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ABSTRACT

Background: Real-time three-dimensional echocardiography (RT-3DE) could obtain ventricular volume and
ejection fraction rapidly and non-invasively without relying on ventricular morphology. This study aims to use
RT-3DE to evaluate the changes in biventricular volume and systolic function in children with ventricular septal
defect (VSD) and moderate to severe pulmonary hypertension (PH) before surgery. Methods: In this study
18 children with VSD and moderate to severe PH (VSD + PH Group) and 18 healthy children of the same
age (Control Group) were recruited. Biventricular volume and systolic function were evaluated by RT-3DE.
The measurements included: left and right ventricular volume indexed to body surface area (BSA), stroke volume
(SV) indexed to BSA, and ejection fraction (EF). Results: The results showed left and right ventricular volume
indexed to BSA and SV indexed to BSA were significantly increased in VSD + PH Group (VSD + PH Group
vs. Control Group), LVEDV/BSA (ml/m?): 48.67 + 21.46 vs. 25.59 + 6.96, RVEDV/BSA (ml/m?): 55.98 +
15.35 vs. 27.69 + 4.37, LVSV/BSA (ml/m?): 24.08 + 9.30 vs. 15.14 + 4.29, RVSV/BSA (ml/m?): 26.02 + 8.87 vs.
14.11 + 2.89, (P < 0.05). While for EF in VSD + PH Group decreased (VSD + PH Group vs. Control Group),
LVEEF: 50.93 + 7.50% vs. 59.38 + 7.24%, RVEF: 45.84 + 7.71% vs. 51.05 + 6.90% (P < 0.05). Conclusion: In
children with VSD and moderate to severe PH, increased biventricular volume and decreased systolic function
were observed with RT-3DE, but biventricular systolic function remained within acceptable limits. The children
in this study recovered well after surgery without serious perioperative complications, suggesting that biventricular
systolic function may help facilitate the surgical decision-making process in children with VSD and moderate-to-
severe PH.
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1 Introduction

Ventricular septal defect (VSD) is one of the most common cardiac congenital malformations,
accounting for almost 40% of all cardiac anomalies [1]. The main factors that determine the
pathophysiological response of VSD are the size and direction of the shunt at the ventricular level and
the degree of ventricular volume load. In patients with large VSD without pulmonary vascular disease,
the increase in the volume load of the left atrium and left ventricle leads to dilatation of the left ventricle
and eccentric left ventricular hypertrophy. The presence of related long-term pulmonary hypertension may
eventually lead to right ventricular hypertrophy and dilation [2]. Therefore, in the large VSD, the
ventricular morphology and pumping function will undergo greater changes.

In children with large VSD, the amount of left-to-right shunt at the ventricular level may initially be
small due to high pulmonary vascular resistance in the early neonatal period. As the pulmonary vascular
resistance decreases, the shunt flow from left to right increases. At the same time, the patient’s symptoms
become more and more obvious due to excessive pulmonary blood flow. Interventricular shunting rises
and the patient becomes increasingly symptomatic due to excessive pulmonary blood flow [3]. Children
with large VSD and pulmonary hypertension (PH) usually have difficulty in breathing during the first few
weeks of life and cannot grow and develop normally. In this case, surgery is usually recommended within
3 months after birth [2]. PH increases the risk of perioperative complications in children, prolongs the
length of stay in the intensive care unit (ICU) and increases long-term mortality [4]. However, the current
literature on ventricular size and function in children with VSD and PH is limited.

Two-dimensional (2D) and M-mode echocardiography are very important in the assessment of
ventricular function, which are mainly measured based on geometric assumptions. The size and
morphology of the ventricle in children with VSD and PH change, which is technically challenging [5].
Real-time three-dimensional echocardiography (RT-3DE) can directly measure the volume of the heart
cavity and calculate the ejection fraction without relying on the geometry of the ventricular cavity, which
can assess cardiac function in real time, non-invasively, quickly, and accurately. Therefore, this study
aims to use RT-3DE to evaluate the changes in biventricular volume and systolic function in children
with VSD and moderate-to-severe PH before surgery.

2 Methods

This study was approved by the Ethics Committee of Wuhan Children’s Hospital (Approval No.
2021R103-EO01). Prospectively collect data from all participants for statistical analysis.

2.1 Study Population

2.1.1 First Group: Healthy Volunteers (Control Group)

Prospectively collected healthy volunteers of the same age, a total of 21 cases were collected. The
healthy volunteers were confirmed by clinical history, physical examination, electrocardiogram, and
echocardiography.

2.1.2 Second Group: Children with VSD and Moderate-to-Severe PH (VSD + PH Group)

Prospective collection of children with VSD and moderate-to-severe PH, inclusion criteria: 1) Simple
VSD or VSD + PFO (patent foramen ovale) (the shunt width of PFO < 5mm); 2) The defect diameter of
the ventricular septum >2/3 of the inner diameter of the aortic valve annulus; 3) Systolic pulmonary
arterial pressure (SPAP) = right atrial pressure (approximately SmmHg) + pressure gradient inferred from
peak tricuspid regurgitation velocity. Mean pulmonary arterial pressure (mPAP) = right atrial pressure
(approximately SmmHg) + pressure gradient inferred from peak pulmonary regurgitation velocity in early
diastole. SPAP > 50mmHg and/or mPAP > 40mmHg were diagnostic criteria to be moderate to severe
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PH. Exclusion criteria: 1) VSD accompanied by other cardiac structural malformations; 2) VSD with
cardiomyopathy. A total of 23 children were collected.

All the selected children with VSD and moderate-to-severe PH underwent an echocardiography
examination one day before surgery, and the relevant conventional and 3-dimensional ultrasound images
were collected; postoperative echocardiography at the bedside was performed within 1-3 days after
surgery to collect relevant conventional ultrasound image.

2.2 Echocardiography
All echocardiograms were acquired by a single experienced cardiac sonographer. The study was
conducted while the children were sleeping or quiet.

All preoperative echocardiographic studies were performed using the commercially available 1E33
system (Philips Medical Systems, Andover, MA). Matrixarray transducers (S5-1 and S8-3) were used to
obtain the routine M-mode, 2-dimensional and Doppler related parameters, and a dedicated 3-dimensional
full sampling transducer (X3-1) was used for the 3-dimensional full volume data sets acquisition. Using
the X3-1 probe for inspection to obtain a clear apical four-chamber image by adjusting the image depth,
gain, etc., and ensure that the sampling sector covers the entire area of interest. Then, we activated the
3D full volume imaging mode and obtained 3-dimensional full-volume ultrasound images of consecutive
complete cardiac cycles of at least four cycles for image storage. The acquired images were then stored in
DICOM format and imported into a TomTec software (Image-Arena 4.6) (TomTec Imaging Systems,
Munich, Germany) for off-line analysis.

All postoperative echocardiograms were performed at the bedside using a commercially available
M9 system (Mindray Healthcare system, Shenzhen, China). Matrixarray transducers P10-4s were used to
obtain conventional M-mode, 2-dimensional and Doppler related parameters.

2.3 RT-3DE Echocardiography Analysis

TomTec workstation LV-analysis and RV-Function software were used to analyze the left or right
ventricular 3D volume database off-line respectively. LV-analysis: three standard sections of left ventricle
including left ventricular apical four-chamber view, two-chamber view and three-chamber view were
obtained by cutting and rotating the LV 3D database. The end-systolic and end-diastolic endocardial
contours of left ventricle were delineated on the above three views (Figs. 1A and 1B). RV-Function: three
orthogonal sections of right ventricle including right ventricular four-chamber view, short axis view,
coronal view was obtained by cutting and rotating the RV 3D database. Firstly, on the four-chamber view
determined the central point of mitral annulus, tricuspid annulus, and the apical level of the left
ventricular cavity. Secondly the end-systolic and the end-diastolic endocardial contours of the above three
sections of the right ventricle were delineated. Chordae tendineae, papillary muscles, and regulatory
bundles were included in the delineation (Figs. 1C and 1D). Endocardial contours could be manually
adjusted when necessary to optimize boundary position and tracking values were automatically calculated
by the software. The left or right ventricular volume model were automatically generated by software and
the volume-time curve was displayed by 2-dimensional coordinate diagram. Left and right ventricular
end-diastolic volume (EDV), end-systolic volume (ESV), stroke volume (SV), ejection fraction (EF)
values were also given.

2.4 LV-Analysis and RV-Function Reproducibility

Twelve subjects were randomly selected from the study subjects to estimate the variability of the
TomTec LV-analysis and RV-Function software. The 3-dimensional echocardiography measurements were
performed by the two experienced cardiac sonographers successively to calculate the inter-observer
variability, each blind to the other’s measurements. The other observer made a second measurement two
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weeks later to calculate the intra-observer variability. The reproducibility was estimated by the mean
coefficient of variance (CV): the absolute value of the difference between the two measurements/the
average value of the two measurements X 100%.

(D)

Figure 1: RT-3DE database analysis by TomTec

2.5 Statistical Analysis

Statistical analyses were conducted using SPSS version 21.0 (IBM Corporation, Armonk, NY, USA). All
collected data were verified for completeness and were tested using the Kolmogorov-Smirnov test for
normality. Continuous variables were presented as the mean # standard deviation (SD) or median
(interquartile range), and categorical variables were expressed as percentages. Continuous variables were
compared using the independent sample t-test or Mann-Whitney U test, where appropriate. Chi-square test
was used for the comparison of categorical variables. The Bland-Altman curve was used to test the inter-
and intra-observer reproducibility of RT-3DE data. A P value <0.05 was considered statistically significant.

3 Results

3.1 Clinical Characteristics
Among the initially enrolled 44 subjects (23 VSD + moderate-to-severe PH patients, 21 controls).
5 VSD + moderate-to-severe PH patients and 3 controls were excluded due to insufficient RT-3DE
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imaging quality. 18 VSD + moderate-to-severe PH patients (12 females and 6 males), and 18 controls
(10 females and 8 males) were included in the final analysis. Clinical characteristics of 18 VSD +
moderate-to-severe PH patients and 18 controls are presented in Table 1. No significant difference was
found between the groups in terms of clinical characteristics including age, sex, height, and heart rate (all
P > 0.05). In contrast, the weight and body surface area (BSA) were significantly lower in VSD + PH
Group as compared to Control Group (Fig. 2) (P < 0.05).

Table 1: Clinical characteristics

Parameters Control Group VSD + PH Group P value
(n=18) (n=18)
Age, months (minimum, median, maximum) 2, 6.50, 33 2,5.50, 33 0.542
Male, n (%) 8(44) 6(33) 0.637
Height, cm (mean + SD) 68.61 +7.86 66.47+8.29 0.439
Weight, kg (mean + SD) 8.39+1.90 6.64+1.96 0.011
BSA, body surface area, m* (mean + SD) 0.38+0.07 0.33+0.07 0.048
Heart rate, bpm (mean + SD) 126.78 £19.67 126.56+14.90 0.970
(A) 15
gm- *
o) ;

-

Control VSD+ PH

=

Control VSD+ PH

Figure 2: Comparison of weight and BSA of the normal group and the VSD + PH group. Asterisks indicate
significant differences (P <0.05)

3.2 Echocardiographic Characteristics

The echocardiographic parameters were summarized in Table 2. The ventricular septal defects in VSD +
PH Group were medium to large. The proportion of children with bidirectional ventricular shunt was 83.33%
(15/18 cases) in the study. SPAP > 50mmHg and/or mPAP > 40mmHg can be estimated from Fig. 3A.
Compared with Control Group, the volume of left and right ventricle in VSD + PH Group were
significantly higher (VSD + PH Group vs. Control Group), LVEDV/BSA: 48.67 + 21.46ml/m? vs. 25.59
+ 6.96ml/m?, RVEDV/BSA: 55.98 + 15.35ml/m? vs. 27.69 + 4.37ml/m* (Fig. 3B), while systolic function
indexes: LVEF and RVEF decreased slightly (VSD + PH Group vs. Control Group), LVEF: 50.93 +
7.50% vs. 59.38 £ 7.24%, RVEF: 45.84+7.71% vs. 51.05 £ 6.90% (Fig. 3C). At the same time
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biventricular stroke volume indexed to BSA (LVSV/BSA, RVSV/BSA) in VSD + PH Group increased
significantly (VSD + PH Group vs. Control Group), LVSV/BSA: 24.08 + 9.30 ml/m? vs. 15.14 £ 4.29 ml/m?,
RVSV/BSA: 26.02 + 8.87 ml/m?® vs. 14.11 £2.89 ml/m? (Fig. 3D) (P <0.05).

Table 2: Echocardiographic characteristics

Parameters Control Group (n=18) VSD + PH Group (n= 18) P value
VSD diameter (mm) - 10.35+2.55 -
PA/AQ ratio 0.90=£0.09 1.44+0.25 0.000
Bi-directional shunt (%) - 15(83.33) -

TR (mmHg) 21.19+3.56 75.89+£21.16 0.000
TR-POST.OP (mmHg) - 17.09 +8.71 -

PR (mmHg) 10.33 +2.64 49.17+21.48 0.000
PR-POST.OP (mmHg) - 12.36 +9.87 -
LVD (mm) 22.82+2.33 25.90+5.46 0.044
RVD (mm) 15.13+2.11 17.34+3.11 0.049
LVEDV/BSA (ml/m?) 25.59+6.96 48.67 +21.46 0.000
RVEDV/BSA (ml/m?) 27.69+4.37 55.98 £15.35 0.000
LVSV/BSA (ml/m?) 15.14+4.29 24.08 £9.30 0.002
RVSV/BSA (ml/m?) 14.11+2.89 26.02 +8.87 0.000
LVEF (RT-3DE) (%) 59.38+7.24 50.93 +£7.50 0.002
RVEF (RT-3DE) (%) 51.05+6.90 4584 +7.71 0.040

Note: In each box of the measurements, the mean value + standard deviation is described in the upper box.

PA/AO ratio: ratio of pulmonary trunk diameter to ascending aorta diameter;

TR/PR: the peak tricuspid regurgitation gradient and the early diastolic gradient of pulmonary regurgitation;

TR/PR-POST.OP: the peak tricuspid regurgitation gradient and the early diastolic gradient of pulmonary regurgitation post operation;
LVD: left ventricle antero-posterior diameter;

RVD: right ventricle transverse diameter;

LVEDV/BSA and RVEDV/BSA: left/right ventricular end-diastolic volume indexed to BSA obtained by RT-3DE;

LVSV/BSA and RVSV/BSA: left/right ventricular stoke volume indexed to BSA obtained by RT-3DE;

LVEF/RVEF (RT-3DE): left/right ventricular ejection fraction obtained by RT-3DE.

3.3 Reproducibility
The Bland-Altman diagram shows a high degree of agreement within and between observers, with good
repeatability (Figs. 4 and 5).

3.4 Clinical and Surgical Qutcome

All 18 children of VSD + PH Group had rough breathing sounds in both lungs, wet rales were heard in
6 cases. Chest X-ray film showed 18 cases pulmonary congestion, 12 cases bronchiolitis pneumonia, and
3 cases lung consolidation. Although children in the VSD + PH Group had clinical symptoms of
pulmonary congestion and cardiac insufficiency before surgery, all children recovered well after surgery.

Postoperative bedside echocardiography showed that the peak tricuspid regurgitation gradient and the
early diastolic gradient of pulmonary regurgitation were significantly lower than those before surgery,
which were 17.09+8.7lmmHg and 12.36 £9.87mmHg, respectively (Table 2 and Fig. 3A). The
postoperative mechanical ventilation time of 18 children was 1-8 days, with an average of 3.56 + 2.15
days, and the discharge time was 6—15 days, with an average of 10.17 £ 2.83 days.
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Figure 4: BA curve for intra-observer variability of LVEDV(A), LVEF(B), RVEDV(C), RVEF(D)
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Figure 5: BA curve for inter-observer variability of LVEDV(A), LVEF(B), RVEDV(C), RVEF(D)

4 Discussion

Patients with cardiac defects which result in left-to-right shunting are at risk of developing PH, owing to
the increased shear stress and circumferential stretch induced by increased pulmonary blood flow, which
leads to endothelial dysfunction and progressive vascular remodeling and, thus, increased pulmonary
vascular resistance [6]. For large VSD, there is a large left-to-right shunt at the ventricular level, leading
to early increased pulmonary artery pressure, often with repeated pneumonia, congestive heart failure and
growth retardation, and even life-threatening [7,8]. In this study, the growth and development of children
in the VSD + PH Group had lower body weight and BSA than the Control Group (Fig. 2), and all had
severe lung infections.

More and more reports indicate that early surgery is very effective in improving the prognosis of VSD
combined with PH [2]. Early surgery can block the shunt and reduce the pulmonary blood flow, which is an
effective means to prevent the transition from dynamic pulmonary hypertension to resistance pulmonary
hypertension. Research by Rabinovitch et al. [9] showed that in 215 cases of congenital heart disease
with PH, the average pulmonary artery pressure and/or pulmonary vascular resistance dropped to normal
at 9 months after surgery, which was not related to the severity of intraoperative pulmonary vascular
disease. Due to the immaturity of myocardial structure, function and metabolism, infants usually have
poor tolerance to surgical trauma and ischemia. PH will also increase the risk of perioperative
complications, prolong the length of ICU stay and increase long-term mortality [4]. Low cardiac output
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syndrome (LCOS) is one of the most serious complications of cardiac surgery. Preoperative assessment of
cardiac function and selection of appropriate operation time are beneficial to reduce the occurrence of
postoperative LCOS and arrhythmia [10—12]. Therefore, the timing of intervention in patients with VSD
and PH is important, but it is often difficult to determine the optimal timing because of the lack of
reliable data to guide decision-making.

Because of the morphological changes of the ventricle in children with VSD and moderate to severe PH,
it is difficult to assume a single geometric shape. Conventional 2D echocardiography is difficult to measure
ventricular systolic function, and 3D echocardiography addresses this problem. Previous studies have shown
that RT-3DE has good correlation and consistency with angiography, MRI, and radionuclide ventricular
angiography in the assessment of ventricular volume and EF [13,14]. Our study confirmed the feasibility
of using RT-3DE to assess the bilateral ventricular volume and ejection fraction of children with VSD
and moderate-to-severe PH. Our results showed that the left and right ventricular volume and stroke volume
of children with VSD and moderate-to-severe PH increased, indicating that the bilateral ventricles were
overloaded, and the ventricular pumping function was compensatory enhanced, the bilateral ventricles
cannot fully pump the increased blood volume into the systemic and pulmonary circulation. RT-3DE
showed that the ventricular systolic function of the VSD + PH Group before operation was lower than that
of the Control Group, and the ventricle was enlarged. LVEF >50% is considered to have preserved ejection
fraction [15], and the normal reference value of RVEF is 44% [16]. In our study, left ventricular systolic
function (LVEF50.93 +7.50%) and right ventricular systolic function (RVEF45.84 £7.71%) in children with
VSD + PH were still within an acceptable range. Recent studies have shown that RV volume and EF
detected by RT-3DE are independent predictors of intermediate-high risk stratification in patients with PH
[17], as well as independent predictors of prognosis [18]. An underfilling of the left heart rather than an
intrinsic LV dysfunction is the mechanism behind the reduced longitudinal function [19]. Accurate
assessment of biventricular systolic function may help to facilitate the decision-making process for surgery
in children with VSD and moderate-to-severe PH. Considering that no patients with surgical failure or
serious postoperative complications were included in the study, it is impossible to judge that the
biventricular systolic function is the key to the timing of surgery.

Several limitations should be considered in interpreting the results of this investigation. First, a major
limitation of our study was that the numbers were small, and the follow-up period was short. Thus,
further study involving the large number of patients will be needed. Second, it is worth noting that
several subjects failed to apply for LV-function and RV-Function software analysis successfully. The
reason was that the real-time 3D volume database may be misaligned between images due to the limited
frame frequency and the fast heart rate of infants. Finally, confined by RT-3DE image resolution,
indistinct endocardial boundaries could also lead to overestimation or underestimation of true values
when delineating endocardium.

5 Conclusion

In this study, we observed infants with VSD and moderate-to-severe PH with growth retardation and
severe pulmonary infection, increased bilateral ventricular volume, stroke volume, and decreased EF, but
the biventricular systolic function is still within an acceptable range. The children in this study recovered
well after surgery without serious perioperative complications, suggesting that biventricular systolic
function measured by RT-3DE may help facilitate the surgical decision-making process in children with
VSD and moderate-to-severe PH. Further large-scale prospective studies are needed to determine the
general significance of these findings.
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