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Objectives: The aim of this study was to evaluate right ventricular (RV) systolic
function in fetuses with transposition of the great arteries (TGA) using velocity
vector imaging (VVI) and to investigate the impact of different factors on RV
systolic function in TGA fetuses.

Methods: This was a retrospective cross-sectional study of fetuses referred
to our tertiary center between 2015 and 2019. Maternal and fetal
baseline characteristics and conventional echocardiographic and myocardial
deformation indices were collected in fetuses with TGA at 20-28 weeks'’
gestation, which were compared with normal fetuses with comparable
gestational age (GA). RV deformational parameters including global and
regional longitudinal peak systolic strain, strain rate, and velocity were
measured using off-line speckle tracking analysis. The univariate and
multivariate linear regression analyses were established to evaluate the
independent risk factors for RV global longitudinal systolic strain (RVGLSs) and
strain rate (RVGLSRs).

Results: In total, 78 fetuses with TGA [including 49 fetuses with complete
transposition of the great arteries (d-TGA) and 29 fetuses with Taussig-Bing
anomaly (TBA)] and 49 normal fetuses were included. Compared with normal
controls, global and most regional RV longitudinal systolic peak velocity,
strain, and strain rate were lower in d-TGA and TBA fetuses (P < 0.05).
Compared with normal controls, global and most regional RV longitudinal
systolic strain was lower in d-TGA fetuses without pulmonary stenosis (PS)
and ventricular septal defect (VSD), while RVGLSs and RVGLSRs were lower
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in TBA fetuses without PS. The VSD was an independent determinant of
RVGLSRs (P = 0.024) in the d-TGA group. Additionally, PS was an independent
determinant of RVGLSs and RVGLSRs (P = 0.012, P = 0.027) in the TBA group.

Conclusion: Early impairment of RV systolic function has already occurred
in TGA fetuses during the 2nd trimester of pregnancy. PS, VSD, and foramen
ovale (FO) were independent risk factors for decreased RV function.

complete transposition of the great arteries (d-TGA), Taussig-Bing anomaly (TBA),
right ventricular function, velocity vector imaging, fetal echocardiography, anatomic

risk factor

Introduction

The complete transposition of the great arteries (d-
TGA) and Taussig-Bing anomaly (TGA-type double outlet
right ventricle with subpulmonary ventricular septal defect,
TBA) are both conotruncal abnormalities, characterized
by complete septation but failed normal spiral of the great
vessels. TBA and d-TGA both belong to the transposition of
the great arteries (TGA) and share similar hemodynamics,
(1-3). In TGA

fetuses, the aortic connects the right ventricle (RV), and

clinical manifestations, and prognosis
the pulmonary artery connects the left ventricle (LV). Systemic
and pulmonary circulation function as an invalid cycle to
some extent and the blood is mixed oxygen blood, which
may cause myocardial dysfunction, cardiac remodeling,
fibrogenesis, and even heart failure (4). Therefore, it
is worth exploring whether the fetuses with TGA have
early impairment of right ventricular (RV) function. The
early and sensitive assessment of the systolic RV function
could provide important information for clinicians to
make appropriate prenatal clinical decisions and early
interventions after birth.

The RV is the main pumping ventricle of the TGA fetuses.
It is critical to evaluate its systolic function. Velocity vector
imaging (VVI) is an offline analysis software package that
allows the evaluation of myocardial tissue motion and velocity
without the limitations of Doppler echocardiography. The
longitudinal systolic strain and strain rate are subsequently
generated to evaluate fetal global and regional myocardial
function (5-7). The aim of this study was to evaluate
RV global and segmental cardiac function of the TGA
fetuses in middle pregnancy using VVI and to investigate
the impactors on their RV function. Therefore, the clinical
significance of this study was the prenatal understanding of
these combined malformations, which could provide some
guidance for the fetal assessment of cardiac function as well as
the intrauterine status.
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Materials and methods

Study population

Fetuses with TGA at 20-28 weeks’ gestation that underwent
prenatal echocardiography at our tertiary referral center (Union
Hospital, Tongji Medical College, Huazhong University of
Science and Technology) between August 2015 and November
2019 were included (Figure 1). They were classified into the
following two subgroups: the d-TGA group and the TBA
group. Cases with a pulmonary overriding of 50% and more
were defined as d-TGA, whereas cases with a pulmonary
overriding of less than 50% were defined as TBA. The
diagnostic criteria for fetal pulmonary artery stenosis were
the main artery or branches of the pulmonary artery with
a z-score < —2. Each case was retrospectively identified
through a review of the fetal echocardiography database of our
center. Singleton fetuses with a structurally normal heart of
comparable gestational age (GA) during the same study period
were recruited as a normal group. Pregnancies complicated
by chronic maternal disease (hypertension, diabetes mellitus,
hyperthyroidism or hypothyroid, autoimmune disease, etc.),
or fetuses with other major structural cardiac anomalies,
extracardiac, or chromosomal abnormalities were excluded
from the study. Other exclusion criteria were fetal arrhythmia,
intrauterine growth retardation, twin pregnancy, poor image
quality, and loss of follow-up. This study was approved by
the Ethics Committee of Tongji Medical College of Huazhong
University of Science and Technology.

Fetal echocardiograms

Fetal echocardiograms were performed using a Voluson
E8 or E10 (GE Healthcare, Zipf, Austria) ultrasound machine,
equipped with an RM6C or RAB4-8-D probe. All ultrasound
examinations were carried out according to the International
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Flowchart of patient inclusion and exclusion criteria.

Society of Ultrasound in Obstetrics and Gynecology
(ISUOG) practice guidelines (8). Two-dimensional (2D)
echocardiographic data including fetal growth measurements
and conventional cardiac parameters (Table 1) were acquired
during the scan. The 2D echocardiographic images of the
four-chamber cardiac clips were stored with a frame rate of
60-80 frames/s. Additionally, the RV endocardial border must
be clearly displayed. At least three complete cardiac cycle images
were recorded and stored for offline analysis and processing.

RV function analysis

For offline postprocessing, syngo VVI (version 2.3; Cardiac
Performance Analysis, TomTec, Unterschleissheim, Germany)
was used for both morphometric and deformation analyses.
Image acquisition for deformation analysis was performed using
a strict protocol. A 2D grayscale video clip (minimum of three
clips for three to eight cardiac cycles) of an apical four-chamber
view of the fetal heart was obtained. We used a narrower
fan-shaped sampling frame and a single focus as much as
possible to achieve a higher frame rate. We also used harmonic
imaging when necessary to obtain the best contrast between the
ventricular cavity and the endocardium. As fetal heart rate could
not be displayed continuously because of the absence of a real-
time fetal electrocardiogram (ECG), a superimposed manual
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FIGURE 1

M-mode tracing of the RV wall motion was used to define
the cardiac cycle. We chose a still single frame, on which the
endocardial interface was best visualized (usually mid-systole)
(Figure 2A). The RV endocardial boundary was manually traced
using the three-point method, with starting and ending points
just below the tricuspid valve annulus (Figure 2B). Defining
annuli and border position data were necessary components of
the VVI algorithm. Images of the right ventricles were analyzed
simultaneously from the same clip, and peak velocity, strain,
and strain rate were then calculated automatically by the VVI
software package (Figure 2C). Global and regional longitudinal
systolic peak velocity, strain, and strain rate were then displayed
automatically in a six-segment model for the RV. All calculations
were repeated three times and then averaged.

Intraobserver and interobserver
reliability

Intraobserver variability for right ventricle mid-free wall
longitudinal systolic peak velocity (RVLMV), right ventricle
global longitudinal systolic strain rate (RVGLSs), and right
ventricle basal septal longitudinal systolic strain rate (RV basal
septal-SR) was assessed in 20 randomly chosen subjects (10 for
TGA group and 10 for the control group) by a single investigator
in the same cardiac cycle at a separate time several weeks apart.
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TABLE 1 Baseline characteristics of the fetal study population.

Characteristics Control (n = 49) d-TGA (n = 49) TBA (n = 29)

Maternal age, year 28.14 +3.93 29.00 £ 5.20 27.41 £+ 3.20 0.281
AUA, week 25.09+1.13 24.52 £2.82 2442 +1.84 0.129
BPD (cm) 6.21 £+ 0.35 6.04 £+ 0.83 6.12 £+ 0.59 0.404
HC (cm) 23.05+1.12 22.34 +2.69 22254213 0.073
AC (cm) 20.71 £ 1.17 20.25 +2.78 19.87 +2.29 0.143
FL (cm) 4.53 +0.30 4.40 £ 0.69 427 £0.48 0.036
EFW (g) 702 &+ 105 684 £ 79 654 £ 75 0.124
Pregnancy-labor history

Gravidity 2(1-3) 2(1-2) 2(1-2) 0.745
Parity 0(0-1) 0(0-1) 1(0-1) 0.186
Abortion 1(0-1) 0(0-1) 0(0-1) 0.248
Fetal HR, bpm 148.90 £+ 7.18 149.12 +8.43 146.38 &+ 6.46 0.257
Additional minor cardiac anomalies

PLSVC, n (%) N/A 8(16.3) 3(10.3)

ASA, n (%) N/A 3(6.1) 2(6.9)

Right-sided aortic arch, 1 (%) N/A 6(12.2) 3(10.3)

Aberrant subclavian artery, n (%) N/A 4(8.2) 2(6.9)

Extracardiac abnormalities

Single umbilical artery, n (%) N/A 3(6.1) 2(6.9) 0.195
Persistent right umbilical vein, 7 (%) N/A 2(4.1) 0(0.0) 0.201

d-TGA, complete transposition of the great arteries; TBA, Taussig-Bing anomaly; AUA, average ultrasound age; BPD, biparietal diameter; HC, head circumference; AC, abdominal
circumference; FL, femur length; EFW, estimated fetal weight; HR, heart rate; PLSVC, persistent left superior vena cava; ASA, atrial septal aneurysm.

Interobserver measurements in the 20 randomly chosen subjects
(10 for the TGA group and 10 for the control group) were
performed by two reviewers on two separate occasions, each
blinded to the others initial assessment.

Statistical analysis

Statistical analyses were conducted using SPSS software
(version 23.0; SPSS, Chicago, IL, USA). Descriptive data are
presented as mean =+ standard deviation (SD) for normally
distributed variables, or median and interquartile range (IQR)
for skewed distributions. For continuous variables, comparisons
between groups were analyzed using one-way ANOVA and
independent-sample test for normally distributed variables or
Kruskal-Wallis test and adjusted ¢-test for skewed distributions.
Univariate and multivariate linear regression analyses were
performed to detect the determinants of RV global longitudinal
systolic strain (RVGLSs) and RV global longitudinal systolic
strain rate (RVGLSRs) in TGA fetuses. Intraclass correlation
coefficients (ICCs) > 0.80 were considered excellent. Statistical
significance was considered as P < 0.05. Fetal cardiac Z-scores
were obtained using a statistical program (Cardio Z; UBQO,
Evelina Children’s Hospital, London, UK).

Frontiers in Cardiovascular Medicine

Results

Baseline characteristics and
echocardiographic features

During the study period, a total of 127 fetuses were
included in the analysis: 49 d-TGA, 29 TBA, and 49 GA-
matched healthy controls. The baseline characteristics of the
fetal study population are described in Table 1. TBA, d-TGA,
and control groups were similar in gestational weeks (adjusted
by ultrasound), maternal age, and pregnancy-labor history at
the time of examination. Additional minor cardiac anomalies
occurred in 21 (42.9%) d-TGA fetuses and 10 (34.5%) TBA
fetuses, with persistent left superior vena cava (PLSVC), the
most commonly seen. Extracardiac abnormalities including
single umbilical artery and persistent right umbilical vein were
observed in 5 (10.2%) d-TGA fetuses and 2 (6.9%) TBA
fetuses.

Conventional echocardiographic parameters of the fetal
study population are summarized in Table 2. Differences among
d-TGA, TBA, and controls were found in z-scores of the
aorta (AO), main pulmonary artery (MPA), left pulmonary
artery (LPA), and AO/MPA ratio (P < 0.05). Compared to
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2D offline analysis of fetal myocardial deformation using velocity vector imaging. (A) Superimposed manual M-mode tracing of left ventricular
wall motion, used as a surrogate for fetal electrocardiographic R-wave to calculate fetal heart rate, (B) the right ventricular endocardial
boundary was manually traced by three-point method, and (C) global and regional longitudinal strain values/curves were generated
automatically. Each curve demonstrated segmental strain and its average value

controls, d-TGA and TBA fetuses had wider aorta, while the
pulmonary trunk was narrower in TBA compared with the other
groups. The significant arterial discrepancy with an increased
AO/MPA ratio was observed in TBA fetuses, indicating that
the diameter of AO is greater than that of MPA, which was
not detected in d-TGA fetuses. Ventricular dominance was
not obvious in these groups. The conventional cardiac systolic
function parameters (LVEF and RVFAC) did not differ between

groups.
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RV deformation analysis using VVI

Right ventricular global and segmental deformation
measures are shown in Table 3. Compared with controls,
the RV global longitudinal systolic strain (GLSs), strain rate
(GLSRs), and peak velocity (GLVs) were all lower in d-TGA
and TBA fetuses (P < 0.01). In regional analysis, it also
demonstrated impaired strain and strain rate in every segment
of RV (P < 0.05), whereas the reduced systolic peak velocity was
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TABLE 2 Echocardiographic features of the fetal study population.

10.3389/fcvm.2022.973395

N ) d-TGA (n = 49) TBA (n = 29) P

AQ z-score 0.11 (—0.26 to 0.43) 0.63 (0.09-1.05)" 0.81 (—0.19 to 1.69)T 0.001
MPA z-score 0.51 (0.21-0.79) 1.13 (0.43-1.57) —0.36 (—2.26 to 1.12)1* <0.001
AO/MPA 0.80 (0.76-0.87) 0.83 (0.73-0.92) 1.09 (0.73-1.59)T* 0.015
LPA z-score —0.03 (—0.33 t0 0.33) 0.49 (—0.29 to 1.04)" —0.03 (—1.15 to 0.39)* 0.004
RPA z-score —0.10 (—0.56 to 0.25) 0.09 (—0.51 to 0.75) —0.31 (—1.52 t0 0.23) 0.058
Arterial duct z-score —0.48 (—0.86 to —0.02) —0.23 (—0.89 t0 0.51) —0.12 (—1.00 to 0.55) 0.399
LVEDD z-score 0.01 (—0.38 to 0.38) 0.08 (—0.71 to 0.66) —0.26 (—0.91 to 0.54) 0.542
RVEDD z-score —0.19 (—0.60 to 0.25) —0.05 (—0.71 t0 0.32) 0.14 (—0.68 t0 0.59) 0.554
LVEDD/RVEDD 0.94 (—0.12 t0 0.18) 0.96 (—0.32 to 0.45) 0.89 (—0.30 to 0.29) 0.168
LA/RA 0.90 = 0.06 0.93 £ 0.10 0.86 + 0.13* 0.069
LVEF (%) 55.38 + 11.29 52.73 £ 9.30 51.06 = 10.71 0.197
RVFAC (%) 36.91 =+ 5.48 34.60 + 7.39 33.95 +7.23 0.116
MR, 71 (%) N/A 2(4.1) 1(3.4) 0.264
TR, 1 (%) N/A 4(82) 2(6.9) 0.110

Data are expressed as mean & SD or median (interquartile range). TP < 0.05 vs. controls; *P < 0.05; d-TGA group vs. TBA group. d-TGA, complete transposition of the great arteries;

TBA, Taussig-Bing anomaly; AO, aorta; MPA, main pulmonary artery; LPA, left pulmonary artery; RPA, right pulmonary artery; LVEDD, left ventricular end-diastolic diameter; RVEDD,
right ventricular end-diastolic diameter; LA, left atrium; RA, right atrium; LVEE, left ventricle ejection fraction; RVFAC, right ventricle fractional area change; MR, minor or moderate

mitral regurgitation; TR, minor or moderate tricuspid regurgitation.
The bold values indicate the statistical difference.

only observed in basal segments and mid septum. However, the
global and regional deformation measures were similar between
d-TGA and TBA (P > 0.05). It suggested that the RV systolic
function in fetuses with d-TGA and TBA had already been
impaired in the second trimester.

RV function in d-TGA fetuses without
pulmonary stenosis and ventricular
septal defect and TBA fetuses without
PS

In the d-TGA group, only 17 fetuses did not have
a ventricular septal defect (VSD) and pulmonary stenosis
(PS). Compared with controls, RVGLSs and most regional
longitudinal systolic strain and strain rate were lower in
d-TGA fetuses without VSD and PS (d-TGA-IVS-nPS group)
(P < 0.05). However, RVGLSRs did not differ between those two
groups (P > 0.05) (Table 4).

Considering that all TBA fetuses were associated with
VSD, we divided 29 TBA fetuses into the TBA-PS group
(TBA with PS) and TBA-nPS group (TBA with well-developed
pulmonary trunk), according to the presence of PS. Compared
with the control group, RVGLSs, RVGLSRs, and most regional
longitudinal systolic strain and strain rate in the TBA-nPS
group were lower (P < 0.05), while other global and regional
deformational parameters did not differ between groups
(Table 4).
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Independent risk factors for RVGLSs
and RVGLSRs in d-TGA or TBA fetuses

Clinical, anatomic, and ultrasonic variables, including
maternal age, GA, associated cardiac abnormalities- PS, and
VSD, the diameter of ascending aorta with a z-score < —2 (z-
score of AQ), the diameter of oval foramen with a z-score < —2
[z-score of foramen ovale (FO)], the diameter of the arterial
duct with a z-score < —2 (z-score of DA), and the presence of
mitral or tricuspid regurgitation (TR) are listed in Table 5. The
correlation between these variables and RV strain parameters
(RVGLSs and RVGLSRs) in d-TGA fetuses is examined
using univariate and multivariate regression analyses, which
revealed that PS, VSD, and z-score of FO were significantly
correlated with RVGLSs (standardized p = 0.365, P = 0.018;
standardized = 0.496, P = 0.006, and standardized p = 0.328,
P =0.025, respectively). While, RVGLSRs were associated with
maternal age, PS, and z-score of FO in univariate regression
analysis. However, multivariate regression analysis indicated
that the independent determinant of RVGLSRs was only VSD
(standardized p = 0.328, P = 0.024) (Table 5).

Based on univariate regression analysis, the risk factors for
RVGLSs in TBA fetuses included PS and TR. In multivariate
regression analyses after adjusting for all the possible risk
factors, only PS was an independent factor for RVGLSs
(standardized p = 0.368, P = 0.012). Univariate logistic
regression analysis revealed that maternal age and PS were
correlated with the RVGLSRs in TBA fetuses. After adjusting
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TABLE 3 Global and segmental deformation analysis of right ventricle.

10.3389/fcvm.2022.973395

VVI parameter Control (n = 49) d-TGA (n = 49) TBA (n = 29)

Vs (cm/s) Global 1.43 +£0.35 1.07 +0.28" 1.05 +0.26" <0.001
Basal septal 2.19 £0.56 1.64 +0.52F 1.57 + 0.427 <0.001
Mid septal 1.65 4 0.44 1.40 4 0.45" 1.37 +0.40" 0.005
Apical septal 1.20 £ 0.37 1.1940.37 1.18 4 0.44 0.989
Apical free wall 1.26 4 0.50 1.16 4 0.44 1.08 4 0.44 0.252
Mid free wall 1.62 +0.44 1.42 4 0.49 1.47 £0.55 0.095
Basal free wall 2.15+0.48 1.61 4 0.60" 1.62 4 0.58" <0.001

Ss (%) Global —18.73 + 3.69 —14.35+3.20" —13.04 + 3.407 <0.001
Basal septal —27.46 + 10.29 —17.40 + 6.817 —21.40 £ 11.17° <0.001
Mid septal —23.374£9.70 —14.58 + 5.89" —16.61 +11.78" <0.001
Apical septal —21.26 + 8.89 —~16.59 + 6.17F —15.78 4 10.88" 0.006
Apical free wall —21.71 £8.24 —15.58 + 5.23" —17.14+11.78 <0.001
Mid free wall —22.09£9.12 —17.88 £ 8.70" —17.78 £ 10.62 0.047
Basal free wall —27.66 + 11.01 —16.88 + 6.20" —18.40 £ 8.10" <0.001

SRs (/s) Global —1.64 £ 0.51 —1.45 + 0.647 —1.27 £ 0.48" 0.003
Basal septal —2.27+1.05 —1.64 %+ 0.58" —1.84 +0.63" <0.001
Mid septal —1.95+0.63 —1.59 +0.67" —1.72+0.68" 0.003
Apical septal —1.94+0.63 —1.63 +0.73" —1.7340.58 0.001
Apical free wall —2.14 4+ 0.84 —1.48 +0.42" —1.64 + 0.447 <0.001
Mid free wall —1.95+0.77 —1.57 £ 0.56" —1.76 £ 0.80 0.017
Basal free wall —2.46 +0.84 —~1.80 £ 0.91F —1.63+0.57" 0.002

Data are expressed as mean =+ SD.
TP < 0.05 vs. controls.

d-TGA, complete transposition of the great arteries; TBA, Taussig-Bing anomaly; Vs, longitudinal systolic peak velocity; Ss, longitudinal systolic strain; SRs, longitudinal systolic strain rate.

The bold values indicate the statistical difference.

for these possible risk factors, multivariate regression analyses
showed that PS was an independent determinant of RVGLSRs
(standardized p = 0.295, P = 0.027) (Table 6).

Intraobserver and interobserver
variability

Figure 3 shows Bland-Altman plots of agreement between
two separate measurements done by the first observer 4 weeks
apart and between the measurements made by two observers.
Intraclass correlation coeflicients with 95% CIs showed
moderate agreement for both intraobserver and interobserver
comparisons (Table 7).

Discussion

The fetal blood circulation system is a parallel circulation,
the left and right heart circulation are equally important, and
the right heart advantage may be even more obvious in late
pregnancy. In d-TGA and TBA fetuses, the right heart is

Frontiers in Cardiovascular Medicine

connected to the aorta, thus, the right heart will withstand
more pressure, especially after birth, the morphologically right
ventricle is actually more similar to the strain pattern of the
functional left ventricle at this point. It is probably more
important to evaluate right heart function rather than left heart
function. To the best of our knowledge, this study was the first
to evaluate RV function using VVI in TGA fetuses and sought
to investigate the correlation between RV cardiac function and
different anatomic risk factors such as VSD or PS.

In our study, the maternal and fetal demographic
characteristics, including maternal age, adjusted GA, estimated
fetal weight, biparietal diameter, head circumference, abdominal
circumference, femur length, pregnancy-labor history, fetal
heart rate, and associated intracardiac/extracardiac anomalies,
did not differ between groups. Consistent with previous
literature, the most common intracardiac anomalies in TGA
fetuses were VSD and PS (1). The Z-scores of AO, MPA, LPA,
and AO/MPA ratio showed statistically significant differences
between groups. The dimension of MPA was slightly wider
than that of AO in normal fetuses; but in fetuses with TGA,
not only the anatomical position of AO and MPA was changed,
but also the stenosis of pulmonary trunk and branches were
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TABLE 4 Comparison of RV deformation parameters in d-TGA-nPS-IVS fetuses with control fetuses and TBA-nPS fetuses with control fetuses.

d-TGA-nPS-1VS

(CERY))

Control (n = 49)

TBA-nPS (n = 14) | Control (n = 49)

Vs (cm/s) | Global 1.19+£0.25 1.43 £0.35 0.423 1.11£0.29 1.43£0.35 0.140
Basal septal 1.80 £0.43 2.19 +£0.56 0.105 1.48 £0.53 2.19+0.56 0.018
Mid septal 1.39+0.41 1.65 +0.44 0.501 1.31 £0.44 1.65 £ 0.44 0.323
Apical septal 1.24+£0.37 1.20 £0.37 0.805 1.24 £0.47 1.20 £0.37 0.866
Apical free wall 1.18 £0.38 1.26 £ 0.50 0.716 1.09 £ 0.46 1.26 £ 0.50 0.765
Mid free wall 1.32+£0.50 1.62 £ 0.44 0.042 1.49 £0.43 1.62 £ 0.44 0.762
Basal free wall 1.55 4+ 0.50 2.15+0.48 0.016 1.66 +0.71 2.15+0.48 0.039
Ss (%) Global —16.49 £1.94 —18.73 £3.69 0.048 —14.88 £3.71 —18.73 £3.69 0.047
Basal septal —20.26 £7.75 —27.46 £10.29 0.033 —16.89 £7.61 —27.46 £10.29 0.003
Mid septal —15.69 £+ 6.74 —23.37£9.70 0.028 —20.56 £ 15.04 —23.37£9.70 0.613
Apical septal —16.86 £ 6.22 —21.26 = 8.89 0.024 —14.14 £ 8.82 —21.26 £ 8.89 0.022
Apical free wall —15.64 £5.62 —21.71+8.24 0.036 —15.41 £12.82 —21.71£8.24 0.028
Mid free wall —19.42 £ 6.65 —22.09£9.12 0.636 —19.44 £7.74 —22.09£9.12 0.342
Basal free wall —19.42 £7.39 —27.66 £ 11.01 0.014 —20.64 £7.28 —27.66 £11.01 0.037
SRs (/s) | Global —1.69 +0.96 —1.64+0.51 0.885 —1.31£0.35 —1.64 £+ 0.51 0.044
Basal septal —1.69 +0.62 —2.27+1.05 0.015 —1.89£0.71 —2.27+1.05 0.049
Mid septal —1.34 4+ 0.90 —1.954+0.63 0.036 —1.89£+0.92 —1.95+0.63 0.867
Apical septal —1.61 +£0.69 —1.944+0.63 0.254 —1.64 £0.81 —1.94+0.63 0.055
Apical free wall —1.38+£0.45 —2.144+0.84 0.012 —1.60 £ 0.89 —2.14+0.84 0.029
Mid free wall —1.554+0.45 —1.954+0.77 0.123 —1.66 £ 0.74 —1.95+0.77 0.126
Basal free wall —1.81 +0.64 —2.46 +£0.84 0.013 —1.49£0.55 —2.46 +£0.84 0.015

Data are expressed as mean %+ SD.

d-TGA, complete transposition of the great arteries; TBA, Taussig-Bing anomaly; VSD, ventricular septal defect; IVS, intact interventricular septum; PS, pulmonary stenosis; Vs,
longitudinal systolic peak velocity; Ss, longitudinal systolic strain; SRs, longitudinal systolic strain rate.

The bold values indicate the statistical difference.

often detected (1, 9). A significant arterial discrepancy was
observed in TBA fetuses, while ventricular disproportion was
not obvious in our study. Moreover, the conventional cardiac
function parameters such as LVEF and RVFAC presented
slightly lower in d-TGA and TBA fetuses, without significant
differences between groups. These results might indicate that,
although the anatomy and hemodynamics of d-TGA and TBA
fetuses were widely different from those of normal controls, no
obvious changes were detected in ventricular morphological and
conventional cardiac function indices in the second trimester
(10, 11).

In our study, d-TGA and TBA fetuses had substantially
lower values in global and most RV segmental longitudinal
systolic peak velocity, strain, and strain rate compared with
normal controls. These results indicated that RV function
had already been impaired in mid-pregnancy, although the
morphological features and traditional systolic function index
(FAC) of RV were not obviously damaged.

This phenomenon might be related to the specific
anatomical features of RV and insufficient coronary oxygen
supply in TGA fetuses. First, unlike normal fetuses, the aortic
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artery did not arise from the left ventricle (LV) but RV in TGA,
which made RV completely or partially replace the function
of LV to bear the pressure of systemic circulation. In this
condition, RV was more likely to act as a functional LV (11).
As we know, RV had an irregular geometry with a thinner
wall, which was mainly made of longitudinal fibers. It was
characterized by weaker contractility, smaller afterload, and
greater compliance when compared with LV. In addition, RV
exhibited a peristaltic-like motion and did not have a torsional
motion such as LV (12, 13). Therefore, myocardial damage and
ventricular remodeling in RV became more possible when the
RV volume load changed and the stress of the wall increased.
Second, lower oxygen saturation in the aorta caused insufficient
coronary oxygen supply in coronary arteries in TGA fetuses,
even with some fetuses presenting abnormal development of
coronary arteries. This could lead to myocardial hypoperfusion,
which in turn resulted in myocardial ischemia and hypoxia in
RV (14, 15). Persistent myocardial ischemia and hypoxia would
contribute to ventricular remodeling. Such remodeling could

also be developed in response to varied forms of myocardial
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TABLE 5 Univariate and multivariate regression analyses for RVGLS and RVGLSR in the fetuses with d-TGA.

Variables RVGLSR
Univariate analysis Multivariate analysis Univariate analysis Multivariate analysis
r-value Standardized r-value P-value | Standardized g
Maternal age (y) <0.001 0.894 0.089 0.052 0.086
GA (AUA) (week) 0.004 0.605 0.016 0.328
PS 0.126 0.005 0.365 0.018 0.068 0.069 0.127
VSD 0.254 <0.001 0.496 0.006 0.185 0.003 0.328 0.024
z-score of DA <0.001 0.964 <0.001 0.932
z-score of FO 0.186 0.018 0.328 0.025 0.087 0.082 0.175
z-score of AO 0.003 0.766 <0.001 0.920
MR 0.052 0.312 0.028 0.258
TR 0.028 0.278 0.001 0.885

d-TGA, complete transposition of the great arteries; RVGLS, global longitudinal systolic strain; RVGLSR, global longitudinal systolic strain rate; GA (AUA), ultrasonic gestational age; PS,
pulmonary stenosis; VSD, ventricular septal defect; z-score of DA, the diameter of the arterial duct with a z-score < —2; z-score of FO, the diameter of oval foramen with a z-score < —2;
z-score of AO, the diameter of ascending aorta with a z-score < —2; MR, minor or moderate mitral regurgitation; TR, minor or moderate tricuspid regurgitation.

The bold values indicate the statistical difference.

TABLE 6 Univariate and multivariate regression analyses for RVGLS and RVGLSR in the fetuses with TBA.

Variables RVGLSR
Univariate analysis Multivariate analysis Univariate analysis Multivariate analysis
’ r-value ’ P-value | Standardizedp | P-value ‘ r-value ﬂ P-value | Standardized p | P-value

Maternal age (y) 0.006 0.563 0.087 0.069 0.128
GA (AUA) (week) 0.005 0.685 0.008 0.526

PS 0.356 <0.001 0.368 0.012 0.298 0.005 0.295 0.027
z-score of DA 0.002 0.879 <0.001 0.912

z-score of FO 0.016 0.262 0.005 0.724

z-score of AO 0.003 0.725 0.005 0.720

MR 0.012 0.286 0.028 0.164

TR 0.128 0.034 0.083 0.068 0.112

TBA, Taussig-Bing anomaly; RVGLS, global longitudinal systolic strain; RVGLSR, global longitudinal systolic strain rate; GA (AUA), ultrasonic gestational age; PS, pulmonary stenosis;
z-score of DA, the diameter of the arterial duct with a z-score < —2; z-score of FO, the diameter of oval foramen with a z-score < —2; z-score of AO, the diameter of ascending aorta with
a z-score < —2; MR, minor or moderate mitral regurgitation; TR, minor or moderate tricuspid regurgitation.

The bold values indicate the statistical difference.

injury and increased wall stress, causing reduced ventricular cause increased myocardial work in systole, which could result
systolic function and eventually heart failure (16). in impaired myocardial function; second, the ineffective shunt
In d-TGA and TBA fetuses, systemic circulation depends between ventricles would result in RV volume overload, which
on the right ventricle, while pulmonary circulation depends might hinder the maturation of RV myocardium, impede the
on the left ventricle. These two circulations work in parallel improvement of myocardial compliance, and slow the reduction
and communicate by three shunts, including FO, ductus of myocardial stiffness after birth (18, 19).
arteriosus (DA), and VSD (17). In this study, we found that The independent determinant of RVGLSs included the
RV cardiac function was obviously decreased when d-TGA diameter of oval foramen with a z-score < —2. This observation
fetuses were combined with FO, VSD, or PS and TBA fetuses might reflect a smaller interatrial shunt with lower FO growth
were combined with PS. Such anatomic features also proved in fetuses with d-TGA, which might affect RV function. When
to be the independent risk factors for impaired RV function. d-TGA and TBA fetuses were combined with smaller FO, there
In fetal TGA with VSD, it presented a bidirectional shunt might be a potential threat to fetal RV function. At the beginning
across VSD. The possible mechanism of its influence on RV of the second trimester, TGA fetuses had complex blood flow
function was mainly as follows: first, the presence of VSD led redistribution, which led to a lower FO growth, lower right-
to an ineffective shunt during the systolic period, and it would to-left shunt between the atria, and consequently, decreased
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Bland-Altman analysis of intraobserver variability for RVGLVs (A), RVGLSs (B), and RVGLSRs (C) and interobserver variability for RVGLVs (D),
RVGLSs (E), and RVGLSRs (F). RVGLVs, right ventricle longitudinal systolic peak velocity; RVGLSs, right ventricle global longitudinal systolic strain;

RVGLSRs, right ventricle global longitudinal systolic strain rate.

TABLE 7 Intraobserver and interobserver ICCs and 95% ClI for right
ventricular deformation parameters.

VVI parameter| Intra-observer Inter-observer

I1CC 95%CI ICC 95%CI
RVGLVs (cm/s) 0.738 0.457-0.887 0.794 0.547-0.913
RVGLSs (%) 0.806 0.569-0.919 0.743 0.459-0.890
RVGLSR:s (/s) 0.834 0.631-0.931 0.766 0.494-0.901

ICG, intraclass correlation coefficients; CI, confidence interval; RVGLVs, right ventricle
longitudinal systolic peak velocity; RVGLSs, right ventricle global longitudinal systolic
strain; RVGLSRs, right ventricle global longitudinal systolic strain rate.

antegrade ductal flow and increased pulmonary blood flow, and
eventually, the decreased of arterial duct blood flow (17, 20).
This would accelerate RV remodeling in TGA fetuses, resulting
in myocardial damage.

When TGA fetuses were associated with dysplasia of the
pulmonary trunk or branches, the main influencing mechanism
on RV systolic function might be as follows: this study included
fetuses with d-TGA and TBA fetuses with mild to moderate
pulmonary stenosis, and although the oxygenated flow to the
pulmonary artery was higher in TGA, the pulmonary flow might
be significantly reduced caused by PS. It would result in fetal
pulmonary circulation blood flow insufficiency and hypoxia
(15, 21). Additionally, most of the blood enters the systemic
circulation through the aorta and eventually returns to the right
heart, causing a volume overload of RV. Ventricular wall stress
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also increased with sustained RV volume overload, leading to
myocardial damage and ventricular remodeling (22, 23).

Limitations

There were still some limitations in this study. First, this was
a single-centered retrospective study. Some cases were excluded
due to incomplete information, poor-quality/unavailable
images, or extracardiac anomaly, and selection bias might
occur. Second, the four-chamber view was the most amenable
to longitudinal strain measurements, so we addressed only
longitudinal deformation and did not evaluate circumferential
or radial strain or twist or torsion. Finally, postnatal ventricular
cardiac function in TGA cases was not analyzed in our study.
Our further study might focus on the myocardial function
changes after birth. In addition, given that the RV was the
main pumping ventricle of the TGA fetuses, the left ventricular

function would be further studied in the follow-up study.

Conclusion

In TGA fetuses, impairment of RV function had already
occurred in mid-pregnancy. PS and VSD were independent
anatomic risk factors for decreased RV function. The
deformation parameters might be more sensitive indicators for
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early impairment of fetal ventricular function than traditional
cardiac function parameters.
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