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Resum de |la tesi

Noves modalitats per avaluar el remodelat cardiovascular en fetus amb

cardiopaties congénites

Introduccié

Les cardiopaties congénites son les malformacions congenites severes més freqiients.
Donat que el diagnostic prenatal és optim, la investigacio actual estudia el remodelat
cardiovascular per millorar I’avaluacié pronostica abans de néixer. El remodelat parteix
de canvis subtils dificils d’identificar mitjancant ecocardiografia estandard, pel que I'Us
de técniques avancades, com l'ecocardiografia speckle tracking, permet estudiar
parametres més sensibles com [I'strain (deformacid miocardica). Existeixen
biomarcadors de remodelat cardiovascular: péptid natriurétic tipus-B (marcador de
disfuncié cardiaca), Troponina | (marcador de lesié miocardica), transforming growth
factor 8 (citoquina segregada en resposta a una sobrecarrega de pressié o volum), factor
de creixement placentari i el seu receptor soluble (sFlt-1) (factors de creixement
endotelial vascular), que poden ser estudiats en sang umbilical i podrien aportar

informacié complementaria a I'ecocardiografia.

Hipotesi

1. L'ecocardiografia “speckle tracking” és una eina aplicable per avaluar el
remodelat cardiovascular (canvis morfométrics i funcionals cardiacs) en el cor
fetal normal.

2. Ll'ecocardiografia “speckle tracking” en combinaci® amb I'ecocardiografia
convencional permet [I'avaluacié acurada dels patrons de remodelat
cardiovascular associats amb les cardiopaties congenites a I’etapa prenatal.

3. Les cardiopaties congenites estan associades a patrons especifics de
biomarcadors cardiovasculars i factors angiogénics en sang de cordd i es
correlacionen amb parametres ecocardiografics.

4. Lla incorporacié de l'ecocardiografia “speckle tracking” a la vida fetal millora

I’avaluacid pronostica de les cardiopaties congenites.

13



Objectius

1. Demostrar 'aplicabilitat de I'ecocardiografia “speckle tracking” per I’avaluacio
de parametres morfometrics i funcionals en vida fetal en una cohort de fetus
sans. Estudi 1.

2. Validar I'aplicabilitat de I’avaluacié morfometrica i funcional de I’ecocardiografia
“speckle tracking” en fetus amb cardiopaties congéenites severes. Estudi 2 i 4.

3. Definir el patré de biomarcadors cardiovasculars i factors angiogénics en sang de
cordd en diferents cardiopaties congénites i avaluar la seva potencial correlacid
amb parametres ecocardiografics. Estudi 3.

4. Validar I'aplicabilitat clinica i utilitat pronostica de I'ecocardiografia “speckle

tracking” en fetus amb cardiopaties congenites. Estudi 2 i 4.

Metodes
Es van dissenyar 4 estudis de cohorts prospectius amb la inclusié de gestants en

seguiment a BCNatal (Hospital Clinic de Barcelona i Hospital Sant Joan de Déu).

Estudi 1: 31 gestants de baix risc. Es van obtenir clips en 2 dimensions i volums 4
dimensions-STIC (spatio temporal image correlation) del pla de 4 cameres. Es va realitzar
una ecocardiografia “speckle tracking” per tal d’avaluar-ne la reproductibilitat

mitjangant el coeficient de correlacid intraclasse.

Estudi 2: 24 fetus amb estenosi pulmonar i 48 controls. Al diagnostic de I'estenosi
pulmonar es va realitzar una ecocardiografia i una ecocardiografia “speckle tracking”. Es
van analitzar parametres ecocardiografics en funcié de la necessitat de valvuloplastia

neonatal per identificar predictors d’intervencio precog.

Estudi 3: 22 complex Fallot, 12 D-transposicid de grans arteries i 36 controls. Es va
realitzar una ecocardiografia al tercer trimestre de gestacid. Al naixement es va obtenir
sang de cordd umbilical per determinar-ne les concentracions dels biomarcadors de

remodelat cardiovascular.

14



Estudi 4: 63 fetus amb Fallot i 66 controls. Es va realitzar una ecocardiografia en 2
dimensions i una ecocardiografia “speckle tracking” al tercer trimestre de gestacid. Es
van avaluar parametres morfometrics i funcionals per definir el patré de remodelat

cardiovascular.

Principals resultats
En I'estudi 1 es va demostrar una reproductibilitat excel-lent per I'avaluacié cardiaca
morfométrica global, aixi com una bona reproductibilitat per I'avaluacié funcional.

L"avaluacio cardiaca segmentaria va demostrar una reproductibilitat pobre.

A |'estudi 2 els fetus amb estenosi pulmonar critica van mostrar un deteriorament de la
funcié ventricular dreta. Ell fetus amb valvuloplastia neonatal (50%) van mostrar una
pitjor funcid del ventricle dret. Es va descriure un sistema de puntuacié multiparametric
per la prediccid de valvuloplastia neonatal combinant el percentil de l'index de
pulsatilitat del ductus vends, el strain global longitudinal del ventricle dret, la preséencia
de flux revers al ductus arterids i insuficiencia tricuspidea significativa, amb una

sensibilitat del 91.7% i especificitat del 100%.

L’estudi 3 va demostrar un increment del transforming growth factor 8 en sang de cordd
de fetus amb complex Fallot (24.9 ng/mL (15.6-45.3) vs. Cor normal 15.7 ng/mL (7.2-
24.3) vs. D- transposicio de grans arteries 12.6 ng/ml (8.7-37.9); p = 0.012). Els nivell de
transforming growth factor 3 van demostrar una correlacio negativa amb el z-score del

diametre valvular pulmonar (r=-0.576, p=0.039).

L’estudi 4 va mostrar signes de remodelat cardiac en els fetus amb complex Fallot amb
una disminucio de la funcid cardiaca diastolica (augment fraccié de temps d’ompliment)
i sistolica (strain global del ventricle dret (complex Fallot: 17.25 + 3.76 vs controls: 19.33
+ 3.09; p= 0.001) i del ventricle esquerre (complex Fallot: -17.96 + 3.78 vs controls: -
20.87 + 3.45; p= 0<.001)). Aquest descens en la funcid biventricular es correlaciona amb

la disincronia mecanica.
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Conclusions

L’ecocardiografia speckle tracking en volums en 4 dimensions - spatio temporal image
correlation és factible, reproduible i comparable a I'ecocardiografia amb 2 dimensions

per I'avaluacié de la morfometria i funcié cardiaca en fetus sans (Estudi 1).

Els fetus amb estenosi pulmonar critica presenten una menor deformacioé del ventricle
dret, que es correlaciona amb una disincronia mecanica entre els diferents segments
ventriculars. La combinacié multiparametrica amb [I'strain global longitudinal del
ventricle dret, el percentil de I'index de pulsatilitat del ductus vends, la presencia de flux
revers al ductus arterids i d’insuficiencia tricuspidea significativa, permet identificar
aquells fetus amb risc de valvuloplastia neonatal que es beneficiaran d’un

assessorament precog per part de cardiolegs pediatrics (Estudi 2).

El fetus amb complex Fallot presenten concentracions de transforming growth factor f3
incrementades en comparacié amb fetus amb D-transposicié de les grans artéries i amb
fetus sans, que a més a més es correlacionen amb la severitat de I'obstruccid del tracte

de sortida del ventricle dret (Estudi 3).

Els fetus amb complex Fallot presenten signes de remodelat cardiovascular des de la
vida fetal caracteritzat per un cor més esferic amb hipertrofia concéntrica. A més, els
canvis morfometrics s’associen tant amb una disfuncid diastolica i menor contractilitat

biventricular, que es correlaciona amb la preséncia de disincronia mecanica (Study 4).
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Introduction

1. CONGENITAL HEART DEFECTS
Congenital heart defects (CHD) are the most frequent severe congenital malformations,
affecting approximately 0.8-1% of newborns(1,2). Its etiology is not clearly defined, but
it is believed to be caused by a combination of genetic and environmental factors(3,4).
CHD are responsible for 50% of infant mortality in relation to congenital defects(5).
However, advances in the field of cardiovascular surgery and neonatal care in recent
years have significantly improved the prognosis of CHD and currently 80-85% of children
with CHD will survive to adulthood(2). The decrease in mortality and the increase in life
expectancy of these patients has led current interest in fetal cardiology to focus on

improving the prognostic evaluation of the different groups of CHD.

Prenatal diagnosis of CHD, which currently averages more than 50% worldwide(6) and
almost 90% in developed countries(6,7), is crucial to optimize perinatal management(8).
Thus, diagnosis during fetal life has improved the prognosis of many CHD, especially
ductus-dependent CHD, in which numerous studies have demonstrated a decrease in
postoperative mortality and the risk of serious complications related to hypoxemia and
acidosis, including necrotizing enterocolitis. However, CHD remains an important cause
of neurodevelopmental abnormalities in children, which is one of the major adverse
outcomes associated with CHD. Many efforts are currently directed to better
understand the prenatal origin of these disorders. It has been demonstrated that
children with CHD already present brain changes from fetal life. These prenatal findings
may be attributed to cerebral hypoperfusion present in some CHD or chronic deficient
oxygenation of certain brain areas(9,10).However, it is still necessary to define which
CHD groups are at higher risk of neurodevelopmental abnormalities and whether

potential prophylactic measures can be established from fetal life.
It is also known that fetal spectrum of CHD is worse than in the postnatal scenario due
to its association with genetic syndromes and fetal death in the most severe CHD.

Moreover, CHD are associated with pregnancy complications related to placental
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dysfunction. In fact, recent studies have demonstrated that pregnancies complicated
with fetal CHD have a 7-fold increase in the incidence of early preeclampsia and fetal
growth retardation(11), which are also contributors to worse perinatal outcome in CHD.
It is therefore of particular importance to apply new genetic tests to improve the
detection of genetic anomalies and to better redefine CHD classification from prenatal

life, taking into account prognostic factors such as the presence of placental dysfunction.

CHD have a complex 3D anatomy, which makes it difficult to evaluate cardiac
morphometry and function, particularly in fetal life. Recently, there have been
significant advances in imaging technologies that allow the evaluation of myocardial
deformation and 3D structure in the fetal stage, with promising results. Additionally, the
study of different biomarkers of cardiovascular remodeling and dysfunction has been
described to improve prognostic evaluation of CHD. All these advances provide earlier
and more comprehensive information compared to conventional echocardiography, as
they allow the exploration of the direct impact of CHD on myocardial development and
function, which will determine the medium to long-term prognosis in CHD from a

cardiovascular point of view.

2. NEW MODALITIES TO STUDY FETAL CARDIOVASCULAR REMODELING
Cardiovascular remodeling refers to changes in the structure and shape of the heart
(morphometric changes) to maintain optimal function in a pathological
environment(12). The study of fetal cardiovascular remodeling is relevant in predicting
long-term outcomes, as insults suffered in fetal life may determine persistent changes
in adulthood, a concept known as fetal cardiovascular programming(13). Cardiovascular
remodeling in its initial stage starts from subtle and subclinical changes and therefore it

is difficult to identify by conventional echocardiography.

Fetal echocardiography has greatly advanced since the development of M-Mode in the
1970s and is now the main tool for diagnosing CHD and studying cardiovascular function
in fetuses(2). Technical improvements have allowed for earlier diagnosis of CHD in

fetuses with risk factors, and normality curves and z-score have been developed for
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studying cardiovascular remodeling in both CHD and extracardiac conditions(14-17).
New ultrasound modalities, such as tissue Doppler and speckle tracking
echocardiography (STE), have allowed to define more sensitive parameters for studying
cardiac function such as strain, but their clinical use in fetal cardiology is still limited(18).
On the other hand, the acquisition of 4 dimension-spatio temporal image correlation
(4D-STIC) volumes with improved quality may be useful for the study of cardiovascular
remodeling in CHD, since it allows the improvement of the different cardiac planes
obtained through volume navigation(19). However, the evaluation of cardiovascular
remodeling in fetal life is complex due to the small size of the heart, the high heart rate

and the differences in fetal circulation.

The information available on cardiovascular remodeling associated with different
groups of CHD in the fetal stage is still very limited and in fetal life has only been studied
in some CHD such as pulmonary stenosis (PS)(20), transposition of great arteries(D-
TGA)(21), coarctation of the aorta(22)and hypoplastic left heart(23) and focuses mainly

on the study of different parameters evaluated by conventional echocardiography.

Cord blood plasma biomarkers, such as B-type natriuretic peptide (NT-proBNP),
Troponin |, transforming growth factor B (TGFRB), and angiogenic factors (placental
growth factor (PIGF) and soluble fms-like tyrosine kinase 1 (Sflt-1)), have also been
proposed to assess cardiovascular remodeling in fetal CHD. However, their role in
diagnosis and prognosis has been poorly studied, and their correlation with different

echocardiographic modalities including STE has not yet been evaluated.

The incorporation of these new diagnostic modalities could help to better define the
patterns of cardiovascular remodeling associated with different types of CHD, which
would allow the establishment of cardiovascular risk from the fetal stage, assessing

whether these changes persist after postnatal cardiovascular surgery.

2.1. Patterns of cardiovascular remodeling
The fetal heart achieves its function of ejecting blood for tissue perfusion due to intrinsic

properties of myocytes, fiber orientation, cardiac shape and depends on factors such as
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electrical activation, myocardial perfusion and peripheral circulation; and can therefore
adapt to different conditions to maintain its maximum efficiency. However, prolonged
insult can lead to diastolic dysfunction (less capacity for relaxation and ventricular filling)
and decreased systolic function (less capacity to eject blood), which can conduct to heart

failure.

Cardiac remodeling can occur in different patterns in postnatal life, including pressure
overload, volume overload, and direct myocardial damage. The main difference with the
remodeling produced in fetal life is that the fetal heart still has the capacity to change
its microstructure and adapt to conditions present at that stage, but these changes may
not be optimal for adult circulation and can make the heart more susceptible to insults
(fetal cardiovascular programming)(12). Thus, a better definition of main patterns of
fetal cardiac remodeling from the fetal stage would be essential to improve the

individual’s mid- and long-term follow-up.

Main patterns of fetal cardiac remodeling are detailed as follows (Figure 1):

Pressure overload: The right ventricle (RV) in fetal life is the systemic ventricle as it
perfuses the placenta and it is very sensitive to pressure overload. The heart adapts to
pressure overload by changing its shape to better tolerate the vascular stress (more
globular) and developing concentric cardiac hypertrophy to increase contractility.

Examples of pressure overload include placental insufficiency, PS, and aortic stenosis.

Volume overload: Fetal or placental tumors and fetal anemia cause volume overload.
Dilatation of the cardiac chambers and cardiomegaly occur to increase ejection volume
and better manage volume overload. Eccentric hypertrophy may occur due to

cardiomyocyte dilatation.

Direct myocardial damage: Myocardial damage can be caused by toxins such as

antiretroviral drugs, ischemia, or genetic cardiomyopathy. Toxins can lead to myocyte

loss and compensatory cardiac hypertrophy to increase contractility.
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Figure 1. Fetal cardiac 4-chamber views showing patterns of fetal cardiac remodeling.
A Normal fetal heart. B Cardiomegaly, globular shape and myocardial hypertrophy in
fetal growth restriction. C Cardiomegaly secondary to volume overload in Galen’s vein
aneurysm D Myocardial hypertrophy and cardiomegaly in a fetus with a genetic

cardiomyopathy. (Original figure).

2.2. Imaging techniques for the study of cardiovascular remodeling

2.2.1. Comprehensive 2-dimensional fetal echocardiography
Fetal echocardiography consists of the measurement of morphometric and functional
parameters for the study of cardiovascular remodeling and fetal cardiac function in
different clinical situations. Traditionally, heart function in fetal life was inferred from
indirect signs such as the presence of hydrops, tricuspid insufficiency or cardiomegaly.
However, the development and sophistication of new ultrasound equipment has

allowed the emergence of new echocardiographic parameters for the evaluation of fetal
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cardiac function, but limited access and the small size of the fetal heart make it a difficult

technique requiring specific training.

The establishment of fetal nomograms for these new echocardiographic parameters,
constructed with strict methodological criteria, allow us to evaluate in detail cardiac

morphometry and function:

Morphometric evaluation: It includes the evaluation the transverse and longitudinal
sizes, as well as the cardiac, atrial, and ventricular areas(14), valve size(24), and
thickness of the ventricular walls and interventricular septum using 2-dimensional (2D)
imaging. These measurements vary throughout gestation, so calculating z-score for each

parameter is essential.

Functional evaluation: It comprises the examination of transverse cardiac contractility
(shortening fraction (SF) and left ventricle (LV) ejection fraction), longitudinal
contractility (longitudinal displacement at the level of the right (TAPSE) and left lateral
(MAPSE) valvular annulus), and global contractility (fractional area change (FAC) of the
RV)(15). Pulsed Doppler enables the assessment of diastolic function (timing parameters
(filling time fraction)), systolic function (ejection velocities (aortic and pulmonary) and
timing parameters (ejection time fraction))(17), or both simultaneously (Tei index), as
well as flow at the level of the DA and aortic isthmus. Lastly, cardiac output can be also

calculated by combining 2D and Doppler parameters.

Nowadays, 2D echocardiography is the basis for studying cardiovascular remodeling.
When well-implemented with the use of strict nomograms and appropriate parameters,
it can detect morphometric and functional changes, particularly in extracardiac
conditions such as fetal growth restriction(13,25,26), maternal diabetes(27), fetuses of
mothers under retroviral treatment(28) and pregnancies by assisted reproduction
techniques(29,30). However, the studies on cardiovascular remodeling in fetal CHD are
currently limited and have the inherent limitation of the applicability of conventional
echocardiography to evaluate the complex three-dimensional structural changes that

result in severe CHD. Therefore, new techniques that enable the assessment of 3D
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changes of the heart and direct myocardial changes are crucial and specific validation is

required for each CHD group(31).

2.2.2. Strain imaging by speckle tracking echocardiography
The assessment of ventricular function is complex due to the structure of myocardial
fibers, which are organized in different layers. The LV has three layers: the
subendocardial layer consists of fibers arranged in a counterclockwise oblique manner,
the middle layer consists of fibers arranged circumferentially, and the subepicardial
layer consists of fibers arranged in a clockwise oblique manner(32). This oblique
orientation causes LV to torsion around its long axis in systole(33). The RV has an
epicardial layer of circumferential fibers and a longitudinally oriented endocardial layer.
Classical parameters for assessing left ventricular function, such as ejection fraction, do
not consider the multidirectionality of myocardial deformation and may remain normal
in the presence of subclinical dysfunction. However, new myocardial deformation
parameters, such as strain, have shown to be superior to classical measurements as
ejection fraction in detecting subclinical dysfunction. Additionally, it allows the
assessment of myocardial deformation in the three directions of myocardial fibers, as

well as segmental assessment.

Lagrangian Strain

Lagrangian Strain is defined as the relative change in myocardial length between systole
and diastole (Strain = (L-Lo)/Lo , where L is the final length and LO is the initial length
(32)). Negative strain represents the shortening of cardiac fibers, while positive strain
represents their lengthening. However, the absolute value is usually used to avoid
confusion. Due to the layered orientation of cardiac fibers, longitudinal, circumferential,

and radial strain can be calculated (Figure 3).

The most commonly used is longitudinal strain, also known as global longitudinal strain
(GLS), which has been validated as an index of global LV function. Circumferential strain
assesses myocyte shortening in the circular perimeter in a short-axis plane, while radial

strain measures myocardial deformation toward the ventricular cavity or thickening that

23



occurs at the myocardial level during systole (positive deformation). Although GLS has
been validated for clinical use in adult cardiology due to its reproducibility, ease of
obtainment, and good predictive value(33), circumferential and radial strain analysis
have demonstrated their usefulness in research but have not yet been applied to daily

clinical practice.
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Figure 2: Diagram showing the different types of Lagrangian strain. a) longitudinal
plane in systole and diastole. b) circumferential and radial strain in systole and

diastole. (Original figure).

Speckle tracking technique

Myocardial strain can be assessed by tissue Doppler and STE. Tissue Doppler, that uses
Doppler principles to measure the velocity of myocardial motion, is less commonly
applied because it only allows calculation of longitudinal strain and is dependent on the
angle of insonation. STE is a more popular alternative that allows for the assessment of
global and regional myocardial function. STE consists on tracking the speckles in
sequential images, where speckle refers to a segment of myocardial tissue in an
ultrasound image represented by different shades and intensities of gray distributed in
space. Each tissue segment has a unique gray pattern, behaving like a fingerprint(18).
The software semi-automatically identifies the endocardium from a clip of a cardiac

four-chamber view and follows the different speckles in all the frames of a cardiac cycle,

24



obtaining a trace of the endocardium during the entire cardiac cycle(34). STE allows the
study of myocardial deformation in the circumferential, radial, and longitudinal planes
by calculating strain and strain rate (change of strain over time). Additionally, the
software automatically divides the myocardium into six segments for regional analysis.
Its application is simple and independent of the acquisition angle(35), but it can be
affected by afterload and requires a minimum of 60 frames per second for optimal

tracing(32,36).

In recent years, there has been an increasing application of this technology to fetal
cardiology, which has overcome the limitations of using software designed for adult or
pediatric patients. Recently, new software have been developed specifically for the fetal
heart, such as 2D STRAIN (Fetal) developed by TomTec® and Fetal Heart Quantification
(FetalHQ®), which is an adaptation of 2D STRAIN Tomtec® to be included in the latest
generation of ultrasound machines(37). This software semi-automatically identifies the
endocardium of the fetal heart and divides the tracing into 49 equidistant points for the
delineation of 24 segments from the base to the cardiac apex of both ventricles, allowing
the measurement of functional and morphometric parameters, such as the size of the
ventricles (longitudinal and transverse diameter of the 24 segments, biventricular area,
LV volume) and ventricular shape (sphericity index (SI) of the 24 segments (longitudinal
diameter/transverse diameter)) (37,38). Regarding functional parameters, it assesses
global function with by right and left FAC (39), ejection volume, cardiac output and LV
ejection fraction by means of Simpson's formula(40). Transverse function is assessed by
transverse SF, and longitudinal function by GLS(41), valvular annular systolic excursion,
and longitudinal SF(42). The great advantage of this methodology is its off-line
applicability, since a single cardiac clip in a 4-chamber plane allows in a relatively simple

way to obtain global and segmental information on cardiac morphometry and function.

Speckle tracking echocardiography applications

Nowadays, STE is a validated technique that is increasingly available. GLS is a sensitive
parameter to identify patients with subclinical LV dysfunction, so it is now used in daily
clinical practice in multiple settings in adult cardiology. For example, it is used to assess

chemotherapy-related cardiotoxicity, for differential diagnosis of hypertrophic
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cardiomyopathies, to risk stratify in valvular disease, and to improve prognostic utility
in patients with heart failure. RV GLS measurement is no longer just a research tool, but
a reliable parameter that adds value for decision making in RV dysfunction, mainly
secondary to pulmonary hypertension(43). In pediatric cardiology, it has proven
usefulness in detecting preclinical myocardial dysfunction in patients undergoing
chemotherapy, in children at risk for ischemic heart disease, heart transplantation, CHD,
cardiomyopathies, and systemic diseases(44). In relation to CHD, there are reports of
the use of STE in adults with tetralogy of Fallot (ToF) and systemic RV CHD for risk
stratification of future adverse cardiac events. STE has also been used in patients with
palliative Fontan surgery to evaluate the presence of subclinical myocardial

dysfunction(33).

Speckle tracking echocardiography in fetuses and CHD

The use of STE and strain in fetal life is becoming more frequent since 2008, when Barker
et al. first described the feasibility of STE in fetal echocardiography(45). In recent years,
the feasibility of its use from the first trimester of gestation(46) and its usefulness for
the study of cardiovascular remodeling in small for gestational age fetuses(47), fetuses
of diabetic mothers(48), fetuses of monochorionic gestations complicated with twin to
twin transfusion syndrome(49) and fetuses conceived with assisted reproduction

techniques(50) have also been described.

Recently, STE's usefulness in fetal life has been described to improve prenatal diagnosis
of CHD, including coarctation of the aorta(51), Shone syndrome(52), ToF, and D-
TGA(53,54). It has also been used for the prediction of urgent atrioseptostomy in D-TGA
fetuses(55,56) and postnatal management in fetuses with pulmonary atresia(57). The
use of STE and GLS for the evaluation of cardiac function in fetuses with restricted ductus
arteriosus (DA)(58), hypoplastic LV(59), and ToF(60), has led to the conclusion that it is
a more sensitive tool than conventional echocardiography for the study of fetal cardiac

function in CHD.
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Segmental STE and mechanical dyssynchrony

Moreover, STE allows the study of mechanical dyssynchrony between both ventricles or
ventricular segments. The presence of mechanical dyssynchrony may result from an
electrical disturbance, such as bundle branch block, associated with to mechanical
alteration as in myocardial infarction or structural remodeling, for example, due to CHD.
The assessment of dyssynchrony can be qualitative, by identifying anomalous
movement of the interventricular septum, or quantitative, by measuring time-to-peak
strain (time from the onset of myocardial shortening to maximum myocardial
deformation) and mechanical dispersion index (standard deviation of the time-to-peak
of the different ventricular segments)(44) (Figure 3). Dyssynchrony evaluation in
children with repaired ToF has shown a good correlation with ventricular function
parameters and could explain at least part of the RV dysfunction they present. It is also
useful for the study of heart failure, for the selection of patients for cardiac
resynchronization therapy, and for measuring its response. To date, few studies have
evaluated dyssynchrony in fetuses with CHD. Drop et al. describe the presence of
dyssynchrony between the two walls of the same ventricle and between the two
ventricles in a cohort of fetuses with CHD(61), but the correlation between
dyssynchrony and ventricular function, as well as the presence of mechanical

dyssynchrony in the different CHD groups, remains to be explored.
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Figure 3: Left ventricle segmental strain curves display in a normal fetus. Segment 1

(free-wall basal) corresponds to dark green curve, segment 2 (free-wall mid-ventricle)
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medium green curve, segment 3 (free-wall apical) light green curve, segment 4 (septum
basal) dark red curve, segment 5 (septum mid-ventricular) light red curve, segment 6
(septum apical) pink curve. White curve represents global strain. (a) Time-to-peak
shortening (ms) of global strain and segments 1, 2, 3. (b) Peak systolic strain (%) (global
strain and segment 1, 4). eD is end diastolic frame and eS end systolic frame. (Original

figure).

Speckle tracking echocardiography limitations

The use of STE is a promising tool for the assessment of fetal cardiac remodeling and
function, but has limitations due to the small size and high heart rate of the fetal heart,
as well as the challenges of fetal ultrasound (fetal movements and position) and require
a learning curve. The quality of the 4-chamber clip and frame rate are crucial for
successful use of STE. While the acquisition angle is not a limitation for STE, the apical
acquisition of the 4-chamber clip may result in lost echo of the endocardial borders of
the septal and lateral walls, making it difficult for the software to follow the speckles.
Additionally, the inability to record the fetal electrocardiogram makes it difficult to
determine different phases of the cardiac cycle. Moreover, the existence of different
software on the market has led to different normality curves for each vendor, limiting
the application of strain in clinical practice(62). A single software designed for fetal
cardiology has helped with this limitation. To overcome these limitations, the use of 4D-
STIC is a promising tool to address the problem of out-of-plane speckles inherent to 2D

imaging.

In summary, STE is a sensitive technique that allows the study of myocardial
deformation. Its use in some groups of CHD has already been proven, and it is able to
detect preclinical functional changes, which will improve the prognostic evaluation from

fetal stage.

2.2.3. 4D-Spatio Temporal Image correlation

4D-STIC echocardiography combines temporal and spatial information of a volume
captured by an ultrasound transducer to obtain multiplanar and dynamic images of the

fetal heart that can be viewed simultaneously in 3 orthogonal planes (axial, coronal, and
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sagittal)(19) (Figure 4). During the scan, rhythmic changes occurring in the fetal heart
are detected, determining the fetal heart rate, which is synchronized with the images.
Each structure and plane are represented by multiple frames (images) of different
cardiac cycles, resulting in a high-resolution reconstructed image. Offline volume
analysis allows modification of the angle, the cardiac plane, and the frame analyzed so

that an optimized and perfectly aligned 4-chamber plane can be obtained, which is

especially useful in CHD where anatomical changes may make it difficult to obtain.

Figure 4: Multiplanar display of a 4D-Spatio Temporal Image Correlation (STIC)
volume. Plane A: four chamber view. Plane B: two chamber view. Place C: short axis

view. (Original figure).

The use of 4D-STIC technology has advantages over 2D echocardiography, such as the
reconstruction of anatomical planes not available during real-time two-dimensional
examination. This has proven useful in the prenatal diagnosis of CHD(63). Likewise, 4D-
STIC allows functional assessment of the fetal heart using M-mode. This allows the

analysis line to be precisely positioned at the level of the valvular annulus and at the
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appropriate angle for more accurate measurement of annular systolic excursion (TAPSE
and MAPSE)(64). In addition, it allows for a more accurate calculation of LV ejection
fraction by Simpson's technique, the formula of choice in adult cardiology, thanks to the
2-chamber plane reconstruction(19). Quantification of LV volume can also be obtained
by 4D-STIC (65). However, it has limitations such as poorer resolution in certain planes

and artifacts from fetal movements or maternal breathing.

The role of 4D-STIC echocardiography in evaluating cardiovascular remodeling in CHD is
also promising. Similar to the postnatal period, 4D assessment of the fetal heart in CHD
would enable a more precise estimation of cardiac morphometric and volumetric

changes, and consequently, a more accurate functional assessment.

2.3. Cardiovascular plasmatic biomarkers in CHD
Cardiovascular plasma biomarkers are proteins released in myocardial cells in response
to an insult and are used in clinical practice in adult and pediatric populations for
diagnosis, monitoring, and prognostic assessment of diseases such as heart failure and
acute myocardial infarction. The study of plasma biomarkers in cord blood has been
useful in detecting signs of cardiac dysfunction and myocardial cell in fetuses with
intrauterine growth retardation(66)(67,68). More recently, it has shown prognostic
utility in fetuses with left CHD by identifying a different biomarker profile depending on

their prognosis(69).

Cardiovascular biomarkers provide a window of opportunity to be applied in
combination with other modalities, or applied alone as the first step in settings with
lower technological resources. The relationship between cardiac remodeling by STE and
plasma biomarkers has not been evaluated so far, and could improve prognostic
assessment in the prenatal period. Moreover, if cardiovascular biomarkers assed in
umbilical cord blood demonstrate a clinical applicability, their potential clinical
application in amniotic fluid could be evaluated as it would provide valuable prognostic

information starting from the fetal stage.

30



2.3.1. N-terminal B-type natriuretic peptide (NT-proBNP)
There are several types of natriuretic peptides: atrial (atrial natriuretic peptide) and
ventricular (BNP, C-type natriuretic peptide, and urodilatin). BNP is produced in
response to myocardial distension due to volume overload, pressure overload, and
hypoxia, and is cleaved into NT-proBNP (biologically inactive) and the active hormone

(BNP)(70).

NT-proBNP has a longer half-life and fewer level fluctuations, making it a better
biomarker(71). Increased BNP induces diuresis, natriuresis, inhibition of the renin-
angiotensin-aldosterone system, vasodilatation, and decrease in plasma volume by
passage of intravascular fluid to the extravascular space(72). Elevated values indicate
cardiac dysfunction from subclinical periods, so it is widely used for the diagnosis and
monitoring of heart failure in adult and pediatric populations(73). NT-proBNP values in
umbilical cord blood are physiologically increased due to pronounced neonatal

circulatory changes, but decrease during the first days of life (71).

NT-proBNP has shown to be a useful prognostic tool in neonates and children with
univentricular CHD. It is associated with neonatal death, when increased in umbilical
cord blood; and it is also an early marker of heart failure, when it elevates after the first
palliative surgery(74-76). Children with systemic RV also have increased NT-proBNP
values, which correlate with tricuspid regurgitation, RV functional parameters, and New
York Heart Association NYHA functional class(75). Moreover, NT-proBNP is a good
marker to identify RV ventricular dysfunction in children with ToF, showing a good
correlation with cardiac dysfunction and the presence of pulmonary

insufficiency(75,77).

The use of NT-proBNP in umbilical cord blood has been studied in fetuses with
sacrococcygeal teratoma (increased levels indicate a higher risk of neonatal death) (78)
and non-immune fetal (useful to determine a cardiac cause of non-immune fetal
hydrops)(79,80), but studies in CHD are scarce. There are few studies evaluating the
value of NT-proBNP in amniotic fluid in the context of CHD and they seem promising.

These studies have shown increasing levels of NT-proBNP in amniotic fluid depending
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on the severity of the CHD, and higher level that healthy fetuses(81,82). Moreover, a
cut-off value for predicting biventricular outcome in fetal aortic stenosis has been
proposed(83). Thus, further studies in this area may provide additional information to

improve prenatal counseling for CHD.

2.3.2. Troponin |
Troponin is a protein found in cardiomyocytes and skeletal muscle that regulates muscle
contraction, that is released into the bloodstream when there is reversible or non-
reversible damage of the heart, often due to decreased oxygen supply or increased
cardiac oxygen requirements (tachycardia or strenuous physical exercise) (84). Troponin
has three subunits, including Troponin |, which is used to detect myocardial injury as it

is specific of myocardial cells(85,86).

Troponin | has been found increased in pressure overload CHD such as PS, aortic
stenosis, and aortic coarctation, and its value has been correlated with the lesion
pressure gradient in these CHD. Interestingly, after surgery or catheterization, Troponin
I value returned to normal. It is hypothesized that pressure overload induces myocardial
hypertrophy and subendocardial hypoxia leading to a decrease in coronary
microcirculation thus causing myocardial damage(84,87). Volume overload may also
cause Troponin | elevation, causing a distension of cardiac chambers associated with
increased oxygen demand (87), which has been shown to be a good predictor of
neonatal mortality in fetuses with univentricular heart(76). Moreover, Troponin | is also
a reliable indicator of myocardial injury and short-term complications after neonatal
cardiac surgery as it correlates with the duration of the intervention and

cardiopulmonary bypass(85,88).

Finally, cord blood Troponin | has been proposed to be a good biomarker for fetal
myocardial injury since its high molecular weight prevents placental passage. Healthy
fetuses and neonates have higher baseline Troponin | values compared to adults,
possibly due to decreased placental and renal excretion during this period(89). Different
studies have shown that cord blood troponin | levels are elevated in intrauterine growth

retardation, and neonates with hypoxic-ischemic disease secondary to myocardial
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ischemia due to neonatal acidosis, correlating with early neonatal mortality(67,85,90—

92).

2.3.3. Transforming growth factor [8 (TGFf3)
TGFR is a family of cytokines that play a role in various physiological (trophoblastic
invasion and embryonic development, cell differentiation and growth) and pathological
(inflammation, angiogenesis and fibrosis) responses. TGFR-1 is the most expressed
subunit in the cardiovascular system and it is responsible for maintaining cardiovascular
homeostasis. TGFR is activated in response to different stressors such as vascular shear
stress secondary to turbulent flow through blood vessels, pressure overload and cardiac
hypertrophy and fibrosis(93,94). In pulmonary hypertension, pressure overload
increases TGFR levels to achieve a compensatory RV hypertrophy. However, progressive
pressure overload will lead to excessive TGFR activation, conducting to diastolic
dysfunction by increased collagen deposition in the myocardial extracellular matrix, thus
making the myocardium stiffer(95). On the other hand, turbulent flow and increased
pressure on vascular endothelial cells can also stimulate the production of TGFR, leading
to an increase extracellular matrix production and hyperplasia of intimal and medial
arterial layers(96,97). This phenomenon has been associated with the development of
aortic aneurysms in patients with bicuspid aorta and in Marfan syndrome and it
correlates with aortic dissection and the need for aortic root replacement(98).
Mutations affecting TGFR signaling and elevated TGFR levels associated with aortic

dilatation and stiffness have also been found in patients with ToF(99,100).

In fetal life, TGFR has been poorly studied, but increased umbilical cord blood
concentrations have been demonstrated in growth-restricted fetuses due to abnormal
vascular flow redistribution(101). A recent novel study, has preliminary shown that
fetuses with left-CHD associated with pressure overload and turbulent vascular flow
(coarctation of aorta and aortic stenosis), present increased umbilical cord blood TGFR
levels, while TGFB was not increased in univentricular left-CHD, in which cardiac output

was managed by the right heart and laminar flow through the pulmonary artery(69).
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2.1.1. Angiogenic factors and congenital heart defects
There is an association between CHD and pregnancy complications related to placental
dysfunction. Pregnancies with CHD have a 7-fold increase in the incidence of early
preeclampsia and fetal growth retardation and in the opposite direction, pregnant
women with increased risk of early preeclampsia also have a higher risk of fetal CHD(11).
Although this association is still not completely understood, it could be explained from
the concept of the “placenta-heart axis”, which refers to the simultaneous development
of the placenta and the heart during early embryonic stages. These organs share genes
and molecular pathways that promote their coordinated growth(3,102). Defective
development of either organ can have a synergistic effect. Moreover, both the
cardiovascular and placental systems are vulnerable to external agents such as
teratogens or micronutrient deficiencies(103). Furthermore, hemodynamic
disturbances resulting from abnormal placentation may influence cardiac
morphogenesis(104) by altering the genes responsible for cardiomyocyte
differentiation. Conversely, hemodynamic changes and hypoxia resulting from cardiac
defects can induce placental dysfunction and growth retardation by altering vascular

developmental pathways(105).

However, it is currently unknown whether placental disruption contributes to the
development of CHD or CHD affects placental development, or whether it is a mutually
altered pathway affecting both cardiac and placental development (106).The study of
different biomarkers implicated in the pathophysiology of preeclampsia and growth
retardation could provide relevant information to better understand the significance of
the placenta-heart axis and to identify the groups of CHD with a higher risk of placental

complications and thus with a worse prognosis.

2.1.2. Placental growth factor (PIGF)
PIGF is a glycoprotein that belongs to the vascular endothelial growth factor (VEGF)
family. It is secreted by the placenta and plays an important role in regulating
trophoblastic endothelial growth and vascular differentiation and development. PIGF
promotes angiogenesis by binding to VEGF receptor-1 or VEGF receptor-2, which
enhances the effect of VEGF(107).
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PIGF expression in the heart promotes angiogenesis and helps with healing and
preservation of LV function after acute myocardial infarction and heart failure(108,109).
Previous studies have shown that fetuses with left CHD have lower cord blood levels of
PIGF and in maternal plasma(69). This suggests the presence of an anti-angiogenic

environment that may be linked to the development of CHD.

2.1.3. Soluble fms-like tyrosine quinase 1 (Sflt-1)
sFlt-1 is the soluble receptor of PIGF and prevents PIGF from interacting with its cellular
receptor (Flt-1). Hypoxia decrease its production, leading to increased angiogenesis and
cardiac remodeling(110). However, high levels of sFIt-1 have been linked to endothelial
dysfunction in preeclampsia. Increased production of sFlt-1 has also been found in
adults with acute myocardial infarction. High levels of sFlt-1 and the sFIt/PIGF ratio may

predict progression to heart failure and mortality(111).

The sFlt-1/PIGF ratio has been studied in children with CHD and it is correlated with
volume overload and hypoxia. Increased levels are found before surgery of volume
overload CHD and decrease after surgical correction(112).

Moreover, increased umbilical cord and maternal plasma sFlt-1 levels have been found
in a mixed CHD group(113). On the contrary, very decreased umbilical cord levels have
been recently found in fetuses with univentricular left-sided CHD, possibly due to

presence of severe hypoxic damage in the LV endocardium in fetal life (69).

3. APLICATION OF NEW MODALITIES TO CONGENITAL HEART DEFECTS
The application of these new modalities in different groups of CHD in the fetal stage
could help to improve specific aspects of perinatal management. For this, it necessary
to conduct correctly designed studies including sufficient number of cases for each type

of CHD.

PS is the most frequent right outflow tract obstruction CHD with overall good prognosis
and postnatal corrective surgery. However, its spectrum is very broad and it is currently

necessary to expand the prognostic evaluation from the fetal stage.
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Conotruncal anomalies are also a common group of CHD, which share similar
embryological origins. Within this group, the most frequent are ToF and D-TGA. ToF is a
CHD with a broad spectrum of severity and a high risk of genetic or extracardiac
malformation associations. On the other hand, D-TGA is usually isolated but the risk lies
in the fact that, due to the anatomical structure, less oxygenated blood reaches the
coronary and brain territory. Though, the study of cardiovascular biomarkers may offer

clues to better understand its physiology and provide prognostic information.

Thus, the aforementioned anomalies constitute some of the CHDs that would benefit
from applying new diagnostic modalities to improve their evaluation and prognostic

evaluation in fetal life.

3.1. Pulmonary stenosis
PS is characterized by a partial obstruction of the RV outflow tract. It is an evolving
pathology and it can shift from mild-moderate to severe forms or even to pulmonary
atresia. The incidence of PS is high, accounting for 8% of postnatal CHD, but only 1% of
CHD in fetal life. This discrepancy is due to the difficulty in the prenatal identification of
mild forms due to their low ultrasound expressivity at the level of the four chamber

view(114).

The presence of valvular dysplasia signs (thickened or dome-shaped pulmonary valve
with fused leaflets) combined with an acceleration of the pulmonary transvalvular flow

are the clues for its diagnosis (Figure 5).

In addition, to enhance PS diagnosis, it is also necessary to improve its prenatal
classification to better define which cases are at higher risk of in utero evolution and/or
will require fetal and/or neonatal treatment. The presence of significant tricuspid
insufficiency and DA reversed flow are the classical parameters to establish the PS

severity, differentiating mild/moderate from severe/critical forms (Figure 6).
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Figure 5: Three vessel view of a fetus with pulmonary stenosis. Left: Hyperechoic and
thickened pulmonary valve (P) in a fetus with pulmonary stenosis. Right: Color Doppler
three vessel and trachea view with aliasing at the pulmonary valve flow with high peak

systolic velocities. (Original figure).

Figure 6: Fetal cardiac characteristics of pulmonary stenosis. Upper row: fetus with

mild pulmonary stenosis. a) normal four-chamber view (RV: right ventricle, LV: left
ventricle), b) color Doppler normal four-chamber view with no signs of tricuspid
regurgitation (TR), c) color Doppler three vessel view showing aliasing at the level of the
pulmonary valve and antegrade flow at the ductus arteriosus (DA) level. Lower row:

fetus with critical pulmonary stenosis. D) four-chamber view showing a RV with
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concentric hypertrophy, e) color Doppler four-chamber view with a significant TR
reaching the atrial roof, f) color Doppler three vessel and trachea with reversed Flow at

the ductus arteriosus. (Original figure).

3.1.1. Prenatal prognostic evaluation
The available current information is focused on the prognostic evaluation of the most
severe forms. Several studies have defined prenatal predictors of progression to
hypoplastic RV (such as tricuspid/mitral ratio, RV/LV length ratio and tricuspid filling
time fraction)(115-121) and hydrops.

With the increasing prenatal diagnosis of milder forms of PS, the current interest is also
focus is on identifying prenatal predictors of early neonatal valvuloplasty. This would
help to coordinate the delivery in a tertiary care center with pediatric cardiology.
Historically, reversed flow in the DA was considered a reliable parameter to predict
postnatal ductus dependence. However, recent studies have shown that about 50% of
newborns who require intervention or prostaglandin infusion had antegrade DA flow in
prenatal echocardiography(20,118). To date, several parameters have been proposed
to predict the need for postnatal valvuloplasty, including TAPSE, peak mitral E' velocity,
LV cardiac output(20), as well as the presence of pulmonary insufficiency on second
trimester ultrasound and the RV/LV length ratio for predicting neonatal prostaglandin
requirement(118). Further studies, incorporating new echocardiographic modalities,

are required to improve the results obtained so far.

3.2. Tetralogy of Fallot
ToF is a conotruncal CHD that combines an outlet ventricular septal defect (VSD),
dextroposition of the aorta overriding the interventricular septum, RV outflow
obstruction and RV hypertrophy, which in fetal life is not usually present, so at this stage

ToF is called Fallot Complex (Figure 7).

ToF is the most frequent conotruncal CHD with an incidence of 1/1000-2000 newborns
and is the most common cause of cyanosis due to CHD. Its etiology is unknown, but it is

highly associated with genetic anomalies, extracardiac malformations and fetal growth
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restriction. Prenatal echocardiography allows the correct characterization of different
ToF phenotypes, based on the degree of RV outflow obstruction. ToF with PS is the most
common type. It consists of a mild obstruction of the RV outflow tract, leading to a
decrease in the size of the pulmonary artery and its branches but maintaining an
antegrade flow through the pulmonary artery. Although it can evolve to more severe

forms, it is a CHD with overall good prognosis.

Figure 7. Tetralogy of Fallot with pulmonary stenosis. Upper left: five chamber view
showing outlet ventricular septal defect with overriding aorta (Ao). Upper right: five
chamber view in color Doppler showing outlet ventricular septal defect and left (LV) and
right ventricle (RV) flow towards the aorta (“Y” sign). Down left: three vessel view
showing hypoplastic pulmonary trunk (P) and arteries. Down right: three vessel view in
color Doppler with aliasing at the pulmonary valve flow with high peak systolic velocities.

(Original figure).

Classically, it was believed that RV hypertrophy and dysfunction were not present in

fetal life due to the differences in fetal circulation. However, recent studies have
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demonstrated that RV hypertrophy (122) and decreased biventricular function(60,123)

are already present in fetal life.

Progressive aortic root dilation is also described in young adulthood long after corrective
surgery for ToF. Interestingly, some studies have shown that dilation of the aortic valve
and ascending aorta(122), as well as decreased aortic compliance(124), are already
present during fetal life. The exact cause of aortic dilation is not fully understood but it
is believed to be the consequence of the combination of hemodynamic changes and

intrinsic histological changes (intrinsic aorthopaty) (124,125)

Another relevant prognostic factor in ToF during fetal life, is its association with
placental dysfunction and lower birthweight(126). Its incidence is the higher among all
CHD. The causes that lead to this placental dysfunction in ToF fetuses are not known.
This association is relevant since placental dysfunction can lead to induced prematurity
and low birthweight, two conditions that difficult postnatal management and surgical

correction and is a cause of increased mortality among this newborns(127).

3.2.1. Prenatal prognostic evaluation
Fetal echocardiography has been shown to be useful in predicting the postnatal
prognosis of fetuses with ToF. A study found that a pulmonary valve z-score <-3.2, right
pulmonary artery <-0.5 z-score, as well as low pulmonary valve/aortic valve ratio, were
associated with a higher likelihood of needing a systemic pulmonary shunt and
reintervention before corrective surgery(128), as well as a peak systolic velocity through
the pulmonary valve higher than 87.5cm/s(129). Likewise, another study revealed that
pulmonary valve z-score and pulmonary to aortic valve ratio <0.697 can predict the need
for transannular patch in corrective surgery instead of valve-sparing surgery. This

information can be useful for providing better prenatal advice to parents(130).

The evaluation of biventricular myocardial impact in varying degrees of right outflow
tract obstruction with more precise echocardiographic techniques would enable the
establishment of new predictor variables. These variables would help predict the

progression of this CC in the fetal stage and the ventricular response to postnatal
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surgery. In addition, the study of biomarkers in umbilical cord blood, which are widely
used in postnatal setting, and their correlation with fetal echocardiography can also help
define cardiovascular remodeling patterns in this disease. Furthermore, they may also
help in understanding the degree of aortic involvement in the fetal stage and
understand its potential usefulness in long-term prognosis. Additionally, the study of
angiogenic factors in cord blood and feto-placental doppler may help elucidate the

causes of the association between ToF and placental dysfunction.

3.3. D-Transposition of the great arteries
D-TGA is a conotruncal CHD with an incidence of 1 in 3000-5000 newborns. It consists
of a ventriculo-arterial discordance, where the pulmonary artery arises from the LV and
the aorta from the RV and have a parallel course (Figure 8). Contrary to ToF, the
association of simple D-TGA with genetic or extracardiac anomalies and placental

dysfunction is very rare.

Ly

Figure 8. D-Transposition of the great arteries. a) normal four chamber view. LV: left
ventricle, RV: right ventricle. b) Left ventricle outflow tract shows the pulmonary artery
(P) arising from the left ventricle and its bifurcation in right pulmonary artery (RPA) and
left pulmonary artery (LPA). c-d) Oblique view in 2-D (c) and in color Doppler (d) showing
the parallel course of the great vessels. The RV connects with the aorta (Ao) and the LV

with the pulmonary artery (P). e-f) Typical three vessel and trachea view in a D-
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transposition of the great arteries showing only one great vessel (aorta) and the superior

vena cava (SVC) and trachea (T). (Original figure).

The overall prognosis of simple D-TGA is good and importance of its prenatal diagnosis
relies in optimizing the neonatal management to avoid the early postnatal severe and
adverse consequences of two separate circulations: one involving the systemic territory
(RV and aortic artery) and the other involving the pulmonary territory (LV and

pulmonary artery).

3.3.2 Prenatal prognostic evaluation
Prenatal diagnosis of D-TGA is essential as approximately 50% of infants will require
urgent postnatal intervention due to premature closure of the fossa ovalis leading to
refractory hypoxia. Identifying infants who will present with hypoxia and need urgent
atrioseptostomy before birth is of vital importance to prevent severe neurological

sequelae resulting from hypoxemia, or death of the newborn.

Several studies have tried to identify echocardiographic parameters in fetal life to
predict the need for urgent atrioseptostomy with good specificity but low sensitivity. A
recent meta-analysis proposes the development of multi-parametric models combining
several factors may help improve prenatal detection(131). Furthermore, the
heterogeneity of studies in terms of the time considered as urgent atrioseptostomy (1
hour, 24 hours, etc.) and the different gestational ages at echocardiography (from 20

weeks to 40 weeks) does not allow robust conclusions.

Recent studies have used new STE techniques to study cardiovascular remodeling and
function in D-TGA. The combination of several echocardiographic parameters, including
GLS, as a marker of subendocardial dysfunction, has demonstrated improvement in
atrioseptostomy prediction(55,56). The use of STE may also help the prediction of long-

term ventricular function in D-TGA.

The study of cord blood biomarkers in fetuses with D-TGA has not been studied to date,

but might help to identify those fetuses with preclinical changes of pressure or volume
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overload and might have prognostic value for postnatal management. In addition, the
study of biomarkers of myocardial ischemia in cord blood could help understand the

myocardial changes caused by reduced coronary oxygen delivery in these infants.

3. RATIONALE OF THE DOCTORAL THESIS
CHD are the most common severe congenital malformations, with an annual incidence
of over 1.000.000 newborns worldwide. They are the leading cause of mortality in the
first year of life, even in developed countries. In recent years, the prognosis of CHD has
significantly improved due to advancements in prenatal diagnosis, neonatal care,
cardiovascular surgery and catheterization techniques. Most CHD cases require at least
one surgery or catheterization, resulting in a hospital cost associated with treatment
and follow-up estimated at $1.8 billion per year. Additionally, the psychological and
emotional impact of CHD on the individual and family must be considered. CHD also
damages the heart muscle as early as fetal life, leading to greater cardiovascular risk in

the long term, even after complete surgical correction.

The technical advances of recent years, including the development of STE and other
echocardiographic modalities, have made it possible to perform a detailed study of
cardiovascular remodeling in the context of CHD. This project aims to assess the
applicability of STE combined with a comprehensive 2D echocardiography in some
common CHD subgroups to evaluate cardiovascular remodeling, and their correlation
with cord blood cardiovascular biomarkers. This will contribute to a better
understanding of the pathophysiology of CHD and the mechanisms of cardiovascular
adaptation in fetal life which may allow to identify new prognostic parameters to
optimize the follow-up of children with CHD from fetal life. Early identification of cardiac
remodeling associated with the CHD with worse prognosis would have a significant
impact on the health of these children. If the hypothesis of this project is confirmed, STE
could be incorporated into the systematic evaluation of fetuses with CHD and included
in clinical guidelines for advanced fetal echocardiography, similar to the postnatal

period.
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In this thesis, we hypothesize that STE and plasma biomarkers can be used to assess
cardiovascular remodeling associated with severe CHD in the prenatal period, and that
incorporating them in fetal life would improve the prognostic assessment of CHD. To
test these hypotheses, four studies were designed in four different prenatal cohorts that
included both CHD cases and controls. First, the feasibility and reproducibility of STE was
assessed using 4D echocardiography, a technique that improves the acquisition of a
four-chamber cardiac plane (Study 1). In Study 2 the pattern of cardiovascular
remodeling was studied by conventional echocardiography and STE in the longest
prenatal PS cohort, and predictive parameters for neonatal valvuloplasty were
identified. Next, the pattern of umbilical cord cardiovascular biomarkers and angiogenic
factors in ToF and simple D-TGA and their potential prognostic value were evaluated.
Finally, the pattern of cardiovascular remodeling by STE was evaluated in a long cohort

of fetuses with TOF (Study 4).
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Hypothesis

1.

4.

Speckle tracking echocardiography is an applicable tool to evaluate
cardiovascular remodeling (cardiac morphometric and functional changes) in
normal fetal heart.

Speckle tracking echocardiography in combination with conventional
echocardiography allows to accurately evaluate the cardiovascular remodeling
pattern associated with congenital heart defects in the prenatal stage.
Congenital heart defects are associated to specific patterns of blood cord
cardiovascular biomarkers and angiogenic factors which correlate with
echocardiographic parameters.

The incorporation of speckle tracking echocardiography in fetal life improves the

prognostic evaluation of congenital heart defects.
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Objectives

46

1.

2.

3.

4,

To demonstrate the applicability of speckle tracking echocardiography for the
evaluation of morphometric and functional parameters in fetal life in a cohort of
healthy fetuses.

To validate the applicability of morphometric and functional evaluation by
speckle tracking echocardiography in fetuses with severe congenital heart
defects.

To define the pattern of umbilical cord blood cardiovascular biomarkers and
angiogenic factors in different congenital heart defects and to evaluate its
potential correlation with echocardiographic parameters.

To validate the clinical applicability and prognostic utility of speckle tracking

echocardiography in fetuses with congenital heart defects.



Material, methods and results

The design of the study, the study population, as well as the methodology used are
detailed in the 'Material and Methods' sections of each of the articles that constitute
the body of this Doctoral Thesis.

These articles are included below as they have been accepted and published in the

scientific literature.
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Abstract: Fetal Heart Quantification (FetalHQ®) is a novel speckle tracking software that permits the
study of global and regional ventricular shape and function from a 2D four-chamber-view loop. The
4D-Spatio Temporal Image Correlation (STIC) modality enables the offline analysis of optimized and
perfectly aligned cardiac planes. We aimed to evaluate the feasibility and reproducibility of 4D-STIC
speckle tracking echocardiography (STE) using FetalHQ® and to compare it to 2D STE. We conducted
a prospective study including 31 low-risk singleton pregnancies between 20 and 40 weeks of gestation.
Four-chamber view volumes and 2D clips were acquired with an apex pointing at 45° and with
a frame rate higher than 60 Hz. Morphometric and functional echocardiography was performed
by FetalHQ®. Intra- and interobserver reproducibility were evaluated by the intraclass correlation
coefficient (ICC). Our results showed excellent reproducibility (ICC > 0.900) for morphometric
evaluation (biventricular area, longitudinal and transverse diameters). Reproducibility was also good
(ICC > 0.800) for functional evaluation (biventricular strain, Fractional Area Change, left ventricle
volumes, ejection fraction and cardiac output). On the contrary, the study of the sphericity index and
shortening fraction of the different ventricular segments showed lower reproducibility (ICC < 0.800).
To conclude, 4D-STIC is feasible, reproducible and comparable to 2D echocardiography for the
assessment of cardiac morphometry and function.

Keywords: fetal echocardiography; speckle tracking echocardiography; STIC; strain; fetal cardiac
function; prenatal ultrasound

1. Introduction

Fetal echocardiography has dramatically improved in recent decades. The 2D modal-
ity has been mainly used for congenital heart disease (CHD) diagnosis [1-3]. However,
advances in fetal imaging and technology, with the incorporation of new modalities such as
M-mode [4], tissue Doppler [5], 4D-Spatio-Temporal Image Correlation (4D-STIC) [6,7] and,
more recently, speckle tracking echocardiography (STE) [8-10] have led to an improvement
in fetal cardiac evaluation, not only in CHD detection, but also to carry out a comprehen-
sive evaluation of cardiac morphometry and function [11]. By tracking the endocardial
border, STE allows one to evaluate myocardial deformation and global and segmental
biventricular morphometry and function. Although STE has been widely used in pediatric
and adult cardiology [12-14], its application in fetal life is scarce [15-22], probably due to
the difficulty in adapting adult-designed software to prenatal cardiac evaluation [23]. On
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the one hand, fetal echocardiography has its own constraints including limited access and
small size of the fetal heart, fetal movements, high heart rate and technical aspects in image
acquisition. On the other hand, STE has specific and inherent limitations such as variability
of reference values when using different equipment, nonsystematic image settings and
processing (spatial resolution, frame rate), and the use of different software’s [24,25].

In this context, fetal specific STE software Fetal Heart Quantification (FetalHQ®)
was recently developed as a promising offline tool that permits the study of global and
regional (24-segment) ventricular shape and function [26-33]. Some groups have reported
the application of this novel technology to the study of CHD [34,35], and fetal cardiac
adaptation to different fetal conditions (fetal growth restriction [36], diabetes mellitus [37],
twin-to-twin transfusion syndrome [38]). Despite its potential for further studying the fetal
heart, its applicability is limited given the requirement of a high resolution four-chamber
view in a specific angle of insonation. The use of 4D-fetal echocardiography (4D-STIC)
permits the acquisition of cardiac volumes for offline analysis, also with high frame rate and
good resolution and the possibility of postprocessing modification of parameters such as
the angle of insonation, the cardiac plane, and the frame for evaluation [7,23,39]. However,
no previous studies have specifically compared 2D- and 4D-STIC STE using FetalHQ® for
morphometric and functional assessment of the fetal heart.

The aim of this study was to evaluate the feasibility and reproducibility of 4D-STIC
STE by FetalHQ® for morphometric and functional parameters in healthy fetuses and to
compare it to 2D STE.

2. Materials and Methods
2.1. Study Design and Participants

Prospective study including 31 singleton pregnancies from 20 + 0 to 40 + 0 weeks
of gestation attended at the Maternal-Fetal Medicine Department of BCNatal (Hospital
Clinic and Hospital Sant Joan de Déu) between September 2020 and January 2021. Low-
risk pregnant women were eligible and invited to participate in the study. Exclusion
criteria were age <18 years old, ultrasound or chromosomal anomalies and maternal and
fetal conditions with known cardiovascular impairment such as diabetes or hypertension,
antiretroviral treatment and fetal growth restriction (fetal growth <10th centile according
to local standards [40]). Baseline and perinatal data were obtained from the medical
records. Gestational age (GA) was calculated according to crown-rump length in first-
trimester ultrasound. All participants underwent a single fetal standard ultrasound and
echocardiography, performed by two expert sonographers (L.N. and O.G.), to exclude
cardiac or extracardiac anomalies following recommended guidelines [41,42]. Estimated
fetal weight was calculated according to Hadlock et al. [43], in cases in which it was
not available in the two weeks prior to the fetal echocardiography. Fetal weight centile
was calculated according to local references adjusted by GA and fetal gender. Doppler
pulsatility indices of umbilical, middle cerebral artery and ductus venosus, as well as
maximum systolic peak velocity of the middle cerebral artery, were also evaluated.

Study protocol was approved by the Ethical Committee of the institution (Reg. HCB/
2019/0540), and written consent was obtained from all participants.

2.2. Fetal Echocardiography

Fetal cardiac 2D clips and 4D-STIC volumes were acquired using a Voluson E10 (GE
Healthcare Ultrasound, Milwaukee, WI, USA) with a C2-9D convex probe (3-9 MHz) and
RMB6C convex matrix-array volume probe (2-6 MHz), respectively. All cardiac images were
acquired using Speckle Reduction Imaging (SRI) 3 and Compound Resolution Imaging
(CRI) 2 and stored in 4D View (GE Medical Systems, Milwaukee, WI, USA) for offline STE
analysis.

Two-dimensional 4-chamber clips were obtained at an apical 4-chamber plane with
an angle of insonation between the ultrasound beam and the interventricular septum
of 45° + 20°, including at least three complete heart cycles without maternal and fetal
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movements. Acquisition was made with a frame rate higher than 60 Hz and adequate
zoom so that the thorax filled most of the ultrasound screen [20].

Cardiac volumes were acquired preferably in the same projection as 2D clips. The
acquisition of 4D-STIC volumes was standardized as follows: acquisition time of 7.5 s,
angle range of 20-30° and no fetal or maternal movements. Prior to STE evaluation, 4D-
STIC volume was adjusted to obtain a perfectly aligned 4-chamber view according to the
following steps: 1. The reference dot was placed at the crux cordis in the A plane of a
multiplanar view. 2. The Z-axis was rotated until the apex was placed at 0°. 3. The X and Y
axes were rotated to systematically obtain an improved 4-chamber view (Figure 1).

106Hz/0.9
B21°/V15°/ 8.0cm

1. Trim./OB
T7.5.
HR 138

Figure 1. Multiplanar display of a 4D-Spatio Temporal Image Correlation (STIC) volume. In plane A,
the reference dot (red dot) is placed at the crux cordis and Z axis rotated until apex is placed at 0°.

2.3. Speckle Tracking Analysis

Two dimensional 4-chamber clips and 4D-STIC cardiac volumes were loaded onto
FetalHQ (BT20, GE, Medical Systems). M-mode trace obtained across lateral right ventricle
wall at the level of tricuspid annulus was used to define a single cardiac cycle by identifying
end-systole and end-diastole, as previously described [20]. The septal, the lateral atrioven-
tricular (AV) valve annulus and the apex of each ventricle were manually identified in the
previously defined end-systole frame. Endocardial border was tracked semi-automatically,
obtaining a speckle-tracking algorithm, along the cardiac cycle (Figure 2). End-diastolic
endocardial tracking was then adjusted if necessary, especially the RV, so that the endo-
cardium, the muscular trabeculations and the moderator band were considered the RV
cavity [44]. Both ventricles were divided into 24 segments automatically [27] to allow anal-
ysis of the base (segments 1-8), mid ventricle (segments 9-16) and apex (segments 17-24).
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4D-STIC

Figure 2. Speckle tracking analysis in a 2-Dimensional (2D) (left) and 4D-Spatio Temporal Image
Correlation (4D-STIC) volume (right) using Fetal Heart Quantification (FetalHQ®). Four chamber
view in the end systole with the tree reference dots at the septal and lateral mitral valve annulus
and at the apex, and tracking of the endocardial border (superior). Tracking of the left ventricle
endocardial border at the end diastole (inferior).

Biventricular global longitudinal strain (GLS) and area derivate as a function of time
derivate graphs after the analysis are displayed (Figure 3). The end-systolic frame was
adjusted in the area derivate as a function of the time derivate graph at the time the function
crossed 0 on the Y axis.

FetalHQ® analysis automatically calculated the global and segmental cardiac morpho-
metric parameters, which included biventricular end-diastolic areas and lengths and LV
volumes, as well as the transverse and longitudinal diameters and sphericity indices (SI), for
24 defined segments of both ventricles as described by DeVore et al. [27,32]. Global cardiac
function was also assessed by calculating biventricular fractional area change (FAC) [30]
and LV ejection fraction (EF), stroke volume (SV) and cardiac output (CO) [28,45]. Since the
measurement of estimated fetal weight in the same scan is necessary to obtain the result
for CO, CO was only assessed in 24 fetuses, unlike the other the parameters, which were
assessed in 31 fetuses. Additionally, biventricular GLS [31,46] and the fractional shortening
of the 24 previously defined ventricular segments were also calculated to evaluate biven-
tricular longitudinal and radial function [26], respectively. The results of the analysis were
exported as a comma-separated values (CVS) file and converted to an Excel spreadsheet
(Microsoft Corp., Redmond, WA, USA).

All measurements were performed offline by three expert Fetal Medicine operators
(LN, MB and OG) for interobserver reproducibility and to compare 2D- and 4D-STIC
modalities. A second analysis by a single observer (LN) was performed at least 1 month
after the first measurement for the intraobserver reproducibility. All operators had a
learning curve of more than 20 fetuses prior to the study.

Additionally, new FetalHQ® software (BT21, GE, Medical Systems) with the introduc-
tion of Quiver [47], a new tool specially designed to enhance the identification of the septal
and lateral atrioventricular annulus was used to reanalyze 10 cases and to compare with
no Quiver tool.
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Figure 3. FetalHQ® graphic display. (a) Graphic display of left ventricle (LV) global longitudinal
strain (GLS) (red line) and right ventricle (RV) GLS (light blue line) with superimposed anatomic
M-mode representing tricuspid annulus; (b) graphic display of the derivative of the area (dA/dt) of
the LV (green line) and the RV (pink line), LV and RV area (red and blue lines, respectively). Systolic
frame (eS) is adjusted in the area derivate as a function of the time derivate graph at the time the

function crosses 0 (yellow arrow).

2.4. Sample Size Calculation

The sample size required for reproducibility analysis (30 fetuses) was calculated

following Bonnet’s et al. formula [48].

2.5. Statistical Analysis

Statistical analysis was performed using IBM SPSS Statistics for Windows statistical

package (version 25, IBM Corp., Armonk, NY, USA).

Inter- and intraobserver reproducibility of STE using 4D-STIC was assessed using
Intraclass Correlation Coefficients (ICC) and their 95% confidence intervals using a two-
way random model. In addition, ICC was used to assess reproducibility of STE using 2D
vs. 4D-STIC. Inter- and intraobserver reproducibility of the 4D-STIC STE using Quiver tool
was calculated using ICC. Agreement between operators was studied with the Student t
test. Limits of agreement, standard error and 95% limit of agreement were calculated and

Bland-Altman plots were obtained.

3. Results
3.1. Characteristics of the Study Population

Maternal and perinatal characteristics of the study population are described in Table 1.
Median GA at ultrasound was 28.3 weeks (20.3-39.3 weeks) (20 patients between 20-30 weeks
and 11 between 30-40). Fetal ultrasound showed a mean estimated fetal weight of
1428 £ 663 g with a mean centile of 51 + 31.3. Normal umbilical and fetal Doppler

parameters were confirmed in all cases.
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Table 1. Maternal and perinatal characteristics of the study population.

Variable Result
MATERNAL BASELINE CHARACTERISTICS

Maternal age, years 33.3 +6.16
Body mass index, l<g/m2 22.1+25
Chronic diseases (hypothyroidism, ulcerative colitis) 2 (6.4%)
Race
White 28 (80%)
Latin American 2 (5.7%)
Asian 1(2.9%)
Smoking habit 1(3.2%)
Nulliparity 18 (58.1%)
Use of artificial reproductive technologies 2(6.5 %)
PERINATAL RESULTS
Gestational age at birth, weeks 395+ 1.1
Cesarean section 3(9.7%)
Birthweight, g 3513 £ 417
Birthweight centile 53.7 + 28
Five minutes APGAR score below 7 0 (0%)

Data expressed as mean + standard deviation, median (range) or 1 (%)

3.2. Feasibility

Adequate speckle tracking analysis was achieved in all 4D-STIC volumes and in all
except one 2D clip due to the poor delimitation of the right ventricular cavity. A frame rate
above 60 Hz was achieved in all cases with a mean frame rate of 80 Hz in 2D clips and
107 Hz in 4D-STIC.

3.3. Reproducibility

The 4D-STIC intraobserver and interobserver reproducibility ICC for the most relevant
FetalHQ® parameters is detailed in Table 2, Figure S1 and Table 3, Figure 4, respectively.
Our results show excellent reproducibility (ICC > 0.900) for global morphometric param-
eters, including biventricular areas, longitudinal, midventricular and apical diameters.
Reproducibility was also good (ICC > 0.800) for biventricular basal diameters. On the con-
trary, the study of the SI of the different ventricular segments showed poor reproducibility.
The repeatability of global functional parameters was also good. LV GLS and LV volumes
showed excellent intraobserver reproducibility, while RV GLS, biventricular FAC and LV
EF and cardiac output demonstrated good intra, and interobserver reliability. Nevertheless,
biventricular FS showed a lower reproducibility, especially FS of the basal segments of both
ventricles. No statistically significant differences between operators were observed neither
systematic bias for the studied parameters.
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Table 2. Intraobserver reproducibility of the fetal heart speckle tracking analysis results using

4D-STIC.
95% 95%
Variable ICC Confidence p-Value ICC Confidence p-Value
Interval Interval
FETAL CARDIAC MORPHOMETRY
Left Ventricle Right Ventricle
Ventricular Area 0.976 0.950 to 0.988 <0.001 0.970 0.936 to 0.986 <0.001
Longitudinal diameter 0.933 0.862 to 0.968 <0.001 0.970 0.938 to 0.9585 <0.001
Basal diameter (segment 1) 0.853 0.696 to 0.929 <0.001 0.855 0.702 to 0.930 <0.001
Mid-ventricular diameter (segment 9) 0.924 0.841 to 0.964 <0.001 0.936 0.867 to 0.969 <0.001
Apical diameter (segment 17) 0.912 0.818 to 0.958 <0.001 0.943 0.881 to 0.972 <0.001
Basal sphericity index (segment 1) 0.440  —0.201to0 0.736 0.067 0.526  —0.042 to 0.872 0.061
Mid-ventricular sphericity index (segment 9) 0.702 0.392 to 0.855 <0.001 0.665 0.298 to 0.840 0.002
Apical sphericity index (segment 17) 0.787 0.561 to 0.897 <0.001 0.609 0.129 to 0.812 0.006
FETAL CARDIAC FUNCTION
Left Ventricle Right Ventricle
Global longitudinal strain 0.906 0.807 to 0.955 <0.001 0.732 0.437 t0 0.873 <0.001
Fractional area change 0.845 0.665 to 0.926 <0.001 0.746 0.482 to 0.877 <0.001
Basal shortening fraction (segment 1) 0302  —0.561 to 0.684 0.188 0.775 0.526 to 0.895 <0.001
Mid-ventricular shortening fraction (Segment 9) 0.748 0.472 to 0.879 <0.001 0.801 0.579 to 0.906 <0.001
Apical shortening fraction (segment 17) 0.805 0.599 to 0.906 <0.001 0.619 0.188 to 0.820 0.007
End-diastolic volume 0.968 0.933 to 0.985 <0.001
End-systolic volume 0.936 0.866 to 0.969 <0.001
Ejection fraction 0.760 0.501 to 0.885 <0.001
Cardiac Output 0.782 0.500 to 0.904 <0.001

ICC: Intraclass Correlation Coefficient.

Table 3. Interobserver reproducibility of the fetal heart speckle tracking analysis results using

4D-STIC.
95% 95%
Variable ICC Confidence p-Value ICC Confidence p-Value
Interval Interval
FETAL CARDIAC MORPHOMETRY
Left Ventricle Right Ventricle
Ventricular area 0.931 0.857 to 0.967 <0.001 0.966 0.930 to 0.984 <0.001
Longitudinal diameter 0.756 0.483 to 0.885 <0.001 0.909 0.797 to 0.958 <0.001
Basal diameter (segment 1) 0.746 0.464 to 0.881 <0.001 0.891 0.751 to 0.950 <0.001
Mid-ventricular diameter (segment 9) 0.841 0.666 to 0.924 <0.001 0.921 0.835 to 0.962 <0.001
Apical diameter (segment 17) 0.884 0.675 to 0.925 <0.001 0.882 0.745 to 0.994 <0.001
Basal sphericity index (segment 1) 0.390 —0.161 to 0.694 0.064 0.333 —0.227 to 0.659 0.095
Mid-ventricular sphericity index (segment 9) 0.495 —0.11 to 0.754 0.027 0.683 0.329 to 0.850 0.001
Apical sphericity index (segment 17) 0.445 —0.101 to 0.728 0.047 0.628 0.212 to 0.823 0.005
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Table 3. Cont.

Variable ICC Congﬁsd/;nce p-Value ICC Congﬁsd/:.nce p-Value
Interval Interval
FETAL CARDIAC FUNCTION
Left Ventricle Right Ventricle
Global longitudinal strain 0.825 0.634 to 0.916 <0.001 0.767 0.508 to 0.889 <0.001
Fractional area change 0.831 0.646 to 0.920 <0.001 0.843 0.671 to 0.925 <0.001
Basal shortening fraction (segment 1) 0.116  —0.951 to 0.595 0.378 0.506 ~ —0.055 to 0.772 0.036
Mid-ventricular shortening fraction (Segment 9)  0.742 0.466 to 0.875 <0.001 0.666 0.303 to 0.839 0.002
Apical shortening fraction (segment 17) 0.782 0.554 to 0.894 <0.001 0.745 0.476 to 0.876 <0.001
End-diastolic volume 0.872 0.718 to 0.942 <0.001
End-systolic volume 0.773 0.497 to 0.898 <0.001
Ejection fraction 0.769 0.516 to 0.890 <0.001
Cardiac Output 0.602 0.082 to 0.828 0.016

Difference of left ventricle longitudinal diameter

Difference of left ventricle basal diameter
(segment 1)

ICC: Intraclass Correlation Coefficient.
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Figure 4. Bland-Altman plots for interobserver reproducibility of fetal heart speckle tracking analysis
of morphometric and functional parameters using 4D-Spatio Temporal Image Correlation (4D-STIC).
Upper figures: left ventricle basal diameter (segment 1) (left) and right ventricle basal diameter
(segment 1) (right). Middle upper figures: left ventricle longitudinal diameter (left) and right
ventricle longitudinal diameter (right). Middle bottom figures: left ventricle global longitudinal
strain (left) and right ventricle global longitudinal strain (right). Bottom figures: left ventricle ejection
fraction (left) and right ventricle fractional area change (right).

Comparison between 2D- and 4D-STIC echocardiographic modalities showed similar
data (Table 4, Figure 5). The repeatability was good for global biventricular morphometric
and functional parameters and poor for the SI and SF of the different ventricular seg-
ments, especially for the segments corresponding to the base of both ventricles. The best
concordance was found for biventricular areas and LV volume. Again, no statistically
significant differences between operators were observed neither systematic bias for the
studied parameters.

Table 4. Comparison of Interobserver reproducibility of the fetal heart speckle tracking analysis
results using 2D- vs. 4D-STIC.

95% 95%
Variable ICC Confidence p-Value ICC Confidence p-Value
Interval Interval
CARDIAC MORPHOMETRY
Left Ventricle Right Ventricle
Ventricular area 0.930 0.817 to 0.970 <0.001 0.949 0.895 to 0.975 <0.001
Longitudinal diameter 0.745 0.480 to 0.876 <0.001 0.907 0.806 to 0.955 <0.001
Basal diameter (segment 1) 0.833 0.529 to 0.930 <0.001 0.912 0.803 to 0.959 <0.001
Mid-ventricular diameter (segment 9) 0.858 0.461 to 0.947 <0.001 0.825 0.638 to 0.915 <0.001
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Table 4. Cont.
95% 95%
Variable ICcC Confidence p-Value IcC Confidence p-Value
Interval Interval

Apical diameter (segment 17) 0.871 0.661 to 0.944 <0.001 0.871 0.753 to 0.938 <0.001

Basal sphericity index (segment 1) 0222  —0.401 to 0.601 0.211 0.637 0.226 to 0.823 0.003

Mid-ventricular sphericity index (segment 9) 0463  —0.062 to 0.737 0.018 0.738 0.457 to 0.873 <0.001

Apical sphericity index (segment 17) 0.589 0.172 t0 0.799 0.005 0.698 0.370 to 0.855 0.001

CARDIAC FUNCTION
Left Ventricle Right Ventricle

Global longitudinal strain 0.898 0.779 to 0.952 <0.001 0.878 0.746 to 0.941 <0.001

Fractional area change 0.682 0.350 to 0.846 0.001 0.667 0.307 to 0.842 0.002

Basal shortening fraction (segment 1) 0.643 0.227 to 0.838 0.003 0.339  —0.521t0 0.710 0.163

Mid-ventricular shortening fraction (Segment 9)  0.387 ~ —0.196 to 0,695 0.078 —0.05 —1.1t0 0.493 0.553

Apical shortening fraction (segment 17) 0.501  —0.021 to 0.758 0.030 0480  —0.091 to 0.752 0.043
End-diastolic volume 0.936 0.669 to 0.978 <0.001
End-systolic volume 0.896 0.774 t0 0.952 <0.001
Ejection fraction 0.628 0.243 to 0.819 0.004
Cardiac Output 0.562  —0.149 to 0.826 0.001

ICC: Intraclass Correlation Coefficient.
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Figure 5. Bland-Altman plots for interobserver reproducibility of fetal heart speckle tracking analysis
of morphometric parameters with 2D- versus 4D-Spatio Temporal Image Correlation (4D-STIC).
Upper figures: left ventricle basal diameter (segment 1) (left) and right ventricle basal diameter
(segment 1) (right). Middle upper figures: left ventricle longitudinal diameter (left) and right
ventricle longitudinal diameter (right). Middle bottom figures: left ventricle global longitudinal
strain (left) and right ventricle global longitudinal strain (right). Bottom figures: left ventricle ejection
fraction (left) and right ventricle fractional area change (right).

3.4. Subanalysis Using Quiver Tool

The subanalysis performed in 10 cases using the Quiver tool demonstrated a slightly
better reproducibility for most global morphometric and functional parameters but again
low reproducibility for the SI and SF of the different biventricular segments, both using 2D-
and 4D-STIC. Additionally, ICC and 95% confidence intervals of the Quiver tool analysis
as well as the comprehensive study of the 24 biventricular segments are provided in the
Supplemental Material.

4. Discussion

This study first demonstrates that 4D-STIC STE is feasible, reproducible and compara-
ble to 2D STE when assessing global cardiac morphometry and function using FetalHQ®.
Our results show excellent reproducibility for most of the global cardiac morphometry and
function variables evaluated, but worse results for segmental analysis of SI and SE.

4.1. Speckle Tracking Echocardiography Using 2D- and 4D-STIC

Since the first use of 2D STE in fetal cardiology in 2008, only a few publications have
focused on the analysis of biventricular GLS on healthy fetuses, reporting a good repro-
ducibility [49,50]. However, there are still limited data on GLS normality ranges throughout
the pregnancy [16,22,31,51-54] and its application in different clinical scenarios. In fact,
more recent studies, which have incorporated the latest technological advances, point to
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the need to better evaluate STE reproducibility and its correlation with other morphometric
and functional echocardiographic parameters before introducing STE into clinical practice.
In recent years, FetalHQ® has shown excellent reproducibility for the analysis of mor-
phometric and functional cardiac parameters [26,27,30,32,55-58]. FetalHQ® automatically
defines 24 segments of the ventricles and provides information of the shape (SI) and radial
systolic function (SF) by the calculation of the longitudinal and transverse diameter of each
segment. Although the reproducibility of this segmental analysis was initially reported to
be very good [26,27], more recent studies have reported worse data [55,57]. Additionally,
none of the previous studies have reported results on the reproducibility conducting a
comprehensive study of global and regional cardiac morphometric and functional data.

Focusing on 4D-STIC, the only group that had applied 4D-STIC for STE study in
fetal life was Dodaro et al. The authors analyzed the feasibility and reproducibility of LV
function evaluation in a cohort of fetuses between 20 and 40 weeks of gestation, reporting
moderate interobserver (0.562) and good intraobserver (0.857) agreement for LV GLS and
moderate interobserver (0.544) and intraobserver (0.647) repeatability for LV EF [59]. Our
data showed better results on LV GLS and EF reproducibility using 4D-STIC STE (Tables 2
and 3) which could be explained for different reasons. First, we defined a standardized
protocol both for the acquisition of cardiac volumes and for the subsequent processing in
order to always carry out the offline cardiac evaluation in the same way. Second, this strict
protocol allowed us to obtain all cardiac volumes with a very high FR (mean of 107 Hz),
which was even higher than that achieved with 2D STE (80 Hz). Third, our study was
conducted by experienced fetal medicine specialists with previous expertise in 4D-STIC,
while e-STIC evaluations were performed by less experienced sonographers with only three
weeks training on FetalHQ®. Finally, we evaluated a greater cardiac morphometric and
functional parameters comparing 4D-STIC and 2D STE, being able to demonstrate that both
techniques are reproducible, with the best performance for global cardiac morphometric
and functional parameters and the worst for segmental cardiac shape analysis (SI) and
radial function (FS).

4.2. Fetal Cardiac Morphometric and Functional Assessment Using 4D-STIC STE

To our knowledge, this is the first study to assess 4D-STIC STE feasibility for a compre-
hensive morphometric and functional cardiac evaluation and to compare its reproducibility
to 2D STE. Our 4D-STIC results showing a good reproducibility for global cardiac mor-
phometric evaluation are in accordance to most previously 2D STE published data, which
supports the use of FetalHQ® with both modalities. On the contrary, the available studies
on 2D STE reproducibility for segmental cardiac morphometric evaluation show discrepant
data. While some recent studies [55] have reported a good reproducibility for biventricular
SI (ICC > 0.758), other studies such as ours have shown poorer results, especially for assess-
ing the shape of the basal segments of both ventricles [57]. We hypothesize that manual
adjustment applied for improving the delineation of both ventricles, especially the RV, led
to differences in the endocardial delineation, in particular variations of transverse diameters
that compute for the SI and FS segmental analysis. In our study, we performed a manual
adjustment of the semi-automatic tracking of both ventricles in most of our cases, especially
for the RV, considering the endocardium and moderator band as part of the ventricular
cavity [44]. Furthermore, SI and FS are calculated by a mathematical formula (SI: end-
diastolic longitudinal diameter/end-diastolic transverse diameter, for each segment; FS:
(end-diastolic transverse diameter-end-systolic transverse diameter)/end-diastolic trans-
verse diameter, for each of the 24 segments), which may increase the error of both measures
and explain the poorer reproducibility compared to other parameters that do not apply
formulas. Finally, different orientation of the four-chamber view acquisition (apical vs.
transverse) between studies could also explain discrepant results. It is important to note
that due to lateral resolution echographic properties, some of the echoes of the lateral
walls and the upper part of the septum can be missed when analyzing an apical compared
to a transverse four-chamber view. Further studies are necessary to better define these
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methodological issues and their impact on STE reproducibility of biventricular segmental
morphometric evaluation [23].

With respect to functional heart assessment, our study is the first one that has so far
included the most extensive analysis of the reproducibility of a large number of cardiac
functional parameters using both 4D-STIC and 2D STE. We demonstrate a good 4D-STIC
STE reliability for biventricular systolic function assessment, with better performance for
LV systolic evaluation, including both GLS and FAC, in comparison with the RV. This
can be explained by the more complex 3D structure of the RV. Regarding LV systolic
parameters (LV volumes, EF and CO), we also report good reproducibility. CO ICC
was the lowest regarding LV systolic function, but we only included 24 cases to assess
the reproducibility of this parameter, since evaluation of the estimated fetal weight in
the same exploration is necessary to calculate CO. On the other hand, biventricular SF
showed a poor reproducibility, a finding that has also been reported by other groups [55,56]
and that correlates with the poorer reproducibility that we also found for the SI of the
different segments of both ventricles. Again, differences in four-chamber-view orientation,
methodology and manual tracking could explain our poorer reproducibility results.

4.3. Subanalysis Using Quiver Tool

To better understand our poor results on the segmental ventricular evaluation using
fetal HQ, we evaluated 10 cases using Quiver technology, which is supposed to facilitate
the identification of the septal and lateral AV valve annulus by displaying two frames
before and after end-systole and end-diastole frame [47]. However, our study failed to
demonstrate a better performance with Quiver. We are aware that the analysis was carried
out in a relatively small number of fetuses, and this technique may need a learning curve
to obtain better results; furthermore, more studies are needed to validate previous studies
on this technology.

4.4. Strengths and Limitations

We report a rigorously defined acquisition protocol both in 2D- and 4D-STIC modali-
ties defining clear anatomic landmarks postprocessing analysis and recommendable frame
rate, which allowed us to obtain a good reproducibility for most of the echocardiographic
parameters studied. We also included fetuses ranging from 20 to 40 weeks of gestation to
validate the results in both second and third trimesters. Moreover, the comprehensive eval-
uations of the fetal heart we perform in our study allow us to compare the reproducibility
between global and segmental cardiac parameters and to identify our worse results for
the segmental analysis. On the other hand, this study also has some limitations. Firstly,
we are aware that the sample size of our study could be a weakness, especially for the
assessment of CO, as we only included 24 fetuses. Secondly, although 2D STE has been
previously validated with normal and abnormal hearts, we have only included in the study
healthy fetuses. Thus, more studies would be necessary in order to confirm our results in
fetuses with cardiac or extracardiac anomalies. Finally, we are aware that all of our 2D clips
and 4D-STIC volumes are in an apical oblique four-chamber view that can be difficult to
achieve in the third trimester, or in other fetal conditions such as oligohidramnios. DeVore
et al. described that apex-down four-chamber views are eligible indistinctly from apical
views for 2D-STE [20], but more studies using basal four-chamber view 4D-STIC volumes
should be carried out in order to validate their results.

5. Conclusions

To conclude, we confirm that 4D-STIC STE is feasible, reproducible and comparable
to 2D echocardiography for the assessment of global cardiac morphometry and systolic
function, including GLS. Although it requires a learning curve, the results of this study
are encouraging in using FetalHQ® in future studies to assess fetal cardiac remodeling in
different maternal and fetal conditions. If our results are confirmed, 4D-STIC would allow
not only structural evaluation of fetal cardiac anatomy but a comprehensive structural and
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functional evaluation by a unique cardiac volume acquired in the four-chamber view. This
would enable the use of FetalHQ® for telemedicine. Future technical improvements in the
semi-automatic tracking of the endocardium—to avoid manual correction—are warranted
to improve reproducibility of segmental fetal cardiac evaluation.
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parameters using 4D-Spatio Temporal Image Correlation (4D-STIC). Upper figures: left ventricle
basal diameter (segment 1) (left) and right ventricle basal diameter (segment 1) (right). Middle upper
figures: left ventricle longitudinal diameter (left) and right ventricle longitudinal diameter (right),
Middle bottom: left ventricle global longitudinal strain (left) and right ventricle global longitudinal
strain (right). Bottom figures: left ventricle ejection fraction (left) and right ventricle fractional area
change (right).

Author Contributions: Conceptualization, L.N., M.B., O.G. and F.C.; methodology, M.B., O.G. and
E.C,; software, G.D.; investigation, L.N.; data curation, N.I. and C.M.; writing—original draft prepara-
tion, L.N.; writing—review and editing, M.B., O.G., EC., N.M., ] M.M. and E.G.; supervision, M.B.,
O.G., EC. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by grants from Hospital Clinic de Barcelona (Premi Fi de
Residéncia “Emili Letang” 2019) (Spain), Instituto Carlos III (INT21/00027, PI17/00675, PI118 /00073
and PI20/00246) integrados en el Plan Nacional de I + D + Iy cofinanciados por el ISCIII-Subdireccion
General de Evaluacion y el Fondo Europeo de Desarrollo Regional (FEDER) “Una manera de hacer Eu-
ropa” (Spain), Centro de Investigacion Biomédica en Red de Enfermedades Raras (ERPR04G719/2016)
(Spain), Cerebra Foundation for the Brain Injured Child (Carmarthen, Wales, UK) and AGAUR 2017
SGR grant No. 1531 (Spain) and Fundacioé La Marat6 de TV3-Ref 202016-30-31.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by the Ethics Committee of Hospital Clinic de Barcelona
(protocol code HCB/2019/0540).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: Study data can be made available upon documented request.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Shapiro, L; Degani, S.; Leibovitz, Z.; Ohel, G.; Tal, Y.; Abinader, E.G. Fetal Cardiac Measurements Derived by Transvaginal
and Transabdominal Cross-Sectional Echocardiography from 14 Weeks of Gestation to Term. Ultrasound Obs. Gynecol 1998, 12,

404-418. [CrossRef]

2. Firpo, C,; Silverman, N.H. Evaluation of Fetal Heart Dimensions from 12 Weeks to Term. Am. J. Cardiol. 2001, 87, 594-600.

[CrossRef]

3. Kleinman, S.; Lynch, C.; Hobbins, C.; Talner, S. Echocardiographic Studies of the Human Fetus: Prenatal Diagnosis of Congenital
Heart Disease and Cardiac Dysrhythmias. Pediatrics 2021, 65, 1059-1067. [CrossRef]

4. Allan, L.D.; Joseph, M.C.; Boyd, E.G.C.A.; Campbell, S.; Tynan, M. M-Mode Echocardiography in the Developing Human Fetus.
Br Hear. ] 1982, 47, 573-583. [CrossRef] [PubMed]

5. Comas, M,; Crispi, F. Assessment of Fetal Cardiac Function Using Tissue Doppler Techniques. Fetal Diagn. Ther. 2012, 32, 30-38.

[CrossRef]



J. Clin. Med. 2022, 11, 1414 15 0f 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Bennasar, M.; Mart, ] MLL; Figueras, F.; Olivella, A.; Puerto, B. Intra- and Interobserver Repeatability of Fetal Cardiac Examination
Using Four-Dimensional Spatiotemporal Image Correlation in Each Trimester of Pregnancy. Ultrasound Obstet. Gynecol. 2010, 35,
318-323. [CrossRef]

DeVore, G.R.; Satou, G.; Sklansky, M. 4D Fetal Echocardiography—An Update. Echocardiography 2017, 34, 1788-1798. [CrossRef]
Langeland, S.; Jan, D.; Wouters, PF,; Leather, H.A.; Claus, P.; Bijnens, B.; Sutherland, G.R. Experimental Validation of a New
Ultrasound Method for the Simultaneous Assessment of Radial and Longitudinal Myocardial Deformation Independent of
Insonation Angle. Circulation 2005, 112, 2157-2162. [CrossRef]

Kocabay, G.; Muraru, D.; Peluso, D.; Cucchini, U.; Mihaila, S.; Padayattil-jose, S.; Gentian, D.; Iliceto, S.; Vinereanu, D.; Badano,
L.P. Normal Left Ventricular Mechanics by Two-Dimensional Speckle-Tracking Echocardiography. Reference Values in Healthy
Adults. Rev. Esp. Cardiol. 2014, 67, 651-658. [CrossRef]

Pirat, B.; Khoury, D.S.; Hartley, C.J.; Tiller, L.; Schulz, D.G.; Nagueh, S.F.; Zoghbi, W.A. A Novel Feature-Tracking Echocardio-
graphic Method for the Quantitation of Regional Myocardial Function: Validation in an animal model of ischemia-reperfusion. J.
Am. Coll. Cardiol. 2008, 51, 651-659. [CrossRef]

Crispi, F.; Valenzuela-Alcaraz, B.; Gratacds, E. Ultrasound Assessment of Fetal Cardiac Function. AJUM 2013, 16, 158-167.
[CrossRef] [PubMed]

Forsey, J.; Friedberg, M.K.; Mertens, L. Speckle Tracking Echocardiography in Pediatric and Congenital Heart Disease. Echocardio-
graphy 2013, 30, 447-459. [CrossRef] [PubMed]

Geyer, H.; Caracciolo, G.; Abe, H.; Wilansky, S.; Carerj, S. Assessment of Myocardial Mechanics Using Speckle Tracking
Echocardiography: Fundamentals and Clinical Applications. J. Am. Soc. Echocardiogr. 2010, 23, 351-369. [CrossRef] [PubMed]
Levy, PT.; Machefsky, A.; Sanchez, A.A.; Patel, M.D.; Rogal, S.; Singh, G K. Reference Ranges of Left Ventricular Strain Measures
by Two- Dimensional Speckle Tracking Echocardiography in Children: A Systematic Review and Meta-Analysis. J. Am. Soc.
Echocardiogr. 2017, 29, 209-225. [CrossRef]

Di Salvo, G.; Russo, M.G.; Paladini, D.; Felicetti, M.; Castaldi, B.; Tartaglione, A.; Pietto, L.; Ricci, C.; Morelli, C.; Pacileo, G.
Two-Dimensional Strain to Assess Regional Left and Right Ventricular Longitudinal Function in 100 Normal Foetuses. Eur. ].
Echocardiogr. 2008, 9, 754-756. [CrossRef]

Ta-shma, A.; Perles, Z.; Gavri, S.; Golender, J. Analysis of Segmental and Global Function of the Fetal Heart Using Novel
Automatic Functional Imaging. Congenit. Heart Dis. 2008, 21, 146-150. [CrossRef]

Willruth, A.M.; Geipel, A.K.; Fimmers, R.; Gembruch, U.G. Assessment of Right Ventricular Global and Regional Longitudinal
Peak Systolic Strain, Strain Rate and Velocity in Healthy Fetuses and Impact of Gestational Age Using a Novel Speckle /
Feature-Tracking Based Algorithm. Ultrasound Obs. Gynecol 2011, 37, 143-149. [CrossRef]

Ishii, T.; McElhinney, D.B.; Harrild, D.M.; Marcus, E.N.; Sahn, D.J.; Truong, U.; Tworetzky, W.T. Circumferential and Longitudinal
Ventricular Strain in the Normal Human Fetus. J. Am. Soc. Echocardiogr. 2012, 25, 105-111. [CrossRef]

Germanakis, I. Assessment of Fetal Myocardial Deformation Using Speckle Tracking Techniques. Fetal Diagn. Ther. 2012, 32,
39-46. [CrossRef]

Devore, G.R.; Polanco, B.; Satou, G.; Sklansky, M. Two-Dimensional Speckle Tracking of the Fetal Heart. ]. Ultrasound Med. 2016,
35,1765-1781. [CrossRef]

Day, T.G.; Charakida, M.; Simpson, J.M. Using Speckle-Tracking Echocardiography to Assess Fetal Myocardial Deformation: Are
We There Yet? Ultrasound Obstet. Gynecol. 2019, 54, 575-581. [CrossRef] [PubMed]

van Oostrum, N.H.; de Vet, CM.; van der Woude, D.A.; Kemps, H.M.; Oei, S.G.; van Laar, J.O. Fetal Strain and Strain Rate during
Pregnancy Measured with Speckle Tracking Echocardiography: A Systematic Review. Eur. J. Obstet. Gynecol. 2020, 250, 178-187.
[CrossRef]

Semmler, J.; Day, T.; Georgiopoulos, G.; Garcia-Gonzalez, C.; Aguilera, J.; Vigneswaran, T.; Zidere, V.; Miller, O.1; Sharland, G.;
Charakida, M.; et al. Fetal Speckle-Tracking: Impact of Angle of Insonation and Frame Rate on Global Longitudinal Strain. J. Am.
Soc. Echocardiogr. 2020, 33, 1141-1146.e2. [CrossRef] [PubMed]

Voigt, J.-U.; Pedrizzetti, G.; Lysyansky, P.; Marwick, T.H.; Houle, H.; Baumann, R.; Pedri, S.; Ito, Y.; Abe, Y.; Metz, S.; et al.
Definitions for a common standard for 2D speckle tracking echocardiography: Consensus document of the EACVI/ASE/Industry
Task Force to standardize deformation imaging. Eur. Heart ].-Cardiovasc. Imaging 2014, 16, 1-11. [CrossRef] [PubMed]

Moen, C.A.; Salminen, P.-R.; Dahle, G.O.; Hjertaas, ].J.; Grong, K.; Matre, K. Is strain by Speckle Tracking Echocardiography
dependent on user controlled spatial and temporal smoothing? An experimental porcine study. Cardiovasc. Ultrasound 2013, 11,
32. [CrossRef] [PubMed]

Devore, G.R; Klas, B.; Satou, G.; Sklansky, M. Twenty-Four Segment Transverse Ventricular Fractional Shortening: A new
technique to evaluate fetal cardiac function. J. Ultrasound Med. 2018, 37, 1129-1141. [CrossRef] [PubMed]

Devore, G.R; Klas, B.; Satou, G.; Sklansky, M. 24-Segment Sphericity Index: A New Technique to Evaluate Fetal Cardiac Diastolic
Shape. Ultrasound Obstet. Gynecol. 2018, 51, 650-658. [CrossRef]

Devore, G.R;; Klas, B.; Satou, G.; Sklansky, M. Evaluation of Fetal Left Ventricular Size and Function Using Speckle-Tracking and
the Simpson Rule. ]. Ultrasound Med. 2018, 38, 1209-1221. [CrossRef]

Devore, G.R;; Klas, B.; Satou, G.; Sklansky, M. Speckle Tracking of the Basal Lateral and Septal Wall Annular Plane Systolic
Excursion of the Right and Left Ventricles of the Fetal Heart. J. Ultrasound Med. 2019, 38, 1309-1318. [CrossRef]

63



64

J. Clin. Med. 2022, 11, 1414 16 of 17

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Devore, G.R;; Klas, B.; Satou, G.; Sklansky, M. Quantitative Evaluation of Fetal Right and Left Ventricular Fractional Area Change
Using Speckle-Tracking Technology. Ultrasound Obs. Gynecol. 2019, 53, 219-228. [CrossRef]

Devore, G.R;; Klas, B.; Satou, G.; Sklansky, M. Longitudinal Annulae Systolic Displacement Compared to Global Strain in Normal
Fetal Hearts and Those With Cardiac Abnormalities. J. Ultrasound Med. 2018, 37, 1156-1171. [CrossRef] [PubMed]

Devore, G.R.; Cuneo, B.; Klas, B.; Satou, G.; Sklansky, M. Comprehensive Evaluation of Fetal Cardiac Ventricular Widths and
Ratios Technique. J. Ultrasound Med. 2019, 38, 1039-1047. [CrossRef] [PubMed]

Devore, G.R; Klas, B.; Satou, G.; Sklansky, M. Evaluation of the Right and Left Ventricles: An Integrated Approach Measuring the
Area, Length and Width of the Chambers in Normal Fetuses. Prenat. Diagn. 2019, 37, 1203-1212. [CrossRef] [PubMed]

Devore, G.R.; Haxel, C.; Satou, G.; Sklansky, M. Improved Detection of Coarctation of the Aorta Using Speckle Tracking Analysis
of the Fetal Heart Using the Last Examination Prior to Delivery. Ultrasound Obs. Gynecol. 2021, 57, 282-291. [CrossRef]

DeVore, G.R;; Satou, G.M.; Afshar, Y.; Harake, D.; Sklansky, M. Evaluation of Fetal Cardiac Size and Shape: A New Screening Tool
to Identify Fetuses at Risk for Tetralogy of Fallot. |. Ultrasound Med. 2021, 40, 2537-2548. [CrossRef]

DeVore, G.R.; Gumina, D.L.; Hobbins, J.C. Assessment of ventricular contractility in fetuses with an estimated fetal weight less
than the tenth centile. Am. J. Obstet. Gynecol. 2019, 221, 498.e1-498.e22. [CrossRef]

Georgiopoulos, G.; Nicolaides, K.H.; Charakida, M.; Sciences, I. Impact of Gestational Diabetes Mellitus on Fetal Cardiac
Morphology and Function: Cohort Comparison of Second- and Third-Trimester Fetuses. Ultrasound Obstet. Gynecol. 2021, 57,
607-613. [CrossRef]

Harbison, A.L.; Chmait, R.H.; Pruetz, ].D.; Ma, S.; Sklansky, M.S.; Devore, G.R. Evaluation of Cardiac Function in the Recipient
Twin in Successfully Treated Twin-to-Twin Transfusion Syndrome Using a Novel Fetal Speckle-Tracking Analysis. Prenat. Diagn.
2021, 41, 136-144. [CrossRef]

Bennasar, M.; Martinez, ].M.; Gémez, O.; Bartrons, J.; Olivella, A.; Puerto, B.; Gratacos, E. Accuracy of Four-Dimensional
Spatiotemporal Image Correlation Echocardiography in the Prenatal Diagnosis of Congenital Heart Defects. Ultrasound Obstet.
Gynecol. 2010, 36, 458—-464. [CrossRef]

Figueras, F.; Meler, E.; Iraola, A.; Eixarch, E.; Coll, O.; Figueras, J. Customized Birthweight Standards for a Spanish Population.
Eur. ]. Obs. Gynecol. Reprod. Biol. 2008, 136, 20-24. [CrossRef]

Carvalho, J.S.; Allan, L.D.; Chaoui, R.; Copel, ].A.; DeVore, G.R.; Hecher, K.; Lee, W.; Munoz, H.; Paladini, D.; Tutschek, B.; et al.
ISUOG Practice Guidelines (Updated): Sonographic Screening Examination of the Fetal Heart. Ultrasound Obstet. Gynecol. 2013,
41, 348-359. [CrossRef] [PubMed]

Salomon, L.J.; Alfirevic, Z.; Berghella, V.; Bilardo, C.; Hernandez-Andrade, E.; Johnsen, S.L.; Kalache, K.; Leung, K.-Y.; Malinger,
G.; Munoz, H.; et al. Practice Guidelines for Performance of the Routine Mid-Trimester Fetal Ultrasound Scan. Ultrasound Obstet.
Gynecol. 2011, 37, 116-126. [CrossRef] [PubMed]

Hadlock, EP; Harrist, R.B.; Shah, Y.P; King, D.E.; Park, SK.; Sharman, R.S. Estimating Fetal Age Using Multiple Parameters: A
Prospective Evaluation in a Racially Mixed Population. Am. J. Obstet. Gynecol. 1987, 156, 955-957. [CrossRef]

Guirado, L.; Crispi, F; Soveral, I.; Valenzuela-alcaraz, B.; Rodriguez-Lépez, M.; Garcia-Otero, L.; Torres, X.; Sepulveda-Martinez,
A.; Escobar-Diaz, M.C.; Martinez, . M.; et al. Nomograms of Fetal Right Ventricular Fractional Area Change by 2D Echocardiogra-
phy. Fetal Diagn. Ther. 2020, 47, 399-410. [CrossRef]

Lang, R.M.; Badano, L.P; Mor-avi, V.; Afilalo, J.; Armstrong, A.; Ernande, L.; Flachskampf, F.A.; Foster, E.; Goldstein, S.A.;
Kuznetsova, T.; et al. Recommendations for Cardiac Chamber Quantification by Echocardiography in Adults: An Update from
the American Society of Echocardiography and the European Association of Cardiovascular Imaging. Eur. Heart ].-Cardiovasc.
Imaging 2015, 16, 233-271. [CrossRef]

Devore, G.R.; Satou, G.; Sklansky, M. Using Speckle-Tracking Echocardiography to Assess Fetal Myocardial Deformation: Are We
There yet? Yes We Are! Ultrasound Obs. Gynecol. 2019, 54, 703-704. [CrossRef]

Devore, G.R.; Satou, G.; Sklansky, M. Comparing the Non-Quiver and Quiver Techniques for Identi Fi Cation of the Endocardial
Borders Used for Speckle-Tracking Analysis of the Ventricles of the Fetal Heart. J. Ultrasound Med. 2020, 40, 1955-1961. [CrossRef]
Watson, P.E; Petrie, A. Method Agreement Analysis: A Review of Correct Methodology. Theriogenology 2010, 73, 1167-1179.
[CrossRef]

Crispi, F.; Sepulveda-swatson, E.; Cruz-lemini, M. Original Paper: Techniques Feasibility and Reproducibility of a Standard
Protocol for 2D Speckle Tracking and Tissue Doppler-Based Strain and Strain Rate Analysis of the Fetal Heart. Fetal Diagn. Ther.
2012, 32, 96-108. [CrossRef]

Enzensberger, C.; Achterberg, F.; Degenhardt, J.; Wolter, A.; Graupner, O.; Herrmann, J.; Axt-fliedner, R. Feasibility and
Reproducibility of Two-Dimensional Wall Motion Tracking ( WMT ) in Fetal Echocardiography Study Population. Ultrasound Int.
Open 2017, 3, 26-33.

Younoszai, A.K.; Saudek, D.E.; Emery, S.P.; Thomas, ].D. Evaluation of Myocardial Mechanics in the Fetus by Velocity Vector
Imaging. J. Am. Soc. Echocardiogr. 2008, 21, 470-474. [CrossRef] [PubMed]

Belghiti, H.; Brette, S.; Lafitte, S.; Reant, P; Picard, F.; Serri, K.; Lafitte, M.; Courregelongue, M.; Dos Santos, P.; Douard, H.; et al.
Automated Function Imaging: A New Operator-Independent Strain Method for Assessing Left Ventricular Function Imagerie
Paramétrique Fonctionnelle Automatique. Arch. Cardiovasc. Dis. 2008, 101, 163-169. [CrossRef]



J. Clin. Med. 2022, 11, 1414 17 of 17

53.

54.

55.

56.

57.

58.

59.

Barker, P.C.A.; Houle, H.; Li, J.S.; Miller, S.; Herlong, J.R.; Camitta, M.G.W. Global Longitudinal Cardiac Strain and Strain Rate
for Assessment of Fetal Cardiac Function: Novel Experience with Velocity Vector Imaging. Echocardiography 2009, 26, 28-36.
[CrossRef] [PubMed]

Maskatia, S.A.; Pignatelli, R.H.; Ayres, N.A.; Altman, C.A.; Sangi-haghpeykar, H.; Lee, W. Longitudinal Changes and Interobserver
Variability of Systolic Myocardial Deformation Values in a Prospective Cohort of Healthy Fetuses across Gestation and after
Delivery. ]. Am. Soc. Echocardiogr. 2016, 29, 341-349. [CrossRef]

Huntley, E.S.; Hernandez-Andrade, E.; Soto, E.; Devore, G.; Sibai, B.M. Novel Speckle Tracking Analysis Showed Excellent
Reproducibility for Size and Shape of the Fetal Heart and Good Reproducibility for Strain and Fractional Shortening. Fetal Diagn.
Ther. 2021, 48, 541-550. [CrossRef]

Hata, T.; Koyanagi, A.; Yamanishi, T.; Bouno, S.; Takayoshi, R. A 24-Segment Fractional Shortening of the Fetal Heart Using Fetal
HQ. J. Perinat. Med. 2021, 49, 371-376. [CrossRef]

Hata, T.; Koyanagi, A.; Yamanishi, T.; Bouno, S.; Ahmed, M.; Aboellail, M.; Miyake, T. Evaluation of 24-Segment Sphericity Index
of Fetal Heart Using Fetal HQ. ]. Matern. Neonatal Med. 2020, 1-7. [CrossRef]

Luo, Y,; Xiao, F,; Long, C.; Kuang, H.; Jiang, M. Evaluation of the Sphericity Index of the Fetal Heart during Middle and Late
Pregnancy Using FetalHQ. ]. Matern. Neonatal Med. 2021, 1-6. [CrossRef]

Dodaro, M.G.; Montaguti, E.; Balducci, A.; Perolo, A.; Angeli, E.; Lenzi, J.; Lombardo, L.; Donti, A.; Pilu, G.; Gaia, M.; et al.
Fetal Speckle-Tracking Echocardiography: A Comparison between Two-Dimensional and Electronic Spatio-Temporal Image
Correlation ( e- STIC ) Technique Two-Dimensional and Electronic Spatio-Temporal Image Correlation. J. Matern. Neonatal Med.
2021, 1-7. [CrossRef]

65



66

Journal of K\
Clinical Medicine - D\Py

Table S1. Intraobserver reproducibility of the fetal heart 4D-Spatio Temporal Image Correlation (4D-STIC) speckle tracking analysis
results using Quiver technique.

Variable ICC 95% confi- p-value ICC 95% confi-  p-value
dence inter- dence in-
val terval

FETAL CARDIAC MORPHOMETRY

Left Ventricle Right Ventricle
Ventricular Area 0.854 0.406 to 0.964 0.005 0.878 0.533 to 0.002
0.969
Longitudinal diameter 0.906 0.634 to 0.977 0.001 0.926 0.718 to <0.001
0.981
Basal diameter (segment 0.798 0.190 to 0.950 0.005 0.910 0.447 to <0.001
1) 0.980
Mid-ventricular diame- 0.681 -0.436 to 0.923 0.063 0.887 0.571 to 0.001
ter (segment 9) 0.972
Apical diameter (seg- 0.549 -1.136 to 0.902 0.157 0.851 0.375 to 0.006
ment 17) 0.963
Basal sphericity index 0.244 -0.524 to 0.750 0.258 0.661 -0.128 to 0.034
(segment 1) 0.911
Mid-ventricular spheric- 0.616 -0.725 to 0.907 0.098 0.738 0.072 to 0.018
ity index (segment 9) 0.933
Apical sphericity index 0.432 -1.778 to 0.865 0.224 0.691 -0.387 to 0.058
(segment 17) 0.925
FETAL CARDIAC FUNCTION
Left Ventricle Right Ventricle
Global longitudinal 0.983 0.936 to 0.996 <0.001 0.928 0.730 to <0.001
strain 0.982
Fractional area change 0.940 0.683 to 0.986 <0.001 0.883 0.562 to 0.002
0.970
Basal shortening fraction 0.564 -0.239 to 0.886 0.018 0.726 -0.118 to 0.008
(Segment 1) 0.933
Mid-ventricular shorten- 0.830 0.297 to 0.958 0.009 0.877 0.537 to 0.002
ing fraction (Segment 9) 0.969
Apical shortening frac- 0.687 -0.071 to 0.919 0.035 0.731 -0.191 to 0.040
tion (Segment 17) 0.935
End-diastolic volume 0.795 0.140 to 0.950 0.017
End-systolic volume 0.545 -1.159 to 0.891 0.145
Ejection fraction 0.920 0.5692to 0.980 <0.001
J. Clin. Med. 2022, 10, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/jcm



J. Clin. Med. 2021, 10, x FOR PEER REVIEW

2 of 11

Cardiac Output

0.898

0.585 to 0.977

0.002

ICC: Intraclass Correlation Coefficient.

Table S2. Interobserver reproducibility of the fetal heart 4D-STIC speckle tracking analysis results using Quiver technique.

Variable (¢ 95% confi- p-value ICC 95% confi-  p-value
dence inter- dence in-
val terval
FETAL CARDIAC MORPHOMETRY
Left Ventricle Right Ventricle
Ventricular Area 0.989 0.790 to 0.998 <0.001 0.946 0.789 to <0.001
0.987
Longitudinal diameter 0.952 0.806 to 0.988 <0.001 0.938 0.636 to <0.001
0.986
Basal diameter (segment 0.786 0.204 to 0.946 0.015 0.986 0.948 to <0.001
1) 0.997
Mid-ventricular diame- 0.959 0.836 to 0.990 <0.001 0.837 0.312 to 0.008
ter (segment 9) 0.960
Apical diameter (seg- 0.825 0.267 to 0.957 0.010 0.886 0.566 to 0.001
ment 17) 0.971
Basal sphericity index 0.011 -1.562 to 0.715 0.492 0.696 -0.202 to 0.048
(segment 1) 0.924
Mid-ventricular spheric- 0.507 -1.371 to 0.882 0.171 0.578 -0.912 to 0.121
ity index (segment 9) 0.898
Apical sphericity index 0.260 -2.088 to 0.818 0.334 0.598 -0.806 to 0.110
(segment 17) 0.903
FETAL CARDIAC FUNCTION
Left Ventricle Right Ventricle
Global longitudinal 0.907 0.621 to 0.977 0.001 0.713 -0.239 to 0.051
strain 0.935
Fractional area change 0.796 0.133 to 0.950 0.017 0.938 0.753 to <0.001
0.985
Basal shortening fraction 0.119 -0.275 to 0.608 0.309 0.491 -1.451 to 0.182
(Segment 1) 0.878
Mid-ventricular shorten- 0.308 -2.401 to 0.836 0.309 0.629 -0.690 to 0.091
ing fraction (Segment 9) 0.910
Apical shortening frac- 0.759 0.140 to 0.938 0.016 0.359 -1.863 to 0.269
tion (Segment 17) 0.845
End-diastolic volume 0.986 0.930 to 0.997 <0.001
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End-systolic volumen 0.948 0.787 to 0.987 <0.001
Ejection fraction 0.668 -0.501 to 0.920 0.070
Cardiac Output 0.925 0.679 to 0.983 <0.001

ICC: Intraclass Correlation Coefficient.

Table S3. Comparison of 2D vs 4D-STIC Interobserver reproducibility of the fetal heart speckle tracking analysis results using

Quiver technique.
Variable IcC 95% confi- p-value ICcC 95% confi-  p-value
dence inter- dence in-
val terval
FETAL CARDIAC MORPHOMETRY
Left Ventricle Right Ventricle
Ventricular Area 0.930 0.728 t0 0.982 <0.001 0.964 0.864 to <0.001
0.991
Longitudinal diameter 0.946 0.779 to 0.987 <0.001 0.965 0.806 to <0.001
0.955
Basal diameter (segment 0.802 0.264 to 0.950 0.011 0.949 0.805 to <0.001
1) 0.987
Mid-ventricular diame- 0.888 0.554 to 0.972 0.002 0.930 0.735 to <0.001
ter (segment 9) 0.982
Apical diameter (seg- 0.966 0.863 to 0.992 <0.001 0.935 0.745 to <0.001
ment 17) 0.984
Basal sphericity index 0.347 -1.872 to 0.841 0.276 0.607 -0.553 to 0.093
(segment 1) 0.902
Mid-ventricular spheric- 0.662 -0.283 to 0.915 0.061 0.487 -1.117 to 0.176
ity index (segment 9) 0.874
Apical sphericity index 0.434 -1.730 to 0.865 0.221 0.236 -3.642 to 0.368
(segment 17) 0.838
FETAL CARDIAC FUNCTION
Left Ventricle Right Ventricle
LV Global longitudinal 0.763 0.149 to 0.939 0.017 0.959 0.837 to <0.001
strain 0.990
LV Fractional area 0.791 0.241 to 0.947 0.010 0.889 0.540 to 0.002
change 0.972
FS Segment 1 (base) 0.096 -2.755 t0 0.793 0.444 0.806 0.227 to 0.011
0.951
FS Segment 9 (mid-ven- 0.662 -0.511 to 0,918 0.072 0.445 -1.662 to 0.213
tricular) 0.867
FS Segment 17 (apex) 0.564 -0.415 to 0.885 0.093 0.551 -0.581 to 0.115
0.885
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LV End diastolic volume 0.919 0.686 to 0.980 0.001
LV End systolic volume 0.880 0.527 to 0.970 0.002
Ejection fraction 0.844 0.408 to 0.961 0.005
Cardiac Output 0.869 0.419 to 0.970 0.006

ICC: Intraclass Correlation Coefficient.

Table S4. Intraobserver reproducibility of the fetal heart speckle tracking segmental analysis results using 4D-STIC

Variable

IcC

95% confi-
dence inter-

val

IcC

95% confi-

dence interval

FETAL CARDIAC MORPHOMETRY

End-diastolic diameter

Left ventricle Right ventricle
Segment 1 0.853 0.696 to 0.929 0.855 0.702 to 0.930
Segment 2 0,888 0,770 to 0,946 0,884 0,760 to 0,944
Segment 3 0,916 0,825 to 0,959 0,906 0,804 to 0,955
Segment 4 0,923 0,839 to 0,963 0,920 0,833 to 0,961
Segment 5 0,920 0,833 to 0,961 0,930 0,854 to 0,966
Segment 6 0,917 0,828 to 0,960 0,938 0,871 to 0,970
Segment 7 0,916 0,827 to 0,960 0,945 0,885 to 0,973
Segment 8 0,917 0,828 to 0,96 0,949 0,894 to 0,975
Segment 9 0.924 0.841 to 0.964 0.936 0.867 to 0.969
Segment 10 0,920 0,835 to 0,961 0,954 0,904 to 0,978
Segment 11 0,922 0,839 to 0,962 0,955 0,907 to 0,979
Segment 12 0,922 0,838 to 0,962 0,955 0,907 to 0,978
Segment 13 0,919 0,832 to 0,961 0,954 0,905 to 0,978
Segment 14 0,915 0,824 to 0,959 0,953 0,903 to 0,977
Segment 15 0,911 0,816 to 0,957 0,952 0,900 to 0,977
Segment 16 0,909 0,812 to 0,956 0,948 0,892 to 0,975
Segment 17 0,912 0,818 to 0,958 0,943 0,881 to 0,972
Segment 18 0,923 0,839 to 0,963 0,938 0,871 to 0,970
Segment 19 0,933 0,861 to 0,968 0,934 0,862 to 0,968
Segment 20 0,938 0,872 to 0,970 0,929 0,852 to 0,966
Segment 21 0,937 0,870 to 0,970 0,924 0,841 to 0,963
Segment 22 0,933 0,862 to 0,968 0,919 0,832 to 0,961
Segment 23 0,930 0,856 to 0,966 0,915 0,824 to 0,959
Segment 24 0,929 0,853 to 0,966 0,912 0,818 to 0,958
Sphericity index
Left ventricle Right ventricle
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Segment 1 0.440 -0.201t0 0.736  0.526 -0.042 to 0.872
Segment 2 0,494 -0,015t0 0,752 0,344 -0,368 to 0,685
Segment 3 0,565 0,114 to 0,789 0,457 -0,122 to 0,738
Segment 4 0,582 0,134 to 0,798 0,558 0,093 to 0,786
Segment 5 0,575 0,110 to 0,796 0,624 0,231 to 0,817
Segment 6 0,571 0,099 to 0,795 0,666 0,318 to 0,838
Segment 7 0,591 0,141 to 0,804 0,694 0,375 to 0,851
Segment 8 0,610 0,181t0 0,813 0,701 0,389 to 0,855
Segment 9 0.702 0.392 to 0.855 0.665 0.298 to 0.840
Segment 10 0,664 0,296 to 0,839 0,705 0,396 to 0,857
Segment 11 0,694 0,359 to 0,853 0,702 0,388 to 0,855
Segment 12 0,710 0,392 to 0,861 0,693 0,370 to 0,851
Segment 13 0,729 0,435 to 0,870 0,684 0,350 to 0,847
Segment 14 0,750 0,480 to 0,880 0,676 0,333 to 0,843
Segment 15 0,77 0,522 to 0,889 0,659 0,298 to 0,835
Segment 16 0,779 0,541 to 0,893 0,641 0,24 to 0,827

Segment 17 0.787 0.561 to 0.897 0,609 0,192 to 0,812
Segment 18 0,798 0,584 to 0,902 0,575 0,118 to 0,795
Segment 19 0,903 0,597 to 0,905 0,537 0,036 to 0,777
Segment 20 0,799 0,589 to 0,903 0,499 -0,048 to 0,760
Segment 21 0,793 0,576 to 0,900 0,466 -0,122 to 0,744
Segment 22 0,789 0,566 to 0,897 0,448 -0,163 to 0,736
Segment 23 0,784 0,558 to 0,895 0,437 -0,187 to 0,731
Segment 24 0,782 0,552 to 0,894 0,432 -0,199 to 0,894

FETAL CARDIAC FUNCTION
Shortening fraction
Left ventricle Right ventricle

Segment 1 0,302 -0,561 to 0,684 0,775 0,526 to 0,894
Segment 2 0,502 -0,049t0 0,764 0,681 0,351 to 0,844
Segment 3 0,569 0,084 to 0,796 0,684 0,358 to 0,846
Segment 4 0,633 0,218 to 0,826 0,667 0,322 to 0,838
Segment 5 0,655 0,279 to 0,834 0,638 0,260 to 0,824
Segment 6 0,700 0,375 to 0,856 0,621 0,221 to 0,816
Segment 7 0,729 0,436 to 0,870 0,635 0,247 to 0,823
Segment 8 0,741 0,460 to 0,876 0,669 0,317 to 0,84

Segment 9 0,748 0,472 to 0,879 0,801 0,579 to 0,906
Segment 10 0,760 0,499 to 0,885 0,817 0,613 to 0,913
Segment 11 0,777 0,535 to 0,892 0,809 0,598 to 0,909
Segment 12 0,790 0,566 to 0,899 0,776 0,530 to 0,893
Segment 13 0,801 0,589 to 0,904 0,729 0,432 to 0,871
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Segment 14 0,809 0,607 to 0,908 0,683 0,334 to 0,849
Segment 15 0,814 0,618 to 0,910 0,647 0,254 to 0,833
Segment 16 0,813 0,616 to 0,909 0,624 0,201 to 0,822
Segment 17 0,805 0,599 to 0,906 0,619 0,188 to 0,820
Segment 18 0,794 0,575 to 0,900 0,634 0,221 to 0,827
Segment 19 0,782 0,551 to 0,895 0,654 0,264 to 0,837
Segment 20 0,772 0,530 to 0,890 0,666 0,288 to 0,842
Segment 21 0,765 0,515 to 0,887 0,665 0,288 to 0,842
Segment 22 0,760 0,504 to 0,884 0,612 0,161 to 0,819
Segment 23 0,756 0,496 to 0,882 0,607 0,152 to 0,817
Segment 24 0,754 0,492 to 0,881 0,604 0,146 to 0,815

ICC: Intraclass Correlation Coefficient.

Table S5. Interobserver reproducibility of the fetal heart speckle tracking segmental analysis results using 4D-STIC.

Variable

IcC

95% confi-
dence inter-

val

IcC

95% confi-

dence interval

FETAL CARDIAC MORPHOMETRY

End-diastolic diameter

Left ventricle Right ventricle
Segment 1 0.746 0.464 to 0.881 0.891 0.751 to 0.950
Segment 2 0,836 0,659 to 0,921 0,914 0,802 to 0,961
Segment 3 0,856 0,698 to 0,931 0,926 0,828 to 0,966
Segment 4 0,860 0,707 to 0,932 0,933 0,847 to 0,969
Segment 5 0,854 0,698 to 0,929 0,937 0,860 to 0,970
Segment 6 0,847 0,686 to 0,926 0,937 0,865 to 0,970
Segment 7 0,842 0,676 to 0,923 0,933 0,860 to 0,968
Segment 8 0,841 0,671 to 0,923 0,927 0,848 to 0,965
Segment 9 0.841 0.666 to 0.924 0.921 0.835 to 0.962
Segment 10 0,852 0,693 to 0,928 0,920 0,836 to 0,961
Segment 11 0,861 0,713 to 0,933 0,923 0,842 to 0,963
Segment 12 0,869 0,729 to 0,937 0,926 0,846 to 0,964
Segment 13 0,870 0,733 to 0,937 0,925 0,844 to 0,964
Segment 14 0,866 0,723 to 0,935 0,922 0,837 to 0,962
Segment 15 0,858 0,707 to 0,931 0,914 0,822 to 0,959
Segment 16 0,850 0,691 to 0,927 0,902 0,796 to 0,953
Segment 17 0.884 0.675 to 0.925 0.882 0.745 to 0.994
Segment 18 0,841 0,674 to 0,923 0,866 0,725 to 0,935
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Segment 19 0,829 0,648 to 0,917 0,845 0,681 to 0,925
Segment 20 0,804 0,598 to 0,905 0,822 0,634 to 0,914
Segment 21 0,776 0,538 to 0,892 0,799 0,588 to 0,902
Segment 22 0,754 0,492 to 0,881 0,781 0,551 to 0,894
Segment 23 0,739 0,461 to 0,874 0,769 0,527 to 0,888
Segment 24 0,730 0,443 to 0,87 0,762 0,513 to 0,884
Sphericity index
Left ventricle Right ventricle
Segment 1 0.390 -0.161 to 0.694  0.333 -0.227 to 0.659
Segment 2 0,548 0,097 to 0,778 0,560 0,103 to 0,786
Segment 3 0,605 0,178 to 0,81 0,624 0,207 to 0,821
Segment 4 0,630 0,217 to 0,823 0,675 0,295 to 0,847
Segment 5 0,625 0,218 to 0,82 0,706 0,355 to 0,862
Segment 6 0,609 0,201 to 0,81 0,717 0,385 to 0,867
Segment 7 0,586 0,169 to 0,797 0,709 0,379 to 0,862
Segment 8 0,575 0,150 to 0,791 0,691 0,353 to 0,851
Segment 9 0.495 -0.110t0 0.754  0.683 0.329 to 0.850
Segment 10 0,604 0,204 to 0,806 0,648 0,286 to 0,829
Segment 11 0,628 0,249 to 0,818 0,635 0,263 to 0,822
Segment 12 0,652 0,295 to 0,830 0,617 0,229 t0 0,813
Segment 13 0,666 0,322 to 0,837 0,604 0,201 to 0,806
Segment 14 0,668 0,326 to 0,838 0,602 0,194 to 0,806
Segment 15 0,656 0,303 to 0,832 0,602 0,189 to 0,807
Segment 16 0,630 0,254 to 0,819 0,596 0,169 to 0,805
Segment 17 0,445 -0.101 to 0.728  0.628 0.212 to 0.823
Segment 18 0,495 -0,006 to 0,751 0,552 0,059 to 0,785
Segment 19 0,345 -0,296 to 0,677 0,533 0,016 to 0,777
Segment 20 0,134 -0,719 to 0,573 0,514 -0,024 to 0,768
Segment 21 0,28 -0,507 to 0,657 0,502 -0,044 to 0,761
Segment 22 0,148 -0,800 to 0,596 0,494 -0,056 to 0,757
Segment 23 0,280 -1,548t0 0,374 0,491 -0,060 to 0,755
Segment 24 0,008 -1,118 to 0,531 0,488 -0,063 to 0,753
FETAL CARDIAC FUNCTION
Shortening fraction
Left ventricle Right ventricle
Segment 1 0,116 -0,951 to 0,595 0,506 -0,055 to 0,772
Segment 2 0,261 -0,595t0 0,646 0,661 0,287 to 0,841
Segment 3 0,299 -0,502t0 0,669 0,666 0,268 to 0,843
Segment 4 0,388 -0,312t0 0,712 0,761 0,421 to 0,893
Segment 5 0,486 -0,100 to 0,757 0,796 0,526 to 0,907




J. Clin. Med. 2021, 10, x FOR PEER REVIEW

8 of 11

Segment 6 0,648 0,265 to 0,831 0,782 0,541 to 0,895
Segment 7 0,692 0,359 to 0,852 0,740 0,469 to 0,874
Segment 8 0,720 0,420 to 0,865 0,694 0,369 to 0,852
Segment 9 0,742 0,466 to 0,875 0,666 0,303 to 0,839
Segment 10 0,768 0,520 to 0,888 0,669 0,305 to 0,841
Segment 11 0,794 0,573 to 0,901 0,695 0,36 to 0,853

Segment 12 0,813 0,611 to 0,910 0,725 0,429 to 0,868
Segment 13 0,823 0,632 to 0,914 0,746 0,476 to 0,877
Segment 14 0,825 0,637 to 0,915 0,755 0,496 to 0,882
Segment 15 0,820 0,629 to 0,913 0,757 0,501 to 0,882
Segment 16 0,806 0,602 to 0,906 0,754 0,494 to 0,881
Segment 17 0,782 0,544 to 0,894 0,745 0,476 to 0,876
Segment 18 0,748 0,485 to 0,878 0,732 0,453 to 0,870
Segment 19 0,703 0,394 to 0,855 0,605 0,151 to 0,816
Segment 20 0,648 0,288 to 0,828 0,557 0,058 to 0,793
Segment 21 0,594 0,184 to 0,801 0,693 0,331 to 0,859
Segment 22 0,552 0,104 to 0,766 0,670 0,286 to 0,849
Segment 23 0,524 0,050 to 0,766 0,479 -0,082 to 0,754
Segment 24 0,508 0,020 to 0,758 0,649 0,244 to 0,839

ICC: Intraclass Correlation Coefficient.

Table S6. Comparison of Interobserver reproducibility of the fetal heart speckle tracking segmental analysis results using 2D vs

4D-STIC.

Variable

(¢

95% confi-
dence inter-

val

1cC

95% confi-

dence interval

FETAL CARDIAC MORPHOMETRY

End-diastolic diameter

Left ventricle Right ventricle
Segment 1 0.833 0.529 to 0.930 0.912 0.803 to 0.959
Segment 2 0,849 0,540 to 0,939 0,917 0,793 to 0,963
Segment 3 0,857 0,510 to 0,944 0,919 0,785 to 0,965
Segment 4 0,856 0,498 to 0,945 0,915 0,775 to 0,963
Segment 5 0,855 0,494 to 0,944 0,909 0,768 to 0,960
Segment 6 0,855 0,492 to 0,944 0,905 0,767 to 0,957
Segment 7 0,856 0,485 to 0,945 0,902 0,771 to 0,955
Segment 8 0,858 0,479 to 0,946 0,899 0,775 to 0,953
Segment 9 0.858 0.461 to 0.947 0.825 0.638 to 0.915
Segment 10 0,860 0,425 to 0,949 0,888 0,768 to 0,946
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Segment 11 0,863 0,381 to 0,952 0,881 0,755 to 0,942
Segment 12 0,864 0,356 to 0,953 0,873 0,739 to 0,939
Segment 13 0,861 0,370 to 0,951 0,868 0,729 to 0,936
Segment 14 0,858 0,423 to 0,948 0,868 0,729 to 0,936
Segment 15 0,857 0,495 to 0,945 0,871 0,734 to 0,937
Segment 16 0,861 0,578 to 0,944 0,872 0,737 to 0,938
Segment 17 0.871 0.661 to 0.944 0.871 0.753 to 0.938
Segment 18 0,885 0,736 to 0,947 0,866 0,725 to 0,935
Segment 19 0,893 0,776 to 0,948 0,855 0,701 to 0,930
Segment 20 0,889 0,772 to 0,946 0,838 0,662 to 0,922
Segment 21 0,879 0,748 to 0,942 0,818 0,621 to 0,913
Segment 22 0,867 0,723 to 0,936 0,803 0,589 to 0,905
Segment 23 0,859 0,706 to 0,932 0,793 0,568 to 0,901
Segment 24 0,853 0,695 to 0,930 0,787 0,556 to 0,898
Shpericity index
Left ventricle Right ventricle
Segment 1 0.222 -0.401 to 0.601 0.637 0.226 to 0.823
Segment 2 0,222 -0,376 to 0,591 0,689 0,368 to 0,849
Segment 3 0,264 -0,301t0 0,612 0,723 0,432 to 0,866
Segment 4 0,305 -0,240t0 0,636 0,736 0,459 to 0,872
Segment 5 0,340 -0,192t0 0,658 0,748 0,483 to 0,878
Segment 6 0,375 -0,151t0 0,680 0,752 0,493 to 0,880
Segment 7 0,401 -0,124t0 0,696 0,756 0,500 to 0,881
Segment 8 0,416 -0,109 to 0,706 0,752 0,492 to 0,879
Segment 9 0.463 -0.062t0 0.737  0.738 0.457 to 0.873
Segment 10 0,441 -0,090t0 0,723 0,715 0,408 to 0,862
Segment 11 0,458 -0,081t0 0,735 0,689 0,352 to 0,851
Segment 12 0,474 -0,071 to 0,746 0,674 0,317 to 0,843
Segment 13 0,490 -0,049t0 0,755 0,676 0,320 to 0,844
Segment 14 0,520 0,000 to 0,771 0,691 0,352 to 0,852
Segment 15 0,546 0,056 to 0,782 0,706 0,386 to 0,859
Segment 16 0,566 0,115 to0 0,789 0,713 0,402 to 0,862
Segment 17 0.589 0.172 to 0.799 0.698 0.370 to 0.855
Segment 18 0,598 0,192 to 0,803 0,666 0,300 to 0,840
Segment 19 0,596 0,175 to 0,804 0,620 0,201 to 0,818
Segment 20 0,577 0,121 to 0,796 0,561 0,075 to 0,790
Segment 21 0,545 0,044 to 0,782 0,508 -0,036 to 0,765
Segment 22 0,519 -0,015t0 0,770 0,477 -0,101 to 0,750
Segment 23 0,501 -0,053 to 0,762 0,459 -0,140 to 0,741
Segment 24 0,491 -0,076 to 0,757 0,452 -0,155 to 0,738
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FETAL CARDIAC FUNCTION

Shortening fraction

Left ventricle Right ventricle
Segment 1 0.643 0.227 t0 0.838 0.339 -0.521 to 0.710
Segment 2 0,378 -0,170t0 0,689 0,237 -0,697 to 0,658
Segment 3 0,246 -0,366 to 0,614 0,309 -0,509 to 0,684
Segment 4 0,137 -0,602 to 0,565 0,225 -0,657 to 0,640
Segment 5 0,390 -0,167 t0 0,693 0,188 -0,705 to 0,617
Segment 6 0,356 -0,239 t0o 0.677 0,298 -0,474 to 0,673
Segment 7 0,342 -0,271 to 0,671 0,246 -0,536 to 0,641
Segment 8 0,356 -0,250t0 0,679 0,068 -1,447 to0 0,531
Segment 9 0.387 -0.196 t0 0,695 0,160 -0,769 to 0,607
Segment 10 0,410 -0,160 to 0,708 0,171 -0,794 to 0,616
Segment 11 0,407 -0,178 to 0,708 0,142 -0,855 to 0,597
Segment 12 0,384 -0,246t0 0,699 0,269 -0,580 to 0,656
Segment 13 0,367 -0,309 to 0,694 0,371 -0,347 to 0,703
Segment 14 0,382 -0,301t0 0,704 0,436 -0,190 to 0,732
Segment 15 0,422 -0,224t0 0,724 0,470 -0,108 to 0,747
Segment 16 0,466 -0,117t0 0,744 0,480 -0,085 to 0,752
Segment 17 0.501 -0.021 t0 0.758  0.480 -0.091 to 0.752
Segment 18 0,519 0,035 to 0,764 0,479 -0,105 to 0,753
Segment 19 0,629 0,242 to 0,821 0,464 -0,146 to 0,747
Segment 20 0,524 0,233 t0 0,818 0,429 -0,226 to 0,731
Segment 21 0,615 0,217 to 0,814 0,385 -0,320 to 0,710
Segment 22 0,608 0,204 to 0,811 0,351 -0,391 to 0,694
Segment 23 0,596 0,159 to 0,809 0,330 -0,437 to 0,684
Segment 24 0,595 0,156 to 0,808 0,327 -0,462 to 0,678

ICC: Intraclass Correlation Coefficient.
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Figure S1. Bland-Altman plots for intraobserver reproducibility of fetal heart speckle tracking analysis of morphometric and
functional parameters using 4D-Spatio Temporal Image Correlation (4D-STIC). Upper figures: left ventricle basal diameter
(segment 1) (left) and right ventricle basal diameter (segment 1) (right); Middle upper figures: left ventricle longitudinal di-
ameter (left) and right ventricle longitudinal diameter (right); Middle bottom: left ventricle global longitudinal strain (left)
and right ventricle global longitudinal strain (right); bottom figures: left ventricle ejection fraction (left) and right ventricle

fractional area change.
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Contribution:

What are the novel findings of this work?

Pulmonary stenosis presents decreased right ventricle (RV) deformation that correlates with
mechanical dyssynchrony. A scoring system is provided for neonatal valvuloplasty prediction,
combining ductus venosus pulsatility index centile, RV global longitudinal strain, reversed flow

at the ductus arteriosus and significant tricuspid regurgitation.

What are the clinical implications of this work?
Our results provide a combination of prenatal parameters to predict, with high accuracy, the
need of neonatal valvuloplasty. This information is clinically relevant since it enables early

assessments by specialists in neonatal cardiology for high-risk fetuses.
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ABSTRACT

Objectives

To evaluate a prediction model of neonatal valvuloplasty by fetal echocardiography including
speckle tracking echocardiography (STE) in a series of isolated pulmonary stenosis (PS).
Methods

A prospective cohort study was conducted, which included 24 cases of isolated PS, comprising
7 critical and 17 mild-moderate cases. Cases were matched with 48 healthy controls adjusted
for gestational age at echocardiography. The study was conducted at BCNatal, a referral center
for congenital heart defects in Spain. Fetal ultrasound, comprehensive echocardiography and
off-line STE were performed at the time of PS diagnosis. Semiautomated tracking of both right
(RV) and left ventricles (LV) was carried-out for STE to obtain RV and LV global longitudinal strain
(GLS), tricuspid and mitral annular plane systolic excursion (TAPSE, MAPSE), RV fractional area
change (FAC) and LV ejection fraction. STE segmental analysis was performed to explore the
evaluation of mechanical dyssynchrony. Maternal and perinatal characteristics were obtained
from medical records. Echocardiographic parameters were analyzed according to the need for

neonatal valvuloplasty to identify possible predictors of early intervention.

Results

Maternal and perinatal characteristics were similar in both groups. Mean gestational age at
echocardiography was 31.4 weeks (Median 32.5 weeks (27.4-35.1)) with 12.5% of the cases
evaluated <24 weeks. Half of the PS fetuses required valvuloplasty within the first month of life.
Critical PS fetuses showed global RV functional impairment with significantly reduced GLS, FAC
(which correlated with mechanical dyssynchrony), TAPSE, a more pulsatile DV, and no changes
in LV parameters. Worse RV function was observed in the valvuloplasty group. A combination of

DV PI centile (cut-off value 279%), RV GLS (cut-off value of 2-15.85%), reversed flow in the DA,
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and significant tricuspid regurgitation were predictors of neonatal valvuloplasty, and when
combined in a scoring system the area under the curve was 0.931, p=0.001. Giving a score of 1
for each present variable, values > 2 predicted the need of neonatal valvuloplasty with a
sensitivity of 91.7% and specificity of 100%. The prediction model based only on conventional

echocardiographic parameters also had excellent performance with slightly lower sensitivity.

Conclusions

Decreased RV deformation is observed in critical PS fetuses, and correlates with mechanical
dyssynchrony. A scoring system combining the DV PI centile and RV GLS with the presence of
reversed ductus arteriosus flow and significant tricuspid regurgitation, is provided to identify
those fetuses in need of neonatal valvuloplasty, who will thus benefit from an early neonatal
assessment by pediatric cardiologists. Further studies are needed to evaluate the performance

of the suggested scoring system, which seems promising.
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1. INTRODUCTION

Pulmonary stenosis (PS) is one of the most frequent congenital heart defects (CHD) diagnosed
postnatally with an incidence of 10% of CHD newborns®. Its severity varies from mild forms,
which will not require intervention, to very severe forms requiring postnatal univentricular
repair>, Given the wide spectrum of postnatal outcome, fetal echocardiography has been
proposed to assess cardiovascular remodeling and dysfunction. This could potentially
differentiate those fetuses that will progress to the more severe forms requiring neonatal
valvuloplasty and would benefit from early assessment by neonatal echocardiography.
Recently, new data has been published to better define biventricular remodeling in fetal PS¢ and
classify severe PS forms beyond the presence of significant tricuspid regurgitation (TR) and
reversed ductus arteriosus (DA) flow. However, to date, no single echocardiographic parameter
has shown to be useful in predicting the need for neonatal valvuloplasty’2. Therefore, the wide
variability of echocardiographic indexes points to the need a combination of classic parameters
or to define new ones to better determine postnatal evolution.

Novel diagnostic parameters have been described for the study of systolic and diastolic function,
with standard echocardiography and with novel myocardial imaging techniques, such as global
longitudinal strain (GLS), a measurement of myocardial deformation widely used in adult and
pediatric cardiology®*' to detect preclinical myocardial dysfunction in risk patients!?13,
Decreased right ventricle (RV) GLS in PS newborns has been reported, with an improvement
after valvuloplasty!4. GLS has been described for prenatal cardiac evaluation in different CHD?>.
However, its clinical application has not yet been proven.

Additionally, the use of novel techniques such as speckle tracking (STE)!¢-18 enables the off-line
study of mechanical dyssynchrony, which consists of the difference in timing of mechanical
shortening or lengthening between different ventricular segments. This has shown good
correlation with ventricular function parameters and response to treatment in a pediatric

population with CHD*?, and may be useful for better outcome prediction.
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The aim of our study is to evaluate morphometric and functional parameters using STE in a large
cohort of mild and critical PS. Additionally, we aim to develop a prediction model for neonatal

valvuloplasty based on echocardiographic indexes, including STE.
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2. METHODS

Study design and participants

A cohort study including 35 fetuses with diagnosis of isolated PS recruited between 20+0 and
39+0 weeks of gestation, and healthy controls matched by gestational age and estimated fetal
weight (EFW) at scan (2:1 control: case ratio) was designed. Cases were prospectively recruited
from January 2019 to September 2021, from a consecutive series of 819 fetuses with CHD
evaluated in the Fetal Cardiology Unit of BCNatal (Hospital Clinic of Barcelona and Hospital Sant
Joan de Deu), which operates as a referral center for pregnancies at risk for CHD. Thirteen PS
cases were included from a historical cohort (2014-2019). The study population consisted of
fetuses with isolated valvular PS with anterograde flow through the pulmonary valve at
diagnosis regardless of the flow in the DA (anterograde or reversed). PS was defined by the
presence of pulmonary valve dysplasia signs (such as hyperechogenicity, thickening and/or
hypomobility of the valve) combined with systolic flow acceleration (peak systolic velocity above
120 cm/s in the second trimester or >140cm/s in the third trimester). Fetuses affected by
pulmonary atresia at the moment of the first echocardiography in our unit, as well as cases with
additional cardiac defects were not included in the study. Monochorionic twin pregnancies with
PS of the recipient twin were also excluded from the study (Figure 1). Controls were recruited
from consecutive low-risk pregnancies that were invited to participate in the study and were
matched with PS cases by gestational age at scan +/- 1 week. Maternal age, smoking status,
parity, and the presence of maternal diseases such as hypertension and diabetes were retrieved
from patients’ medical records. Perinatal outcome including gestational age, mode of delivery,
birthweight and Apgar score were also obtained. PS diagnosis and severity were confirmed
postnatally?°, and all newborns were followed-up at least for 10 months. The need for intensive
care unit admission, prostaglandin infusion and valvuloplasty were obtained in all cases.
Prenatal diagnosis of PS usually accounts for the more severe spectrum of the disease and a

fraction of the total neonatal PS population. Therefore, we reviewed the registry of neonatal
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pulmonary valvuloplasty at our center to determine the prenatal detection rate of PS requiring
neonatal valvuloplasty. Study protocol was approved by the Ethical Committee of the institution
(Reg. HCB/2019/0540) and written consent was obtained from all pregnant women from both

prospective and retrospective cohorts.

Feto-placental ultrasound and standard echocardiography

All participants underwent a feto-placental standard ultrasound and echocardiography to rule
out other cardiac or extracardiac anomalies according to the existing Guidelines??2, In addition,
an amniocentesis for microarray analysis, to rule out chromosomal abnormalities, was offered
and performed in all PS cases. Gestational age was calculated according to crown-rump length
at first trimester ultrasound?? and EFW was obtained according to Hadlock et al?*. Weight centile
was determined according to local references, adjusted by GA and fetal gender?. Doppler
pulsatility index (PI) of umbilical, middle cerebral artery, ductus venosus (DV), as well as
cerebral-placental ratio?® (middle cerebral artery Pl/umbilical artery Pl) were also evaluated. PS
cases were subclassified into: critical in presence of reverse flow in the DA at first
echocardiography, or mild-moderate in the remaining cases (including cases with the existence
of RV hypertrophy with significant TR, defined as holosystolic regurgitation and peak velocity
higher than 200cm/s, with anterograde flow in the DA).

A comprehensive echocardiography was performed, at first evaluation at our center, using a
Voluson E10 (GE Healthcare Ultrasound, Milwaukee, WI, USA) with a C2-9D convex probe (3-
9MHz) using 2D and Doppler®. Methodology of morphometric and functional parameters
assessed by 2D echocardiography are detailed in Supplementary Table 1. Additionally, cardiac
timing parameters were evaluated in all cases, as described by Soveral et. al?’, to evaluate their
predictive value. Regarding the historical cohort, all cases were recruited prospectively for a

previous study by our group on PS®. Therefore, they followed the same strict echocardiographic
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protocol on 4-chamber clip acquisition as in the prospective cohort®. STE analysis and timing

parameters were measured retrospectively from the ultrasound performed at diagnosis.

Fetal speckle tracking echocardiography

Apical or basal 4-chamber view clips including both RV and LV apex, containing at least three
heart cycles with a frame rate higher than 60Hz, were obtained for STE!® at first
echocardiography at our center. All cardiac images were acquired using Speckle Reduction
Imaging (SRI) 3 and Compound Resolution Imaging (CRI) 2, stored in DICOM (Digital Imaging and
Communication in Medicine) and imported to cardiac software program 2D STRAIN (Fetal)
developed by TomTec imaging systems, Gmbh (Munich, Germany). All STE analysis were
performed by the same experienced operator (L.N.).

End-systolic and end-diastolic frames of a single cardiac cycle were identified from an M-mode
display of the tricuspid annulus. To allow semiautomated tracking of the endocardial border
throughout the entire cardiac cycle, septal and lateral atrioventricular valve annulus and apex
of the RV and LV were indicated in the end-systolic frame!®. Semiautomated tracking was
manually adjusted when necessary, including endocardium, muscular trabeculations and
moderator band as RV cavity?®?°, Biventricular strain curves were generated at basal, mid-
ventricular and apical segments of the free LV and RV walls and interventricular septum (6
segments). Biventricular morphometric parameters (area, longitudinal and transverse
diameters) were automatically obtained as described by DeVore et al*°. Longitudinal cardiac
deformation was evaluated with RV and LV global longitudinal strain (GLS) (changes in strain are
reported in absolute value)3*32 and RV and LV lateral wall annular plane systolic excursion
(TAPSE, MAPSE)33. Both TAPSE and MAPSE are calculated automatically by STE software as the
movement of the endocardium closest to the tricuspid and mitral annulus towards the
ventricular apex. Global RV function was assessed by calculation of fractional area change

(FAC)3* and LV function with ejection fraction (EF)3. Segmental analysis of sphericity index and
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shortening fraction was not included in the analysis due to previously reported modest
reproducibility of these parameters?. The results of the analysis were exported to an Excel

spreadsheet (Microsoft Corp., Redmond, WA, USA) for further analysis.

STE segmental analysis and mechanical dyssynchrony

Segmental STE analysis was performed to explore mechanical dyssynchrony. Both ventricles
were automatically divided into 6 ventricular segments (free-wall basal, mid-ventricular and
apical and septum apical, mid-ventricular and basal). Peak systolic strain in each of the 6 RV and
LV segments, and their timing, were measured to evaluate mechanical dyssynchrony. Time-to-
peak shortening (ms) was defined as the time interval from the onset of myocardial shortening
to peak systolic strain. Difference of time to peak strain between basal and apical segments of
both RV and LV free wall was calculated (RV and LV free wall peak strain delay). Standard
deviation of the time-to-peak shortening of the 6 ventricular segments was assessed (intra-RV

and intra-LV dyssynchrony index) as an indicator of mechanical dyssynchrony(Figure 2)3.

Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics for Mac (version 25, IBM Corp.,
Armonk, NY, USA). A Kolmogorov-Smirnov test of normality was performed on all continuous
variables. Differences between PS and controls were assessed by Student’s t-test and Mann-
Whitney U test for non-normally distributed continuous variables, and Fisher’s exact for
categorical variables. Comparisons between critical PS, mild-moderate PS and control group
were studied applying One-way ANOVA followed by post hoc Bonferroni test for pairwise
comparison or Kruskal-Wallis one-way ANOVA for non-normally distributed variables, and
Fisher’s exact for categorical variables. P-values were adjusted for potentially confounding
factors that were significantly different between groups, such as estimated fetal weight and

ventricular length. Additionally, the PS group was analyzed according to the need of neonatal
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balloon valvuloplasty by Student’s t-test. Linear regression analysis was performed in order to
find any association between dyssynchrony and functional parameters. Receiver-operating
characteristics (ROC) curves and area under the curve were calculated to measure the sensitivity
and specificity of RV functional parameters for the prediction of neonatal valvuloplasty. Cut-off
points were extracted from ROC analysis. A subanalysis of the performance of the scoring system
was done in early (before 24 weeks) and late pregnancy (after 24 weeks). Statistical significance

for all analysis was considered when p value was <0.05.
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3. RESULTS

Characteristics of the study population

Characteristics of the PS fetuses included in the study are shown in Figure 1. From the initial
cohort of 35 PS fetuses, 11 were excluded due to different reasons such as termination of
pregnancy (n=1), monochorionic twin pregnancies (n=3), lost to follow up (n=2), non-isolated PS
(n=1) and poor quality of 4-chamber view clips (n=4). The 24 remaining PS cases were included
in the study. Mean gestational age at echocardiography was 31.4 weeks (Median 32.5 weeks
(27.4-35.1)), (range 20.0 to 39.1). PS fetuses were subclassified in 7 critical PS due to retrograde
flow at the DA at first echocardiography, and 17 mild-moderate PS. Twenty-two fetus (91.6%)
were referred to our fetal cardiac unit for CHD suspicion during the screening ultrasound, mainly
because of RV hypertrophy or aliasing at the pulmonary flow, one fetus was referred because of
a sibling with a PS and another case for reversed ductus venosus flow at first trimester
ultrasound. Thirty neonatal pulmonary valvuloplasties were performed since 2014. The prenatal
detection rate was 50%, increasing to 64% during the last period of the study (2019-2021). It
should be noted that our center is a national referral center for interventional catheterization,
so many children were referred from other centers. The implementation of color Doppler in
cardiac evaluation in second and third trimester ultrasound screening, as well as the
technological improvement of ultrasound equipment, would explain the increase in prenatal
detection of PS over the study period.

Maternal, fetal and perinatal characteristics of the study population are detailed in Table 1 and
Supplementary Table 2. There were no statistical differences in maternal baseline
characteristics such as ethnicity, smoking or presence of chronic diseases. Gestational diabetes
was more frequent (n=2, 8.3%) in PS cases without reaching statistical significance (p=0.108).
Preterm delivery was significantly increased in PS (n=4, 16.67%), mainly spontaneously,
although, in one case of critical PS, delivery was induced because of cardiac function

deterioration at 35 weeks. Fetuses with critical PS had lower birthweight and birthweight centile
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at similar gestational age at birth. Median postnatal follow up was 5.2 years (interquartile range:
2.4-9.3), and confirmed all cases of PS. Prostaglandin infusion was required in 9 newborns
(37.5%) of which 2 had an anterograde DA. Although this is a series of mostly mild-moderate
cases, half of them required neonatal valvuloplasty at a median age of 3.5 days (interquartile

range: 3-12.8).

Fetal ultrasound and standard 2D echocardiographic results

Mean gestational age and EFW at ultrasound were similar between groups, while Doppler
evaluation in critical PS fetuses revealed a more pulsatile DV (Table 2 and Supplementary Table
3). Comprehensive echocardiography results confirmed previous data of biventricular impact of
fetal PS® (Supplementary Table 4 and 5). In addition, right filling time fraction was significantly
shorter in critical PS, with 57.1% of the cases below minus 2 z-scores. On the contrary, right

ejection time fraction showed a non-significant trend to lengthen in critical PS fetuses.

Fetal speckle tracking echocardiography results

STE morphometric evaluation of the RV showed a non-significant trend to a smaller area and
longitudinal diameter in critical PS group and a higher mid-ventricular diameter in mild-
moderate PS fetuses as compared to controls (Table 3 and Supplementary Table 6). Regarding
RV function, critical PS fetuses presented a global impairment compared to controls and mild-
moderate PS, with significant decrease in longitudinal (reduced GLS and TAPSE) and global
function (FAC) (Supplementary Table 6). No statistically significant changes were observed in LV
morphometry or function between the three groups. Reproducibility of STE analysis was

analyzed previously by our group?®.

Mechanical dyssynchrony in relation to echocardiographic parameters
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PS fetuses, in particular critical PS, showed signs of RV mechanical dyssynchrony as compared
to the mild-moderate PS and control groups, with a higher intra RV dyssynchrony index and
higher free wall time to peak strain delay (Table 3 and Supplementary Table 6), indicating the
presence of mechanical dispersion. Moreover, the association between mechanical
dyssynchrony and echocardiographic parameters was studied and a strong negative association
between RV dyssynchrony index and RV FAC (r=-0.727, p<0.001) and moderate negative
correlation with RV GLS (r=-0.685, p<0.001) were found (Figure 3). No correlation was found

between mechanical dyssynchrony and timing parameters.

Association of prenatal echocardiography and need for neonatal valvuloplasty

Results were evaluated regarding the need for neonatal valvuloplasty (Tables 1, 2, 3 and
Supplementary Table 4). Fetuses that needed valvuloplasty in the first month of life had smaller
birthweight, higher DV PI centile, higher incidence of significant TR and reversed flow at the DA
than those who did not require a neonatal intervention (Tables 1 and 2). Furthermore, smaller
RV area and transverse diameters and more impaired RV function (decreased GLS and FAC) were
observed in the valvuloplasty group, with no changes in terms of LV morphometry and function
(Table 3). Although not significant, fetuses that needed a neonatal valvuloplasty presented with
an increased intra RV dyssynchrony index when compared to those not needing valvuloplasty
(Table 3). Prenatal and postnatal cardiac characteristics of 12 fetuses that underwent neonatal

valvuloplasty are detailed in Table 4.

All echocardiographic and dyssynchrony parameters were assessed in a univariate predictive
diagnostic test for neonatal valvuloplasty. Logistic regression analysis identified TR as the best
performing echocardiographic parameter (Odds ratio 2.44, 95% confidence interval (1.15-
114.02); p=0.038). Analysis of ROC curves identified DV PI centile, RV GLS, presence of reversed

flow in the DA and significant TR as the only associated variables for prediction of neonatal
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valvuloplasty. DV PI centile area under the curve (AUC) was 0.782 with a cut-off value of 79 to
obtain the maximal sensitivity and specificity, RV GLS AUC was 0.833, cut-off value of -15.85%,
reversed flow in the DA AUC was 0.750 and significant TR AUC 0.806 (Table 5, Figure 4).

Using the previously described thresholds as well as the presence of TR and reversed flow at the
DA, a scoring system for the prediction of neonatal valvuloplasty was created. Patients were
assigned a score of 1 for each present variable (1 for DV IP centile > 79, 1 for RV GLS >-15.85, 1
when reversed DA flow at diagnosis was present and 1 for significant TR). The maximum score
was 4 and the minimum was 0. This scoring system showed a significant association with the
need of neonatal valvuloplasty (AUC: 0.931, p=0.001). A score higher than or equal to 2
predicted neonatal valvuloplasty with a sensitivity of 91.7% and specificity of 100%. Scores of
fetuses that required neonatal valvuloplasty are shown in Table 4. The performance of the
prediction model based only on conventional echocardiographic parameters was also excellent,
although it showed a lower sensitivity (83%) and 100% specificity (Figure 5). A subanalysis of the
performance of the model in mid pregnancy (<24 weeks) and late pregnancy (>24 weeks) was
conducted showing a sensitivity and specificity of 100% before 24 weeks and 87.5% sensitivity
and 100% specificity after 24 weeks. This numbers must be taken with caution as only 3 patients

were diagnosed in mid pregnancy.
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4. DISCUSSION

This is the first study that evaluates GLS by STE in a series of PS fetuses. We demonstrate a
decreased RV GLS in critical PS and its correlation with mechanical dyssynchrony evaluated
through the RV dyssynchrony index. Moreover, we propose a new score system that combines
GLS with conventional echocardiographic parameters, achieving >90% sensitivity in the

prediction of neonatal valvuloplasty, even in early gestational ages.

PS is associated with reduced RV GLS and mechanical dyssynchrony

RV GLS measurement is a reliable parameter for decision-making in RV dysfunction in adult
cardiology, mainly secondary to pulmonary hypertension®’, and also in CHD follow-up*3. Gozar
et al. reported that RV GLS is reduced in PS in the neonatal period and that it improves after
valvuloplasty!*. Previous reports of strain in fetal life are scarce, and studies have shown a wide
distribution of GLS that overlap with normal values'®38

Our results, showing a decreased RV GLS in PS which correlates with severity and the need for
neonatal valvuloplasty, are consistent with those published pre and postnatally, although
previous studies did not include the moderator band as part of the RV cavity, so differences in
methodology need to be considered3®34,

Previous studies have shown that increased interventricular dyssynchrony is associated with
lower TAPSE and RV GLS in children3738, It has been previously described, in a cohort of mainly
mild-moderate PS fetuses, that RV function is preserved®. However, we report RV hypertrophy
and myocardial dysfunction in critical PS, that is also associated with mechanical dyssynchrony,
and can explain RV systolic dysfunction in more severe PS. The cause of this dyssynchrony is not
known, but Hui et al. hypothesized it may be due to a right bundle branch block (RBBB) induced
by subendocardial wall stress in RV pressure overload. The RBBB causes early apical septal

contraction (septal flash)3¢, which is linked to decreased RV GLS*. Our study found similar results
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and a septal flash can be identified in some severe PS cases, but more research is needed to
confirm this hypothesis.

Previous studies have shown that adverse RV-LV interaction and LV volume overload can cause
LV diastolic dysfunction in PS fetuses®, consistent with a study in young adults with neonatal
valvuloplasty that reported a worsening in LV circumferential strain associated with greater RV
volume load*°. However, the present study did not find differences in LV deformation, although

further studies are needed to clarify the different results.

Predictors of neonatal pulmonary valvuloplasty

While reversed DA flow is often used as a predictor for neonatal valvuloplasty, a significant
number of newborns requiring intervention have anterograde flow in the DA, 50% in our series.
Other studies have also found that reversed DA flow is not always present in fetuses requiring
intervention for pulmonary stenosis or prostaglandin E1 treatment®!, indicating a need for
additional reliable parameters.

The current parameters for predicting the need for neonatal pulmonary valvuloplasty are not
optimal. Thus, a new scoring system is proposed that includes well-established parameters and
a more sensitive parameter (RV GLS) to detect cases with anterograde flow in the DA that may
require neonatal valvuloplasty, with excellent sensitivity and specificity. This is especially
relevant to detect those cases with anterograde flow in the DA, that will need prostaglandin E1
or neonatal intervention. In our series, the scoring system would have increased the prediction
of neonatal valvuloplasty in 50% of cases that did not have reversed DA flow or significant TR at
diagnosis. The scoring system was evaluated without RV GLS and still performed excellent,
although with slightly lower sensitivity. Referring PS cases before delivery to referral centers can
help select those who will benefit from an early echocardiographic assessment.

To date, only Wang et al.*! studied postnatal management in critical PS and pulmonary atresia

with intact interventricular septum with biventricular management at birth. They found
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pulmonary valve regurgitation in the second trimester and RV/LV length ratio >0.86 in the third
trimester as predictors of ductal dependency, but the current study did not confirm the utility
of those parameters, which might be explained by the different outcomes studied. Our group
also identified decreased TAPSE, mitral E' peak velocity and increased LV cardiac output as
possible predictors; however, in this study we could not determine their role in predicting the

outcome due to limited sample size®.

Strengths and limitations

This study reports fetal adaptation to RV pressure overload in PS evaluated by STE. For the first
time a scoring system to predict the need for neonatal valvuloplasty in PS fetuses is described
that can be applied either in the second or third trimester. This score consists of parameters
easily assessed in the echocardiographic follow up.

The study has limitations, including a small sample size and a potential selection bias, as only a
small portion of neonatal PS cases were detected prenatally (more frequently moderate and
severe cases), retrospective analysis of 13 cases, and lack of external validation of the scoring
system. STE results reproducibility, especially evaluation of mechanical dyssynchrony, is also a
concern due to differences between vendors!® and the need for further validation of
dyssynchrony index, of which we evaluated its potential use; however, further studies are
needed to validate its effectiveness since EKG is not available in fetal life. The low sample size of
PS could affect the performance of the scoring system, which can be used as early as 21 weeks,
although few fetuses are diagnosed at early gestational ages and multicentric studies with a

larger number of cases are needed to validate the applicability of our results.

Conclusions

We describe the clinical utility of GLS in functional evaluation of PS fetuses and its role in

neonatal management prediction. Decreased RV deformation is observed in critical PS stenosis
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fetuses, and it correlates with mechanical dyssynchrony. In addition, neonatal valvuloplasty may
be accurately predicted by combining DV Pl centile, RV GLS, reversed flow at the DA and
significant TR in a scoring system. This information is relevant since it helps to refer fetuses with

higher scores for early assessment by neonatal cardiology experts.
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Figure legends

Figure 1. Flow chart of fetuses with pulmonary stenosis included in the study. PS: pulmonary

stenosis.

Figure 2. Right ventricle segmental strain curves display in a fetus with mild pulmonary stenosis.
Segment 1 (free-wall basal) corresponds to light blue curve, segment 2 (free-wall mid-ventricle)
dark blue curve, segment 3 (free-wall apical) red line, segment 4 (septum basal) orange curve,
segment 5 (septum mid-ventricular) yellow curve, segment 6 (septum apical) green curve. White
curve represents global strain. (a) Time-to-peak shortening (ms) of global strain and segments
1, 2, 3. (b) Peak systolic strain (%) (global strain and segment 1, 2, 3). eD is end diastolic frame

and eS end systolic frame.

Figure 3. Linear association between mechanical dispersion and right ventricle (RV) fractional
area change (FAC) (left graphic), and RV global longitudinal strain (GLS) absolute value (right

graphic).

Figure 4. Values of right ventricle global longitudinal strain (RV GLS) (left) and ductus venosus
pulsatility index centile (DV centile) (right) of pulmonary stenosis fetuses classified according to
the need of neonatal valvuloplasty. Reference line is set at -15.85% RV GLS and DV centile 79%,

identified at reciever operating characteristic curves.

Figure 5. Receiver-operating characteristic (ROC) curves of Scoring System (red thick line) area
under the curve (AUC) 0.931, scoring System without right ventricle global longitudinal strain
(RV GLS) (dashed line) AUC 0.917, ductus venosus pulsatility index cenile (DV PI) (blue line) AUC:
0.782, RV GLS (Orange line) AUC 0.833, reversed flow at the ductus arteriosus (DA) (yellow line)
AUC 0.750 and significant tricuspid regurgitation (TR) (green line) AUC 0.806; as predictors for

neonatal valvuloplasty.
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Table 1. Maternal and perinatal characteristics in pulmonary stenosis (PS) versus healthy control
fetuses, as well as PS subdivided according to the need of neonatal valvuloplasty

Pulmonary Control grou Neonatal No neonatal
Variable Stenosis (n-4g8) P p value* valvuloplasty | valvuloplasty pvaluet
(n=24) B (n=12) (n=12)
MATERNAL CHARACTERISTICS
37.51(36.00- | 33.54 (28.25-
+ +
Maternal age (years) 35.12+5.53 33.30+4.50 0.141 39.75) 36.00) 0.018
fk"gjfn’;;a“ index 23.63+£3.97 | 22.78+3.90 0.282 23.93+332 | 23.82+4.38 0.948
Nulliparity 11(45.83%) | 21(43.75%) 1.000 5 (41.67%) 5 (41.67%) 1.000
Artificial Reproductive | 6 670) 6 (12.50%) 0.722 3 (25.00%) 1(8.33%) 0.590
Technologies
PERINATAL CHARACTERISTICS

Gestational age atbirth | 5, 5, 39.6+1.3 0562 39.3+1.4 38.6£3.4 0.562
(weeks.days)

Cesarean section 5(20.83%) | 11(22.92%) 1.000 1(8.33%) 4(33.33%) 0317

2992.00 3400.00 2930.00 3645.00
Birthweight (g) (2910.00- (3195.50- 0.090 (2800.00- (3118.50- 0.020
3645.00) 3754.75) 2977.50) 3850.00)

Five-minute APGAR <7 2(8.33%) 0(0.00%) 0.108 0(0.00%) 2 (16.67%) 0.478
Umbilical artery pH 724007 | 7.24+0.08 0.995 7214008 | 7.26£0.05 0.101

Data expressed as mean +standard deviation, median (interquartile range) or n (percentage).
*P-value comparing pulmonary stenosis (PS) versus controls calculated by t-test for continuous variables and Fisher’s exact for

categorical variables.

TP-value comparing PS that required neonatal valvuloplasty versus those that did not, calculated by t-test for continuous
variables and Fisher’s exact for categorical variables.
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Table 2. Feto-placental ultrasonographic results in pulmonary stenosis (PS) fetuses and healthy

controls, and also PS cases subdivided according to the need of neonatal valvuloplasty

Pulmonary Neonatal No neonatal
. . Controls
Variable Stenosis (n=48) p value* valvuloplast | valvuloplast p valueT
(n=24) B y (n=12) y (n=12)
Slffig'j;‘j' age 33.4(27.1- | 323(29.1- 0496 204(240- | 34.4(313- 0077
35.5) 36.5) : 34.5) 37.5) :
(weeks.days)
Estimated fetal 2443.00 2141.50 1917.50 2958.00
weight (g) (1669.50- (1341.00- 0.383 (1081.75- (1981.50- 0.068
gntis 2962.00) 2838.5) 2652.75) 3062.00)
Estimated fetal 43.00 (28.50- | 49.00 (31.50- 0.740 45.50 (28.75- | 36.00 (28.00- 0.821
weight centile 76-50) 85.00) : 72.50) 68.00) :
FETAL DOPPLER
Umbilical artery PI 0.95+0.26 1.01+0.16 0.288 0.98+0.24 0.91+0.27 0.536
Middle cerebral 2114054 | 1.84+0.34 0.046 215+0.65 | 2.04+045 0.653
artery P|
Cerebroplacental 2.20(1.84- 1.86 (1.50- 2.21(1.78- 2.07 (1.55-
ratio 2.57) 2.17) 0102 2.49) 2.81) 0539
Ductus venosus Pl 89.00(30.11- | 19.06 (4.25- 99.44 (86.75- | 38.18 (16.51-
centile 99.43) 53.00) <0.001 100.00) 80.54) 0.028
Tricuspid
o 13 (54.17%) 0(0.00%) <0.001 9 (75.00%) 4(33.33%) 0.100
regurgitation
Ductus arteriosus 7(2017%) | 0(0.00%) <0.001 7(5833%) | 0(0.00%) 0.005
reversed flow
PULMONARY VALVE
Pulmonary valve 172.11 320.00 146.40
peak systolic velocity (141.00- 79'%%(27:)‘00_ <0.001 (304.00- (127.50- 0.001
(cm/s) 319.50) : 373.00) 168.50)

PI: Pulsatility Index.
Data expressed as mean +standard deviation, median (interquartile range) or n (percentage).

*P-value comparing pulmonary stenosis (PS versus controls calculated by t-test or Mann-Whitney U test according to its

distribution (normal or non-normal) for continuous variables and Fisher’s exact for categorical variables).

TP-value comparing PS that required neonatal valvuloplasty versus those that did not calculated by t-test or Mann-
Whitney U test according to its distribution (normal or non-normal) for continuous variables and Fisher’s exact for

categorical variables).
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Table 3. Speckle tracking echocardiographic results in fetuses with pulmonary stenosis (PS) and
healthy controls, as well as PS cases subdivided according to the need of neonatal valvuloplasty

No
Control Neonatal
Parameter Pulmonary rou value* valvuloplas neonatal lueT
Stenosis (n=24) (g _4:) P ty -]'.)2) valvuloplas pvalue
n= y{n= ty (n=12)
RIGHT VENTRICLE MORPHOMETRY
3.28% 2,61 351+
i 2 3.03+1.28 0.488 .
Ventricular Area (cm?) 124 0.88 104 0.045
Longitudinal diameter 26.06 + 2232+ 25.86
23.91+5.14 0.113 .
(mm) 4.48 3.70 4.85 0.101
13.88 ¢ 12.66 * 15.57 +
i 14.10+3.73 0.807 .|
Basal diameter (mm) 361 248 383 0.044
Mid-ventricular 14.04 + 12.72 15.64 +
13.97 +4.12 0.923 0.039
diameter (mm) 3.20 2.19 4.46
RIGHT VENTRICLE FUNCTION
Global longitudinal -18.87 + -13.51 -20.13 ¢
-16.33 +5.88 0.047 .|
strain (%) 3.07 6.23 4.66 0.005
Fractional area change 30.72 21.77 33.09+
27.04+13.31 0.307 .|
(%) 5.15 14.25 8.32 0.026
Tricuspid annular
) 6.00 = 349+ 511+
| | .25+ 2, . .
plane ?ysto ic 4.25+2.04 166 0.002 130 2.03 0.135
excursion (mm) ¥
RIGHT VENTRICLE DYSSYNCHRONY
RV free wall peak 13.00 45.00 39.50
systolic strain delay 42'(;%%:)'50_ (0.00- 0.30 (28.50- (30.25- 0.684
(ms) ’ 35.00) 123.50) 65.00)
33.59 82.34 40.89
FnzraRv dyssynchrony 41'5;1(:31)'47' (21.23- 0.042 (45.00- (28.49- 0.198
index : 37.88) 115.51) 45.81)
LEFT VENTRICLE MORPHOMETRY
Ventricular Area (cm?) 3.09+ 2.89+ 3.15+
3.03+0.88 0.586 B
0.82 0.85 0.72 0.246
Longitudinal diameter 27.18 + 25.03 + 26.21+
25.31+3.60 0.080 B
(mm) 4.55 4.19 2.20 0319
11.98 (931 11.81 12.04 12.72
Basal diameter (mm) '14 24') ) (10.50- 0.830 (8.33- (9.61- 0.079
) 14.11) 14.36) 14.18)
Mid-ventricular 13.22 + 13.07 + 1417
13.53+2.76 0.671 771
diameter (mm) 2.29 3.02 2.41 0
LEFT VENTRICLE FUNCTION
Global longitudinal -20.21+ -21.10+ -20.19 ¢
-21.09 +4.00 0.629 0.629
strain (%) 3.33 3.97 3.31
Ejection fraction (%) 48.66 £ 50.48 + 48.68 +
50.45+12.81 9.69 0.495 12.81 971 0.495
Mitral annular plane 571+
systolic excursion 4.89+1.37 1 52‘ 0.101 4.94+136 | 5.84+1.52 0.869
(mm) F :
LEFT VENTRICLE DYSSYNCHRONY
LV free wall peak 21.50 27.00 40.00
systolic strain delay 39‘3?3(;8)'007 (3.00- 0.234 (10.00- (21.50- 0.414
(ms) : 36.75) 47.50) 47.50)
33.59 24.84 32.33
Fn;raw dyssynchrony 27‘151(:2)'62’ (21.23- 0.989 (12.24- (22.03- 0414
index ’ 37.88) 40.62) 43.64)
John Wiley & Sons, Ltd.
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Data expressed as mean +standard deviation or median (interquartile range).

Intra LV dyssynchrony index: Standard deviation of the time-to-peak systolic shortening of the 6 ventricular segments
*P-value comparing pulmonary stenosis (PS) versus controls calculated by t-test or Mann-Whitney U test according to
its distribution (normal or non-normal).

7P-value comparing PS that required neonatal valvuloplasty versus those that did not by t-test or Mann-Whitney U
test according to its distribution (normal or non-normal), adjusted by estimated fetal weight.

+ Tricuspid/Mitral annular plane systolic excursion p-values are adjusted by RV/LV longitudinal diameter.

John Wiley & Sons, Ltd.
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605 Table 4. Prenatal and postnatal cardiac characteristics of 12 cases who required neonatal pulmonary valvuloplasty
GAat pulmonar Postnatal
diagnosi Referal GA at US y valve Prenatal TR RV Scoring Pulmonary PG Age at Postnatal
Case s y (weeks.d DA flow DV PI GLS valve valvuloplast .
dica PVS (cm/s) system . severity
(weeks.d ays) (%) gradient y (days)
(cm/s)
ays) (mmHg)
CHD .
1 29.5 . 345 320 300 Reversed 0.72 -7.53 4 - Yes 7 Critical
suspicion
CHD -
2 37.4 L 374 440 450 Reversed 0.80 -8.43 4 - Yes 2 Critical
suspicion
CHD -
3 35.0 L 35.0 323 250 Reversed 0.68 -18.41 3 40 Yes 3 critical
suspicion
CHD
4 25.1 L 31.6 344 500 Reversed 0.86 -12.53 4 100 Yes 1 cal
suspicion
First
5 22.0 trimester 26.0 62 410 Reversed 1.23 -5.35 4 75 Yes 3 Critical
RVD flow
CHD -
6 21.4 . 21.4 350 210 Reversed 1.21 -4.00 4 95 Yes 3 Critical
suspicion
CHD
7 33.1 L 35.6 378 Moderate 510 Antegrade 0.30 -15.35 2 30 Yes 3 Severe
suspicion
CHD
8 21.2 L 26.0 304 Moderate No Antegrade 1.08 -14.77 2 90 Yes 3 Severe
suspicion
CHD
9 20.5 L 28.6 373 Critical No Reversed 0.96 -14.68 3 81 Yes 4 Severe
suspicion
CHD
10 21.5 - 215 319 Moderate 219 Antegrade 0.98 -1.70 3 70 No 6 Moderate
Family
11 21.1 history 30.3 315 Moderate 200 Antegrade 1.29 -10.12 3 60 No 10 Moderate
CHD
12 34.0 suspicion 34.6 287 Moderate No Antegrade 0.31 -21.75 0 65 No 29 Moderate

GA: gestational age; US: ultrasound; PVS: peak systolic velocity; TR: tricuspid regurgitation, DA: ductus arteriosus;
longitudinal strain, PG: prostaglandin E1, CHD: congenital heart defect, RVD reversed ductus venosus.

DV PI: Ductus venosus pulsatility index, RV GLS: right ventricle global

606
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Table 5. Receiver operating curves for the Scoring system, scoring system without right ventricle
global longitudinal strain (RV GLS), Ductus venosus pulsatility index centile, right ventricle global
longitudinal strain, ductus arteriosus reversed flow and significant tricuspid regurgitation for

neonatal valvuloplasty prediction

S "
Parameter AUC Cut-off QSA.Confldence pvalue | Sensitivity | Specificity
interval
Scoring system* 0.935 22 0.809-1 0.001 92% 100%
Scoring system
> - [ 0,
without RV GLS 0.917 22 0.786-1 0.001 83% 100%
DV PI centile 0.782 | >79.00% 0.567-0.998 0.030 82% 91%
RV GLS 0.833 | >-15.85 0.649-1 0.011 75% 83%
DA flow 0.750 | Reversed 0.539-0.961 0.045 50% 92%
Significant TR 0.806 | Present 0.602-1 0.019 83% 75%
AUC: area under the curve; RV GLS: right ventricle global longitudinal strain; DV PI: Ductus venosus pulsatility
index; DA: ductus arteriosus; TR: tricuspid regurgitation
* Scoring system includes DV PI centile, RV GLS, DA reversed flow and significant TR.
A score of 1 was assigned for each present variable (DV IP centile > 79.00%, RV GLS > -15.85, reversed DA
flow and significant TR). Cut-off 22 was considered when more than 2 variables were present.

John Wiley & Sons, Ltd.
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35 Pulmonary stenosis (PS)
24 retrospective cohort PS 2014-
2019
11 prospectively recruited PS

1 termination of
T pregnancy
3 monochorionic
\ 4 pregnancy
31PS
(20 retrospective cohort PS,
11 prospective cohort PS)

2 lost to follow up

1 postnatal diagnosis muscular ventricular septal
T L defect

2 poor quality 4 chamber view clips

2 no 4 chamber view clips available

A 4

24 PS
(13 retrospective cohort PS,
11 prospective cohort PS)
e 7 critical PS
¢ 17 mild-moderate PS

12 neonatal valvuloplasty
* 6 critical PS
* 3severePS
* 3 moderate PS

12 no neonatal
valvuloplasty
* 2 moderate PS
* 10 mild PS

Neonatal evaluation

Figure 1. Flow chart of fetuses with pulmonary stenosis included in the study. PS: pulmonary stenosis.
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Flow chart of fetuses with pulmonary stenosis included in the study. PS: pulmonary stenosis.
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Figure 2. Right ventricle segmental strain curves display in a fetus with mild pulmonary stenosis. Segment 1
(free-wall basal) corresponds to light blue curve, segment 2 (free-wall mid-ventricle) dark blue curve,
segment 3 (free-wall apical) red line, segment 4 (septum basal) orange curve, segment 5 (septum mid-
ventricular) yellow curve, segment 6 (septum apical) green curve. White curve represents global strain. (a)
Time-to-peak shortening (ms) of global strain and segments 1, 2, 3. (b) Peak systolic strain (%) (global
strain and segment 1, 2, 3). eD is end diastolic frame and eS end systolic frame

287x133mm (72 x 72 DPI)
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Figure 4. Values of right ventricle global longitudinal strain (RV GLS) (left) and ductus venosus pulsatility
index centile (DV centile) (right) of pulmonary stenosis fetuses classified according to the need of neonatal
valvuloplasty. Reference line is set at -15.85% RV GLS and DV centile 79%, identified at reciever operating

characteristic curves.
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Figure 5. Receiver-operating characteristic (ROC) curves of Scoring System (red thick line) area under the
curve (AUC) 0.931, scoring System without right ventricle global longitudinal strain (RV GLS) (dashed line)
AUC 0.917, ductus venosus pulsatility index cenile (DV PI) (blue line) AUC: 0.782, RV GLS (Orange line)
AUC 0.833, reversed flow at the ductus arteriosus (DA) (yellow line) AUC 0.750 and significant tricuspid
regurgitation (TR) (green line) AUC 0.806; as predictors for neonatal valvuloplasty.
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Supplementary Table 1. Methodology for conventional echocardiographic parameters

Cardio thoracic ratio

Apical or transverse 4-chamber view in end-
diastole.
Cardiac area/Thoracic area*100

Global sphericity index

Longitudinal cardiac diameter/transverse
cardiac diameter

Free-wall and septal thickness

In end-diastole using M-mode from a
transverse 4-chamber view?!

Ventricular transverse diameters

In end-diastole using M-mode from a
transverse 4-chamber view(1)

Right and left ventricle relative wall
thickness (RWT)

RWT = (septal wall thickness + free wall
thickness)/ventricular transverse diameter?

Septal to right or left free wall thickness
ratio (SRWT, SLWT)

Is a measurement of wall thickness
asymmetry

SRWT, SLWT = septal wall thickness/free
wall thickness!

Filling time fraction (FTF)

Measured from tricuspid and mitral diastolic
spectral Doppler
FTF = Filling time/Cardiac cycle*100 2

Ejection time fraction (ETF)

Measured from systolic pulmonary and
aortic pulsed Doppler
ETF: ejection time/cardiac cycle*100) 2

Pulmonary and aortic valves diameter

Measured during systole with the valve
opened?

Pulmonary and aortic systolic flows

Obtained in a right and left ventricle (RV, LV)
outflow tract view with an angle to
ultrasound beam close to 02, from whose
spectral Doppler peak systolic velocity, heart
rate (HR) and velocity-time integral (VTI)
(area under the curve of aortic and
pulmonary flow traced manually) were
assessed.

Right and left ventricle cardiac outputs (CO)

CO = VTl x valve diameter x HR

Cardiac Index (Cl)

Cardiac index accounts for combined right
and left cardiac outputs.
Cl = (RV-CO + LV-CO)/EFW (ml/min/Kg)*

John Wiley & Sons, Ltd.
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Supplementary Table 2. Maternal and perinatal characteristics in critical pulmonary stenosis

(PS), mild-to-moderate PS and healthy control fetuses

Page 44 of 48

. Critical Pulmonary Mild Pulmonary Control group
Variable Stenosis (n=7) Stenosis (n=17) (n=48) pvalue

MATERNAL CHARACTERISTICS

Maternal age (years) 38.00+2.24 33.94+6.10 33.30+4.50 0.061

Body mass index (kg/m?) 21.98+2.94 24.35+4.23 22.78 +3.90 0.273

Nulliparity 3 (42.86%) 8 (47.06%) 21 (43.75%) 1.000

Artificial Reproductive Technologies 0 (0.00%) 4 (23.53%) 6(12.50%) 0.422
PERINATAL CHARACTERISTICS

Gestational age at birth (weeks.days) 38.0£1.6 39.2+26 396+1.3 0.060

Cesarean section 1(14.28%) 4(23.53%) 11 (22.92%) 1.000

) ) 2800.00 (2789.00- 3370.00 (2962.50- 3400.00 (3195.50-

Birthweight (g) 2950.00)*t 3767.50) 3754.75) 0.013

Five-minute APGAR <7 2 (28.57%) 0 (0.00%) 0(0.00%) 0.108

Umbilical artery pH 7.28 £0.06 7.23+£0.07 7.24+0.08 0.654

Data expressed as mean +standard deviation or n (percentage).

P-value comparing critical pulmonary stenosis (PS) vs mild-moderate PS vs controls calculated by ANOVA for continuous variables

and Fisher’s exact for categorical variables.

*Denotes P<0.05 between critical PS as compared to controls (post-hoc comparisons using Dunn-Bonferroni for continuous

variables).
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Supplementary Table 3. Feto-placental ultrasonographic results in critical pulmonary stenosis
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(PS), mild-to-moderate PS and healthy control fetuses

Critical Pulmonary

Mild-moderate

Variable s Pulmonary Controls (n=48) p value
Stenosis (n=7) Stenosis (n=17)

Gestational It d

estationa’ age ultrasoun 29.4(24.0-33.5) | 33.4(283355) | 32.3(29.1-36.5) 0.305
(weeks.days)

. . 1619.00 (1039.50- | 2474.00 (1895.00- | 2141.50 (1341.00-

E fetal h .

stimated fetal weight (g) 2553.00) 2984.50) 2838.50) 0356
Estimated fetal weight centile 48'%(;(35)'507 37'005(52557)5'007 49'?;;(33)'507 0.650

FETAL DOPPLER
Umbilical artery PI 0.94+0.23 0.96 £0.27 1.01+0.16 0.554
Middle cerebral artery PI 2.08 £ 0.56 2.12+0.54 1.84+0.34 0.055
Cerebroplacental ratio 2.25 (1.85-2.46) 2.12 (1.55-2.73) 1.86 (1.50-2.17) 0.181
99.11 (89.43- 43.57 (9.75-
Ductus venosus Pl centile 100.(&0)*1’ 99.2(5)* 19.06 (4.25-53.00) <0.001
Tricuspid regurgitation 7 (100.00%)* 6(35.29%)% 0(0.00%) <0.001
z;‘;/tus arteriosus reversed 7 (100.00%)*t 0 (0.00%) 0 (0.00%) <0.001
PULMONARY VALVE

Pulmonary valve peak systolic 333.00 (320.00- 167.00 (140.00- 79.00 (72.00- <0.001
velocity (cm/s) 365.00) 287.00) 86.25) )

PI: Pulsatility Index.

Data expressed as mean +standard deviation, median (interquartile range) or n (percentage).

P-value comparing critical pulmonary stenosis (PS) vs mild-moderate PS vs controls calculated by ANOVA or Kruskal-
Wallis one-way ANOVA according to its distribution (normal or non-normal) for continuous variables, and Fisher’ exact

for categorical variables.

*Denotes P<0.05 between critical PS as compared to controls (post-hoc comparisons using Dunn-Bonferroni for
continuous and Chi-squared for categorical variables)
T Denotes P<0.05 between critical PS as compared to mild PS (post-hoc comparisons using Dunn-Bonferroni for
continuous and Chi-squared for categorical variables).
¥ Denotes P<0.05 between mild PS as compared to controls (post-hoc comparisons using Dunn-Bonferroni for
continuous and Chi-squared for categorical variables).
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Supplementary Table 4. Standard echocardiographic results in pulmonary stenosis (PS) and
healthy control fetuses, as well as PS cases subdivided according to the need of neonatal

valvuloplasty

Pulmonary Neonatal No neonatal
. . Controls
Variable Stenosis (n=48) p value* valvuloplast | valvuloplast p valuet
(n=24) B y (n=12) y (n=12)
GLOBAL CARDIAC PARAMETERS
Cardio thoracic ratio | 0.36£0.09 | 0.30+0.04 <0.001 036006 | 0.38%0.11 0.734
ﬁ'g::' sphericity 1174019 | 1.2440.09 0.001 1254024 | 1.08+0.09 0.063
Cardiac index 617.52% 353.69 + 579.61+ 649.26 +
(ml/min/kg) 212.60 77.48 <0.001 162.55 249.52 0.824
RIGHT VENTRICLE MORPHOMETRY

fnilr;“)"”ary valve 5.40:1.80 | 6.70+1.42 <0.001 3934110 | 6.64+127 <0.001
Right ventricle wall

; 4.44+1.09 | 338:0.64 0.001 463+120 | 4.47+0.84 0.350
thickness (mm)
Septal to right
ventricle free wall 0924039 | 099+0.11 0.078 1.09£037 | 0.68+0.28 0.074
thickness ratio
Right ventricle
relative wall 1.85£1.26 | 0.49+0.09 <0.001 165070 | 1.98:1.74 0.602
thickness

RIGHT VENTRICLE FUNCTION
Right ventricle output 918.55 ¢ 431.85 + 752.73 + 1069.30 +
(ml/min) 639.58 220.52 <0.001 412.08 782.81 0.148
Tricuspid filling time. | 3¢ 574 5 70 | 30.54£2.25 0.021 3627570 | 39.54+2.25 0.246
fraction (%)
Pulmonary ejection | 43014515 | 4193+187 0.356 33.63£5.22 | 38.37+5.07 0.062
time fraction (%)
LEFT VENTRICLE MORPHOMETRY
Aortic valve (mm) 593+1.24 | 578+136 0.638 533:0.80 | 6.52£1.26 0.016
(S;’:;?' wallthickness | 414167 | 332063 0.001 513212 | 3.80+2.12 0.062
Left ventricle wall 3.90£0.87 | 3.22:064 0.001 386£093 | 4.08%0.77 0.816
thickness (mm)
Septal to left
ventricular free wall 1.15+0.41 1.04+£0.13 0.936 1.35+0.49 0.92+0.12 0.087
thickness ratio
Leftventricle relative | o 29, 043 | 0594066 <0.001 0.98+054 | 0.81+0.29 0.663
wall thickness
LEFT VENTRICLE FUNCTION
Aortic valve peak
i ! 10118+ 81.08 + 106.67 95.19%

systolic velocity 19.66 10.71 <0.001 17.60 20.60 0.156
(cm/s)
Left ventricle output 517.55 ¢ 32633+ 41651+ 59332+
(ml/min) 258.28 195.35 0.001 216.38 269.49 0.123
Mitral Filling time 42524556 | 43.07+2.92 0.688 41.07+2.64 | 43.39%7.47 0393
fraction (%)
Aortic ejectiontime | ) ;) 585 | 40.96+1.74 0.321 4262£7.41 | 41.19+4.71 0.608
fraction (%)

Data expressed as mean £ standard deviation
*P-value comparing pulmonary stenosis (PS) versus controls calculated by t-test.

TP-value comparing PS that required neonatal valvuloplasty versus those that did not calculated by t-test.
The p-value for morphometric parameters has been adjusted for estimated fetal weight.

John Wiley & Sons, Ltd.
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Supplementary Table 5. Standard echocardiographic results in critical pulmonary stenosis (PS),
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mild-to-moderate PS and healthy control fetuses

Critical Pulmonary

Mild-moderate

Variable s Pulmonary Controls (n=48) p value
Stenosis (n=7) Stenosis (n=17)
GLOBAL CARDIAC PARAMETERS
Cardio thoracic ratio 0.34+0.04 0.37 £0.10% 0.30+0.04 0.001
Global sphericity index 1.21+0.10 1.15+0.22% 1.24+0.09 0.001
Cardiac index (ml/min/kg) 563.01 + 201.99* 640.81 + 220.05% 353.69 + 77.48 <0.001
RIGHT VENTRICLE MORPHOMETRY
Pulmonary valve (mm) 3.99 + 1.06*t 5.98+1.72 6.70 £ 1.46 <0.001
Righ icl Il thick
(r:qgmt)"e”"'c e wall thickness 442+154% 4.45 £0.89% 3.3840.64 <0.001
tal to righ icle fi

septal to right ventricle free 1214041 0.77 £0.29%t 0.99+0.11 0.026
wall thickness ratio
Right ventricle relative wall

N 1.97 £+ 0.69* 1.79 + 1.48% 0.49 £ 0.09 <0.001
thickness

RIGHT VENTRICLE FUNCTION

Right ventricle output 707.30£471.74 | 1003.05+691.46% | 43185 £220.52 <0.001
(ml/min)

cusoid filling time fracti
;2)5“5”"’ filling time fraction 33.94+5.62* 37.27+5.64 39.54+2.25 0.018
Pulmonary ejection time 45.28+4.27 42294529 419341387 0.126
fraction (%)

LEFT VENTRICLE MORPHOMETRY

Aortic valve (mm) 5.53+0.82 6.10 £1.36 5.58£1.36 0.799
Septal wall thickness (mm) 5.50 £ 2.44* 3.82+0.64% 3.32+0.63 0.022
(L:;‘;e"t”de wall thickness 3.55+0.90 4.09+0.82% 3224064 <0.001
Septal to left ventricular free 1.51+0.44%t 0.96+0.22 1.04+0.13 0.001
wall thickness ratio
Left ventricle relative wall

A 0.76 £0.19 0.96 +0.51 0.59 +0.66 0.054
thickness

LEFT VENTRICLE FUNCTION

Rortic valve peak systolic 10429+17.50% | 99.90 +20.85% 81.08 +10.71 <0.001
velocity (cm/s)
Left ventricle output (ml/min) 549.32 + 259.09* 504.84 + 265.93% 326.33+195.35 0.004
Mitral Filling time fraction (%) 41.73 £3.89 42.81+6.15 43.07 £2.92 0.756
Aortic ejection time fraction 39.61+2.11 42.37+6.49 40.96 +1.74 0.336

(%)

Data expressed as mean #+standard deviation
P-value comparing critical pulmonary stenosis (PS) vs mild-moderate PS vs controls calculated by ANOVA.
*Denotes P<0.05 between critical PS as compared to controls (post-hoc comparisons using Dunn-Bonferroni).
T Denotes P<0.05 between critical PS as compared to mild PS (post-hoc comparisons using Dunn-Bonferroni).
¥ Denotes P<0.05 between mild PS as compared to controls (post-hoc comparisons using Dunn-Bonferroni).
The p-value for morphometric parameters has been adjusted for estimated fetal weight.
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Supplementary Table 6. Speckle tracking echocardiographic results in fetuses with
critical pulmonary stenosis (PS), mild-to-moderate PS and healthy controls

Critical Mild-moderate
Control group
Parameter Pulmonary Pulmonary (n=48) p value
Stenosis (n=7) | Stenosis (n=17) -
RIGHT VENTRICLE MORPHOMETRY
Ventricular Area (cm?) 2.11+£0.92 3.46+1.24 3.28+1.24 0.442
Longitudinal diameter (mm) 20.55+4.61 25.37+4.83 26.06+4.48 0.057
Basal diameter (mm) 11.68 +2.72 15.04 +11.30 13.88 +3.61 0.436
m‘;;’em”w'ard'ameter 11.24+2.69 1522 £4.16 14.04£3.20 0.307
RIGHT VENTRICLE FUNCTION
T . -12.07
Global longitudinal strain (%) 2.31%F -18.72£4.29 -18.87 £3.07 <0.001
Fractional area change (%) 16.94 +
31.14+9.25 30.72+5.15 0.019
16.83* 1
Tri id | |
ricuspid annufarplane 2.97 £ 1.75* 4764191 6.00+ 1.66 0.004
systolic excursion (mm) §
RIGHT VENTRICLE DYSSYNCHRONY
RV free wall peak strain delay 123.50 (60.00- 37.00 (28.00- 13.00 (0.00- 0.037
(ms) 220.00)*t 60.00) 35.00) )
. . 93.38 (60.02- 38.73 (28.49- 33.59 (21.23-
.01
IntraRV dysincrony index 115.51)*t 51.71) 37.88) 0.013
LEFT VENTRICLE MORPHOMETRY
Ventricular Area (cm?) 3.06 £1.33 3.03+0.74 3.09 +£0.82 0.108
Longitudinal diameter (mm) 23.92 +5.34* 25.78 £2.62 27.18 +4.55 0.004
Basal diameter (mm) 13.64 (9.47- 11.81 (10.50-
15.52) 11.48 (8.91-14.07) 14.11) 0.100
?:'T:i;;’em”w'ar diameter 13.41£4.16 13.52£2.25 13.22£2.29 0.836
LEFT VENTRICLE FUNCTION
Global longitudinal strain (%) -24.33 £5.58 -19.72 £2.19 -20.21+3.33 0.075
Ejection fraction (%) 53.95 + 16.09 49.11+11.34 48.66 + 9.69 0.491
Mitral | | toli
tral annuiar plane systolie 5.12 £ 1.45 4.75+1.47 571152 0.052
excursion (mm) §
LEFT VENTRICLE DYSSYNCHRONY
LV free wall peak strain delay 39.50 (24.75- 36.00 (20.00- 21.50 (3.00- 0.327
(ms) 51.25) 41.00) 36.75) :
. . 26.29 (21.65- 31.70 (20.66- 33.59 (21.23-
IntralV dysincrony index 36.94) 42.74) 37.88) 0.685

Data expressed as mean +standard deviation or median (interquartile range).

P-value calculated by ANOVA or Kruskal-Wallis one-way ANOVA according to its distribution (normal or non-

normal).

*Denotes P<0.05 between critical pulmonary stenosis (PS) as compared to controls (post-hoc comparisons using

Dunn-Bonferroni).

T Denotes P<0.05 between critical PS as compared to mild PS (post-hoc comparisons using Dunn-Bonferroni).
¥ Denotes P<0.05 between mild PS as compared to controls (post-hoc comparisons using Dunn-Bonferroni).
The p-value for morphometric parameters has been adjusted for estimated fetal weight.

§Tricuspid/l\/litra/ annular plane systolic excursion p-values are adjusted by RV/LV longitudinal diameter.
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Cord blood cardiovascular
biomarkers in tetralogy of fallot
and D-transposition of great
arteries

Olga Gémez***, Laura Nogué™, Iris Soveral*, Laura Guirado',

Nora Izquierdo’, Miriam Pérez-Cruz"*, Narcis Masoller”’,
Maria Clara Escobar®’, Joan Sanchez-de-Toledo®, Josep

Maria Martinez-Crespo**’, Mar Bennasar* o3t

and Fatima Crispi

'BCNatal Fetal Medicine Research Center, Sant Joan de Déu Hospital, Barcelona, Spain, *August Pi i
Sunyer Biomedical Research Institute (IDIBAPS), Barcelona, Spain, *Fetal Medicine Department, Centro de
Investigacion Biomédica en Red de Enfermedades Raras (CIBERER), Madrid, Spain, “Department of
Obstetrics, Hospital General de Hospitalet, Barcelona, Spain, °Sant Joan de Déu Research Institute
(IRSJD), Barcelona, Spain, °Primary Care Interventions to Prevent Maternal and Child Chronic Diseases of
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Previous reports suggest that cord blood biomarkers could serve as a prognostic
tool for conotruncal congenital heart defects (CHD). We aimed to describe the
cord blood profile of different cardiovascular biomarkers in a prospective series of
fetuses with tetralogy of Fallot (ToF) and D-transposition of great arteries (D-TGA)
and to explore their correlation with fetal echocardiography and perinatal outcome.
Methods: A prospective cohort study (2014-2019), including fetuses with isolated
ToF and D-TGA and healthy controls, was conducted at two tertiary referral
centers for CHD in Barcelona. Obstetric ultrasound and fetal echocardiography
were performed in the third trimester and cord blood was obtained at delivery.
Cord blood concentrations of N-terminal precursor of B-type natriuretic
peptide, Troponin |, transforming growth factorp (TGFp), placental growth factor,
and soluble fms-like tyrosine kinase-1 were determined.

Results: Thirty-four fetuses with conotruncal-CHD (22 ToF and 12 D-TGA) and 36
controls were included. ToF-fetuses showed markedly increased cord blood TGFB
(24.9 ng/ml (15.6-45.3) vs. normal heart 15.7 ng/ml (7.2-24.3) vs. D-TGA 12.6 ng/
ml (8.7-37.9); P =0.012). These results remained statistically significant even after
adjusting for maternal body mass index, birth weight and mode of delivery. TGFR
levels showed a negative correlation with the pulmonary valve diameter z-score at
fetal echocardiography (r = —0.576, P = 0.039). No other differences were found in
the rest of cord blood biomarkers among the study populations. Likewise, no other
significant correlations were identified between cardiovascular biomarkers, fetal
echocardiography and perinatal outcome.

Conclusions: This study newly describes increased cord blood TGFB
concentrations in ToF compared to D-TGA and normal fetuses. We also
demonstrate that TGFB levels correlate with the severity of right ventricle
outflow obstruction. These novel findings open a window of research
opportunities on new prognostic and potential preventive strategies.

KEYWORDS

transforming growth factor beta, Troponin |, angiogenic factors, congenital heart disease,
fetal echocardiography, NT-pro-brain natriuretic peptide, tetralogy of fallot, transposition
of the great arteries
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1. Introduction

Conotruncal anomalies are a common group of congenital heart
defects (CHD) involving the outflow tracts and great vessels. The
inclusion of the outflow tracts views into fetal heart screening
ultrasound (1) has greatly improved the prenatal detection of
conotruncal anomalies, particularly tetralogy of Fallot (ToF) and
D-transposition of great arteries (D-TGA), the two most commonly
prenatally diagnosed cyanotic CHD (2). Multidisciplinary care from
fetal life has also contributed to greatly increase neonatal survival
(3). Therefore, fetal cardiology is now focused on improving
medium- and long-term prognostic evaluation.

Several blood cardiovascular biomarkers have been proposed as
potential prognostic factors. Previous reports suggest altered
circulating concentrations of angiogenic factors in fetuses with
CHD. Placental growth factor (PIGF) is a glycoprotein mainly
produced in placental trophoblast to promote endothelial growth
but also expressed by cardiomyocytes in response to stress (4).
The soluble form of fms-like tyrosine kinase-1 (sFlt-1) is a potent
antagonist of PIGF that prevents its interaction with cell receptors
(5). However, only a few studies have evaluated the pattern of
these biomarkers in fetuses with CHD showing controversial
results. An antiangiogenic imbalance, with significantly increased
cord blood sFlt-1 levels, was firstly described in a mixed group of
CHD (6). Recently, a proangiogenic profile with drastically
reduced cord blood sFltl concentrations, has been reported in a
group of left univentricular CHD including hypoplastic left heart
syndrome, severe aortic stenosis and Shone syndrome (7).
Nonetheless, the role of PIGF and sFltl in different types of CHD
and their correlation with cardiac dysfunction and perinatal
outcome has been insufficiently studied to date.

Additional biomarkers with a potential role in CHD are B-type
peptide (BNP) and its
(NT-proBNP). They are released from ventricular myocytes in
response to pressure/volume overload or hypoxia, and are clinically

natriuretic N-terminal ~ precursor

useful for CHD screening in neonatal stage (8). Moreover, increased
cord blood levels of NT-proBNP and Troponin I, a specific marker
of myocardial damage (9), have been described in fetuses with single
ventricle (7, 10). Nonetheless, elevated cord blood levels of NT-
proBNP and Troponin I have also been reported in neonates with
acidosis (11) and intrauterine growth restriction (12).

Lastly, transforming growth factor Pl (TGFB) is a cytokine
produced by different cells with an essential role in the
development of heart remodeling and fibrosis (13). Several studies
describe elevated plasmatic concentrations of TGFB in adolescents
and young adults with repaired ToF, indicating altered TGFB
signaling in ToF correlating with aortic root dilation (14, 15). To
our knowledge, only one study has evaluated this biomarker in fetal
life, demonstrating a significant elevation in aortic coarctation,
aortic stenosis and Shone syndrome with biventricular outcome (7).

Thus, the study of these biomarkers in a series specifically
composed of common conotruncal anomalies could be of interest
to preliminary define its cardiac biomarker profile from fetal life,
evaluating its potential clinical applicability in subsequent studies.
We aimed to first describe the cord blood levels of PIGF, sFltl,
BNP, Troponin I and TGFB in a prospective series of fetuses
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with ToF and D-TGA and to explore their correlation with fetal
echocardiography and perinatal outcome.

2. Materials and methods
2.1. Study population

A prospective cohort study was conducted between January 2014
and December 2019, including fetuses diagnosed with ToF and D-
TGA at the Fetal Cardiology Unit of BCNatal, which groups two
tertiary referral centers for CHD in Barcelona (Clinic and Sant Joan
de Déu hospitals). Fetuses with structurally normal hearts were also
recruited from low-risk pregnancies attended at BCNatal and
included as a control group. Pregnancies of women older than 18
years with accurate gestational age (GA) calculated by first-trimester
crown-rump length (16) were considered eligible. Fetal ultrasound
and echocardiography were performed in the third trimester, cord
blood was obtained at delivery and perinatal results and
cardiovascular outcome data were collected postnatally. The study
was approved by the institutional Ethics Committee (Reg. HCB/
2019/0540). Written consent was obtained from all pregnant women.

ToF was defined by the combination of a subaortic ventricular
septal defect with an overriding aorta and infundibular pulmonary
obstruction. ToF-cases were sub-classified as ToF with pulmonary
stenosis or atresia, based on the presence or absence of
anterograde flow through the pulmonary valve, respectively. To
obtain a homogeneous group, infrequent cases of TOF with absent
pulmonary valve or with major aortopulmonary collaterals were
not considered eligible for the study. D-TGA was defined based
on the presence a discordant ventricular arterial connection and it
was later subdivided into two categories: simple-D-TGA and
complex-D-TGA (in the presence of a ventricular septal defect,
pulmonary stenosis and/or coarctation of the aorta). All fetuses
underwent prenatal genetic testing with microarray analysis and
complete extracardiac anatomical ultrasound at diagnosis and
during follow-up. Fetuses with pre or postnatal diagnosis of
additional major cardiac defects, major extracardiac malformations
and/or chromosomal abnormalities were excluded from the study.

Control fetuses were recruited from singleton, spontaneously
conceived and low-risk pregnancies attended at the maternal-fetal
Medicine Department at BCNatal. Control fetuses were matched
for GA (+2 weeks) at delivery with conotruncal-CHD fetuses.
Exclusion criteria for controls were pre or postnatal diagnosis
of CHD, major extracardiac malformations, chromosomal
abnormalities and/or those conditions potentially affecting cord
blood biomarkers such as intrauterine growth restriction (12,
17-19), macrosomia (20), pregestational diabetes (20, 21),
pregestational hypertension or exposure to toxics (22).

2.2. Baseline, perinatal characteristics and
cardiovascular outcome

Maternal age, body mass index, ethnicity, smoking status, pre-
gestational medical conditions and parity were collected from
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medical records. Pregnancy outcome, including the presence of
intrauterine growth restriction, preeclampsia, pregnancy induced
hypertension, gestational diabetes and prematurity below 37
weeks and perinatal characteristics as GA at delivery, mode of
delivery, birthweight, neonatal height and head circumference,
umbilical artery pH and Apgar score were also recorded.
Intrauterine growth restriction was defined as EFW and
birthweight below the 3rd centile or below the 10th centile with
abnormal uterine, umbilical or middle cerebral artery Doppler
values (23). In all cases, CHD subtype was confirmed by
postnatal echocardiography and clinical outcome was obtained
from medical records at least one year after birth and reevaluated
yearly if necessary.

2.3. Fetal ultrasound and echocardiography

Fetal ultrasound and echocardiography were performed using a
Siemens Sonoline Antares (Siemens Medical Systems, Malvern; PA,
USA) or Voluson E10 (General Electric, Zipf, Austria) using a
curved-array 2-6 MHz transducer. Structural fetal ultrasound
encompassed a detailed extra-cardiac and cardiac examination,
following recommended guidelines (24, 25).

Third trimester standard obstetric ultrasound comprised
estimation of fetal weight, measurement of mean uterine arteries
pulsatility index (PI), umbilical artery PI, middle cerebral artery
PL, aortic isthmus PI (26) and ductus venosus PI (27). Estimated
fetal weight (EFW) was calculated according to the method of
Hadlock et al. (28). EFW centile was calculated using institutional
reference curves (29). The cerebroplacental ratio was calculated by
dividing the middle cerebral artery PI by the umbilical artery PI (30).

Following the echocardiographic protocol of our center in CHD,
in fetuses with ToF and D-TGA, a detailed study of cardiac
morphometry and functionalism was performed including
measurement of cardiac area, cardiothoracic ratio, ventricular
widths, lengths, right-to-left and sphericity indices (SI) and septal
thickness from an apical or transverse four-chamber view at end-
diastole (31, 32). Aortic and pulmonary valve diameters at mid-
systole and aortic-to-pulmonary valve ratio were also obtained
Aortic and pulmonary valve size were normalized for gestational
age and the z-scores were calculated (33).Cardiac function
evaluation included aortic and pulmonary peak systolic velocities,
mitral (MAPSE) and tricuspid annular-plane systolic excursion
(TAPSE) (34).

2.4. Cord blood biomarkers

Cord blood samples were obtained from the umbilical vein after
cord clamping at birth. separated  from
ethylenediaminetetraacetic acid-treated blood using centrifugation

Plasma  was

at 1,400x g for 10min at 4°C. Serum was separated using
centrifugation at 2,000x g for 10 min at room temperature. Sample
aliquots were immediately stored at —80°C until assayed.

Cord blood biomarkers were measured as previously described
(7). Briefly, concentrations of PIGF and sFltl were determined in
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serum by the fully automated Elecsys
electrochemiluminescence immunoassay platform Cobas analyzer

assays on an

(Roche Diagnostics, Mannheim, Germany). NT-proBNP and
Troponin I concentrations were measured in plasma by
electrochemiluminescence immunoassay using Siemens Atellica
IM NT-proBNP and High Sensitivity Troponin I (sensitivity of
the technique: 0.0025 pg/ml), respectively (Siemens Healthcare,
Erlangen, Germany). TGFP was measured in serum by
conventional ELISA assay Quantikine Human TGF-betal (R&D
Systems, Minneapolis, MN, USA). Concentrations of cord
concentrations of PIGF, sFltl, NT-proBNP and TGFf are
presented as continuous variables. Given the different behavior of
troponin I (acute increase in response to ischemia or hypoxia),
Troponin I was treated as dichotomous variable: concentrations
above 0.0093 pg/ml (which corresponds to the 75th centile of the
troponin level among the control group), were considered to be high.

2.5. Statistical analysis

IBM SPSS Statistics version 25 statistical package (IBM Corp.,
Armonk, NY, USA) was used for statistical analysis. Kolmogorov-
Smirnov test of normality was performed in all continuous variables.
Measurements were expressed as mean + standard deviation or as
median (range) for continuous variables as appropriate, and
frequencies with percentages for categorical variables. Differences
between study groups were examined using parametric analysis of
variance (one-way ANOVA) followed by post hoc Bonferroni tests
for pairwise comparison for normally distributed variables, Kruskal-
Wallis one-way ANOVA followed by post-hoc pairwise comparisons
using the Dunn-Bonferroni approach for non-normally distributed
variables and y? test for categorical variables.

Baseline variables were analyzed to identify possible confounders
including maternal age, maternal body mass index (BMI), nulliparity,
smoking, pregestational diabetes, gestational diabetes, preeclampsia,
GA at delivery, birth weight, gender and mode of delivery. Potentially
confounders factors such as maternal BMI, birth weight and mode of
delivery were significantly different between groups, therefore were
adjusted in the model. Spearman correlation coefficient to compare
associations between biomarkers and the previously described
standard obstetric ultrasound and echocardiographic parameters was
used in the ToF and D-TGA groups. For all analyses, P-values <0.05
were considered statistically significant.

3. Results

3.1. Study population and obstetric standard
ultrasound

From the original cohort of 84 ToF and D-TGA fetuses, 18
pregnant women elected for termination of pregnancy. We
excluded from the analysis 6 cases with ToF: 1 case with absent
pulmonary valve, 1 case with major aorto-pulmonary collateral
arteries (MAPCAs), 1 case with intrauterine fetal demise,
1 monochorionic twin pregnancy, 1 case with a chromosomal
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abnormality and a last case with an associated multicystic kidney
disease. We didn’t obtain cord blood at delivery in 23 cases,
1 patient was lost to follow-up and 2 refused to participate. The
final study population consisted of 34 fetuses with conotruncal
CHD (22 ToF and 12 D-TGA cases) and 36 controls.

As shown in Figure 1, the ToF group included 19 fetuses with
pulmonary stenosis and 3 cases with pulmonary atresia. Only one
case of ToF with pulmonary stenosis presented retrograde flow at
the ductus arteriosus, with the remaining cases presenting forward
flow until birth. Blalock-Taussig shunt was required prior to the
ToF corrective surgery only in the 3 cases with pulmonary atresia.

The D-TGA-group included 6 fetuses with a simple-D-TGA,
5 cases with a subpulmonary ventricular septal defect and one
fetus with an associated pulmonary stenosis (complex-D-TGA
group). Rashkind atrioseptostomy was performed prior to arterial
switch procedure in 58.3% of the D-TGA fetuses (7/12). The
cardiovascular outcome was favorable in all conotruncal CHD
cases, with no significant postnatal complications and with a
median follow-up of 46 months (interquartile range 28.0-50.5).

Maternal baseline characteristics and perinatal results are
shown in Table 1. Most baseline characteristics were similar in
the three study populations; however, BMI was significantly
higher in pregnant women with ToF-fetuses compared to the
other two groups. Additionally, the prevalence of small for GA

10.3389/fped.2023.1151814

fetuses was higher in the ToF group [31.8% (7/22)] and cesarean
section was more frequently performed in the ToF and D-TGA
groups compared to controls. Additional perinatal outcomes such
as GA at delivery was similar across groups and there were no
differences in the five-minute Apgar score and umbilical artery
pH. No cases of fetal acidosis were found. Regarding biometrics
at birth, ToF-fetuses had a significantly lower birth weight
compared to D-TGA and control groups, with only 2 ToF cases
with pulmonary stenosis presenting a birth weight below the 3th
percentile. The head circumference at birth was also significantly
reduced in both conotruncal CHD groups as compared to
controls. As shown in Table 1, birth length did not significantly
differ between the three groups.

Table 2 details the results of fetal ultrasound in the study
populations. Interestingly, there were no significant differences in
estimated fetal weight or head circumference at the time of
ultrasound. There were also no differences in uterine or umbilical-
fetal and ductus venosus Doppler between the three groups.

3.2. Cord blood biomarkers

Results of cord blood biomarkers in ToF, D-TGA and control-
groups are presented in Table 3 and Figure 2. Concentrations of

57 ToF
27 D-TGA

38 TOF
25 TGA

.

22 TOF fetuses

3 TOF with PA
(1 RAA)

19 TOF with PS
(3 RAA)

FIGURE 1

pulmonary stenosis.

84 tetralogy of Fallot (ToF) and
transposition of the great arteries
(D-TGA) 2014-2019

63 ToF and D-TGA

34 ToF and D-TGA vs 36 controls

6 Simple-D-TGA

Flow chart of fetuses with conotruncal congenital heart defects included in the study. ToF, tetralogy of fallot, D-TGA, transposition of the great arteries;
PA, pulmonary atresia; MAPCAs, major aortopulmonary collateral arteries; RAA, right aortic arch; sub-P VSD, subpulmonary ventricular septal defect; PS,

18 Termination of pregnancy (16 ToF, 2 D-TGA)
" 1 Intrauterine fetal demise (1 ToF)

1 ToF with absent pulmonaryvalve

1 ToF with PA and MAPCAs

2 Refused to parcipate

1 Lost to follow up

23 No cord blood sample

1 Monochorionic pregnancy

1 Multicistickidney disease

1 Chromosome 19 microdeletion

12 D-TGA fetuses

6 Complex-D-TGA
5 subpulmonary
ventricularseptal
defect (sub-P VSD), 1
sub-P VSD + PS
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TABLE 1 Maternal characteristics and perinatal outcome in the study populations.

Variable Tetralogy of fallot | Transposition of the great arteries (n=12) | Controls (n = 36)
MATERNAL CHARACTERISTICS
Maternal age (years) 35.27 £6.35 33.58 +£5.14 33.88 +4.67 0.560
Body mass index (kg/mz) 28.4 (24.29-29.31)* 26.51 (24.24-30.85) 22.92 (21.36-24.39) <0.001
Chronic diseases 6 (27.27%) 2 (16.67%) 11 (30.6%) 0.576
Ethnicity 0.596
Caucasian 15 (68.2%) 11 (91.7%) 26 (72.2%)
Latin American 2 (9.1%) 1 (8.3%) 2 (5.6%)
Maghreb 4 (18.2%) 0 (0%) 3 (8.3%)
Asian 1 (4.5%) 0 (0%) 4 (11.1%)
African 0 (%) 0 (%) 1(2.8%)
Smoking habit 0 (0%) 1 (8.3%) 1 (2.8%) 0.378
Nulliparity 11 (50%) 8 (66.7%) 17 (47.2%) 0.499
PERINATAL CHARACTERISTICS
Gestational age at birth (weeks) 39.4 (38.2-40.0) 40 (39.5-41.1) 39.5 (39.0-40.2) 0.326
Pregnancy complications:
Small for gestational age 7 (31.8%)* 2 (16.7%)* 0 (0%) 0.002
Intrauterine growth restriction 2 (9.1%) 1 (8.3%) 0 (0%) 0.189
Preeclampsia or pregnancy induced hypertension 0 (0%) 0 (0%) 0 (0%) 1
Gestational diabetes 1 (4.5%) 0 (0%) 3 (8.3%) 0.538
Prematurity (Birth <37 weeks) 0 (0.0%) 0 (0.0%) 1 (2.8%) 0.619
Cesarean section 12 (54.5%)* 4 (33.3%)* 8 (22.2%) 0.042
Birth weight (g) 2,935 (2,729-3,305)* 3,235 (3,077-3,465) 3,390 (3,132-3,637) 0.004
Birth weight centile 32 (9-59)* 35 (20-64) 43 (38-70) 0.007
Birth weight <3rd centile 2 (9.1%) 0 (0%) 0 (0%) 0.106
Birth weight >4,000 g 0 (0%) 0 (0%) 0 (0%) 1
Five-minute Apgar <7 2 (9.1%) 1 (8.3%) 2 (5.6%) 0.866
Umbilical artery pH 7.25 (7.20-7.28) 7.24 (7.2-7.29) 721 (7.16-7.28) 0.164
Female fetal gender 4 (18.2%) 6 (50%) 16 (44.4%) 0.080
Head circumference at birth (cm) 33.6 (32.3-38.8)* 33.7 (32.1-34.4)* 35.4 (34.5-36.0) <0.001
Head circumference centile 34 (13.5-80.7) 21 (4.25-39.75)* 72 (52.75-84.25) <0.001
Height (cm) 50 (47-51.25) 50.5 (49-52.5) 51 (50-52) 0.125
Height centile 34 (13.5-80.75) 59.5 (31.75-89.25) 70.5 (40.5-89.8) 0.066
CARDIOVASCULAR OUTCOME
Follow-up (months) | w7(35515) | 35.5 (6.5-50.7) \ NA

Data expressed as mean + standard deviation, median (interquartile range) or n (percentage). ToF, tetralogy of fallot; PS, pulmonary stenosis; D-TGA, transposition of the
great arteries; NA, non-applicable.

P-value calculated by ANOVA.

*¥Bold numbers means statistically significant.

*Denotes P <0.05 as compared to controls (Post-hoc comparisons using Dunn—Bonferroni for continuous and x? for categorical variables).

TABLE 2 Feto-placental ultrasound in the study populations.

Variable Tetralogy of Fallot of the great arteries (n=12)

Gestational age at ultrasound (weeks) 33.3 (31.5-33.2) 34.1 (31.1-34.6) 33.1 (29-35.1) 0.193
Estimated fetal weight (g) 2,033.48 + 405.06 2,144.08 +£579.13 1,908.72 + 694.40 0.464
Estimated fetal weight centile 28 (13-61) 51 (30-83) 43 (17-62) 0.221
Head circumference (mm) 304 (292-319) 294 (272-313) 295 (255-312) 0.271
Mean uterine artery PI centile 56.85 +28.67 49.17 +17.48 35.81+31.98 0.098
Mean uterine artery PI>p95 2 (15.4%) 0 (0%) 2 (6.3%) 0.415
Umbilical artery PI centile 51.76 + 24.10 39.0 £21.70 44.34 +£23.31 0.302
Umbilical artery PI < p95 0 (0%) 0 (0%) 0 (0%) 1
Middle cerebral artery PI centile 52 (32.5-74) 39 (18-95) 51 (21-71) 0.785
Middle cerebral artery PI<P5 0 (0%) 0 (0%) 1 (2.9%) 0.629
Cerebroplacental ratio 2.05+0.67 243+1.03 2.04+0.52 0.216
Cerebroplacental ratio centile 40.10 +26.87 51.55 +37.86 47.49 +30.63 0.561
Cerebroplacental ratio < P5 0 (0%) 0 (0%) 2 (5.7%) 0.401
Ductus venosus PI centile 52.18 +£29.65 46.70 +30.78 36.18 +31.46 0.207
Aortic isthmus PI centile 58.36 +12.70 65.86 +20.09 7141+ 14.41 0.056

Data expressed as mean + standard deviation, median (interquartile range) or n (percentage). P, pulsatility index.
P-value calculated by ANOVA.
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TABLE 3 Concentrations of biomarkers in cord blood the study populations.

Tetralogy of fallot
(n=22)

Variable

Transposition of the great

Controls (n=36)

Adjusted P-value

arteries (n=12)

Placental growth factor (PIGF) (pg/ml) 12.7 (10.9-20.2) 14.6 (11.15-29.55) 17.5 (13.7-23.55) 0.222
Soluble fms-like tyrosin kinase 1 (sFlt-1) (pg/ml) 1,116.6 (856.9-1,966.2) 1,121.2 (912.75-1,946.9) 1,962.3 (1,379.9-2,726.25) 0.711
sFlt-1/PIGF ratio 80.36 (57.76-115.73) 91.46 (63.89-125.03) 106.25 (78.48-155.22) 0.401
High troponin I* positive 5 (19%) 6 (50%) 8 (25%)
Pro-Brain natriuretic peptide (pg/ml) 1,005 (466.5-1,588) 607 (471.75-1,157.75) 508 (288.5-740.75) 0.154
Transforming growth factor p (ng/ml) 24.85 (15.75-45.28)* 12.6 (8.7-37.9) 15.7 (7.25-24.3) 0.012
Data expressed as mean + standard deviation, median (interquartile range) or n (percentage).
*Troponin considered positive if concentration >0.0093 pg/ml which represents 75th centile in the control population.
P-value calculated by logistic regression adjusted by body mass index, cesarean section and birthweight.
Bold numbers means statistically significant
“Denotes P<0.05 between Tetralogy of Fallot and Controls (post-hoc comparisons using Dunn-Bonferroni for continuous variables).
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FIGURE 2
Umbilical cord concentrations of tyrosine kinase-1/placental growth factor (sFlt-1/PIGF) ratio, N-terminal precursor of B-type natriuretic peptide,
transforming growth factor B (TGFR) and percentage of fetuses with troponin | positive (considered positive if concentration >0.0093 pg/ml which
represents 75th centile in the control population), in fetuses with tetralogy of fallot, transposition of the great arteries and in normal fetuses. P < 0.05
is considered statistically significant. NS: not significant.

cord blood angiogenic factors including PIGF, sFlt1 and sFlt1/PIGF
ratio, did not show significant differences among the study
populations. Compared with the controls, ToF fetuses presented
a marked increase in cord blood concentrations of TGF.
Troponin showed a non-significant tendency to higher
concentrations in the D-TGA group (Figure 2).

Cord blood biomarkers were not correlated with any obstetric
ultrasound parameter, such us umbilical artery, middle cerebral
artery and aortic isthmus PI, nor with any perinatal outcome
including mode of delivery, estimated fetal weight, head
circumference, umbilical artery pH and 5 min Apgar score.

Finally, and as shown in Figure 3, cord blood levels of TGFf
showed a negative correlation with the pulmonary valve diameter

z-score (r=-0.576, P=0.039) and positive correlation with
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aortic/pulmonary valve ratio (r=0.611, P=0.026) in ToF fetuses.
No additional correlations were found between cord blood
biomarkers and the rest of morphometric and functional
echocardiographic parameters evaluated in ToF and D-TGA
fetuses, including aortic peak systolic velocity.

4. Discussion

This study first describes the pattern of different cord blood
biomarkers in a cohort of fetuses diagnosed with isolated ToF
and D-TGA. Our main findings are: (1) TGFB is significantly
increased in ToF from fetal stage and (2) cord blood TGFp levels
correlate with the severity of the prenatal right ventricular
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outflow tract obstruction. Only a few prior studies have evaluated
cord blood cardiovascular biomarkers in fetuses with CHD with
conflicting results. Differences in the CHD groups included
among the studies, together with their small sample size,
precludes direct comparison of results. A series of 39 fetuses
with a mixed group of CHD, which included some cases with
conotruncal anomalies reported an anti-angiogenic pattern with
increased cord blood sFlt-1 levels (6). On the contrary, a prior
study by our group, evaluating 45 fetuses with left-CHD, found
only modestly decreased PIGF in the left-CHD group compared
to normal fetuses, and markedly decreased sFltl only in fetuses
with univentricular left-CHD conferring a proangiogenic profile
of PIGF and SFItl in the poor prognostic group (7). In our
study, no differences were found in cord blood levels of PIGF
and sFltl among the study groups. Given that sFltl is
downregulated by hypoxia (35), our results in conotruncal CHD
suggest that there is little ventricular hypoxic damage in utero in
these cyanotic CHD. Further studies are needed to better define
which groups of CHD are related to abnormal angiogenesis at
the cardiac level and its possible relationship with a concomitant
deficient placental angiogenesis (36).

Several studies have reported cord blood NT-proBNP to be elevated
in CHD, including 10 cases with mixed CHD (12), 15 fetuses with
functional single ventricle associated to neonatal death (10), 16 fetuses
with univentricular left-CHD (7) and 6 cases with non-immune
hydrops of cardiac origin (10). Although these studies group a limited
number of cases, the results are consistent with prior data reporting
elevated NT-proBNP in pediatric patients (37) with heart failure,
indicating that NT-proBNP is a useful predictor in the setting of
severe cardiac anomalies. In our study, NT-proBNP was slightly
elevated in the ToF group and preserved in D-TGA cases, which is in
accordance with the favorable biventricular outcome and lack of
major postnatal complications of our series.

Finally, there is very limited data on Troponin I behavior in
fetuses with CHD. We previously reported positive cord blood
Troponin I to be more frequent in the group of fetuses with left-
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CHD with favorable cardiac outcome (7). In the present study, a
higher proportion of fetuses with D-TGA presented positive
values above the 75th centile (Figure 2), but this difference was
not significant possibly due to the limited number of cases.
Troponin [ is a very sensitive biomarker for endocardial hypoxia
and myocardial damage. It has also been found to be elevated in
newborns requiring NICU admission (38), in neonates with
acidemia (39) and in fetuses with intrauterine growth restriction
(40). Thus, larger populations studies are needed to better
describe the profile of all these biomarkers not only in different
groups of CHD but also in clinical conditions associated with
cardiac dysfunction.

4.1. Increased cord blood TGFR in ToF
compared with D-TGA

This is the first prenatal report of increased cord blood TGFf
concentrations in ToF. This increase may be explained by
different mechanisms. First, TGFp has been identified as a
primary factor responsible for cardiovascular fibrosis (41) and
upregulation of TGFp signaling has been shown to be associated
with pro-fibrotic molecular signaling in cardiac pressure overload
(42). In this regard, limited data is available on blood flow
mechanics and its effect on biventricular remodeling in fetal ToF
(43). Nonetheless, a recent computational model evaluating fluid
dynamics in fetuses with ToF has shown that although
biventricular pressure is equalized by the presence of the
ventricular septal defect, biventricular pressure is globally
elevated in ToF compared to normal hearts leading to mild right
ventricle hypertrophy in fetal life (44). These findings could
plausibly explain the higher levels of TGFpB in the ToF group.
Furthermore, the ventricular walls around the ventricular septal
defect consistently experienced high stress due to a shear flow
effect, a mechanism which has also been described to induce
cardiovascular tissue growth and remodeling (45).
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Secondly, in normal fetal circulation there is a preferential
shunting across the foramen ovale that comprises 30% of the
cardiac output (46). However, tricuspid flow has been described
to be increased in ToF (44), as a lower resistance alternative to
the foramen ovale. As such, some of the right atrial flow is
derived through the right ventricle and the ventricular septal
defect instead of flowing through the foramen ovale, further
contributing to the increased endothelial shear stress at the
ventricular septal defect.

Finally, TGFB has also a central role in vascular morphogenesis
and extracellular matrix homeostasis, thus there is a growing
interest to better understand its contribution to vascular
remodeling. Altered TGF signaling has been reported in bicuspid
aortopathy as a key component in the pathogenesis of thoracic
aneurysms (47) as well as in Marfan syndrome, in which
circulating levels of TGFp are correlated with aortic root dilation
(48). Moreover, overexpression of TGFp in the ascending aorta
has been described in patients with ToF, tricuspid atresia and
double-outlet right ventricle in association with abnormal elastic
fibers. Interestingly, increased TGFB levels have been recently
found in a study evaluating adolescents and young adults with
TOF after surgery in comparison with controls (14). TGF was
also slightly elevated after atrial switch operation in corrected
TGA and Fontan procedures but was preserved after arterial
switch surgery in D-TGA. These data suggest that different
mechanisms may be involved in the neo-aortic root dilation that
progressively occurs in repaired D-TGA compared to other CHD.
Our data, showing similar results in fetuses with ToF and D-
TGA, reinforce the hypothesis that an underlying lesion of the
aorta may already be present in ToF from very early stages of
development. In fact, a decreased aortic compliance, evaluated by
fetal echocardiography, has already been reported in fetuses with
Marfan syndrome and ToF compared to normal fetuses (49).
Therefore, future studies evaluating fetal aortic characteristics in
different CHD are warrantied.

4.2. TGFR correlates with the severity of the
right ventricle obstruction in ToF

Prior studies have demonstrated a positive correlation between
circulating levels of TGFB and aortic sinus dimension in patients
with repaired-ToF (14). Moreover, TGFB levels have also been
correlated with the aortic stiffness evaluated by echocardiography
in patients with ToF before the surgical repair (15). Our data are
consistent with these findings. As shown in Figure 3, TGFB
concentration showed a negative correlation with the pulmonary
valve diameter and a positive correlation with aortic/pulmonary
valve ratio in ToF fetuses. Thus, we could hypothesize that
increasing right ventricular obstruction severity results in
progressive aortic volume overload, which may be associated
with a more pronounced deleterious hemodynamic effect and
higher TGEFB levels. However, we could not demonstrate any
correlation between TGFB levels and fetal right ventricular
morphometry and functionalism, assessed by the sphericity index
and tricuspid annular-plane systolic excursion, respectively; nor
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with peak pulmonary/aortic systolic velocity, findings that require
to be conformation with a larger number of cases.

In agreement with previous reports, ToF-newborns had a
significantly lower birth weight compared to D-TGA and
control groups (50). Additionally, head circumference perimeter
at birth was also significantly reduced in both conotruncal CHD
groups (51). However, cord blood biomarkers were neither
correlated with any ultrasound parameter and perinatal
outcome. Likewise, no cord blood biomarker was correlated
with any echocardiographic parameter in the D-TGA and
control groups. However, these results may be limited by the
small sample size of our study.

4.3. Strengths and limitations

To our knowledge, this is the first study to perform a
comprehensive assessment of cord blood cardiac biomarkers
profile in a specific series of fetuses diagnosed with conotruncal
anomalies. It is also the first study to identify increased cord
blood TGFB concentrations in ToF and its correlation with the
severity of right ventricular outflow tract obstruction.

However, this is an exploratory study and, therefore, future
studies are necessary to confirm our findings and subsequently
evaluate the potential clinical applicability of TGFB in the
prognostic evaluation of ToF. The main limitation of our study is
the limited number of cases, especially in the D-TGA group.
However, the group of ToF is quite homogeneous since most of
the cases correspond to ToF with pulmonary stenosis. Although
cord blood biomarkers concentrations were analyzed after
adjustment for identified confounders we recognize that
additional confounders might exist. Finally, we are aware that we
have neither the weight of the placenta at birth nor a placental
biopsy, which could also provide relevant information.

5. Conclusions

This study newly describes increased cord blood TGFf
concentrations in ToF compared to D-TGA and normal fetuses.
Moreover, we demonstrate that TGFf levels correlate with the
severity of right ventricle outflow obstruction. These novel
findings open a window of research opportunities into new
prognostic and potential preventive strategies. For this, larger
multicenter studies, including enough cases in each category of
conotruncal anomalies and other groups of CHD, both in fetal
and postnatal stages, are warranted. Additionally, the study of
these cardiovascular biomarkers in maternal blood and as well as
in the amniotic fluid would allow to expand their potential
clinical applicability to earlier stages of gestation.
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METHODS

Study design and participants

A multicenter prospective cohort study was designed including singleton fetuses with
isolated Tetralogy of Fallot (ToF) from 20 to 40 weeks of gestation and healthy control
fetuses matched by gestational age at scan, with a 1:1 control - case ratio. Forty-two ToF
fetuses were prospectively recruited from September 2011 to January 2023 among 2724
fetuses with congenital heart defects (CHD) evaluated in the Fetal Cardiology Unit at
BCNatal (Hospital Clinic de Barcelona and Hospital Sant Joan de Deu), a national referral
center for CHD. Twenty-nine ToF fetuses were prospectively recruited from June 2019
to January 2023 in the division of perinatal medicine and fetal therapy of
Universitatsklinikum GieRen and Marburg, reference center for CHD in Germany. ToF
was diagnosed as a combination of outlet ventricular septal defect (VSD) with overriding
of the aorta and pulmonary stenosis (PS), with anterograde flow through the ductus
arteriosus (DA), or pulmonary atresia (PA) with retrograde DA flow. Controls were
recruited from low-risk pregnancies followed at BCNatal with no maternal conditions
that could potentially induce fetal cardiovascular remodeling, who were invited to
participate in the study. Exclusion criteria included other types of ToF such as ToF-absent
pulmonary valve, as well as fetuses with additional major cardiac or extracardiac
malformations, including genetic anomalies and poor image quality for speckle tracking
echocardiography (STE). Maternal characteristics (age, body mass index, smoking
status), comorbidities (such as hypertension and diabetes) and gestational
complications were retrieved from patients’ medical records. Perinatal outcome
including gestational age and mode of delivery, birthweight and Apgar score and
umbilical artery pH were also obtained. ToF was confirmed postnatally in all cases, and
newborns were followed-up for at least for 9 months. Information on admission to the
intensive care unit, the need for prostaglandins, oxygen saturation, type, and age at
surgery was obtained for all cases. The study protocol was approved by the Ethical
Committee of the institution and written consent was obtained from all pregnant

women.



Feto-placental ultrasound standard echocardiography

All participants underwent a feto-placental ultrasound and echocardiography to rule out
other cardiac or extracardiac anomalies according to the existing Guidelines*2. Doppler
and echocardiographic evaluations were performed using either Voluson E8, E10 (GE
Healthcare Ultrasound, Milwaukee, WI, USA) with a M6C-D and C2-9D convex probe (3-
9MHz), or Toshiba Artida an Aplio 500 or an Aplio 1900 system (Toshiba Medical Systems
Corporation, Otawara, Tochigi, Japan) with a 1-5-MHz curved array probe (PVT 375 BT).
Gestational age was calculated based on the crown-rump length at first trimester
ultrasound? and the estimated fetal weight (EFW) was obtained according to Hadlock et
al®. Weight centile was determined according to local references, adjusted by
gestational age and fetal gender®. Doppler evaluation included the measurement of
umbilical artery pulsatility index (P1), middle cerebral artery PI, ductus venosus PI, and
cerebro-placental ratio (middle cerebral artery PI/umbilical artery PI) ©.

A comprehensive echocardiography was conducted to evaluate fetal cardiac
morphometric and functional parameters, preferably at third trimester of gestation. The
methodology used to evaluate morphometric and functional parameters through 2D
echocardiography has been previously published and is detailed in Supplementary
Table 1. In all measurements right ventricle (RV) trabeculations and moderator band

were considered as RV cavity”8.

Fetal speckle tracking echocardiography

Four-chamber view clips containing at least three heart cycles with a high frame rate
were used for STE. Clips were stored in DICOM (Digital Imaging and Communication in
Medicine) format and were analyzed using the 2D STRAIN (Fetal) software developed by
TomTec imaging systems, Gmbh (Munich, Germany). All STE analysis were performed
by the same experienced operator (L.N.). STE reproducibility was previously tested by
our group®.

As fetal EKG is not available, the end-systolic and end-diastolic frames of a cardiac cycle
were identified using an M-mode display of the tricuspid annulus. To semi-automatically
track the endocardial border, the septal and lateral atrioventricular valve annulus and

apex of the RV and left ventricle (LV) were indicated in the end-systolic frame®. Semi-
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automated tracking was manually adjusted as needed. STE software generated
automatically strain curves for six segments of the LV and RV walls and interventricular
septum (basal, mid-ventricular and apical). Morphometric parameters included in the
analysis were biventricular area, longitudinal and transverse diameters'®. Biventricular
global longitudinal strain (GLS) was analyzed and reported as an absolute value'*!2, RV
and LV lateral wall annular plane systolic excursion (TAPSE, MAPSE) were calculated
automatically by STE software as the movement of the endocardium closest to the
tricuspid and mitral annulus towards the ventricular apex!3. Both were evaluated to
assess longitudinal function.

The global RV function was evaluated using fractional area change (FAC)* and LV
function was assessed using ejection fraction®. Segmental analysis of Sl and SF were not

considered due to their limited reproducibility®.

STE segmental analysis and mechanical dyssynchrony

Segmental STE analysis was performed to explore mechanical dyssynchrony. Both
ventricles were automatically divided into 6 ventricular segments (free-wall basal, mid-
ventricular and apical and septum apical, mid-ventricular and basal). Mean free wall and
septal wall peak strain was calculated for each ventricle. Peak systolic strain in each of
the 6 RV and LV segments, and their timing, were measured to evaluate mechanical
dyssynchrony. Time-to-peak shortening (ms) was defined as the time interval from the
onset of myocardial shortening to peak systolic strain. Difference of time to peak strain
between basal and apical segments of both RV and LV free wall was calculated (RV and
LV free wall peak strain delay). Standard deviation of the time-to-peak shortening of the
6 ventricular segments was assessed (intra-RV and intra-LV dyssynchrony index) as an

indicator of mechanical dyssynchrony?®.

Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics for Mac (version 25, IBM
Corp., Armonk, NY, USA). A Kolmogorov-Smirnov test of normality was performed in all
continuous variables. Data are presented as mean (standard deviation), mean

(interquartile range) for non-parametric variables or number (percentage) for



categorical variables. Comparisons between groups were assessed by Student's t test
for continuous variables, Mann-Whitney U test for non-normally distributed variables
and Chi-square test for categorical variables. Cardiac morphometric parameters were
adjusted by EFW. P- values below 0.05 were considered statistically significant.
Spearman correlation coefficient was used to assess potential associations between

echocardiographic parameters and mechanical dyssynchrony and postnatal outcome.

Intraobserver and interobserver reproducibility

The intra- and interobserver reproducibility were previously assessed by our group®. We
reported good reproducibility for biventricular global morphometric and functional
parameters as well as segmental morphometric diameters. On the other side, lower
intraclass correlation coefficient for segmental sphericity index and shortening fraction

was observed, reason by we don’t assess such indices in the present study.
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RESULTS

Characteristics of the study population

Figure 1 represents a flowchart of the included ToF cases. A total of 68 ToF fetuses were
recruited, 41 from BCNatal and 27 from Universitatsklinikum GieBen and Marburg.
Three cases lost to follow-up were excluded from the original cohort. Additionally, two
cases were excluded due to insufficient quality of 4-chamber view clips for STE. The final
analysis included a cohort of 63 ToF fetuses and 66 healthy controls. Among them, five
had a prenatal diagnosis of ToF-PA and 58 ToF-PS. Associated mirror cardiac anomalies
were found in 19 ToF fetuses (39.7%); 19 right aortic arch (30.2%) and 6 persistent left
superior vena cava (9.5%). Amniocentesis for microarray analysis was offered and
performed in 54 ToF fetuses (85.7%) to exclude genetic anomalies. Genetic syndromes
were ruled out postnatally in the remaining cases. Three patients (4.76%) opted for a
termination of pregnancy in the second trimester and there was one fetal demise of

unknown cause.

68 Tetralogy of Fallot (ToF)
41 prospective cohort BCNatal 2014-2023
27 prospective cohort GieBen 2019-2023

3 lost to follow up
2 poor quality 4 chamber view clips for Speckle Tracking

63 ToF 3 termination of pregnan
40 BCNatal plranany
23 GieRBen . 1 fetal demise
= 5Tof pulmonary atresia 5 neonatal surgery
* 58 ToF pulmonary stenosis W 59 life births [ 53 corrective surgery

[ 1 postnatal death

Figure 1. Flowchart of fetuses with Tetralogy of Fallot included in the study. ToF:

Tetralogy of Fallot.

The maternal and perinatal characteristics of the study population are detailed in Table

1. There were no significant differences between both groups in terms of maternal



baseline characteristics except for maternal body mass index, which was higher in the
ToF group (24.90 £ 5.32 ToF group vs. 22.96 * 3.99 control group). Gestational diabetes
(n=6, 9.5%) and placental diseases such as preeclamspia (n=4, 6.35%) and fetal growth
restriction (n=12, 19.1%) were more frequently observed in the ToF group. A higher
cesarean section rate was observed in the ToF group, with no differences in arterial pH
at delivery or in 5-minute APGAR score. Moreover, ToF neonates showed lower
birthweight and birthweight centile at a similar gestational age at birth. Postnatal
echocardiography confirmed ToF in all fetuses. The median postnatal follow-up was 7.08
years (range: 3.54-8.65). Eight ToF fetuses (12.7%) required prostaglandin infusion and
underwent an early procedure within the first month of age (5 Blalock-Taussig shunt and
3 ductus arteriosus stent) and one died before corrective surgery due to septic shock
after Blalock-Taussig shunt procedure. Up to 75% of the newborns required R-blocker

treatment until corrective surgery.

Table 1. Maternal characteristics and perinatal outcome in Tetralogy of Fallot (ToF)
fetuses and healthy controls

. Tetralogy of Fallot Controls *
Variable (n=63) (n=66) p value
MATERNAL CHARACTERISTICS
Maternal age (years) 33.30(30.00-37.49) 33.00(30.00- 0.593
36.80)
Body mass index (kg/m?) 24.90+5.32 22.96 +£3.99 0.028
Ethnicity
Caucasian 47 (74.60%) 59 (89.40%)
Latin American 5(7.93%) 6 (9.10%) 0.097
Maghreb 2 (3.17%) 1(1.50%) ’
Asian 6(9.52%) 0 (0.00%)
African 2 (3.17%) 0 (0.00%)
Smoking habit 3 (4.76%) 5 (7.60%) 0.508
Nulliparity 37 (58.73%) 31 (47.00%) 0.181
PERINATAL CHARACTERISTICS
Gestational age at birth, (weeks) 39.0 (38.0-39.6) 40.0 (39.0-40.4) 0.154
Gestational complications
Fetal growth restriction 12 (19.05%) 0 (0.00%) <0.001
Preeclampsia 4 (6.35%) 0 (0.00%) 0.038
Gestational diabetes 6 (9.50%) 0 (0.00%) 0.012
Prematurity (Birth <37 weeks) 1(1.60%) 1(1.52%) 0.982
Cesarean section 25 (39.68%) 12 (18.18%) 0.007
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3075.00 (2600.50- 3430.00 (3210.00-

Birthweight (g) 3377.50) 3737.50) 0.001

Birthweight centile 27.50 (7.78-70.81) 60.00 (36.50- 0.015
78.00)

Five-minute APGAR <7 0 (0.00%) 0(0.00%) 1.000

Umbilical artery pH 7.24 +0.05 7.23+£0.08 0.225

Female fetal gender 33 (52.38%) 30 (45.50%) 0.431

CARDIOVASCULAR OUTCOME

Neonatal intensive care unit stay

(days) 5.00 (3.00-9.25) NA
02 saturation (%) 95.54 +2.26 NA
Prostaglandin infusion 8(12.70%) NA
B-blocker treatment 44 (74.58%) NA
Age at corrective surgery 5.62 (3.38-6.78) NA
(months)

Follow-up (years) 7.08 (3.54-8.65) NA

Data expressed as mean +standard deviation, median (interquartile range) or n (percentage).

NA: not applicable

*P-value comparing Tetralogy of Fallot (ToF) versus controls calculated by t-test or Mann-Whitney U test for
continuous variables according to its distribution (normal or non-normal) and chi-squared for categorical
variables.

Fetal ultrasound and comprehensive 2D echocardiographic results

Characteristics of the ToF fetuses and obstetric ultrasound are presented in Tables 2
and 3. Minor cardiac abnormalities, such as right aortic arch or persistent left superior
vena cava, were found in 25 (39.7%) fetuses. Although the median gestational age at
ultrasound was similar between groups (31.6 (30.3-34.0 vs 31.5 (29.5-34.0), p=0.893),
ToF fetuses showed a lower EFW centile and a more pulsatile ductus venosus.

Additionally, five fetuses (7.94%) showed reversed flow at the ductus arteriosus.

As expected, the pulmonary valve diameter in the ToF group was decreased with a
higher transvalvular peak velocity compared to the controls. Additionally, the left
ventricle outflow tract peak velocity and aortic valve diameter were increased when

compared to controls (Table 3). Median VSD size was 4.96mm (4.23-6.16mm).
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Table 2. Fetal characteristics and obstetric ultrasound parameters in Tetralogy of
Fallot (ToF) fetuses and healthy controls

. Tetralogy of Fallot Controls *
Variable (n=63) (n=66) p value
FETAL ULTRASOUND
Gestational age ultrasound 31.6 (30.0-34.0) 31.5 (29.4-34.0) 0.893
(weeks.days)
Estimated fetal weight (g) 1724.38 £ 642.81 1869.92 + 687.37 0.234
Estimated fetal weight centile 28.00 (5.50-61.50) 48'0706 (507)‘00- 0.028
Umbilical artery PI 1.03+0.20 1.00+0.20 0.298
Middle cerebral artery PI 1.86 (1.63-2.17) 2.00 (1.70-2.20) 0.200
Cerebroplacental ratio 1.74 (1.55-2.18) 1.93(1.64-2.42) 0.276
Ductus venosus Pl 0.54+0.21 0.39+0.15 <0.001
Ductus venosus Pl centile 49.50 (13.00-82.75) 16.00 (5.00-36.00) 0.001
Ductus arteriosus reversed flow 5(7.94%) 0 (0.00%) 0.008

PI: Pulsatility Index. NA: not applicable

Data expressed as mean *standard deviation, median (interquartile range) or n (percentage).
*P-value comparing Tetralogy of Fallot (ToF) versus controls calculated by t-test or Mann-Whitney U test for
continuous variables according to its distribution (normal or non-normal).

The comprehensive 2D-echocardiography results are displayed in Table 3. ToF fetuses
show signs of cardiac remodeling with a lower sphericity index, thicker septal, right and
left ventricular walls, and increased right and left relative wall thickness, indicating
biventricular concentric hypertrophy. Moreover, ToF fetuses have a higher aortic output
(that comprises combined LV output and RV output), higher cardiac index, together with
a higher fetal heart rate. Furthermore, prolonged tricuspid and mitral filling time
fraction were observed in ToF fetuses, reflecting possibly in part subclinical diastolic
dysfunction, due to the biventricular hypertrophy, as a moderate correlation between

tricuspid filling time fraction and right ventricle wall thickness was demonstrated

(R=0.448, p<0.001), Figure 2.
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Table 3. Comprehensive 2D echocardiographic parameters in Tetralogy of Fallot
(TOF) fetuses and healthy controls

thickness

. Tetralogy of Fallot Controls p
Variable (n=63) (n=66) value*
GLOBAL CARDIAC PARAMETERS
Cardio thoracic ratio 0.30(0.27-0.33) 0.29 (0.37-0.31) 0.431
Global sphericity index 1.16 £ 0.09 1.23+0.10 0.002
Fetal heart rate (bmp) 143.38+11.34 138.58 + 10.97 0.016
Cardiac index (ml/min/kg) 514.83 (415.71-650.00) 349.71 (306.33- <0.001
409.65)
RIGHT VENTRICLE OUTFLOW PARAMETERS
Pulmonary valve (mm) # 470+ 1.38 6.41+1.04 <0.001
Pulmonary artery z-score -2.84+2.26 -0.10+£0.48 <0.001
Right pulmonary artery (mm) 2.90 (2.50-3.45) NA
Right pulmonary artery z-score -1.17 (-1,75--0,18) NA
Left pulmonary artery (mm) 3.00 (2.60-3.60) NA
Left pulmonary artery z-score -0.18 (-0.91 - 0.24) NA
Pulimonary valve/aortic valve 0.70 +0.33 116 +0.14 <0.001
ratio
Pulmonary valve peak systolic 120.00 (92.00-141.50) | 79.00 (72.00-88.00) | 0.001
velocity (cm/s)
RIGHT VENTRICLE MORPHOMETRY

Right ventricle free wall thickness 4.00 (3.58-4.40) 3.7 (2.94-3.34) <0.001
(mm) t
Septal to right ventricle free wall 0.93 (0.76-1.10) 1.03 (0.94-1.11) 0.150
thickness ratio
Righ icl lati I

ight ventricle relative wa 0.66 (0.54-0.87) 0.50 (0.46-0.57) 0.001
thickness

RIGHT VENTRICLE FUNCTION
Pulmonary output (ml/min) 468.64 +318.73 487.83 +230.10 0.763
Tricuspid filling time fraction (%) 42.30+4.85 38.78 £2.75 0.001
z;:;monary ejection time fraction 40.97 +4.13 42.25+2.36 0.147
LEFT VENTRICLE OUTFLOW PARAMETERS
Aortic valve (mm) 7 7.01+1.57 5.56 +0.92 <0.001
Aortic valve z-score 2.06 £1.61 0.45+0.71 <0.001
Ascending aorta (mm) 6.90 (6.33-7.50) NA
Ascending aorta z-score 1.29 (0.59-1.81) NA
(A\C‘:T:t/';)"a"’e peak systolic velocity | g4 o5 (76 00.101.25) | 79.00(73.25-87.75) | 0.046
LEFT VENTRICLE MORPHOMETRY

Septal wall thickness (mm) 3.75+0.98 3.40+0.56 0.008
I;eft ventricle wall thickness (mm) 3.85 (2.90-4.53) 3.01 (2.80-3.34) <0.001
Septal to left ventricular free wall

! ) 1.00 (0.88-1.06) 1.08 (1.00-1.21) 0.004
thickness ratio
Left ventricle relative wall 0.68 (0.52-0.92) 0.51(0.44-0.82) | 0.015

LEFT VENTRICLE FUNCTION




Aortic output (ml/min) 574.00 (468.48-773.95) 336.15 (211.13- 0.001
571.21)

Mitral Filling time fraction (%) 4576 £5.34 43.06 + 3.52 0.023

Aortic ejection time fraction (%) 40.63 (38.71-42.91) 41.40 (40.25-42.59) 0.499

Data expressed as mean +standard deviation or median (interquartile range).

*P-value comparing Tetralogy of Fallot (ToF) versus controls calculated by t-test or Mann-Whitney U test
according to its distribution (normal or non-normal).

T Morphometric parameters are adjusted by estimated fetal weight.

R=0.448
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Figure 2. Scatter plot showing the relationship between tricuspid filling time fraction

and right ventricle wall thickness.

Fetal speckle tracking echocardiographic results

Table 4 presents the STE morphometric and functional results. Fetuses with ToF exhibit
signs of biventricular remodeling, with a reduced longitudinal diameter of both the RV
and LV, as well as a smaller LV area and mid-ventricular diameter. In terms of RV

function, a significant decrease in RV GLS and TAPSE is observed, while FAC remains
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within normal ranges. Additionally, there is evidence of impaired LV function, as
indicated by significantly lower LV GLS, LV EF, and MAPSE.

To evaluate differences in free wall and septal wall peak strain, segmental STE analysis
was performed. The results showed a decrease in peak strain for both the RV free and
septal wall ToF fetuses. However, the LV free wall peak strain was maintained, while LV

septal wall was also decreased.

Table 4. Fetal speckle tracking echocardiographic results in fetuses with Tetralogy of
Fallot (TOF) and healthy controls

Tetralogy of Fallot Controls

*
Parameter (n=63) (n=66) p value
RIGHT VENTRICLE MORPHOMETRY
Ventricular Area (cm?) 2.58 +0.81 2.81+0.76 0.085
Longitudinal diameter (mm) 22.5+3.38 24.57 +3.94 <0.001
Basal diameter (mm) 13.06 +2.73 13.31+2.73 0.781
Mid-ventricular diameter 12.63+2.79 12.83 + 3.40 0.989

(mm)

RIGHT VENTRICLE FUNCTION

Global longitudinal strain(%) -17.25+3.76 -19.33 +3.09 0.001

Right ventricle free wall

- + - + X
peak strain (%) 21.47 £4.92 23.50 £ 3.76 0.021

Right ventricle septal wall

- + _ +
peak GLS (%) 15.80 +5.07 17.62 +4.35 0.040

Fractional area change (%) 29.99 + 7.05 29.87 +7.01 0.366

Tricuspid annular plane

K . 4.77 +1.68 590+1.71 0.032
systolic excursion (mm)

RIGHT VENTRICLE DYSSYNCHRONY

Free right ventricle wall

! : 76.50 (50.75 —

time to peak strain delay ( 55 (33.75-82) 0.016
109.25)

(ms)

Intra-right ventricle 43.57 +20.76 32.92 420,91 0.007

dyssynchrony index

LEFT VENTRICLE MORPHOMETRY

Ventricular Area (cm?) 2.37+0.85 2.81+0.73 <0.001
Longitudinal diameter (mm) 22.60+4.14 25.34 +3.96 <0.001
Basal diameter (mm) 11.10+2.54 11.81+2.01 0.073
?:'T:‘i;;’e"t”c”'ar diameter 11.51+2.85 12.62+2.16 0.004

LEFT VENTRICLE FUNCTION

Global longitudinal strain

(%) -17.96 +3.78 -20.87 £3.45 <0.001
Left.ventr|cle free wall peak 21.60+5.06 23.30+4.91 0.069
strain (%)

Left ventricle septal wall 18.31+4.88 20.16 +3.87 0.025

peak strain (%)
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Global circumferential strain

(%) -19.26 + 8.68 -21.80+7.99 0.103
(]

Ejection fraction (%) 43.01 +11.90 49.44 +10.30 0.001
Mitral annular plane systolic 2.00+1.47 545 +1.60 <0.001

excursion (mm)

LEFT VENTRICLE DYSSYNCHRONY

Free left ventricle wall time

! 70.00 (42.00-91.00) 35.5 (17.75 - 55) <0.001
to peak strain delay (ms)

Intra-left ventricle

) 38.24 +18.33 19.95+11.80 <0.001
dyssynchrony index

Data expressed as mean #+standard deviation or median (interquartile range).

*P-value comparing Tetralogy of Fallot (ToF) versus controls calculated by t-test or Mann-Whitney U test
according to its distribution (normal or non-normal).

T Morphometric parameters are adjusted by estimated fetal weight.

¥ Tricuspid/Mitral annular plane systolic excursion p-values are adjusted by RV/LV longitudinal diameter.

STE segmental evaluation and mechanical dyssynchrony

Segmental STE analysis showed a biventricular increase in intra-RV and intra-LV
dyssynchrony index and free wall time to peak strain delay in the ToF group compared
to controls (Table 4).

Association between mechanical dyssynchrony and conventional and STE
echocardiographic parameters was studied and a moderate negative correlation was
found between RV GLS absolute value and intra-RV dyssynchrony index (R=-0.483,
p<0.001) and between LV GLS absolute value and MAPSE with intra-LV dyssynchrony
index (LV GLS: R=-0.406, p<0.001; MAPSE: R=-0.375, p<0.001) (Figure 3). No correlation
was found between mechanical dyssynchrony and timing parameters, neither with

severity of RV outflow tract obstruction.

Association between ToF severity and biventricular function and clinical
parameters

The presence of an association between RV and LV GLS and the severity of RV outflow
tract obstruction was evaluated. However only a week correlation was found between
biventricular GLS and pulmonary —aortic ratio (RV GLS: R0.215, p0.021; LV GLS: R=0.254,
p=0.006).

The association between echocardiographic parameters and time to corrective surgery
was evaluated but no significant correlation was found. Furthermore, the length of stay

in the neonatal intensive care unit showed a negative moderate association with
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pulmonary valve diameter (R=-0.455, p=0.009), pulmonary valve z-scores (R=-0.566,
p=0.001), pulmonary peak systolic velocity (R=-0.485, p=0.009) and pulmonary — aortic
valve ratio (R=-0.471, p=0.007). On the other hand, no predictors of early surgery

(before 3 months of age) were identified.

RV GLS

) 2000 @ om o 10001

Intra right ventricle dyssynchrony index

001 Re.375
p<0.001

LVGLS
-
MAPSE (mm)

Intra left ventricle dyssynchrory index Intra left ventricle dysincrony index

Figure 3. Scatterplots showing moderate negative relationship between mechanical
dyssynchrony and right ventricle global longitudinal strain (RV GLS) (upper graph), left
ventricle global longitudinal strain (LV GLS) (lower left graph) and mitral annular plane

systolic excursion (MAPSE) (lower right graph).
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Supplementary Table 1. Methodology for conventional echocardiographic parameters

MORPHOMETRY

Cardio thoracic ratio

Apical or transverse 4-chamber view in end-
diastole.
Cardiac area/Thoracic area*100

Global sphericity index

Longitudinal cardiac diameter/transverse
cardiac diameter

Free-wall and septal thickness

In end-diastole using M-mode from a
transverse 4-chamber view!

Ventricular transverse diameters

In end-diastole using M-mode from a
transverse 4-chamber view(1)

Right and left ventricle relative wall
thickness (RWT)

RWT = (septal wall thickness + free wall
thickness)/ventricular transverse diameter

(1

Septal to right or left free wall thickness
ratio (SRWT, SLWT)

Is a measurement of wall thickness
asymmetry

SRWT, SLWT = septal wall thickness/free
wall thickness(1)

Pulmonary and aortic valves diameter

Measured during systole with by the leading
edge-to-edge method 2

Ascending aorta

Measured during systole?

SYSTOLIC FUNCTION

Pulmonary and aortic systolic flows

Obtained in a right and left ventricle (RV, LV)
outflow tract view with an angle to
ultrasound beam close to 09, from whose
spectral Doppler peak systolic velocity, heart
rate (HR) and velocity-time integral (VTI)
(area under the curve of aortic and
pulmonary flow traced manually) were
assessed.

Ejection time fraction (ETF)

Measured from systolic pulmonary and
aortic pulsed Doppler
ETF: ejection time/cardiac cycle*100) 3

Right and left ventricle cardiac outputs (CO)

CO = VTl x valve diameter x HR

Cardiac Index (CI)

Cardiac index accounts for combined right
and left cardiac outputs.
Cl = (RV-CO + LV-CO)/EFW (ml/min/Kg)*

DIASTOLIC

FUNCTION

Filling time fraction (FTF)

Measured from tricuspid and mitral diastolic
spectral Doppler
FTF = Filling time/Cardiac cycle*100 3

155



156

REFERENCES

1. Garcia-Otro L, Soveral |, Septlveda-Martinez A, Rodriguez-Lépez M, Torres X, Guirado
L, et al. Reference ranges for fetal cardiac, ventricular and atrial relative size,
sphericity, ventricular dominance, wall asymmetry and relative wall thickness from

18 to 41 weeks of gestation. Ultrasound Obstet Gynecol. 2021 Nov;58(5):788

2. Schneider C, McCrindle BW, Carvalho JS, Hornberger LK, McCarthy KP, Daubeney PE.

Development of Z -scores for fetal cardiac dimensions from echocardiography.

Ultrasound Obstet Gynecol. 2005 Nov;26(6):599—-605.

3. Soveral |, Crispi F, Guirado L, Garcia-Otero L, Torres X, Bennasar M. Cardiac filling and

ejection time fractions by pulsed Doppler: fetal nomograms and potential clinical

application. Ultrasound Obstet Gynecol. 2021 Jul;58(1):83-91

4. Kiserud T, Ebbing C, Kessler J, Rasmussen S. Fetal cardiac output, distribution to the

placenta and impact of placental compromise. Ultrasound Obstet Gynecol.

2006;(July):126-36.



Discussion

This thesis has demonstrated the applicability and usefulness of new modalities to
evaluate cardiovascular remodeling and function in healthy fetuses and in those with PS
and ToF. The studies included in this thesis reflects the usefulness of STE and cord blood
biomarkers to evaluate cardiovascular remodeling and postnatal outcome prediction.
Study 1 confirms the high feasibility and accuracy of STE using 4D-STIC volumes, that
permits the obtention of perfectly aligned four chamber planes. In Study 2 we
demonstrate that STE echocardiography is also a useful tool to evaluate the RV response
and mechanical dyssynchrony to pressure overload in fetuses with PS. A
multiparametric scoring system including classical echocardiographic parameters and
RV STE improves prenatal prediction of early neonatal valvuloplasty (Study 2).
Moreover, we also demonstrate, for the first time, that cord blood TGF concentration
is increased in fetuses with ToF from fetal stages, a finding that correlates with the
severity of right ventricular outflow tract obstruction (Study 3). Finally, we define the
pattern of cardiovascular remodeling in ToF fetuses, showing a more spherical heart
with biventricular hypertrophy. Additionally, morphometric changes are associated with
both, biventricular diastolic dysfunction and decreased contractility, which correlates

with the presence of mechanical dyssynchrony (Study 4).

1. Study of cardiac morphometry and function using 4D-STIC speckle tracking
echocardiography
Study 1 demonstrates the feasibility of 2D and 4D-STIC STE using FetalHQ® through
achieving correct endocardium tracking in 97% of 2D clips and 100% of 4D-STIC volumes
included in the analysis. Additionally, the study confirms an excellent reproducibility for
the most relevant morphometric and functional parameters evaluated, when comparing
4D-STIC and 2D echocardiographic modalities. However, segmental analysis of Sl and SF
showed poorer results. These findings validate the use of 4D-STIC STE and suggest its

potential implementation in the clinical practice.
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Speckle tracking echocardiography using 2D and 4D-STIC

2D STE for the evaluation of GLS has shown good reproducibility since its
implementation in fetal cardiology(132,133). However, in recent years there has been a
concern about the reproducibility between different software used for its analysis(134).
Regarding prenatal implementation, there is limited data on GLS normality ranges
throughout pregnancy(135-141) and the clinical application of GLS is still poor, thus,
STE reproducibility and its correlation with other morphometric and functional
echocardiographic parameters need to be further investigated. Recently, excellent
interobserver and intraobserver reproducibility of FetalHQ® has been reported for the
analysis of fetal global morphometric and functional cardiac parameters(142-145).
However, there is some controversy regarding the reproducibility of certain parameters,
such as segmental Sl and SF(142-144,146), despite initial reports seemed to indicate

that its reproducibility was also optimal (147,148).

Focusing on 4D-STIC STE, its use in prenatal life has been scarcely reported. A previous
study reported moderate-good inter- and intraobserver reproducibility for LV GLS and
LV ejection fraction evaluation(146). Study 1 showed better reproducibility than
previously reported, that could be explained by several reasons. First, a strictly
standardized protocol was used for both the acquisition of cardiac volumes and the
subsequent off-line processing, which allowed the obtention of higher frame rate clips
(with a mean of 107Hz vs 80Hz in the previous study). Secondly, Fetal Medicine
specialists participating in Study 1 had a higher expertise when compared to less
experienced sonographers with only three weeks training on FetalHQ® in the other
study. To our knowledge, Study 1 is the first to demonstrate good reproducibility
between 2D and 4D-STIC STE.

Fetal cardiac morphometric and functional assessment using 4D-STIC STE

The results of Study 1 showed good to excellent intra- and interobserver
reproducibility of 4D-STIC STE for global morphometric parameters, which is similar to
those reported by other groups with 2D STE(142). However, there are controversial

results when assessing SI. On one hand, some groups reported moderate intra- and
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interobserver reproducibility for cardiac transverse diameter and Sl (>0.758). On the
other hand, poor reproducibility has also been reported when assessing the shape of
biventricular basal segments(144), which is in concordance with the results of Study 1.
Several hypotheses may explain the poorer results. Manual adjustment of semi-
automated tracking was needed in most cases to better delineate the endocardium,
especially the transverse diameters used to calculate SI and FS segmental analysis.
Moreover, delineation of the RV cavity may differ between groups due to its anatomy
with more prominent trabeculations and the moderator band, which were considered
part of the ventricular cavity in the present thesis(149). Furthermore, differences in
methodology, such as acquisition angle of the 4-chamber view, could result in variations
in ultrasound lateral resolution between the apical and transverse views, which may
contribute to the results. Finally, a mathematical formula is used for calculation the SI
(SI: end-diastolic longitudinal diameter/end-diastolic transverse diameter), which adds
the error from each measurement in comparison with other parameters that do not
apply formulas, and this may explain its lower reproducibility. Further studies focusing
on methodological RV delineation and angle of acquisition are needed to define their

impact on STE reproducibility(150).

Study 1 is the first to comprehensively assess the reproducibility of cardiac function
using 2D and 4D-STIC STE. We demonstrated good intra- and interobserver reliability
for systolic function parameters commonly evaluated in fetuses (GLS, FAC, LV ejection
fraction, and cardiac output), with better performance of the LV than the RV, possibly
due to RV’s more complex 3D structure. However, similarly to Sl, biventricular SF
reproducibility was poor (<0.6), as previously reported by other groups(142,143). A
recently developed technique, known as the Quiver technique, which displays two
frames before and after the end-systolic and end-diastolic frames, could help in
identifying the septal and lateral AV valve annulus. Its use might improve semi-
automatic endocardial tracking and reproducibility(151). Quiver technique was
evaluated in 10 fetuses, but it did not achieve better results. As the analysis was carried
out on a small number of fetuses, we postulated that this technique may require further
investigation. Therefore, more studies are needed to validate the superiority of Quiver

technology.
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From a clinical point of view, FetalHQ® has been proven to be a useful tool for assessing
fetal cardiac morphometry and function with both 2D and 4D-STIC four chamber view
acquisition, providing a comprehensive evaluation from a single endocardial trace.
Although it requires a learning curve, the good results obtained in Study 1 support the
use of new fetal STE software in assessing fetal cardiac remodeling in different maternal

and fetal conditions such as CHD (Study 2 and 4).

2. STE to evaluate cardiovascular remodeling and function in PS fetuses and
neonatal valvuloplasty prediction
This thesis reports fetal adaptation to RV pressure overload in the largest cohort of mild
to critical fetal PS and its correlation with mechanical dyssynchrony using STE.
Additionally, a scoring system to predict postnatal valvuloplasty is described for the
first time, with high accuracy. This score, valid from the second trimester, includes
classical echocardiographic parameters typically evaluated in prenatal PS follow-up,
such as DV PI centile, the presence of significant TR, and flow at the DA. Incorporating

RV GLS into the score enhances the sensitivity of the scoring system.

PS is associated with reduced RV GLS and mechanical dyssynchrony

RV GLS measurement is no longer just a research tool in adult cardiology, but a reliable
parameter that provides incremental value for decision-making in RV dysfunction,
particularly in cases of pulmonary hypertension(43), as well as in CHD follow-up(33).
Furthermore, studies show a reduced RV GLS in the neonatal period in PS, which
improves after valvuloplasty(152). Although previous reports of strain in fetal life are
limited and studies have shown a wide range of GLS values that overlap with normal
values(45,153), we reported, in Study 1, that the use of STE in fetal life is reproducible

and may be a useful tool for prenatal evaluation of CHD.

Fetal adaptation to pressure overload has been previously described by Crispi et al(12)
and previous studies on fetal PS(20). In Study 2, an initial response to better tolerate
wall stress is observed in mild PS, with an increased cardio-thoracic ratio and a more

globular heart. Further biventricular concentric hypertrophy occurs in both mild and
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critical PS to increase the contractile force. This hypertrophy leads to diastolic
dysfunction (decreased tricuspid filling time fraction) in critical PS, while it remains
preserved in mild forms of the disease. Furthermore, an increased cardiac index and
biventricular cardiac output is observed in both PS groups, reflecting the volume
overload in the RV due to tricuspid regurgitation and in the LV secondary to the higher
blood flow through the foramen ovalis to the left atrium. Moreover, RV hypertrophy and
myocardial dysfunction may lead to mechanical dyssynchrony observed in critical PS,
which correlates negatively with RV FAC and RV GLS, and can explain the RV systolic
dysfunction in more severe PS, which differs from a previous study describing preserved

RV function in a cohort composed of mainly mild and moderate PS cases (20).

The assessment of mechanical dyssynchrony and its association with RV function has
already been studied in the pediatric population using STE. In example, negative
association between interventricular dyssynchrony and TAPSE was observed in a cohort
of 48 fetuses with pulmonary stenosis before balloon valvuloplasty(154), showing
decreased dyssynchrony and better contractility after successful pulmonary
valvuloplasty. It is hypothesized that dyssynchrony is secondary to a mechanical delay
due to a right bundle branch block induced by subendocardial wall stress in RV pressure
overload, causing an early septal activation(155) (seen as a septal flash). Dyssynchrony
was later correlated with decreased RV GLS(44). Our study yielded similar results in
terms of RV dyssynchrony, and a septal flash was identified in some severe PS cases,
suggesting that right bundle branch block may already exist from fetal life. Therefore,

further studies are needed to verify our hypothesis.

Previous studies, with lower number of fetuses, have suggested that adverse RV-LV
interaction and LV volume overload caused LV diastolic dysfunction in PS fetuses(20).
This is consistent with a study in young adults with PS, reporting a worsening in LV
circumferential strain associated with greater RV volume load after ballon pulmonary
valvulopasty compared to controls(156). However, Study 2 did not find any differences
in LV function, even in more severe cases. Thus, further studies increasing the number

of cases should be conducted to elucidate these different results.
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Predictors of neonatal pulmonary valvuloplasty

With the increase in prenatal diagnosis of milder forms of PS, the attention has shifted
towards identifying prenatal predictors of postnatal ductal dependency and early
neonatal valvuloplasty in order to organize delivery in a tertiary care center. Historically,
reversed DA flow was considered a reliable parameter, however 50% of the newborns
in our series that required either intervention or prostaglandin infusion had DA
antegrade flow in prenatal echocardiography. Other studies have also found that
reversed DA flow is not always present in fetuses requiring intervention for PS or
prostaglandin E1 treatment(20,118). Therefore, a multiparametric evaluation
combining classical parameters with newer and more sensitive ones is needed (118). In
example, several timing and morphometric echocardiographic parameters have been
described to predict univentricular management in fetuses with the most severe forms
of the disease (critical PS and pulmonary atresia). Furthermore, a metanalysis published
in 2022(117) concludes that the combination of different echocardiographic parameters

in scoring systems improves the prediction of postnatal surgical pathway.

In Study 2 we identified several echocardiographic parameters that, when combined
in a 4-criteria scoring system, predict postnatal valvuloplasty with a sensitivity of
91.7% and specificity of 100%. The scoring system was also evaluated without the
inclusion of RV GLS variable, which is not universally available, and found a lower
sensitivity (83%). As seen in Figure 9, the DA retrograde flow, which is currently the most
used parameter to predict early neonatal valvuloplasty, shows an area under the curve
of 0.750. Therefore, it performs wore than the proposed scoring system. Therefore,
including RV GLS in the scoring system enables us to identify more cases with potential
neonatal valvuloplasty requirement, who would benefit from delivery in a tertiary care

center.

To date, only Wang et al.(118) have studied postnatal management in critical PS and
pulmonary atresia with intact interventricular septum with biventricular management
at birth. They found that pulmonary valve regurgitation in the second trimester and an
RV/LV length ratio >0.86 in the third trimester were predictors of ductal dependency,

but the current study did not confirm the utility of those parameters, which might be
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explained by the different outcomes studied. Our group also identified decreased
TAPSE, mitral E’ peak velocity and increased LV cardiac output as possible predictors but
in Study 2 we could not determine their role in predicting the outcome due to the

limited sample size(20).
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Figure 9. Receiver-operating characteristic (ROC) curves for neonatal valvuloplasty
prediction. Red thick line: ROC curve of the scoring system: area under the curve (AUC)
0.931. Dashed line: ROC curve of the scoring system without right ventricle global
longitudinal strain (RV GLS): AUC 0.917. Blue line: ROC curve of the ductus venosus
pulsatility index centile (DV PI): AUC: 0.782. Orange line: ROC curve of RV GLS: AUC
0.833. Yellow line: ROC curve of the reversed flow at the ductus arteriosus (DA): AUC
0.750. Green line: ROC curve of the presence of significant tricuspid regurgitation (TR):

AUC 0.806. (Original figure from study 2).

3. Cord blood cardiovascular biomarkers in conotruncal CHD
To the best of our knowledge, Study 3 is the first to comprehensively assess the profile
of cord blood cardiac biomarkers in fetuses diagnosed with conotruncal CHD.
Additionally, is the first to identify increased concentrations of TGFp in cord blood from
fetal stages in ToF and its correlation with the severity of right ventricular outflow

tract obstruction. On the contrary, D-TGA fetuses show a tendency towards an
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increased percentage of fetuses with Troponin | positive values, although not
statistically significant. Further studies with large number of cases are needed to

validate our hypothesis.

Previous studies on cord blood cardiac biomarkers in CHD

There is limited knowledge about cord blood angiogenic factors in fetuses with CHD, and
the available studies report conflicting results. For instance, one study reported
increased levels of sFlt-1, indicating an anti-angiogenic pattern, in a mixed group of fetal
CHD(113). In contrast, a previous study from our group found a modest decrease in PIGF
levels in fetuses with left-CHD and a pronounced sFlt1l decrease, but only in those with
univentricular left-CHD, indicating a proangiogenic profile in the poor prognostic
group(69). Differences between both studies may be attributed to the different CHD
studied and the small sample sizes. Furthermore, Study 3 shows no differences in cord
blood levels of PIGF and sFltl among the conotruncal anomalies, indicating little
ventricular hypoxic damage in utero in these cyanotic CHD. Further research is necessary
to determine which types of congenital heart disease are associated with abnormal

cardiovascular and placental angiogenesis(105).

NT-proBNP is a useful predictor for severe cardiac conditions, as evidenced by elevated
plasmatic levels in pediatric patients with heart failure(157), and elevated cord blood
levels in functional single ventricle associated with neonatal death(76), univentricular
left-CHD(69), and non-immune hydrops of cardiac origin. In Study 3, NT-proBNP levels
were slightly elevated in the ToF group but preserved in D-TGA cases, which is consistent

with the favorable outcome and lack of complications in the study groups.

Troponin | is a sensitive biomarker for endocardial hypoxia and myocardial damage and
has been found to be elevated in various clinical conditions associated with cardiac
dysfunction (newborns requiring NICU admission(89), neonates with acidemia(91) and
fetuses with intrauterine growth restriction(67)). Study 3 found that a higher proportion
of fetuses with D-TGA had Troponin | values above the 75th centile, but this difference
was not statistically significant, probably due to the limited number of cases. The fact

that less oxygenated blood reaches the coronary territory in fetal life could explain these
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results. Additionally, our group had previously reported more positive values in a group
of fetuses with left-CHD with favorable cardiac outcome(69). Larger population studies
are needed to better understand the profile of these biomarkers in different groups of

CHD and clinical conditions.

Increased TGFf3 in ToF compared with D-TGA

Increased cord blood TGFf concentrations in ToF is one of the main findings of this
thesis. TGFR is upregulated by vascular shear stress and has a role in cardiovascular
fibrosis(94) and pro-fibrotic molecular signaling in cardiac pressure overload(95).
Hemodynamic factors and intrinsic histological changes may explain this TGFR increase

in ToF fetuses.

Limited data is available on blood flow mechanics and its effect on biventricular
remodeling in fetal ToF(122), but a recent computational model suggests that
biventricular pressure is globally elevated in ToF, although is balanced by the presence
of the VSD, and leads to mild RV hypertrophy in fetal life(158). The ventricular walls
around the VSD consistently experienced high stress due to a shear flow effect, which
has also been described to induce cardiovascular tissue growth and remodeling(159).
Furthermore, in normal fetal circulation, there is a preferential shunting across the
foramen ovale that accounts for 30% of the cardiac output(160). However, in ToF
tricuspid flow through the VSD is increased, as an alternative to foramen ovale(158).
This causes portion of the right atrial flow to pass through the VSD which increases aortic
flow, leading to an increased endothelial shear stress at septal and aortic wall. All these
hemodynamic mechanisms inducing high shear stress could explain the increase in

TGFR.

There is a growing interest in understanding TGFR’s role in vascular morphogenesis and
extracellular matrix homeostasis and its contribution to vascular remodeling. Altered
TGFp signaling has been reported as a key component in the pathogenesis of thoracic
aneurysms in bicuspid aortopathy(161), as well as in Marfan syndrome, where
circulating levels of TGFB are correlated with aortic root dilation(162), two conditions

with intrinsic aorthopaty. Additionally, overexpression of TGFB in the ascending aorta
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has been observed in patients with ToF, tricuspid atresia, and double-outlet RV, in
association with abnormal elastic fibers. Study 3 findings of an already increased TGFR
from fetal life reinforce the hypothesis that an underlying lesion of the aorta may
already be present from very early stages of development. In fact, a decreased aortic
compliance, evaluated by fetal echocardiography, has already been reported in fetuses
with Marfan syndrome and ToF compared to normal fetuses(124). However, we did not
dispose of the values of ascending aorta diameter in our cohort. Therefore, future

studies evaluating fetal aortic characteristics in different CHD are warrantied.

TGFf3 correlates with the severity of the RV obstruction in ToF

Previous studies have shown a positive correlation between TGFf levels and aortic sinus
dimension in patients with repaired-ToF(98), as well as a correlation with aortic stiffness
in patients with ToF before surgical repair(99). Study 3 supports these findings, showing
a negative correlation between TGFB concentration and pulmonary valve diameter z-
score, and a positive correlation with aortic/pulmonary valve ratio in ToF fetuses (Figure

10).
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Figure 10. Correlation of transforming growth factor B (TGFB) and echocardiographic
parameters. Left graphic: pulmonary valve diameter z score. Right graphic:

aorta/pulmonary ratio. (Original figure from study 3).

A higher degree of RV outflow obstruction leads to increased aortic volume through the

VSD, that would explain higher TGFp levels. However, no correlation was found between
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TGFB levels and fetal RV morphometry (SI) and function (TAPSE, peak pulmonary peak

systolic velocity), which requires further investigation with a larger number of cases.

In agreement with previous reports, newborns with ToF had a significantly lower birth
weight compared to the D-TGA and control groups(163) that could also contribute to an
increase in TGFB, as previous reports show increased concentrations in growth-
restricted fetuses(101). Additionally, head circumference perimeter at birth was also
significantly reduced in both conotruncal CHD groups(164). However, cord blood
biomarkers were not correlated with any ultrasound parameter or perinatal outcome.
Similarly, no cord blood biomarker was correlated with any echocardiographic
parameter in the D-TGA and control groups. However, these results may be limited by

the small sample size of our study.

4. STE to evaluate cardiovascular remodeling and function in ToF fetuses
In Study 4, we evaluate fetal cardiovascular remodeling and myocardial deformation
using STE in the largest series of prenatal isolated ToF. Moreover, we explore the
correlation with postnatal outcome. The results of the study show that ToF has a
biventricular impact from fetal life. We describe a pattern of cardiac remodeling
secondary to pressure overload (globular shape and concentric hypertrophy).
Additionally, we demonstrate a biventricular decrease in ventricular contractility which

correlates with the presence of prenatal mechanical dyssynchrony.

Biventricular remodeling in ToF fetuses

ToF is associated to an increased RV pressure as a result of RV outflow tract obstruction,
which is balanced through the VSD towards the left ventricle. It has been demonstrated
that both RV and LV pressures are higher than controls(158). Cardiac shape adaptation
to better tolerate this mild pressure overload is observed in our ToF cohort, resulting in
a more globular heart with concentric hypertrophy. Classically, it was believed that ToF
fetuses did not present RV hypertrophy due to the characteristics of prenatal circulation.

However, Jatavan et al were the first to demonstrate that RV hypertrophy is already
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present from prenatal stage by analyzing a series of 20 fetuses at second trimester of
pregnancy by means of STIC(122). This finding has been later confirmed by conventional
echocardiography(53,60). Our study confirms, in a largest series by STE, that mild
hypertrophy is present in ToF fetuses, affecting RV as well as septal and LV walls,
demonstrating a global cardiac affection. Differences in gestational age at ultrasound,
methodology and smaller series could explain the fact that previous studies did not find
the LV response. More studies are needed to confirm our results as this novel finding is
relevant. The presence of a more hypertrophic myocardium could potentially impact the

biventricular response to hemodynamic and surgical changes, particularly in the RV.

Cardiac function in ToF fetuses

Timing parameters in fetal ToF are described for the first time in Study 4. We
demonstrate prolonged tricuspid and mitral time fractions, indicating mild impairment
in right and left diastolic function. This finding differs from fetal pulmonary stenosis,
where the mitral filling time fraction is not affected(20). The decrease in biventricular
diastolic function in ToF can be explained by a higher LV volume load proceeding form
the RV through the VSD(158). This increase in LV load may affect left ventricular filling.
On the contrary in fetal pulmonary stenosis the flow distributes through the foramen
ovale to the left atrium, not directly to the ventricle. Moreover, the increased wall
thickness may also difficult cardiac relaxation in both ventricles. In line with this, we
found a moderate correlation between RV wall thickness and tricuspid filling time

fraction.

Keelan reported a decrease in presurgical RV GLS in ductal dependent ToF compared to
controls(165). Interestingly, decrease in ventricular deformation has also been
demonstrated to be present in utero(53,60,166). Our results decreased RV GLS in TOF
fetuses. Song et al. postulated that long-term pressure overload in the RV and increased
wall shear stress may impact on ventricular contractility. An increased RV wall stress and
biventricular increased pressure were described by Wiputra in a computational model
of fluid dynamics(158). Increased wall stress, along with hypertrophy, may contribute to
ischemia in the inner myocytes due to decreased coronary perfusion and explain

decreased contractility. Finding an already impaired ventricular deformation from fetal
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life would help monitoring postnatal adaptation to corrective surgery and long-term RV

function.

Study 4 reports a lower LV deformation. The evaluation of LV dysfunction has been
scarcely evaluated in prenatal and postnatal ToF. Devore et al found, in a series of 44
ToF fetuses, that up to 44% of cases had a MAPSE below the 5% centile, 48% decreased
LV GLS and 64% a decreased LV ejection fraction(53). Song et al reported the same
results, in accordance with our findings, showing that ToF fetuses present LV
deformation in fetal life. They postulated that this may be due to an increased volume
and pressure load in the LV, that may be explained by biventricular overload secondary
to the presence of a VSD. This is in concordance with the finding of mainly preserved LV
deformation in fetuses with pulmonary stenosis with intact septum, as they do not
present increased LV pressure. In their study, Song et al. describe a normal LV ejection
fraction, while our study and the one conducted by Devore et al suggest a decreased
function. In addition, Song et al described a moderate negative association between RV
outflow tract obstruction severity and RV and LV GLS absolute values(60). The results of
our study didn’t confirm this association. However, the study of Song et al was
retrospective, cases were evaluated at lower gestational age and there were higher

cases undergoing termination of pregnancy, which could explain the differences.

The biventricular dysfunction is also in accordance with pathologic abnormalities found
in both ventricles. A study examining heart specimens affected with ToF showed a
different fiber orientation in both ventricles compared to normal hearts. They found a
more oblique orientation of the outer layer and the presence of a middle circumferential
layer in the RV(167). The presence of more oblique fibers may contribute to a decrease
in longitudinal function (GLS, MAPSE and TAPSE) while maintaining global and

circumferential function (FAC and LV global circumferential strain).

The results of the study also show a higher cardiac index than controls. The increased
cardiac index is at the expenses of an increase in fetal heart rate and increased aortic
outflow, due to a dilated aortic valve, with a mean z-score of 2.06. The increased aortic

output leads to higher wall shear stress, which is potentially responsible of TGFR
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production together with biventricular hypertrophy. The study 3 of this doctoral thesis
identified increased cord blood concentrations of TGFR3 in ToF fetuses. TGFR at the
endothelium plays a role in extravascular matrix formation and decreases endothelial
elasticity, predisposing to dilation. In this line, a higher expression of TGFR has been
found in young adults with ToF and aortic root dilation(98). More studies focusing on
aortic root dilation and its implications in postnatal follow-up are needed. On the other
hand, Devore et al reports a lower LV output in ToF than in controls(53). Methodological
differences in the calculation of cardiac output may explain our different results. We
calculated LV output by conventional echocardiography, combining heart rate, velocity
time integral of aortic spectral Doppler and aortic valve diameter. In contrast, Devore et
al used STE, which calculates LV output as the difference in LV volume between systole
and diastole. This method does not reflect the fraction of RV output that contributes to
the aortic flow. Similarly, a normal pulmonary output in ToF fetuses was observed in our
study, as RV flow that crosses the VSD was neither accounted and there was only a mild
increment in peak systolic velocity. This could also explain the difference with increased
RV output reported in pulmonary stenosis fetuses, where all RV output is ejected

through the pulmonary artery.

Mechanical dyssynchrony correlates with ventricular function

In study 4 we report signs of mechanical dyssynchrony and its correlation with
biventricular GLS and MAPSE. Song et al postulated that altered ventricular mechanics
and interventricular interactions with a pressure loaded RV could explain lower LV
deformation(60). Moreover, mechanical dyssynchrony is demonstrated in children with
RV dysfunction after ToF repair, and correlates with lower TAPSE and RV GLS(44,155).
They hypothesized that it could be caused by a right bundle branch block induced by
subendocardial wall stress in RV pressure overload. Moreover, adverse RV-LV
interactions lead to decreased LV contractility, affecting mostly the interventricular
septum. Additionally, our results show a decrease in longitudinal peak strain in the
septal wall compared to the RV and LV free wall. More research is needed in this field

to confirm our results.
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Fetal echocardiography and postnatal outcome

Although ToF is a CHD with an overall good prognosis, there is still debate regarding the
timing and type of postnatal surgical procedure to be performed in cases with low
oxygen saturation in the early neonatal period. Several authors have investigated
potential predictors of early postnatal surgery in ToF newborns. They found
echocardiographic parameters such as pulmonary valve diameter or z-score, size of
pulmonary artery branches or reversed flow in the DA predicted early intervention with
high sensitivity but lower specificity(128,129,168-172). Our study did not confirm these
results, probably due to the lower percentage of children needing early surgery in our
series (only 6 newborns required surgery before 90 days of age (9.5%)). However, we
analyzed the need for an early systemic to pulmonary shunt, only in the subgroup of ToF
fetuses with PS. We found that the pulmonary valve peak velocity had an area under the
curve of 0.845 in receiving operative curve, although it was not statistically significant
(p=0.067), probably due to the few number of cases (5.2%). Furthermore, we did find a
moderate correlation between valve size and peak velocity of the pulmonary valve
and length of admission at the neonatal intensive care unit. More severe RV outflow

tract obstruction leads to lower oxygen saturation, needing more strict surveillance.

Previous studies reported that 9.7% of CHD fetuses, specially conotruncal CHD, have a
birthweight lower than 3™ centile. Preeclampsia also is reported to be higher (5.7%) in
CHD pregnancies compared to 1.2% in normal pregnancies(167). In our study we found
a 19.05% of growth restricted fetuses and 6.35% mothers had preeclampsia. In addition,
there was a 20% increase in cesarean section rate in our ToF cohort, suggesting, in part,
a worse tolerance to the delivery. The cause of this increase in placental-related
complications is not yet clearly understood. Llurba et al. described an antiangiogenic
profile in a mixed CHD group(113) although the results of the study 3 of this thesis did
not find any differences in angiogenic factors in cord blood of ToF fetuses. However, a
fraction of TGFR is also producted by the placenta, and increased TGFR is seen in ToF

fetuses (Study 3).

We have shown that ToF is a CHD that affects prenatally right and left ventricle.

Therefore, prenatal assessment of those fetuses should include a global comprehensive
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evaluation of cardiac function. A longer admission, mainly due to lower oxygenation,
was associated to smaller pulmonary valve, pulmonary valve z-score, pulmonary peak
systolic velocity and pulmonary — aortic valve ratio. This information could be used when
counseling parents and organizing delivery in referral centers. More studies including
global assessment of the fetal heart are needed in order to better understand and detect

predictors of early intervention and, therefore, the need for a tertiary care delivery.

5. Limitations
This thesis has several limitations that are worth commenting on. In all studies, the
limited sample size is the main limitation, although Study 2 and 4, include the largest
cohort of PS and ToF in fetal life, respectively. Additionally, in Study 1, we only included
healthy fetuses, which may be considered a limitation, although 2D STE had been

previously validated with normal and abnormal hearts.

Regarding technique limitations, in Study 1, all 2D clips and 4D-STIC volumes were
obtained in an apical oblique 4-chamber view that can be difficult to achieve in the third

trimester or in other fetal conditions such as oligohydramnios.

In Study 2, we included 13 cases from a retrospective cohort, which is a limitation,
although the image acquisition protocol was the same and it was performed by the same
operators as in Study 2. Currently, only a small portion of neonatal PS cases are detected
prenatally, corresponding more frequently to moderate and severe cases, which could
potentially introduce a selection bias. Additionally, we must consider the reproducibility
of STE a limitation, especially for the evaluation of mechanical dyssynchrony, as it is a
measurement that depends on segmental analysis. Furthermore, there is a need for
further validation of the dyssynchrony index, as our results are not as accurate as
postnatal results due to the unavailability of EKG in fetal life. Finally, the scoring system
has not been externally validated, which is a limitation of Study 2.

In Study 3, the concentrations of cord blood biomarkers were analyzed after adjusting
for identified confounders. However, we acknowledge that there may be additional

confounders that were not accounted for. Furthermore, to better understand the role
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of angiogenic factors in CHD, it would have been valuable to conduct an
anatomopathological study of the placenta and assess its weight. Therefore, we
consider this to be a limitation of the study. Moreover, we did not assess the diameter
of the ascending aorta in ToF fetuses. Having this measure would have been interesting
in order to correlate it with TGFR values. Finally, Troponin | behavior being positive or

negative difficult the analysis.

Regarding Study 4, the main limitation is that the evaluation of mechanical
dyssynchrony has not yet been validated in fetuses, although in study 1 we published
an overall good reproducibility for STE. To overcome this limitation all the analysis of
our cases were performed by the same experienced operator (L.N.). The multicentric
origin of the cases could also increase variability in some conventional cardiac
measurements. The vast majority of our echocardiographies were performed at the
third trimester of pregnancy, although in cases where families opted for termination of
pregnancy, this ultrasound was performed earlier. Adjusting results for EFW or by z-
scores partially reduce this limitation. Finally, the low rate of early surgery in our cohort

did not provide the opportunity to evaluate possible predictors of neonatal outcome.

6. Future clinical perspectives
The use of 4D-STIC STE in the clinical setting could enable a comprehensive evaluation
of both cardiac morphometry and function, facilitating the use of FetalHQ® for

telemedicine.

The description of a new scoring system to predict neonatal valvuloplasty shows
promise for prenatal follow-up of PS and identifying fetuses at high risk of needing a
neonatal valvuloplasty. This could help to coordinate the delivery of those fetuses in a

tertiary care center for early neonatal evaluation by pediatric cardiology specialists.

In addition, the study of cord biomarkers could subsequently evaluate the potential
clinical applicability of TGFB in the prognostic evaluation of ToF. Further studies

including higher number of cases and evaluation of aortic arch diameters present
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research opportunities for new prognostic and preventive strategies. Additionally,
studying these cardiovascular biomarkers in maternal blood and amniotic fluid could

expand their potential clinical applicability to earlier stages of gestation.

We described the pattern of cardiovascular remodeling in Tof fetuses although finding
predictors of early surgical correction is difficult for the low rate of early intervention.
However, the application of machine learning techniques or computational models

would help identify different clusters and clinical phenotypes in ToF population.
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Conclusions

1. 4 dimension - Spatio Temporal Image Correlation speckle tracking

3.

echocardiography is feasible, reproducible and comparable to 2-dimensional
echocardiography for the assessment of cardiac morphometry and function in

healthy fetuses (Study 1).

Decreased right ventricle deformation is observed in critical pulmonary stenosis
fetuses, and correlates with mechanical dyssynchrony. A scoring system
combining the ductus venosus pulsatility index centile and right ventricle global
longitudinal strain; with the presence of reversed ductus arteriosus flow and
significant tricuspid regurgitation, enables to identify those fetuses in need of
early neonatal valvuloplasty, who will thus benefit from an early neonatal

assessment by pediatric cardiologists (Study 2).

Tetralogy of Fallot fetuses show increased cord blood transforming growth
factor-B concentrations when compared to D-transposition of the great arteries
and normal fetuses. Moreover, transforming growth factor-B levels correlate

with the severity of right ventricle outflow obstruction (Study 3).

Fetuses with tetralogy of Fallot present signs of cardiovascular remodeling from
prenatal life, characterized by a more spherical heart with biventricular
concentric hypertrophy. Additionally, morphometric changes are associated
with both, biventricular diastolic dysfunction and decreased contractility, which

correlates with the presence of mechanical dyssynchrony (Study 4).
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