearman’s rank correlation coefficient or Pearson’s correlation
when appropriate. Correlation coefficients were calculated for the
whole group and PH subgroups separately. A p value <0.05 was
considered to be statistically significant. The statistical analyses were
performed using IBM SPSS Statistics 24.0.0 (IBM Corporation;
Armonk, USA).

RESULTS

Control subjects data

In the 123 healthy children and adolescents studied (Table 1), the
mean RVES RI was found to be 1.16+0.06. The RVES RI did
not correlate with increasing age (r=—0.082, p=0.369), BL
(r=-0.048, p=0.599), or BSA (r=-0.077, p=0.396) of our
healthy subjects. The lower bound of pediatric normal reference
values (—2 SD) was found to be 1.04, the upper bound 1.28.

PH subject data

In our PH pediatric patients studied, the mean RVES Rl (1.45 + 0.16)
values were significantly higher compared to 49 age- and sex-
matched healthy controls (p <0.001) chosen from 123 healthy
normal subjects (Table 2). PH-BPD patients showed significant lower
RVES Rl values (1.37 + 0.10) compared to iPAH patients (1.52 +0.15;
p=0.001) and PH-CHD patients (1.46 + 0.17; p = 0.018). Intraobser-
ver and interobserver reliability for RVES Rl was high (ICCya: 0.83,
95% Cl: 0.65-0.92; ICCirer: 0.93, 95% Cl: 0.87-0.97).

Validation cohort

In order to validate our findings, including the cut-off value to
distinguish PH from non-PH condition, we conducted a blinded
image analysis of echocardiograms prospectively obtained at the
tertiary University Children’s Hospital at Hannover Medical School.
The validation cohort consisted of 12 pediatric PH patients (5 IPAH,
4 PAH-CHD, 3 PH-associated lung disease) and 9 age-matched,
non-PH controls. All subjects underwent echocardiography at the
day of admission at the Children’s Hospital, Hannover Medical
School, and cardiac catheterization the next day (Table 3). The
corresponding DICOM echocardiographic image clips of full
studies were sent to the study center in Graz where the images
were (re-)analyzed in a blinded fashion, in order to limit selection
bias and interobserver variability.
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Correlations with RV systolic function variables

RVES RI values in the PH group negatively correlated with the RV
systolic function parameters TAPSE (r=—0.487, p <0.001; sub-
group analysis: IPAH, r=—0.765; PH-BPD, r = —0.366; PAH-CHD:
r=—0.705), with the S’ (r= —0.471, p = 0.001; subgroup analysis:
IPAH, r= —0.752; PH-BPD, r= —0.355; PAH-CHD: r = —0.507) and
with the PAAT (r=—0.343, p<0.016; subgroup analysis: IPAH,
r=—0.841; PH-BPD, r=—0.239; PAH-CHD: r = —0.240). We used
as cut-off point an RVES Rl of >+2 SD to investigate whether >+2
RVES Rl values correctly indicates PH in children. Using this cut-off
score (>+2.0), 44 of the 49 PH children were identified as having
PH (sensitivity: 89.8%, specificity: 95.9%, positive predictive value:
95.7%, negative predictive value: 90.4%; Fig. 2).

ROC analysis

ROC analysis for detecting PH patients showed an excellent
performance of the RVES Rl (p<0.001, AUC: 0.980, 95% Cl:
0.958-1.000) with a best cut-off score—according to Youden
Index—of 1.28 (false negative: IPAH: n=1, PH-BPD: n =2, PAH-
CHD: n = 2; Fig. 3). Applying ROC analysis to the validation cohort
resulted in a slightly lower AUC (p =0.002, AUC: 0.898, 95% ClI:
0.767-1.000). For the detection of PH patients with PVRi >6 WU,
the AUC was smaller (p <0.001, AUC: 0.832, 95% Cl: 0.706-0.958)
with the best cut-off score—according to Youden Index—of 1.39
(sensitivity: 0.91, specificity: 0.63; Fig. 4). To detect PH patients with
PVRi >3-<6, the AUC is 0.777 (95% Cl: 0.625-0.929), the best cut-
off score is: >1.39; sensitivity: 73.5%; and the number of patients
with PVRi <3 is so small (n = 3) that no specificity is calculated.

Correlations with RV size and variables

RVES RI positively correlated with the RV/LV end-systolic diameter
ratio (r=10.586; p <0.001; subgroup analysis: IPAH, r = 0.445; PH-
BPD, r=0.595; PAH-CHD: r =0.593) as a surrogate of RV dilation.
The RVES Rl also correlated positively with the LVEI (r=0.633; p <
0.001; subgroup analysis: IPAH, r = 0.446; PH-BPD, r = 0.598; PAH-
CHD: r=0.669) as a surrogate of LV underfilling and end-systolic
compression (“D-sign”).

Correlations with NYHA functional class (FC)

In the 49 pediatric PH patients the RVES Rl values increased with
worsening NYHA FC (p = 0.002). The highest RVES Rl values were
observed in children and adolescents with PH with NYHA FC 3

2.0 1 Control
* IPAH
* PH-BPD
* PAH-CHD
1.8 1
_ 1.6
«
9] .
o~ a
A
T 141
1.24
1.0
0 5 10 15 20
Age

Fig. 2 RVES RI values of children with IPAH (green diamonds),
BPD (green triangles), CHD (green circles), and healthy children
(gray circles). The mean value of RVES RI for healthy children is
given with a green solid line and mean + 2 SD is given with a green
broken line.
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Fig. 3 Receiver operating characteristic curve for the diagnostic
ability of RVESI RI to detect PH (AUC: 0.980, 95% Cl: 0.958-1.000).
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Fig. 4 Receiver operating characteristic curve for the diagnostic
ability of RVESI Rl to detect patient with a PVRi >6 WU (AUC: 0.832,
95% Cl: 0.706-0.958).

(n=7; 1.60+0.12), followed by NYHA FC 2 (n=18, 1.48+0.12)
and NYHA FC 1 (n=17; 1.37 £ 0.12). An NYHA category analysis
revealed that children with NYHA FC 1 had significant lower RVES
Rl values compared to children with NYHA FC 2 (p =0.026) and
lower RVES RI versus children with NYHA FC 3 (p =0.001). For
NYHA FC 4, no subgroup analysis was performed owing to the
small sample sizes.

Correlations with hemodynamic variables

The RVES Rl values correlated with the ratio of systemic pulmonary
artery pressure (sPAP)/systolic systemic arterial pressure (sSAP; r =
0.724; p <0.001; subgroup analysis: IPAH, r=0.898; PH-BPD, r =
0.249; PAH-CHD: r=0.681) and fairly well with mPAP (r=0.464,
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p < 0.004; subgroup analysis: IPAH, r=0.695; PH-BPD, r=0.438;
PAH-CHD: r = 0.404) and the PVRi (r=0.579, p < 0.001; subgroup
analysis: IPAH, r=0.535; PH-BPD, r=0.021; PAH-CHD: r = 0.806),
determined by cardiac catheterization.

DISCUSSION

To the best of our knowledge, this is the first study demonstrating
that the RVES Rl is increased in children with PH. With this study,
we introduce the RVES Rl in clinical care of children with PH and
demonstrate an association of this index with RV size and function
parameters, with LV eccentricity index, with NYHA FC, and—
importantly—with invasive hemodynamic variables.

We provide for the first time pediatric normative values for this
parameter. Normative values are essential for a comparison of
normal or potentially abnormal values in children with cardiovas-
cular diseases, such as PH.

This new RVES Rl has the advantage of simplicity and
reproducibility. Compared with other remodeling indices such as
the RV sphericity, the RVES RI has been shown to be more
predictive of outcome in adult PAH." It is likely that the RVES Rl is
dependent not only on RV dimensions but also on longitudinal
systolic RV function. RV end-systolic dimensions provide informa-
tion on both size and function. In the children with PH studied
here, RVES Rl values were significantly increased compared to
healthy control subjects. ROC analysis for detecting PH patients
showed an excellent performance of the RVES RI. The RVES RI
correlated with echocardiographic variables of systolic RV function
(e.g., TAPSE), and invasive hemodynamics (e.g., PVRi) in the 49
pediatric PH patients.

Echocardiography is non-invasive and easily obtainable also in
small children, therefore allowing for repetitive management and
longitudinal follow-up. In pediatric PH associated with CHD, the RV
longitudinal function parameters TAPSE and tricuspid annular
peak systolic velocity (S/) have been shown to be significantly
impaired, with a constant decrease of the S’ value with disease
progression.” In our pediatric PH cohort, TAPSE and S’ in TDI did
inversely correlate with RVES Rl, a finding that could be confirmed
in our external validation cohort. Of note, children with PH were
found to maintain normal TAPSE values early in the disease
course, except when PH occurred or persisted after repair of
CHD.*°

The RV/LV end-systolic dimension ratio was derived to combine
a measure of RV size with septal shift secondary to elevated RV
pressure, in the parasternal short axis view.” We previously
showed that children with more severe PH had increased RV/LV
and right-to-left atrial dimension ratios.>' When stratified by using
NYHA FC, sicker PH children had greater RV and right atrial
dimensions with lower exercise capacity, while the TAPSE
decreased®' This enhances the need for multi-parametric
approaches such as including information of longitudinal RV
behavior and end-systolic size. In the pediatric PH cohort under
study, the RV/LV ratio positively correlated with RVES RI. The RVES
Rl was associated with lower FC and worse hemodynamics,
demonstrating that this index adds information on
ventricular-ventricular interaction. Similar results were found in
our validation cohort. Therefore, the new RVES Rl can add
information on RV deformation that may proof to be superior to
the conventionally used echocardiographic variables in future
larger studies.

The abnormal pressure elevation in the RV with respective
flattening of the interventricular septum leads to the D-shaped
appearance of the LV with reduced volumes but preserved global
systolic function.” An LV eccentricity index >1 has been shown to
be prognostic in adult IPAH patients who also had a decreased RV
systolic function.3? We found the LVEI to positively correlate with
the RVES R, indicating that RV deformation acts in combination
with RV/LV interaction.
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RVES RI positively correlated to NYHA FC of our children with PH
and in the validation cohort, suggesting a clinical relevance of this
index in follow-ups of children with PH.

RVES Rl values in our children with PH positively correlated with
hemodynamic variables such as the ratio of sPAP/sSAP (r=0.724;
r<0.001) and with PVRi (r=0.579, p>0.001). We found only a
moderate correlation of the index to the mean PAP (r=0.464, p <
0.004), which might be explained mainly due to the fact that the
RVES Rl is a RV remodeling/size parameter and a sufficient high
correlation to the mean pressure (measured in the pulmonary
artery) would obviously be behind the possibilities of this simply
echocardiographic index. The RVES Rl also showed a good
performance in differentiating patients with a PVRi >6 mm WU
and patients with a PVRi <6mm WU (AUC: 0.832, 95% Cl:
0.706-0.958), a finding that could be confirmed in the Hannover
validation cohort. This demonstrates that the RVES Rl increases
with increasing afterload in pediatric PH and, as such, makes the
RVES RI potentially interesting as a follow-up parameter. As RVES
Rl integrates ventricular enlargement, it can be questioned
whether this index would be validated in other conditions, such
as in children with tetralogy of Fallot, in which the range of RV
dilation might be lower.

Limitations in this study

The etiological heterogeneity of the pediatric PH group, contain-
ing 22 patients with associated, repaired CHD, IPAH, and PH-BPD,
drives probably the variance of the data. In patients with PAH-CHD
s/p surgical repair, the structure and shape of the RV and the
interventricular septum are affected by, for example, VSDs,
patches, and/or an abnormal RV outflow tract. These morpholo-
gical aspects may limit the use of such index in patients with PAH-
CDH. Moreover, the PH-BPD group is different from the two other
PH groups, as PH was diagnosed occurring earlier in life and may
improve with growth and lung maturation. Of note, longitudinal
data of the RVES RI, concerning medium- and long-term outcome
of our pediatric PH patients, are missing in our study design.
Echocardiographic determination of the RVES Rl has clinical value
for the assessment of PH in adults, but when we started this study
only few data were available for the pediatric patients. Therefore,
at this time point we could not hypothesize how large a difference
between healthy children and children with PH would be. Since
the group of pediatric patients with PH is a small group, we used
all available data of our center and compared it to a matched
group of healthy children. Therefore, we asked our ethic
committee to get the allowance to include all available patients
and got the permission to include up to 55 patients. Owing to the
mentioned reasons, no formal sample size calculation was
performed.

CONCLUSION

The RVES RI, defined as the ratio of end-systolic RV free wall
longitudinal/septal length, is a valuable addition to the non-
invasive surrogate markers of PAH and associated RV dysfunc-
tion and particularly important in children with PH who often
have only mildly dilated RVs with high mPAP and thus
often only mild TR with incomplete TRV envelopes, making
estimation of RVSP unreliable. We suggest including the RVES RI
in echocardiographic protocols when evaluating children with
suspected PH.
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