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Abstract

BACKGROUND

Heart defects are the most common congenital malformations in fetuses. Fetal
cardiac structure and function abnormalities lead to changes in ventricular
volume. As ventricular volume is an important index for evaluating fetal
cardiovascular development, an effective and reliable method for measuring fetal
ventricular volume and cardiac function is necessary for accurate ultrasonic
diagnosis and effective clinical treatment. The new intelligent spatiotemporal
image correlation (iSTIC) technology acquires high-resolution volumetric images.
In this study, the iSTIC technique was used to measure right ventricular volume
and to evaluate right ventricular systolic function to provide a more accurate and
convenient evaluation of fetal heart function.

AIM
To investigate the value of iSTIC in evaluating right ventricular volume and
systolic function in normal fetuses.

METHODS

Between October 2014 and September 2015, a total of 123 pregnant women
received prenatal ultrasound examinations in our hospital. iSTIC technology was
used to acquire the entire fetal cardiac volume with off-line analysis using QLAB
software. Cardiac systolic and diastolic phases were defined by opening of the
atrioventricular valve and the subsequent closure of the atrioventricular valve.
The volumetric data of the two phases were measured by manual tracking and
summation of multiple slices and recording of the right ventricular end-systolic
volume and the right ventricular end-diastolic volume. The data were used to
calculate the right stroke volume, the right cardiac output, and the right ejection
fraction. The correlations of changes between the above-mentioned indices and

August6,2019 | Volume?7 | Issuel5 |


https://www.wjgnet.com
https://dx.doi.org/10.12998/wjcc.v7.i15.2003
http://orcid.org/0000-0002-7667-6686
http://orcid.org/0000-0003-0390-8930
http://orcid.org/0000-0002-5308-1786
mailto:xielm72@163.com

Sun JX et al. Evaluation of right ventricular in normal fetuses using iSTIC

and license their derivative works
on different terms, provided the
original work is properly cited and
the use is non-commercial. See:
http:/ /creativecommons.org/ licen
ses/by-nc/4.0/

Manuscript source: Unsolicited
manuscript

Received: March 27, 2019
Peer-review started: March 28, 2019
First decision: May 31, 2019
Revised: June 12, 2019

Accepted: July 3, 2019

Article in press: July 4, 2019
Published online: August 6, 2019

P-Reviewer: Dave M, Lowenberg
M

S-Editor: Wang JL

L-Editor: Filipodia

E-Editor: Xing YX

Raishidengs WJCC | https://www.wjgnet.com

gestational age were analyzed. The right ventricular volumes of 30 randomly
selected cases were measured twice by the same sonographer, and the intra-
observer agreement measurements were calculated.

RESULTS

Among the 123 normal fetuses, the mean right ventricular end-diastolic volume
increased from 0.99 + 0.34 mL at 22 wk gestation to 3.69 £ 0.36 mL at 35" wk
gestation. The mean right ventricular end-systolic volume increased from 0.43 +
0.18 mL at 22 wk gestation to 1.36 + 0.22 mL at 35* wk gestation. The mean right
stroke volume increased from 0.62 + 0.29 mL at 22 wk gestation to 2.33 £ 0.18 mL
at 35" wk gestation. The mean right cardiac output increased from 92.23 + 40.67
mL/min at 22 wk gestation to 335.83 £ 32.75 mL/min at 35* wk gestation. Right
ventricular end-diastolic volume, right ventricular end-systolic volume, right
stroke volume, and right cardiac output all increased with gestational age and the
correlations were linear (P < 0.01). Right ejection fraction had no apparent
correlation with gestational age (P > 0.05).

CONCLUSION

Fetal right ventricular volume can be quantitatively measured using iSTIC
technology with relative ease and high repeatability. iSTIC technology is
expected to provide a new method for clinical evaluation of fetal cardiac function.

Key words: Ultrasonography; Fetus; Intelligent spatiotemporal image correlation; Right
ventricular volume; Cardiac function

©The Author(s) 2019. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: Heart defects are the most common congenital malformations in fetuses. Fetal
cardiac structure and function abnormalities often lead to changes in ventricular volume.
Numerous studies have focused on fetal heart functions, which have not been widely
accepted. Between October 2014 and September 2015, the intelligent spatiotemporal
image correlation technique was used to measure right ventricular volume in 123 normal
fetuses and to evaluate right ventricular systolic function to provide a new method for
more accurate and convenient evaluation of fetal heart function.

Citation: Sun JX, Cai AL, Xie LM. Evaluation of right ventricular volume and systolic
function in normal fetuses using intelligent spatiotemporal image correlation. World J Clin
Cases 2019; 7(15): 2003-2012

URL: https://www.wjgnet.com/2307-8960/full/v7/i15/2003.htm

DOI: https://dx.doi.org/10.12998/wjcc.v7.115.2003

INTRODUCTION

Heart defects are the most common congenital malformations in fetuses with an
incidence six times greater than chromosome abnormalities and four times greater
than neural tube defects!'”. The diagnosis of congenital heart disease is a challenge
using prenatal ultrasound and is the focus of perinatal medical research. Congenital
heart disease can be divided into structural and functional abnormalities. Indeed, fetal
cardiac structure and function abnormalities often lead to changes in ventricular
volume. As ventricular volume is an important index for evaluating fetal
cardiovascular development, an effective and reliable method for measuring fetal
ventricular volume and cardiac function is necessary for accurate ultrasonic diagnosis
and effective clinical treatment of congenital heart disease.

Numerous studies have focused on fetal heart function in an effort to evaluate
cardiac function in the healthy fetus and in those in states of cardiac decompen-
sationl’l. The accuracy of traditional two-dimensional (2D) ultrasound in the
quantitative evaluation of fetal heart function has not been widely accepted!*"l.
Spatiotemporal image correlation (STIC) technology overcomes many of the
shortcomings of conventional 2D ultrasound in the measurement of fetal ventricular
volume and evaluation of fetal cardiac function. Recently, a number of studies have
used STIC technology in combination with organ computer-aided analysis software to
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measure fetal ventricular volume and evaluate heart function with proven accuracy
and feasibilityl*"'*l. However, STIC still has some limitations and the imaging
principle determines that STIC is not a real-time three-dimensional (3D) imaging
technology. One-way scanning using the sensors during the scanning process
execution is slow, which leads to relatively long image acquisition time. Therefore,
STIC is vulnerable to the effects of fetal and maternal respiration, resulting in
degradation of image quality**1.

The new intelligent STIC (iSTIC) technology adopts an electronic matrix type of
probe, which is composed of thousands of vibrating bits, thus generating real-time 3D
images with acquired data. The new iSTIC technology acquires high-resolution
volumetric images of one cardiac cycle in only 2 s, thus reducing the effects of fetal
movement on the image. iSTIC realizes real-time 3D visualization of the fetal heart,
which has been shown to have many advantages**>*-*1. In the present study, the
iSTIC technique was used to measure right ventricular volume in normal fetuses and
to evaluate right ventricular systolic function to provide a new method for more
accurate and convenient evaluation of fetal heart function.

MATERIALS AND METHODS

General information

One hundred twenty-three healthy gravidas with singleton gestations who visited our
hospital for prenatal ultrasonography between October 2014 and September 2015
were included in the study. The maternal age range was 22-36 years (average, 26.60 +
3.54 years). The gestational age range was 22-35" wk (mean, 28 + 3.79 wk), including
20 cases at 22-23*¢ wk, 24 cases at 24-25*° wk, 20 cases at 26-27*° wk, 16 cases at
28-29*¢ wk, 18 cases at 30-31*° wk, 15 cases at 32-33*° wk, and 10 cases at 34-35*° wk.
The inclusion criteria were as follows: (1) singleton pregnancy; (2) fetal biological
measurement indicators consistent with the corresponding gestational age; (3) no
obvious fetal anatomic abnormalities shown on 2D ultrasound examination; (4)
pregnant women were informed of the purpose of the evaluation, and informed
consent was obtained before image acquisition; and (5) fetal heart image acquired
using real-time 3D iSTIC technology was free of artifacts.

Instruments

An TU22 3D color Doppler ultrasound diagnostic instrument from Philips Company
(Bothell, WA, USA) was used with a 2-4 MHz electronic matrix probe. QLAB software
was used for image analysis and post-processing.

Data acquisition

The information of the last menstrual period and the gestational age in the pregnant
women was obtained and recorded. The women were asked to lie flat, and a fetal echo
program was begun with transabdominal scanning using an X6-1 probe. They were
advised to hold their breath during the acquisition process to avoid interference of
motion artifacts. Using a 3D/4D iSTIC technology model for a 4-chamber view of the
fetal heart, the 3D/4D sampling frame location was adjusted and the sampling range
assured 3D /4D volume data acquisition. The sampling frame included the entire fetal
heart. The fetal heart rate was measured and recorded after completion of data
acquisition. All images were stored in a built-in hard disk in the machine for later
offline analysis.

Data analysis
(1) Post-processing of 3D image. The image stored in the built-in hard disk in the
machine was extracted for analysis using QLAB software. The atrioventricular valve
opening and closing framing at end systole and diastole in the entire cardiac cycle
were observed to measure the fetal right ventricular volume. End systole was defined
as the moment before atrioventricular valve opening, and end diastole was defined as
the moment immediately after the atrioventricular valve closed. The center point of
the central position of the right ventricle was adjusted using stacked contours to draw
a line along the endocardium of the right ventricular apex to the edge of the tricuspid
valve, the software was then automatically stratified followed by manual outlining of
the contour of each layer of the lining of the heart at the short axis view of the heart
including the trabecular muscle and regulating bundle. Computer software
automatically calculated the volume of the right ventricle (Figure 1). The right
ventricular end-diastolic volume (REDV) and the right ventricular end-systolic
volume (RESV) were measured by the same observer three times to obtain the average
value.

(2) The heart function index was calculated as follows: The right stroke volume
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Figure 1 Fetal right ventricular end diastolic volume obtained by intelligent spatiotemporal image correlation technique.

(RSV) = REDV- RESV; the right cardiac output (RCO) = RSV x fetal heart rate; the
right ejection fraction = RSV/REDV.

(3) The paired Student's ¢ test was performed by randomly retrieved images from
30 cases with the fetal right ventricular volume independently measured by two
observers (twice for each observer or twice by the same observer) to evaluate the
consistency of the measurement. The average value by each observer was compared.

Statistical analysis

Data input and processing were carried out using SPSS 23.0 statistical software. The
quantitative data conforming to normal distribution were presented as x * s.
Spearman rank correlation analysis was used to determine the relationship between
fetal right ventricular volume and cardiac function parameter changes with
gestational age. In addition, the paired Student's ¢ test was used to evaluate the
consistency of the measurement by the same observer and between different
observers. Differences with P < 0.05 were considered statistically significant.

RESULTS

Spearman rank correlation analysis

The changes in normal fetal REDV, RESV, RSV, and RCO with gestational age showed
significant linear correlations, and the correlation coefficients were 0.903, 0.874, 0.866
and 0.865, respectively (P < 0.01, Figure 2, Table 1). Right ejection fraction did not
change as gestational age increased, was relatively constant throughout the entire
pregnancy, and was not significantly correlated with gestational age (P > 0.05, Table
1). Measurement of fetal right ventricular volume and cardiac function was carried
out using the iSTIC technique (Table 2).

Paired Student's t test

The intraclass correlation coefficients (ICC) of REDV measured by the same observer
was 0.989 with a 95% confidence interval (CI) of 0.978-0.995. The ICC of RESV was
0.978 with a 95%CI of 0.955-0.989. The ICC of REDV measured by different observers
was 0.988 with a 95%CI of 0.975-0.944. The ICC of RESV was 0.988 with a 95%CI of
0.900-0.977. There was no statistical difference between the same observer and
different observers when applying the iSTIC technique to measure RESV and REDV
using the consistency test, and the correlation coefficients were 0.989, 0.951, 0.990, and
0.980, respectively. The results showed that there was particularly good consistency
between the same observer and different observers (P < 0.001, Table 3).

DISCUSSION

Fetal cardiac function can be affected by a variety of conditions and prenatal
interventions. Accurate assessment of fetal cardiac function could help to understand
the process of fetal heart disease, improve the accuracy of diagnosis, and determine

2,5,6,16,19,20,22,23

prenatal interventions! 229.2630-91 - Two-dimensional ultrasound is still the
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Table 1 The relationship between normal fetal right ventricular end-diastolic volume, right

ventricular end-systolic volume, right stroke volume, right cardiac output, and right ejection
fraction with gestational ages from 22 to 35*° wk

Gestational age REDV RESV RSV RCO REF
r 0.903 0.874 0.866 0.865 0.120
P <0.001 <0.001 <0.001 <0.001 0.187

REDV: Right ventricular end-diastolic volume; RESV: Right ventricular end-systolic volume; RSV: Right
stroke volume; RCO: Right cardiac output; REF: Right ejection fraction.

traditional gold standard for diagnosis of fetal congenital heart diseases!'”***'! but has
a number of limitations in the quantitative evaluation of fetal ventricular volume and
cardiac function. When abnormal fetal heart structure causes significant cardiac
geometric morphology changes, accurate quantitative assessment of fetal ventricular
volume and cardiac function by 2D ultrasound is difficult!**l.

Application of the STIC imaging technique in fetal heart disorders has been studied
extensively, which adds the time factor into the process of 3D data acquisition with
continuous unidirectional scanning of the target area by the sensor to obtain the 3D
volume data composed of each 2D slice. After completion of volume data acquisition,
the software can automatically group 2D sections at the same time to reorganize the
image of the entire fetal cardiac cycle, with end-systolic and end-diastolic phases of
the cardiac cycle image defined according to opening and closing of the atrioven-
tricular valve in post-processingl’!®'72-2>2%2035-421 Sych technology overcomes the
imaginary heart geometry by 2D ultrasound along with a relatively simple image
acquisition process and fewer requirements for operator experience. The imaging
principle determines that STIC is not a real-time imaging technology but a delayed
signal. Therefore, when an abnormality of the fetal heart leads to ventricular
desynchrony, the maximum and minimum volume of the fetal ventricle cannot be
accurately estimated using this method.

In contrast, iSTIC can generate real-time 3D images with an electronic matrix probe
used vertically, and a horizontally-arranged 2D probe to conduct matrix volume
imaging. The acoustic beam can automatically rotate for large-range scanning, which
can significantly reduce the acquisition time of 3D image data and improve work
efficiency. The acquisition time of one image by STIC is usually 8-12 s, but iSTIC only
requires 2 s. With the imaging time significantly shortened, iSTIC has solved the
contradiction between slow STIC imaging and a rapid fetal heart rate and reduced the
effects of fetal and maternal respiration and other factors on the quality of the image.
The image resolution is thus increased™ ***!l. In theory, accuracy of the iSTIC
technique in the measurement of fetal ventricular volume is higher than STIC, which
also reduces the exposure time of the fetus to ultrasound.

In this study, iSTIC technology was used to evaluate the heart function of 123
normal fetuses. The results showed that the fetal right ventricular volume, right
ventricular stroke output, and RCO increased as gestational age increased, thus
showing a good correlation with gestational age. Right ejection fraction did not
change as the gestational age increased, which was relatively constant throughout the
pregnancy and consistent with a previous report”l. During the entire process of fetal
growth and development, the circulatory system plays a critical role. Unlike adults,
the fetal right ventricle has the main circulating function. As the right ventricular
volume continues to increase, the increased RCO with gestational age can meet the
oxygen and nutrient demands for fetal development. In contrast, due to the anatomic
and structural characteristics of the right ventricle, which has an irregular shape with
the regulation bundle at the apex as well as a rougher endocardial surface compared
with the left ventricle, it is particularly important to find an accurate and reliable
method to measure fetal right ventricular volume and cardiac function indices.

This study had some shortcomings, such as small sample size and the manual
delineation of the lining of the heart in post-processing, which requires clear
endocardial imaging and multiple measurements to obtain an average value and
reduce measurement errors as far as possible. Due to the rough endocardium surface
of the right ventricle, measurement error is inevitable. In addition, there is currently
no gold standard for the assessment of fetal heart function to compare the data
obtained by iSTIC technology.

In summary, iSTIC technology can be used for the quantitative measurement of
fetal right ventricular volume and the evaluation of right ventricular systolic function,
which has shown a number of advantages, and the application of iSTIC technology in
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Table 2 Measured normal fetal right ventricular end-diastolic volume, right ventricular end-

systolic volume, right stroke volume, right cardiac output, and right ejection fraction values with
gestational ages between 22 and 35 wk

Gestational age, wk Case REDV,mL RESV,mL RSV,mL RCO, mL/min REF

22-23* 20 0.99 +0.34 0.43 +£0.18 0.62+0.29 9223 +40.67 0.58 £0.12
24-25%6 24 1.43 £0.28 0.55 £ 0.15 0.90+£0.18  132.10 £ 26.61 0.62 £ 0.58
26-27*° 20 1.66 + 0.39 0.69 +0.20 098 £0.22  149.25 + 34.68 0.59 +0.06
28-29*6 16 2.06 £ 0.53 0.77 £0.15 1.29+044 181.12+57.03 0.61 £ 0.06
30-31*° 18 2.61+0.33 1.00+0.14 1.60+0.26  232.58 +45.60 0.61 +0.05
32-33*° 15 2.98 £ 0.49 1.10£0.17 1.88+0.39 275.86 £55.43 0.63 £0.04
34-35"° 10 3.69 £ 0.36 1.36 £0.22 2.33+0.18 335.83 £32.75 0.63 £ 0.03

REDV: Right ventricular end-diastolic volume; RESV: Right ventricular end-systolic volume; RSV: Right
stroke volume; RCO: Right cardiac output; REF: Right ejection fraction. RSV = REDV - RESV; RCO = RSV x
fetal heart rate; REF = RSV/REDV.

prenatal diagnosis is worthy of further study and discussion.
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Table 3 Consistency between the same observer and different observers

n Observer A Observer B t P r P ICC 95%Cl
REDV 30 1.54 £0.82 1.51 £0.79 1.417 0.167 0.989 <0.001 0.988 0.975-0.994
RESV 30 0.62 £ 0.36 0.61 £0.37 0.384 0.704 0.951 <0.001 0.951 0.900-0.977
First measurement Second measurement
REDV 30 1.54 £ 0.81 1.54 £0.84 0.196 0.846 0.990 <0.001 0.989 0.978-0.995
RESV 30 0.63 + 0.36 0.61 £0.37 1.731 0.094 0.980 <0.001 0.978 0.955-0.989

REDV: Right ventricular end-diastolic volume; RESV: Right ventricular end-systolic volume; ICC: Intraclass correlation coefficients.
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Figure 2 Correlations. A: Correlation between right ventricular end diastolic volume and gestational age (wk); B: Correlation between right ventricular end systolic
volume and gestational age (wk); C: Correlation between right ventricular stroke volume and gestational age (wk); D: Correlation between right ventricular cardiac

output and gestational age (wk). REDV: Right ventricular end-diastolic volume; RESV: Right ventricular end-systolic volume; RSV: Right stroke volume; RCO: Right
cardiac output.

ARTICLE HIGHLIGHTS

Research background

Heart defects are the most common congenital malformations in fetuses. Fetal cardiac structure
and function abnormalities lead to changes in ventricular volume. As ventricular volume is an
important index for evaluating fetal cardiovascular development, an effective and reliable
method for measuring fetal ventricular volume and cardiac function is necessary for accurate
ultrasonic diagnosis and effective clinical treatment. The new intelligent spatiotemporal image
correlation (iSTIC) technology acquires high-resolution volumetric images. Numerous studies
have focused on fetal heart function which have not been widely accepted. The iSTIC technique
was used to measure right ventricular volume in 123 normal fetuses, and to evaluate right
ventricular systolic function to provide a new method for more accurate and convenient
evaluation of fetal heart function.
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Research motivation
The iSTIC technique was used to provide a new method for more accurate and convenient
evaluation of fetal heart function.

Research objectives

One hundred twenty-three healthy gravidas with singleton gestations who visited our hospital
for prenatal ultrasonography between October 2014 and September 2015 were included in the
study.

Research methods

The women were asked to lie flat, and a fetal echo program was begun with transabdominal
scanning using an X6-1 probe. Using a 3D /4D iSTIC technology model for a 4-chamber view of
the fetal heart, the 3D/4D sampling frame location was adjusted and the sampling range assured
3D/4D volume data acquisition and the sampling frame included the entire fetal heart. The fetal
heart rate was measured and recorded after completion of data acquisition.

Research results

The changes in normal fetal right ventricular end-diastolic volume, right ventricular end-systolic
volume, right stroke volume, and right cardiac output with gestational age showed significant
linear correlations. Right ejection fraction did not change as gestational age increased, was
relatively constant throughout the entire pregnancy, and was not significantly correlated with
gestational age.

Research conclusions
iSTIC technology can be used for the quantitative measurement of fetal right ventricular volume
and the evaluation of right ventricular systolic function.

Research perspectives
iSTIC can generate real-time 3D images, only requires 2 s, and is the best method now. The
direction of the future research is to improve the scanning time.
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