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Contribution

What are the novel findings of this work?

The proposed novel fetal cardiac indices showed high sensitivity and specificity for prediction
an urgent balloon atrial septostomy (BAS) in TGA neonates suggestive of the impact of
hypoxemia and unique haemodynamic loading conditions on cardiac remodelling and

functional adaptation in simple TGA term fetuses.

What are the clinical implications of this work?

If our findings of predictive values of fetal cardiac parameters for emergency BAS in TGA
neonates are validated in larger prospective studies, a detailed cardiac assessment of TGA
fetuses near term could facilitate improvement of perinatal management and refining the

timing of postnatal intervention strategies to prevent adverse pregnancy outcome
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ABSTRACT

Aims: 1) To investigate the impact of abnormal perinatal loading conditions on cardiac
geometry and function in transposition of the great arteries with intact interventricular septum
(simple TGA) term fetuses and neonates, 2) to explore predictive values of fetal cardiac
parameters for an urgent balloon atrial septostomy (BAS) in TGA neonates.

Methods: Prospective longitudinal follow up study of 67 women delivering at term including
54 uncomplicated pregnancies with normal outcome and 13 pregnancies affected by fetal
simple TGA. Conventional, spectral tissue Doppler imaging and speckle tracking
echocardiographic parameters were obtained within one week before delivery and a first few
days after birth. Neonatal assessments were done after urgent BAS and before corrective
arterial switch surgery.

Results: Compared to normal pregnancy, TGA term fetuses exhibited more globular
hypertrophied ventricles, increased biventricular systolic function and diastolic dysfunction
(right ventricular [RV] sphericity index [Sl]: 0.54 vs. 0.58; left ventricular [LV] SI: 0.49 vs. 0.55,
combined cardiac output [CCO]: 406ml/min/kg vs. 483ml/min/kg, LV torsion 3.0deg/cm vs.
4.3deg/cm, RV isovolumetric relaxation time [IVRT’]: 102ms vs. 127ms, p<0.010 for all). TGA
neonates demonstrated biventricular hypertrophy, more spherical right ventricle and altered
systolic and diastolic functional parameters (RV Sl: 0.43 vs. 0.61, RV myocardial performance
index [MPI']: 0.34 vs. 0.47, CCO: 486ml/min/kg vs. 697ml/min/kg, LV IVRT": 79ms vs. 100ms,
RV IVRT’: 71lms vs. 106ms, p<0.001 for all). Paired comparison of fetal and neonatal cardiac
indices in TGA group showed persistence of the fetal phenotype, increased biventricular
systolic myocardial contractility and CCO, and diastolic dysfunction (RV myocardial
longitudinal systolic velocities [S’]: 6.8cm/s vs. 9.0cm/s, LV S’: 5.0cm/s vs. 6.0cm/s, LV torsion:

4.3deg/cm vs. 1.1deg/cm, p<0.001 for all). Several fetal cardiac parameters in TGA term
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fetuses revealed high predictive values for urgent BAS procedure after birth: LV rotation-to-
shortening ratio [RSR] - our proposed novel fetal cardiac index as a potential marker of
subendocardial dysfunction (the cut-off value >0.23, area under curve [AUC]=0.94,
sensitivity=100%, specificity=83%), and RV/LV end-diastolic area ratio >1.33, pulmonary
valve to aortic valve dimension ratio <0.89, RV/LV CO ratio >1.38, and foramen ovale (FO)
dimension to total interatrial septal length ratio <0.27 (AUC=0.93-0.98, sensitivity=86%,
specificity=83%-100% for all).

Conclusions: Simple TGA fetuses exhibited cardiac remodelling at term with more profound
alterations in these cardiac parameters after birth suggestive of adaptation to abnormal
loading conditions and possible adaptive responses to hypoxemia. Perinatal adaptation in
TGA might reflect persistence of the abnormal parallel arrangement of cardiovascular
circulation and presence of widely patent fetal shunts imposing volume load on the neonatal
heart. The fetal cardiac parameters that showed high predictive values for urgent BAS in TGA
neonates might reflect the impact of late-gestation pathophysiology and progressive
hypoxemia on fetal cardiac geometry and function. If these findings are validated in larger
prospective studies, the detailed cardiac assessment of TGA fetuses near term could facilitate
improvement of perinatal management and refining the timing of postnatal intervention

strategies to prevent adverse pregnancy outcome.

This article is protected by copyright. All rights reserved.



INTRODUCTION

Complete transposition of the great arteries (TGA) is a group of congenital cardiac defects
characterized by atrioventricular concordance and ventriculoarterial discordance, and is one
of the most common cyanotic heart defects accounting for 10% of all neonatal cyanotic cardiac
malformations 3. TGA with intact interventricular septum (simple TGA) is a very specific
abnormality in which the changes in fetal cardiovascular circulation around the time of birth
maybe associated with the restriction of the foramen ovale (FO) and/or ductus arteriosus 12
and blood flow redistribution 7 316 and subsequent development of severe hypoxemia
postnatally leading to rapid haemodynamic compromise and perinatal complications "8, The
premature shunt restriction in simple TGA fetuses requires an urgent balloon atrial septostomy
(BAS) performed in the first 24 hours after birth. Even with prenatal diagnosis of simple TGA,
prediction of postnatal instability in neonates may be difficult **. We hypothesized that
cardiovascular adaptation to blood flow redistribution in simple TGA at term could lead to
altered loading conditions faced by ventricles, thus affecting cardiac geometry and myocardial
contractility. In spite of modern cardiac technologies such as tissue Doppler and speckle
tracking echocardiography (STE) which demonstrated better sensitivity for detection of subtle
subclinical changes in myocardial contractility in fetuses 2% 2, there is paucity of data on the
cardiac functional assessment of simple TGA term fetuses due to the lack of studies performed
at the critical period near term, retrospective study design, and application only conventional
echocardiographic techniques with controversial findings & 1% 1316, Some data are available on
evaluation of neonatal cardiac geometry and function but results are conflicting with only three
of these studies using modern ultrasound modalities ¢ 2%, Prediction of urgent BAS
intervention after birth has not been fully elucidated and relied on retrospective fetal cardiac

measurements that produced conflicting reports 1% 2, The comprehensive evaluation of
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perinatal cardiac changes in TGA term fetuses with both conventional and modern ultrasound
modalities may help better understanding of this congenital heart malformation
pathophysiology, whereas prenatal prediction of an urgent BAS in neonates may help in
optimizing perinatal management, pregnancy outcome and reducing the risks of postnatal

cardiovascular complications.
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PATIENTS AND METHODS

Study Population

This was a prospective longitudinal study of singleton pregnancies at term including two
patient groups: uncomplicated pregnancies with normal outcome and those affected by TGA.
For the control group, pregnant women attending for routine antenatal care at St. George’s
Hospital were enrolled if the pregnancies were assessed as normal and fetuses had
structurally normal hearts. Pregnant women with a confirmed diagnosis of fetal simple TGA
were recruited in the Fetal Cardiology clinic at the Fetal Medicine Unit at St. George’s Hospital
between July 2014 and September 2016. They were asked to participate in this study if the
fetuses did not have any extracardiac structural and chromosomal abnormalities or impaired
fetal growth, and any maternal pre-pregnancy or pregnancy-related co-morbidity. The
neonatal assessment was conducted in the Paediatric Cardiology department at the Royal
Brompton Hospital. All participants gave written informed consents for fetal and neonatal
cardiac assessment. The Ethics Committee of NRES Committee London-Surrey Borders

approved the study protocol (Reference -12/L0O/0945).

Echocardiography

Fetal B-mode, M-mode, spectral pulsed-wave (PW) Doppler, spectral tissue Doppler imaging
(PW-TDI) and speckle tracking echocardiography (STE) were performed a few days before
birth. The neonatal cardiac assessment was conducted within hours after birth. There were
no patients excluded from the study because data could not be acquired. Prostaglandin
therapy was begun immediately after birth in all TGA neonates to keep the patency of the
ductus arteriosus. TGA neonates required urgent BAS were scanned within 24 hours after the

intervention. TGA newborns with non-restrictive FO that did not require BAS were receiving
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prostaglandin therapy at the time of the neonatal scan. Thus, both interatrial communication
and PDA were widely patent in all TGA neonates at the time of postnatal scans. One
investigator (OP) performed all fetal and neonatal ultrasound examinations using the same
ultrasound system Vivid E9 (General Electric, Zipf, Austria) at both hospital sites. Fetal M-
mode, B-mode, and PW Doppler measurements were made with the convex array obstetric
transducer 4C, while the paediatric/neonatal cardiac sector probe 12S was used for neonatal
heart examination. PW-TDI curves and 2D images for STE analysis were obtained and
recorded in the same manner and with the same linear ultrasound transducer M5S in both
fetal and neonatal groups. M-mode ultrasound was used for assessment of cardiac geometry
and function and ventricular longitudinal axis annular plan systolic motion. B-mode imaging
was performed for obtaining measurements of the cardiac valve and end-diastolic ventricular
dimensions and areas, and calculation of ventricular sphericity index (sphericity index=
ventricular end-diastolic dimension/end-diastolic length). Relative wall thickness of the
ventricles and interventricular septum was estimated as twice free wall thickness or septum
thickness divided by ventricular end-diastolic diameter ?°. The dimensions of FO to the total
inter-atrial septum length (TSL) were measured for calculation of FO/TSL ratio as previously
described 8 but with our modification of FO dimension measurements as a size of an effective
shunt across the interatrial septum visualised on 2D and confirmed by colour Doppler
technique. Additionally, appearance of and interatrial septum was examined and defined
according to the previously published criteria: redundant, if aneurysmal septum primum bulged
50% of the way to the left atrial free wall; flat, if the angle between the septum primum and the
rest of the atrial septum was <30 ; fixed, if the septum primum did not show the typical swinging
motion during the cardiac cycle; hypermobile, if the septum primum flap oscillated between

both atria & & ° 12.27_ The ductus arteriosus shunting pattern was described as antegrade
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(forward flow) or retrograde (reversed flow) & °. Pulsed wave (PW) Doppler technique was
used to obtain Doppler signals from the inflow and outflow tracts for evaluation of diastolic and
systolic function respectively and calculation of stroke volume (SV) and cardiac output (CO).
Angle correction was used for the alignment of an ultrasound beam with a blood flow because
of a variation in fetal positions. PW-tissue Doppler (PW-TDI ) technique was applied to derive
cardiac indices of myocardial motion in systole and diastole, and for measurement of
myocardial time-interval parameters allowing estimation of left ventricular (LV) and right
ventricular (RV) myocardial performance index (MPI'). Speckle tracking echocardiography
(STE) was used to derive all aspects of global and regional myocardial deformation
(longitudinal, circumferential, radial and rotational) with a frame rate greater than 100 frames
per second (fps). Digital clips were obtained, serially numbered and anonymized patient data
were then transferred to the dedicated software EchoPAC (version 112, GE Medical System)
for further analysis. The novel fetal cardiac index - LV rotation-to-shortening ratio (RSR) - as
a potential index of LV subendocardial dysfunction 2 2° was modified for the fetal heart
assessment with respect to the known variation of twist patterns in term fetuses . It was
calculated by dividing LV apical rotation by LV basal circumferential strain. All
echocardiographic measurements were performed according to the standardized protocol of
the study and with regards to previously described fetal echo techniques 2 (Supplemental
data). The time-interval values were adjusted by cardiac cycle length normalizing for the
difference in heart rate. Other fetal and neonatal indices were normalized by dividing
corresponding measurements by the ventricular length or end-diastolic dimension according
to the study methodology and previous publications 3034, The detailed analysis of the intra-
and inter-observer reproducibility on the ultrasound machine utilized for this study was

reported previously 32 333 and summarised in Supplemental data.
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Statistical Analysis

For strain rate as a primary outcome, a sample of 26 (13 normal and 13 with fetal TGA
pregnancies) would detect a rate of change (length/s) difference of 0.24 (equivalent to 10% of
the mean, 2.44), with power of 80%, significance level of 5%, and assuming a standard
deviation of 0.24. To allow for possible confounding factors including dropouts, this number
was doubled for normal pregnancies. Statistical analysis was performed using SPSS version
22.0 (SPSS Inc., Chicago, IL, USA). Both Shapiro-Wilk test and Kolmogorov-Smirnov test
were performed to assess the data for normality. For normally distributed data, paired T-test
and independent sample T-tests to compare fetal and neonatal cardiac variables were
performed as appropriate. For skewed data, Wilcoxon sign rank for paired data and Mann-
Whitney tests for unpaired comparisons were used. The categorical data were compared
using Pearson’s Chi-square test. The differences between groups were deemed as significant
only if the 2-tailed p-values were less than 0.01 (Bonferroni correction for type 1 error or false
positive results of multiple measurements). Additionally, the Receiver Operating
Characteristic (ROC) curve analysis with calculations of sensitivity and specificity of fetal
cardiac parameters and their cut-off values for prediction of BAS outcome in TGA neonates

was conducted.
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RESULTS

Maternal demographic characteristics and pregnancy details are summarized in Table 1. A
total of 67 pregnant women delivering at term consented to the study (54 normal pregnancies
and 13 with a diagnosis of fetal simple TGA). Postnatal scan assessment confirmed the
prenatal diagnosis of TGA as well as a very small (1.5mm) perimembranous ventricular septal
defect in two fetuses with TGA that were diagnosed prenatally. A restrictive FO was diagnosed
in 7 (54%) term TGA fetuses, but no cases of restrictive ductus arteriosus. After birth, a FO
restriction was found in 7 (54%) of neonates that required emergency BAS. The restrictive
flow across the interatrial septum diagnosed prenatally was confirmed in 6 fetuses; there were
one false negative and one false positive outcomes. Two neonates with restrictive FO had
also a restriction of ductus arteriosus in the first hours after birth, that was not seen at the time
of scan at 37-38 weeks of gestation. There were two cases of neonatal pulmonary
hypertension that required emergency BAS. One of the cases had only restrictive FO, where
the other case had both FO and ductus arteriosus restriction. There were no cases with
prenatal administration of corticosteroids in our study. Oxygen was administrated to all TGA
neonates after birth, whereas none required inotropic support. The need for emergency BAS
was based on a combination of clinical presentation of significant systemic hypoxemia
(preductal oxygen saturations <60%) in neonates on prostaglandin and restrictive flow across
the interatrial septum on postnatal echocardiography. The neonates were intubated and
sedated during BAS procedure. The maternal/fetal/neonatal characteristics, duration of
ventilation, prostaglandin E and oxygen need, and timing of echocardiographic evaluation did
not differ between TGA cases that required BAS procedure [BAS subgroup] and those that
did not have this intervention [non-BAS subgroup] (Supplemental Table S1). Subsequently,

all TGA neonates underwent arterial switch operation with the live outcomes.
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Cardiac Geometry

TGA fetuses demonstrated significantly decreased both LV and RV end-diastolic lengths
(EDL) with resulting significantly increased LV and RV sphericity indices compared to normal
term fetuses. There was an increase in relative thickness of IVS, LV and RV walls and aortic
valve (AV) dimensions, whereas pulmonary valve (PV) to AV dimension ratio was decreased
(Figure S1, Tables 2 and S2). TGA newborns showed decreased left atrioventricular valve
(AVV) measurements, LV end-diastolic dimensions (EDD), LV and RV EDL and PV size, while
the following indices were significantly increased: right AVV dimension, RV EDD, RV
sphericity index, the relative thickness of LV and RV walls and IVS, and AV dimension (Figure
S1, Tables 2 and S2). Perinatal changes in cardiac geometry in TGA group did not show any

significant alterations (Figure S1, Tables 2 and S2).

Global Myocardial Deformation and Performance

TGA fetuses showed increased RV longitudinal strain, LV basal circumferential and basal
radial strain/systolic strain rate values with an elevated LV torsion (Figure 1, Tables 3 and S2).
In comparison to the normal newborns, TGA neonates demonstrated significantly increased
both LV and RV longitudinal strain rates, LV basal and apical circumferential strain/systolic
strain rates, and LV basal radial strain/systolic strain rates (Figure 1 and Table S2). There was
also significantly increased RV and LV myocardial performance index (MPI'), and LV and IVS
annular plane longitudinal systolic motion (Table 3 and S2). Perinatal changes in TGA group
showed a significant increase in LV basal circumferential strain and basal radial strain and

reduced LV torsion (Figure 1, Tables 3 and S2).
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Systolic Function

TGA fetuses revealed significantly increased both LV and RV ejection time periods, RV
systolic myocardial velocities S’ with increased both RV CO and combined cardiac outputs
(CCO) (Figure S1, Tables 3 and S2). TGA neonates differed from the normal group by
significantly increased heart rate, LV CO, RV CO, CCO, LV ejection time (ET’) periods, both
LV and RV isovolumetric contraction times (IVCT’) and LV, RV, and IVS myocardial systolic
annular velocities S’ (Figure S1, Tables 3 and S2). Perinatal changes in TGA group revealed
a significant increase in CCO at the expense of an increase in both LV and RV output without
change in fetal heart rate, and a significant perinatal increase in RV ET’ and LV, RV and IVS

myocardial longitudinal systolic velocities S’ (Figure S1, Tables 3 and S2).

Diastolic Function

In comparison to normal fetuses, TGA fetal group demonstrated a significantly prolonged RV
isovolumetric relaxation time (IVRT’) and decreased both LV and RV relaxation time (RT’)
intervals (Figure S1, Tables 3 and S2). Postnatally, in comparison to normal newborns, TGA
neonates had significantly lower values of LV and RV E/A and E'/A’ ratios (both ratios<1), and
decreased both LV and RV RT’, while both LV and RV IVRT' were increased (Figure S1,
Tables 3 and S2). Perinatal changes showed persistence of biventricular diastolic dysfunction

(Figure S1, Tables 3 and S2).

A summary of alterations in cardiac parameters in TGA term fetuses and neonates compared

to normal groups and perinatal changes in TGA group is presented in Figure 2 and Table 4.

Reproducibility study results are summarized in Table S3 as previously reported 32 33.35,
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Fetal cardiac parameters predictive for urgent BAS in TGA neonates

Comparing TGA fetuses in the subgroups of BAS with non-BAS, several geometrical and
functional cardiac parameters showed significant differences (Figures 3 and S2). Our
proposed novel fetal index LV rotation-to-shortening ratio (RSR) with cut-off value > 0.23
showed 100% sensitivity at a slight expense of specificity (83%) for prediction of an urgent
BAS in neonates. The following fetal cardiac parameters also revealed high predictive values
for BAS with sensitivity of 86% and specificity 86%-100% for all: RV/LV end-diastolic area
ratio, PV/AV dimension ratio, RV/LV CO ratio, and FO/TSL ratio (Table 5 and Figure 4). There
was a strong negative correlation of FO/TDL ratio with RV/LV CO and RV/LV end-diastolic
area ratios (Figure S3). There were neither significant differences in prevalence of
hypermobility, flat/fixed appearance, redundancy of the FO flap, nor alterations in a retrograde

diastolic flow in ductus arteriosus in non-BAS vs. BAS subgroups (Table S1).
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DISCUSSION

Simple TGA fetuses exhibited cardiac remodelling at term with more profound alterations in
these cardiac parameters after birth suggestive of adaptation to abnormal loading conditions
and responses to hypoxemia. The fetal cardiac parameters that showed high predictive values
for urgent BAS reflect the impact of these pathophysiological changes on fetal cardiac
geometry and function. If these findings are validated in larger prospective studies, detailed
cardiac assessment of TGA fetuses near term could improve perinatal management and

pregnancy outcomes.

Fetal Cardiac Geometry and Function

Current knowledge of cardiovascular circulation in fetuses with TGA is based on Professor
Abraham Morris Rudolph’s theoretical postulates, whereby preferential blood streaming
through the ductus venosus across FO to the left heart delivers highly oxygenated blood to
the pulmonary circulation and descending aorta °. He suggested that pulmonary artery oxygen
saturation in fetal TGA is increased to more than 70% compared to 55% in normal fetuses
(Figure 5). Both the fetal pulmonary circulation and ductus arteriosus become increasingly
sensitive to the high oxygen content towards the end of gestation 83, which may predispose
to restriction of FO and ductus arteriosus at term & 4% and blood flow redistribution ” 13-1¢,
Rudolph also proposed that blood flow to the right ventricle would have a low oxygen content,
such that the saturation in the ascending aorta and cerebrovascular circulation would be as
much as 20% lower than in the normal fetuses ° (Figure 5). TGA term fetuses in our study
revealed the more spherical hypertrophied RV and LV chambers and a significant increase in
biventricular systolic contractility and LV torsion, facilitating an increase in RV CO and CCO

and diastolic dysfunction. These findings support the theory that in TGA term fetuses, a higher
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oxygen content of blood in the left heart and pulmonary artery lowers pulmonary vascular
resistance with a subsequently increased pulmonary venous return thereby increasing LV
preload 714 18 3739 'whereas a smaller diameter of the ductus arteriosus occurring in the late
pregnancy in proportion of TGA fetuses can lead to elevation of LV afterload & 38 4% (Figure
6). The known afterload sensitivity of the fetal heart may limit the ability of the left ventricle to
increase the cardiac output above the normal values found in our study *! 42, In comparison,
an increased venous return from the lungs elevates of left atrial pressure resulting in a relative
restriction of FO and reduction of the right-to-left shunting across the atrial septum, thereby
increasing RV preload & #8, whilst RV afterload decreases because the right ventricle has to
pump against a relatively low cerebrovascular resistance at term “® (Figure 6). Our findings of
significantly raised RV CO and CCO reflect an increased volume workload of the right ventricle
delivering the blood flow towards the coronary and cerebrovascular circulation, and consistent
with the recent MRI and echocardiographic Doppler studies " > 16, Greater preload and/or
afterload contribute to compensatory wall thickening and greater ventricular chamber
sphericity observed in both left and right ventricles in TGA fetuses 2* 447, The increased
myocardial contractility is associated with a decreased capillary density coupled with impaired
relaxation of the heart **°. In concordance, our results revealed biventricular diastolic
dysfunction in TGA term fetuses that was evident from reduced LV and RV relaxation time
and prolonged RV IVRT'. Some previous publications reported the different ventricular
morphology and myocardial time-interval values !, and unchanged CCO with left CO
preponderance in simple TGA fetuses'® 4. These discrepancies can be explained by the
retrospective design of these studies, inclusion of fetuses less than 37 weeks and non-
adjustment of myocardial time-intervals for the difference in fetal heart rate. Additionally, our

TGA data showed an increase in an aortic to pulmonary valve ratio due to aortic valve
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enlargement that can be indicative of a vessel size alterations as a consequence of
embryologic pathogenesis *°, and also reflect an flow mediated vascular remodelling due to

adverse haemodynamic loading conditions 1416 52,

Neonatal Cardiac Geometry and Function

TGA neonates (all under prostaglandin E perfusion) demonstrated profound changes in all
cardiac indices. The observed alterations could reflect a persistent abnormal parallel
circulation and ventricular adaptation to the altered haemodynamic load. Postnatal
adjustments in vascular resistance resulting in an elevation in systemic vascular pressure
would impose an additional afterload on the right ventricle contributing to the increased RV
sphericity and chamber hypertrophy °2 %3, In contrast, our findings of a smaller left ventricle
compared to the normal neonatal heart may reflect a reduced LV afterload due to the fall in
pulmonary vascular resistance. The presence of widely open FO and ductus arteriosus might
be responsible for equalization of systemic and pulmonary pressures and volumes *.
Therefore, both ventricles are subjects to an increased haemodynamic preload explaining the
persistent globular morphology of the heart, increased heart rate, biventricular contractility and
elevated both LV and RV CO in TGA neonates 6. The unique ability of the postnatal right
ventricle to significantly increase CO in presence of increased afterload was recently
demonstrated in a lamb model of congenital heart defect °2 54 and in agreement with our results
in human TGA neonates. Diastolic function in TGA neonates was significantly reduced with
more profound changes observed in RV myocardial performance. Patients with dominant
postnatal right ventricle often develop progressive RV dysfunction over time that may be
related to differences in morphology, genetic profile and haemodynamic exposure between

left and right ventricles 5%,

This article is protected by copyright. All rights reserved.



Perinatal Changes in TGA group

Perinatal cardiac changes from TGA fetus to TGA neonate differed from normal transitional
cardiovascular adaptation we described previously 3! and revealed the unchanged fetal
cardiac phenotype, significantly increased biventricular systolic contractility, reduced LV
torsion reflecting deterioration of LV diastolic dysfunction, and elevated biventricular cardiac
output. These alterations can be attributed to persistence of the abnormal parallel
arrangement of cardiovascular circulation, and also presence of the widely patent ductus
arteriosus and FO shunts imposing an additional hemodynamic volume load on the neonatal

heart.

Predictive values of cardiac parameters in TGA term fetuses for neonatal emergency
BAS

Prenatal prediction of urgent BAS procedure after birth relies on retrospective fetal
echocardiographic studies performed before 37 weeks of gestation producing conflicting
results +1% 12 (Table S4). Variability of FO and ductus arteriosus responses was thought to be
related to the amount of umbilical venous blood passing through the ductus venosus > 8, In
our study, TGA fetuses in the BAS subgroup showed significantly increased RV/LV end-
diastolic area ratio and decreased both PV/AV and FO/TSL dimension ratios reflecting
reduced blood flow across a restrictive FO resulting in the increased blood flow to the right
heart, RV enlargement and aortic dilatation . Such pronounced blood flow redistribution
toward the cerebrovascular circulation is also consistent with a compensatory response to
hypoxemia 18 696162 (Figure 6). Moreover, fetal FO and ductus arteriosus restriction can lead

to the same blood flowing between the lungs and the left ventricle with richly oxygenated blood
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from placenta bypassing the left heart, thus creating an isolation of pulmonary circulation and
pulmonary hypoxemia ’ (Figure 6). Fetuses in the BAS subgroup also had an increased RV/LV
CO ratio at the expense of a significant fall in LV CO and reduced LV basal circumferential
strain, thus revealing LV dysfunction from pulmonary hypoxemia and increased LV afterload
due to ductus arteriosus constriction 2°. A significantly increased LV apical systolic rotation in
these fetuses might reflect a compensatory mechanism for improving LV diastolic dysfunction
as a result of the ventricular interaction where expansion of RV chamber causes an apparent
decrease in LV compliance 0%, Elevated LV apical rotation can also be a result of an
increased afterload faced by the left ventricle resulting in subendocardial microvascular
insufficiency, increased oxygen demand and LV myocardial helical imbalance %2, We
proposed a novel modified index for fetal heart assessment, namely LV rotation-to-shortening
ratio (RSR) as a ratio of apical systolic rotation to basal circumferential strain. RSR
demonstrated the highest sensitivity for prediction emergency BAS in our newborns that might
indicate the impact of hypoxemia and blood flow redistribution on fetal myocardium in fetuses
with shunt restriction 28 2°, Our finding of a reduced FO/TSL ratio as predictive cardiac

parameter for urgent atrial septostomy at birth is in concordance with one recent study &.

STRENGTH AND LIMITATIONS

Comprehensive cardiac evaluation with application of modern ultrasound modalities including
novel assessment of fetal LV torsion was an advantage of this study. The strict methodology,
the same manner of fetal and neonatal cardiac assessment and good reproducibility are
additional strengths. The limitation of our study was a proportionately small number of TGA
pregnancies (n=13). However, the study power was sufficient to demonstrate significant

alterations in cardiac parameters in this study group. Our preliminary findings of predictive
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values of novel and conventional cardiac indices in TGA term fetuses for urgent BAS in

neonates prompt further investigations of this issue in larger prospective studies.

CONCLUSIONS

Our results demonstrated that TGA term fetuses and neonates exhibited altered cardiac
phenotype and different functional perinatal adaptation with evidence of more globular
hypertrophied ventricles, markedly increased biventricular systolic contractility and diastolic
dysfunction prenatally with more profound alterations in these cardiac parameters after birth.
These findings are suggestive of cardiac adaptation to the abnormal loading conditions of TGA
as a consequence of blood flow redistribution at term and persistence of abnormal parallel
arrangement of cardiovascular circulation postnatally. Several cardiac indices in TGA term
fetus showed high sensitivity and specificity for prediction of urgent BAS after birth reflecting
compensatory cardiovascular responses to late-gestation pathophysiology and fetal
hypoxemia. If our findings of predictive values of fetal cardiac parameters for urgent BAS in
TGA neonates are validated in larger prospective studies, the detailed cardiac assessment of
TGA fetuses near term could facilitate improved perinatal management and pregnancy

outcome.
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Figure legends

Figure 1 Myocardial deformation indices in TGA term fetal and neonate compared to
normal groups. (A) Speckle tracking myocardial deformational curve showing LV
circumferential strain in TGA term fetus obtained from LV short axis view. The box-and-
whiskers plots show alterations in (B) LV basal systolic circumferential strain [C-S] and (C) LV
basal systolic circumferential strain rate [C-SR] in TGA groups compared to normal controls.
Normal fetuses and neonates are shown in white, and TGA groups are in black colour. Boxes
represent median and interquartile range, and whiskers are 5" and 95™ centiles; *, p-value <
0.001; 1, p-value <0.01 compared normal term fetuses with TGA term fetuses, and normal

neonate with TGA neonates; §, p-value <0.01 compared TGA fetuses with TGA neonates.

Figure 2 Summary of significant cardiac geometrical and functional alterations in TGA
term fetuses and neonates compared to normal controls. The spiderweb plot showing
significant alterations of cardiac parameters in TGA term fetuses (in blue) and TGA neonates
(in red) compared to fetal and neonatal normal controls (in green). CO, cardiac output; CCO,
combined cardiac output; C-SR, circumferential strain rate; IVRT’, isovolumetric relaxation
time; L-S, longitudinal strain; LV, left ventricular; RV, right ventricular; S’, systolic myocardial

velocities; Sl, sphericity index.

Figure 3 Significantly different fetal cardiac parameters in non-BAS vs BAS TGA term
fetuses. The box-and-whiskers plots show significant differences between non-BAS and BAS
subgroups of TGA term fetuses in (A) LV rotation-to-shortening ratio [RSR], (B) RV/LV end-
diastolic area ratio, (C) pulmonary valve to aortic valve dimension ratio, (D) RV/LV cardiac

output ratio, and (E) foramen ovale shunt size to total interatrial septal length ratio [FO/TSL].
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Non-BAS fetuses are shown in white, and BAS fetuses are in black colour. Boxes represent
median and interquartile range, and whiskers are 5" and 95" centiles. Rotation-to-shortening

ratio (RSR) = LV apical systolic rotation / LV basal circumferential strain.

Figure 4 Receiver Operating Characteristic (ROC) curves of fetal cardiac indices for
prediction of emergency balloon atrial septostomy (BAS) in TGA neonates. ROC curves
demonstrating sensitivity and specificity of cardiac parameters in TGA term fetuses for an
urgent neonatal BAS prediction: LV rotation-to- shortening ratio [RSR] (in red), pulmonary
valve to aortic valve [PV/AV] dimension ratio (in purple), RV to LV end-diastolic area ratio (in
turquoise), foramen ovale to total interatrial septal length [FO/TSL] dimension ratio (in yellow),

RV/LV cardiac output [CO] ratio (blue curve).

Figure 5 Patterns of blood flow and percentages of the oxygen saturation in main
vessels in (A) normal fetus and (B) fetus with simple TGA at term. The figure
demonstrates considerably greater than normal oxygen saturation in the pulmonary artery in
TGA term fetus, while oxygen saturation in the ascending aorta is less than normal
(percentage of oxygen saturation is shown in blue circles). The oxygen saturations shown in
normal term fetuses were derived from fetal lambs in utero; the assumptions of volumes of
blood flow were used in calculating oxygen saturations in the main vessels in simple TGA term
fetuses. Ao, aorta; LA, left atrium; LV, left ventricle; PA, pulmonary artery; RA, right atrium;

RV, right ventricle. Adapted with permission from Rudolph 8,

Figure 6 Schematic representation of haemodynamic and ventricular loading

conditions alterations in simple TGA fetuses at term. The diagram showing blood flow in
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TGA term fetuses where alterations in oxygen delivery to pulmonary and cerebrovascular
circulations in TGA malformation around time of birth can lead to blood flow redistribution and
fetal shunt restriction resulting in both changes in cardiac loading conditions and, in proportion
of fetuses, in systemic/pulmonary hypoxemia, thus impacting cardiac geometry and function.
Ao, aorta; DA, ductus arteriosus; DV, ductus venosus; FO, foramen ovale; LA, left atrium; LV,

left ventricle; PA, pulmonary artery; RA, right atrium; RV, right ventricle; UV, umbilical vein.

Supplemental figure legends

Figure S1 Cardiac indices in TGA term fetuses and neonates compared to normal groups and
perinatal changes in TGA group.

Figure S2 Additional significantly different fetal cardiac parameters in non-BAS vs BAS TGA
term fetuses.

Figure S3 Significant association between TGA fetal cardiac parameters predictive for urgent

BAS after birth.

Supplemental tables

Table S1 Demographic characteristic of non-BAS vs BAS TGA term fetuses

Table S2 Perinatal changes in cardiac geometry and function in TGA term fetuses and
neonates compared to normal groups with crude and normalized values.

Table S3. Intra- and inter-observer errors of fetal and neonatal cardia indices.

Table S4 Fetal studies assessing foramen ovale and ductus arteriosus in simple TGA.
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TABLES

Table 1. Demographic characteristic of the study population
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Parameters Normal TGA p-value
(n=54) (n=13)

Maternal characteristics

Maternal age (years) 33+5 29+6 0.018

Ethnicity (number): Caucasian 35 (65%) 11 (85%) 0.151
Asian 15 (28%) 2 (15%)
Afro-Caribbean 4 (7%) 0 (0%)

Delivery mode (C-section) (number) 14 (26%) 8 (62%) 0.025

Gestational age at delivery (weeks) 40+0.1 39+0.6 0.092

Fetal cardiac assessment

Gestational age (weeks) 38 (3) 38 (1) 0.129

Time gap between the fetal scan and birth | 10 (4) 8 (7) 0.097

(days)

Restrictive FO (number) 0 (0%) 7 (54%) 0.010

Neonatal cardiac assessment after birth (before ASO)

Neonate’s age at the time of scan (hours) 18 (13) 27 (21) 0.056

Neonate’s sex (male) (number) 28 (52%) 11 (85%) 0.060

Neonate’s weight (kilograms) 3.49+044 3.29+0.29 0.190

O presence (number) 54 (100%) 13 (100%) 0.890

DA presence (number) 43 (79%) 13 (100%) 0.007

Tricuspid regurgitation presence (number) 3 (6%) 8 (62%) 0.008

Restrictive FO required BAS (number) 0 (0%) 7 (54%) 0.010

Restrictive DA (number) 0 (0%) 2 (15%) 0.116

Values are mean + SD, median (interquartile range), or n (%); BAS, balloon atrial septostomy;

DA, ductus arteriosus; FO, foramen ovale; TGA, transposition of the great arteries.
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Table 2. Perinatal changes in cardiac geometry in TGA term fetuses and neonates compared

to normal controls

Fetus at term Neonate
Parameters Normal TGA Normal TGA
LV sphericity index 0.49 (0.06) 0.55 (0.07)t 0.50 (0.04) 0.54 (0.03)
RV sphericity index 0.54 (0.12) 0.58 (0.21)t 0.43 (0.03) 0.61 (0.04)*
LAVV dimension, mm 8.84 £ 1.07 8.39+1.39 9.82+0.86 8.59 +1.52*
RAVV dimension, mm 10.46 + 1.22 10.44 + 0.71 9.26+1.01 10.38 + 1.31*
RAVV/LAVV ratio 1.18 (0.21) 1.18 (0.49) 0.97 (0.08) 1.24 (0.20)*
LV EDD, mm 14.08 + 2.14 13.90 + 2.20 16.83 + 1.65 14.96 + 2.61*
RV EDD, mm 16.80 (2.70) 17.60 (2.30) 13.89+ 1.54 17.33 + 1.49*
RV/LV EDD ratio 1.20 (0.21) 1.26 (0.28) 0.86 (0.12) 1.16 (0.21)*
LV EDL, mm 29.44 + 4.86 25.61 +4.64t |34.25(5.1) 28.1 (4.0)*
RV EDL, mm 30.54 +4.94 26.92 + 3.871 32.30 £ 3.23 29.81 + 1.90t
IVS relative thickness 0.50+0.13 0.78 £ 0.23* 0.49+0.14 0.78 + 0.23*
LV RWT 0.55+0.24 0.60 £ 0.25* 0.54 +0.13 0.76 £ 0.23*
RV RWT 0.62+0.12 0.97 + 0.32* 0.60 £ 0.16 0.85 + 0.21*
AV dimension, mm 7.67+0.73 8.90 + 1.20* 8.20+0.81 9.49 + 1.21*
PV dimension, mm 8.43+0.76 8.16 £ 1.20 9.11+0.68 8.48 + 1.371
PV/AV dimension ratio | 1.08 (0.04) 1.00 (0.14)* 1.10 (0.12) 0.88 (0.10)*

Values are mean +* SD, median (interquartile range). EDL, end-diastolic length; LAVV, left

atrioventricular valve; LV, left ventricular; RAVV, right atrioventricular valve; RV, right

ventricular; RWT, relative wall thickness; TGA, transposition of the great arteries. Relative wall
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thickness = (2 x wall thickness)/EDD. *, p-value < 0.001; t, p-value <0.01 compared normal

term fetuses with TGA term fetuses, and normal neonates with TGA neonates.
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Table 3. Perinatal changes in cardiac function in TGA term fetuses and neonates compared

to normal controls.

Parameters Fetus at term Neonate

Normal TGA Normal TGA

Global myocardial performance

LV MPI’ 0.52 (0.14) 0.45 (0.16) 0.39 (0.11) 0.47 (0.13)*
RV MPI’ 0.52 (0.13) 0.52 (0.19) 0.34 (0.06) 0.47 (0.09)*
LV torsion, deg/cm 3.00 (3.10) 4.27 (3.96) T 1.40 (2.52) 1.10 (3.53)%

Systolic function

Heart rate, bpm 138+ 9 141 £ 11 116 £ 13 146 + 11*
LV CO, ml/min/kg 197 (75) 220 (141) 269 (86) 299 (200)*§
RV CO, ml/min/kg 213 (73) 273 (172)t 208 (68) 358 (167)*%
CCO, ml/min/kg 406 (100) 483 (162)t 486 (179) 697 (380)*t
LV S, cm/s 0.16 (0.12) 0.18 (0.06) 0.14 (0.07) 0.23 (0.09)*§
IVS S’, cm/s 0.13 (0.17) 0.15 (0.09) 0.13 (0.05) 0.19 (0.07)t8
RV S’ cm/s 0.17 (0.11) 0.24 (0.09)t 0.20 (0.08) 0.31 (0.10)*%
LV ejection time’, ms 371 (40) 425 (40)t 394 + 40 436 + 30*
LV IVCT’, ms 97 (11) 92 (20) 78 + 14 93 + 1*

RV ejection time’, ms 390 (84) 419 (5)t 434 (70) 447 (49)8
RV IVCT’, ms 96 (52) 103 (38) 70 (15) 94 (3)*

Diastolic function

LV EVA 0.78 (0.24) 0.57 (0.27) 1.24 (0.27) 0.62 (0.21)*

IVS E/A’ 0.71 (0.14) 0.78 (0.25) 1.03 £ 0.29 0.76 + 0.151
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LV relaxation time’, ms | 410 = 47 373 + 537 450 * 63 378 + 60*
LV IVRT’, ms 98 (30) 104 (24) 79+ 16 100 * 25*
RV relaxation time’, ms | 398 (51) 372 (59)t 416 (81) 341 (85)*
RV IVRT’, ms 102 (33) 127 (30)t 71 (16) 106 (40)*

Values are mean = SD, median (interquartile range). A’, atrial contraction myocardial diastolic

peak velocity, derived by PW TDI; CO, cardiac output; CCO, combined cardiac output; E’,

early diastolic myocardial peak velocity derived by PW-TDI; EDD, end-diastolic dimension;

IVCT’, isovolumetric contraction time obtained by PW-TDI; IVS, interventricular septal; IVRT’,

isovolumetric relaxation time obtained by PW-TDI; LV, left ventricular; RV, right ventricular;

TGA, transposition of the great arteries. Values are normalized by cardiac cycle length,

ventricular end-diastolic length or EDD as appropriate. *, p-value < 0.001; t, p-value <0.01

compared normal term fetuses with TGA term fetuses, and normal neonates with TGA

neonates; I, p-values < 0.001 and 8§, p-value <0.01 compared TGA fetuses with TGA

neonates.
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Table 4. Summary of significant alterations in cardiac parameters in TGA term fetuses and

neonates compared to normal groups and significant perinatal changes in TGA group

Cardiac geometry

Myocardial deformation

Systolic function

Diastolic function

TGA term fetuses compared to Normal term fetuses

TLV and RV sphericity | TRV longitudinal strain TRV systolic | YLV and RV
velocities S’ relaxation time’
MVS, LV and RV | TLVsasa circumferential strain | TLV and RV ejection | TRV IVRT’
relative wall thickness | and systolic strain rate time’
TAortic valve | TLVpasa radial strain and | TRV CO and CCO
dimension systolic strain rate
TLV torsion
TGA neonates compared to Normal neonates
TRV sphericity TLV and RV longitudinal | THeart rate JLV and RV E/A
strain and systolic strain rate (<1)
LV end-diastolic | TLVbasal & apical Circumferential | TLV and RV CO, and | 4LV and IVS E'/A’
dimension strain and systolic strain rate | CCO (<1)
LV end-diastolic | TLVpasa radial strain and | TLV, RV and IVS|JLV and RV
length systolic strain rate systolic velocities S’ | relaxation time’
MVS, LV and RV |TLVand RV MPI TLV ejection time’ TLV and RV IVRT'
relative wall thickness
TAortic valve and | TMAPSE and SAPSE TLV and RV IVCT’
JPulmonary valve
dimensions

Perinatal changes in TGA group (TGA term fetuses compared to TGA neo

nates)

ML Vpasa Circumferential strain

TLV and RV CO, and

CCO

ML Vpasa radial strain

TLV,RVand IVS S’

dLV torsion

TRV ejection time’

CCO, combined cardiac output; CO, cardiac output; E/A, transvalvular early diastolic velocity

to late atrial contraction velocity ratio obtained by PW Doppler; E'/A’, early diastolic myocardial

velocity to late atrial contraction myocardial velocity ratio; IVCT’, isovolumetric contraction time

by PW-TDI; IVRT’, isovolumetric relaxation time; IVS, interventricular septum; LV, left
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ventricle; MAPSE, mitral annular plane systolic excursion; MPI', myocardial performance
index; RV, right ventricle; S’, myocardial systolic velocities; SAPSE, septal annular plane

systolic excursion; TGA, transposition of the great arteries; all indices with () are obtained by

PW-TDI.

This article is protected by copyright. All rights reserved.



Table 5. Predictive values of fetal cardiac indices for restrictive foramen ovale required

emergency balloon atrial septostomy in TGA neonates

LV apicalRV/LV  end-Pulmonary  |RV/LV FO size to
rotation-to-  |diastolic areajvalve to aorticlcardiac outputitotal interatrial
p shortening ratio valve ratio septal length
arameters ) ) . )
ratio dimension ratio
ratio
(LV RSR) (RVILV EDA) |(PVIAV) (RV/LV CO) |(FO/TSL)
Area under curve (AUC)|0.94 0.98 0.98 0.95 0.93
AUC 95% CI 0.81-1.00 |090-1.00 |[0.90-1.00 [0.84-1.00 |0.78-1.00
P-value 0.009 0.004 0.004 0.007 0.010
Cut-off value >0.23 >1.33 <0.89 > 1.38 <0.27
e 100 86 86 86 86
Sensitivity (95% Cl), %
yOS%CD. % |y 100)  |(42- 99) (42 - 99) (42 - 99) (42 - 99)
T 83 100 100 83 83
Specificity (95% CI), %
pecificity (95% C). % | 32 a9y |52-100) [(B2-100) [(37-99)  |(37- 99)
Likelihood Ratio 11 12 12 9 9

Cl, confidence interval; LV, left ventricular; RV, right ventricular. Rotation-to-shortening ratio

(RSR) = LV apical rotation / LV basal circumferential strain.

This article is protected by copyright. All rights reserved.




SEGMENTAL

TEMTION !

| Antsept| Ant | iak |

2782 2582 -21.73 -2336 -26.21

~2PRD 354 -4 -2336 -26.21
-0.m -0.02 -0.01 .15 0.28

0
%k
0.0 —
.2
g
2 _
£ @ + [
R -4 * =10
k] 3
E -6 £ £
g 2 .15
@ &
o -8 o
2 3
-20
1.0 e
12 =25
FETUS NEONATE FETUS NEONATE
NORMAL  TGA NORMAL  TGA NORMAL TGA NORMAL TGA
Figure 1.

Accepted Article

This article is protected by copyright. All rights reserved.






LV RSR (rotation-to-shortening ratio)
S

p=0.009

—

>

non-BAS BAS

TGA term fetuses

Pulmonary valve/Aortic valve dimension ratio

0

FO/TSL ratio
[

&=

Accepted Article

Figure 3.

p<0.0001
non-BAS BAS
TGA term fetuses
p=0.005
T
1
non-BAS BAS
TGA term fetuses

RVI/LV end-diastolic area ratio

RVILV Cardiac Output ratio

20

p=0.002
18
16
14
12
1.0
8
non-BAS BAS
TGA term fetuses
25 p=0.003
20
15
1.0
5
non-BAS BAS
TGA term fetuses

This article is protected by copyright. All rights reserved.




ROC Curve

1.0
i
0.8
2
5 0.6
-
0
&
[
7]
04 ,
LV RTR [rotation-to-shortening ratio] (AUC=0.94, p=0.009)
PV/AV dimension ratio (AUC=0.98, p=0.004)
0.2 / RV/LV end-diastolic area ratio (AUC=0.98, p=0.004)
FO/TSL dimension ratio (AUC=0.93, p=0.010)
0 RV/LV CO ratio (AUC=0.95, p=0.007)
0 0.2 0.4 0.6 0.8 1.0
1 - Specificity
Figure 4.

Accepted Article

This article is protected by copyright. All rights reserved.



>

Figure S.

Accepted Article

Normal term fetus Simple TGA term fetus

This article is protected by copyright. All rights reserved.



Preferential streaming

102 uv
PA |« LV |< LA FO RA k— | DV / T RA RV Ao

_ 102

A4

rticle

-

A

ulmonary vascular DA Cerebrovascular
circulation circulation
Cerebrovascular /
102 resistance is decreased
| Pulmonary r at term

DA restriction

vadcular resistance

y

! Poudgqufgn + LV preload | [ 1 LV afterload | RV afterload
B Pulmonary circulation Cerebrovascular
+ LA pressure T RV preload hypoxaemia hypoxaemia

l

O restriction

A

This article is protected by copyright. All rights reserved.



	Echocardiography
	Statistical Analysis
	We are grateful to Emeritus Professor of Paediatrics Abraham Morris Rudolph for his interest in our research, invaluable help in reviewing study findings, and his intellectual input to the manuscript context. We acknowledge all patients that have take...



