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Abstract: We aimed to evaluate the accuracy and reproducibility of right ventricu-
lar output (RVO) using different anatomical landmarks: the internal pulmonary valve
diameter (PVD) between the valve hinge points (hinge-PVD) according to the tradi-
tional technique, and PVD between the valve leaflet tips (tip-PVD). This was a retro-
spective analysis of prospective collected data. All neonates with echocardiographic
measurements of RVO and left ventricular output (LVO) without congenital heart dis-
ease, including patent ductus arteriosus and patent foramen ovale > 3 mm, were in-
cluded. Accuracy was assessed by comparison with LVO. Intra- and inter-observer
reproducibility of the off-line analysis were assessed. Forty-five neonates were in-
cluded. RVO calculation with tip-PVD was more accurate than hinge-PVD in compar-
ison with LVO, 12 0.712 versus 0.464, bias (95% limits of agreement) 1.4 mL/kg/min
(—26-29 mL/kg/min) versus 61 mL/kg/min (—11-132 mL/kg/min), respectively. Both
hinge-PVD and tip-PVD presented similar reproducibility, with an intra-observer bias (95%
LOA) of 0.3 (—1.0-0.5) and —0.2 (—0.8-0.5) respectively, and an inter-observer bias of 0.1
(—1.3-1.6) and 0.1 (—1.4-1.6). RVO calculation using tip-PVD was more accurate than the
conventional technique, with similar reproducibility.

Keywords: right ventricular output; left ventricular output; systemic blood flow; neonate;
newborn; neonatologist performed echocardiography; echocardiography; neonatal
intensive care

1. Introduction

Shock is a state of impaired cellular energy synthesis when tissue oxygen delivery no
longer satisfies demand. In the first phase of shock, perfusion and oxygen delivery are
maintained towards the so-called vital organs (heart, brain, and adrenal glands) by selective
regional vasodilation in combination with vasoconstriction to non-vital organs. This
compensated stage of shock is the result of neuroendocrine mechanisms. As the product
of cardiac output (which falls) and systemic vascular resistance (which increases), blood
pressure actually remains in the normal range. When this redistribution fails, perfusion
and oxygenation of the vital organs become impaired, resulting in systemic hypotension
and multi-organ dysfunction. This is the phase of uncompensated shock [1].

To improve outcomes, it is mandatory to promptly identify neonates in compensated
shock, where blood pressure is still in the normal ranges. Therefore, monitoring perfusion
or cardiac output has become increasingly important [2].
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Targeted Neonatal Echocardiography (TNE) or Neonatologist Performed Echocardiog-
raphy (NPE), as it is called in Europe, is the most common method used at the bedside to
measure cardiac output and to gain insights into the underlying pathophysiologic mecha-
nisms of circulatory failure [1,3]. Left and right ventricular outputs (LVO and RVO) can be
obtained to assess systemic and pulmonary blood flow [4]. However, these measurements
should be interpreted with caution, as they are complicated by the presence of intra- and
extracardiac shunts [5].

RVO has been extensively adopted in the routine clinical practice in neonatal intensive
care units (NICU) as a measurement of systemic blood flow (SBF) [6,7]. In fact, in the
absence of a significant shunt through the PFO, RVO represents the incoming blood from
both the inferior and superior vena cava (SVC). Therefore, it is a valuable measure of
SBE, even in neonates with a patent ductus arteriosus (PDA), in whom LVO, rather than
assessing SBF, is a surrogate of pulmonary overcirculation.

However, the current guidelines on NPE do not recommend the use of RVO as a
measure of SBF at the cot-side, because RVO has not been validated against magnetic
resonance imaging (MRI) and has a huge variability between and within observers [3,8].
The main source of error is the measurement of pulmonary valve diameter (PVD) [9].

Conventionally, PVD is measured at the valve hinge points (hinge-PVD). However,
we noticed that the leaflets usually have a conical rather than a cylindrical shape and the
diameter between the leaflet tips (tip-PVD) is shorter compared to the hinge-PVD (Figure 1).

Interleaflet
triangle

Pulmonary
leaflets

<49 PVD at the hinge points
<4 PVD at the leaflet tips

Figure 1. (A) Schematic illustration of the pulmonary root after 3D-reconstruction showing a paraster-
nal long-axis view of the pulmonary valve from the ventriculoarterial junction to the sinotubular
junction. Pulmonary leaflets, interleaflet triangles and sinuses are shown. (B) Echocardiographic
parasternal long axis 2D view of the pulmonary valve. The internal diameter between the valve hinge
points or hinge-PVD (green) and between the leaflet tips or tip-PVD (blue) are shown. Abbreviations:
PVD = pulmonary valve diameter.

We hypothesized that tip-PVD may be more accurate compared to hinge-PVD, because
it reflects the smaller orifice which determines the velocity of blood ejected by the right
ventricle.

Our aim was to assess the accuracy of the RVO calculated from hinge-PVD (hinge-
RVO) and tip-PVD (tip-RVO), using LVO as a comparison, in neonates without PDA.
Secondly, we evaluated the intra- and inter-observer reproducibility.
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2. Materials and Methods

We conducted a retrospective observational study at the level III academic NICU of
Verona, from January 2023 to August 2024. Ethics approval was obtained from the Local
Ethics Committee. Parents or guardians of all included infants provided written informed
consent. The study was reported following the related guidelines [10].

We assessed prospectively recruited term and preterm healthy neonates for eligibility,
in whom NPE was performed within the first month of life, outside the transitional period,
where ductus arteriosus is often patent. Cardio-respiratory healthiness was defined as
follows: no need for supplemental oxygen and/or respiratory support, except for babies
with gestational age (GA) < 32 weeks, in whom non-invasive respiratory support with a
FiO, < 0.3 was accepted, as previously reported [11-13].

Inclusion criteria were informed parental consent, cardio-respiratory healthiness and
absence of hemodynamically significant PDA (hsPDA).

Exclusion criteria were suspected intrauterine infection, suspected sepsis, major con-
genital abnormalities, congenital heart disease (except for PFO), small or large for gesta-
tional age, intrauterine growth retardation, pulmonary hypertension, need for inotropes
and/or vasopressors and image quality rated poor or unusable (see below).

Accuracy was assessed by comparing tip-RVO and hinge-RVO with LVO. Intra- and
inter-observer reproducibility of the off-line analysis were assessed in a random sample of
neonates. Hinge and tip-PVD measurements were repeated by the primary observer (C.M.)
4 weeks after the first measurements and by a second observer (B.E.) blinded to previous
data, as reported [11,14].

2.1. Clinical Data

The following clinical data were collected at the baseline: GA, birth weight, sex, type
of delivery, 5 min Apgar score, prenatal corticosteroids, umbilical cord pH, and base excess.
Characteristics of respiratory support, if any, and hydration pro kg were collected.

2.2. Echocardiography

All echocardiographic examinations were performed using a Philips Epiq 7 system
with a 12 MHz probe (Philips Ultrasound, Andover, MA, USA). Images were acquired
according to the recommendations of the American Society of Echocardiography [8]. Elec-
trocardiograms were recorded simultaneously, and three cardiac cycles were digitally
stored using a high frame rate (100-130 Hz). Image quality was independently assessed
according to Colan et al. [15]. Images rated poor or unusable were excluded.

The analysis of digitally stored images was performed offline using Tomtec Arena,
version TTA2 41.00 (Tomtec, UnterschleifSheim, Germany). The echocardiographic mea-
surements were carried out offline by an observer (C.M.) blinded to the clinical data:
RVO, LVO.

LVO was calculated as previously described [1,8,16]. Firstly, the aortic valve was
imaged with high-definition zoom from the parasternal long-axis view and the internal
diameter at the valve hinge points was measured at end-systole. Secondly, aortic flow
velocity was assessed by pulsed-wave Doppler from an optimized apical five-chamber
view, with the pulsed-wave Doppler gate placed at the level of the aortic valve. Care was
taken to minimize angulation between the Doppler beam and flow direction, to obtain an
angle of insonation as close to zero as possible and definitely <20° [8].

The RVO was calculated as follows: pulmonary flow velocity was assessed by pulsed-
wave Doppler from a modified parasternal long-axis view (tilted toward the left shoulder),
with the pulsed-wave Doppler gate placed at the level of the pulmonary valve (PV). Care
was taken to obtain an angle of insonation as close to zero as possible and definitely <20°.
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Then, the PVD was measured at end-systole at two different anatomical landmarks: the
internal diameter between the valve hinge points (hinge-PVD) and the internal diameter
between the tips of the valve leaflets (tip-PVD) (Figure 1).

2.3. Statistical Analysis

Data were summarized as the mean and standard deviation (SD) for variables with
a symmetrical distribution, and as the median [Q1, Q3 range] for variables exhibiting a
skewed distribution. Categorical variables were summarized as frequencies (percentages).
Linear regression analysis and Bland-Altman analysis were used to assess accuracy of
the conventional and modified technique for RVO assessment. The sample size for the
reproducibility assessment was calculated considering a minimum acceptable reliability of
0.7, number of raters per subject of 2 and assuming an expected reliability of 0.9. To reach
an 80% power at 0.05 level, the sample size was 23 scans [17]. Intra- and inter-observer
reproducibility were assessed using: (a) Bland—Altman analysis (mean bias and limits of
agreement, LOA); (b) intraclass correlation coefficient (ICC) with 95% confidence intervals
(CI); (c) coefficient of variation (COV). COV (%) was calculated as follows: (standard
deviation of differences between repeated measurements/arithmetic mean of all repeated
measurements) X 100%. p values < 0.05 were considered significant. Data were analyzed
with SPSS 20 (SPSS, Chicago, IL, USA).

3. Results

We assessed 59 neonates for eligibility. Fourteen neonates did not meet the inclusion
criteria: nine neonates were excluded, since digitally stored clips to assess RVO and/or
LVO were not retrieved. Five infants were also excluded, being diagnosed with hsPDA
(Figure 2). Finally, 45 infants with a mean + SD gestational age of 35.4 + 3.8 weeks and a
birth weight of 2380 & 933 g were included.

‘ Assessed for

eligibility
N = 59
. .4
‘/ \\\
‘ Excluded
o ) 9 RVO/LVO not
measured
‘ 5 hsPDA
\
|
Included
N =45

Figure 2. Study Flowchart.

3.1. Demographic Data

Clinical characteristics of enrolled neonates are detailed in Table 1.

Table 1. Demographic and clinical data at the baseline.

Clinical Characteristics

Gestational age (week) 354+ 38
Birth weight (g) 2380 £ 933
Sex (F) 23 (51.1%)
Cesarean section 32 (71.1%)

5 APGAR score 9 [2-10]
Antenatal steroids 12 (26.6%)

Values are presented as mean + SD, median [range] and count (%).



J. Cardiovasc. Dev. Dis. 2025, 12,18

50f11

Echocardiographic recordings were rated excellent, good or fair following Colan classi-
fication. Specifically, PV clips were rated excellent (18%), good (38%), fair (44%); pulmonary
VTI were rated excellent (24%), good (62%), fair (13%). None of the echocardiographic clips
was excluded and/or received a score of 4-5 (poor or unusable quality).

Table 2 shows clinical data at the time of echocardiography, including respiratory
support, blood pressure, and hydration. None of the infants enrolled was hemodynamically
unstable.

Table 2. Clinical data at the time of echocardiography.

Clinical Data at the Time of

Echocardiography
Current weight (g) 2306 £ 877
Postnatal age (hours) 24 [2-168]
Fluids (mL/kg/die) 110 4 45
Systolic blood pressure (mmHg) 71+£8
Mean blood pressure (mmHg) 50 £8
Diastolic blood pressure (mmHg) 41 £8
Respiratory support:
None 35 (77.7%)
CPAP 4 (8.8%)
Non-invasive ventilation 7 (15.5%)
FiO; (%) 21 [21-28]

Values are presented as mean £ SD, median [range] and count (%). Abbreviations: CPAP = continuous positive
airway pressure; FiO, = fraction of inspired oxygen).

3.2. Echocardiographic Data

Table 3 shows the echocardiographic measurements of the infants at the time of
echocardiography:.

Table 3. Echocardiographic measurements of LVO and RVO.

Left Ventricular Output (LVO)

Aortic VTI (cm) 104 + 2.8
Aortic HR (bpm) 135+ 17
Aortic diameter (mm) 55+0.8
LVO (mL/kg/min) 138 + 32
Right Ventricular Output (RVO)
Pulmonary Valve VTI (cm) 11.2 +2.8
Pulmonary HR (bpm) 134 £ 20
tip-PVD (mm) 51409
tip-RVO (mL/kg/min) 141 + 36
hinge-PVD (mm) 6.1+1.0
hinge-RVO (mL/kg/min) 198 + 50

Values are presented as mean *+ SD, median [range] and count (%). Abbreviations: HR = heart rate;
PVD = pulmonary valve diameter, VTI = velocity time integral.

3.3. Accuracy of Tip-RVO and Hinge-RVO

The accuracy of hinge-RVO and tip-RVO was assessed using LVO as a comparison.
Bland—-Altman, COV, and linear regression analysis were performed. When comparing
hinge-RVO to LVO, the Bland—-Altman analysis showed a bias of 61 mL/kg/min, LOA
ranging from —11 to 132 mL/kg/min and a COV of 22.9% (Figure 3a). When comparing
tip-RVO to LVO, Bland—Altman analysis showed a bias of 1.4 mL/kg/min, LOA ranging
from —26 to 29 mL/kg/min and a COV of 9.6% (Figure 3b).
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Figure 3. Bland-Altmann Plot of RVO (a) with pulmonary valve diameter measured at the valve

hinge points (hinge-RVO) and LVO; (b) with pulmonary valve diameter measured at the leaflet tips

(tip-RVO) and LVO.

Linear regression analysis results are shown in Figure 4A,B: tip-RVO was more accu-
rate than hinge-RVO, in comparison with LVO, with r? of 0.712 versus 0.464 respectively.
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Figure 4. Linear regression analysis: (A) RVO with pulmonary valve diameter measured at the valve

hinge points (hinge-RVO) and LVO, 12 = 0.464; (B) RVO with pulmonary valve diameter measured at

the leaflet tips (tip-RVO) and LVO, 1 = 0.715.

We presented the comparison between the aortic diameter measured at the hinge

points and at the leaflet tips, similarly to PVD, as a Supplementary Materials. The difference

between the two diameters, contrary to PVD, is clinically irrelevant.
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3.4. Intra- and Inter-Observer Reproducibility

Reproducibility analysis of hinge-PVD and tip-PVD are shown in Table 4. Both
diameters showed similar variability. Intra-observer bias (95% LOA) was 0.3 (—1.0-0.5)
for hinge-PVD and —0.2 (—0.8-0.5) for tip-PVD; inter-observer bias was —0.3 (—1.8-1.2) for
hinge-PVD and 0.1 (—1.4-1.6) for tip-PVD.

Table 4. Reproducibility analysis of pulmonary valve diameter measured at the hinge points and at
the leaflet tips in a cohort of neonates.

Intra-Observer Reproducibility Inter-Observer Reproducibility
Bias ICC cov Bias ICC cov
(95% LOA) (95% CI) (%) (95% LOA) (95% CI) (%)
Pulmonary valve diameter -0.3 0.94 6 -0.3 0.73 12
at the hinge points (mm) (—=1.0t0 0.5) (0.88 to 0.98) (-1.8t01.2) (0.35 to 0.88)
Pulmonary valve diameter -0.2 0.94 6 0.1 0.70 143
at the tips (mm) (—0.8 t0 0.5) (0.86 t0 0.97) (—=1.4t0 1.6) (0.30 to 0.87) ’

AILICC p values < 0.01. Abbreviations: CI = confidence intervals; COV = coefficient of variation, ICC = intra-class
correlation coefficient; LOA = limits of agreement.

4. Discussion

This study aims to evaluate the accuracy and reproducibility of a modified echocar-
diographic approach to measure RVO, compared to the conventional method.

RVO has gained increased attention from clinicians, especially neonatologists, due to
its capability to assess SBE, even in patients with PDA. In fact, an accurate assessment of
systemic perfusion is crucial in preterm infants, in whom PDA is common. RVO represents
the incoming blood from both the inferior and superior vena cava (SVC), thus offering a
valuable measure of SBE. The current guidelines discourage the use of RVO as a measure of
SBEF at the cot-side, because RVO has not been validated and has a huge variability between
and within observers [1].

The modified approach arises from clinical observations of the motion of PV during
systole, when the leaflets present a conical shape instead of a cylindrical one. The tip-
PVD represents the narrowest diameter of the right ventricular outflow tract, which is
critical for determining the cross-sectional area through which blood flows. Therefore,
we hypothesized that tip-PVD may be a more accurate measurement of PV diameter to
calculate RVO.

Previous studies have explored the structure and anatomy of PV [18-20]. PV has
substantial differences with aortic valve in both anatomy and function (Figure 1). First,
PV has a less defined and thinner fibrous structure compared to the aortic valve. Second,
contrary to the aortic valve, PV is entirely anchored to the myocardium, which is thinner
and provides a more delicate attachment [19,20]. Third, the sinotubular junction, which
delimits cranially the pulmonary sinuses from the pulmonary artery, only has a subtle line
and not a well-defined circular ring of dense connective tissue, like the aortic root. Lis et al.
found that, at the level of the sinotubular junction, there is the smallest possible area of PV,
they called tubular plane [21]. Although there is paucity of data in adults and no data in
neonates, we believe that these subtle differences play an important role in the opening
and closing dynamics of PV and may explain our findings. Further morphological studies
are needed to detail the anatomy of PV in neonates.

The most significant finding of this study is the superior accuracy of the modified
method or tip-RVO compared to the conventional approach. In stable neonates, with no
significant shunts such as PDA, RVO should be equal to LVO.
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The mean difference or bias between tip-RVO and LVO was negligible compared to
hinge-RVO, with tighter LOA. This result underscores the limitations of using the conven-
tional method to measure RVO as a measure of SBF and suggests a promising alternative
technique, that provides a more accurate estimation of RVO and, consequently, SBE.

As previously noted [9], the measurement accuracy in newborns is seldom reported.
Studies that do address measurement accuracy often face limitations, including small
sample sizes, a limited number of observers for comparison, and inconsistent reporting
of reliability and agreement metrics. Moving forward, it is essential to enhance research
efforts aimed at assessing the accuracy of neonatal measurements to validate existing data.

Moreover, this study reported the intra-observer and inter-observer variability in
measuring RVO diameter for both the conventional and modified methods, confirming
previous findings. Hinge and tip-PVD presented similar variability. We confirm previous
findings of Alfarano et al. [7], who recently demonstrated a significant inter-observer vari-
ability in PVD measurements using the conventional method (bias—0.38, LOA from —1.36
to 0.60) and in RVO measurements (22.1 mL/kg/min, LOA from —104 to 59.8 mL/kg/min).
Inter-observer variability for RVO has also been reported in newborn infants by Tsai-
Goodman et al. and Popat. Tsai-Goodman et al. [22] found a mean difference (bias) of
0.3 mL/kg/min between observers for RVO, (LOA from —24.1 to 23.4 mL/kg/min). Popat
reported a mean difference of —26.6 mL/kg/min (LOA —131.4 to 78.2) [9].

As de Boode et al. and Alfarano et al. observed [1,7], the disappointing accuracy
and repeatability of RVO measurements is probably related to the difficulty in the exact
measurement of the cross-sectional area (CSA), which is derived from measuring PVD to
obtain the radius, which is subsequently squared; the assumption of a perfect circular form
of the outflow tract; the inaccuracy in the assessment of the VTI; the assumption of laminar
blood flow; and the error secondary to the angle of insonation.

Many studies [22,23] have previously reported differences in LVO and RVO measure-
ments in infants without any significant cardiac shunts. On the whole, they concluded
that this was likely related to inaccuracies in the measurement of the diameters rather
than differences in angle of insonation. Given these premises, it is crucial to improve the
accuracy of RVO measurement in neonates and we believe that incorporating tip-PVD in
the calculation of RVO could represent a significant step forward.

This study has several limitations. First, the sample size was relatively small and from
a single center. The latter may have led to selection bias, impairing the generalizability of
study findings. Nevertheless, similar previous studies on validation of echocardiographic
measures of blood flow in neonates had similar sample sizes [7,11,22,24-27]. Further studies
are needed to confirm our findings and to establish reference ranges.

Secondly, we included stable neonates in the study, and that may differ from critically
ill neonates in whom RVO is measured for clinical purposes and that may have overall
worse image quality. These factors may limit the generalizability of study findings. The
internal validation of RVO assumed that RVO equals LVO. The latter is true only in stable
neonates; thus, the cardiorespiratory stability was a necessary inclusion criterion. We
acknowledge that this is a potential limitation of the study. However, we feel that the
combination of validation against LVO together with intra- and inter-observer repeatability
still provides data of interest to support the adoption of tip-PVD. Further studies are needed
to confirm our findings.

Thirdly, we did not assess scan-rescan echo repeatability. However, a number of other
studies on neonatal echocardiography presented reproducibility data only from off-line
analyses [11,14].
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Fourthly, we acknowledge that the echocardiographic LVO assessment is not the
optimal gold standard. However, from a pragmatical point of view, it is the only comparator
available in this fragile category of patients and a number of studies used ultrasound
LVO measurements to validate other techniques of cardiac output monitoring, such as
bioimpedance, bioreactance, transcutaneous Doppler, etc. [11,28-30].

Finally, we did not consider the potential role of the angle of insonation on the assess-
ment of pulmonary blood flow velocity and RVO calculation. However, PVD has been
shown to be the most important source of variability [9]. Future studies are needed to
address this point.

5. Conclusions

This study highlights the significant advantages of the modified method for measuring
RVO over the conventional approach, demonstrating improved accuracy and similar
variability. The findings underscore the limitations of the conventional method in clinical
practice, where precise assessment of SBF is essential.

The data suggest that incorporating tip-PVD into the RVO calculation provides a more
reliable estimation of SBF, which could enhance clinical decision-making at the cot-side,
especially in patients with conditions such as PDA. However, further studies are needed
to confirm our findings. To improve the reliability of RVQ, it is crucial to conduct more
extensive studies with larger sample sizes and standardized measurement protocols. Such
efforts will help confirm the findings of this study and support the adoption of a validated
method for RVO measurement in neonatal care.

In summary, while RVO has the potential to be a valuable tool in assessing systemic
perfusion, particularly in neonates with PDA, further studies are needed to confirm its
validity and reliability in clinical settings.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/jcdd12010018/s1, Table S1: Comparison of aortic valve diameter
at the hinge points and at the leaflet tips; Table S2: Bland-Altman analysis of aortic valve diameter
measured at the hinge points and at the leaflet tips.
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