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Abstract

Introduction: Speckle tracking echocardiography (STE) is an advanced imaging
technique used to assess myocardial deformation through global sphericity index
(GSI) and global longitudinal strain (GLS). However, its use in foetal cardiology is still
limited. This study explores the application of STE in the foetal heart, assessing its
feasibility and reproducibility in routine practice and defining normal values across
gestational age (GA) groups. Further, ventricular disproportion of the foetal heart is
the main indication of an obstructive lesion such as coarctation of the aorta (CoA).
However, its diagnosis before birth remains challenging. STE may provide an
additional diagnostic marker for the presence of foetal CoA. The primary objective of
this study was to evaluate the use of foetal 2D STE in the clinical setting and to
assess reproducibility, reliability and clinical applicability. Additionally, this study
explores STE’s role in detecting obstructive lesions associated with ventricular
disproportion and its potential application in foetal tachyarrhythmia cases. Methods:
In a prospective study, using STE, 120 normal foetal four-chamber heart views from
72 participants from 18 to 37 weeks of gestation, 22 studies from 16 foetuses with
ventricular disproportion were analysed and compared. Further, seven
tachyarrhythmia patients were recruited and a case series was conducted to
evaluate the use of STE in this cohort compared to healthy controls. Foetal HQ
software was used to assess GSI| and GLS of the left ventricle (LV) and right
ventricle (RV). Statistical analysis was conducted to assess reproducibility, reliability
and to establish normal reference ranges; ventricular disproportion and
tachyarrhythmia data were compared against the normal control group. Reference
ranges and Z-scores were produced for GSI, LV, and RV GLS across GA groups 19-
37 weeks. Results: STE has proven to be a feasible and reliable tool for assessing
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foetal cardiac function in a clinical setting, with high reproducibility (ICC GSI: 0.93,
LV GLS: 0.92, RV GLS: 0.84). A significant relationship was observed between
gestational age (GA) and both LV and RV GLS (p < 0.05), Notably RV GLS values
were higher than LV GLS with a statistically significant difference (p <0.05). In cases
of ventricular disproportion with confirmed obstructive lesions, a significant reduction
in LV GLS and GSI was observed compared to normal cohorts (p < 0.05). Similarly
in foetuses with tachyarrhythmia, both GSI and LV GLS were significantly reduced
compared to controls (p < 0.05). Foetuses with atrial flutter exhibited the lowest GSI
values (< 1.1), suggesting potential cardiac remodelling. Conclusion: STE is a
reliable tool for foetal cardiac assessment and can be easily incorporated into routine
foetal examination with normal reference ranges established here for GSI and LV
and RV GLS. Additionally, STE analysis may be a valuable tool for assessing
foetuses with ventricular disproportion and could aid in predicting obstructive lesions
such as CoA. Furthermore, the use of STE in foetal tachyarrhythmia may offer
additional insight into myocardial function before clinical signs of foetal cardiac failure
or hydrops develop. However further research is needed to validate its utility in these

clinical cases.
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Thesis Overview

This thesis is a traditional style thesis divided into sections and subjections.

Chapter 1 seeks to briefly introduce the overview of foetal echocardiography (FE).

Chapter 2 introduces the topics of FE, foetal cardiac function and speckle tracking of
the foetal heart. This chapter looks at the potential uses of speckle tracking
echocardiography (STE) in the presentation of ventricular disproportion and post
foetal arrhythmia. A detailed literature review on the functional assessment of the
foetal heart, the techniques used and the introduction of STE will be included in this
chapter. Foetal ventricular disproportion including potential causes such as
coarctation of the aorta and foetal tachyarrhythmia will also be discussed. The
rationale behind this study and its hypothesis is also included in this chapter.
Chapter two ends with the aims and objectives of this thesis and provides an impact

statement.

Chapter 3 Discusses the methods used, including ethical approvals, eligibility and
recruitment. This chapter also includes a detailed piece on the experimental protocol
and techniques used for the acquisition of echocardiographic images, extrapolation

and analysis of data for the Fetal HQ software.

Chapter 4 will discuss the feasibility and reproducibility of foetal heart STE in the
assessment of global sphericity index (GSI) and the global longitudinal strain (GLS)
of the right ventricle (RV) and the left ventricle (LV). It will include a brief introduction
to the use of foetal STE in the clinical setting, the aims and objectives of this

research, relevant methods describing data acquisition, analysis for reproducibility
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assessment, and reliability statistics as well as normal reference values. The chapter

will conclude with a discussion of the strengths and the limitations of this study.

Chapter 5 looks at the use of STE in the assessment of GSI and GLS in cases of
ventricular disproportion. During this chapter, there will be discussions on the
potential use of STE in the diagnosis of coarctation of the aorta and other obstructive
lesions. An initial introduction detailing ventricular disproportion and a literature
review of recent studies involving STE commence this chapter. This will then be
followed by the methods used for the study and the aims and objectives. Results
present the data obtained from the disproportion cases compared with the normal
reference ranges and values established in earlier chapter. Chapter concludes with

the discussion of the findings, limitations and a conclusion.

Chapter 6 is a case series investigating foetal tachyarrnythmia and the use of STE
to quantify GSI, LV, and RV GLS once the foetal heart has reverted into sinus
rhythm. The chapter begins with an introduction on foetal tachyarrhythmia and the
functional assessment in these cases. Demographics of the case series are
discussed including the presentation, treatment and management of the patients.

Results include the data obtained with a discussion and a conclusion to end.

Chapter 7 is a general discussion of the three results chapters. Within this chapter,
the strengths and limitations encountered throughout the study will be discussed.
The findings from this study are compared with existing literature and current clinical
practice. Particular consideration is given to the impact on services and service
users. The chapter conclude with recommendation for improvement in any future

research and any future studies that may be continued because of this study.
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Chapter 1 - Introduction - Foetal Echocardiography Overview
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Foetal echocardiography (FE) was initially introduced for the assessment and
diagnosis of structural heart defects (Simpson et al., 2018) and is currently the
standard method for defining foetal cardiac anomalies (Archer and Manning, 2018).
FE is a vital tool in the antenatal diagnosis of congenital heart disease (CHD), which
is the primary cause of mortality and morbidity in neonates (Agarwal et al., 2016).
Although studies looking at the prevalence of congenital heart disease do vary
slightly, the consensus is that congenital heart disease occurs in approximately 8-9
per 1000 live births (Agarwal et al., 2016; Van der Linde et al., 2011). Using FE to
detect complex congenital anomalies before birth is challenging, but has been shown
to decrease morbidity and improve surgical outcomes (Agarwal et al., 2016; Maulik
et al., 2017 and Rajiah et al., 2011). Having the ability to detect cardiac anomalies
during the antenatal period can alter the obstetric course and outcome (Maulik et al.,
2017). Rajiah et al., (2011) discussed this theory further by proposing that early
detection can enable parental reassurance, foetal therapy, mode of delivery, and
better support a postnatal referral to a specialist cardiac centre with a multi-

disciplinary team available with the expertise to manage congenital cardiac patients.

With the development of new techniques, it is now possible to not only detect
structural abnormalities of the foetal heart but to also allow the assessment of foetal
cardiac function (Crispi et al., 2013). Advancing technology has allowed foetal
echocardiographers to move away from a purely subjective assessment of
myocardial contractility to more quantifiable methods such as M-mode
echocardiography and Doppler based techniques. Modalities such as M-mode, two-
dimensional (2D), and Doppler echocardiography have been utlised in the

assessment of cardiac dysfunction. However, none of these modalities is preferable
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to another with all demonstrating their own limitations, such as foetal position,

maternal habitus and gestational age (Simpson et al., 2018). .

More recently, STE has emerged as a tool in the assessment of foetal cardiac
function. It offers advantages over conventional FE methods, as it is the only
technique that can investigate the deformation of the myocardium (Simpson, 2011).
2D STE techniqgues allow myocardial deformation to be quantified by using frame-by
frame tracking of bright myocardial areas (speckles) which are natural acoustic
markers which are formed by the interaction of the myocardium and the ultrasound
waves (Bijnens et al., 2009). These speckles are unique to small regions of tissue
thereby making them reliable for tracking motion over time. Post-processing analysis
of 2D images allows myocardial strain and strain rate to be measured. Despite its
potential advantages in the assessment of foetal cardiac function, STE in foetal
cardiology is a developing technique that still requires investigation for use in the

foetal heart (Germanakis et al., 2012; Day et al., 2019).

STE has been described in the adult population since 2004 (Leitman et al., 2004). It
has gained pace within adult cardiology and has increasingly become a part of the
routine echocardiographic evaluation. In 2015, the European Association of
Cardiovascular Imaging and the American Society of Echocardiography published a
consensus document to standardise the use of 2D STE for deformation analysis for
the adult population. The British Society of Echocardiography (Robinson et al., 2024)
highlighted the benefits of 2D STE for longitudinal strain but expressed caution due

to inter-vendor variation.

However, even with increasing interest and growing recognition in the adult

population of the usefulness of STE, the technique has not been widely used in the
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assessment of foetal cardiac function. Interest in the technique is now increasing for
assessment of foetal cardiac function, as heart failure in the foetus is usually a late
event that can be recognized by cardiomegaly, atrioventricular insufficiency, and
foetal hydrops (Huhta, 2004). In the early stage, the heart is able to adapt and there
is a long subclinical period of cardiac dysfunction before end-stage heart failure
(Huhta, 2004). During this period of cardiac adaptation, changes in cardiac function,
as well as in the heart’s shape and size, can be measured. This phase of adaption is
known as cardiac remodelling. (Opie et al., 2006). It is during this stage that foetal
STE could detect subtle subclinical myocardial dysfunction before it is evident
through routine FE. Nonetheless, it is still predominantly used within research and is

not routinely utilised within the clinical setting in centres across the United Kingdom.

During the Initial review of relevant literature for this study, it became evident that
there is a dearth of studies investigating the application of STE of the foetal heart as
a potential diagnostic marker in foetuses presenting with ventricular disproportion.
There was however, a recent study by DeVore et al (2021) where the use of STE in
the detection of coarctation of the aorta (CoA). CoA is a narrowing within the
descending aorta that can obstruct the blood flow from the heart to the body. It was
concluded in the study that the use of STE on the last examination during the third
trimester and prior to delivery could potentially assist in the detection of CoA, as they
demonstrated changes in the foetal heart shape and function compared to the
control group. However further investigation was recommended. While STE has
been investigated to assess myocardial function in various clinical conditions such as
congenital heart disease and foetal growth restriction, its application in foetal cardiac

arrhythmias remains unexplored. This absence in literature highlights a gap in the
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understanding of how myocardial mechanics quantified by STE, may be altered in

cases of foetal arrhythmias.
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Chapter 2 - Background and literature review
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2.1 Cardiac Function

FE is used in the assessment of cardiovascular well-being of the foetus.
Advancement in research and clinical expertise has seen a shift from foetal
echocardiography being used solely for the detection of structural anomalies to also
being utilised in the assessment of foetal cardiac function (Crispi and Gratacos,

2012; Godfrey et al., 2012; Crispi et al., 2013).

In order to perform an accurate functional assessment of the foetal heart it is
important to understand the physiology and cardiac function of a normal heart. By
understanding the challenges that a small foetal heart presents, and to understand
the limitations, which echocardiography-imaging devices can present, can aid in the
accurate assessment of foetal cardiac function. Cardiac function is the heart’s ability
to meet the metabolic demands of the body (Carreiro, 2009). The heart’s main
function is to provide adequate circulation of blood through the body and to provide
sufficient perfusion of the organs (Chaudhry et al., 2022). Myocardium is the term
used to describe heart’s muscle. It is made of cardiac muscle fibres (myofibrils)
which are uniquely arranged to wrap around the heart and its four chambers in
varying orientation. Cardiac chambers consist of two superior atria and inferior
ventricles. The unique orientation of myofibrils enables the ventricles to contract in
several directions simultaneously. It is these movements that enable the heart to be
an effective pump. Functionally this consists of six movements: narrowing,
lengthening, and shortening, widening, twisting and uncoiling (Buckberg et al., 2018,
Crispi et al., 2013). These six movements make up the three-directional myocardial
motion of radial, longitudinal and circumferential contractility (Crispi et al., 2013). It is

the varying orientation of the myocardial fibres within the left ventricle that permit
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these movements to occur enabling the left ventricle to contact in a highly
sophisticated way. The contractility of the myocardium can be evaluated with the use
of ultrasound by measuring either motion or deformation. Myocardial Deformation is
defined by the change in length or thickness between two points. Myocardial motion
is the distance covered by one point and determined by displacement and velocity

(Crispi et al., 2013). Figure 2.1 provides a schematic view of these movements.

Longitudinal function — These muscle fibres are adjacent to the endocardium and
are longitudinally orientated. Longitudinal function represents the magnitude of

motion from the base of the heart towards the apex (Figure 2.1).

Radial function — Muscle fibres within the myocardium are ordinated circularly
around the short axis of the LV. It is the contraction of these fibres that result in the

diameter of the LV cavity decreasing. (Robinson et al., 2024) (Figure 2.1)

Circumferential Function — This is the twisting contraction of the LV. Muscle fibres
adjacent to the epicardium are orientated approximately 60° in relation to the fibres
within the myocardium. Contraction of these fibres result in a twisting motion of the
entire LV, the basal section twists clockwise and the apex has a counter clockwise
twist; this twisting motion is known as circumferential shortening (Figure 2.1, Figure

2.2).

The overall function of the left ventricle relies on adequate radial, longitudinal and
circumferential contraction. All these movements occur simultaneously with the basal
segments being pulled towards the apex. This motion results in the LV shortening in
both length and circumference in a twisting motion, this motion decreases the cavity
size in order to expel blood into the aorta. (Crispi et al., 2013). In comparison to the

left ventricles shortening and twisting motion, right ventricular (RV) contractility relies
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mainly on the contraction of the longitudinal muscle fibres seen from the base to the

apex of the chamber. (DeVore et al., 2019).
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Figure 2.1: Myocardial deformation during the cardiac cycle, demonstrating fibre orientation and
directional strain. Panel A — illustrates systolic contraction in three directions longitudinal (base-apex),
radial (inward thickening), and circumferential. Panel B — shows corresponding diastolic relaxation
with myocardial lengthening, wall thinning and expansion. (Image Adapted from Clinical

Echocardiography, 2021)
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hortening (contraction)
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Figure 2.2: lllustrates a three-dimensional representation of left ventricular myocardial fibre
shortening during systole. The diagram highlights longitudinal (red arrows), radial (yellow arrows) and
circumferential (blue arrows) shortening, this reflects the coordinated contraction of myocardial fibres

in multiple planes. (Adapted from Clinical Echocardiography, 2021)

The right ventricle (RV) is the anterior cardiac chamber in the normal heart and is
positioned immediately behind the sternum. Its geometry is notably more complex
compared to the conical shape of the left ventricle (LV). When viewed laterally the
RV presents a triangular shape, whereas in cross-section, it appears crescent-

shaped (Ho and Nihoyannopoulos, 2006; Wang et al., 2021).

Structurally, the RV can be divided into three functional components figure 2.3.

1. Inlet region; this encompasses the tricuspid valve, chordae and papillary
muscles

2. Apical trabecular region; this includes the trabeculated myocardium forming
the apical part of the RV.

3. Outlet region; This extends to the pulmonary valve and infundibulum

(Goor and Lillehei, 1997)
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Figure 2.3: Anatomical illustration of the right ventricle, demonstrating the three functional
components. 1. Inlet (receiving flow from the tricuspid valve. 2. Trabecular body and 3. Outlet
(leading to the pulmonary valve). These structural divisions contribute to the distinct contractile

mechanics of the right ventricle compared to the left ventricle. (Adapted from Thoracic Key, 2016)

The RVs contractile mechanics are distinct from those of the LV, incorporating three

separate mechanisms these can be seen in figure 2.4:

1. Inward motion of the free wall (bellows effect); this contributes to the radial
shortening of the chamber.

2. Longitudinal fibre contraction: Responsible for the majority of RV shortening,
occurring along the long axis of the chamber.

3. Traction from the LV: The shared myocardial attachments between the RV
and LV facilitate contraction via secondary tethering forces generated by LV
contraction.

Unlike the LV, that relies heavily on twisting and rotational movements during
systole. The RVs contraction relies predominantly on longitudinal shortening to

ensure effective RV systolic function. (Ho and Nihoyannopoulos, 2006).
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Right Ventricular Contraction

The free wall moves
towards the septum

Compression of the chanber
(Bellow effect) ——

Shortening of the free wall The septum moves towards the free wall Shortening of the infundibulum (outlet)
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Figure 2.4: This figure depicts the three primary components of RV contraction. A illustrates the
shortening of the free wall. During systole, the free wall moves inwards towards the septum. Image B
highlights the “bellows effect” in which the interventricular septum moves towards the free wall. Image
C focuses on the shortening of the infundibulum (the outflow tract), which contributes to overall

efficiency of the RV ejection phase (Image adapted from Kraemer et al., 2021)

2.2 Foetal Embryology and Assessment of Foetal Cardiac Function

Foetal Embryology

The development of the human heart is a highly coordinated process which begins in
the third week post-conception and is complete by the end of week eight (Archer and
Manning, 2018). It involves the differentiation of mesodermal cells into the
cardiogenic regions known as the first heart field (FHF) and the second heart field
(SHF), forming the cardiac crescent illustrated in figure 2.5. At around day 21 the
bilateral cardiac crescent fields fuse at the midline to create the primitive heart tube,
which give rise to distinct cardiac structures (Abuhamad and Chaoui, 2022). The

primitive heart tube undergoes looping by folding on itself in a rightward and anterior

33



motion, resulting in the future atria, ventricles and outflow tracts, (Abuhamad and
Chaoui, 2022; Archer and Manning, 2018). This occurs with the bulging of the tube
and looping to the right as the primitive ventricle moves downwards and to the right,
and the primitive atria moving upward and to the left behind the ventricle the process
of the formation of the foetal heart from the cardiac crescent to the chamber

formation is illustrated in figure 2.5.

- Cardlac Heart tube  Looping heart Chamber formation |

crescent Outhow
Arterial Outflow Right tract

Right tract Arm

pole

Pramary
heart heldd

Secondary pole
heart held Right

atriem

Figure 2.5: The image illustrates embryological development of the human heart from the cardiac
crescent to the four-chambered structure. Key stages of early cardiac formation beginning with the
cardiac crescent (~Day 15-16) and progressing through heart tube formation (~Day 20-21), looping
(~Day 23-28) and chamber formation (~Week 4-8). Sequential development is shown from the
primitive heart field culminating in the structurally mature four-chambered heart at 8 weeks post-

conception. (Image adapted from OpenStax College, 2013)

Chamber formation continues through the process of septation at weeks 4-8, where
the heart tube divides into distinct chambers and major vessels. (Abuhamad and
Chaoui, 2022). Cardiac septation is the process by which heart tube divides into for
separate chambers and two outflow tracts (Anderson, et al., 2003). This occurs

between 4 and 8 weeks of gestation. Septation of the atria involves the development
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of the septum primum and the septum secundum, forming the foreman ovale, which
functions as a right to left shunt in foetal circulation, which allows blood to bypass the
lungs during foetal life. (Anderson, et al., 2003). Ventricular septation occurs as the
muscular wall (the interventricular septum) grows upward from the apex of the heart.
This joins with tissue from the endocardial cushions and conotruncal ridges to
complete the separation of the left and right ventricles. (Anderson, et al., 2003).
Outflow tract septation is guided by spiralling ridges and contributions from the
cardiac crest cells to divide the single vessel the truncus arteriosus into the aorta and
pulmonary artery. These coordinated processes ensure the formation of the
functional, four-chambered heart with separate systemic and pulmonary circulations.

(Sadler, 2018).

; . Foramen ovale
Atricventricular
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Figure 2.6: The illustration demonstrates the process of septation. At 28 days post conception

septation begins with the appearance of the primum septum, the atrioventricular canals and the
endocardial cushions. By ~8 weeks gestation septation has occurred, creating right and left atria and
ventricles and the valves are developed. The foreman ovale is visible, permitting right-left shunting in

foetal circulation. (Image adapted from OpenStax College, 2013)
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Foetal Cardiac Function

The assessment of foetal cardiac function is now an integral part of the FE, allowing
detailed evaluation of contraction and relaxation of the myocardial fibres and
evaluation of the foetal heart’s capacity to maintain cardiac output (CO) (Rocha et
al.,, 2019). Accurate functional assessment of the foetal heart can aid in the
prognosis and management of the foetus (Maulik et al., 2017; Rocha et al., 2019).
Following the completion of cardiac septation by approximately 8 weeks of gestation,
the foetal heart becomes functionally active and amenable to detailed
echocardiographic assessment (Sadler, 2018). The transition from embryonic
development to physiological functionality is a critical period in foetal cardiology, as it
allows for the early detection of abnormalities in myocardial performance and
chamber configuration that may precede overt structural anomalies (Abuhamad and

Chaoui, 2022; Sadler, 2018).

There have been many echocardiographic methods developed over the years, which
have allowed the transformation of foetal cardiac assessment from a purely
subjective assessment of myocardial contractility to development of techniques,
which allow the accurate quantification of size and function of the foetal heart
(Simpson et al., 2018; Day et al., 2019). Most of these echocardiographic methods
were developed for the assessment of the adult heart and have since been adapted
for use in the foetal heart (Godfrey et al., 2012).

2.3 Echocardiographic Assessment of Foetal Cardiac Function - literature
review

Several methods have been adapted from the adult and paediatric population for use

in foetal echocardiography. These being: 2-Dimensional (2D) echocardiography,
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Motion-mode (M-mode) echocardiography, and Pulsed wave Doppler. These will be
discussed in detail later in the chapter. In more recent years through increasing
research has advanced techniques such as Tissue Doppler, 4D Spatio-temporal
image correlation (STIC) and 2D STE which can also be utilised in the assessment
of foetal cardiac function (Archer and Manning, 2018). Early research in cardiac
function of the foetal heart reviewed the use of M-mode and pulsed Doppler
ultrasound to examine cardiac function. Two early studies carried out by DeVore
(2005) and Simpson (2004) reviewed methods used for the assessment of foetal
cardiac function, including M-mode and Doppler techniques. Using data from
previous studies, DeVore (2005) and Simpson (2004) looked at the different
methods used within foetal cardiology to assess foetal cardiac function. DeVore
(2005) had a more technical approach; he included many reference ranges for
normal values across gestations from 14 — 40 weeks within his report. Conversely,
Simpson et al (2004) took a more descriptive approach with detailed explanations of

how the measurements were obtained and the limitations of these techniques.

Both of these reviews concluded that although there were a wide variety of
echocardiographic methods available to evaluate foetal cardiac function, there were
limitations with all methods in the accuracy of the data derived due to either poor
reproducibility or lack of validity. Both studies however agreed that selective use of

one or more of these methods could be beneficial in the clinical setting.

M-mode

M-mode echocardiography is the study of two-dimensional motion of all structures
along an ultrasound beam over time (Godfrey et al., 2012). M-mode has been used
in foetal echocardiography since the 1980’s. It allows for the quantification of
ventricular chamber size, ventricular wall thickness and ventricular function (DeVore,
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2005; Simpson, 2004). Simpson (2004) and DeVore (2005) discuss the difficulty in
M-mode quantification of ventricular function. To obtain an accurate M-mode for
functional assessment the M-mode cursor must be positioned perpendicular to the
ventricular septum. This is to enable visualisation of systole and diastole in the
absence of an electrocardiogram (DeVore, 2005). This perpendicular view is not
always achievable during FE due to foetal movement or foetal position. Figure 2.7
below, shows the position required of the foetal heart to obtain accurate M-mode

measurements.

LVD sys
FS 49.35%

Figure 2.7: lllustrates M-mode functional measurements for fractional shortening, obtained from the
foetal heart with M-mode cursor perpendicular to the ventricular septum. (Image obtained with

consent)

Annular excursion/displacement

Mitral annular plane systolic excursion (MAPSE) and tricuspid annular plane systolic
excursion (TAPSE) have the capability of evaluating longitudinal systolic function

which has been shown to be affected in the earlier stages of cardiac dysfunction
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(Koestenberger et al., 2009). Carvalho et al, (2001) performed a pilot study looking
at the feasibility of determining mitral and tricuspid annular plane systolic excursion
as a measurement for longitudinal function in the foetal heart. Although this was only
a short study over a 3 month period with a small cohort of patients (Mitral -18,
Tricuspid-14), they indicated that long-axis function of the foetal heart was feasible
and could overcome the limitations of conventional M-mode due to foetal lie as
mentioned previously. Nevertheless, due to its small cohort and short timeframe the
conclusions derived from this study data would have to be taken with care. They
were unable to generate any reference ranges and there was no mention of
reproducibility within the study. In a study performed by Germanakis et al (2012),
looking at the feasibility of performing offine TAPSE and MAPSE measurements
found that measurements obtained off-line were similar to those obtained via
conventional M-mode methods. They did indicate similar intra-observer variability
indicating good reproducibility, however this again was still a small cohort of just 54
foetuses and it did not look at the feasibility of recording conventional M-mode.
Some researchers recommend the use of TAPSE in the functional assessment of
the foetal heart due to the importance of the right ventricle in utero and it being the
dominant ventricle (Crispi and Gratacos, 2012). Yet, research and reference values
in the foetal population are limited. Peixoto et al (2020) carried out a prospective
study looking at the normal values for MAPSE and TAPSE in 360 low-risk pregnant
women between 20 and 36+6 weeks gestation. Peixoto et al (2020) were able to
produce reference values for foetal MAPSE and TAPSE due to its prospective
design and large sample size. However, the reliability analysis performed indicated
poor/moderate reproducibility. It was indicated that small changes in angle or

location of the Doppler might explain this. Evidence indicates that although MAPSE
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and TAPSE do have the capability of detecting longitudinal dysfunction in the foetal
heal heart, even with studies as recent as 2020 there is still limited data on reference
ranges and there is a need for caution when using this technique to assess cardiac

function in the foetus.

Conventional Doppler

Traditionally, foetal cardiac function was assessed by measuring blood flow using
conventional Doppler. This technique allows assessment of blood’s outflow (systolic)
and inflow (diastolic) through the heart, as well as calculation of cardiac time periods.
Assessment of cardiac output can then be calculated with the use of these
measurements (Crispi et al., 2013; Hernandez-Andrade et al., 2012). To enable
cardiac output to be evaluated stroke volume (SV) must be calculated. SV is a
calculation of blood flow out of the heart in systole and is based on the measurement
of the diameter of the aortic or pulmonary valve annulus multiplied by the flow across
the chosen valve, dependent on which ventricle is being assessed. (Godfrey et al.,
2012). The limitations with this method are the need to align perfectly with the
direction of flow and the ability to have accurate measurements of the small valve
structure. Small errors in these measurements could account for potentially large
errors in the estimation of cardiac output, which is calculated using the formula SV x
heart rate (Godfrey et al., 2012; Rocha et al., 2019; Simpson et al., 2018). Figure 2.8
illustrates the small structures involved and the accuracy needed in obtaining these

measurements.
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Figure 2.8: lllustration of assessment of stroke volume to assess cardiac output using conventional
Doppler technique. (A) Pulsed wave Doppler at aortic valve level with tracing to produce the velocity-
time integral (VTI). (B) Left ventricular outflow tract (LVOT) measurement at aortic valve level. Image
B demonstrates the small measurements needed to calculate cardiac output. (Images obtained with

consent).

Research indicates that no one method has been found to replace another and foetal
movement, position, size, or suspected cardiac lesion at the time of the
echocardiogram could influence the modality used (Simpson, 2004; Crispi et al.,

2012; Godfrey et al., 2012).

Moving forward and with the advancing technology and experience, foetal
echocardiography is being utilised with more confidence for the detection of foetal
cardiac dysfunction as well as structural abnormalities (Crispi et al., 2013); Godfrey
et al., 2012). Crispi et al (2013) in their review on the assessment of foetal cardiac
function explained that although foetuses rarely go into cardiac failure, there can be
a long subclinical stage where the heart will attempt to adapt to the early stages of
injury (Crispi et al., 2013; Huhta, 2004). During this stage, changes in the heart’s
shape, size and function can be seen. This process is known as cardiac remodelling

(Crispi et al., 2013). Having the ability to assess the foetal heart for these subtle
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changes in cardiac function in the subclinical stage before end-stage heart failure
has occurred, may help to predict postnatal and long-term cardiac outcomes and
allow early interventions to prevent end-stage heart failure (Crispi et al., 2013).
Godfrey et al (2012) also recognised the potential benefit of being able to assess
cardiac function, but it was highlighted that many of the assessments in current use
were still blighted with limitations and that a standard method for assessment of

cardiac function was still not feasible.

Myocardial Performance Index

Myocardial performance index (MPI) consists of both systolic and diastolic
components and can be applied to each ventricle individually. MPI utilises only time
intervals meaning it is independent of heart rate and structural abnormalities, this is
illustrated in Figure 2.9. Using only time intervals gives it an added advantage in the
assessment of foetal cardiac function in congenital cardiac abnormalities, as subtle
dysfunctions in foetal cardiac function may not be evident structurally. However,
cardiac dysfunction may be evident in the altered timings of specific phases of the
cardiac cycle (Godfrey et al., 2012). Van Mieghem et al, 2009 looked to validate the
use of MPI in the foetal population between 20 and 36 weeks gestation. This was a
prospective study including 117 healthy foetuses and 14 with suspected cardiac
failure. Correlations were made between MPI and ejection fraction (EF). Results of
this study showed a good correlation between MPI and EF with better inter-observer
and intra-observer variability. Cruz-Martinez et al (2012) also found in their cross-
sectional study that there was little variation in MPI during the first and second
trimesters, they did however find a remarkable increase in MPI values between 34-
41 weeks gestation. The strengths of this study compared to Van Mieghem et al are

that this was a larger cohort consisting of 730 foetuses making the findings more
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robust across the gestational ages. Neither of these studies investigated the effect of
foetal heart rate on the components of the MPI measurement, but Cruz-Martinez
(2012) did acknowledge that during left heart evaluation Doppler measurements of
both the inflow and outflow were obtainable simultaneously thus eradicating the

variation due to changes in foetal heart rate.

B

Figure 2.9: lllustrates the position of the Doppler required (A) and the calculations needed (B), in
order to obtain an accurate MPI. Images demonstrate the measurements required for the calculation
of myocardial performance index (MPI). Image A illustrates where the cursor should be placed within
the left ventricle (LV) and the left atrium (LA) to enable detection of inflow (mitral valve) and outflow
(LVOT) on the same Doppler. Image B shows the measurements taken from the Doppler acquired in
the 4-chamber view (A). MPI is calculated by Isovolumetric Contraction time (IVRT) + isovolumetric

relaxation time (IVRT) / Ejection time (ET) (Rocha et al., 2019: Online).

Studies including MPI have mostly been tested on the left ventricle. Yet some
techniques such as fractional shortening and MPI are still used in the assessment of
the right ventricle, even though the right ventricle is anatomically and geometrically

different to the left (Simpson, 2004; Godfrey et al., 2012).
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STE and strain / strain rate

STE is an emerging tool and is being used more frequently within the clinical setting
in postnatal echocardiography in the assessment of myocardial wall deformation and
cardiac function (Godfrey et al., 2012; Johnson et al., 2019). STE is a grey-scale
based technique and is relatively angle independent. Therefore it allows a more
sensitive and comprehensive assessment of ventricular size, shape and function.
STE has the ability to track speckles, which are natural acoustic markers within the
myocardium. The STE software will identify these speckles and then track them
frame by frame to enable assessment of deformation of the heart (Bansal and
Kasliwal, 2013; Godfrey et al.,, 2012). STE enables the calculation of deformation
using the lagrangian method (figure 2.10) which is defined as deformation from an

original length and is calculated using the formula below:
EL(t) = [L(t) — L(to)] / L(to)

STE is calculated using lagrangian strain as the base line. As end-diastole is always

known it can be used as a reference (Hoit B, 2011).
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Strain= (1-2) / 2 = -50%

A L .
Strain= (L;-L,)/L, (%)
— —

circumferential  Three directions of strain

Types of strain  Strain value

Longitudinal Negative
(=shortening)

Longitudinal Circumferential Negative
(=shortening)

Figure 2.10: this figure demonstrates the concept of lagrangian strain and the definition and types of
strain. Figure A, illustrates how strain is calculated as a change in the length of an object within a
certain direction relative to its baseline length. Figure B shows the three directions of strain:

Longitudinal, circumferential and radial. (Negishi and Negishi, 2022).

STE is a common technique used to measure strain. Strain is the measure of
deformation of the myocardium throughout the cardiac cycle. It can measure the
myocardium in multiple directions, these being: radial, longitudinal and
circumferential. Once these speckles have been identified the specialist software can
then generate strain (the amount of deformation the heart undergoes) and strain rate
(the speed at which deformation occurs) curves. Strain is expressed as a fractional
length change. The shortening is expressed as a negative value and the lengthening
as a positive value. When used for the assessment of cardiac function and strain, the
more negative the strain value is, the better the contractility. Global longitudinal
strain is the most commonly used strain parameter within the clinical and research
setting, with numerus studies performed in adults to enable standardised

development of normal values within the healthy adult population to be achieved
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(Yingchoncharoen, 2013). Longitudinal change indicates the change in length of the
ventricular myocardium along the long axis of the LV, from the basal segment to the
apex. Strain rate is the rate at which this deformation occurs. This process produces
a negative value in systole and a positive value in diastole (Johnson et al., 2019).
Strain is a dimensionless measure of myocardial deformation and is calculated using

the formula:

E=AL
Lo

Where € represents strain and AL is the change in myocardial segment length (L -

Lo), and Lo being the original length of the myocardial segment measured at end-

diastole.

STE and strain/ strain rate of the foetal heart.

In more recent years, there has been an increasing interest in the use of STE for the
evaluation of cardiac function and deformation of the foetal myocardium. (Simpson et
al., 2018). From 16 weeks gestation, the foetal heart has reached a level of
maturation that permits reproducible assessment of myocardial function through
advanced imaging techniques, including STE. At this stage, myocardial fibres have
begun to align longitudinally, enabling evaluation of both systolic and diastolic
performance using functional markers such as GLS (Rychik and Tian, 2016; Van
Oostrum et al., 2021). From 16 to 24 weeks gestation the maturation of myocardial
deformation patterns coincides with stabilisation of cardiac output, making this
window ideal for establishing functional baselines in both normal and high-risk

pregnancies (Simpson, 2013). Functional perturbations during this period may be the
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earliest indication of underlying pathology, for example coarctation of the aorta may
manifest as reduced left ventricular strain despite normal anatomy on structural
imaging due to the increased afterload (Rychik and Tian, 2016). Beyond 24 weeks,
the foetal heart demonstrates more consistent myocardial contractility and ventricular
symmetry (Matsui et al., 2020). GSI which reflects the hearts shape, provides an
additional dimension to functional assessment, particularly in conditions with altered
loading such as coarctation of the aorta or cardiac failure (GE Healthcare, 2020).
Detection of abnormal functional patterns during this stage can inform prognosis and
clinical management, progressive strain reduction may indicate cardiac
decompensation whereas abnormal GSI values may suggest evolving ventricular

remodelling or pressure overload (Abuhamad and Chaoui, 2022)

During foetal life, STE has been utilised in the assessment of global longitudinal
strain. From 16 weeks gestation, STE could provide a sensitive method for early
detection of subclinical myocardial dysfunction as this tends to become abnormal
first and therefore is a sensitive marker for disease, Supporting surveillance and

intervention strategies in at risk foetal populations (Simpson et al., 2018).

Normal reference ranges for foetal STE parameters — GLS and GSI have been
increasingly reported across gestational age groups. These studies consistently
show gestational trends in myocardial deformation and ventricular geometry (Ohira
et al., 2020; Huntley et al.,, 2021; Wang et al., 2021). For GSI which reflects
ventricular shape (length-to-width ratio), Wang et al, (2021) provided GSI reference
ranges from 1.05 at 17 weeks gestation to 1.18 by 36 weeks. A GSI of >1.1 was

considered normal. Huntley et al (2021) also demonstrated similar GSI values.
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Recent studies have shown that LV GLS values tend to decrease with increasing
gestation. Huntley et al. (2021) reported mean LV GLS values ranging from -23.5%
at 16 weeks to -20.1% by 37 weeks, Ohira et al (2020) observed a similar trend

across a larger cohort ranging from 18-38 weeks.

RV GLS values follow a comparable but slightly less steep decline with normal
values seen higher than those reported for LV GLS. Ohira et al. (2020) reported
mean RV GLS values from -25.6% at 18 weeks to -22.3% at term and Huntley et al.

(2021) confirmed that RV values consistently exceeded those of the LV throughout.

Unlike M-mode and pulsed Doppler imaging as previously discussed, STE of
ventricular chambers is independent of the orientation of the 4-chamber view relative
to the ultrasound beam. This reduced dependence on the angle of insonation, which
is a key factor in ultrasound imaging, represents a major advantage over alternative
techniques, particularly in foetal cardiac assessment. Since STE does not require
precise beam alignment to assess myocardial motion, it allows a more reliable
evaluation of ventricular function. This is useful as it overcomes the challenges of
highly variable foetal position or movement that may limit optimal insonation angles
(DeVore et al., 2018; Simpson et al., 2018). The use of STE in congenital cardiology
has not been widely studied. One of the earliest studies found on the assessment of
congenital heart disease with the use of STE was that of Germanakis et al (2012).
This study concluded that myocardial strain was within normal ranges for congenital
heart disease that supports a biventricular repair. It was also indicated that in
pathologies that would require univentricular pathway, the dominate ventricle
revealed strain ratios within normal. Therefore, this could aid in the management and
prognosis of these foetuses. Good cardiac function in these pathologies is essential

for a successful surgical outcome. Although conclusions looked optimistic and STE
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was deemed a potentially useful tool in the progress of myocardial function in
foetuses with CHD, this was only a short study over a six-month timeframe with a
small cohort. 28 foetuses were included 14 of which had serial echocardiograms
totalling 55 studies. The pathologies included were extremely varied, 11 groups in
total were included with only a small numbers in each group. Some groups with as
little as n = 1 in each. Due to these small numbers, it would be difficult to determine
that all CHD for biventricular repair would have a normal myocardial strain; larger
numbers of different pathologies would be needed to make this conclusion.
Comparisons were made with 144 normal foetuses; these were from the same time
period and population. Yet there was no mention of cross matching of gestational
age between CHD population and the normal reference ranges. Since the
publication of this study, there have been advancements in research in the use of
STE in the foetal population. Numerous studies have since reported that STE is both
feasible and reproducible in the assessment of cardiac function in the foetal
population. For example both Luo et al (2021) and Huntley et al (2021) studies
involved small cohort numbers, with a structurally normal heart at 59 and 50
respectively. Huntley (2021) investigated just the normal population whereas Luo et
al also included 50 patients with CHD. However, similar to Germanakis et als (2012)
study, the CHD cohort in Luo et als (2021) paper were extremely varied with 18
subgroups in total. Many of these subgroups as with Germanakis et al (2012) only
had n = 1 case of the differing pathologies. With such low numbers, data derived
from the ability of STE analysis on particular pathologies would be difficult to reliably
interpret. Table 2.1 details the key studies conducted evaluating the reproducibility

and validity of foetal STE parameters.
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Table 2.1 — Summary of published studies reporting the repeatability and validity of

foetal GLS and GSI| measurements

Study Population Parameter (s) | Key Findings Repeatability/ Validity
outcomes

Di Salvo et al., 100 healthy LV and RV GLS | 1** validation study in CV <3% and <6%

2008 foetuses ( GA foetal STE. Good inter and | respectively
20-32 wks) intra observer variability

Krause et al., 2017 | 30 healthy GLS Evaluated foetal GLS Described as reproducible
controls across observers, no ICC or

CV reported

Luo et al., 2021 40 healthy GLS (LV and Feasible and reproducible | Described as reproducible
controls RV) in normal cohort across observers, no ICC or
20 CHD (TR) CV reported

Ohira et al., 2020 109 healthy GLS (LV and GLS may be useful in ICC >0.9 for all parameters
foetuses (18- RV) guantifying foetal
38 weeks) deformation

Huntley et al., 2021 | 50 healthy GLS (LV and Tracked gestational ICC >0.9 for all parameters;
foetuses (20- RV) GSI trends for LV/RV GLS and | CV not reported
38 weeks) GSI

Wang et al., 2021 58 healthy GSl and GLS Developed GSl reference | ICC >0.90 for all
foetuses ranges (17-40 weeks GA) | parameters for inter and

GSI <1.1 = abnormal intra-observer

Van Oostrum et al., | 124 healthy GLS (LV/RV) Large longitudinal study Repeatability and validity

2022 foetuses; >500 showing GA STE trends not reported
serial scans

Summary of published studies evaluating the reproducibility and validity of foetal STE measurements,

including GLS and GSI. Studies report key findings in both healthy and CHD cohorts, where available,

repeatability is quantified using ICC or CV.

Day et al (2019) reviewed STE in the foetal heart and agreed that STE is a feasible

and reproducible technique in the foetal heart and does have advantages over other

methods, such as the ability to assess regional function as well as global function. It

was highlighted however that there is a need for more research looking at the effect

of foetal cardiac disease on myocardial deformation and the need for normal

reference ranges at all gestational age groups. The table (2.2) below taken from

Day et als (2019) review and illustrates that STE does have the ability to assess

more areas of foetal cardiac function in comparison to alternative methods.
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Table 2.2 — A comparison of the techniques available for the evaluation of foetal

cardiac function

Technique Systolic Diastolic Global Regional
function function function function
M-mode Yes No Yes No
Conventional Doppler Yes Limited Yes No
Tissue Doppler Yes Limited Yes No
Speckle tracking Yes Limited Yes Yes

A comparison of different techniques used to assess foetal cardiac function, evaluating their ability to

measure systolic, diastolic, global and regional function. (Day et al, 2019).

2.4 Rationale

The following study was designed to assess the feasibility of using STE for the
assessment of foetal cardiac function within the clinical setting and to develop
normative values from a normal cohort study to enable cut-off values to be
developed to better inform patient management. The use of STE analysis in cases of
ventricular disproportion, and within a case series of those who are being managed
for foetal tachyarrhythmia is a novel contribution to the field.

Currently, STE is not used routinely for the assessment of foetal heart function within
our department and its adoption into routine clinical practice nationally remains
limited. STE could potentially give a wealth of information on foetal heart size, shape
and function through simple assessment of the four-chamber view, which is routinely

acquired in all cardiac scans.
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2.5 Aims and Objectives

Overall Research Aims

To determine the clinical value of foetal 2D STE by assessing its reproducibility,

reliability, and applicability for evaluating foetal cardiac shape and function using GSI

and GLS.

Overall Research Objectives

1)

2)

3)

To establish normative data for foetal cardiac geometry (GSI) and
myocardial function (GLS) from the four-chamber view of the foetal
heart across gestations — achieved by prospectively analysing four-chamber
foetal heart images from 120 normal studies (18 — 37 weeks gestation) using
fetal HQ software. GSI, LV GLS and RV GLS will be calculated and used to
generate gestation-specific reference ranges and z-scores.

To evaluate the reproducibility and reliability of STE derived GLS and
GSI measurements in structurally normal hearts — achieved by a subset of
images being analysed by the same observer (intra-observer) and re-
analysed by the second independent observer (inter-observer).
Reproducibility will be assessed using intraclass correlation coefficients (ICC)
and coefficients of variation (CV) for each parameter.

To assess the utility of STE in detecting obstructive cardiac lesions in
foetuses presenting with foetal cardiac ventricular disproportion —
achieved via STE measurements from the disproportion group being
compared to gestational age-matched controls. Group differences in GSI and
GLS will be analysed statistically and related to postnatal confirmation of

obstruction, including cases of coarctation of the aorta.
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4) To explore the use of STE in assessing myocardial function in foetuses
diagnosed with tachyarrhythmia — achieved with the use of STE
measurements from the tachyarrhythmia being analysed post arrhythmia (in
sinus rhythm) GSI and GLS values will be compared to gestational age-

matched controls to assess evidence of myocardial dysfunction.

2.6 Hypothesis

Foetal STE can be feasible and reliable within the clinical setting. Information
obtained from STE could enable improved diagnostic and prognostic management in

ventricular disproportion and arrhythmia.
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Chapter 3 - General Methodology
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The study was performed at the University Hospitals of Leicester NHS trust, which is
one of the biggest and busiest National Health Service (NHS) Trusts in the country,
serving one million residents with increasingly specialist services over a much wider
area. Nationally and internationally renowned specialist treatment and services in
cardio-respiratory diseases, cancer and renal disorders reach a further two to three
million patients from the rest of the country. The trust is spread over three sites with
a team of more than 10,000 highly skilled staff from all disciplines. The antenatal
clinic is based at the largest of the three sites, the Leicester Royal Infirmary (LRI).
The foetal cardiology service at the university Hospitals of Leicester is part of the
East Midlands Congenital Heart Centre (EMCHC). The foetal cardiology service at
the EMCHC was first established in 2001 and provides a foetal cardiology provision
to a large local and regional network. During the year 2021 — 2022, 726 foetal
cardiac scans were performed comprising of 344 follow-up patients and 382 new
patients. This study was a single-centre prospective cross-sectional observational
pilot study. With participants recruited from the foetal cardiology clinic and the foetal

medicine clinics at the LRI.

3.1 - Ethics

Ethical approval was provided by the East Midlands — Leicester Central Research
Ethics Committee (Reference: 22/EM/0265) and validated by the Manchester
Metropolitan University Science and Engineering Ethics Review Committee (EthOS
ID: 36673). Studies presented herein abide by the latest version of the Declaration of

Helsinki,

Written informed consent was obtained from all women who agreed to participate in

the study. All participants were provided study information in a written format and
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were allowed to ask questions prior to their signed consent. It was made clear that
they were eligible to withdraw from the study at any time and that there would be no

effect on the standard of care they received should they wish to withdraw.

3.2 - Recruitment

Women who were attending for foetal cardiac echo or the foetal Medicine clinic who
fulfilled the inclusion criteria were initially approached to participate in the study by
the specialists who were carrying out the assessment. These were members of their
direct care team. The project was discussed with the patient and a patient
information sheet was given. If they decided to participate in the research, a member
of the research team then approached the patient to discuss the project further and
answer any question they may have had. The patients were given ample time to
consider whether they would wish to participate in the study and time to discuss the
project and ask any further questions. Those who agreed to participate signed a
consent form. Copies of the signed form were filed in the patient’'s notes and the

study site file.

Normal cohort
Healthy women with a single low-risk uncomplicated pregnancy and normal foetal

echocardiogram confirmed at either a foetal medicine clinic or a foetal cardiac clinic
were eligible for the study. Participants were excluded if they demonstrated any of
the following exclusion criteria: a maternal age of less than 18 years at the time of
booking; women with multiple pregnancies or multiple pregnancies but death of one
of the twins; cases with confirmed diagnosis of chromosomal problem or genetic
problem; and women who were incapable of giving consent. Studies were also

excluded if there was poor image quality from the foetal echocardiogram. This was
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because poor definition or poor position of the four-chamber view which could result

in sub-optimal fetal HQ analysis.

In total, 120 echocardiographic studies were included, derived from seventy-two
pregnant women who met the study’s inclusion criteria. Some participants
contributed measurements at different gestational ages, but not more than one scan
performed at any single gestational age per foetus. Therefore while some individuals
contributed multiple studies, these were spread across different time points. All
included studies were confirmed as normal foetal echocardiograms, either at the
foetal cardiac clinic or the foetal medicine clinic, and were subsequently accepted for

analysis.

Disproportion group
The inclusion criteria for the disproportion group focused on individuals presenting to

the foetal cardiology clinic at the UHL LRI site with ventricular disproportion, which
had been confirmed visually through FE by a cardiac specialist. Only disproportion
cases without any additional congenital heart defects were included in the study.
Participants were excluded if they demonstrated any of the following exclusion
criteria: a maternal age of less than 18 years at the time of booking. Women with
multiple pregnancies, or multiple pregnancies but death of one of the twins. Cases
with confirmed diagnosis of chromosomal problem or genetic problem. Cases with
confirmed foetal diagnosis of a genetic problem. In addition, women who are not
capable of giving consent. Studies were also excluded if there was poor image
quality from the foetal echocardiogram. This is because poor definition or poor

position of the four-chamber view could result in sub-optimal fetal HQ analysis.
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Tachyarrhythmia group
The inclusion criteria for the tachyarrhythmia group focused on individuals presenting

to the foetal cardiology clinic at the UHL LRI site with foetal cardiac tachyarrhythmia,
which had been confirmed through FE by a cardiac specialist. Only tachyarrhythmia
cases without any additional congenital heart defects were included in the study.
Each of the ladies were referred to the foetal cardiac clinic at the Leicester Royal
Infirmary (LRI) from the university hospitals of Leicester or the surrounding network
due to detection or suspicion of a foetal cardiac tachyarrhythmia. A complete foetal
echocardiogram was performed in all cases on first presentation following the BCCA
foetal cardiology standards (BCCA, 2021) and the Fetal Anomaly Screening
Programme (NHS England, 2024). The echocardiogram was performed in order to
confirm the cardiac rhythm and to assess for any cardiac structural abnormality.
Confirmation of a foetal tachyarrhythmia was confirmed in each case with the use of
foetal echocardiography using both M-mode, Doppler and 2D imaging. There was no
structural abnormality detected in any of the cases. Follow-up of each patient was

then based on clinical findings and treatment indication.

Participants were excluded if they demonstrated any of the following exclusion
criteria: a maternal age of less than 18 years at the time of booking. Women with
multiple pregnancies, or multiple pregnancies but death of one of the twins. Cases
with confirmed diagnosis of chromosomal problem or genetic problem. Cases with
confirmed foetal diagnosis of a genetic problem. And women who are not capable of
giving consent. Studies were also excluded if there was poor image quality from the
foetal echocardiogram. This is because poor definition or poor position of the four-

chamber view could result in sub-optimal fetal HQ analysis.
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Each case had at least two echocardiograms during the course of the pregnancy and
once the heart had reverted back into sinus rhythm they remained frequently
monitored via echocardiography and midwife assessment. On the examinations
performed where the foetal heart was found to be in sinus rhythm the fetal HQ
software was used in order to GSI and GLS of both the left and the right ventricle.
Fetal HQ was acquired on at least two studies post tachyarrhythmia for each patient.
It was confirmed via echocardiography that each foetus was in sinus rhythm at the
time of analysis with foetal heart rate in all cases between 114bpm and 150bpm with

a mean heart rate of 136bpm.

3.3 - Eligibility Criteria

Pregnant women aged 18 years and over with a singleton viable pregnancy were
invited to participate in the study, if they fulfilled all of the study criteria listed below.

The inclusion and exclusion criteria are detailed below.

Inclusion criteria

Inclusion criteria was set as pregnant women aged 18 years and over who carried a
singleton viable pregnancy and were willing and able to consent to be included into

one of the following study groups:

e Group I: Normal foetal heart - gestational age matched control
e Group lI: foetus with ventricular disproportion
e Group llI: foetal arrhythmia requiring therapy

Exclusion criteria

e Maternal age less than 18 years at the time of study

e Multiple pregnancies including twins
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e Women with multiple pregnancies but death of one of the twins

e Cases with confirmed diagnosis of chromosomal problem

e Cases with confirmed diagnosis of genetic problem

e Women who are not capable of giving consent

e Women with learning disabilities/difficulties

e Prisoners

e Any others deemed to be in the vulnerable group (e.g. mental health
condition)

e Poor image quality from the foetal echocardiogram

e Unwilling to consent

Size of sample:

The sample size for this study was determined based on a power calculation derived
from a previous study by Gozar et al., (2021), assessing GLS in cases of coarctation
of the aorta. The study reported an averaged effect size of 0.31 in comparisons
between coarctation of the aorta and healthy controls. Assuming a similar effect size
a total sample size of 194 was calculated to achieve a statistical power of 95% with
an alpha level of 5% across the study groups. This calculation indicated that 32
participants were required in each group. However, due to time constraints and
referral limitations, 30 participants were ultimately recruited for each gestational age
group for the normal cohort,

e Group I: Normal foetal heart - gestational age matched control (120

subjects) group see table 3.1

e Group II: foetus with ventricular disproportion (30 subjects) — 16 recruited
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e Group llI: foetal tachyarrhythmia requiring therapy (30 subjects) — 7

recruited

Table 3.1 — Normal foetal heart — Gestational age groups

Group number Gestational age (weeks) Study number (n)
I 19-23 30
I 23*1-28 30
I 28"-32 30
v 3237 30

A display of the subdivided groups for the normal cohort (gestational age matched control - group).
Sample size was based on a power calculation between coarctation of aorta and healthy controls from
Gozar et al., (2021) which revealed an averaged effect size of 0.31. Assuming a similar effect size in this
study, a total sample size of 194 will be required to determine an alpha of 5% with 95% power between
the 6-study groups .This indicated a sample size of 32 in each group. However, due to time constraints

and referral numbers 30 subjects were recruited for each gestational age group.

3.4 - Instruments

A Voluson E10 colour Doppler ultrasound system and a Voluson expert 22 colour
Doppler ultrasound system (GE Healthcare) equipped with a Foetal HQ quantitative
analysis software package were used. Transducer selection was either the GE
Healthcare C2-9-D broad-spectrum convex transducer which has a bandwidth of 2.3
— 8.4 MHz or the GE C1-6-D XD clear broad-spectrum convex transducer which has
a bandwidth of 1-6 MHz In order to maintain as higher frame rate as possible, the
higher frequency transducer was always selected in the first instance and the C1-6-D
XD transducer was only selected if image optimisation was not optimal with the C2-

9-D transducer.
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3.5- Fetal Heart Quantification, (Fetal HQ) practical methods.

Fetal heart quantification (fetal HQ) is an advanced diagnostic tool that uses STE to
assess the size shape and contractility of the foetal heart from the four-chamber
view. Fetal HQ works by obtaining high-resolution 2D ultrasound images of the 4-
chamber view of the foetal heart. This view allows detailed assessment of the hearts
chambers. One of the key features of fetal HQ is its GSI, which automatically
calculates the foetal hearts size and shape. This helps to identify abnormalities in the
hearts geometry such as cardiac remodelling or asymmetry that could indicate
potential issues such as congenital heart defects. Fetal HQ also evaluates
ventricular function of the foetal heart by tracking the movement of the myocardium
in end-diastole and end-systole via real-time ultrasound frames. Fetal HQ has the
ability to divide the foetal heart into distinct segments for detailed assessment. This
allows for a detailed view of individual regions such as the left and right ventricles,
this segmented approach enhances the ability to detect regional dysfunction (GE
HealthCare, 2020; GE HealthCare, 2020). Use of the fetal HQ quick guide (appendix
1) and the fetal HQ consensus guideline (GE Healthcare, 2020) (appendix 2) were
used to ensure accurate acquisition, optimization and quantification of the foetal
heart. A guide sheet was created for the purpose of this study and for future use with
all the required information condensed into one “how to guide” adapted from the

guidelines created by GE HealthCare, 2020 (appendix 3).

Acquisition of the 4-chamber view

The four-chamber view is obtained via a transverse section of the thorax. It is vital
that the correct technique is used for obtaining the four-chamber view before any

detailed analysis can be carried out. A round shape to the thorax and one complete
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rib in the image demonstrates the correct plane for the four-chamber view. If multiple
ribs are seen then the image obtained is oblique. The correct level within heart for
assessment is when the four-chamber view shows the crux (centre) of the heart. If
the coronary sinus is seen then the level is too low, if the LVOT can be imaged then
the level is too high within the heart (Allan et al., 2009). Figure 3.1 illustrates the

optimum image required for detailed analysis with fetal HQ.

Figure 3.1: Correct acquisition of the four-chamber view of the foetal heart, for fetal HQ. This image
shows the required four-chamber view. The Left atrium (LA), left ventricle (LV), and the right atrium
(RA) and right ventricle (RV) can been clearly identified. The thorax can be seen as a round shape,
one rib can be observed both sides demonstrating that the orientation is not oblique and the crux of
the heart is clearly visible illustrating that the level of the four-chamber view is correct. (Image

obtained with consent)
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Image optimisation
Once the position of the four-chamber view has been confirmed then image

optimisation is vital. The use of the cardiac pre-set with the harmonics set to either
mid or low is recommended with a narrow angle and low depth selected. A frame
rate of ideally above 80Hz is recommended for detailed analysis. The heart should
be located centrally within the chest with the septum horizontal either at three or nine
o clock position or up to £45° from horizontal within the green planes as indicated on
Figure 3.2 below. A two to three second video clip is proposed for optimal analysis. It
is best that images obtained are done so in the absence of foetal and respiratory
movements, and the ideal heart orientation is with the left ventricle and the right
ventricle in a clockwise position. However, when this was not possible the use of the
flip modality can be utilised. Flipping the image to allow for correct orientation does

not have an effect on any of the measurement data.
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Figure 3.2: Example of the 4-chamber view position required for optimal fetal HQ analysis. The
image illustrates the optimum position of the four-chamber view required for accurate analysis with
use of the fetal HQ software. The orientations marked in green demonstrate the preferred positions

required. The orientations marked in red are not ideal for fetal HQ analysis. (GE HealthCare, 2020)

Global Sphericity Index (GSI) Measurement

Global sphericity index (GSI) is a measurement that is used to evaluate the
morphology of the heart. GSI is obtained by dividing the total basal — apical
longitudinal length to the transverse width of the four-chamber view at end-diastole.
The ratio can then be used as a judgment of the overall deformation and movement
of the ventricles and permits an assessment of cardiac shape. If the GSI ratio is
lower than 1.1 then overall cardiac shape is considered abnormal (Wang et al.,
2021). It is important that precise measurements of the foetal heart be obtained to
allow an accurate measurement of the GSI ratio. Once the correct cardiac four-

chamber view has been obtained, the clip will then be recalled with the operator
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scrolling to the end diastolic frame. Fetal HQ is selected from the touch panel in the
measurements section on either the Voluson E10 or the Voluson Expert 22
ultrasound machine. Global size and shape study is chosen on the control panel and
measurement of the length and width of the heart is obtained. It is important that this
measurement be taken in end-diastole and epicardium to epicardium. The 4-
chamber length is obtained via epicardium from apex parallel to the ventricular
septum to epicardium between the right and the left atrium, outside of the atrial
septum. The transverse width measurement is obtained with points set from
epicardium to epicardium on the widest diameter, perpendicular to the septum (GE
HealthCare, 2020; GE Healthcare, 2020). Figure 3.3 illustrates the positions required

for accurate measurement of GSI.
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Right Left

Figure 3.3: the images indicate the required positions for accurate measurement of GSI. Image A,
shows foetal heart in end diastole where the AV valves are closed. 4CV is measured from epicardium
to epicardium in length and width. Image B — indicates the epicardium in all four measurements

required for GSI measurement. Image B adapted from GE Guidelines and GE consensus (GE

HealthCare, 2020; GE HealthCare, 2020).
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Analysis of ventricular shape and contractility including Global longitudinal Strain (GLS).

Step 1 — Define orientation

To assess the ventricular shape and contractility of the foetal heart using the fetal
HQ software, the ventricles need to be orientated in a specific way. The left ventricle
should be on the left if apex is up and the left ventricle should be clockwise before
the right ventricle. If not, then the image needs to be flipped using the function on the
touch panel. This is demonstrated in Figure 3.4. Correct orientation is important as it
allows for the correct display of ventricular graphics at the end of the study. It is also
important to note that flipping the image does not result in any impairment to the

measurement data
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© Flip Image

Figure 3.4: demonstrates the correct orentation of the left and right ventricles for the assessment of
ventricular contractility. Image A shows the LV on the wrong side, the use of the flip button oriantates
the LV in a clockwise position to the RV as shown in image B. The correct orentation can been seen
in C with D indicating the unaccactable positions. (Adapted from GE HealthCare 2020, and GE

HealthCare, 2020)
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Step 2 — Select one cardiac cycle

Once correct orientation of the heart has been obtained, a complete cardiac cycle
will need to be acquired. As there is no foetal electrocardiogram (ECG), the cardiac
cycle is determnied via the use of M-mode. The M-mode line is drawn in order to
identify end-systolie and end-diastole as shown in Figure 3.5 image A. The M-mode
line can be drawn either along the free wall annulus, the centre of the valve or across
the ventricles. The main objective is that a clear tracing is attained for the
identification of end systole and end diastole. It is important that the M-mode
obtained is free from maternal breathing or foetal movement as this will elemenate
any drifting of the trace. Figure 3.5 Image B demonstrates the optimal M-mode
required for adequate cardiac cycle. An example of drift of the M-mode tracing is

illustrated in Figure 3.5 Image C.
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Figure 3.5: demonstrates the correct M-mode needed for obtaining the cardiac cycle. Image A
indicates the position of the m-mode. It is vital that the m-mode obtained is free from maternal
breathing or foetal movements as illustrated in Image B. If there are foetal movements or maternal

breathing then the m-mode can drift as shown in image C. (GE HealthCare, 2020).
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Step 3 — Record the cardiac cycle

Once the correct M-mode recording has been obtained, then the cardiac cycle can
be recorded. This is done by selecting end diastole at either end of the cardiac cycle
by using the trackball to move along the M-mode trace as shown in Figure 3.6 below.
Arrows 1 and 2 on Figure 3.6’s panel B demonstrate the points of end-diastole in one
cardiac cycle. Once the end-diastole points have been obtained, the selecting of end
systole between the two points already made can be obtained as shown in Figure
3.6’s panel B illustrated by arrow 3 below. Whist marking out end-diastole and end-
systole, it is advisable to watch the 2D image as well as the m-mode to identify

accurate positions from the frames.
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Figure 3.6: Correct positions of end-diastole and end-systole to obtain one complete cardiac cycle.
Image A illustrates the cardiac cycle chosen using m-mode with both end-diastole and end-systole
marked. End-diastole is shown via arrows 1 and 2 on image B with end-systole demonstrated via

arrow 3. (Image obtained with consent)
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Step 4 — Define end-systolic and end-diastolic endocardial tracing

Once the cardiac cycle has been selected, the chosen cycle will appear in end-
systole. Then the left and the right ventricles can be traced in order to obtain data on
the ventricular size and function. In order to accurately trace the left ventricular
endocardial border in systole, three initial points must be located. These include the
septal mitral valve insertion, the lateral mitral valve insertion and the apex. These
points are illustrated in Figure 3.7 represented by the red dots. Once the three
anchor points have been selected, then the trace line will appear along the
endocardium. This trace line can be adjusted manually to align with the endocardium
by either adjusting the anchor points (red dots) or by fine-tuning the trace line (small
blue dots). Once the trace has been approved, a proposed trace of the endocardium
in end-diastole will appear. This trace can either be confirmed or adjusted as
needed. Once the left ventricular endocardial border has been confirmed in both
systole and diastole, the tracing can be accepted and the results will be displayed on
the results screen as shown in Figure 3.8. The steps can then be repeated for the
definition of the endocardial border for the right-ventricle. The initial markers will be
in the septal tricuspid valve insertion, the lateral tricuspid valve insertion and at the
right ventricle’s apex. As with the left ventricle, these points can then be modified to
align with the endocardial wall if required. Once the right ventricle has been
approved and accepted then the results will also show on the same page as

illustrated in Figure 3.8.
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Figure 3.7: accurate definition of the LV endocardial tracing in end-systole and end-diastole. Image A
illustrates the tracing of the endocardium in systole, the red dots show the three initial markers made
in the septal, lateral and apical endocardial wall of the ventricle. Each marker is adjustable to enable
accurate definition of the endocardium. Image B shows the automated tracing of the endocardium in

diastole. (Image obtained with consent)
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APSE 058 cm

Figure 3.8: the fetal HQ results page. The image can be seen in 2D and is recorded as a cine loop.
The endocardial tracing can be identified in the lower trace with the green line representing diastole
and the yellow line representing systole. The red lines are the 24 segments. The graphs depict LV

and RV GLS over time. (Image obtained with consent)

3.6- data processing, analysis.

Either a cardiac specialist sonographer, foetal cardiac consultant or a foetal medicine
consultant as part of the routine foetal cardiac scan obtained the four-chamber view
for the data analysis. A study protocol detailing image optimisation and acquisition
was given to all members of the research team highlighting the importance of an
optimal four-chamber view. Once the image had been obtained, data analysis was
completed using either the Voluson E10 colour Doppler ultrasound system or on the
Voluson E22 colour Doppler ultrasound system (GE HealthCare, 2020). Each
system is equipped with a fetal HQ quantitative analysis software package. A single
specialist foetal cardiac sonographer (CB) with experience in the fetal HQ software
performed analysis and who had already performed analysis in over 50 studies.
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Once the results were obtained, they are displayed on the ultrasound screen as
shown in Figure 3.8. There are numerous measurements that can be obtained from
the fetal HQ software. However, for the purpose of this study, the data analysed
included GSI and GLS of both the left and the right ventricle. The extrapolated data
was given a study number for pseudo-anonymisation and inputted onto a Microsoft

Excel 2010 data spreadsheet stored on password protected trust computer.

3.7 - statistical analysis

The data and statistical analysis were conducted using Microsoft Excel 2016 and

IBM SPSS (version 19).

Intra-user variability and reproducibility analysis (chapter 4)

In order to assess intra-user variability, fifteen studies were chosen at random from
the control group of participants for test (test 1) vs. retest (test 2) comparisons.
Gestational age range was 20+3 weeks to 35+6 and maternal age range was 21
years to 36 years with a mean age of 29 years. Data for test 1 and test 2 were
collected two weeks apart from the same study by the same examiner for all
variables. To assess Inter-user variability and reproducibility, 15 studies were chosen
at random and analysis was carried out by two experienced sonographers on the
same study at separate occasions. Method error (ME), coefficients of variation (CV),
and intra-class correlation (ICC) were calculated to assess intra-user reproducibility.

ME, CV and ICC were also calculated for GSI, LV GLS and RV GLS.

Normative ranges (chapter 4 )
From the 120 scans normal reference ranges were obtained for the entire population
with a mean value calculated using the formula mean = Yx / N (the sum of all data

values divided by the number of data values). Standard deviation (SD) for the mean
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values was calculated. The data were divided into the four groups of gestational age
and was collated for analysis; means were calculated for each group along with SD
and 95% confidence intervals. To standardise and compare values within the
datasets, individual Z-scores were calculated across the different gestational age
groups using Microsoft Excel 2016 as Z-Score = (Data Value — Mean) / SD. Data
value is the individual value of the GSI or GLS and mean is the mean value of the
entire dataset and the SD is the SD of the data set. In this analysis, Z-scores near +2
or -2 were used as key thresholds. The same formulas and calculation methods

were applied in all datasets to ensure consistency.

Spearman’s rank correlation analysis was conducted to evaluate the relationship of
GSI, LV GLS and RV GLS against gestational age. To compare the LV and RV GLS
values across the gestational age range a Shapiro-Wilks test was first conducted to
assess distribution of data. Based on the results of data distribution analysis, a

Wilcoxon signed rank test was used.

A P-value of < 0.05 was considered statistically significant.

Ventricular disproportion and Tachyarrhythmia group (chapter 5 and 6)

The data and statistical analysis were conducted using Microsoft Excel 2016 and
IBM SPSS (version 19). Descriptive statistics including the mean and SD were used
to summarise all data sets. The normality of the data distribution was assessed using
the Shapiro-Wilk test. As the data did not meet the assumptions for parametric
testing, the Mann-Whitney U test was used to compare differences between groups.
A significance level of P < 0.05 was considered statistically significant. Effect size

was calculated for the disproportion and the tachyarrhythmia groups compared to the

Z

control group using the formular = T

Z-scores were calculated for each positive
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disproportion and tachyarrhythmia case using the mean and standard deviation of
the control group as the reference. The Z-scores were derived using the formula Z-
Score = (Data Value — Mean) / SD). To compare the false positive and false negative
values within the disproportion group a Shapiro-Wilks test was first conducted to
assess distribution of data. Based on the results of data distribution analysis, a

Wilcoxon signed rank test was used.
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Chapter 4 - Foetal Speckle Tracking in the clinical setting, feasibility

and normal values.
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4.1 - Introduction

When FE was first introduced, its primary use was for the detection of congenital
heart disease (CHD) (Day et al., 2019). However, with functional echocardiographic
techniques being adapted from postnatal and adult scanning and ultrasound
machines and software improving, the assessment of foetal cardiac function has
become an integral part of the foetal heart examination (Day et al., 2019; Rocha et
al., 2019 and Crispi and Gratacos, 2012). The accurate assessment of foetal
cardiac function has become increasingly important in the diagnosis and prognosis
of not just cardiac conditions but also non-cardiac diseases such as foetal growth
restriction or maternal diabetes (Van Ostrum et al., 2022). Information from foetal
heart functional assessments can also be extremely useful for the clinical
management of pregnant women with foetal cardiac conditions such as foetal
arrhythmias and/or congenital heart disease (Rocha et al., 2019). As discussed in
Chapter 2, there are many techniques available to assess the function of the foetal
heart such as 2-Dimensional imaging (2D), m-mode imaging and Doppler derived
techniques. Yet there is still no consensus on the preferred method to be used in the
evaluation of cardiac function despite its importance in the foetal heart examination
(Rocha et al., 2019). This is in part due to the challenging nature of the assessment
of foetal cardiac function. Functional assessment of the foetal heart is difficult due to
the small size of the foetal heart and the highly mobile foetus. Foetal position can
also be unpredictable which makes optimal image acquisition difficult (Day et al.,

2019 and Crispi & Gratacos, 2012).

Foetal cardiac function is expected to change during pregnancy due to the
physiological growth and development of the heart and the changes in loading

conditions with advancing gestation (Germanakis et al., 2012); therefore, reference
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ranges require adjustment for gestational age or size (Day et al., 2019.) Numerous
studies have assessed these established techniques within the clinical setting
(Simpson, 2004; DeVore, 2005; Godfrey et al., 2012 and Rocha et al., 2019) and
many papers have produced normal values and reference ranges for the differing
conventional modalities of assessing the function of the foetal heart (Carvalho et al.,
2001; Koestenberger et al., 2009, Cruz-Martinez et al., 2012 and Peixoto et al.,
2020). However, these conventional techniques remain variable and limited, due to
being angle dependent and therefore reliant on suitable foetal lie and skill of the
sonographer (Day et al., 2019). An additional challenge to the assessment is that
dysfunction of the foetal heart is essentially a sub-clinical finding (Hatem et al.,
2008). Clinical indication of cardiac failure, such as with hydrops or valvular
regurgitation although being rare, is often associated with a poor prognosis for the
foetus. Early indication of cardiac dysfunction therefore could potentially aid in the

management and prognosis of the foetus.

Over recent years, STE has emerged as a promising tool in the assessment of
cardiac function. It is a relatively new technique first described in the adult population
by Leitman et al (2004). Global longitudinal strain is obtained via STE. It obtains
information on heart contractility by measuring the change in the length of the heart’s
muscle (deformation) during one cardiac cycle (Day et al., 2019). GLS strain rate is
gained by measuring the maximal shortening of the myocardium longitudinal length
during systole and is compared to the resting longitudinal length in diastole. It has
been stated that STE has advantages over alternative methods of functional
assessment. It has been considered less angle dependent than conventional
methods, allowing a more flexible approach to image acquisition than m-mode or

Doppler derived techniques (Barker et al., 2009). Such an approach if accurate
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presents significant advantages in determining foetal cardiac dysfunction in a clinical
setting. However, a recent study by Semmler et al (2020) argued that GLS was not
angle-independent and that the angle of insonantion did in fact alter the GLS
significantly. This study concluded that consideration must be taken when comparing

studies with different acquisition protocols when forming normal values for GLS.

Over the years, there has been contradicting data from studies performed in the
assessment of normal reference values for GLS with the use of speckle-tracking
echocardiography. Van Oostrium et al., (2020) comprised a table illustrating the
results found from twenty-three studies over an 8-year period between 2011 and
2019. The results of this review showed highly variable results between the different
studies for the normal reference ranges for GLS. It was concluded that more data
collected in a standardised manner was needed across gestational ages to produce

reliable reference ranges for foetal GLS.

The fetal HQ software also allows the calculation of the global sphericity index (GSI).
GSl is a ratio used to quantify the sphericity or the overall shape of the foetal heart.
GSI of the four-chamber view is calculated by dividing the end-diastolic basal-apical
length by the end-diastolic transverse width. (DeVore et al., 2017; Devi et al., 2023).
In foetal echocardiography, the GSI is used to evaluate the shape of the foetal heart.
A perfectly spherical shape would have a GSI value of O whereas deviations from
that would indicate a more elliptical shape or abnormal shape. A lower GSI would
suggest the remodelling of the heart from an elliptical to a spheroidal shape, which
could be an indication of the dilatation of the whole foetal heart. (Li et al., 2024).
Changes in cardiac sphericity may be an indicator of sub-clinical cardiac dysfunction
(Sehgal et al., 2016). Limited studies have been performed in this field. However,

previous studies investigating the use of GSI in both cardiac and non-cardiac
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conditions have revealed abnormal cardiac sphericity conditions (Crispi et al., 2008;
Perez-Cruz et al., 2015; DeVore et al., 2020). Nevertheless, small cohort numbers
has limited these studies. Additionally, most studies have not adequately accounted
for gestational age, a critical factor that may influence foetal cardiac shape and
function. To date, no research has systematically evaluated or established normal

reference values for GSI in relation to gestational ages.

4.2 - Aims and Objectives

The aim of this study is to assess the feasibility, reliability and reproducibility of STE
in the clinical setting. Fetal HQ software can be used for the assessment of foetal
cardiac size using the global sphericity index (GSI). Cardiac function can also be
assessed with the use of left ventricular and right ventricular global longitudinal strain
(GLS). The purpose of this study was to investigate the applicability of the fetal HQ
software in the clinical setting and to examine reproducibility and reliability of
measures. Study’s further aim was to produce reference values for foetal cardiac
size (GSI) and foetal cardiac contractility (GLS) of both the left and right ventricles in

healthy foetuses across gestational age groups 19 weeks — 37 weeks.
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4.3 - Materials and Methods

The methods and materials underpinning the analysis presented in this chapter are
detailed in Chapter 3. This includes information on ethics, patient selection and
recruitment, instruments used, data acquisition and STE echocardiography
technique for the fetalHQ software. Information on data and statistical analysis is

detailed in chapter 3.7.

4.4 - Results

Maternal age range was between 18 to 43 years with a mean maternal age of 30.4
years (SD + 6.3 years). Figure 4.5 demonstrates the distribution of maternal age

across the entire normal population (n 72).

Distrubution of maternal age

Number of women

[18, 22.6] (22,5, 27.2] (27.2, 31.8] (31.8, 36.4] (36.4, 41] (41, 45.6]

Maternal age

Figure 4.1: Histogram showing the distribution of maternal age among all study participants (n 72).
The mean maternal age was 30.4years with SD *6.3years. Age groups are displayed in 5-year

intervals.

Of the seventy-two study participants recruited, 77.8% of the Women recruited were
White British (n 56), 9.7% were White Other (n 7), Indian and Asian each made up
5.6% (n 4) of the total population, with 1.3% (n 1) being classified as other ethnicity.

(Figure 4.2)
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Ethnicity of study subjects

O White British O White Other Asian OlIndian [OOther

Figure 4.2: Pie chart illustrating the ethnicity distribution of study participants (n=72). The majority
were white British (77.8%), followed by white other (9.7%), Indian (5.6%), Asian (5.6%) and other

ethnicity (1.3%).

The gestational age ranged between 19 weeks and 36" weeks. Study population was
then subdivided into four gestational age groups consisting of thirty studies per sub-
group: group one consisted of gestational age range of 19 weeks to 23 weeks, group
two was gestational age of 23** to 28 weeks, group three consisted of gestational age
range of 28" weeks — 32 weeks and the final group was gestational age range of 32**

weeks — 37 weeks. The mean and SD of each GA subgroup are presented in Table

4.1.
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Table 4.1 — Mean and SD GA for control group

Gestational Age range Mean (weeks + Days) SD (weeks)
(weeks) (n=30)

19-23 2143 +0.94
23.1-28 25+5 +1.4
28.1-32 30+1 +1.24
32.1-38 34+1 +1.2

Summary of gestational age subgroups in the control population (n=120). Participants were divided
into four GA groups, each comprising 30 studies. The table presents the GA range for each group,

alongside the corresponding mean GA (in weeks + days) and SD.

Table 4.2 presents the data obtained from the measurements conducted to assess
the reliability and reproducibility of GSI and LV and RV GLS values. The GSI values
showed minimal variation between Test 1 and Test 2. Mean values were calculated
for each test: GSI test 1 mean was 1.24 +0.09 and test 2 being 1.25 + 0.09.
Similarly, the LV GLS values demonstrated small variations between repeated
measurements. Mean values for LV GLS were: test 1 -30.70% % 4.90 and test 2 -
29.57% + 4.50. Likewise, the RV GLS values followed a similar trend with a mean for

test 1 of -30.68% + 4.31 and -29.97% + 4.90 for test 2.
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Table 4.2 — Intra-user variability of GSI and LV and RV GLS.

Study Global Sphericity LV Global Longitudinal RV Global
Index - ratio strain - % Longitudinal strain - %

Test 1 Test 2 Test 1 Test 2 Test 1 Test 2
1 1.10 1.13 -36.94 -35.21 -38.55 -36.54
2 1.35 1.40 -28.40 -32.10 -28.81 -31.65
3 1.26 1.23 -25.79 -22.41 -26.96 -27.24
4 1.25 1.33 -21.22 -27.79 -18.91 -17.92
5 1.29 1.34 -22.26 -21.58 -24.22 -20.58
6 1.16 1.21 -27.12 -23.83 -35.89 -32.57
7 1.21 1.23 -33.74 -36.27 -35.53 -33.70
8 1.24 1.31 -33.96 -32.74 -24.26 -23.07
9 1.33 1.30 -39.51 -36.90 -39.61 -24.78
10 1.15 1.20 -28.00 -26.89 -31.32 -29.61
11 1.30 1.27 -39.04 -36.17 -38.35 -36.24
12 1.16 1.20 -27.16 -24.83 -28.27 -25.11
13 1.43 1.38 -27.15 -25.05 -26.91 -24.08
14 1.20 1.18 -32.46 -35.34 -34.25 -35.61
15 1.17 1.17 -28.48 -25.45 -29.49 -33.39

Data to show intra-user variability GSI, LV GLS and RV GLS. Test and re-test data can be seen. The
same examiner (CB) carried out test 1 and test 2 on the same patient two weeks apart to assess for

reliability and reproducibility.
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Data obtained for Global Sphericity Index (GSI) for
intrauser variability.
16

15
14
13

12

11

Global Sphericity Index {Ratio)

1 2

G5l recorded from Fetal HO test 1 and test 2 of the same patient

Figure 4.3: Median and Inter-quartile ranges of tests one and two for GSI. The box chart summarises
the distribution of data and outliers for GSI when assessing for reproducibility and reliability. The
same examiner (CB) on the same patients performed test 1 and test 2. The GSI median value is
represented via the black line within the box and can be seen in each data set. The max and
minimum GSI values can been identified via the whiskers. The mean for each data set is represented

via the X. there are no outliers within either dataset.
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Data obtained for Right ventricular Global Longitudinal
Strain for Intrauser variability

-10
-15
-20
-25
-30

-40
-45

RV Global Longitudinal strain {%a)

RV GLS from fetal HO test 1 and test 2
Figure 4.4: Median and Inter-quartile ranges of tests one and two for RV GLS. The box chart
summarises the distribution of data and outliers for RV GLS when assessing for reproducibility and
reliability. The same examiner (CB) on the same patients performed test 1 and test 2. The median
value can be seen as the black line in each data set with the max and minimum RV GLS values
represented via the whiskers. The mean RV GLS value for each data set is shown as the X. All values

can been seen as being similar for each series of data. There were no outliers for either dataset.
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Data obtained for Left ventricular Global Longitudinal
strain for Intrauser variability

-10
-15
-20
-25
-30
-35
-40
-45

LV Global Longitudinal straim [%)

LV GLS test 1and test 2

Figure 4.5: Median and Inter-quartile ranges of tests one and two for LV GLS reproducibility. The
box chart summarises the distribution of data for LV GLS when assessing for reproducibility and
reliability. The same examiner (CB) on the same patients performed test 1 and test 2. The median
value can be seen as the black line within the box in each data set with the max and minimum values
shown as whiskers and being similar for each series of data. The mean LV GLS value for each data
set is shown as the X. All values can been seen as being similar for each series of data. There were

no outliers for either dataset.

The ICC was calculated for each group to assess measurement reliability for inter
and intra-user. The GSI demonstrated excellent reliability with an ICC of 0.93 for
intra and 0.94 for inter, along with a low ME (0.03) and (0.02) and a CV (2.41%,
(2.52) indicating high reproducibility. Although LV GLS and RV GLS showed slightly
greater variability, both maintained good reliability. The ICC for LV GLS was 0.92,
while RV GLS had an ICC of 0.84. ME and CV for LV and RV GLS were also

calculated to assess for consistency and are presented in table 4.3.
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Table 4.3 — Statistical analysis for intra-user and inter-user variability

Parameter | IntraICC Inter ICC Intra Method Inter Method Intra CV Inter CV
Error Error (%) (%)

GSI 0.93 0.94 0.03 0.02 2.41 2.52

LV GLS 0.92 0.76 2.15 1.33 7.21 8.06

RV GLS 0.84 0.77 2.97 1.87 9.97 11.03

Statistical analysis of intra-observer and inter-observer variability for GSI, LV GLS and RV GLS.
Results include intraclass correlation coefficients (ICC), method error and coefficient of variation (CV
%) for both intra- and inter- user measurements. High ICC values indicate good reproducibility, with

GSI demonstrating the highest intra and inter-user agreement.

Values and reference range for global sphericity index.

Reference ranges for each gestational age group are shown in Table 4.4. Normal
ranges of GSI of the 120 studies across the GA were between 1.1 and 1.38 with a
mean of 1.22 + 0.07 (SD). GSI for all normal cohorts was above 1.1. The GSI was
not significantly associated with GA (figure 4.6). Gestational age and global
sphericity index yielded a weak negative association with correlation coefficient of —
0.102 with a P-value of 0.45, this indicates no significant relationship between GSI
and GA. Table 4.4 and Figure 4.6 presents the data in the GSI with increasing

gestational age.
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Simple scatter of Global Sphericity Index (GSI) by gestational age (GA)
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Figure 4.6: the scatter graph shows the distribution of GSI across GA groups of all 120 examinations.

The chart illustrates the normal reference range obtained from this study for foetal GSI between 19-38

weeks is between 1.1 and 1.38

Table — 4.4 - descriptive statistics for GSI for healthy control cohort.

GA (weeks) | Range (ratio) | Mean (ratio) sD 5% 95%
19-23 1.11-1.34 1.23 0.069 1.11 1.35
23+1-28 1.13-1.35 1.23 0.060 1.13 1.33
28+1-32 1.1-1.35 1.22 0.074 1.09 1.344
32+1-37 1.1-13 1.18 0.056 1.09 1.28

Descriptive statistics for GSI across GA groups in the healthy control cohort. The table presents the

GSl range, mean and SD, and 5" and 95" percentile values for each GA subgroup. The data indicate

that GSI remains relatively stable throughout gestation, with narrow variability across the examined

time points.

The Z-score analysis for each data observation across each gestational age group

for GSI can be seen in Table 4.5. Overall, the data suggests that the GSI values are

relatively stable across the gestational age groups, as indicated by the Z-scores

predominately staying within £2 SD from the mean.
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Table — 4.5 - GSI Z-scores across gestational age groups for healthy control cohort.

19 - 23 weeks 23+1 - 28 weeks 28+1 - 32 weeks 32 +1-37 weeks

GA GSI | Z-score GA GSI Z-score GA GSI Z-score GA GSI Z-score

19+1 | 1.12 | -1.630 | 23+1 1.27 0.597 28+2 1.29 0.915 32+1 1.17 -0.349
19+5 | 1.29 | 0.801 23+1 1.3 1.076 28+2 1.35 1.722 32+1 1.21 0.360
2040 | 1.13 | -1.488 | 23+2 1.18 -0.842 | 28+3 1.22 -0.027 | 32+2 1.18 -0.171
2040 | 1.11 | -1.773 | 23+3 1.23 -0.042 | 28+3 1.22 -0.027 | 32+3 1.2 0.183
20+1 | 1.24 | 0.086 23+4 1.24 0.117 28+4 1.13 -1.238 | 32+4 1.15 -0.703
20+1 13 0.944 24+2 1.29 0.916 28+4 1.24 0.242 3245 1.1 -1.589
20+2 13 0.944 24+2 1.21 -0.362 | 28+5 1.27 0.646 32+6 1.17 -0.349
2043 | 1.16 | -1.059 | 24+3 1.2 -0.522 | 29+0 1.16 -0.834 | 32+6 1.26 1.247
20+3 | 1.24 | 0.086 2445 131 1.236 29+0 1.3 1.049 33+0 1.13 -1.058
20+4 | 1.29 | 0.801 2445 1.26 0.437 29+1 1.25 0.377 33+4 1.18 -0.171
20+4 | 1.21 | -0.343 | 25+1 1.21 -0.362 | 29+2 1.16 -0.834 | 3344 1.16 -0.526
2045 | 1.11 | -1.774 | 25+1 1.21 -0.362 | 29+2 1.33 1.453 33+4 1.26 1.247
20+5 | 1.25 | 0.229 25+3 1.12 -1.800 | 29+5 1.21 -0.161 | 34+0 1.3 1.956
20+6 | 1.26 | 0.372 25+4 1.14 -1.481 | 30+1 1.2 -0.296 | 34+0 1.24 0.892
20+6 | 1.28 | 0.658 25+5 1.38 2.354 30+1 1.3 1.049 34+2 11 -1.589
21+0 | 1.27 | 0.515 26+0 1.23 -0.043 | 30+2 1.1 -1.641 | 34+2 1.2 0.183
21+0 | 1.14 | -1.345 | 26+2 1.32 1.395 30+4 1.12 -1.372 | 34+3 1.13 -1.058
21+1 | 1.24 | 0.086 2646 1.27 0.597 30+4 11 -1.641 | 34+3 1.14 -0.880
21+3 1.2 -0.486 | 26+6 1.27 0.597 30+4 1.19 -0.430 | 34+6 1.26 1.247
2143 | 1.23 | -0.057 | 27+0 1.28 0.756 3045 1.25 0.377 34+6 1.19 0.006
21+4 | 1.27 | 0.515 27+1 1.24 0.117 30+5 1.33 1.453 35+0 1.24 0.892
21+5 13 0.944 27+2 1.13 -1.640 | 30+6 1.3 1.049 35+2 1.16 -0.526
2145 13 0.944 27+3 1.26 0.437 30+6 1.15 -0.968 | 35+3 1.15 -0.703
21+6 | 1.24 | 0.086 27+4 1.2 -0.522 | 31+1 1.17 -0.699 | 35#4 1.16 -0.526
22+0 | 1.1 -1.917 | 27+4 1.15 -1.321 | 31+3 1.19 -0.430 | 35+6 11 -1.589
22+3 1.3 0.944 2745 1.17 -1.001 | 31+5 1.32 1.318 3640 1.23 0.715
22+3 1.3 0.944 2746 131 1.236 31+6 1.17 -0.699 | 36+1 1.26 1.247
22+4 | 1.29 | 0.801 28+0 1.19 -0.682 | 3146 1.16 -0.834 | 36+2 1.22 0.538
22+4 | 1.34 | 1.516 28+0 1.16 -1.161 | 3240 131 1.184 36+2 1.29 1.778
22+6 | 1.21 | -0.343 | 28+0 1.25 0.277 32+0 1.17 -0.699 | 36+2 1.15 -0.703

Z-scores for GSI across GA groups for the healthy control cohort. The table presents individual GSI
values and their corresponding Z-scores for each foetus, grouped by gestational age. Z-scores were
calculated using the formula: Z= (observed value — group mean) / Standard deviation (SD), Based on
normative reference data from table 4.4 This analysis indicates how many SD each GSI value
deviates from the group mean. Z-scores within £2 were considered within normal range. This data
support the use of Z-scores as a standardised method for identifying outliers and interpreting GSl in a

clinically meaningful way.
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Values and reference range for LV GLS

Spearman rank correlation conducted between LV GLS and GA yielded rs = 0.194
with a p-value of 0.034. The mean LV GLS across the GA groups was found to be -
25.46% with a SD of £2.58%. The mean and SD was calculated for each gestational
age group and can be seen in table 4.6. As gestational age increases the mean
value for LV GLS shows a slight increase (less negative). These results suggest
trends of decreasing LV GLS values with advancing gestational age. The narrowing
of the range and the SD can also be seen in later gestational age groups which

indicate a more consistent LV GLS with advancing gestation.

Table 4.6 - LV GLS mean SD and gestational age for healthy control cohort

GA (weeks) Range (%) Mean (%) SD (%) 5% 95%
19 -23 -21.18to -32.74 -26.55 3.39 -32.13 -20.97
23+1-28 -20.1t0 -30.45 -25.05 2.49 -29.15 -20.95
28+1-32 -22.23to -30.16 -25.52 2.05 -28.89 -22.15
32+1-37 -21.37to -28.36 -24.61 1.71 -27.42 -21.80

Descriptive statistics for LV GLS across GA groups in the healthy control cohort. The table presents
the LV GLS range, mean and SD, and 5" and 95" percentile values for each GA subgroup. The data
indicate that mean LV GLS becomes slightly less negative with advancing gestation, suggesting a

modest reduction in strain as the foetal heart matures.

Table 4.7 presents the calculated Z-scores for LV GLS across the gestational age
groups. This enabled standardised data and to account for variations due to foetal
growth. Z-scores were calculated from 19 weeks gestation up to 36> weeks

gestation.
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Table 4.7 - LV GLS individual Z -scores across gestational age groups for healthy
control cohort.

19 - 23 weeks 23+1 - 28 weeks 28+1 - 32 weeks 32 +1-37 weeks

GA LV GLS | Z-score | GA LV GLS | Z-score | GA LV GLS | Z-score | GA LV GLS | Z-score
19+1 | -28.45 -0.561 23+1 | -24.68 0.148 28+2 | -27.03 -0.733 32+1 | -24.14 0.273
19+5 | -30.68 -1.219 23+1 | -23.71 0.538 28+2 | -28.42 -1.408 32+1 | -21.37 1.884
20+0 | -27.54 -0.293 23+2 | -23.36 0.678 28+3 | -22.23 1.598 32+2 | -26.62 -1.169
20+0 | -26.60 -0.016 23+3 | -23.50 0.622 28+3 | -27.05 -0.743 32+3 | -22.35 1.314
20+1 | -28.07 -0.449 23+4 | -27.77 -1.092 28+4 | -27.06 -0.748 32+4 | -22.19 1.407
20+1 | -23.67 0.848 24+2 | -30.45 -2.167 28+4 | -26.62 -0.534 32+5 | -22.55 1.198
20+2 | -23.25 0.972 24+2 | -22.69 0.947 28+5 | -27.31 -0.869 32+6 | -25.28 -0.390
20+3 -29.82 -0.965 24+3 -20.11 1.987 29+0 -22.36 1.535 32+6 -25.42 -0.472
20+3 | -32.74 -1.826 24+5 | -24.19 0.345 29+0 | -26.81 -0.626 33+0 | -25.74 -0.658
20+4 -22.26 1.264 24+5 -25.58 -0.213 29+1 -25.44 0.039 33+4 -23.78 0.482
20+4 | -27.16 -0.181 25+1 | -22.53 1.011 29+2 | -24.88 0.311 33+4 | -25.66 -0.611
20+5 | -29.36 -0.829 25+1 | -23.45 0.642 29+2 | -22.48 1.477 33+4 | -23.77 0.488
20+5 | -27.78 -0.363 25+3 | -27.56 -1.007 29+5 | -25.92 -0.194 34+0 | -26.12 -0.879
20+6 -22.41 1.219 25+4 -28.41 -1.344 30+1 -29.25 -1.812 34+0 -23.35 0.732
20+6 | -24.75 0.529 25+5 | -24.29 0.305 30+1 | -24.11 0.689 34+2 | -24.30 0.179
21+0 | -26.75 -0.059 26+0 | -27.66 -1.047 30+2 | -26.93 -0.685 34+2 | -26.55 -1.129
21+0 -22.00 1.341 26+2 -27.82 -1.112 30+4 -22.11 1.656 34+3 -25.39 -0.454
21+1 | -25.61 0.276 26+6 | -24.43 0.249 30+4 | -25.73 -0.102 34+3 | -23.69 0.5347
21+3 | -22.46 1.205 26+6 | -22.35 1.084 30+4 | -25.84 -0.155 34+6 | -25.14 -0.309
21+3 | -24.45 0.618 27+0 | -21.74 1.328 30+5 | -30.16 -2.257 34+6 | -26.21 -0.925
21+4 | -25.29 0.371 27+1 | -24.60 0.181 30+5 | -24.69 0.403 35+0 | -23.31 0.756
21+5 | -36.09 -2.814 27+2 | -28.57 -1.413 30+6 | -25.77 -0.121 35+2 | -26.56 -1.135
21+5 | -28.07 -0.449 27+3 | -26.69 -0.658 30+6 | -24.46 0.515 35+3 | -23.31 0.756
21+6 -21.18 1.583 27+4 -24.14 0.365 31+1 -26.44 -0.447 35+4 -22.61 1.163
22+0 | -30.09 -1.045 27+4 | -26.89 -0.738 31+3 | -24.79 0.355 35+6 | -28.36 -2.182
22+3 | -25.59 0.282 27+5 | -25.79 -0.297 31+5 | -25.97 -0.218 36+0 | -26.70 -1.216
22+3 | -28.16 -0.476 27+6 | -27.89 -1.139 31+6 | -25.50 0.001 36+1 | -24.01 0.349
22+4 | -23.56 0.881 28+0 | -25.75 -0.281 31+6 | -24.68 0.408 36+2 | -24.42 0.110
22+4 | -27.06 -0.151 28+0 | -23.70 0.542 32+0 | -23.30 1.078 36+2 | -22.59 1.175
22+6 -25.52 0.303 28+0 -21.22 1.537 32+0 -22.28 1.574 36+2 -26.80 -1.274

Z-scores for LV GLS across GA groups for the healthy control cohort. The table presents individual

LV GLS values and their corresponding Z-scores for each foetus, grouped by gestational age. Z-

scores were calculated using the formula: Z= (observed value — group mean) / Standard deviation

(SD), Based on normative reference data from table 4.6 This analysis indicates how many SD each

LV GLS value deviates from the group mean. Z-scores within +2 were considered within normal

range.
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Values and reference range for RV GLS
Spearman rank correlation conducted between RV GLS and GA yielded rs = 0.285
with a p-value of 0.002. The mean RV GLS across the entire gestational range was -

26.79% with a SD of £3.40%.

Table 4.8 presents the descriptive statistics for RV GLS across different gestational
age groups. The table includes the range, mean and SD with the 5% and 95%
confidence intervals for RV GLS at each gestational age range. The confidence
intervals provide an estimate of the expected variability in RV GLS measurements

helping to assess the distribution of the data can be seen in Table 4.8.

Table 4.8 - descriptive statistics for RV GLS, across the gestational age ranges, for

healthy control cohort.

GA (weeks) Range (%) Mean (%) SD (%) 5% 95%
19-23 -20.58 to -31.32 -28.14 3.81 -34.41 -21.87
23+1-28 | -20.65to -34.56 -27.09 3.04 -32.09 -22.09
28+1-32 | -19.99 to -35.96 -26.66 3.70 -32.75 -20.57
32+1-37 | -19.34t0-30.42 -25.54 2.60 -29.82 -21.26

Descriptive statistics for RV GLS across GA groups in the healthy control cohort. The table presents
the RV GLS range, mean and SD, and 5" and 95" percentile values for each GA subgroup. The data
indicate that mean RV GLS becomes slightly less negative with advancing gestation, suggesting a

reduction in strain as the foetal heart matures.

Z-scores for RV GLS across the different gestational age groups from 19 weeks to
37 weeks gestation were calculated. The Z-scores provided standardise the data
and account for any variation due to foetal growth these calculations are presented

in table 4.9.
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Table 4.9: Individual Z-scores for RV GLS across the gestational age groups.

19 - 23 weeks 23+1 - 28 weeks 28+1 - 32 weeks 32 +1-37 weeks

GA RV GLS | Z-score GA RV GLS | Z-score GA RV GLS Z-score GA RV GLS | Z-score
19+1 | -31.32 -0.83408 | 23+1 | -25.31 0.58673 28+2 | -24 0.70290 32+1 | -28.39 -1.09158
19+5 | -35.45 -1.91802 | 23+1 | -27.35 -0.08244 | 28+2 | -28.8 -0.5635 32+1 | -24.3 0.47971
20+0 | -28.33 -0.04934 | 23+2 | -24.69 0.79011 28+3 | -22.98 0.97204 32+2 | -25.35 0.07632
20+0 | -27.53 0.16062 23+3 | -24.67 0.79667 28+3 | -25.27 0.36781 32+3 | -25 0.21078
20+1 | -29.61 -0.38528 | 23+4 | -28.11 -0.33174 | 28+4 | -28.83 -0.57150 | 32+4 | -27.61 -0.79192
20+1 | -25.14 0.78789 24+2 | -31.69 -1.50608 | 28+4 | -28.86 -0.57942 | 32+5 | -26.96 -0.54220
20+2 | -26.32 0.47819 24+2 | -26.56 0.17669 28+5 | -25.9 0.20158 32+6 | -27.08 -0.58831
20+3 | -24.78 0.88237 24+3 | -28.1 -0.3284 29+0 | -25.11 0.41003 32+6 | -22.36 1.22502
20+3 | -23.07 1.33117 24+5 | -27.23 -0.04308 | 29+0 | -25.41 0.33087 33+0 | -23.51 0.78321
20+4 | -20.58 1.98469 24+5 | -26.17 0.30462 29+1 | -26.43 0.06174 33+4 | -26.75 -0.46153
20+4 | -29.32 -0.3091 25+1 | -29.61 -0.82378 | 29+2 | -25.01 0.43641 33+4 | -30.03 -1.72164
20+5 | -28.43 -0.07558 | 25+1 | -25.43 0.54737 29+2 | -35.96 -2.45279 | 33+4 | -27.33 -0.68435
20+5 | -23.55 1.205 25+3 | -27.61 -0.16773 | 2945 | -25.49 0.30976 34+0 | -254 0.05711
20+6 | -26.96 0.31022 25+4 | -28.84 -0.57120 | 30+1 | -27.77 -0.29182 | 34+0 | -24.35 0.46050
20+6 | -25.49 0.69603 25+5 | -26.38 0.23574 30+1 | -24.64 0.53404 34+2 | -28.11 -0.98401
21+0 | -28.6 -0.12020 | 26+0 | -25.39 0.560 30+2 | -23.07 0.94829 34+2 | -25.99 -0.16955
21+0 | -28.36 -0.05721 | 26+2 | -28.2 -0.36126 | 30+4 | -19.99 1.76096 34+3 | -22.14 1.30954
21+1 | -28.84 -0.18319 | 26+6 | -34.56 -2.44753 | 30+4 | -27.36 -0.18364 | 34+3 | -19.34 2.38525
21+3 | -24.25 1.02147 26+6 | -25.6 0.49160 30+4 | -25.28 0.36517 34+6 | -25.56 -0.0043
21+3 | -27.39 0.19736 2740 | -26.87 0.07500 30+5 | -25.49 0.30976 34+6 | -28.22 -1.02627
21+4 | -26.54 0.42045 27+1 | -24.89 0.72450 30+5 | -24.03 0.69499 35+0 | -25.2 0.13395
21+5 | -37.32 -2.40882 | 27+2 | -33.41 -2.07029 | 30+6 | -29.53 -0.75620 | 35+2 | -26.12 -0.21949
21+5 | -27 0.29972 2743 | -24.06 0.99676 30+6 | -32.46 -1.52930 | 35+3 | -24.57 0.37598
21+6 | -23.97 1.09496 27+4 | -32 -1.60777 | 31+1 | -27.85 -0.31293 | 35+4 | -24.54 0.38751
22+0 | -35.63 -1.96527 | 27+4 | -29.61 -0.82378 | 31+3 | -38.71 -3.17839 | 35+6 | -29.28 -1.43351
22+3 | -27.01 0.29710 2745 | -27.44 -0.11196 | 31+5 | -27.82 -0.30501 | 36+0 | -30.42 -1.87147
22+3 | -31.73 -0.94169 | 27+6 | -25.6 0.49160 31+6 | -24.57 0.55251 36+1 | -25.67 -0.04661
22+4 | -32.49 -1.14115 | 28+0 | -20.65 2.11534 31+6 | -25.17 0.39419 36+2 | -21.33 1.6207
22+4 | -30.6 -0.64511 | 28+0 | -24.03 1.00661 3240 | -24.91 0.46280 36+2 | -23.01 0.97530
22+6 | -28.65 -0.13332 | 28+0 | -22.9 1.37728 32+0 | -23.22 0.90871 36+2 | -22.54 1.1558

Z-scores for RV GLS across GA groups for the healthy control cohort. The table presents individual

RV GLS values and their corresponding Z-scores for each foetus, grouped by gestational age. Z-

scores were calculated using the formula: Z= (observed value — group mean) / Standard deviation

(SD), Based on normative reference data from table 4.8 This analysis indicates how many SD each

RV GLS value deviates from the group mean. Z-scores within +2 were considered within normal

range.
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Comparison of left ventricular and right ventricular values for GLS
The GLS of both the left and the right ventricle were compared against each other

across the entire population.

Table 4.10 presents the mean values and SD for LV and RV GLS. The mean LV
GLS was -25.46 with a SD of 2.58 while the mean RV GLS was -26.79% with a SD
3.40. These values provide an overview of the central tendency and variability of LV

and RV GLS within the study population (table 4.10).

The data of the entire population indicated that there was a statistically significant
difference between the LV and RV GLS with the RV GLS being generally more

negative than the LV GLS (p<0.001).

Table 4.10 - LV and RV GLS mean SD

Mean % SD %
Left ventricle (LV) -25.46 2.58
Right Ventricle (RV) -26.79 3.40

The descriptive statistics and P value for LV and RV GLS values. The mean and SD were calculated

with the Shapiro-Wilk test being conducted to assess distribution of the data.

Table 4.11 shows the mean, SD and P-values when comparing LV and RV GLS
across the gestational age groups. The mean values seen for RV GLS are higher in
the gestational age groups 19-23 weeks (-26.54% + 3.39) and 23"-28 (-25.05 +
2.49) when compared to the RV GLS which was -28.14 + 3.81 and -27.09 + 3.04
respectively. P values suggested a statistically significant difference between the LV
GLS and the RV GLS, P = 0.02 for 19-23 weeks and P <0.01 for 23*'-28 weeks.
Conversely from 28 weeks to 37 weeks there is no statistically significant difference
between the two groups however the mean values for GLS in the later gestational

age groups (28"1-32 and 32**-37) were higher in the RV compared to the LV.
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Table 4.11: LV and RV mean SD and p-value across gestational age groups

Gestational LV GLS % RV GLS % P-Value
Age group (Mean % SD) (mean £ SD)

19-23 -26.54 + 3.39 -28.14 £ 3.81 0.02
23+1-28 -25.05+£2.49 -27.09+£3.04 <0.01
28+1-32 -25.52+2.05 -26.66 + 3.70 0.30
32+1-37 -24.60+£1.72 -25.54 +2.60 0.07

The mean, SD and P values for each gestational age group can be seen for LV and RV GLS

measurements obtained.
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4.5 - Discussion

This study aimed to assess the feasibility, reliability and reproducibility of STE using
fetal HQ software within a routine clinical setting. The findings support that GSI and
GLS can be successfully obtained in healthy foetuses and demonstrate good to
excellent intra and inter user reproducibility. These results are consistent with
previous research supporting the clinical application of foetal speckle tracking (Di
Salvo et al., 2008; Krause et al., 2017; Huntley et al., 2021). Over recent years there
have been increasing studies that have investigated the normal values for GSI and
GLS in the foetal heart. Nevertheless, the results from these studies differ with
regards to normal values obtained, and the relationship of advancing GA on STE
(Kapusta et al., 2013; Lee-Tannock et al., 2020; Ohira et al., 2020; Van Oostrum et

al., 2022).

Foetal echocardiography is a widely used tool in the diagnosis of congenital heart
disease before birth. With ever-advancing techniques and improved ultrasound
technology, foetal echocardiography’s importance continues to increase. 2D foetal
STE analysis in the assessment of strain and strain rate has become increasingly
popular over the recent years. The development of advanced software and semi-
automated analysis has made this technique more desirable within the clinical

setting.

Reproducibility and Feasibility

This study has detailed that GSI and GLS are achievable within the clinical setting
with good reliability and reproducibility. ICC indicated good to excellent reliability,
with intra user values of 0.93 for GSI and 0.92 for LV GLS and inter-user values of

0.94 for GSI and 0.76 for LV GLS indicating a good degree of agreement and

101



consistency. The ICC of RV GLS showed slightly lower reproducibility of intra-user
(0.84) and inter-user (0.77) however the range still falls within good reproducibility
and indicates consistency with minor variability. These results show that the
measurement processes used were highly consistent, and support the idea of
acquiring reproducible data in future use. The CV was lowest for GSI (Intra- 2.41%,
Inter-2.52%) further supporting its reliability, indicating minimal variability relative to
the mean and therefore a high consistency in the measurements within the clinical
setting. While CV values for LV GLS and RV GLS showed higher variability ( Intra-
7.21%, Inter- 8.06) and Intra -9.97%, Inter- 11.03%) respectively indicating a
moderate level of variability from the mean. While this level may generally be
accepted; it suggests that there is some degree of measurement fluctuation,
particularly for RV. This does highlight areas where measurement consistency could
be improved. Importantly, both ICC and CV for RV GLS showed the highest levels of
variation compared to LV. This does align with previous concerns about
measurement challenges (Krause et al., 2017) and could be due to the morphology
of the RV and to the difficulty in distinguishing between the moderator band, the RV
trabeculations and the endocardial wall, leading to challenges in accurate tracing.
These findings highlight the need for adequate training and operator experience,
particularly when assessing the RV. The values indicate that there were varying
degrees of consistency across the measurements. However, all of the
measurements according to commonly accepted thresholds do indicate good to
excellent reliability. These results show that the measurement processes used in this
study were highly consistent, and supports the reproducibility of the findings.
Statistical analysis revealed that there was good reproducibility across the three

groups. Statistical analysis detailed in Table 4.3 presented no statistically significant
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difference between the two measurements made on each group. This study’'s
findings aligns with previous research, which have also shown that STE is feasible
and reproducible in the assessment of foetal cardiac shape and function (Di Salvo et

al., 2008; Krause et al., 2017; Huntley et al., 2021).

STE for GSI and GLS is a measurement that is easily obtained in foetal life, it is a
non-invasive technique with the semi-automated software already available on many
ultrasound machines. It can be easily performed from early gestation with no stress
on the mother or the foetus and can be easily incorporated into a routine FE. It is
proved to have good reliability and reproducibility aiding in its potential benefit within

the clinical setting.

Normal reference ranges

There have been previous studies published on the normal reference ranges and
values for GSI and GLS of the foetal heart (Ohira et al., 2020; Van Oostrum et al.,
2022). However, of the studies performed there have been widely varying valuations
on the normal ranges, with studies consisting of low cohort numbers and only very
few looking at the difference across the GA groups (DeVore et al., 2016; Ohira et al.,
2020). Van Oostrum et al, (2020) summarised the data from these studies in his
paper, which concluded that there was considerable variability between the normal
values produced in these studies and that there needed to be further work looking at

normal GLS values and the relationship between GA and GLS.

There have been limited studies researching the normal values for GSI across the
GA ranges (DeVore et al., 2016; Anuwutnavin et al., 2021; Huntley et al., 2021; Van
Oostrum et al., 2022). The GSlI is calculated as the ratio of the hearts basal to apical

length, divided by its transverse width in diastole from epicardium to epicardium
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(DeVore et al., 2016). A GSI close to 0 in the foetal heart would suggest a perfectly
spherical shape of the heart. In a study conducted by Anuwutnavin et al, (2021) it
was determined that normal morphology of the foetal heart produces a GSI of above
1.1. Consistent with Anuwutnavin et al, (2021) this study also determined that the
normal range for GSI across 19 to 38 weeks of gestation was above 1.1. The sample
size used in this study was greater than that of Anuwutnavin et al (2021) who

analysed 79 four-chamber views compared with the 120 analysed in this study.

The results revealed stable GSI values across gestation (mean 1.22 + 0.07), with no
significant correlation between GSI and gestational age. This is consistent with
earlier studies (DeVore et al., 2016; Anuwutnavin et al., 2021) and suggests that GSI
may remain relatively constant throughout foetal development in normal
uncomplicated pregnancies. Although the cohort size was modest, this reinforces the

potential value of GSI as a standardised index of foetal cardiac geometry.

The Results from this study also confirmed the findings on normal GSI values from
previous studies conducted (Huntley et al., 2021; Van Oostrum et al.,, 2022). As
found in previous studies, it was revealed that there was no significant change in the
GSI ratio across the gestational age ranges. From the data obtained Z-scores were
calculated for GSI across the gestational age groups. The use of Z-scores in
evaluating the GSI provides a standardised framework to assess deviations in
cardiac morphology which could be the result of a congenital heart defect or extra

cardiac conditions.

The GSI ratio is easily achievable and reproducible within the clinical setting, as it
only requires two measurements to be made, the basal to apical length and the

transverse width of the foetal heart which is obtained from the four-chamber view.

104



GSI may be beneficial in the diagnosis and management of congenital heart disease
and non-cardiac conditions, where the remodelling of the foetal heart suggested buy
an abnormal GSI value may be the first indication of cardiac dysfunction. However,
due to the large spectrum of anomalies for congenital heart disease and the
difficulties in detection of CHD during foetal life, more research is required to
investigate the effect of congenital heart disease on GSI. Nonetheless, GSI could
potentially be used as another indicator in the diagnosis and prognosis of congenital
heart disease when compared to the normal foetal heart. This could potentially aid in

the counselling, management of the foetus and the parental information available.

In contrast, both LV and RV GLS demonstrated a significant trend with advancing
gestation. A weak positive correlation was identified between LV GLS and GA (rs
=0.194, p=0.034), suggesting a subtle decrease in LV contractility (i.e., less negative
strain) as gestation progresses. RV GLS exhibited a moderate correlation with GA
(rs= 0.285, p=0.002), supporting previous findings by Huntley et al. (2021) and Ohira
et al (2020) that RV strain declines with maturation. These gestational trends could
reflect physiological adaption to changing preload and afterload conditions in utero.
It is important to understand the relationship between GA and GLS as it allows for

differentiation of normal developmental changes from pathological abnormalities.

In this study statistical tests revealed that there was a weak positive correlation
between LV GLS and gestational age. This data suggests that foetal LV GLS in the
normal population is higher at lower gestational age and as gestational age
increases the GLS reduces. On the contrary, previous studies conducted, assessing
GA and LV GLS indicated that there was no correlation between advancing GA and
reduced GLS values, (Kapustra et al., 2013; Ohira et al., 2020;). These studies

consisted of smaller sample sizes compared with this study (n-44 and n-98
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respectively). However, findings from this study were consistent with much larger
study conducted by Van Oostrum et al., (n-592) where they concluded that there was

a significant correlation in LV GLS and GA.

As the data from this study showed a weak correlation in lower GLS values at
increased GA, it would be beneficial to conduct further research with larger cohort
numbers to confidently conclude whether there is a useful link with increasing

gestational age and LV GLS.

The link between RV GLS and GA showed a much stronger link with a moderate
correlation identified between RV GLS and advancing gestational age. This
correlation was statistically significant indicating that the correlation seen is likely due
to the relationship between the two variables. Previous research has provided
contradicting results. Lee-Tannock et al., (2021) findings suggested that as GA
increased there was no change in the RV GLS values. However, studies by Huntley
et al., (2021) and by Ohira et al, (2020) concurred that, as GA increased there was a
significant decrease in RV GLS values. The findings from this study agreed with both
Huntley et al, (2021) and Ohira et al, (2020) and revealed there was stronger
evidence to suggest that there is a relationship with reduction in RV GLS values and

advancing GA.

Understanding the changes in GLS throughout gestational age could potentially aid
in the diagnosis and management of congenital heart disease. It is known that GLS
can detect subclinical changes in myocardial function before any changes in
fractional shortening or ejection fraction when assessing for early signs of cardiac
dysfunction. This is due to GLS measuring myocardial deformation directly enabling

it to detect subtle changes in the heart’s contractility (Adamo et al., 2017).
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Comparison of LV and RV GLS in the normal population

The study investigated the differences in LV GLS and RV GLS across varying
gestational ages revealing a gestational age dependent variation in strain values. In
this study, RV GLS was consistently more negative than LV GLS in earlier gestation
(19-28 weeks), LV GLS and RV GLS differed significantly. The results of the data
suggest that the RV has higher contractility at this gestation with a greater
myocardial strain (more negative) compared to the left ventricle. However, in later

gestation from 28 weeks no statistical difference was observed.

This aligns with the known physiological dominance of the right ventricle in foetal
circulation due to its role in supplying the systemic and placental circuits via the
ductus arteriosus, the increased RV preload, coupled with higher pulmonary vascular
resistance, may explain the greater GLS seen in the RV compared to the LV during

early gestation (Zhu et al., 2023).

As gestation advances, pulmonary vascular resistance gradually decreases, and the
LV begins to take on a greater proportion of systemic output. This transition may
explain the narrowing difference in GLS values between the ventricles. Furthermore
the increased myocardial compaction and maturation of the LV over gestation may
contribute to a more uniformed contractility between the terms by full term

(Dominguez-Gallardo et al., 2022).

Other studies have reported similar findings. Huntley et al. (2021) and Ohira et al.
(2020) found that RV strain was more negative than LV strain in mid-gestation. In
contrast, studies with smaller sample sizes or using different software (e.g. strain
calculated via TomTec or EchoPac) reported conflicting patterns (Lee-Tannock et al.,

2020). These discrepancies may be due to vendor —specific algorithms, differences
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in frame rate, or regional tracking differences, all of which can affect absolute GLS

values.

4.6 - Limitations

Although this study looked at a relatively large overall normal cohort of 120 studies,
once divided into gestational age related subgroups, it meant that each subgroup
had a relatively low sample size of thirty studies per gestational age group. This
sample size was two short of the target calculated during power analysis. While the
study findings remain valid, the slight shortfall in sample size could marginally reduce
the statistical power. To enable Z-scores and normal reference ranges that are more
robust, a larger cohort of studies in each gestational age group would be required. A
further limitation to this study was that a single examiner did not acquire the four-
chamber views used for analysis. These images were obtained during routine clinical
FE. This introduces potential variability in image acquisition and optimisation.
However to mitigate this variability, a detailed how-to guide for standardised image
acquisition was developed and disseminated to all examiners involved. This guide
aimed to ensure consistency and reliability across the images collected.
Nonetheless, the possibility of residual variability such as framerate cannot be
excluded. Additionally due to the morphology of the RV and its differing structures
compared to the LV, STE in the RV may prove more challenging. Adequate training
would be required in order to accurately identify structures such as the moderator
band to enable precise and exact tracing of the endocardial border. Finally, this
study was conducted using the fetal HQ software. Alternative vendors offering other
STE analysis may result in varying normal values when compared to this study and

this should be explored (de Waal and Phad, 2018).
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To strengthen the clinical relevance of these findings, future research should aim to
validate the observed trends in larger, multicentre cohorts that allow for the
generation of robust normative data and z-scores across gestational ages.
Standardising image acquisition across multiple examiners and centres will also be
essential to ensure reproducibility, particularly in structures prone to variability such
as the right ventricle. Additionally given the dependency on vendor-specific software,
comparative studies across different platforms are warranted to assess the
consistency of GSI and GLS measurements. These steps would not only enhance
the generalisability of foetal speckle tracking but also support its integration into

clinical practice by defining clinical thresholds for early cardiac dysfunction.

4.7 - Conclusion

Assessment of foetal heart shape GSI and GLS with the use of STE is easily
performed within the clinical setting. There is good reproducibility and reliability of
both GSI and GLS. Normal values have revealed that there is a potential negative
correlational relationship in decreasing GLS in advancing GA. However, more
research is required with a larger population to confirm these findings. GSI and GLS
in the clinical setting could prove to be useful in the diagnosis and management of
foetus presenting with CHD. Reference ranges for GSI and LV GLS and RV GLS

were produced.
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Chapter 5 - Can foetal Speckle tracking be a useful tool in cases of

ventricular disproportion?
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5.1 - Introduction

Ventricular disproportion is characterised by an asymmetry in the size of the heart’s
ventricles. This condition is assessed through FE and is subjectively defined as a
visual discrepancy in the size of the left and the right ventricles of the heart.
Disproportion of the ventricles is an indicator for an obstruction within the foetal
heart. Most commonly, ventricular disproportion presents as a smaller LV relative to
the RV (Figure 5.1 and 5.2), suggesting the potential presence of left heart
obstruction. Ventricular disproportion identified during foetal life is a leading marker
for the suspicion of coarctation of the aorta (CoA), (Hornberger et al., 1994; Matsui et
al., 2008). CoA is a congenital cardiovascular malformation and is defined as a
discrete narrowing of the aortic arch most commonly located at the isthmic region, at
the ductus arteriosus (2016 Allan et al., 2009; Abuhamad and Chaoui), which then
becomes the ligamentum arteriosum after birth and is typically just distal to the left
subclavian artery as shown in Figure 5.3. Coarctation however, can be discrete, long
or complex and often involves the aortic arch or the isthmus. The underlying theory
for coarctation of the aorta is not well understood, but there are two important
mechanisms proposed: the ductal tissue theory and the reduced flow theory (Buyens
et al.,, 2012). The ductal tissue theory suggests that during foetal development,
tissue from the ductus arteriosus extends into the adjacent wall of the aortic isthmus.
The ductus arteriosus remains patent in utero due to high levels of circulating
prostaglandin E2, but following birth, prostaglandin levels fall and the ductus begins
to close (Yokoyama et al., 2017). If ductal tissue is present within the aortic wall, its
contraction during ductal closure may lead to secondary narrowing of the aorta at
this site. (Buyens et al., 2012). This theory helps to explain why CoA often only

becomes clinically apparent after birth, when the ductus closes due to the systemic
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circulation being ductus-dependent. In this context prostaglandin infusion can be
used to maintain ductal patency, providing an alternative route for systemic blood
flow until surgical intervention can be performed. The alternative widely proposed
mechanism for the development of CoA is the reduced flow theory (Schneider et al.,
2008; Yuan et al., 2015). This theory suggests that diminished antegrade blood flow
through the left heart and aortic arch during foetal life results in underdevelopment,
or hypoplasia, of these structures (Yokoyama et al., 2017). In normal foetal
circulation, most of the right ventricular output bypasses the lungs via the ductus
arteriosus, and only a portion of the left ventricular output passes through the
ascending aorta and aortic isthmus, when there is a left sided obstruction, ventricular
dysfunction, or a hemodynamic imbalance favouring right heart dominance, the
reduced flow through the aortic arch may impair its growth and remodelling, leading
to structural narrowing postnatally (Schneider et al., 2008; Hornberger and Sahn,
2007; Yuan, 2015). This theory highlights the relationship between foetal heart flow
dynamics and aortic arch morphology, it also supports the importance of assessing

ventricular symmetry and aortic dimensions during foetal echocardiography.

CoA accounts for between 4 and 8% of all congenital heart disease (Rosenthal et al.,
2005; Van Nisselrooij et al., 2018). However, the diagnosis of foetal CoA is complex,
as it primarily relies on visual detection of ventricular disproportion — specifically, a

reduced width of the LV compared to the RV (Figure 5.1 and Figure 5.2).

Unlike hyperplastic left heart syndrome, where the left ventricle is underdeveloped, in

CoA, the left ventricle remains apex forming and the mitral valve remains patent.

112



Disproportion of
Ventricular
width

Figure 5.1: schematic illustration demonstrating ventricular disproportion in the fetal four-chamber
view. The LV appears reduced in width when compared to the RV.A finding that is commonly

associated with CoA. (Image adapted from https://obgynkey.com/coarctation-of-the-aorta-and-

interrupted-aortic-arch/ Accessed 14/01/2025).

Figure 5.2: Echocardiographic four-chamber view demonstrating foetal ventricular disproportion in a
foetus with suspected CoA. The LV appears subjectively narrower in width compared with the RV.

(Image obtained with consent).
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Arterial disproportion may also be observed with CoA; however, this is not always
the case (Vigneswaran et al., 2020). Accurately identifying foetuses that will develop
CoA postnatally remains challenging, with false positive rates exceeding 50% in
cases (Head et al., 2005; Matasui et al., 2008 and Vigneswaran et al., 2020). It is
known ventricular disproportion can occur as a normal variant during late pregnancy.
Generally a discrepancy in ventricular size increases the likelihood of CoA.
Nonetheless, significant size differences can still be associated with normal
outcomes, while CoA may occur even in the presence of minimal ventricular

disproportion (Allan et al., 2009).

Coarctation of the Aorta

Defect

Figure 5.3: The illustration depicts CoA, the congenital narrowing can be seen (Defect) in the
descending aorta. This narrowing would restrict blood to the foetal body. (Image adapted from

https://www.heart.org/en/health-topics/congenital-heart-defects/about-congenital-heart-

defects/coarctation-of-the-aorta-coa. Accessed 14/01/2025).
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CoA occurs more frequently in males at around a ratio of 2.6:1 (Simpson et al.,
2018). In critical or duct dependent CoA swift identification and treatment is vital to
avoid long-term morbidity or death (Lloyd et al., 2021). Postnatal management for
CoA involves the monitoring via serial echocardiograms as constriction of the arterial
duct confirms its diagnosis. Should CoA be confirmed, this warrants and enables
prompt action, which causes high anxiety for the parents, and increases service
delivery demands on the neonatal and paediatric cardiology services (Lloyd et al.,

2021).

Despite advances in technology and experience, prenatal diagnosis of CoA remains
challenging with many cases not detected until the postnatal period (Beattie et al.,
2017 and Hede et al., 2019). Diagnosis and interventions to correct CoA postnatally
do not always carry as positive an outcome as those detected in the antenatal period

(Brown et al., 2006 and Singh et al., 2015).

Functional assessment in suspected CoA during foetal life remains challenging.
Traditional parameters such as ventricular size disproportion, Doppler flow across
the aortic isthmus, and subjective assessment of ventricular function are limited in
sensitivity and are prone to inter-operator variability (Hornberger and Sahn, 2007,
Schneider et al., 2008). Moreover these methods often fail to detect subtle
subclinical myocardial dysfunction that may precede overt structural changes. STE
offers a relatively angle -independent, quantitative analysis of myocardial
deformation and can provide early insight into global and regional function through
parameters such as GLS and GSI (Devore et al., 2021). These parameters may be
particularly useful in foetuses with suspected CoA, where altered haemodynamics
and increased afterload can impair LV performance before significant anatomical

narrowing is evident (Yuan, 2015).
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STE in foetuses exhibiting ventricular disproportion could potentially assist in the
diagnosis of CoA. However, limited and inconclusive research exists on this specific
foetal cardiac condition in relation to speckle tracking. Miranda et al (2017)
conducted a retrospective case-control study involving foetuses with confirmed CoA.
The study included 12 cases of CoA and 12 gestational aged-matched controls; Due
to the rarity of CoA as a congenital heart disease, sample sizes are typically small.
Compared to earlier studies such as Germanakis et al (2012) which only included
two CoA cases, Miranda et al, in their 2017 study offers more robust data.
Interestingly, Germanakis et al (2012) found no significant difference in LV strain
between with their two cases and normal controls. In contrast, Miranda et al (2017)
found that foetuses with CoA had a reduced LV longitudinal strain when compared to

age-matched controls.

DeVore et al (2020) investigated the size, shape (GSI) and function of the foetal
heart with confirmed CoA in a retrospective study involving a larger cohort of 50
confirmed CoA cases and 200 controls. Their findings revealed that when compared
to gestational aged-matched controls foetuses with CoA had decreased longitudinal
and transverse strain. Additionally, DeVore et al (2020) discovered that the size and
shape (GSI) of the heart in foetuses with CoA were differed from those of the control
group. DeVore et al (2020) proposed that incorporating these measurements into
prospective studies could potentially enhance the examiners ability to diagnose CoA
effectively. DeVore et al (2021) investigated the use of STE on the last examination
prior to delivery in foetuses with confirmed CoA. This retrospective study included 54
confirmed cases of CoA against 54 false positive. All foetuses had presented in the
antenatal period with ventricular disproportion and were suspected cases of CoA.

They found that confirmed cases of CoA had a greater number of abnormalities in
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the size, shape (GSI) and function of the LV then those with a false positive.
However, they did not find a significant difference in the percent of ventricular
disproportion between the two groups. This study concluded that abnormalities noted
in ventricular size, shape and function from STE could assist in the antenatal

diagnosis of CoA.

5.2 - Aims and Objectives

The aim of the study was to determine if STE to obtain GSI and GLS could aid in the
diagnosis of obstructive lesions such as CoA, in women presenting with foetal
cardiac ventricular disproportion. The normal values developed from the control
group (healthy foetal hearts; presented previously in Chapter 4), were used for
comparison with the cases presenting with ventricular disproportion and those

positive for an obstructive lesion.

5.3 - Materials and Methods

The methods and materials underpinning the analysis presented in this chapter are
detailed in Chapter 3. This includes information on ethics, patient selection and
recruitment, instruments used, data acquisition and STE echocardiography
technique for the fetal HQ software. Information on data and statistical analysis is

detailed in chapter 3.7.
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5.4 - Results

Patient selection

Ventricular disproportion group

Sixteen women were recruited between February 2023 and August 2024 after
presenting at the university hospitals of Leicester antenatal foetal cardiology clinic
with suspected ventricular disproportion. Gestational age at presentation was
between 21 and 34*! weeks with a mean gestational age of 26" weeks, SD + 5.2
weeks. Maternal age at the time of presentation was between 18 years and 41 years
with a mean maternal age of 29.1 years, SD + 6.0 years. Thirteen of the sixteen
women (81%) were White British with three ladies (19%) of Asian ethnicity. One

participant was excluded from the study due to intrauterine foetal demise.

Control Group

A control group comprising of foetuses from normal low risk pregnancies were
recruited to establish baseline values. Maternal age range was between 18 to 43
years with a mean maternal age of 30.4 years (SD * 6.3 years). Of the seventy-two
study participants recruited for the control group 56 (77.8%) were White British, 7
participants (9.7%) were White Other. 4 participants (5.6%) were Indian, 4 (5.6%)

were Asian and 1 participant (1.3%) being classified as other ethnicity.

Disproportion raw data

Table 5.1 presents the individual GSI and GLS values for the disproportion group,
derived from 22 studies involving 15 participants. The mean values and SD for each
group can be seen in table 5.2. The GSI ratio for this group ranged from 0.98 to 1.43
(mean 1.15 + 0.10). The LV GLS values varied between -13.88% and -29.24%

(mean -21.40% + 3.60%), while the RV GLS values ranged from -29.94% to -30.11%
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(mean — 26.79% + 3.41%). these results are displayed in chronological order based

on GA.

Table 5.1 — GSI and GLS values for disproportion group

GA (weeks) GSI (ratio) LV GLS (%) RVGLS (%)

20+1 1.21 -24.92 -24.96

21 1.43 -21.11 -29.06

21 1.30 -29.24 -30.11
21+3 1.29 -27.42 -26.38
21+4 1.12 -21.83 -24.34

22 1.11 -23.22 -24.36
23+4 1.10 -20.15 -25.58
23+5 1.10 -24.67 -27.69
24+4 1.20 -21.66 -22.52
27+6 1.06 -18.53 -23.99
28+6 1.04 -17.73 -22.13
29+1 1.22 -20.95 -26.64
30+3 1.30 -26.72 -24.90
31+2 0.98 -16.37 -27.01
31+5 1.20 -20.86 -24.81
31+6 1.09 -19.45 -26.13
32+2 1.03 -20.18 -25.3
32+3 1.16 -13.88 -24.83
32+5 1.13 -19.90 -27.13

34 1.10 -21.47 -26.92
34+1 1.23 -21.87 -21.94

37 1.10 -18.77 -28.47

Table shows the values for GSI and LV and RV GLS for the disproportion group. The data is
displayed in GA chronological order. This table illustrates the entire ventricular disproportion group

irrespective of those who were positive for an obstructive legion.
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GSI and GLS in Ventricular disproportion
The mean and SD of the disproportion group were calculated and compared to those
of the entire control group to assess variability and central tendencies, the results

can be seen in Table 5.2.

The statistical results for the entire disproportion group are presented in table 5.2.
There was a statistically significant difference identified between the LV GLS in the
disproportion group compared to the control. Due to the difference in sample size
between the control group (n=120) and the disproportion group (n=22) effect size
was calculated to quantify the differences between the two groups, which indicated a
moderate effect size of r = 0.33. P values for GSI and RV GLS suggest that there

was no statistically significant difference between the disproportion and control

group.

Table 5.2 — Descriptive statistics including mean, SD and P-values for disproportion

group compared to the control population.

GSl LV GLS RV GLS

Size

Disproportion | 1.15 | 0.10 | 0.263 -21.40 | 3.60 | <0.001 | 0.33 | -25.69 | 2.13 | 0.341

Control 1.22 | 0.07 -26.79 | 341 -25.46 | 2.58

Descriptive statistics for ventricular disproportion and control groups, including mean, SD, and P-
values for GSI, LV GLS and RV GLS. The table presents mean values and SD for each parameter in
the disproportion and the control groups. P-values indicate the statistical significance of group
differences, and Cohen’s d effect size is included for LV GLS. Data represents the combined
population regardless of the presence of an obstructive lesion. The disproportion group demonstrated
lower mean values for both GSI and LV GLS compared to controls, with a statistically significant
reduction observed in LV GLS (p<0.001). No significant differences were found for RV GLS between

groups. An effect size is included for LV GLS to reflect the magnitude of difference between groups.
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The dataset of the ventricular disproportion group was divided based on GA and
descriptive statistics for GSI, LV GLS and RV GLS were computed. These were then
compared to the control group with matching GA. For each GA group P values were
determined. Effect size was calculated for those found to have a statistically
significant difference due to small cohort numbers for the disproportion group. The
findings are presented in tables 5.3 to 5.5. The mean GSI (Table 5.3) remained
relatively stable across the gestational age groups when compared to the control
group. However, there was a variable degree of statistical significance across the GA
groups. The P value indicated a statistically significant difference between the
disproportion and control group in the 32** to 37 week population (P - 0.03) with a
small to moderate effect size of 0.36. The LV GLS in the disproportion group
compared to the control (table 5.4) exhibited noticeable variation across the GA
groups. P values indicated significant differences in GA groups 23+1 weeks to 37
weeks (P values 0.03 and <0.01) with a moderate to large effect size. There was no
statistically significant difference noted between the disproportion and the control
group for RV GLS (table 5.5). This is evidenced with higher P values (ranging from

0.15-0.83) and lower effect sizes (0.04 to 0.14).
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Table 5.3 — Statistics of disproportion for GSI, compared to control group across the

GA groups
GA - Disproportion GSlI ventricular Control (n) | GSl control, | P Value | Effect sizer
weeks (n) disproportion, mean (SD)
mean (SD) ratio ratio

19 - 23 6 1.24+0.12 30 1.23 £ 0.06 0.93 0.01
23+1-28 4 1.15+0.05 30 1.23 +0.06 0.06 0.47
28+1-32 6 1.13+0.12 30 1.22 +0.07 0.12 0.26
32+1-37 6 1.12 £0.07 30 1.18 £ 0.05 0.03 0.36

Descriptive statistics, p-values and effect sizes for GSI in ventricular disproportion and control groups,

analysed across GA subgroups. Mean GSI values + SD are presented for each group. P-values

reflect the statistical comparison between the disproportion and control groups, and the effect size (r)

guantifies the magnitude of group differences. The analysis was performed irrespective of the

presence of an obstructive lesion. While the largest effect size was observed in the 23+1 to 28 week

group (r=0.47), statistical significance was only reached in the 32+1 to 37 week subgroup (p=0.03).

Table 5.4 — Statistics of disproportion group for LV GLS, compared to control group

across the GA groups

GA - Disproportion | LV GLS ventricular | Control (n) LV GLS P Value | Effect Size r
weeks (n) disproportion, control,
mean (SD) % mean (SD) %

19-23 6 -23.79£4.15 30 -26.62 £ 3.20 0.17 0.22
23+1-28 4 -21.25+2.61 30 -25.05 +2.49 0.03 0.38
28+1-32 6 -20.34 £ 3.59 30 -25.52+2.05 | <0.01 0.49
32+1-37 6 -19.34+2.90 30 -24.60+1.72 | <0.01 0.62

Descriptive statistics, p-values and effect sizes for LV GLS in ventricular disproportion and control

groups, analysed across GA subgroups. Mean LV GLS values + SD are presented for each group. P-

values reflect the statistical comparison between the disproportion and control groups, and the effect

size (r) quantifies the magnitude of group differences. The analysis was performed irrespective of the

presence of an obstructive lesion. Statistically significant differences were observed from 28 weeks

onwards, with the largest effect size seen in the 32+1 to 37 week sub-group (r= 0.62, p<0.01),

indicating a marked reduction in LV GLS in the disproportion group during later gestation.
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Table 5.5 — Statistics of disproportion group for RV GLS, compared to control group

across the GA groups.

GA - Disproportion | RV GLS ventricular | Control (n) RV GLS P Value | Effect Size r
weeks disproportion, control,
mean (SD) % mean (SD) %

19-23 6 -26.54 £ 2.50 30 -28.54 +3.81 0.37 0.14
23+1-28 4 -24.94 £2.21 30 -27.09 £ 3.04 0.15 0.25
28+1-32 6 -25.27 £1.79 30 -26.67 £ 3.79 0.61 0.09
32+1-37 6 -25.77 £2.29 30 -25.54 £ 2.60 0.83 0.04

Descriptive statistics, p-values and effect sizes for RV GLS in ventricular disproportion and control
groups, analysed across GA subgroups. Mean RV GLS values + SD are presented for each group. P-
values reflect the statistical comparison between the disproportion and control groups, and the effect
size (r) quantifies the magnitude of group differences. The analysis was performed irrespective of the
presence of an obstructive lesion. In contrast to LV GLS, RV GLS values demonstrated no statistically
significant differences across GA groups, suggesting preserved RV function in the disproportion

cohort.

Cases found positive for Obstructive lesion

The investigation into ventricular disproportion post-delivery revealed that seven out
of the fifteen participants were diagnosed with obstructive lesions. Among these
cases, six were identified with CoA (85.71%) while one had mitral stenosis (14.29%).
Parameters analysed included GA, GSI and RV and LV GLS, with corresponding Z-
scores for each. Clinical data can be seen in table 5.6. GA of the affected cases
were from 27*® weeks to 37 weeks, highlighting that the condition was identified
across a wide GA range. Due to this variation, 3 patients (30%) required an
additional scan before delivery. The GSI values ranged from 0.98 to 1.23 with Z-
scores varying from -3.15 to 0.69. 40% (n=4) of the GSI Z-scores were below the
expected range of -2 indicating a lower GSI value than the norm. LV GLS values
ranged from -16.37% to -23.22%. Z-scores were outside of the normal range in 80%

of these cases indicating a lower GLS (less negative) compared to the norm. RV
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GLS values ranged between -22.13% and -27.13% with all Z-scores (100%) seen

within the normal range.

Table 5.6 — Data obtained for disproportion cases found positive for obstructive
lesions

patient | GA (wks) | GSI | Z-score | LVGLS% | Z-score RV GLS % Z-score

1 32+5 1.13 -1.02 -19.9 2.65 -27.13 -0.58

22+0 1.11 -1.71 -23.22 0.94 -24.36 1.97
2 34+1 1.23 0.69 -21.87 1.54 -21.94 1.34

3740 1.1 -1.53 -18.77 3.28 -28.47 -1.09
3 32+3 1.16 | -0.50 -13.88 6.03 -24.83 0.26
4 31+6 1.09 -1.71 -19.45 2.85 -26.13 0.14

27+6 1.06 | -2.66 -18.53 2.53 -23.99 0.98
5 28+6 1.04 -2.36 -17.73 2.84 -22.13 1.58
6 32+2 1.03 -2.7 -20.18 2.49 -25.3 0.09
7 31+2 0.98 -3.15 -16.37 4.30 -27.01 -0.09

Individual patient data for GA, GSI and LV and RV GLS for the subgroup identified as disproportion
which were positive for an obstructive lesion. Z-scores were calculated for each examination

performed.

To further analyse the impact of ventricular disproportion on GSI and GLS, mean
values and SD were calculated for each group (GSI, LV GLS, and RV GLS). These
values were then compared to a gestational age-matched control group (28*-37
weeks, n=60). The findings are summarised in Table 5.7. The mean GSI for
obstructive lesion cases was 1.09 which was lower than the control group of 1.21. LV
GLS mean value was also lower (less negative) at -18.99% when compared to the
control -24.46% indicting a reduced GLS in cases diagnosed with an obstructive
lesion. RV GLS mean value of the obstructive lesion group (-25.13%) was less
pronounced when compared to the control group (-26.79%). The group positive for
an obstructive lesion was statistically compared to a gestational age-matched control
group (28"%-37 weeks) using appropriate statistical methods to assess significant
differences whilst controlling for gestational age. GSI in the obstruction group
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differed significantly compared to the age — matched controls (p = 0.001) with a
moderate to large effect (r = 0.422, N = 70). LV GLS in the obstructive lesion group
also revealed a statistically significant difference when compared to gestational age-
matched controls, with a p value of < 0.001 and an effect size of r = 0.577 (N = 70)
indicating a robust relationship between the groups. Statistical analysis revealed no
significant difference between the RV GLS of the obstructive group compared with

gestational age-matched controls, p value = 0.365.

Table 5.7 — Mean and SD for disproportion cases positive for an obstructive lesion.

Parameter Mean SsD Range P value Effect size

Obstructive lesion 1.09 0.07 0.98-1.23 0.001 0.42
GSI

Control group GSI 1.21 0.06 1.1-1.35 - -
Obstructive lesion -18.99% 2.66% | -17.73to-23.22 <0.001 0.58

LV GLS %
Control LV GLS % -24.46% 2.5% -21.37 t0 -30.16 - -
Obstructive lesion -25.13% 1.13% | -21.94 to -28.47 0.365 -

RV GLS %
Control RV GLS % -26.79% 2.5% -19.37 to -38.71 - -

Table summarises the mean, SD and range for the GSI, LV GLS and RV GLS values in both the
disproportion positive subgroup and the control group. The data highlights differences in GSI and GLS

values between the two groups

Comparison of GSI and GLS between true positive and false positive cases of
ventricular disproportion with an obstructive lesion demonstrated significant
differences in GSI and LV GLS (table 5.8, figures 5.4 and 5.5). The true positive
group had a lower mean GSI (1.09 £ 0.07) compared to the false positive group
(1.21 £ 0.10), with a statistically significant difference (p=0.009, r = 0.56). Similarly,
LV GLS was significantly reduced in the true positive group (-18.99 + 2.65) relative to

the false positives (-23.41 + 3.05), indicating impaired left ventricular deformation
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(p=0.003, r = 0.63). There was no statistically significant difference observed in RV

GLS between the two groups, (table 5.9).

Table 5.8 — Comparison of mean, SD, p-values and effect sizes for GSI and GLS

between true and false positive cases of ventricular disproportion.

Parameter Group Mean + SD P-value | Effect Size
GSlI True Positive 1.09+ 0.07 0.009 0.56
False Positive 1.21+1.10
LV GLS % True Positive -18.99 £ 2.65 0.003 0.63
False Positive -23.41 £ 3.05
RV GLS % True Positive -25.12 +2.13 0.323 0.21

The table presents the mean values + SD for GSI and GLS comparing true positive cases (postnatal
confirmed obstruction) and false positive cases (no postnatal obstruction) identified antenatally with
ventricular disproportion. P values were calculated and effect size is reported to reflect the magnitude
of difference between groups. Significant differences were observed for GSI and LV GLS, with lower
values in the true positive group, indicating altered ventricular geometry and impaired myocardial

deformation. No significant difference was observed in RV GLS
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Figure 5.4: Boxplot comparing GSI values between true positive and false positive cases of
ventricular disproportion. This boxplot illustrates the distribution of GSI measurements in foetuses
classified as true positive and false positive, following prenatal identification of ventricular

disproportion. The true positive group demonstrated consistently lower GSI values, with a narrower
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interquartile range and a lower median compared to the false positive group. The median interquartile

range (box), and minimum/maximum values are displayed for each group.
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Figure 5.5: Boxplot comparing LV GLS values between true positive and false positive cases of
ventricular disproportion. This boxplot displays the distribution of LV GLS in true positive and false
positive foetal cases identified antenatlly with ventricular disproportion. The true positive group
showed significantly reduced LV GLS (less negative values), consistent with impaired myocardial
deformation. In contrast, the false positive group had more negative GLS values, reflecting preserved
LV function. The plot demonstrates a clear separation between groups, with the true positive cohort
clustering closer to the -20% range, and includes an outlier. Median, interquartile ranges, and full data

spread are illustrated for both groups.
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5.5 - Discussion

The purpose of this study was to investigate whether the shape and function of the
foetal heart plays a role in the development of ventricular disproportion which is
associated with an obstructive cardiac lesion such as COA. Some advantages of this
study are that the images required for quantitative analysis are simple and only
require the acquisition of the four-chamber view. The use of a high quality four-
chamber view was consistent throughout as this is a standard view used in clinical

practice.

The use of STE of the foetal heart has been investigated previously. Yet, it is not
currently part of the standard FE in the detection of congenital heart disease. In
recent years, further studies on the clinical application of foetal STE in the detection
of obstructive disorders have emerged. However, these studies have been few and
have revealed conflicting outcomes, such as RV dysfunction and abnormal GSI
values compared to normal population, particularly in cases of ventricular
disproportion with confirmed CoA. (Germanakis et al.,, 2012; Miranda et al., 2017;
DeVore et al., 2021; Liu et al., 2022; Yang et al., 2024). Previous studies conducted
to investigate the application of STE in foetuses with ventricular disproportion and
CoA have been predominantly retrospective, meaning that there is the limitation of
selection bias and inconsistent data. The early studies investigating CoA during
foetal life included very low cohort numbers of CoA (Germanakis et al.,, 2012,
Willruth et al.,, 2012). These studies only included two and three CoOA cases
respectively. In both of these studies the LV GLS was found not differ when
compared with normal controls. More recent studies however have included larger

cohort numbers (Miranda et al., 2017; DeVore et al., 2021; Liu et al., 2022) and were
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found to have a reduced LV GLS in foetus’ confirmed with CoA when compared to

the control group.

The diagnosis of an obstructive lesion, such as CoA in foetal life is largely reliant on
the accurate measurement of the relative size of the foetal ventricles and/or the great
vessels (Pasquini et al., 2007; Matsui et al., 2008; Buyens et al., 2012). Despite
advancements in FE, the detection of CoA during foetal life remains one of the most
challenging, with high false positive rates (30% - 80%) which can result in increased
parental stress and anxiety (Familiari et al., 2017; Lloyd et al., 2021). In this study 8
of the 15 cases proved negative for an obstructive lesion (53%), evidencing the
difficulty in accurate diagnosis from FE alone. Further analysis with the use of STE in

these cases revealed reduced GSI values and lower LV GLS.

The results from this study align with the findings from previous research by DeVore
et al, (2021) and Miranda et al, (2017). The outcomes demonstrate a positive
correlation between abnormal GSI and a reduced LV GLS in foetuses that were
diagnosed with obstructive lesions, when compared to gestational age-matched
controls. In the cases of disproportion that were confirmed as having an obstructive
lesion, both the LV GLS and GSI showed statistically significant differences from
controls. Z-scores were also abnormal for GSI in 40% of the cases (n = 4) and LV
GLS Z-scores were abnormal in 80% (n =8) in confirmed cases of obstruction when

compared to the control group.

Statistical analysis of LV GLS was also conducted for the disproportion group
irrespective of confirmed obstruction and this revealed that there was a statistically
significant difference in LV GLS values between the disproportion group and the

control group. When assessed as a combined cohort (Table 5.2), the disproportion
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group demonstrated significantly reduced LV GLS compared to the control,
Indicative of subclinical myocardial dysfunction. This does align with previous work
suggesting that reductions in GLS may reflect early changes in myocardial
contractility before overt dysfunction becomes apparent (Arduini et al., 2017; Moon-
Grady et al., 2021). Although the GSI was lower in the disproportion group, this did
not reach statistical significance, possibly due to subtle geometric changes that may
become more pronounced with advancing gestation. The mean rank values
indicated that LV GLS values were also significantly reduced in the disproportion
group (less negative) compared to the control group. The calculated effect size for
LV GLS indicated a moderate effect size. Although 53% of these cases were false
positive the small sample size and moderate effect size could account for the
significant difference in LV GLS found in the cases that were confirmed as having an

obstructive lesion and the small sample size of the disproportion group.

The results obtained from this study are consistent with previous research conducted
by DeVore et al.,, 2021 and Miranda et al., 2017. Their findings also demonstrated
strong correlation between abnormal GSI values and reduced LV GLS in foetuses
with suspected obstructive lesions. These observations suggest that incorporating
STE into FE assessments in ventricular disproportion cases may enhance the

reliability of CoA detection, potentially reducing the rate of false positive cases.

In this study, the mean values of GSI and LV GLS were observed to be lower in the
ventricular disproportion group when compared to the control groups. This could
suggest that foetuses with disproportion could exhibit reduced myocardial
deformation. However, despite the observed findings in lower GSI values, statistical
analysis revealed no significant difference in these values between the disproportion

group and the control group; this was irrespective of any obstructive lesion.
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There have been inconsistent results in studies assessing RV GLS in cases of CoA
when compared with a control population (DeVore et al., 2012; Miranda et al., 2017;
Liu et al., 2022). Largely the studies showed that RV GLS was similar in cases of
CoA and the control groups (Miranda et al., 2017; Liu et al., 2022). The results of this
investigation confirm that there is no difference in the RV GLS in the disproportion
group or those confirmed with an obstructive lesion when compared to the
gestational age matched controls. The findings did not demonstrate any statistically
significant differences in the RV GLS of the disproportion group or those confirmed
with an obstructive lesion when compared to the control group. These findings differ
from those of DeVore et al, (2021) where they found that there was a statistically
significance difference in RV GLS compared to age-matched control group. The
difference in these findings may be attributed to differences in ultrasound machines

or software, or the techniques used in the assessment of RV GLS.

Normal GSI of the foetal heart is classified as being greater than 1.1 (GE
HealthCare, 2020). The findings of this study suggest that foetuses presenting with
disproportion and confirmed obstruction such as CoA have a lower GSI value when
compared to the normal population. 40% of the confirmed cases demonstrated
abnormal Z-scores and 50% of the cases had a GSI of below 1.1 with the remaining
50% being within the normal range. This indicates that the foetal heart in these
cases is more spherical in shape with an increased width and decreased length
when compared to the control group. This finding could be a result of ventricular
remodelling in the presence of subclinical ventricular dysfunction due to an
obstruction such as CoA (Crispi et al., 2020). These findings are consistent with the
findings by DeVore et al, (2021) and that of Yang et al, (2024) where they found that

there were changes in cardiac shape and function among foetuses with CoA.
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Comparison between true and false positive case of ventricular disproportion
revealed that GSI and LV GLS offer potential value in distinguishing foetuses with
true underlying left-sided obstructive lesions. The true positive group demonstrated
significantly lower GSI and more impaired LV GLS compared to the false positive
group, with large effect sizes for both parameters (r=0.56 and 0.63 respectively).
These findings align with previous studies reporting that altered LV geometry and
reduced myocardial deformation are common in foetuses with CoA (Pasquini et al.,

2007; Gardiner, 2009; Donofrio et al., 2014).

While ventricular disproportion remains a commonly used prenatal marker, it is
limited by its high false positive rate. The integration of quantitative functional
parameters such as GLS and GSI may enhance risk stratification by identifying
subtle but clinically relevant changes in myocardial performance and shape. Notably,
RV GLS remained comparable between the two groups, consistent with prior
evidence suggesting that the RV is less affected in early left-sided obstruction due to

its dominance in foetal circulation (Li et al., 2019).

These results support the potential for speckle tracking derived indices, particularly
LV GLS, to improve prenatal diagnostic accuracy and reduce parental anxiety in

cases of ventricular disproportion.

The study successfully met its objective of assessing the feasibility and clinical utility
of STE in this cohort. The ability to detect functional differences in foetuses with
disproportion — prior to overt haemodynamic compromise- indicates that STE may
offer added diagnostic value beyond conventional morphological assessment. In

particular, reductions in LV GLS could reflect impaired longitudinal fibre shortening
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due to increased resistance distal to the aortic arch, as seen in CoA morphology

(Opie et al., 2006).

5.6 - Limitations

Several limitations must be acknowledges, each of which may impact the reliability
and generalisability of the findings presented in this chapter. Firstly, although this
was a prospective study with well-defined inclusion criteria, a key limitation of this
study was the small sample size within the disproportion group due to referral
patterns and case availability. Based on power calculations, a sample size of 32
participants was required to ensure adequate statistical power. However as only 15
participants were available with a total of 22 sets of data in this group, this
discrepancy may have limited the study’s ability to detect statistically significant
effects. While the findings achieved statistical significance in several comparisons,
the relatively small cohort may limit the statistical power. This was exacerbated as
the subgroup was divided further into gestational age groups; this resulted in
between only 4 and 6 sets of data per gestational age group. Because of the small
sample size for disproportion cases this resulted in a reduced sample size of those
confirmed as having an obstructive lesion, increasing the risk of error and reducing
the robustness of the subgroup analysis. This would also affect the ability to
generalise findings across the broader antenatal population. However, this study is
ongoing and the recruitment of ventricular disproportion participants is continuing.
This should enable future research to recruit larger, more representative samples in
both the disproportion group and the confirmed obstructive cases to address this
limitation and improve statistical reliability. A further limitation to this study was that

the four-chamber views used for analysis were not acquired by a single examiner.
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These images were obtained during routine clinical FE. This introduces potential
variability in image acquisition and optimisation. Poor acoustic windows or foetal
motion could compromise STE image acquisition and tracking quality. Having
multiple examiners acquiring the image may have introduced variability into GSI and
GLS measurements. However, to mitigate this variability, a detailed how-to guide for
standardised image acquisition was developed by CB and disseminated and
explained to all examiners involved. This guide (appendix 3) aimed to ensure
consistency and reliability across the images collected. Nonetheless, the possibility
of residual variability such as framerate cannot be excluded and STE remains
sensitive to minor tracking errors, especially in the foetal heart where standardisation
is more difficult than in postnatal echocardiography (Simpson et al., 2018). Finally
STE software and methodology variations may arise due to the use of different
vendors and comparisons with other published studies should be made cautiously,
as each may have their own algorithm within their commercial software and
differences in frame rate, segmentation algorithms and operator training can all
influence strain outputs. These factors highlight the need for standardisation and
validation across platforms if STE is to be adopted as a routine tool in prenatal

cardiac assessment. (de Waal and Phad, 2018).

5.7 - Conclusion

Despite the limitations of sample size, the findings suggest that foetuses with an
obstructive lesion have an abnormal GSI and reduced LV GLS when compared to
gestational age-matched controls. The observed statistical difference in both GSI
and LV GLS measurements between foetuses presenting with ventricular

disproportion plus obstructive lesion and the control group suggest that STE analysis

134



may be a useful tool in the assessment of this population and may have value in the
prediction of an obstructive lesion such as CoA. Further research with larger cohorts
will be essential to validate these initial findings and refine clinical application of STE

in foetal cardiology.
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Chapter 6 - Foetal heart Global Sphericity Index and Global

Longitudinal Strain after a foetal tachyarrhythmia- A case series
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6.1 - Introduction

Cardiac rhythm abnormalities are detected in antenatal life due to the advancements
in ultrasound imagining. However, if left untreated or not adequately controlled, are
associated with increased morbidity and mortality (Abuhmad and Chaoui, 2022).
Factors, which lead to mortality, include the development of foetal congestive heart
failure, hydrops foetalis or presence of simultaneous congenital heart disease such
as Ebsteins anomaly of the tricuspid valve (Yuan, 2019).

The normal foetal heart rate is faster than that of postnatal life with the average
foetal heart rate being between 110 and 180 beats per minute (bpm). The typical
average heart rate is related to gestational age; as the gestational age increases, the
heart rate of the foetus reduces (Simpson, 2018). During the first 10 weeks of life,
foetal heart rate can reach up to 180 bpm. It then falls to between 110 and 160 by 14
weeks gestation. Rates outside of this range could indicate a foetal heart arrhythmia
(Archer and Manning, 2018). Foetal cardiac rhythm abnormalities are encountered in
about 1% to 2% of pregnancies (Abuhamad and Chaoui, 2022). Irregular foetal
cardiac rhythm is the leading cause for referral to foetal echocardiography centres
for rhythm disturbances; however, the majority of these cases are benign atrial
ectopic beats (Abuhamad and Chaoui, 2022). Suspected foetal tachyarrhythmia or
bradyarrhythmia, which are associated with an increase in foetal morbidity and
mortality account for less than 10% of referrals for foetal rhythm disturbance (Reed,
1989).

Classification of cardiac arrhythmias postnatally is aided by established criteria on
electrocardiogram findings. However as such technology is not available antenatally,

a more practical approach is required, which relies on existing FE modalities such as
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M-mode and Doppler techniques to aid diagnosis. Foetal arrhythmias are classified

into three main groups:

1. Irregular foetal heart rhythms — This is the most common, often a benign
rhythm and generally a result of atrial ectopic beats.
2. Foetal Tachycardia — Heart Rate >180 bpm

3. Foetal Bradycardia — Heart Rate < 100 bpm

(Abuhamad and Chaoui, 2022)

Foetal tachyarrhythmia is defined by a sustained foetal heart rate of greater than 180
bpm (Sharland, 2013). SVT is an umbrella term that refers to a group of fast heart
rhythm disorders originating at or above the atrioventricular (AV) node (Patti et al.,
2023). However, during foetal life the term supraventricular tachycardia is classically
applied to pathological tachycardia where 1:1 AV conduction is seen with rates
above 180bpm (Sharland, 2013; Simpson et al., 2018; Abuhamad and Chaoui,
2022). However a variety of different types of tachycardia can have 1:1 AV
conduction, therefore the differentiating of the mechanisms is important as it may
affect the type of drug therapy chosen (Simpson et al., 2018). Types of

tachyarrhythmia include:

1. Re-entry tachycardia (short or long AV time)
2. Atrial Flutter

. Atrial Fibrillation

w

»

Ventricular tachycardia

Irregular foetal heart rhythms including foetal tachyarrhythmia and foetal bradycardia

do require investigation and management (Archer and Manning, 2018). BCCA
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guideline (2021) state that the aim of the foetal cardiac service is to make an
accurate diagnosis and initiate treatment, when required for foetal arrhythmias. This
case series will focus on foetal tachyarrhythmia classified as having 1:1 AV
conduction of a rate above 180bpm including atrial flutter. In many cases atrial flutter
and 1:1 conduction tachycardia can be successfully reverted into sinus rhythm once
treatment has been initiated. Unlike foetal bradycardias where the heart rhythm

rarely reverts to sinus rhythm throughout foetal life (Archer and Manning, 2018).

Understanding the basic principles of the conduction system is important in the
assessment of a foetal cardiac arrhythmia. The mechanisms of foetal arrhythmias
depend on the generation and the propagation of the electoral impulses of the heart
(Yuan, 2019; Allan et al., 2009). The normal conduction system of the heart is when
the electrical impulse is initiated from the sinoatrial (SA) node situated in the wall of
the right atrium and the impulse spreads throughout the atria causing them to
contract. The impulse will then trigger the atrioventricular (AV) node and is then
conducted through the bundle of His and the bundle branches into the Purkinje fibres
to the right and left ventricles which results in the contraction of the ventricles

(Ventricular systole) (Allan et al., 2009).

In postnatal life, an electrocardiogram is recorded to assess for normal sinus rhythm.
In foetal cardiology however, echocardiography is used inform the electrocardiogram
findings by providing information on muscle contraction (M-mode) and / or on blood

flow (Doppler techniques) (Archer and Manning, 2018).
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Figure 6.1: Image A is a simple diagram of the conduction system through the heart. The SA node
lies in the right atrium with the AV node seen on the right atrial side of the AV junction. B is illustrating
the direction of the impulses that originate in the right atrium from the SA node. The impulses from the
SA node spread throughout the left and the right atrium it then travels to the atrioventricular node (AV
Node) to the bundle of his, the bundle branches and then from purkinje fibres into the left and right

ventricles which in turn causes them to contract. (Image adapted from Allan et al., 2009)

M-mode Echocardiography

M-mode echocardiography is not only a useful tool in the assessment of cardiac
function; it is also a useful tool in the assessment of foetal arrhythmias. In normal
sinus rhythm, every atrial contraction that is initiated by the SA node is followed by a
ventricular contraction and every ventricular contraction is preceded by an atrial
contraction. M-mode echocardiography permits simultaneous imaging of the atrial
and ventricular contractions (Sharland, 2013).

To enable the accurate assessment of foetal cardiac rhythm accurate measurements

of the heart rate and the time intervals between specific events is required. Particular
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attention should be paid to the relationship between the atrial and ventricular
contractions. M-mode echocardiography in foetal life is a valuable method that can
be utilised when assessing for foetal cardiac rhythm as it allows atrial and ventricular
activity to be recorded simultaneously. For this to be done, the cursor on the imaging
plane needs to be positioned so that the atrial and ventricular activity can be
recorded simultaneously. This is usually with the cursor positioned through the free
wall of one or other of the atrium at an angle that can give a clear M-mode trace. The
cursor must also be positioned either through the ventricular wall or through the

aortic valve. (Archer and Manning, 2018; Allan et al., 2009).
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Figure 6.2: M-mode recording showing normal sinus rhythm. Ventricular (V) and atrial contraction (A)
can be seen with the cursor positioned through the RV and LA wall. There is 1:1 conduction with each

ventricular contraction preceded by an atrial contraction (Weber et al., 2011).

Doppler Techniques
Pulsed wave Doppler can be used to assess the foetal heart rate, confirm sinus
rhythm and to assist in the diagnosis of some types of foetal arrhythmia such as
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foetal tachycardia and bradycardia. In order to determine rhythm, the cursor is
positioned so that it is simultaneously sampling the inflow and outflow of the foetal
heart. Either this can be through the left ventricular outflow tract (LVOT) and Mitral
valve (MV) (Figure 6.3) or alternately it can be recorded with the cursor positioned
through the pulmonary artery and the pulmonary vein. This Doppler imaging
technique is used more commonly in the presence of a foetal tachycardia as at
higher heart rates, the E:A (E- early diastolic filling: A-Atrial contraction) of the mitral
valve inflow will fuse, making accurate assessment of the type of SVT significantly

challenging.

LV inflow

Figure 6.3: Pulsed wave Doppler positioned through the left ventricular (LV) outflow tract and the

mitral valve demonstrating normal sinus rhythm. The mitral valve inflow waveform represents atrial
contraction (A) with ventricular contraction represented by the outflow through the left ventricular

outflow tract (V). 1:1 conduction can be seen representing normal sinus rhythm (Weber et al., 2011).
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Foetal Tachycardia

Foetal tachycardia is defined by a foetal heart rate above 180bpm or those normal
for gestational age range as stated previously. A significant tachycardia is usually
defined as a heat rate above 200bpm (Allan et al., 2009 and Simpson et al., 2018).
Foetal tachycardia can be divided into two groups, ventricular tachycardia and

supraventricular tachycardia (Allan et al., 2009).

Re-entry tachycardia the most common cause of foetal tachyarrhythmia (Abuhamad
and Chaoui, 2022), followed by less common atrial tachycardia such as due to atrial
flutter or even more rarely by atrial fibrillation (Archer and Manning, 2018). Foetal
tachyarrhythmia is a treatable arrhythmia. However, if left untreated, it can lead to a
reduction in cardiac function, foetal hydrops with a significant risk of foetal demise

(Simpson, 2018).

Re-entry Tachycardia

In a re-entry tachycardia there is 1:1 ratio of atrial and ventricular contractions with a
heart rate typically >200 beats per minute (Figure 6.4). This can be documented via
M-mode or Doppler echocardiography (Bravo-Valenzuela et al., 2018).
Differentiation of the different types of tachycardia can be made by examining the

time intervals between the atrial and ventricular contractions.

The most common form is the short interval between the ventricular and atrial
contractions (short VA tachycardia). This tachycardia is conduction re-entry via an
accessory pathway and generally has a heart rate of around 240 bpm. If the
mechanism is an ectopic atrial tachycardia or a junctional reciprocating tachycardia

then the ventricular and atrial interval will be long (long VA tachycardia). These are
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rarer forms of tachyarrhythmia and heart rate is commonly around 200-220 bpm

(Bravo-Valenzuela et al., 2018)

Ventricular

FHR 225bpm

Figure 6.4 — M-mode demonstrating foetal tachyarrhythmia with 1:1 conduction at a rate of 225bpm
(Weber et al., 2011) atrial wall contraction is illustrated along the top wall, with ventricular contraction
noted along the bottom of the M-mode trace

Atrial Flutter

Foetal atrial flutter is categorised by a rapid regular atrial contraction (300-600 bpm).
This often much faster atrial rate means the ventricles are unable to respond to this
rapid speed in a 1:1 pattern, as the AV node is unable to conduct at such high rates
leading to varying atrioventricular (AV) block. Typically, alternate flutter beats will be
blocked, leading to a ventricular rate of half the atrial rate of approximately 240-250

bpm. The proposed underlying mechanism causing foetal atrial flutter is the re-
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entrant circuit causing premature atrial impulses (Archer and Manning, 2018;

Sharland, 2013, and Allan et al., 2009).

Figure 6.5 - M-mode demonstrating foetal atrial flutter with 2:1 AV block (Weber et al., 2011)

Fetal Heart Quantification (fetal HQ) and Speckle Tracking Echocardiography (STE)

Speckle tracking echocardiography (STE) was first introduced for adult cardiac
imagining in 2004 (Leitman et al., 2004). It is an advanced technique used to assess
cardiac function, particularly myocardial movement and deformation. This method
utilises specialised software to track “speckles” which are natural acoustic markers
within the myocardium, over a chosen timeframe (Cameli, 2022). Myocardial strain
refers to the amount of deformation observed as the myocardium contracts and
relaxes during each cardiac cycle, while strain rate measures the speed at which this
occurs (Geyer et al., 2010). Fetal HQ is a specialised software tool used in FE to
assess and quantify the size shape and function of the foetal heart using STE. The
Global Sphericity Index (GSI) is a measurement obtained via echocardiography that

evaluates how closely the heart resembles a sphere. It is calculated with the use of
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the fetal HQ software by determining the ratio of the hearts length to the width of the

epicardium. Fetal HQ assess cardiac function is via ventricular strain and strain rate.

With ongoing research and advances in foetal echocardiography there has been an
increasing interest in the use of STE for the evaluation of cardiac function and
deformation of the foetal myocardium (Simpson et al., 2018). Small size of the foetal
heart and the movement of the foetus makes assessment of foetal cardiac function
challenging (Van Oostrum et al., 2022). STE however has been found to be relatively
angle independent compared with conventional methods to assess foetal cardiac
function. Further, with its semi-automated technology, it has been found to have

good reliability and reproducibility (Germanakis and Gardiner, 2018).

Foetal tachyarrhythmia and Cardiac Function

Although usually well tolerated, in utero persistent or uncontrolled foetal tachycardia
can lead to haemodynamic compromise with a reduction in cardiac function due to
impaired ventricular filling, reduced contractility and venous congestion (weber et al.,
2011). Persistent tachyarrhythmia eventually leads to impaired diastolic filling and
reduced myocardial compliance. As a result, ventricular relaxation is compromised,
leading to elevated central venous and filling pressures. This increased cardiac
workload places significant stress on the foetal circulation and if left unmanaged can
progress to foetal heart failure. (Resnik et al., 2008). Ultimately, this could lead to
more serious complications such as reduced cardiac output and foetal hydrops
(Weber et al., 2011 and Yuan, 2019). Foetal hydrops is a consequence of high-
output cardiac failure and is characterised by the abnormal accumulation of fluid in at
least two or more foetal compartments. These include ascites, pleural effusion,

pericardial effusion, and skin oedema (Resnik et al., 2008). If left untreated,
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progressive fluid accumulation can compromise organ function and placental

perfusion, ultimately leading to intrauterine foetal demise (Dempsey et al., 2020).

The treatment goal for foetal arrhythmias is to prevent or reverse hydrops and
ventricular dysfunction, as well as to control the cardiac rhythm (Purkayastha et al.,
2022). However, management of foetal arrhythmia is complex, which can include
antiarrhythmic drug therapy, observation with no treatment, or delivery (Weber et al.,
2011). Each centre often has its own protocols. For continued assessment and
treatment observation, assessment of foetal cardiac function once the rhythm has
been successfully reverted into sinus rhythm is vital. There is currently a dearth of
information in relation to foetal cardiac function for foetuses found to have a
tachyarrhythmia that have been successfully reverted into sinus rhythm. M-mode
and Doppler techniques can be used; however, these have their limitations such as
foetal position, foetal movement and maternal habitus (Day et al., 2019). Though
foetal STE is becoming more recognised, it remains a relatively new technique (Day
et al., 2019) and is not routinely used in foetal cardiology clinics. However, due to its
ability to assess early sub-clinical changes in foetal heart deformation, it could be a
useful tool in assessing cardiac function in foetuses post arrhythmia. Several studies
have assessed the feasibility of foetal cardiac STE with good inter and intra observer
reproducibility (Crispi et al., 2012 and Maskatia et al., 2016). Fetal HQ software uses
STE to assess the size, shape and function of the foetal heart (GE HealthCare
2020). GSI is a simple measurement evaluates the shape of the foetal heart. The
GSI ratio is calculated by dividing the heart’'s basal-apical length by its transverse
width at end diastole. An abnormal GSI could precede changes in cardiac function
by detecting early morphological adaptions before functional abnormalities are seen

(DeVore. 2016). As it is known that uncontrolled or sustained foetal tachyarrhythmia
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can potentially cause significant morbidity and mortality due to cardiac dysfunction
(Abuhamad and Chaoui, 2022), these changes in cardiac morphology could provide
further information to aid in the management of these cases. The use of STE in the
context of foetal tachyarrhythmia may offer distinct advantages over conventional
functional imagining methods such as M-mode, Pulsed Doppler and MPI. Traditional
methods often lack sensitivity to detect subtle myocardial dysfunction before overt
clinical symptoms occur (Simpson, 2004; DeVore, 2005). STE also allows for a more
angle-independent analysis of cardiac function when compared to traditional
methods and therefore can help to overcome the highly variable foetal position
(Simpson et al., 2018; Ohira et al., 2020). This allows for more sensitive detection of
changes in cardiac function, which may persist even after arrhythmia resolution.
Additionally, STE is the only modality available to assess cardiac deformation. In
cases of foetal tachyarrhythmia, where cardiac function recovery may lag behind
electrical stabilisation, STE could provide a valuable tool to assess myocardial
function beyond what conventional imaging can detect. Reduced GLS in the foetal
heart could precede clinical indications such as atrio-ventricular valve regurgitation,
cardiac failure and hydrops. Given the limited existing literature addressing post
foetal tachyarrhythmia myocardial function, the use of STE for GSI and GLS could
provide a quantitative assessment of cardiac shape and function in this cohort and
addresses a knowledge gap by evaluating the potential of this modality to serve as

an additional diagnostic tool in post tachyarrhythmia surveillance.

6.2 - Aims and objectives

The primary aim of this case series is to evaluate the effectiveness of STE in

assessing foetal cardiac morphology and function in cases of foetal tachyarrhythmia.
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Specifically this study seeks to determine whether any structural or functional

changes persist after restoration of sinus rhythm in affected foetuses.

The null hypothesis states that STE will detect no significant changes in foetal
cardiac shape or function following the reversion to sinus rhythm in foetuses treated

for tachyarrhythmia.

The objective of this case series is to establish whether STE can serve as an
effective quantitative diagnostic tool for monitoring post-arrhythmic cardiac function,
potentially contributing to improved perinatal and postnatal management and

outcomes.

6.3 - Materials and Methods

The methods and materials underpinning the analysis presented in this chapter are
detailed in Chapter 3. This includes information on ethics, patient selection and
recruitment, instruments used, data acquisition and STE echocardiography
technique for the fetal HQ software. Information on data and statistical analysis is

detailed in chapter 3.7.
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6.4 - Results

Patient selection

Tachyarrhythmia Group

Seven women were recruited between February 2023 and August 2024 after
presenting at the university hospitals of Leicester antenatal foetal cardiology clinic
with foetal cardiac arrhythmia. GA at presentation was between 25" and 32*° weeks
with a mean gestational age of 31" weeks. Maternal age at the time of presentation
was between 22 years and 33 years with a mean age of 28.1 (SD 3.5 years SD)
years. Six of the seven women (85.7%) were White British with one woman (14.3%)
of Indian ethnicity.

On echocardiographic examination of the seven cases of foetal tachyarrhythmia, six
cases (85%) were confirmed as having a tachyarrhythmia with 1:1 AV conduction at
initial presentation, with one case (15%) presenting in atrial flutter at the first scan,
however one case also altered to atrial flutter on subsequent examinations. All cases
were found to have structurally normal heart with no indication of congenital heart
disease. Fifteen scans were performed from the seven participants recruited. Of the
15 scans performed 80% (n-12) were within the gestational age of 32" — 37 weeks

with 20% (n-3) with a gestational age from 26 weeks to 32 weeks.

Control Group

The control group is presented in detail in chapter 4. Seventy-two women were
recruited, resulting in one hundred and twenty studies obtained. Maternal age range
was between 18 to 43 years with a mean maternal age of 30.4 years (+ 6.3 years
SD). Of the seventy-two study participants recruited for the control group, 77.8% of
the Women recruited were White British (n 56) 9.7% were White Other (n 7), Indian
and Asian ethnicities each made up 5.6% (n 4) of the total study population, with
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1.3% (n 1) being classified as other ethnicity. For the purpose of this case series the
Control group used for comparison included GA 32*1-37 weeks gestation due to GA

at presentation of the tachyarrhythmia group.

Medication management

In 86% (n=6) of Cases presenting with tachyarrhythmia with 1:1 conduction
treatment with flecainide 100mg three times a day was initiated. In five of these six
cases flecainide was successfully restored the foetal heart rhythm to sinus rhythm,
as confirmed echocardiography. Medication remained unchanged in these five

cases and all cases maintained sinus rhythm until delivery.

In one case, flecainide was initially successful in restoring sinus rhythm. However,
throughout the pregnancy the foetus experienced recurrent episodes of
tachyarrhythmia, including atrial flutter as well as episodes of sinus rhythm.
Consequently, the patient was started on metoprolol in addition to flecainide. At time

of delivery, the foetal heart was in atrial flutter with a controlled heart rate of 180bpm.

Another case involved atrial flutter presenting at 29"® weeks GA. The patient was
started on metoprolol, but the condition proved resistant to metoprolol alone. As a
result, flecainide was introduced which lead to successful medical management with

the foetal heart remaining in sinus rhythm until delivery.
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Control group data

The control group raw data and Z-scores are presented in Table 6.1. This data was
obtained from a normal cohort between 32** and 36" weeks of gestation. The GSI
ranged from 1.1 to 1.3, LV GLS varied from -22.59 to -28.61 and RV GLS ranged
from -19.34 to -30.42. All Z-scores, except two, were within the normal range of -2 to
2, suggesting that observed variations were within expected norms. The range,
mean values and SD were calculated for the GSI and the LV and RV GLS for the
normal control group are also presented in table 6.1. Mean GSI was 1.18 (SD
+0.06), LV GLS mean value was -24.61 (x1.71) and the RV GLS mean value was

calculated at -25.54 (£2.60).
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Table 6.1 — GSI and GLS data and Z-scores in control foetuses between 32** and
36"2 weeks gestation

GA GSI Z-score LV GLS % Z-score RV GLS % Z-score
32+1 1.17 -0.35 -24.14 0.27 -28.39 -1.09
32+1 1.21 0.36 -21.37 1.89 -24.3 0.48
32+2 1.18 -0.17 -26.62 -1.17 -25.35 0.08
32+3 1.2 0.18 -22.35 1.31 -25 0.21
32+4 1.15 -0.7 -22.19 1.41 -27.61 -0.79
3245 1.1 -1.58 -22.55 1.2 -26.96 -0.54
32+6 1.17 -0.35 -25.28 -0.39 -27.08 -0.59
32+6 1.26 1.25 -25.42 -0.47 -22.36 1.23
33+0 1.13 -1.06 -25.74 -0.66 -23.51 0.78
3344 1.18 -0.17 -23.78 0.48 -26.75 -0.46
33+4 1.16 -0.53 -25.66 -0.61 -30.03 -1.72
3344 1.26 1.25 -23.77 0.49 -27.33 -0.68
34+0 1.3 1.96 -26.12 -0.88 -25.4 0.06
34+0 1.24 0.9 -23.35 0.73 -24.35 0.46
34+2 1.1 -1.59 -24.3 0.18 -28.11 -0.98
34+2 1.2 0.19 -26.55 -1.13 -25.99 -0.17
34+3 1.13 -1.06 -25.39 -0.45 -22.14 1.31
34+3 1.14 -0.89 -23.69 0.53 -19.34 2.39
34+6 1.26 1.25 -25.14 -0.31 -25.56 0
34+6 1.19 0 -26.2 -0.93 -28.22 -1.03
35+0 1.24 0.89 -23.31 0.76 -25.2 0.13
35+2 1.16 -0.53 -26.56 -1.13 -26.12 -0.22
35+3 1.15 -0.7 -23.31 0.76 -24.57 0.38
35+4 1.16 -0.53 -22.61 1.16 -24.54 0.39
35+6 1.1 -1.59 -28.36 -2.18 -29.28 -1.43
36+0 1.23 0.71 -26.7 -1.22 -30.42 -1.87
36+1 1.26 1.25 -24.01 0.35 -25.67 -0.05
36+2 1.22 0.54 -24.42 0.11 -21.33 1.62
36+2 1.29 1.79 -22.59 1.17 -23.01 0.98
36+2 1.15 -0.7 -26.8 -1.27 -22.54 1.16
Mean 1.18 -24.61 -25.54

SD 0.06 1.71 2.60

5% 1.09 -27.42 -29.82
95% 1.28 -21.80 -21.26
Range 1.1-1.3 -21.37 to -28.36 -19.34t0 -30.42

Control group GSI, LV GLS and RV GLS with corresponding Z-scores for foetuses between 32" and
36" weeks gestation. Z-scores were calculated based on normative data to assess deviation from the
mean. The control group demonstrated consistent values within the expected physiological range,

with mean GSI of 1.18 (SD 0.06), LV GLS of -24.61% (SD 1.71) and RV GLS of -25.54% (SD 2.60).
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Tachyarrhythmia data

The raw data and z scores for the tachyarrhythmia group is presented in Table 6.3.
15 studies were analysed from 7 patient’s ranging from 26 weeks to 36** weeks GA.
GSI, LV GLS and RV GLS were recorded. LV GLS ranged from 0.91 to 1.43, with a
mean of 1.16 (x 0.14). LV GLS was between -17.46% to -28.47% mean of -22.67%
(£3.35%) and RV GLS was between -16.10% to -28.44%, with a mean of -23.63% (x

3.45%).

GLS and GSI in tachyarrhythmia patients
Z-scores

Of the 15 scans performed 80% (n-12) were within the gestational age of 32** — 37

weeks with 20% (n-3) with a gestational age from 26 weeks to 32 weeks.

Z-scores were calculated for these 12 studies within the 32" — 36" weeks GA and
are presented in Table 6.2. Z-scores for GSI of this group were within the normal
range, with the exceptions of 3 studies. These Z-scores were from two patients. The
first showing Z-scores of -4.95 and -4.60, these Z-scores were from the same
subject (patient 5) over two different studies at 35> weeks and 362 weeks
respectively. These values were from one of the two subjects that had atrial flutter.
The second atrial flutter patient (patient 4) also showed a Z-score outside of the

normal range, at +2.13.

Z-scores for LV GLS revealed that three participants resulting in five of the twelve
measurements obtained (42%) showed Z-scores outside of the normal range (2.50

to 4.16).

RV GLS showed that all participants with the exception of one fell within the normal

range of Z-scores for RV GLS. This one patient with Z-score outside of the normal
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range (2.67) was also one of the two patients that had been diagnosed as having

atrial flutter.

The data and Z-scores of the remaining three cases outside of the gestational age
group 32**— 36" weeks can also be seen in table 6.3. Two of the three studies were
from the same foetus (case 2) with GA of 26™ weeks and 32" weeks.
Measurements obtained for this study showed GSI Z-score at 26*° weeks of 0.57. At
32"% weeks the GSI Z-score was outside of the normal range at 2.31. The LV GLS Z-
scores in both cases were within the normal range at -2.0 and -1.38 respectively.
The RV GLS at 26™ weeks was outside of the normal range with a Z-score of 2.49,
at 32 weeks the Z-score was within the normal range at 0.39. The final case was
from case 4 which were being treated for atrial flutter; in this case all Z-scores were

outside of the normal range for GSI and GLS of the LV and RV.
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Table 6.2 — GSI and GLS raw data for all tachyarrhythmia patients from GA 26

weeks to 36" weeks, including Z-scores

Patient Gestational GSI | GSI LVGLS | LVGLS | RVGLS RV GLS
age (weeks) Z-score (%) Z-score | (%) Z-score
1 34+2 1.10 -1.59 | -17.46 4.16 -23.25 0.88
34+5 1.13 -1.06 | -19.89 2.75 -23.15 0.92
2 26+0 1.27 0.57 | -28.18 -2.0 -19.24 2.49
32+0 1.40 2.31 | -28.47 -1.38 -25.14 0.39
3 35+6 1.16 -0.53 | -22.71 1.10 -28.42 -1.10
36+4 1.15 -0.70 | -21.56 1.77 -23.67 0.72
4 - Flutter | 2945 1.43 2.63 | -18.99 3.11 -16.10 2.68
34+2 1.31 2.13 | -20.11 2.62 -18.59 2.67
5 — Flutter | 34+2 1.13 -1.06 | -25.37 -0.44 -28.44 -1.11
35+2 0.91 -4.96 | -24.38 0.13 -22.53 1.16
36+2 0.93 -4.60 | -25.32 -0.41 -25.26 0.11
6 33+4 1.13 -1.06 | -20.31 2.50 -26.49 -0.36
35+1 1.14 -0.88 | -19.53 2.95 -24.84 0.27
7 34+1 1.13 -1.06 | -23.04 0.91 -24.16 0.53
35+3 1.13 -1.06 | -24.68 -0.04 -25.23 0.12
Mean 1.16 -22.67 -23.63
SD 0.14 3.35 3.45

GSI, LV and RV GLS, and corresponding Z-scores for foetuses with tachyarrhythmia, grouped by
patient and gestational age (26+O to 36™ weeks). Two foetuses diagnosed with atrial flutter are
highlighted separately due to the differing rhythm characteristics. Z-scores were calculated relative to
normative data derived from the control cohort (table 6.1). Mean and SD values are provided for each

parameter across the tachyarrhythmia group.
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Comparative analysis between tachyarrhythmia and control group

The mean values and SD were calculated for the 12 tachyarrhythmia studies
conducted within the gestational age range 32*' — 36" weeks. The results indicate
that the mean values for GSI, LV GLS and RV GLS were lower in the
tachyarrhythmia group compared to the control group. A statistically significant
difference was observed in GSI between the tachyarrhythmia and the control group,
with a P-value <0.01 and an effect size of r = 0.45, indicating a small to medium
effect. Similarly, LV GLS showed a statistically significant difference between the two
groups, with a P-value of <0.01 and an effect size of r = 0.43, also suggesting a
small to medium effect. However, no statistically significant difference was found
between the groups for RV GLS (P value > 0.05). Detailed results are presented in

figures 6.6 and 6.7 and Table 6.3.

Comparison of mean GSl values between tachyarrhythmia
and control groups
(32*1 to 36*2 weeks) GA

GSI VALUES

Tachyarrhythmia Control

GSI GSI

Figure 6.6 — bar chart comparing mean GSI values between the tachyarrhythmia and control groups
within the 32" to 36" weeks GA group. A reduction in mean GSI was observed in the

tachyarrhythmia group compared to the control.
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Comparison of mean LV and RV GLS values between
Tachyarrhythmia and Control groups
(32*1 to 36*2 weeks GA)

-20
LV GIIS (%)
21

-22

-23

GLS VALUES %

-24

-25

-26

RV G

S (%)

O Control

OTachyarrhythmia

Figure 6.7 — Grouped bar chart comparing the mean LV and RV GLS in the tachyarrhythmia and

control groups. Mean LV GLS was reduced in the tachyarrhythmia group compared to the control. RV

did not show a significant difference in mean RV GLS.

Table 6.3 —Statistical analysis for tachyarrhythmia group compared to the control at

321 36" weeks GA.

P-value Effect size
(r)
GSI <0.01 0.45
LV GLS (%) <0.01 0.43
RV GLS (%) 0.26 0.17

Table shows the mean and SD calculated for the tachyarrhythmia and the control group of the 12

studies analysed within the 32*" to 37 weeks GA group. P values and effect sizes were calculated to

compare the two groups
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6.5 - Discussion
This case series aimed to evaluate the use of STE to assess foetal cardiac shape

and function following the resolution of foetal tachyarrhythmia. While traditional
echocardiographic techniques such as M-mode and Doppler can assess heart rate
and rhythm, they lack the ability to detect subtle myocardial dysfunction. STE by
contrast, offers the ability to measure myocardial strain and evaluate both global and
regional ventricular function, even in the absence of overt structural abnormality
(Simpson et al.,, 2018; Johnson et al.,, 2019). This is particularly relevant in
tachyarrhythmia cases, where foetal cardiac function may be compromised during or

after tachyarrhythmia, even if sinus rhythm is restored.

The rationale for using STE in this context lies in its ability to detect sensitive
subclinical changes. Tachyarrhythmia particularly those sustained over time, can
lead to alterations in loading conditions, myocardial energetics and cardiac
remodelling (Hutha, 2004; Crispi and Gratacos, 2012). Conventional imaging
methods may not reliably quantify these changes, especially when ventricular
dimensions appear within normal range. In this study both GSI and LV GLS were
significantly reduced in the tachyarrhythmia group compared to the controls,
indicating there was altered myocardial geometry and function, despite the

restoration to normal sinus rhythm.

The study included seven cases of tachyarrhythmia, resulting in 15 assessments. In
all cases, sinus rhythm was restored during pregnancy, though at varying gestational
stages. STE assessments were conducted at the points when the foetal heart had

reverted to sinus rhythm.

Currently, there is a lack of research specifically investigating the use of STE in this

patient cohort. However, it is well established that uncontrolled or persistent foetal
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cardiac tachyarrhythmia increases the risk of foetal mortality and morbidity (Avari
and Rhee, 2006; Resnik et al., 2008; Purkayastha et al., 2022). Tachyarrhythmia in
foetuses who are hydronic may be more difficult to medically manage and may not
respond as well to treatments initiated (Simpson et al., 1997), as absorption of drugs

through the placenta at this stage may become unreliable (Purkayastha et al., 2022).

Within the seven cases being investigated, echocardiographic examination revealed
five cases of SVT and two cases of atrial flutter were observed. Notably, atrial flutter
cases were more challenging to manage, as they were associated with frequent
episodes of breakthrough arrhythmia, making management and rhythm stabilisation

more complex.

STE analysis

None of the tachyarrhythmia cases demonstrated any signs of foetal cardiac failure

or developed foetal hydrops.

The analysis of the STE data in foetal tachyarrhythmia cases within the 32" — 37
weeks gestation revealed statistically significant differences in GSI and LV GLS

compared to the controls, with a small to medium effect size noted in both cases.

Notably, GSI values were significantly lower in tachyarrhythmia cases, indicating
altered myocardial contractility and potential cardiac remodelling. In cases of atrial
flutter, GSI values were markedly reduced below 1.1, suggesting a shift in cardiac
geometry from an elliptical shape to a more spheroidal shape. This may indicate
persistent geometric cardiac remodelling due to prolonged exposure to high atrial
rates and progression toward cardiac failure (Li et al., 2024; Crispi et al., 2015;

Sehgal et al.,, 2016). Whether these foetuses exhibited 1:1 conduction or variable
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block is clinically relevant, as the latter is likely to have led to lower effective cardiac
output and greater haemodynamic compromise (Bravo-Valenzuela et al., 2018).
Unfortunately, precise conduction ratios were not consistently documented in all
cases, which limits the ability to directly correlate conduction pattern with the severity

of the parameter changes.

A key observation was that LV GLS values were notably reduced in 40% (n=6) of
tachyarrhythmia cases, including cases of atrial flutter, with Z-scores falling outside
of the normal range. These reduced LV GLS values suggest a decline in LV
myocardial function. Due to the association of reduced GSI and reduced LV GLS in
the cases of atrial flutter, this could suggest a more severe impact on cardiac

function with this type of arrhythmia.

Interestingly abnormal LV GLS measurements obtained from studies that had initially
illustrated reduced LV GLS demonstrated improved LV GLS the longer they
remained in sinus rhythm, with values and Z-scores returning to the normal range.
This Suggests that cardiac dysfunction improves once the arrhythmia has been
controlled, aligning with previous literature indicating that persistent arrhythmias
have the potential to develop cardiac failure and potential foetal hydrops
(Purkayastha et al., 2022). Early intervention of these cases may facilitate
myocardial recovery. However, in this cohort, while treatment timing was recorded,
the exact duration of the arrhythmia and the time between conversion and FE were
not consistently available. This produces a potential cofounder, as STE may
underestimate the full extent of dysfunction if recovery has begun by the time of
imaging. Further protocols should consider standardising post-conversion imaging

intervals to improve comparability.

161



While a reduction in LV GLS was evident in multiple cases. RV GLS did not show
statistically significant differences between the tachyarrhythmia groups and the
control groups. However, one case of atrial flutter demonstrated an abnormally
reduced RV GLS Z-score suggesting potential RV dysfunction. This finding could
indicate that tachyarrhythmia may have a more pronounced impact on the left
ventricle, possibly due to difference in embryological development or myocardial

fibre orientation.

It is also important to consider whether treatment modality may have influenced the
findings. Different antiarrhythmic agents have varying pharmacological effects on
myocardial function (King et al., 2024). For example, digoxin primarily slows
conduction without direct negative inotropy, whereas flecainide and sotalol may have
a more pronounced myocardial effects (Cuneo et al., 2017). In this case series
treatment type varied across cases, and it is possible that observed strain
differences were influenced in part by medication exposure or timing of
administration. Larger studies would be required to assess the impact of these

pharmacological effects.

The results of STE analysis for the foetal hearts being treated for atrial flutter
illustrated abnormal changes in both cases. With both cases showing a reduction in
GSI, and one case additionally indicating a reduction in LV and RV GLS. Importantly
STE analysis identified functional myocardial changes before onset of overt clinical
signs of foetal cardiac failure or hydrops, reinforcing the role of STE as a valuable
tool for early detection of foetal cardiac compromise. While promising these findings
should be interpreted with caution due to sample size limitations and potential
variation in medication management and duration of tachyarrhythmia. Nonetheless,

this case series highlights the potential role of STE as a sensitive too for assessing
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functional recovery after tachyarrhythmia and may guide therapeutic decision-
making and optimise outcomes. The association between atrial flutter and more
pronounced reductions in GSI and LV GLS suggest that flutter may impose a greater
burden on the foetal heart than SVT. Further studies are needed to explore medical

management based on arrhythmia subtype.

6.6 - Limitations

This case series involved a small cohort of only seven arrhythmia patients. Although
statistically significant differences were observed in GSI and LV GLS between
groups, the limited sample size reduces the statistical power of the findings and
limits generalisability. The small number of cases also precluded meaningful
subgroup analysis to determine whether specific arrhythmia types such as atrial

flutter, differentially impact ventricular function or cardiac geometry.

Moreover, variability in the timing of the FE assessment following conversion back to
sinus rhythm may have influenced the observed myocardial recovery, as it is known
that cardiac function may begin to normalise rapidly after reversion to sinus rhythm
(Krapp et al., 2002), without the standardisation of imaging intervals, foetal cardiac
dysfunction immediately post reversion into sinus rhythm may have been
underestimated or missed altogether. These factors may compromise the reliability

and consistency of the observations.

Future studies should aim to address these limitations by recruiting larger cohort
numbers, standardising scan timing post tachyarrhythmia and further investigation of
the mechanism of the foetal tachyarrhythmia such as atrial flutter to identify an
impact on the GSI or the ventricular GLS. Further studies are needed with robust

statistical analysis to prove the statistical significance or not in this cohort of patients.
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It would be beneficial to include postnatal STE in future research to determine
whether there is a link with abnormal GSI or ventricular GLS and persistent
tachyarrhythmia in the postnatal period. This would help to establish the clinical utility

of foetal STE as a tool for post tachyarrhythmia cardiac surveillance.

6.7 - Conclusion

Foetal tachyarrhythmia significantly alters myocardial function, as evidenced by
reduced GSI and LV GLS values. These findings suggest STE may serve as a
critical tool for early detection of myocardial dysfunction before overt cardiac failure
or hydrops develop. However, further research needs to be conducted in order to
obtain a larger cohort of tachyarrhythmia patients to identify whether the mechanism
of the foetal tachyarrhythmia the timing of the FE post reversion to sinus rhythm or
the treatment process has a bearing on the foetal heart shape and function. Further
studies are required to look at any abnormal changes in GSI and GLS to permit a

robust statistical analysis.
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Chapter 7 - Final discussion and future work
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This study assessed the feasibility, reliability and reproducibility of STE in the
evaluation of foetal cardiac function, specifically focussing on GSI and GLS
measurements. The results demonstrated high reproducibility with good consistency
in GSI and LV GLS. There was some variability in RV GLS, which could be due to
the morphology of the RV. Intra- and inter-observer variability for STE, GSI and GLS
parameters were assessed and demonstrated high reproducibility as detailed within
chapter 4. This supports the methodological robustness of these markers within the

routine clinical setting.

A key finding was the relationship between GA and LV and RV GLS, aligning with
previous studies suggesting lower GLS values at higher GA (Huntley et al., 2021,
Ohira et al., 2020). However, there was a stronger statistically significant correlation
observed between the RV GLS and GA. This supports the notation that foetal
myocardial function adapts throughout gestation (Godfrey et al., 2012). There was a
statistically significant difference noted between LV and RV GLS with RV GLS
values higher compared to the LV. This could be due to ongoing structural and
functional maturation of the foetal myocardium and may reflect the differences in
chamber compliance and load conditions between the LV and RV, which gradually
equalise as gestation progresses (Dominguez-Gallardo et al., 2022; Zhu et al.,

2023).

The advantage of STE over other methods of foetal cardiac functional assessment is
the requirement of just a four-chamber view of the foetal heart. The acquisition of an
adequate four-chamber view at as higher framerate as possible is within the normal
guidelines for foetal echocardiography, with image optimisation always playing a key
role in foetal echocardiography (BCCA, 2021; NHS England, 2024; Carvalho et al.,

2023). Therefore, there is no need for any additional views to be obtained during the
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routine foetal cardiac examination in order to obtain foetal STE analysis. Advances in
ultrasound technology and transducers has improved the quality of 2D foetal
echocardiography and advanced training of foetal cardiac sonographers’ aids in the
adequate identification of the endocardial borders of the left and right ventricles

increasing the accuracy of the STE analysis for GSI measurements.

STE and disproportion

The diagnostic utility of STE lies in its ability to detect early functional myocardial
changes that may precede anatomical changes. In ventricular disproportion,
Underlying pathophysiological processes include altered ventricular loading
conditions and pressure overload, due to obstructions such as CoA (Simpson et al.,
2018). This pressure overload could lead to compensatory myocardial remodelling
(Soveral et al., 2020), and reduced longitudinal strain. This study explored the role of
foetal heart shape and function in cases of ventricular disproportion in the detection
of an obstructive lesion. STE could potentially quantify the subclinical changes in
cardiac shape and myocardial function seen in anomalies such as CoA, therefore
offering prognostic insight beyond the capabilities of conventional foetal functional
assessment (DeVore et al., 2021; Liu et al.,, 2022). Integrating STE findings with
clinical context could enhance both diagnostic and prognostic planning in foetal
cardiology. Previous research evaluating the use of STE in cases of ventricular
disproportion have shown conflicting results, some studies have reported reduced
RV GLS as well as reduced LV GLS and GSI (Germanakis et al., 2012). However
earlier studies were limited by small cohort numbers, often only including two or
three cases of CoA cases (Germanakis et al., 2012; Willruth et al., 2012). More
recent research involved much larger cohort sizes (DeVore et al., 2021; Liu et al.,

2022; Miranda et al., 2017) reinforcing the diagnostic potential of STE.
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Despite advances in FE, diagnosing CoA in utero remains challenging due to high
false positive rates (30%-80%), which can contribute to parental anxiety (Buyens et
al., 2012; Lloyd et al., 2021). In this study 53% of cases suspected of obstruction
were false positives, highlighting the difficulty in diagnosing CoA based on FE alone.
However, in this study those with a confirmed obstructive lesion revealed
significantly reduced GSI and LV GLS values compared to controls, aligning with

previous research (DeVore et al., 2021; Miranda et al., 2017).

Statistical analysis demonstrated lower myocardial deformation in foetuses with
ventricular disproportion, as reflected by reduced LV GLS values, regardless of
confirmed obstruction. However, no significant differences were observed in RV GLS
between the disproportion groups, the confirmed lesion group, and the controls. This
finding is consistent with Liu et al. (2022) and Miranda et al. (2017), but in contrast to
DeVore et al. (2021), where significant differences were found in RV GLS. These
discrepancies may be due to variations in imaging techniques, ultrasound machines

or software.

STE and tachyarrhythmia.

This study investigated the impact of tachyarrhythmia, including atrial flutter on
myocardial function with the use of STE. The results provided evidence that foetal
tachyarrhythmia may lead to significant alterations in myocardial mechanics, as
demonstrated by reductions in GSI and LV GLS compared to gestational age
matched controls. This may be due to the fact that in tachyarrhythmia, the sustained
abnormal rhythm alters diastolic filling and myocardial perfusion, contributing to
impaired ventricular relaxation and contractility. The observed reduction in GSI and

GLS strain values could reflect these physiological changes, supporting the use of
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STE as a potential early marker of dysfunction (Avari and Rhee, 2006; Purkayastha
et al., 2022). It is known that persistent tachyarrhythmia can lead to foetal cardiac
failure, foetal hydrops and ultimately intrauterine foetal demise (Avari and Rhee,
2006; Hu et al., 2023; Purkayastha et al., 2022). This case studies findings
reinforced the potential use for STE as an early marker of foetal cardiac remodelling
and myocardial dysfunction, even before overt clinical signs such as hydrops
develop. The case series also suggested that foetuses who maintained sinus rhythm
for longer durations after a tachyarrhythmia demonstrated improved LV GLS values.
Incorporating STE into routine foetal echocardiographic assessments for foetal

tachyarrhythmia could allow earlier risk stratification and targeted management.

While several findings reached statistical significance, particularly in LV GLS and
GSI between both the subgroups compared to the controls, it is important to consider
whether these differences are clinically meaningful, for example although RV GLS
did not differ significantly between groups, this may not preclude clinical relevance in
individual cases, especially when the complex morphology of the right ventricle is

taken into consideration.

Study Aim

This study successfully achieved its primary aim of evaluating the feasibility,
reproducibility and potential clinical utility of STE in routine foetal cardiac
assessment. The exploration of STE’s utility in cases of disproportion and foetal
tachyarrhythmia provided insight into how STE can detect subclinical myocardial
dysfunction in these cases before any overt clinical sign. However there were

limitations particularly with relation to small subgroup sizes, particularly in the
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tachyarrhythmia cohort, and lack of postnatal correlation data. These limitations may

impact the generalisability and reliability of conclusions.

Future work

These results suggest that incorporating STE into routine foetal cardiac assessment
is feasible, reproducible and reliable and may aid in the detection of an obstructive
lesion in cases of disproportion by adding an additional functional marker to the
foetal echocardiogram. Additionally STE may aid be a useful tool in the management
of foetal tachyarrhythmia by assessing subclinical dysfunction of the foetal heart

before overt clinic indicators or foetal hydrops are observed.

While statistically significant differences were identified in key outcomes (LV GLS
and GSI), it is important to differentiate statistical from clinical significance. A
statically significant result indicates that there is a low probability that the findings
observed did not occur by chance, but this does not imply clinical relevance. For
example the observed GSI difference between the disproportion and the arrhythmia
groups compared to the mean reached statistical significance (p <0.01), but whether
this difference represents a meaningful alteration in cardiac geometry with clinical

implications still remains uncertain.

A formal power calculation was conducted prior to data analysis (detailed in chapter
3). This was derived from a previous study assessing GLS in postnatal cases of
CoA. While the target was met for the normal cohort (chapter 4), the arrhythmia and
disproportion subgroups did not achieve the required sample size. These subgroup
findings should therefore be interpreted with caution. Nevertheless, due to the small

sample sizes effect size was reported in these cases to support interpretation of the
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magnitude of observed changes and to contextualise the findings beyond p-values

alone.

Future work should include multicentre studies with larger prospective cohort
numbers, with postnatal follow-up for arrhythmia cases using comparable STE
protocols. These larger studies will improve reference ranges and normal values and
will be essential to validate these initial findings and refine clinical application of STE
in foetal cardiology. Further studies are needed with robust statistical analysis to
prove the statistical significance or not in the tachyarrhythmia cohort of patients.
Incorporating the training of foetal HQ into foetal cardiology could aid in its use and

further refine diagnostic thresholds.

The findings of this study will be disseminated through clinical education, foetal
cardiology MDT meets, and future peer-reviewed publications. The ultimate goal is to
improve prenatal diagnosis and management of congenital heart disease, enhance
parental counselling and to in due course contribute to improved neo-natal
outcomes. Over time the broader implementation of STE could potentially help to
reduce unnecessary interventions in cases such as ventricular disproportion, in turn
this could minimise healthcare costs and improve long-term cardiac outcomes

(DeVore et al., 2021; Liu et al., 2022)
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Appendices

Appendix 1 - Voluson, fetal HQ Quick Guide

fetalHQ Quick Guide
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Appendix 2 - GE Healthcare Voluson fetal HQ Consensus Guidelines

Voluson™ fetalHQ Consensus Guidelines

Conduct an easy and comprehensive evaluation of the size, shape and contractility of the fetal heart
from the 4-chamber view using measurements based on 2D imaging and speckle tracking. fetalHQ contains
an in-depth report page including z-scores and percentiles for each of the cardiac measurements. These
consensus guidelines can provide steps to optimize your fetalHQ exams.

ACQUISITION OF AN IDEAL 4-CHAMBER VIEW OBTAIN GLOBAL SPHERICITY INDEX -
FOR fetalHQ SIZE AND SHAPE

Septal Orientation

+ Choose Fetal Cardiac Preset -
Harmanic mid or low, narrow
angle, low depth

+ Frame rate: min. 80 Hz"

+ Heartlocated centrally
within the image

+ Orientation:

- Septum horizontal, 30r &
diclock position, upto 45"
from horizontal -
orientations marked in

Image of normal size and

shape results

+ Size: 4CV-Length,
4CV-Width, Area

+ Shape: GSI (Global Sphericity

Optimal 4-chamberview from  B-Plane atthe desired level
225 week fetus blue line should be between
the two papillary muscles of

green are preferred the left ventricle, and just off
~ Scan between theribs, Leftventrine ooy, centerto the papillary muscle
musclz should notbe it
noribshadowvisible of the right ventricle at the

canbavisblo durrg zystio,
o e Go to end diastolicimage (1% image where AVvalves are closed)

+ Set 4CV-Length: Epicardium (apex), L abnormal size
ifnesdad For Strain Anslyzis of tha antira cardisc cyds, + Obtain recording in absence offetal corporal and respiratory and left atrium, outside the atrial septum) and shape dueto aortic stenosis.
fromarates > 100 H ara racommandad. movements

+ Set&CV-Width: diameter, septum

+ Consider asking mother to hold her breath
id i acquisition,

+ Save 2-3 seconds clip lapproximately 3-5 cardiac cycles)
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VENTRICULAR ANALYSIS FOR CONTRACTILITY

STEP 1 | DEFINE ORIENTATION STEP 2 | SELECT ONE CARDIAC CYCLE

Orientation acceptable

Orientation not acceptable - fiip
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M-Made trace}; ifvisible, 1* image after AV-valves closed

M-Mode not acceptable

& DrawM-Mode line from apex through

the lateral base of the right ventricle OniM Moda trecing s o s o diftivg 2. Selectend diastole to mark end of selected cycle.
+ Left ventricle should be on the left, if apexis up - Left ventricle pi anulus), Ko 3
« Ifnat, flip function on touch panel pos ; ifvisible, V-valy
STEP 3 | DEFINE LEFT VENTRICULAR END-SYSTOLIC STEP 4 | DEFINE LEFT VENTRICULAR STEP 5 | DEFINE RIGHT VENTRICULAR END-SYSTOLIC STEP 6 | DEFINE RIGHT VENTRICULAR
ENDOCARDIAL TRACING END-DIASTOLIC TRACING ENDOCARDIAL TRACING END-DIASTOLIC TRACING
Adjusttracing Adjusttracing
if needed: ifneeded:
1. Adjust red 1. Adjust red
anchor points anchor
first points first
2. Finetune on 2. Fine tune on
blue dots blue dots.

Tracing shoukd be placed on the
‘endocardial border.

1 Septal mitral valve insertion
2. Lateral mitral valve insertion
3 Apex

Tracing should be placed on the
endocardial border

1 Septaltricuspid valve insertion
Adjust red dots if needed (contour should 2. Lateral tricuspid valve insertion
follow endocardial border) o

Adjust red dots ifneeded (contour should
follow endocardial borderk

Papillary Musclo shouid be inside the contour.
Modarator Band Gfvisiblo) shod bainside contour.

L T A

R R R A N A I I R A I A I R R S I R P W P A I AR R I AR A I A A S R S RSP R S A I S S I SR R T A I A R S A R R R B R N R R R R PR R T

fetalHQ REPORT AND RESULTS

+ Size - End Diastolic Diameter (ED)

+ Shape - Sphericity Index (i) ventricular length/
end diastolic diameters

+ Contractiity - Fractional Shortening (FS):
(end-diastolic diameter-end-systolic diameter)/
end-diastolic diameter x 100

Advanced Report Global Analysis

+ Size: ACV-Length, 4CV-Width, Area Baad on 24 sagment analysis forright
and ket veatrick,
+ Shape: GS (4CV-Length/4CV-Width)
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Appendix 3 - Quick Guide for the use of fetal HQ.

Fetal HQ Image acquisition and data collection quick guide

Obtain and store a 4- chamber heart clip

e Choose fetal cardiac pre-set

e Include mitral/tricuspid valve insertions, clear view of apex, NOT in apical view for optimal view

of endocardium.

e Frame rate 280Hz For strain analysis of the entire cardiac cycle frame rate >100Hz are

recommended
e Heart located centrally within the image
e Septum horizontal, 3 or 9 o’clock position.
e Obtain in-between ribs to avoid shadows.
e 2-3second clip
o Minimal fetal movement.

e Heart should be orientated with left ventricle and right ventricle in a clockwise position. Flip

image if necessary.

Figure 1

preferred

Septum horizontal, 3 or 9
o’clock position, up to £45°
from horizontal orientations
marked in green are

Accepted Orientation

Left ventricle: papillary muscles should not be visible
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Flipping does not
affect any
measurement data.

Orientation not acceptable — image can be flipped




Right ventricle: Papillary muscle can be visible during systole, moderate band can be visible.

e Recording should be obtained in the absence of fetal corporal Consider asking mother

and respiratory movements. o Folld e esh
e Avoid arrhythmia during the acquisition. if necessary.

Optimal 4-chamber
view from 25 week fetus

Global Sphericity Index Measurement (GSI)

Provides information as to the size and shape of the entire fetal heart

e Recall the clip and scroll to the end diastole frame.

e Select Calc key, then FetalHQ from the touch panel

e Select Global Size and Shape Study and measure the length and width of the heart,
epicardrdium to epicardium in end diastole.

e Set 4CV-length: epicardium(apex), parallel to the ventricular septum to epicardium (between
right and left atrium, outside of atrial septum)

e Set 4CV-width: Epicardium to epicardium on the widest diameter, perpendicular to the
septum.

Apex BASE

Image shows fetal heart in end diastole where

the AV valves are closed. 4CV is measured
from epicardium to epicardium in length and
width.
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Ventricular analysis for contractility
Step 1. — Define orientation

Left ventricle should be on the left if apex is up — left ventricle should be clockwise before the right
ventricle. If not, then the image needs to be flipped using the function on the touch panel.

Image shows four chamber view
with left ventricle in clockwise
position before the right ventricle.

Acceptable orientation can be
seen in acquisition section at the
beginning of this paper.

® Flip Image

Step 2. — Select one cardiac cycle

Draw M-mode line from apex through the lateral base of the right ventricle (TV annulus)

On M-mode tracing,
ensure there is no drifting

(due to fetal movement or

maternal breathing)

M-mode not acceptable

1. Select end diastole (mid-portion of the lower annulus position on M-mode trace); If visible,
1* image after AV-valves closed.

2. Select end diastole to mark end of selected cycle

3. Select end systole between the 2™ diastole markers (highest annulus position on M-mode
trace)
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Choose Left or Right Ventricle to begin analysis.

Step 3, Define Left Ventricular end —systolic endocardial tracing

Adjust tracing if
needed:

1. Adjust red anchor
points first

2. Fine tune on

blue dots

Tracing should be placed on the endocardial border.
1. Septal mitral valve insertion

2. Lateral mitral valve insertion

3. Apex

Once all 3 are selected, trace line will appear along the endocardium.

Step 4 - Define Left Ventricular end —systolic endocardial tracing

A proposed trace of the
endocardium in ED will appear.

Confirm tracing or adjust dots as
needed to meet endocardium.
Once tracing is confirmed, select
Accept on touch panel to
complete.

Step 5 — Define the right ventricle — using the same principles as above
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Papillary Muscle should be
inside the contour.

Moderator Band (if visible)
should be inside contour.

TRACE TIPS

Play or scroll the cine for each phase as needed to help recognize location
of endocardium, valve insertions, etc.

For the right ventricle, ensure moderator band is inside the trace line
(included in trace).

Ensure modifications are done on yellow trace lines — blue trace lines
indicate the cine frame is out of phase of the ED frame and will alter the
results.

Goal of fetalHQ is to have a good contour detection to outline the endocardium in ES and ED. Framerates < 100 Hz are
considered acceptable because ES & ED tracings are adjusted manually if needed. For Strain Analysis of the entire
cardiac cycle, framerates > 100 Hz are recommended.
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