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Summary
Introduction: Functional echocardiography is a rapidly expanding field in both research
and clinical settings. Newer techniques facilitate comprehensive and objective
assessments of myocardial performance not previously possible. Although work has been
done to assess feasibility and obtain reference values for several new modalities in
normal term and preterm infants, data is still lacking in several important disease states.

Objectives: We aim to study the impact of several important conditions on neonatal
myocardial function over the transitional period. We hypothesise that myocardial function
is impaired in certain conditions and that novel echocardiography techniques could
improve our ability to characterise disease severity and predict important outcomes.

Methods: We recruited several cohorts of infants including: control preterm and term
infants; preterm infants with haemodynamically significant ductus arteriosus and chronic
lung disease; infants with hypoxic ischemic encephalopathy; monochorionic diamniotic
twins with twin to twin transfusion; and infants with Down syndrome with structurally
normal hearts. We performed three echocardiograms on Day 1 (6-12 hours), Day 2 (3648 hours) and Day 5 – 7. We compared our results in disease patient cohorts with a
cohort of healthy preterm and term infants.

Results: We have characterised myocardial performance in: preterm infants with and
without disease; healthy term infants; infants with hypoxic ischemic encephalopathy;
monochorionic diamniotic twins with and without twin to twin transfusion syndrome; and
infants with Down syndrome with structurally normal hearts. We have demonstrated
changes in haemodynamic status and cardiac function in these conditions and provided a
rationale for these changes, in addition to exploring markers of outcome predication.

Conclusion: Several important neonatal conditions affect myocardial performance during
the transitional period. An improved understanding of cardiac function can aid in our
ability to predict outcome and monitor disease. In the future, functional echocardiography
may act to guide intervention and improve our management of these patients.
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CHAPTER 1
Introduction
1.1 Preamble
Advances in functional echocardiography have led to recent improvements
in our ability to assess the neonatal heart. As a result, the use of functional
echocardiography in the neonatal population has increased globally (Evans et al.,
2011, Mertens et al., 2011). Research has highlighted its merits in the clinical
setting including its use in preterm infants (Jain et al., 2012, Kluckow et al., 2014,
Moenkemeyer and Patel, 2014, Czernik et al., 2014). It can be of benefit when
making clinical decisions on sick infants by helping us to identify cardiovascular
compromise (Sehgal and McNamara, 2008) and potentially improving short term
outcomes (O'Rourke et al., 2008). Functional echocardiography is being utilised in
the adult (Larsen et al., 2018), paediatric (Cheung et al., 2011), and more
recently, the neonatal population (Moenkemeyer and Patel, 2014, Czernik et al.,
2014).
A number of factors affect myocardial function in early neonatal life.
Premature infants have a smaller percentage of myocardial contractile mass when
compared to children and adults (Friedman, 1972). They must also cope with the
major challenges associated with transition from a fetal to ex-utero environment
where significant changes in loading conditions can compromise myocardial
performance (Haworth, 1988). This transition is well tolerated in healthy term
babies, but can be problematic in preterm infants and term infants with disease
(Kluckow, 2005).
Monitoring the cardiovascular status of these infants remains a challenge
due to the insensitivity of clinical indicators in defining systemic perfusion
(Alagarsamy et al., 2005). Other markers of perfusion such as blood pressure and
capillary refill time do not always correlate with true end organ perfusion
(Alagarsamy et al., 2005, Ambalavanan and Whyte, 2003). The threshold for
hypotension in preterm infants was founded on a non-evidence based suggestion
that mean blood pressure (MBP) should correlate with gestational age. It is also
important to recognise that organ perfusion is more dependent on blood flow

27

rather than pressure (Evans et al., 2006). Using functional echocardiography in
conjunction with standard physiological parameters can produce a more accurate
assessment of patient’s haemodynamic status (Jain et al., 2012) including
recognition of cardiac dysfunction, assessing loading conditions and
understanding the physiological mechanism behind this adaptive response. A
better understanding of cardiac pathophysiology can lead to a more targeted
approach to management using volume expansion and inotropic agents (James et
al., 2014a).
The goal of functional echocardiography is to provide a real time
physiological feed-back on a patient’s cardiac performance and haemodynamic
status (El-Khuffash and McNamara, 2011). It incorporates the use of several more
recent echocardiography modalities, as well as traditional methods of
measurement including: shortening fraction (SF); ejection fraction (EF) and mean
velocity of circumferential fractional shortening (mVCFc). More novel assessment
techniques include: tissue Doppler imaging (TDI) velocities; myocardial strain and
strain rate imaging measured using TDI and speckle tracking echocardiography
(STE); rotational mechanics; as well as specific markers of right ventricular (RV)
performance such as fractional area contraction (FAC) and tricuspid annular plane
systolic excursion (TAPSE). These newer methods provide a more detailed and
accurate assessment of cardiac performance than traditional methods by
themselves (Sehgal and McNamara, 2008, O'Rourke et al., 2008).
Our research group has previously assessed the feasibility and reliability of
using these novel techniques in a cohort of healthy preterm infants less than 29
weeks gestation (James et al., 2016a). We devised reference ranges for tissue
Doppler strain imaging and rotational mechanics, in addition to RV specific
markers. Both TAPSE and RV FAC displayed longitudinal increases in values
during this period. TDI strain values at the LV, septum and RV also significantly
increased until 36 weeks post menstrual age, although strain rate only
demonstrated increases over the first week of age (James et al., 2016a). As strain
rate is believed to be less dependent on loading conditions, we concluded that this
“may represent the early inherent increase in contractility in the first week of life
while the ongoing increase in strain may represent the continued effect of loading
conditions on the myocardium”. Rotational mechanics were assessed over the
first week of age and we found that both twist and torsion (twist normalised to LV
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end-diastolic length) values increase over this period (James et al., 2015a). This is
mainly the impact of a change in basal rotation from a positive counter clockwise
direction to a negative clockwise direction. LV untwist rate showed an increase
over the three time points. This may be due to the unique myocardial physiology
and transitional changes in haemodynamics of the preterm infant. In this early
research our group also developed a PDA severity score (PDAsc) which has
allowed us to predict the development of chronic lung disease based on certain
clinical and echocardiography parameters. An ROC curve using the PDAsc to
predict CLD/death showed an area under the curve of 0.92, with a score of 5
showing a high sensitivity and specificity (El-Khuffash et al., 2015). We also
demonstrated the beneficial impact of magnesium sulphate on preterm myocardial
performance when administered to mothers antenatally (James et al., 2015b).
The extensive work done by our previous research has ensured the
reliability and feasibility of these techniques and provided reference values in
healthy preterm infants. Other international groups have also been active in
establishing reference values for a variety of modalities of functional
echocardiography (Levy et al., 2013, Lee et al., 2014). We can now assess the
use of these parameters in disease conditions. There are many conditions which
can adversely affect myocardial performance in early neonatal life. These include
preterm infants with haemodynamically significant patent ductus artersiosus
(hsPDA’s) and chronic lung disease (CLD); infants treated with therapeutic
hypothermic (TH) for hypoxic ischaemic encephalopathy (HIE); monochorionic
diamniotic twins (MCDA) with twin to twin transfusion (TTTS); and infants with
Down syndrome with structurally normal hearts. The use of these novel
echocardiography techniques may allow us to better quantify the degree of
myocardial impairment in these conditions, improve our ability to discriminate
between right and left ventricular dysfunction and to develop a better
understanding of the pathophysiological mechanisms involved in these disease
processes. A better understanding of our patient’s haemodynamics and
myocardial function will allow us to monitor response to treatment, provide better
prognostic information and potentially improve outcomes for these patients.

29

1.2.1 Principles of Cardiac Function
We will be exploring the different methods for echocardiography assessment
of myocardial performance, but first it is essential to understand the mechanics of
the ventricular pump. We must differentiate between intrinsic contractility which is
the force generated at a myofibre level, and cardiac function which is the
deformation of the ventricular wall resulting in the ejection of blood.
Contractility is subject to the crosslinking of the thick and thin filaments of
the myofibril contractile unit. This requires effective extra-cellular and intra-cellular
movement of calcium ions and adequate storage which occurs within the
sarcoplasmic reticulum (Kluckow, 2005, Evans et al., 2005). Contractility is an
important factor effecting cardiac function, but two other important variables are
also involved. 1) Preload: this is the volume of blood in the ventricular cavity at
end diastole. We know from the Frank-Starling relationship that higher preload
leads to a higher cardiac output up to a certain threshold, after which myocardial
over-stretch results in a reduction in contractility. Preload is influenced by
hydration, venous return and by effective diastolic relaxation (lusitropy). 2)
Afterload: this is the resistance against which the ventricle must deform. An
increase in afterload leads to a reduction in cardiac deformation and output.
Afterload is influenced by vascular resistance, blood viscosity and the patency of
the ventricular outflow tracts (Figure 1.1).
As we look at different markers of cardiac performance and the
haemodynamic status of our patients we must remember the physiological
interaction of these basic principles. The interpretation of values obtained during
assessment should be done in the context of the clinical situation and loading
conditions if we are to provide accurate monitoring and implement effective
treatment.
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Figure 1.1: Diagram Illustrating Myocardial Performance. The top section of the
diagram illustrates the myofibril contractile unit. Cellular calcium (white circles) enters the
cell via L-type calcium channels. This triggers the release of intracellular calcium from the
sarcoplasmic reticulum (SR) into the cytosol resulting in contraction of the myofilament.
Cross linking of the thick (myosin) and thin (actin) filament generates a contractile force.
Below this, the image demonstrates the interaction between intrinsic function, preload
and afterload which determine myocardial performance.
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1.2.2 The Fetal Circulation
The development of the fetal heart progresses from the initial formation of a
primary heart tube to a completely septated four chamber heart between day 20
and 44 in utero (Moorman et al., 2003, Anderson, 1996). The volume of blood
which is pumped by the fetal heart increases exponentially during their
development. However, the physiological flow of blood within the fetal circulation
is very different from that of the newborn. This is because the in utero source of
oxygen rich blood required for tissue perfusion and cellular metabolism does not
arise from the fetal lungs but from the oxygen rich placental vascular bed.
Oxygenated blood flows from this bed up the umbilical vein, through the ductus
venosus and into the inferior vena cava (IVC) as it enters the heart. The blood
enters via the right atrium (RA) where much of its flow is channelled by the
eustachian valve across the patent foramen ovale into the left atrium (LA). This
channelling allows for most of the oxygenated blood to pass into the systemic
circulation. From the LA, blood passes into the LV which ejects oxygenated blood
predominantly to the upper body via the aortic arch branches, supplying oxygen
rich blood to the brain. The remainder of the blood which enters the RA and does
not pass across the patent foramen ovale (PFO) mixes with deoxygenated blood
returning from the upper body via the superior vena cava (SVC) and passes into
the RV. The RV is responsible for 55% of blood flow leaving the fetal heart. From
here the blood is pumped into the pulmonary artery, but only a fraction (about
10%) of this blood continues into the high resistance pulmonary vascular bed. The
remainder of the blood crosses the patent ductus arteriosus (PDA) to enter the
aorta, providing systemic blood flow to the lower body (Figure 1.2). Following
organ perfusion, the deoxygenated blood is drained from the systemic vasculature
by arterioles which join to form the umbilical arteries. These arteries return to the
placenta. The fetal heart is in a low afterload environment as the vascular
resistance within the placenta is minimal. As a result, there is very little stress
imposed on the fetal heart. This is advantageous as the fetal myocardium adapts
poorly to any additional stress.

32

Figure 1.2: Fetal Circulation. See text above for further details.
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1.2.3 Normal Transitional Physiology
Following birth, a number of physiological changes occur. After the first few
breaths, the circulation changes from an in utero high pulmonary vascular
resistance (PVR) and low systemic vascular resistance (SVR) to a circulation with
lower PVR and higher SVR (Haworth, 1988). The decrease in PVR allows a
dramatic increase in blood flow to the newborn lungs where oxygenation now
occurs. This blood returns from the lungs via the pulmonary veins to the LA,
where it then passes into the LV and is pumped around the body. The increase in
flow into the LA leads to an increase in LA pressure. The elevation in LA pressure
results in a change in the direction of the inter-atrial shunt, previously a right to left
shunt supporting fetal systemic blood flow. The increase in LA pressure leads to
displacement of the foramen ovale flap over the fossa thus abolishing flow.
In addition to this, blood flow from the pulmonary artery to the aorta via the
ductus arteriosus decreases and the shunt direction begins to reverse. In fetal life,
a right to left shunt supports systemic blood flow. This reversal of flow to a left to
right (systemic to pulmonary) direction usually occurs by 24 hours of age.
Functional and anatomical closure of the PDA subsequently occurs. This changes
the loading conditions of both ventricles (Iwamoto et al., 1987, Teitel et al., 1987),
and remodelling of the left and right ventricles occur in response to this change.
The RV decreases in size while the LV wall hypertrophies to reflect the increase in
afterload (Joyce et al., 2004). During normal transition in healthy term babies, birth
leads to a significant increase in pulmonary blood flow and oxygenation (Kamlin et
al., 2006) as well as the maintenance of systemic blood flow (Figure 1.3).
Maintaining an adequate cardiac output throughout the transitional period
is dependent on maintaining adequate LV preload. The initiation of umbilical cord
clamping is commonly performed immediately after delivery. As this dramatically
reduces the circulatory volume of the newborn infant (the placental circulation
holds 30 to 50% of the fetus’ cardiac output) it is a major determinant of the
change in LV preload after delivery. It should therefore be considered an
important component of early transition, and the losses to volume should be noted
as it can significantly reduce left ventricular output (LVO). This may have
deleterious effects because the fall in LV preload secondary to clamping occurs
before pulmonary blood flow and hence left heart return is established. The impact
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of this may be a low cardiac output state until the establishment of pulmonary
blood flow and venous return (van Vonderen et al., 2014). An association between
low blood flow in the early neonatal period and the evolution of intraventricular
haemorrhages (Noori et al., 2014, Kluckow and Evans, 2000) may be explained
by this mechanism. Many are now advocating for a delay to cord clamping to
allow infants to breathe and establish pulmonary blood flow first. The delayed cord
clamping may allow a smoother transition with less fluctuation in blood pressure
and cardiac output. This approach should ensure that LV preload is maintained
allowing for adequate cardiac output in the immediate post-natal period. The
clinical benefit of this approach on the haemodynamic status of neonates
(including preterm infants), and the potential clinical benefits are currently under
study (Polglase et al., 2017).

35

Figure 1.3: Neonatal Circulation Following Birth. See text above for details.
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1.2.4 Pathological Disruption of Normal Transition
In most infants, the transitional process occurs without any significant
difficulty, however in the presence of pathology this transition is not always
straight forward (Kluckow, 2005). Transition can be incomplete or newborns can
revert back to the fetal state of high pulmonary vascular resistance, also known as
persistent pulmonary hypertension of the newborn (PPHN) (Clarke, 1990). This
can vary in severity from mild to life threatening and occasionally results in death.
Ongoing high pulmonary pressures result in increased afterload on the RV and
this can progress to RV dysfunction. Another consequence of PPHN is a reduction
in blood return to the LA resulting in a reduction in LV preload and leading to a
decrease in cardiac output. The newborn heart is poorly adapted to cope with this
decreased volume, as the ability of the neonatal myocardium to compensate by
increasing contractility and heart rate is minimal (Friedman, 1972). This may be
compounded by the immediate reduction in circulating volume due to early cord
clamping as mentioned above. In addition to this, the systemic vascular resistance
of infants with PPHN tends to be normal or low. This can further contribute to
systemic blood pressure being lower than pulmonary blood pressure in severe
forms of the condition, resulting in shunt reversal across the PDA and PFO.
In these circumstances the aim of therapy is to lower pulmonary vascular
resistance while maintaining adequate systemic blood pressure and organ
perfusion. This can be achieved by providing effective oxygenation, ventilation
and sedation. Establishing an adequate circulating blood volume and cardiac
output are also of vital importance and may require intravenous fluids and pressor
support (Clarke, 1990). Echocardiography can be a useful tool to guide bedside
management of these patients by continually reviewing changes in their cardiac
performance and haemodynamic status (Patel et al., 2009b).
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1.3.1 Conventional Echocardiography Techniques
Conventional echocardiography techniques have been unable to provide us
with a reliable assessment of cardiac performance (El-Khuffash et al., 2014). It is
also important to note that these techniques lack the ability to measure RV
function due to its complex geometry (Mertens and Friedberg, 2010). The
limitations of conventional echocardiography methods have hindered the
assessment of myocardial performance in many important neonatal conditions.
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1.3.2 Systolic Function
Shortening fraction (SF) is measured by using m-mode from either the long
or short axis parasternal views. It measures LV function by placing the cursor
through the septal and LV walls and measuring the change in diameter in systole
and diastole. SF is inaccurate in the presence of septal wall paradoxical motion
(Lee et al., 1992). This is common in newborn infants due to high RV pressure
during the transitional period secondary to persistent pulmonary hypertension
(Lee et al., 1992). Pulmonary hypertension may also persist or develop in several
disease states (Lee et al., 1992), including prematurity, HIE, TTTS an in infants
with Down syndrome. Additionally, SF only assesses changes in cavity
dimensions, and is therefore heavily dependent on loading conditions with no
information provided on muscle deformation. Despite this, it is used as a surrogate
of global myocardial function in clinical practise. Increased preload is very
common in preterm infants with a PDA, also affecting the measurement of SF.
Ejection fraction (EF) is measured by using Simpson’s Biplane Method
(Schiller et al., 1989). This modality assesses the change in cavity dimension in
the apical 2-chamber and 4-chamber views from end-systole to end-diastole. EF
might provide better assessment of LV function in the presence of paradoxical
septal wall movement. However, it remains heavily influenced by ventricular
loading conditions as it also assesses changes in cavity dimension.
The prognostic value of EF and SF has been demonstrated to be inferior to
newer quantitative methods for predicting major adverse cardiac events in adults
(Kalam et al., 2014). In newborn infants, both SF and EF lack the sensitivity to
identify subtle myocardial dysfunction when compared with novel modalities such
as TDI and deformation imaging (Sehgal et al., 2013, Czernik et al., 2013, ElKhuffash et al., 2014). SF and EF are also not suitable for the assessment of RV
function due to the complex geometry of the RV (Mertens and Friedberg, 2010).
In addition to these methods, left ventricular output (LVO) and right
ventricular output (RVO) can be utilised as surrogate measures for systemic blood
flow. These results can however be inaccurate due to the presence of shunts in
early neonatal life. In the presence of a PDA, LVO will increase without an
increase (or possibly a decrease) in systemic blood flow. A PFO may result in an
increase in RVO without an increase in systemic venous return. There is also the
technical challenge in attaining a true measurement of pulmonary artery flow in
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the presence of a PDA as it distorts the Doppler wave. It has been suggested that
SVC flow can be used as a measure of blood flow from the upper body circulation.
However, the reproducibility of this measurement is poor and it fails to provide
information on blood flow to the lower body (El-Khuffash and McNamara, 2011,
Lee et al., 2010).
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1.3.3 Diastolic Function
Diastolic function can also be assessed using traditional echocardiography
methods. Doppler flow patterns through the ventricular inflow tracts are assessed
to obtain an indirect measure of ventricular compliance and diastolic function. In
diastole, flow through the mitral and tricuspid valves is usually biphasic. The first
phase is flow from active ventricular relaxation and this produces an E wave. The
second phase is due to atrial contraction as additional blood is squeezed from
atria to ventricles, giving us the A wave. One method we can use to interpret
diastolic function is by measuring the ratio of the peak flow of these two
waveforms. In healthy term infants with normal diastolic function, most flow occurs
during the E phase producing a higher early peak. This gives us an E:A wave ratio
greater than 1. However, in diastolic dysfunction when ventricular compliance is
impaired, we have reduced early flow and a greater dependence on atrial
contraction to eject the remainder of blood into the LV at end diastole giving a
reversal in the ratio (E:A less than 1). This latter ratio is the usual pattern that we
see in preterm infants due to their inherent diastolic dysfunction (Hirose et al.,
2015).
The methods described above provide no information on intrinsic
myocardial performance and are heavily influenced by loading conditions. The
importance of diastolic function has been recognised in recent years and it is vital
that we can achieve an accurate assessment in the clinical setting.
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1.4.1 New Modalities of Myocardial Performance
Over the last decade, along with the evolution of more advanced methods,
functional echocardiography has been incorporated into routine care in the
neonatal intensive care unit (Evans et al., 2011, Mertens et al., 2011, Singh et al.,
2015). It has enabled earlier identification of cardiovascular compromise, in
addition to guiding the treatment of newborn infants (Carmo et al., 2009, ElKhuffash et al., 2013, Jain et al., 2012). Many centres currently use
echocardiography to aid in haemodynamic assessment, monitor response to
treatment and to assist in outcome prediction.
Newer echocardiographic techniques provide more helpful quantitative
information on true myocardial performance than conventional methods. They
include: tissue Doppler velocity imaging (TDI) which allows us to assess the
velocity of muscle movement during systole and diastole; myocardial deformation
imaging measured using tissue Doppler and speckle tracking echocardiography
(STE) and LV rotational mechanics measured using STE. Novel methods to
analyse the function of the complex RV have also emerged. These include
fractional area change (FAC) which is the RV surrogate for ejection fraction, and
tricuspid annular plane systolic excursion (TAPSE) which measures the
displacement of the tricuspid valve annulus towards the apex in systole.
There is an expanding body of literature detailing the applicability of these
newer markers in the neonatal setting. In particular, reference ranges and
diagnostic/predictive properties are emerging. A comprehensive understanding of
these novel functional modalities, i.e. what they measure, the confounding factors
that influence the measurements (particularly loading conditions), their predictive
value and limitations can greatly assist in managing both the normal and
maladaptive responses in the newborn period (Breatnach et al., 2016b). Further
work is required to assess the applicability of those measurements in important
conditions in the neonatal setting.
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1.4.2 Tissue Doppler Velocities
Tissue Doppler imaging (TDI) provides us with measurements of
myocardial performance by direct Doppler of the myocardium. The high velocity
signal obtained from the movement of blood is filtered out, allowing focus on lower
velocity Doppler signals of the muscle wall. It gives us information on the systolic
and diastolic function of both ventricles by assessing the longitudinal velocity of
muscle movement from base to apex in systole and the reverse in diastole. This is
assessed at the mitral and tricuspid valve annuli, as well as at the base of the
septum (Figure 1.4).
TDI has been utilised and validated in adult (Sohn et al., 1997, Nagueh et
al., 1997), paediatric (Hiarada et al., 2000, Eidem et al., 2004), term (Negrine et
al., 2012, Alp et al., 2012) and preterm patients (James et al., 2014b, Di Maria et
al., 2015), as well as in fetuses (Iwashima et al., 2013). In recent years, extensive
research has been carried out on the application of TDI in preterm infants where
normative reference values now exist (James et al., 2014b, Di Maria et al., 2015).
TDI has shown that myocardial velocities are dependent on gestation. Lower
gestational age preterm infants have lower myocardial velocities in systole and
diastole (Lee et al., 2014, Eriksen et al., 2014, Murase et al., 2013). Reduced
myocardial velocity is also present during the transitional period and improves
over the first few weeks of life.
TDI has been shown to provide a more accurate assessment of myocardial
dysfunction then SF and EF in recent studies (El-Khuffash et al., 2014, ElKhuffash et al., 2012, Saleemi et al., 2013, Saleemi et al., 2014). Advantages of
TDI over conventional methods are that it is less load dependant than
conventional methods (Harada et al., 2001) and less affected by paradoxical
septal wall motion. TDI is positively influenced by increasing preload, and
negatively influenced by increasing afterload (Iwashima et al., 2013, El-Khuffash
et al., 2012). TDI has shown improved sensitivity in detecting and monitoring
myocardial dysfunction in critically ill term and preterm infants in conditions such
as congenital diaphragmatic hernia and neonatal sepsis. This has provided
important feed-back on haemodynamic performance, assisting in outcome
prediction (Moenkemeyer and Patel, 2014, Matter et al., 2010, Murase et al.,
2002, Abdel-Hady et al., 2012).
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Figure 1.4: Tissue Doppler Velocity Imaging. The image shows the points along the
myocardium where tissue Doppler is measured (right ventricular, left ventricular and
septal base). The tissue Doppler waves in the lower panel illustrate systolic velocity (s`)
and early (e`) and late (a`) diastolic velocities.
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1.4.3 Deformation Imaging
Myocardial deformation refers to the change in shape of the myocardium
from its baseline shape at end diastole to its deformed shape at end systole when
viewed in multiple planes. It is a measure of the change in shape (deformation) of
the myocardial wall architecture from baseline in diastole to the deformed shape in
systole.
The patterns of deformation of the LV and RV are not the same and are
based on their own unique architectural structure. The LV myocardium contains
longitudinal fibres throughout the endocardial and epicardial layers, with the midwall layer consisting of circumferential fibres (Greenbaum et al., 1981). The LV
deformation pattern in systole consists of shortening in the longitudinal and
circumferential plane and thickening in the radial plane (Figure 1.5). The RV is
geometrically complex and less well understood when compared with the LV. The
RV wall is composed of superficial oblique and dominant deep longitudinal layers
throughout its myofibre architecture. Longitudinal shortening is the dominant
deformation pattern of the RV, and this provides the major contribution to stroke
volume during systole (Levy et al., 2013).
Deformation is quantified using the terms strain and strain rate (SR). Strain
is the measurement of absolute tissue deformation during the cardiac cycle and
the result is derived as a percentage change from baseline. A negative value is
assigned for shortening (in longitudinal and circumferential planes), with a positive
value given for thickening in the radial plane. As with other methods utilised to
assess myocardial performance, strain is also not independent of loading
conditions. Preload increases wall strain and afterload reduces wall strain (ElKhuffash et al., 2014). Strain rate is a measure of the speed of deformation
(velocity of shortening/time unit). Measuring strain rate provides us with 3 values,
one in systole (SRs) representing the rate at which the deformation occurs, and
two in diastole representing the early (SRe) and late phase (SRa) of relaxation of
the ventricle to baseline (Figure 1.6). Compared to strain, SR is less dependent
on loading conditions, and is a more accurate reflection of intrinsic myocardial
contractile function (Greenberg et al., 2002). Preclinical studies in animal models
have demonstrated that preload has a positive impact on strain, whereas
increasing afterload is associated with its reduction (Weidemann et al., 2002c,
Greenberg et al., 2002, Ferferieva et al., 2012). Contractility may therefore be
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better reflected using SR. Another advantage to both strain and SR is their ability
to assess global and segmental function in both ventricles (Weidemann et al.,
2002a).
Measuring deformation is a feasible and sensitive quantitative assessment
of LV function in newborn infants (El-Khuffash et al., 2012, Abraham et al., 2007,
Nestaas et al., 2007, James et al., 2014b, Zhang et al., 2010b, Pena et al., 2009,
Zhang et al., 2010a). More recently, research has been performed on its ability to
assess myocardial performance in preterm infants (Helfer et al., 2013, Joshi et al.,
2010, de Waal et al., 2016), as well as the impact of transition to an ex-utero
environment in this cohort. There are two different echocardiography methods
used to measure tissue deformation: (1) Tissue Doppler derived strain and (2) two
dimensional speckle tracking echocardiography (2D-STE).
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Figure 1.5: Planes of Deformation. The diagram shows the directions of deformation
within the ventricular myocardium which include: longitudinal (L) shortening,
circumferential (C) shortening and radial (R) thickening.
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Figure 1.6: Deformation, Strain and Strain Rate. The top echocardiography image
demonstrates longitudinal shortening of the myocardial wall of the left ventricle (LV) from
diastole to systole. The bottom left image shows the same shortening at the septal wall.
The bottom right diagram shows peak systolic strain (negative deflection). Peak strain
rate in systole is shown as a single negative deflection and diastolic strain rate is shown
as a biphasic positive deflection.
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1.4.4 Tissue Doppler Derived Strain
Tissue Doppler (TD)-derived deformation imaging uses two reference
points on the myocardium within a region of interest (ROI), usually at the mitral,
tricuspid and septal base. The ROI is a defined area in the myocardium where
deformation is measured. Strain rate (SR) is calculated by measuring the
differences in the velocity gradient between these two small segments of
myocardium in a longitudinal plane. Strain is then derived from the SR calculation
by integrating time into the equation (Figure 1.7).
Strain is a measure of deformation of the myocardium within the ROI
(spatial derivative of deformation) and SR measures the velocity of deformation
(spatial derivative of velocity). Strain is measured along the beam of the
ultrasound and is dependent on the angle of insonation. TD-derived strain utilises
a strain rate calculation with very high frame rates (high temporal resolution)
(Helfer et al., 2013, Joshi et al., 2010) and is therefore better suited for
measurement of SR values in neonates (who have inherently higher baseline
heart rates).
This technique, whilst highly feasible and reproducible has certain
disadvantages. Measurements are dependent on the angle of insonation (>20o
results in a significant underestimation of values) (Helfer et al., 2014, James et al.,
2016a). Studies have demonstrated that basal longitudinal TD-derived
measurements of strain and strain rate taken from the RV and Septum provide
better reproducibility than LV measurement in preterm infants. This may be
caused by the higher angle of insonation of measurements on the LV free wall
due to the obstruction of a clear view by the left lung (James et al., 2014b) (James
et al., 2016c).
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Figure 1.7: Tissue Doppler Derived Strain. The basal segment of the wall is usually
interrogated to obtain SR and strain values. The ROI dimensions (length and width) are
set by the operator. Strain length is also set while ensuring that the borders of the
segment are not in contact with artefact or atrial tissue. The ROI can be moved slightly
along the wall to obtain a clean and noise free SR and strain curve. Strain peaks at end
systolic at aortic valve closure (AVC) and systolic strain rate peaks in mid systole
between aortic valve opening (AVO) and AVC.

50

1.4.5 Speckle Tracking Echocardiography
Two dimensional speckle tracking echocardiography (2D-STE) is a method
that tracks acoustic markers (speckles) throughout the myocardium, measuring
their movement throughout the cardiac cycle (Blessberger and Binder, 2010).
Speckles represent fixed tissue markers, or “natural acoustic markers,” that are
distributed throughout the myocardial wall, with each having their own unique
signature or “fingerprint” (Lorch et al., 2008). The movement of these speckles is
tracked frame by frame over the cardiac cycle and demonstrates the deformation
of the ventricular wall. A software algorithm follows the speckle movement and
can interpret the overall deformation of the examined segment in a certain plane
(strain), as well as the speed at which this deformation occurs (strain rate). This is
measured at each segment of the myocardium to determine regional function and
then deformation across the regions are averaged to give global strain and strain
rate (Figure 1.8).
One of the big advantages of STE is that it is not dependent on the angle of
insonation. It gives true longitudinal strain, as the movement of speckles can be
followed in any direction (Koopman et al., 2010). From the apical four, two and
three chamber views STE allows for the calculation of longitudinal and transverse
parameters. The circumferential and radial parameters can be calculated for each
of the myocardial segments from the short axis views (Abraham et al., 2007,
Pavlopoulos and Nihoyannopoulos, 2008, Bijnens et al., 2009). Another
advantage of STE is its ability to measure both global and regional strain, as it
assesses the entire ventricular wall in segments which can be combined to give
an overall measure of ventricular strain.
STE derived LV and RV strain demonstrates high clinical feasibility and
reproducibility in term and preterm infants. To achieve this, appropriate frame rate
to heart rate ratios must be used (El-Khuffash et al., 2014, El-Khuffash et al.,
2012, Levy et al., 2013, James et al., 2014b, Sanchez et al., 2015). STE, in
contrast to TDI, utilises lower frame rates to derive SR measurements. This may
explain the lower reliability demonstrated by assessment of SR parameters in
preterm infants with STE compared with TDI (Levy et al., 2013). Strain values
obtained with the STE are not interchangeable with those derived by TDI (Lorch et
al., 2008). This is particularly true if the extent of the deformation is large (Voigt et
al., 2015).
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Reference ranges of LV and RV strain and SR are available in term and
preterm infants and are a necessary prerequisite to evaluating cardiopulmonary
health and disease in neonates (Czernik et al., 2014). The newborn heart is
exposed to a reduced preload and increased afterload following birth and is poorly
adapted to cope with any additional stress that may result from pathological
processes at this time. Current research is evaluating the ability of strain and SR
to characterize the physiological and pathological changes that occur within the
myocardium in response to diseases. The application of 2D STE has shown
benefit in analysing cardiac performance in: term infants treated with therapeutic
cooling (Czernik et al., 2013) and congenital heart disease (Singh et al., 2010); in
stable preterm infants (de Waal et al., 2014); in preterm infants with CLD (Czernik
et al., 2014); and those with medical (Sehgal et al., 2014) and surgical
management (El-Khuffash et al., 2012) of haemodynamically significant PDA’s.
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Figure 1.8: Speckle Tracking Echocardiography (STE). This image shows STE of the
left ventricular wall. In the top graph, each line represents a value for segmental strain
with the dotted white line highlighting the average strain value. The value for strain is
marked as a single negative systolic wave. In the bottom graph, each line represents the
segmental value for strain rate with the dotted white line again highlighted the average
value. The strain rate is a single negative wave in systole (SRs) and a biphasic positive
wave in diastole (SRe & SRa).

53

1.4.6 Ventricular Rotational Mechanics
Left ventricular (LV) twist describes the wringing motion of the LV during
systole and is also assessed by Speckle Tracking Echocardiography (STE). This
wringing motion improves the ejection of blood from the LV cavity during systole.
LV twist is the net result of both apical rotation (which occurs in a positive
anticlockwise direction) and basal rotation (which occurs in a negative clockwise
direction) along the long axis of the left ventricle (Figure 1.9). The twisting motion
of the LV is aided by the helical arrangement of the subepicardial (left handed)
and subendocardial (right handed) fibres (James et al., 2015a). During LV untwist, the kinetic energy stored in twisted fibres is released. The elastic recoil aids
in early diastolic filling by suctioning blood into the LV cavity. Therefore, LV
untwist in early diastole is highly influenced by LV twist in systole (James et al.,
2015a). LV twist and untwist rates are the speeds at which these events occur
and can also be measured. When LV twist is indexed to LV length it gives a value
for torsion (Figure 1.10).
These rotational parameters can add important information on LV
myocardial performance (Buckberg et al., 2011). One of the advantages of LV
twist is that because it is derived from STE, it is angle independent. As with other
modalities it is dependent on changes in loading conditions (Buckberg et al.,
2011). Increased afterload appears to decrease LV twist and untwist rate in adult
studies (Burns et al., 2010). It has also recently been demonstrated that increased
SVR over the first day of age has a negative impact on LV twist and untwist
(James et al., 2015b).
Twist as a marker of cardiac function has been validated in adults, children
and the neonatal population, including a comparison study with cardiac MRI tissue
tagging (Notomi et al., 2005) (Kaku et al., 2014, Zhang et al., 2010b). Recent
studies have demonstrated that these methods are feasible in preterm infants,
with acceptable reproducibility (James et al., 2015a). There is very little data on
rotational mechanics in term neonates during the early transitional period. Further
studies are also required in the preterm population.
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Figure 1.9: Directions of Rotation. The left ventricular (LV) base rotates in a negative
(clockwise) direction and the LV apex rotates in a positive (anti-clockwise) direction. The
net effect of this rotation is the measurement of twist.
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Figure 1.10: Rotational Mechanics. Panel A demonstrates clockwise rotation at the left
ventricular base and B demonstrates anticlockwise rotation at the apex. Panel C
illustrates the measurement of twist. The purple line illustrates basal rotation and is
assigned a negative value. The blue line shows apical rotation which is assigned a
positive value. The white line demonstrates twist which is the net effect of the two. Panel
D shows twist rate. Left ventricular twist rate (LVRT) is a positive deflection before aortic
valve closure (AVC) and left ventricular untwist rate (LVUTR) is a negative deflection after
AVC.

56

1.4.7 RV specific markers of cardiac performance
The RV is more complex (Mertens and Friedberg, 2010) than the LV and
ejects a higher volume of blood in fetal life (Kenny et al., 1986). Accurate
assessment of RV performance can be challenging (Mertens and Friedberg,
2010). Quantitative assessment of RV function can also be obtained using TDI,
strain and strain rate. In addition to the modalities described above, RV specific
markers of performance can also be employed. These include tricuspid annular
plane systolic excursion (TAPSE) and fractional area change (FAC) which have
been validated for the assessment of RV systolic function (Levy et al., 2015).
RV function is a very important prognostic determinant of cardiopulmonary
disease in term and preterm infants. These additional RV-specific measurements
are of value for assessing RV dysfunction in various disease states in children and
adults. Their application can be transferred to preterm and term infants with
specific conditions.
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1.4.8 Tricuspid Annular Plane Systolic Excursion
TAPSE measures the movement of the tricuspid annulus from base to apex
during systole and reflects regional RV function (Figure 1.11). A higher degree of
displacement at the annulus means a greater measure of systolic function. There
is a reduction in annular displacement in neonates with lower gestational age
which is consistent with other modalities. In order to compare TAPSE across
different gestations and weights, some clinicians advocate indexing measurement
to RV length, a strategy not implemented at present. This modality is not affected
by heart rate which is of benefit to its use in preterm infants with fast heart rates
(Arce et al., 2002).
TAPSE has been validated as an accurate measure of RV function in adult
(Meluzin et al., 2001) and paediatric patients (Koestenberger et al., 2009), with
further research on term and preterm infants demonstrating its reliability
(Koestenberger et al., 2011).
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Figure 1.11: Triscuspid Annular Plane Systolic Excursion (TAPSE). TAPSE is
demonstrated in TDI (left) and 2-D (right). In the apical four chamber view, the cursor is
aligned from the apex through the tricuspid valve annulus and M-mode is then employed
to observe the annular displacement from the base to the apex in systole.
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1.4.9 Fractional Area Change
FAC is a quantitative two-dimensional echocardiographic measurement of
RV function. It measures global RV function, with no attention given to regional
abnormalities. The FAC measurement (in the apical 4 chamber view) measures
changes in the dimension of the RV cavity from diastole to systole and is used as
a surrogate for RV function. The RV area is measured at end systole and end
diastole and the change in cavity dimension is recorded (Figure 1.12).
As with LV EF it is influenced by loading conditions. Reference values for
RV end diastolic (RVEDA) and end systolic area (RVESA) have been identified in
the neonatal population for both term and preterm infants (Levy et al., 2015). As
expected, there is an increase in volume with gestational age and a linear
increase with weight (Jain et al., 2014a). In the study by Levy et al, RV FAC was
relatively unchanged throughout the transitional period in stable preterm infants,
previously demonstrated in term infants (Jain et al., 2014a). Another study
however did show an increase in RV FAC during transition. This may be due to a
decrease in RVESA secondary to a reduction in afterload (James et al., 2014b).
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Figure 1.12: Fractional Area Change (FAC). FAC is the change in the right ventricular
(RV) cavity dimension from end diastole (left) to end systole (right) as highlighted from the
yellow shaded area. Image acquisition is in the apical four chamber view.
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1.5.1 Technology for Non-invasive monitoring
Other forms of non-invasive monitoring technology are now also available
and can provide additional information to both clinical and echocardiography
measurements. Some of these methods allow for continuous monitoring of
haemodynamics providing an up to date assessment of the patient’s
cardiovascular status. These techniques include the use of non-invasive cardiac
output monitors (NICOM) and near-infrared spectroscopy (NIRS).
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1.5.2 Non-invasive cardiac output monitoring
We have discussed how echocardiography is an extremely useful tool in
providing point of care (POC) assessment of myocardial performance and
haemodynamic status in neonatal patients. One limitation however is that
assessment of cardiac function can only be made at the time of the scan. While
serial scans can be performed, they are time consuming and technology is
emerging which is now allowing us to monitor patients non-invasively on a
continuous basis.
Non-invasive cardiac output monitoring (NICOM) provides us with ongoing
(minute to minute) data on cardiac haemodynamics: cardiac output (CO),
systemic vascular resistance (SVR) and blood pressure (BP) (Weisz et al., 2014a,
Weisz et al., 2012). NICOM utilises a technology called bioreactance which is
based on time delay or phase shift. Four sensors placed on the chest emit an
alternating electrical current (AC) which passes through the thorax. The flow of
blood throughout the cardiac cycle causes a delay (or phase shift) within the AC.
An increase in cardiac output causes an increase in the phase shift. This can be
used to assess both volume status and responsiveness to volume. Stroke volume
is calculated from the formula:
SV = DX/DT × VET
SV = stroke volume; DX/DT = maximum flow; VET = ventricular ejection time

To calculate cardiac output the heart rate (HR), weight, height and age are also
incorporated into the equation:
CO = Ƒ (DX/DT, VET, HR, WEIGHT, HEIGHT, AGE)

The continuous assessment of our patient’s haemodynamic status has
significant potential, allowing us to provide closer monitoring and observe the
immediate response to intervention. Although some validation has been
performed in adult and neonatal population, more work is required to assess its
application, particularly in disease states.
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1.5.3 Near-Infrared Spectroscopy
Near-infrared red spectroscopy (NIRS) is a non-invasive technology that
allows us to monitor cerebral perfusion and tissue oxygen extraction. It is a
surrogate marker for cerebral mixed venous saturations. It calculates the average
oxygen saturation of blood in small vessels with approximately 85% of the signal
originating from venules. The value may be reduced in low cardiac output states.
It may also be raised in conditions where metabolic consumption is reduced.
The technology relies on the relative transparency of tissue to near infrared
light. Both oxygenated and deoxygenated haemoglobin have unique absorption
properties. By monitoring the absorption at specific wavelengths (700-900 nm) the
technology can calculate the concentration of oxygen saturated haemoglobin.
NIRS utilises the Beer-Lambert law, which explains the relationship of the
concentration of a compound and the behaviour of light:
log (I/Io) = İL C
I = measured power of light after passing through tissue
Io = measured power of light before entering the tissue
L = length from light emitter to detector
C = concentration of absorbing compound in tissue
Ǽ= wavelength dependent molar absorption coefficient of a compound

NIRS-measured cerebral mixed venous saturation (SctO2) values have
shown good correlation with cerebral blood flow measured using MRI in infants
with HIE treated with TH (Wintermark et al., 2014). It is believed that there may
also be some prognostic value of NIRS in this population (Ancora et al., 2013,
Massaro et al., 2015).
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1.6.1 Preterm Infants
As much as 28% of early neonatal deaths (deaths in the first 7 days of life)
are due to preterm birth. It is the leading cause of death in infants less than 1
month old and is the second largest cause of death in children before 5 years of
age. However, the age at which intervention is being employed is continually
getting younger and outcomes are gradually improving (Pennell et al., 2007). In a
large retrospective cohort study of live births in California, survival to 1 year
ranged from 6% at 22 weeks to 94% at 28 weeks (Anderson et al., 2016). Of
those born prematurely, approximately 45–50% of births are idiopathic, with
sepsis and preterm rupture of membranes also accounting for a large proportion.
Preterm infants have a unique and immature cardiovascular system and
are subject to a number of haemodynamic stresses in the early postnatal period.
This results in cardiac dysfunction and haemodynamic compromise. Cardiac
contractility is triggered by the movement of calcium ions across the cellular
membrane via the L type calcium channels. This then triggers intracellular calcium
release from the sarcoplasmic reticulum. Cells of the preterm myocardium have a
much lower supply of SR and are therefore dependent on extracellular calcium
shift (Noori and Seri, 2005). Premature infants have a lower proportion of
contractile elements with shorter and less organised myofibrils (Anderson, 1996).
They also have fewer adrenoreceptors (Okuda et al., 1987), and as a result, a
poorer intrinsic and extrinsic response to stress.
In addition to this, preterm infants often develop respiratory distress
syndrome following delivery and may require assisted ventilation. A worsening
respiratory status in preterm infants correlates with a reduction in stroke volume
(SV) of both the LV and RV (Evans and Kluckow, 1996). Ventilation increases RV
afterload causing a decrease in right ventricular output, while RV function itself
should improve over the first few days. A better understanding of preterm
haemodynamics at birth and throughout the transitional period is essential to
optimise our early management of these patients.
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1.6.2 Preterm Infants with a Patent Ductus Arteriosus
The ductus arteriosus is essential for in-utero fetal blood flow. Physiological
closure of the ductus following delivery occurs by 48 hours of age in 90%, and by
72 hours in nearly all healthy full-term babies (Clyman, 2006). This is often not the
case in preterm infants in whom persistence of the ductus is a common
occurrence (El-Khuffash et al., 2015). As the pulmonary pressure declines over
the first few hours or days, the pressure gradient, and as a result flow across the
duct increases. The direction of flow in these infants is from left to right as
pressure in the systemic circulation overcomes pressure in the pulmonary system.
When the PDA remains large and the pressure gradient is high, the volume of
ductal shunting is significant. This leads to over-circulation of the pulmonary
vascular bed and hypoperfusion of the systemic circulation (Kluckow and Evans,
2001). Systemic hypoperfusion is associated with intraventricular haemorrhage
(IVH) and necrotising enterocolitis (NEC) (Evans, 2015b). There is also a possible
link between haemodynamically significant PDAs and chronic lung disease (CLD).
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1.6.3 Preterm Infants with Chronic Lung Disease
Preterm infants are susceptible to developing chronic lung disease due to a
number of factors. At birth, they have an under-development of their bronchoalveolar tree and will often have poor lung compliance secondary to surfactant
deficiency. As a result, they will often develop respiratory distress syndrome
(RDS) over the first few days of life. This can lead to inflammatory changes
occurring early in the neonatal period (Mosca et al., 2011). In addition to this, they
have a greatly increased risk of requiring ventilatory support secondary to RDS or
to the development of other pathology in the first few weeks of life. Ventilation
increases damage to newborn lungs due to barotrauma and volutrauma, in
addition to increased exposure to oxygen radicals (Mosca et al., 2011). Ventilation
alters the haemodynamic status in an already compromised cardiovascular
system posing additional stress for the preterm heart (Clark et al., 2004). Over
time, chronic lung disease (CLD) can develop, potentially leading to an increase in
pulmonary pressures. The persistence of high pulmonary pressures results in
increased afterload on the RV and this can progress to RV dysfunction.
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1.7 Hypoxic Ischemic Encephalopathy
Hypoxic ischemic encephalopathy (HIE) is a condition which occurs in
newborn infants secondary to an ischaemic insult to the brain. There may be
warning signs in the perinatal period, such as a non-reassuring cardiotocograph
(NRCTG), fetal bradycardia, reduced fetal movement or reduced scalp PH. This
ischaemic damage can manifest as a reduction in systolic and diastolic function, in
addition to a fall in cardiac output. There is often a sentinel event: placental
abruption, cord prolapse, shoulder dystocia or antenatal haemorrhage resulting in
an acute reduction in circulating blood volume in the fetus. Although the
immediate concern is to protect the brain, the reduced perfusion can affect all
neonatal organs, including the heart. Both systolic and diastolic function may be
impaired, further diminishing perfusion to cells which are already deprived of
oxygen.
In addition to providing cardiorespiratory support and maintaining normal
physiological parameters, therapeutic hypothermia will be commenced if certain
criteria are met (Azzopardi et al., 2008). They include an Apgar score of ≤5 at 10
minutes after birth; an umbilical cord arterial or capillary pH <7.00 or a base Deficit
≥ 16 mmol/L); and/or clinical seizures or moderate to severe encephalopathy
using the Sarnat grading system (Sarnat and Sarnat, 1976). Although treatment
with therapeutic hypothermia has been effectively proven to protect the brain from
reperfusion injury, reducing the degree of watershed infarction, very little research
has been done on its impact on the cardiovascular system and on myocardial
performance. Some recent echocardiography studies using deformation imaging
have demonstrated impairment in myocardial performance, and a reduction in
cardiac output in this cohort when compared to healthy term controls (S et al.,
2013, Costa et al., 2007, Czernik et al., 2013). However, more work is needed to
explore this haemodynamic process further if we are to optimise how we care for
these patients.
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1.8 Monochorionic Diamniotic Twins with Twin to Twin Transfusion
Syndrome
Twin to Twin Transfusion Syndrome (TTTS) complicates between 10 to
15% of MCDA twin pregnancies. In untreated cases presenting before 26 weeks
gestation perinatal mortality rates are up to 80% with up to 30% of those surviving
having neurodevelopmental impairment (Haverkamp et al., 2001). The origins and
pathophysiology of the disease are not fully understood, but it may stem from
abnormal placental vascular anastomoses between the two fetal circulations. The
resultant cascade of physiological events leads to cardiovascular manifestations
unique to each twin (the donor and the recipient) (Rychik et al., 2012a, van et al.,
2010). The donor becomes oliguric and hypovolaemic, and the recipient becomes
polyuric and hypervolaemic. This change in intravascular volume impacts on their
haemodynamic status and cardiac performance. The severity of TTTS is based on
the Quintero staging system, which categorises the condition from grades I - V
based on increasing degree of severity. Stage V signifies demise has occurred in
one or both fetuses (Taylor et al., 2002). The main therapeutic treatment since the
Eurofetus randomised trial is selective laser photocoagulation of communicating
vessels (SLPCV) and is indicated for stages 2-4 (Roberts et al., 2008).
Recent fetal studies have demonstrated important features of myocardial
performance in both the donor and the recipient twins using speckle tracking
echocardiography. In the donor, LV systolic function is hyperdynamic due to
hypovolaemia and selective ejection into a low-resistance cerebrovascular circuit.
The donor RV selectively ejects into a high-resistance placental circuit. The
recipient RV and LV are both globally depressed, exhibiting systolic and diastolic
dysfunction (Rychik et al., 2012a). The RV in recipient fetus becomes particularly
vulnerable to the changes in loading conditions. Interestingly, those changes may
only be identifiable using more advanced techniques like deformation imaging,
and not by using conventional methods such as fractional shortening (Zhao et al.,
2012).
Survival rates following SLPCV are described as high as 91% in one twin
and up to 60% for dual twin survival (Meriki et al., 2010). Studying the response of
RV performance to SLPCV in recipient twins is also gaining interest (van et al.,
2013, van et al., 2009, Habli et al., 2008a). Longer term follow up studies
conducted on TTTS survivors beyond the first week of life demonstrate no impact
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on LV or RV function (Herberg et al., 2014, Herberg et al., 2006). However, early
neonatal data on the postnatal adaptation of myocardial performance on donor
and recipient infants, the association with clinical instability after birth, and
response to therapeutic intervention does not exist. Further characterisation of
cardiac function and haemodynamics is essential if we are to better understand
this disease.
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1.9 Infants with Down syndrome
Down syndrome is the most common chromosomal abnormality of live
born infants globally. The incidence of infants born with Down syndrome in
Ireland is 1:444 live births, which is the highest in Europe (Ni She and Filan,
2014). There has been a significant improvement in average life expectancy
which is now up to 60 years of age (Vis et al., 2009). Approximately 50% of these
children will have congenital heart disease which many consider to be the major
clinical determinant of morbidity and mortality in these patients (Vis et al., 2009).
In addition to this, those born with the condition have an increased risk of
developing pulmonary hypertension of the newborn (PPHN), with a reported
diagnosis in 5% of those infants (Weijerman et al., 2010). However, PPHN could
be significantly under recognised in this population. It is also a major risk in
infants with Down syndrome with normal heart structure (Shah et al., 2004).
The inherent risk of PPHN in infants with Down syndrome is due to a
number of factors including abnormal pulmonary vasculature, chronic upper
airway obstruction, and decreased alveolar density (Ayeni and Roper, 1998,
Cooney and Thurlbeck, 1982). Cooney et al, in an autopsy study of 6 infants with
Down syndrome noted that these patients had lower alveolar numbers and a
reduction in the cross sectional area of the vascular bed. In addition to the
increased risk of developing PPHN they also appear to develop it at a faster rate,
with more persistent disease when compared to non-Down syndrome controls
(Kawai et al., 1995). Patients with Down Syndrome are also at a significantly
greater risk of requiring Extracorporeal membrane oxygenation (ECMO) in the
neonatal period (Southgate et al., 2001). Shat et al suggest that early attention to
factors aggravating PPHN is important in managing these patients.
While patients with Down syndrome may require numerous
echocardiograms in the first week of life, very little research has been done on
heart function, or on the haemodynamic impact of PPHN in this condition.
Cardiovascular adaptation during the transitional period and its effect on
myocardial performance needs further exploration in patients with Down
syndrome. Research into cardiac performance in this condition may yield more
insight into the pathophysiology of cardiac dysfunction and pulmonary
hypertension in these patients. This could guide future surveillance and
management in the cohort.
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1.10 Rationale for the study
Reference ranges for many modalities of functional echocardiography are
established in both stable preterm and term infants. Further insight into the
application of those functional measurements in various neonatal disease states is
needed. Comprehensive assessment of myocardial performance in important
clinical settings and pathological conditions may aid in characterising the specific
cardiovascular response related to each condition. The benefit of this is two-fold:
This will help us further appreciate the characteristics of each functional marker in
certain physiological and pathophysiological states (such as the impact of loading
conditions), and characterise myocardial performance in certain disease
conditions. This may aid in devising targeted therapeutic interventions in the
future.
We aimed to establish reference values for echocardiography modalities
where data is lacking to date in both healthy term and preterm infants. To achieve
this, we performed serial echocardiograms during the transitional period in a
cohort of healthy control patients. We also aimed to study novel functional
parameters in patients with disease conditions to better understand the
pathophysiology of these diseases and their impact on myocardial performance.
The disease cohorts included: preterm infants with haemodynamically significant
patent ductus arteriosus (hsPDA’s) and those with CLD; infants treated with TH
for HIE; MCDA twins with TTTS and infants with Down syndrome with structurally
normal hearts. We aimed to study the advantages and disadvantages of different
techniques of functional assessment in our patient cohort, examine the influence
of loading conditions on various measurements, and establish the ability of these
methods to predict outcomes.
We hypothesised that measurements of cardiac performance would
increase during the transitional period in preterm and term infants. We
hypothesised that disease conditions would impact on myocardial function
affecting both the left and right ventricle. We also hypothesised that novel
echocardiography techniques could be used to effectively monitor disease
progression and aid in outcome prediction
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CHAPTER 2
METHODOLOGY

2.1 Study population and Study Setting
The Rotunda Hospital is a tertiary maternity Hospital with a neonatal intensive
care unit (NICU). The hospital caters for over 8500 deliveries per year. The NICU
admits preterm and critically ill term infants with a variety of conditions including
pulmonary hypertension, congenital heart disease and chromosomal
abnormalities. The Rotunda Hospital NICU has 40 beds ranging from Level III to
Level I (special care), is a centre for therapeutic hypothermia, and provides stateof-the-art therapeutic modalities including high frequency oscillation and inhaled
nitric oxide. As a result, the Hospital serves as an ideal setting to examine the use
of functional measurements in various neonatal populations and disease states.
We recruited:
 Preterm population
The Rotunda hospital admits about 130 very low birthweight infants (VLBW) per
annum. We recruited preterm infants less than 29 weeks gestation. The following
infants were eligible for inclusion.
●

Healthy preterm infants

●

Preterm infants with haemodynamically significant patent ductus arteriosus

●

Preterm infants with chronic lung disease

 HIE population
We recruited a cohort of infants with hypoxic ischaemic encephalopathy who were
treated with therapeutic hypothermia. Infants were eligible provided they fulfilled
two of the following criteria (Azzopardi et al., 2008): Apgar score of ≤5 at 10
minutes after birth; continued need for endotracheal or mask ventilation at 10
minutes after birth; acidosis within 60 minutes of birth (defined as any occurrence
of umbilical cord arterial or capillary pH <7.00 or a base Deficit ≥ 16 mmol/L);
and/or clinical seizures or moderate to severe encephalopathy using the Sarnat
grading system (Sarnat and Sarnat, 1976).
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 Monochorionic diamniotic twin population
The Rotunda Hospital is a referral centre for selective laser photocoagulation of
communicating vessels (SLPCV) and carries out 15 procedures per year. In
addition, the Rotunda cares for 50 MCDA twin pairs without TTTS per year.
The following infants were eligible for inclusion in this cohort:
●

MCDA twins with no evidence of TTTS

●

MCDA twins with growth discordance but not meeting the criteria for TTTS

●

MCDA twins with TTTS not receiving SLPCV

●

MCDA twins with TTTS requiring SLPCV

 Trisomy 21 population:
The number of infants delivered in the Rotunda Hospital with a diagnosis of
Down syndrome is 20 per annum, 60% of whom have normal structural
anatomy.
The following infants were eligible for inclusion in this cohort:
x Patients with Down syndrome with structurally normal hearts.
 Healthy term population
We recruited a cohort of normal healthy appropriately grown infants at term
(defined as birth > 37 weeks gestation), born to mothers without significant
maternal illness (diabetes of any type, pre-eclampsia, hypertension, clinical
chorioamnionitis, absent/reversed end diastolic flow in the umbilical arteries
anytime during the pregnancy).
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2.2.1 Ethical Approval
For each patient cohort, ethical approval was granted from the Rotunda Hospital
Ethics and Research Board. This was granted after application on the standard
application form ‘for the Ethical Review of Health-Related Research Studies,
which are not Clinical Trials of Medicinal Products for Human Use as defined in
S.I. 190/2004’. In addition, we undertook formal meetings with the Research
Ethics Board.

2.2.2 Information and Consent
We obtained written informed consent from all study participants before
enrolment. Following approval of the treating physician, parents were approached
and given verbal and written information regarding the study. In each study,
parents were given up to 12 hours to consider the participation of their infant.

2.2.3 Exclusion Criteria
Infants were excluded if they had a suspected or definite chromosomal
abnormality or congenital heart disease other than a patent ductus arteriosus
(PDA) and a patent foramen ovale (PFO) identified antenatally or on the initial
echocardiogram.

2.2.4 Clinical team
Throughout the study, the clinical team was blinded to the results of the
echocardiography scans, in addition to the NICOM and NIRS measurements.
All clinical care decisions including the use of sedation and inotropes were left to
the discretion of the clinical team. If a significant clinical finding was found on
echocardiography, we notified the treating physician and referred the patient to a
consultant cardiologist for further assessment.
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2.3.1 Clinical Demographics
We collected data on the following antenatal characteristics:
● Gestational age at the time of delivery.
● Birth weight, with documentation on growth restriction (whether the child was
below the 10th or the 3rd percentile for weight at the time of birth).
● Infant gender.
● Mode of delivery (vaginal delivery vs caesarean section).
● Apgar scores (recorded at 1 and 5 minutes of age).
● Resuscitation required (including the need for cardiopulmonary resuscitation
(CPR) and the use of adrenaline).
● Singleton, twin or triplet delivery.
● Cord blood gas with venous and arterial pH and base deficits if available.
● Surfactant administration and the number of doses if multiple doses were used.
● Antenatal steroid exposure. We defined a complete course of steroids as 2 doses
of dexamethasone or betamethasone 12mg, administered at least 12 hours apart.
A partial course was defined as 1 dose of steroids administered prior to delivery,
or a course of steroids given less than 12 hours before delivery.
● Presence or absence of pre-eclampsia (PET): Defined as maternal blood pressure
of ≥140/90 on 2 occasions and proteinuria ≥300mg/24 hours (Monteith et al.,
2017).
● Presence or absence of clinical and/or histological chorioamnionitis.
● Antepartum haemorrhage (APH).
● Absent or reversed end-diastolic flow in the umbilical artery (AEDF / REDF). The
normal Doppler signal seen in the umbilical artery is one with continuous positive
flow seen in both systole and diastole.
● Use of Magnesium sulphate (MgSo4). In the Rotunda Hospital, mothers with
pregnancies less than 32 weeks gestation who are likely to deliver within 12 – 24
hours are given a 4g loading dose of MgSO4 over a 20 minute period for fetal
neuroprotection. No subsequent infusion of MgSO4 is given.
● Presence of any septic risk factors. These include a maternal fever > 38oC;
maternal Group B streptococcus (GBS) bacterial growth on high vaginal swab;
previous infant with invasive GBS infection and prolonged rupture of membranes
> 18hours.
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2.3.2 Clinical Parameters
In addition, clinical cardio-respiratory characteristics during the echocardiography
assessments were collected including: systolic, diastolic and mean blood
pressure, heart rate, mean airway pressure, mode of ventilation, oxygen
requirements, oxygen saturation, nitric oxide use, inotropic support, volume of
fluid intake and pH on blood gas analysis.
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2.4.1 Echocardiography Assessment
Echocardiography was performed using the Vivid S6 echocardiography system
with a 7S or 12S probe. Image acquisition was conducted in accordance with
recently published guidelines with infants placed in a supine position during
periods of haemodynamic and respiratory stability (Mertens et al., 2011).

Echocardiography was performed at pre-defined time intervals
● 6-12 hours of age
● 36-48 hours of age
● Day 5 – 7 of age
● 36 weeks corrected gestational age (or before hospital discharge) for preterm
infants

The scans were stored as raw data in an archiving system (EchoPac, General
Electric, version 112, revision 1.3) for later offline analysis. Offline analysis was
performed using the EchoPac software (GE,version 112, revision 1.3 multifrequency probe (GE Medical, Milwaukee, USA).

2.4.2 Echocardiography measurements
Conventional measures of systolic myocardial performance:
1) Shortening fraction (SF).
2) Ejection fraction (EF) measured by Simpson’s biplane method.

Assessment of PDA parameters:
1) Patent ductus arteriosus (PDA) size in 2D measured at the pulmonary end.
2) The direction and peak velocity of flow across the duct.
3) Pressure gradient across the duct.

Markers of pulmonary over-circulation:
1) Left atrial to aortic root ratio (LA:Ao).
2) Pulmonary vein peak systolic and diastolic velocity.
3) Mitral valve E and A velocities, E:A ratio, and mitral valve velocity time integral
(VTI).
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4) Left ventricular output (LVO).
5) Left ventricular dimension.
6) The presence of a patent foramen ovale (PFO) and the velocity of the shunt.

Markers of systemic hypoperfusion:
1) Abdominal aortic peak systolic velocity, diastolic flow direction and velocity.
2) Celiac artery peak systolic velocity, diastolic flow direction and velocity.
3) Middle cerebral artery peak systolic velocity, diastolic flow direction and velocity.
4) Brachiocephalic artery peak systolic velocity, diastolic flow direction and velocity.

Markers of pulmonary hypertension
1) PDA shunt direction.
2) Right ventricular output (RVO).
3) Right ventricular dimensions and sphericity index.
4) Pulmonary artery acceleration time (PAAT).
5) Right ventricular ejection time (RVET).
6) Interventricular septal motion and morphology in systole.
7) Tricuspid regurgitant jet in systole.

Novel measures of myocardial performance:
1) Tissue Doppler (TDI) velocities of the mitral, septal and tricuspid annuli.
2) Tissue Doppler (TDI) measured event timings.
3) Tissue Doppler (TDI) derived strain imaging.
4) Left and right ventricular strain measured by speckle tracking echocardiography
(STE).
5) Left ventricular rotational mechanics.
6) Right ventricular triscuspid annular plane systolic excursion (TAPSE).
7) Right ventricular fractional area shortening
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2.4.3 Conventional measures of systolic myocardial performance

Shortening fraction
This was measured from the long axis parasternal view. The cursor was aligned
perpendicular to the septal and LV free wall below the mitral valve. M-mode was
used to measure the movement of the LV and septal wall towards and away from
each other (Figure 2.1). Shortening fraction was calculated from the below
formula (Lee et al., 1992).

LVEDD = left ventricular end diastolic diameter
LVESD = the left ventricular end systolic diameter
Normal neonatal values are = 28 to 40%
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Figure 2.1: Measurement of Shortening Fraction. In the long axis parasternal view the
cursor is aligned perpendicular to the left ventricular (LV) wall at the mitral valve tips. Mmode is then employed to capture the septal and LV wall movement throughout the
cardiac cycle.
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Ejection fraction
Ejection fraction was measured from the apical two and four chamber views using
the Simpsons biplane method. The internal area of the left ventricle was traced
along the endocardial layer in end systole and end diastole from both the two and
four chamber views (Figure 2.2). The cavities are divided into equidistant discs to
estimate cavity volume in diastole and systole (Schiller et al., 1989). The
echocardiography software then calculated the overall change in volume over the
cardiac cycle.

LVEDV = left ventricular end diastolic volume
LVESV = left ventricular end systolic volume
Normal value of EF in newborn infants is between 55-65%
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Figure 2.2: Measurement of Ejection Fraction. Simpson’s biplane method is used to
measure ejection fraction. The left ventricular cavity area is traced in systole and diastole
from both the four (left) and two (right) chamber views. The change in cavity dimension is
calculated.
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2.4.4 Assessment of PDA parameters
For measurements of the patent ductus arteriosus we used the ductal view from
the high parasternal window. The diameter was measured in millimeters using the
2D mode at the pulmonary end of the PDA. The direction of flow across the duct
could be identified using colour Doppler imaging (red = left to right, blue = right to
left) and by the use of continuous wave Doppler (upwards deflection = left to right,
downwards deflection = right to left). The velocity of flow in systole and diastole
was also measured using continuous wave colour Doppler with the cursor aligned
parallel to the ductal flow (Figure 2.3). The presence of bidirectional flow and the
peak systolic and diastolic flows were recorded.
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Figure 2.3: Haemodynamically Significant Patent Ductus Arteriosus (hsPDA). The
top figure shows a large patent ductus arteriosus (PDA) in 2-D (orange arrow). Below that
colour Doppler is used to highlight the flow across the duct. The red jet demonstrates that
there is a left to right shunt across the duct. Continuous wave Doppler is shown in the
bottom images providing us with measurements of flow in systole and diastole. The timing
of the cardiac cycle is revealed from the electrocardiography (ECG) trace.
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2.4.5 Markers of pulmonary over-circulation

Left atrial to aortic root ratio
From the long axis parasternal view (as with shortening fraction) the cursor was
aligned to bisect the aortic valve and left atrium (Figure 2.4). Using M-mode, the
diameter of the aorta at the valve and the left atrial diameter were recorded in
diastole and the ratio calculated (La:Ao). This measurement was used to assess
LV preload and can be a marker of PDA significance. If a significant volume of
blood is shunting from left to right across the ductus, large volumes will return to
the left atria causing it to dilate. An increase in the LA:Ao ratio to more than 1.4:1
was considered significant.
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Figure 2.4: Measurement of LA:Ao Ratio. The LA:Ao ratio is measured from the long
axis parasternal view. The cursor is aligned to form a perpendicular line through the aortic
valve and left atrium. The diameter of the aortic valve and left atria are both measured
using M-mode in diastole and a ratio between the 2 is made.
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Pulmonary vein peak systolic and diastolic velocity
In the anatomically normal newborn, four pulmonary veins drain into the left
atrium, returning oxygenated blood from the lungs. From the apical four chamber
view, we used pulse wave Doppler to measure the velocity of systolic and diastolic
flow in the right upper pulmonary vein (Figure 2.5). Event times were obtained
from the electrocardiogram (ECG) signal. The wave usually consists of two peaks,
one in systole and one in diastole. An increase in pulmonary venous flow may be
seen in infants with haemodynamically significant ducts secondary to overcirculation of blood to the lungs.

88

Figure 2.5: Measurement of Pulmonary Venous Flow. This is an image of pulmonary
venous flow taken from a modified apical four chamber view. We can see that the
Doppler wave form is complex with two main peaks. The S wave represents the inflow
into the left atria during ventricular systole and the D component represents the inflow to
the left atria during diastolic ventricular filling.
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Mitral flow
The inflow of blood from left atria to ventricle was measured in the apical four
chamber view by using pulse wave Doppler below the mitral valve annulus
(Figure 2.6). Because diastole is split into an early (E wave) and a late phase (A
wave), the waveform is biphasic. The E wave is from active relaxation of the
ventricle in diastole, and the A wave is generated on contraction of the atria. We
recorded the peak value of each wave as well as the velocity time integral (VTI)
over three cardiac cycles. High peak flow rates signify over-circulation of blood to
the lungs. If the E and A wave were fused, we recorded the peak of the single
wave form and labelled it as an A wave. We also calculated the E:A wave ratio
which gives further information on LV diastolic function. The E:A ratio has a
positive value in normal healthy infants, as most ventricular filling occurs in the
early phase. This is reversed in preterm infants or in other conditions with diastolic
dysfunction, as the ventricle becomes more dependent on atrial contraction.
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Figure 2.6: Measurement of Mitral Doppler Flow. The mitral valve is imaged in the
apical four chamber view. The cursor is aligned through the mitral valve and pulse wave
Doppler is used below the valve opening. The waveform is biphasic with an early wave (E
wave) from active ventricular relaxation and a late wave (A wave) from atrial contraction.
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Left ventricular output, dimensions and systemic vascular resistance
LVO is the volume of blood ejected from the left ventricle expressed in ml/kg/min.
To calculate this value we needed to obtain several measurements. The mean
velocity of blood flow leaving the ventricular outflow tract was calculated using
pulse wave Doppler on the aorta in the apical four chamber view. By tracing the
wave forms we measured the velocity time integral, which is the distance travelled
by blood in a single heartbeat (Figure 2.7). We also measured the aortic diameter
at the valve in the long axis parasternal view. The LVO was then calculated with
the formula:

LVO = left ventricular output
AoCSA = aortic cross sectional area
VTI = velocity time integral
Normal values range from 170 to 320 ml/kg/min

The left ventricular length and the diameter of the mitral valve were measured
from the apical four chamber view. The length was measured as the distance
between the closed mitral valve and the LV apical wall just prior to diastole. The
distance between the mitral valve leaflets was measured at the point of maximum
opening in diastole to give the diameter.

Systemic vascular resistance was derived using this formula: SVR = MBP / LVO.
(Noori et al., 2013).
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Figure 2.7: Measurement of Left Ventricular Output (LVO). (Above) The aortic outflow
tract is imaged from the apical four chamber view, and pulse wave Doppler is used to
capture aortic flow. Three Doppler waves are traced and the average velocity time
integral (VTI) is recorded. (Below) The aortic cross sectional area (AoCSA) is measured
in the long axis parasternal view (bottom image) from hinge to hinge with the aortic valve
open in systole.
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2.4.6 Markers of systemic hypoperfusion
In addition to assessing for evidence of pulmonary over-circulation and signs of
left ventricular overload in the presence of a cardiac shunt (usually a PDA), we
also assessed for signs of systemic steal. This is illustrated by a reduction in
diastolic flow in certain vessels of the body and is usually deemed significant if
diastolic flow is absent or reversed. In particular, reversed flow may highlight a
reduction in perfusion to vital organs. The vessels screened for systemic steal
included: the descending aorta, the celiac artery and the middle cerebral artery
(Figure 2.8).
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Figure 2.8: Measurement of Flow in the Descending Aorta, Celiac Trunk and Middle
Cerebral Artery (MCA). Panel (A) demonstrates forward flow in diastole in the absence
of a PDA. Panel (B) demonstrates the presence of absent diastolic flow in the presence of
a moderately significant PDA. Panel (C) shows reversed diastolic flow in the presence of
a large, haemodynamically significant PDA.
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Brachiocephalic artery Doppler flow
We analysed flow in the brachiocephalic artery using pulsed wave Doppler over
three time points. We imaged the brachiocephalic artery, as the first branch
coming off the aortic arch from the high parasternal view (Figure 2.9). The angle
of insonation was kept below 20 degrees by aligning the cursor parallel to flow in
the BCA and the gate (set at < 2mm) placed at the origin. We measured the
maximum systolic velocity, minimum diastolic velocity and VTI with pulse wave
colour Doppler and used the average value from three consecutive waves.
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Figure 2.9: Measurement of Brachiocephalic Artery Flow. The brachiocephalic artery
from the suprasternal arch view in 2-D & the different diastolic flow patterns in the
brachiocephalic. The upper image shows normal flow in diastole. The lower image shows
reversed flow in diastole, which is seen in infants with haemodynamically significant
patent ductus arteriosus.
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2.4.7 Markers of pulmonary hypertension
Patent ductus arteriosus shunt direction
If the pulmonary pressures exceed the systemic pressure, the flow of blood across
the duct will be from the pulmonary artery to the aorta (right to left). The direction
of flow was recorded as: left to right, bidirectional (occurs when pulmonary
pressures are only higher than the systemic in systole) or right to left (when
pulmonary pressures are higher than systemic in systole and diastole) (Figure
2.10).
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Figure 2.10: Measurement of Ductal Flow Demonstrating Pulmonary Hypertension.
From the ductal view and using dual mode (2-D and colour) the blue illustrates flow from
the pulmonary artery to the aorta (right to left shunt). The bottom panels illustrate the 4
common flow patterns.
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Right ventricular output, right ventricular dimension and event times
In pulmonary hypertension, right ventricular output (RVO) may decrease due to
the increased resistance to flow. RVO was calculated by using the same principle
as with left ventricular output. The pulmonary VTI was measured by using pulse
wave Doppler of pulmonary flow in the long axis parasternal view (Figure 2.11).
The waves were then traced. The diameter of the pulmonary valve was also
measured from this view and the RVO was calculated using the formula:

RVO = right ventricular output
PulmCSA = pulmonary cross sectional area
VTI = velocity time integral

In addition to a decrease in RVO, the right ventricle may become dilated in
pulmonary hypertension. The RV length, tricuspid valve annulus, basal and
midpoint diameters were calculated from the apical four chamber view (Figure
2.12). Interventricular septal wall bowing into the left ventricle is another marker of
pulmonary hypertension and was recorded. The sphericity index of the RV was
estimated using the ratio of the RV midpoint diameter to RV length in end-diastole.
This ratio increases in RV remodelling and dilatation (Kossaify, 2015).

Pulmonary artery acceleration time (PAAT), also referred to as the time to peak
velocity (TPV), is the time taken for the pulmonary flow to achieve its maximum
velocity. The presence of pulmonary hypertension results in a decrease in the
PAAT. A study by Levy et al demonstrated a significant inverse correlations
between PAAT and right heart catheter-derived mean pulmonary arterial pressure
(r = -0.82) and PVRi (r = -0.78). PAAT < 90 msec and PAAT/right ventricular
ejection time < 0.31 resulted in a sensitivity of 97% and specificity of 95% for
detecting catheter derived pulmonary hypertension (Levy et al., 2016b). We
measured this by recording the PAAT of three pulmonary artery Doppler waves
and calculating the average. Right ventricular ejection time (RVET) is the time
during which pulmonary artery flow occurs. This was measured by tracing three
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Doppler waves and calculating the average ejection time. We indexed the PAAT
to RVET to account for the impact of heart rate variability.

Figure 2.11: Measurement of Right Ventricular Output (RVO) and Pulmonary
Artery Acceleration Time (PAAT). The pulmonary cross sectional area is measured
from the long axis parasternal view in 2-D from hinge to hinge with the pulmonary valve
open. Pulse wave Doppler is used to capture pulmonary flow. Three Doppler waves are
traced and the average velocity time integral (VTI) is recorded. The PAAT is the time
from the initiation of the pulmonary wave (onset of ejection) to the peak velocity. This is
indexed to right ventricular ejection time (RVET) which is the time taken for the ejection
of blood.
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Figure 2.12: Measurement of Right Ventricular Dimensions. This was measured
from the apical four chamber view by recording the diameter in diastole at each point
shown above. TAVD: tricuspid annular valve diameter; RVBD: right ventricular basal
diameter; RVMC: right ventricular mid cavity diameter; RVL: right ventricular length.
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Triscuspid flow
The inflow of blood from the right atria to ventricle was measured in the apical four
chamber view by using pulse wave Doppler below the tricuspid valve (Figure
2.13). This waveform is also usually biphasic. We recorded the peak value of each
wave as well as the velocity time integral (VTI). Forward flow across the tricuspid
valve may be reduced in the presence of pulmonary hypertension. If the E and A
wave were fused, we recorded the peak of the single wave form and counted it as
an A wave. We also calculated the E:A wave ratio which gives further information
on right ventricular diastolic function. The E:A ratio has a positive value in normal
healthy infants as most ventricular filling occurs in the early phase. This is
reversed in preterm infants or in other conditions with diastolic dysfunction as the
ventricle becomes more dependent on atrial contraction.

.
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Figure 2.13: Measurement of Tricuspid Doppler Inflow. The tricuspid valve is
imaged in the apical four chamber view. The cursor is aligned through the tricuspid
valve and pulse wave Doppler is used below the valve opening. The waveform is
biphasic with an early wave (E wave) from active ventricular relaxation and a late wave
(A wave) from atrial contraction.
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Triscuspid regurgitation
When present, we measured the tricuspid regurgitant (TR) jet using continuous
wave colour Doppler from several different views (short and long axis parasternal
and apical 4 chamber views) recording the highest reading (Figure 2.14). This is a
surrogate marker for pulmonary artery pressure (PAP) calculated using the
Bernoulli equation:
(Δ P = 4 V2 )
Δ P = change in pressure
V2 = velocity squared

The RV systolic pressure was calculated with the formula RVSP = PAP + 5mmHg
(where 5mmHg is the value given to right atrial pressure). When this pressure is
compared to the systolic blood pressure in the systemic blood system we can
estimate the ratio of pulmonary : systemic pressure. This was recorded as subsystemic, systemic or supra-systemic.
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Figure 2.14: Measurement of Tricuspid Regurgitation. This image is taken from a
modified long axis parasternal view. It shows retrograde flow of blood from the right
ventricle into the right atria. The bottom panel illustrates the jet velocity which can be
used to calculate the pressure gradient between the RV and RA.
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2.5.1 Methods of Assessing Tissue Doppler Velocity
Tissue Doppler velocities were obtained at the basal segment of the LV lateral
wall, the septum and the RV free wall from the apical 4 chamber view (Figure
2.15). The image sector width was narrowed and the depth increased to focus on
the wall of interest to maximise the frame rates (Nestaas et al., 2008). The angle
of insonation between the measurement cursor and the direction of myocardial
motion was minimised. Measurements were taken at the mitral and tricuspid valve
annulus and at the septal base. This method assesses the velocity of the mitral
and tricuspid valve annulus by measuring longitudinal myocardial motion from the
base to the apex. The velocities recorded included the peak systolic velocity of the
myocardial muscle (s` wave) (Hiarada et al., 2000, Nagueh et al., 1997) (Yu et al.,
2007) reflecting ventricular systolic function, the peak early diastolic velocity (e`
wave) and the peak late diastolic velocity (a` wave) which reflect the active
ventricular relaxation and atrial contraction phases of diastole respectively. When
e` and a` wave fusion occurred, we recorded the result as a single a` wave. This
method provides an accurate assessment of systolic and diastolic function of both
the left and right ventricle (James et al., 2014b, Nagueh et al., 1997, Yu et al.,
2007). From the septal base, we measured the isovolumic contraction (IVCT) and
relaxation times (IVRT) as well as the ventricular systolic and diastolic times. We
calculated the e`/a` ratio as an additional marker of diastolic performance. We
also assessed the E/e` ratio which is the relationship between the atrioventricular
E wave on pulsed wave Doppler and the e` wave for the corresponding ventricular
wall velocity.
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Figure 2.15: Measurement of Tissue Doppler Velocities. Narrowing the sector width
and reducing the sample gate increases the frame rate and improves the temporal
resolution. This enables easier identification of the various events throughout the cardiac
cycle. The angle of insonation should be less than 20o to avoid underestimating the
velocity values. Pulsed wave TDI can be used to derive myocardial velocity during systole
(s`) and diastole (e` and a`). Event timings are also measured including, systolic time,
diastolic time, isovolumic relaxation time (IVRT) and isovolumic contraction time (IVCT).
Movement towards the probe is depicted as positive, and movement away from the probe
is depicted as negative.
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2.5.2 Deformation Imaging using Tissue Doppler Echocardiography
This technique assesses the change in shape of a specific segment of the
ventricular wall by taking two reference points along the myocardium within a
region of interest (ROI), and measuring the movement of these points toward and
away from each other throughout the cardiac cycle. The velocity of displacement
between these points is measured. High frame rates of > 180 frames per second
were used to optimise measurements (James et al., 2016c). This was achieved by
maximising the image size and minimising the image width. We applied an ROI
width (RW) of 2mm, an ROI length (RL) of 1mm and a strain length (SL) of 6mm
in our preterm population. In our term infants, we used an RW of 3mm, RL of 1mm
and SL of 8-10mm to provide optimal analysis (Nestaas et al., 2008, Poon et al.,
2011). We measured peak systolic strain (PSS) at the time of aortic valve closure
(AVC) and peak systolic strain rate (PSSR) in mid systole between aortic valve
opening (AVO) and closure (AVC). Early and late diastolic strain was measured
between mitral valve opening (MVO) and mitral valve closure (MVC) (Figure
2.16).
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Figure 2.16: Measurement of Tissue Doppler Strain. With tissue Doppler strain, the
region of interest (ROI) in the ventricular wall is focused on. The imaging sector width is
usually narrowed to focus on a single wall (larger width shown for illustration purposes)
and increase the resolution. The top right diagram shows the measurement for peak
systolic strain for three cardiac cycles. These are recorded as negative deflections
occurring at aortic valve closure (AVC). Strain rate is shown below for three cardiac
cycles. Systolic strain rate has a single negative deflection and diastolic strain has a
biphasic positive deflection.
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2.5.3 Deformation Imaging Using Speckle Tracking Echocardiography
Speckles result from acoustic backscatter generated by the reflected ultrasound
beam. STE uses standard B-mode images for speckle tracking analysis. Image
acquisition for LV deformation was taken from the apical four, two and three
chamber views (Figure 2.17). Longitudinal deformation of the RV strain and SRs
was measured from a focussed RV 4 chamber view (Jain et al., 2014a) (Figure
2.18). The septum was considered to be incorporated into LV function
measurements (Nasu et al., 2015). The border of the myocardium was traced to
outline an ROI, with the width set to encompass the endocardial wall. For optimal
results, 2D images clearly outlined the cardiac walls. A steady ECG signal was
necessary for event timing of the cardiac cycle to be measured. Whilst STE is
angle independent, careful attention was paid to the frame rates to optimise
speckle tracking. Grey scale images of the LV from the apical 4, 2, and 3 chamber
views were obtained and a cine loop of three cardiac cycles was stored. LV global
longitudinal strain (LV GLS) and LV global longitudinal systolic strain rate (SRs)
were calculated from averaging the values of the three plains. The images were
optimised to illustrate a clear endocardial and epicardial border of the LV walls
without artefact. We utilised a frame rate (FR) to heart rate (HR) ratio of 0.7 – 0.9
as recommended by Levy et al for optimal reproducibility. Generally a frame rate
of 90 – 110 is used in term infants and 110 – 130 is required for preterm infants
(Sanchez et al., 2015). STE analysis of LV GLS and SRs was performed offline
using a software package. An ROI was defined by tracing the endocardial border
of the LV wall in the three views with the width set to match that of the wall
(Figure 2.17). The software tracks the movement of speckles along the wall
throughout the cardiac cycle to derive segmental GLS and SRs values. The
success of tracking is demonstrated by the software programme but can also be
visually observed. Values were only recorded if the software accepted the tracking
and a visual inspection by the operator confirmed adequate tracking. LV GLS and
SRs values were obtained by averaging the results of the 18 segments of the
three planes. Our group and others have previously demonstrated that systolic
deformation measurements obtained using 2D STE imaging of the LV and RV are
highly feasible and reproducible in premature infants using specific cardiac image
acquisition and post-processing data analysis protocols (Levy et al., 2013, James
et al., 2015a, El-Khuffash et al., 2012, Czernik et al., 2014, de Waal et al., 2014).
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Figure 2.17: Measurement of Speckle Tracking Echocardiography (STE) of the
Left Ventricle. We can see speckle tracking performed from the four, two and three
chamber views. Each segment within the myocardium is assigned its own value for
strain which is combined to provide a value for global strain. Strain values for each
segment are highlighted in the ‘’bulls eye’’ in the bottom right.
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Figure 2.18: Speckle Tracking of the Right Ventricle. The echocardiography images
demonstrate speckle tracking of the right ventricle (RV) from the four chamber view.
Strain is recorded for three segments of the RV wall. The average of these provides a
result for global RV strain.
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2.5.4 Methods of Assessing Rotational Mechanics
Rotational mechanics are a measure of apical and basal rotation and the resultant
LV twist. During systole, the LV twists to improve the ejection of blood from the LV
cavity. During early diastole the LV untwists as it recoils, generating a suction
force facilitating LV filling. Rotational mechanics were derived by obtaining grey
scale images of the LV from the parasternal short axis views at the level of the
mitral valve (to derive basal rotation) and at the level of the apex (to derive apical
rotation) (Figure 2.19). The measurement of LV twist is expressed in degrees of
rotation. LV twist and untwist rate are the speed at which this twisting and
untwisting occur and are expressed as degrees per second. A clear ECG signal
was maintained during image acquisition. The ROI was defined by tracing the
endocardium at the mitral valve and apex. The software tracks the movement of
speckles along the wall throughout the cardiac cycle. A frame rate (FR) to heart
rate (HR) ratio of 0.7 – 0.9 was used for the assessment of rotational mechanics.
A frame rate of 125 frames/second has been recommended for preterm infants.
Clockwise rotation was depicted as negative and anticlockwise rotation as
positive. Twist was calculated as the difference between apical and basal rotation
using the following formula: Twist (o) = apical rotation (o) – Basal rotation (o).
Torsion was derived by indexing twist to LV end diastolic length (in cm) using the
following formula: Torsion (o/cm) = LV Twist (o) ÷ LV length (cm). Left ventricular
twist rate (LVUTR) is the speed at which the LV twists (o/s) during systole and LV
untwist rate (LVUTR) is the speed at which the LV untwists (o/s) in early diastole.
All measurements were obtained from the analysis software programme. The
feasibility and reproducibility of obtaining deformation and rotational
measurements in the preterm population was previously demonstrated by our
group (El-Khuffash et al., 2012, James et al., 2015a, de Waal et al., 2014, Jain et
al., 2014a).
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Figure 2.19: Measurement of Rotational Mechanics. The top echocardiography
images show clockwise rotation at the left ventricular base and anticlockwise rotation at
the apex. Below that we see the value for peak basal clockwise rotation (negative) and
peak apical anticlockwise (positive) rotation. The bottom diagram shows twist and untwist
rate. Left ventricular twist rate (LVRT) is a positive deflection before aortic valve closure
(AVC) and left ventricular untwist rate (LVUTR) is a negative deflection after AVC.
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2.5.5 Tricuspid Annular Plane Systolic Excursion
This is an absolute measurement of the distance travelled by the annulus during
systole and is not indexed to the length of the RV. In the focused RV 4 chamber
view the cursor was aligned from the apex through the tricuspid valve annulus
(Figure 2.20). The M-Mode function was then used to measure the displacement
of the annulus toward and away from the probe. Values in neonates range from 45mm in extremely low birth weight infants, to 9-11mm in term infants
(Koestenberger et al., 2011). This measurement was assessed in both 2-D and
TDI modes.
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Figure 2.20: Measurement of Tricuspid Annular Plane Systolic Excursion. The
image shows triscuspid annular plane systolic excursion in TDI (left) and 2-D (right). In
the apical four chamber view, the cursor is aligned from the apex through the tricuspid
valve annulus, and M-mode is then employed to observe the annular displacement from
the base to the apex in systole.
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2.5.6 Fractional Area Change
The FAC can be easily performed using standard echocardiographic equipment
and no geometric assumptions about the RV are required to calculate the results.
The percentage change in the RV chamber area from end-diastole to end-systole
was calculated by tracing the right ventricular end systolic area (RVESA) and
diastolic area (RVEDA) from the RV-focused apical four-chamber view (Figure
2.21). The trabeculations were included in the measurement to attain an accurate
area of the RV. FAC was calculated using the formula
100 [(RVEDA - RVESA) ÷ RVEDA)]

The normal value in the neonatal population ranges from 25 - 40%.
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Figure 2.21: Measurement of Fractional Area Change. Fractional area change (FAC)
is the change in the right ventricular (RV) cavity dimension from end diastole (left) to end
systole (right) as highlighted from the yellow shaded area. Image acquisition is in the
apical four chamber view.
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2.6.1 Non-Invasive Cardiac Output Monitoring
This was performed using the NICOM system (Cheetah Medical Inc, MA, USA).
This technology utilises trans-thoracic bioreactance which measures the variation
in the frequency spectra of a delivered oscillating current when it traverses the
thoracic cavity (Weisz et al., 2014a, Weisz et al., 2012). The monitoring circuit
consists of four emitting and receiving electrodes which were placed on the chest
or back in a manner that “boxed” the heart (Figure 2.22). Each sensor strip
electrode has two contact points. The upper electrode sensors were positioned at
the mid-clavicles or upper back bilaterally. The lower electrode sensors were
positioned at the 6th and 7th intercostal spaces along the mid clavicular line. The
NICOM measured stroke volume (SV) and cardiac output (CO) every minute. The
systemic vascular resistance (SVR) was calculated by the NICOM system on an
hourly basis following the manual insertion of mean blood pressure using the
following formula: SVR = (MAP × 80)/CO; where MAP is the mean arterial
pressure.
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Figure 2.22: Measurement of Non Invasive Cardiac Output Monitoring. (Left) The
monitor displays values for Heart rate (HR) and cardiac output (CO). Total peripheral
vascular resistance (tPVR) not displayed in this image. (Right) The diagram illustrates
placement of the 4 stickers on the chest to “box” the heart.
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2.6.2 NIRS Monitoring
We performed this measurement using the INVOS Somanetics system
(Medtronic, MN, USA) and cerebral oximetry neonatal sensors. The sensors were
applied to the skull over the frontal lobes and secured using clear bandages for
the duration of TH and rewarming (Figure 2.23). NIRS provided continuous SctO2
readings using special resolved spectroscopy (Lemmers et al., 2008).
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Figure 2.23: Measurement of Near Infrared Spectroscopy. This diagram illustrates
placement of the cerebral sticker used in our study on the infant forehead.
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2.7 Statistical Analysis
The distribution of continuous data was tested using histograms, and the ShapiroWilk test, and was summarized as means (standard deviation) if normally
distributed and medians [interquartile ranges] if skewed. Two group analyses were
conducted using a student t test or the Mann Whitney U test as appropriate. Three
or more group analyses was conducted using one way ANOVA or the KruskalWallis test as appropriate. Change over time across two groups was assessed
using two-way ANOVA with repeated measures. Categorical variables were
presented as proportions and groups were tested using the Chi squares test (or
Chi square for trends) and the Fisher exact test as appropriate. Correlations were
tested using Pearson’s or Spearman’s correlation coefficients as appropriate.
Linear and logistic regression was used to assess independent relationships
between predictor variables and important outcomes and to test for confounding
variables. A p value < 0.05 was considered significant. SPSS (IBM, version 22)
was used to conduct the analysis.
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2.8 Clinical Outcomes of Interest
During the course of the infants stay in the Neonatal unit, outcome measures were
recorded until time of discharge. The following conditions were monitored:

1. Respiratory Distress Syndrome (RDS): The condition was defined based on
clinical signs of respiratory distress including: tachypnea; nasal flaring; grunting;
intercostal and subxiphoid retractions, cyanosis, hypoxaemia and a rising pCO2
on an arterial blood gas sample. In addition, radiological diagnosis was used to
further support clinical evidence (Moss, 2006).
2. Chronic Lung Disease (CLD): This was defined as the need for oxygen
supplementation or respiratory support at 36 weeks corrected gestational age. We
also recorded the need for oxygen supplementation or respiratory support at 28
days of age.
3. Neonatal Sepsis: This was diagnosed based on positive neonatal blood cultures
(Holzman et al., 2007).
4. Intraventricular Haemorrhage (IVH): This was defined and graded with the Papile
classification (Papile et al., 1978). Two consultant radiologists perform all the
scans in our unit. In infants less than 32 weeks gestation the first scan is routinely
performed at day 1 - 3 of life followed by a repeat scan at day 7 - 10 of life. We
grouped the infants into those who develop grades I/II (moderate IVH) and those
with grades III/IV (severe IVH). We also noted whether there was early IVH
defined as IVH within the first 2 days of life or late IVH.
5. Periventricular Leukomalacia (PVL): Refers to necrosis of cerebral white matter in
a specific distribution, dorso-lateral to the external angles of the lateral ventricles
and involving the region adjacent to the trigones and to the frontal horn and body
of the lateral ventricles. The descending corticospinal tracts, optic radiations in the
area of the trigone and occipital horn, the acoustic radiations in the temporal horn,
and frontal white matter near the foramen of Monro commonly are affected (Inder
and Volpe, 2000). We assessed for PVL on the 28 day cranial ultrasound scan
and the discharge cranial ultrasound scan.
6. Necrotizing Enterocolitis (NEC): The diagnosis was based on Bell’s criteria (Bell,
1978). A diagnosis of NEC and the Bells staging of NEC were documented.
7. Retinopathy of prematurity (ROP): Infants are assessed by a consultant Paediatric
Ophthalmologist as part of a screening tool for (ROP) if born less than 1500g or
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32 weeks gestation. We recorded if a child had a clinical diagnosis of ROP based
on these assessments and whether the infant received treatment for ROP, either
laser treatment or Avastin treatment.
8. Ventilation: The duration of invasive ventilation (conventional ventilation, high
frequency oscillation ventilation), the duration of non-invasive ventilation
(continuous positive pressure ventilation) and the duration of oxygen requirement
were noted.
9. Nutritional status: The total number of days the child received Total Parenteral
Nutrition (TPN) and the number of days to reach full feeds were noted. We
defined full feeds as the point at which the child receives 120ml/kg/day of enteral
feeds.
10.Death: Both early death, defined as death within seven days after birth, and death
before discharge were recorded.
11.Inotrope use: We documented if inotropes were used at any point and if used, how
many and for what duration.
12.Pulmonary haemorrhage: This was recorded if it occurred.
13.Diuretic use: We recorded any diuretics used at any point for the treatment of
chronic lung disease or respiratory distress.
14.Length of stay in hospital was recorded.
15.Transfusion: The number of blood transfusions, number of platelet transfusions
and the number of transfusions with fresh frozen plasma were recorded.
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CHAPTER 3
Reference values for novel echocardiography
Techniques
Part 1: Reference Values for Tissue Doppler Velocity in Preterm
Infants

3.1 Background
Tissue Doppler imaging (TDI) is an echocardiography modality which
measures the velocity of muscle movement by direct Doppler of the myocardium.
Myocardial wall movement is slower than that of blood. TDI filters out the high
velocity, low amplitude signal obtained from blood, allowing us to focus on the
lower velocity, higher amplitude signals of the myocardium (Weidemann et al.,
2002b). TDI measures regional systolic and diastolic function of the left (LV) and
right ventricular (RV) base, in addition to the septal base (James et al., 2014b,
Nagueh et al., 1997, Yu et al., 2007). The technique is reliable and feasible in
assessing preterm heart function (Negrine et al., 2012, James et al., 2014b).
Some normative reference ranges are available in preterm infants, with most
studies focusing on the transitional period (James et al., 2014b, Di Maria et al.,
2015). However, the presence of serial data utilising TDI from day one of life up to
36 weeks post menstrual age (PMA) in extremely premature infants is lacking. We
aimed to present normative LV, RV and septal velocity data in a reference cohort
of preterm infants less than 29 weeks gestation over the transitional period and at
36 weeks PMA. In addition, we compare the data obtained at 36 weeks PMA to a
group of healthy term infants.
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3.2.1 Specific Methodology Employed
We carried out a prospective observational study of infants less than 29
weeks gestation born in the Rotunda Hospital. Echocardiography was performed
on day 1, day 2, between day 5 – 7 and at 36 weeks PMA. The preterm reference
group included infants born less than 29 weeks gestation, not in receipt of
inotropic support or inhaled nitric oxide (iNO) in the first week of life, and in whom
a haemodynamically significant patent ductus arteriosus (hsPDA) was not present
on echocardiography at day 5-7. A hsPDA on day 5-7 was defined as the
following: presence of a PDA diameter > 1.5mm measured in 2D at the pulmonary
end, flow reversal in the descending aorta, and a non-restrictive flow pattern in the
ductus as described by Smith et al (Smith et al., 2015). A cohort of healthy term
infants was recruited to act as a comparator group for the preterm infants at 36
weeks PMA.

3.2.2 Systemic Vascular Resistance
Systemic vascular resistance (SVR) was calculated after quantifying the
left ventricular output by the following formula:

LVO = left ventricular output
AoCSA = aortic cross sectional area
VTI = velocity time integral
Normal values range from 170 to 320 ml/kg/min

Systemic vascular resistance was then derived using this formula: SVR = MBP /
LVO as previously described by Noori et al (Noori et al., 2013).
MBP = mean blood pressure

3.2.3 Echocardiography Assessment
Echocardiography was performed at the following time points: 6-12 hours
of age; 36-48 hours of age; day 5 – 7 of age and at 36 weeks PMA (or before
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hospital discharge). The healthy term infants had a single scan performed within
the first 48 hours of life. We measured clinical details, PDA parameters, and tissue
Doppler velocities (s`, e`, a`), timings (IVCT, IVRT, systolic, diastolic), e`/a` and
E/e` ratios in this cohort. The echocardiography techniques and measurements
are fully explained in the methodology chapter above, as is data collection of
patient demographic details (also see Table 3.1), clinical parameters and
outcomes.

3.2.3 Statistical Analysis
Continuous variables were assessed for normality using the Shapiro-Wilk
test and a histogram representation. Data were presented as means (standard
deviation) or medians [inter-quartile range] as appropriate. Categorical data was
presented as proportions. Serial changes over time were assessed using one way
ANOVA with repeated measures.

129

3.3.1 Our Findings
A total of 168 infants were considered for inclusion during the study period,
and 139 infants with a mean (SD) gestation and birthweight of 26.7 (1.5) weeks
and 946 (247) grams were enrolled (Figure 3.1). We will focus on the reference
cohort throughout this chapter.
Sixty six infants were recruited in the reference cohort during the study
period. They had a mean (SD) gestation and birthweight of 27.2 (1.3) weeks and
1023 (243) grams respectively. Table 3.1 demonstrates the basic demographics
and clinical outcomes of infants in the reference cohort.

Figure 3.1: Consort Flow Chart. * an overlap of six infants between the two groups
indicated.

3.3.2 Effect of Important Variables on Day 1 Functional Measurements
On Day 1 of life, there was no relationship between gestation, birthweight,
antenatal variables (including the use of MgSO4, antenatal steroids,
preeclampsia) and any of the functional measurements or event timings. There
was a negative correlation between SVR and LV, Septal and RV s` (all r values
between 0.44 – 0.57, all p<0.001 (Figure 3.2). There was a positive correlation
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between SVR and IVRT/IVCT, but a negative correlation between SVR and
systolic time. There was no relationship between SVR and diastolic time (r=0.12,
p=0.19). There was a weak positive relationship between LVEDD and all
functional parameters (except LV s`) with an r value ranging between 0.21 and
0.33 (p<0.01).

3.3.3 Maturational Changes in TDI Measurements in the Reference Cohort
In the reference cohort, there was a progressive increase in the functional
measurements over the study period. LV e`, LV a`, and Septal e` did not increase
between Day 2 and Day 5 – 7. LV and septal e`/a` both reduced on Day 5 – 7
before increasing again by 36 weeks PMA. There was no change in E/e`
throughout the study period (Table 3.2). Heart rate increased on Day 5 – 7 before
decreasing by 36 weeks PMA. The increase in heart rate on Day 5 – 7 was
accompanied by a reduction in IVCT and systolic time. At 36 weeks PMA, there
was a reduction in IVRT and an increase in systolic time. There was no change in
diastolic time over the study period.

3.3.4 Comparison between Preterm Infants at 36 Weeks PMA and Healthy
Term Infants
Thirty term infants with a mean gestation and birthweight of 40.0 (1.2)
weeks and 3.55 (0.42) kg underwent an echocardiogram at a median time of 25
[13 – 41] hours. The functional measurements of the preterm infants at 36 weeks
PMA [weight 2.21 (0.42) Kg] were compared to the Healthy Term Controls.
Preterm infants at 36 weeks PMA had higher LV s`, LV a`, and higher Septal and
RV velocities. Term Infants had higher LV e`/a` and lower E/e` (Table 3.2). Term
infants had a lower heart rate and a resultant longer IVCT, systolic and diastolic
time.
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Table 3.1: Patient demographics and outcomes. Values are presented as means (SD),
medians [IQR] or absolute count (%) unless otherwise indicated.

Gestation (Weeks)

Reference Cohort
n=66
27.2 (1.3)

23 Weeks

1 (2)

24 Weeks

3 (4)

25 Weeks

7 (11)

26 Weeks

13 (20)

27 Weeks

16 (24)

28 Weeks

26 (39)

Birthweight (grams)

1023 (243)

Multiple Pregnancy

22 (33)

Male Gender

40 (61)

Caesarean Section

49 (72)

5 Minute Apgar Score

9 [8 – 9]

Lowest Cord pH

7.32 (0.08)

Antenatal Steroids
None

5 (7)

Incomplete Course

11 (17)

Complete Course

50 (76)

Magnesium Sulphate

57 (86)

Chorioamnionitis

7 (11)

Pre-Eclampsia

6 (8)

Surfactant at birth

53 (80)

Pulmonary Haemorrhage

0

Invasive Ventilation Days

2 [0 – 10]

Days on CPAP

28 [19 – 39]

Postnatal Steroids

4 (6)

Severe IVH (Grade 3/4)

9 (14)

Death Before Discharge

5 (8)

Chronic Lung Disease (survivors)

22 (36)
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Figure 3.2: Correlation between TDI and Echocardiography-Measured Systemic
Vascular Resistance on Day 1. LV: Left ventricle; RV: right ventricle; IVRT: isovolumic
relaxation time; IVCT: isovolumic contraction time.
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Table 3.2: Maturational changes in the functional parameters over the study period
and comparison with healthy term controls. All velocities are measured in cm/s and all
event timing in ms. One way ANOVA with repeated measures was used to assess
change over time in the preterm group. * indicates a p value < 0.05 (with Bonferroni
adjustment) compared with the previous time point. † indicates a p value < 0.05 when
compared with 36 weeks PMA (independent t-test).

Day 1

Day 2

Day 5 – 7

36 Weeks

Healthy
Term
25 Hours

66

66

66

29

30

s`

2.8 (0.9)

3.3 (0.7)*

3.8 (1.0)*

4.7 (1.0)*

4.3 (0.7)

e`

3.6 (1.4)

4.2 (1.3)*

4.0 (1.1)

6.3 (1.5)*

6.4 (1.1)

Preterm Cohort

Number of Infants

ANOVA p

LV Free Wall

a`
e`/a`
E/e`

4.0 (1.5)
0.95 (0.36)

4.8 (1.4)*
0.91 (0.25)

5.0 (1.3)
0.85 (0.27)*

7.4 (2.8)*
1.1 (0.32)*

4.8 (1.3)
1.4 (0.4)

†

<0.001
†
†

†

11 (4)

11 (4)

10 (3)

12 (3)

9 (2)

2.4 (0.6)

3.0 (0.6)*

3.3 (0.6)*

4.6 (0.8)*

3.0 (0.5)

<0.001

<0.001
0.001
0.63

Septum
s`
e`

2.8 (0.8)

3.6 (1.1)*

3.3 (0.8)

5.8 (1.2)*

3.9 (0.8)

a`

3.9 (1.1)

4.7 (1.4)*

5.4 (1.2)*

7.3 (2.2)*

4.0 (1.1)

e`/a`

0.76 (0.21)

0.91 (0.25)*

0.67 (0.23)*

0.95 (0.31)*

1.1 (0.3)

3.6 (0.9)

4.4 (1.0)*

5.2 (1.0)*

6.9 (1.0)*

5.2 (0.9)

†
†
†

<0.001
<0.001
<0.001
<0.001

RV Free Wall
s`
e`
a`

3.9 (1.3)

4.5 (1.1)*

5.3 (1.1)*

8.2 (2.1)*

7.0 (1.1)

6.7 (1.8)

8.6 (2.6)*

9.6 (2.2)*

11.4 (3.4)*

7.6 (1.9)

Heart Rate

154 (14)

160 (12)

167 (12)*

153 (14)*

120 (15)

IVRT

58 (13)

52 (12)*

53 (12)

47 (13)*

54 (10)

†
†
†

<0.001
0.006
<0.001

LV Event Times

IVCT
Systolic time
Diastolic time

56 (13)
147 (20)
131 (22)

46 (11)*
150 (18)
126 (22)
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42 (12)*
136 (16)*
125 (19)

46 (11)
170 (20)*
134 (30)

59 (11)

†

0.049

†

185 (15)
215 (49)

<0.001

0.007
†
†

<0.001
0.58

Part 2: Reference Values for Speckle Tracking Echocardiography
in preterm infants
3.4 Background
Two dimensional speckle tracking echocardiography (2D STE) is being
employed more frequently as a quantitative measure of left (LV) and right
ventricular (RV) function. It measures myocardial deformation and has
demonstrated feasibility and reproducibility in the neonatal population (Helfer et
al., 2014, Czernik et al., 2014, Lee et al., 2014, Levy et al., 2013, James et al.,
2016a, de Waal et al., 2014). LV strain and systolic strain rate derived using 2D
STE has been studied in extremely preterm infants over the first few weeks of life.
However, most studies have included relatively small numbers of infants and the
time points of echocardiography have varied, making standardization of reference
values difficult (de Waal et al., 2016, de Waal et al., 2014, Schubert et al., 2016).
There are significant challenges in forming “normative values” due to the high
morbidity in this population. Most work to date on STE has focused on LV
function, and further assessment of RV deformation is required (Czernik et al.,
2014).
In this chapter, we aimed to determine reference values for both LV and
RV strain and systolic strain rate derived using 2D STE in a cohort of preterm
infants < 29 weeks gestation during the transitional period. We also aimed to
explore the impact of antenatal and perinatal characteristics on these values.
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3.5.1 Specific Methodology Employed
We performed a prospective observational study of preterm infants born
between 23 0/7 and 28 6/7 weeks gestation. We recruited patients from the
Rotunda Hospital NICU, Dublin.

3.5.2 Echocardiography Assessment
Infants that were enrolled received three echocardiograms in the first week
of life at 6 - 12 hours, 36 - 48 hours and day 5 – 7. To define a reference cohort,
we excluded infants who had a haemodynamically significant patent ductus
arteriosus (hsPDA) on echocardiogram at Day 5 - 7, infants with chronic lung
disease (CLD) and infants who died before discharge. Infants in the reference
cohort did not receive inotropic agents or inhaled nitric oxide (iNO) during the
study period. We measured LV global longitudinal strain (GLS) and strain rate
(SRs) and RV free wall strain and SRs. LV GLS and SRs was measured by
recording grey scale imaging of the LV from the four, two and three chamber
views. STE was performed offline and the results were averaged. RV free wall
strain and SRs were measured from an RV focused four chamber view. The
echocardiography techniques are fully explained in the methodology chapter
above, as is data collection of patient demographic details, clinical parameters
and outcomes.

3.5.3 Statistical Analysis
Continuous data were tested for normality using the Shapiro-Wilk test and
presented as means (standard deviation) if normally distributed and medians
[inter-quartile range] if skewed. Categorical variables were presented as count
(%). One way ANOVA with repeated measures was used to assess changes to
deformation parameters over time in the entire cohort. Linear regression was used
to assess the independent effect of important variables on the functional
parameters. SPSS (IBM, version 23) was used to conduct the analysis and we
accepted a p value < 0.05 as significant.
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3.6 Our Findings
A total of one hundred and thirty two infants were recruited in the study.
Their median gestation and birthweight were 26.7 [25.1 – 28.0] weeks and 890
[743 – 1135] grams respectively. We will focus on the reference cohort throughout
this chapter.
The reference cohort consisted of 65 patients with a gestation of 27.5 [26.5
– 28.6] weeks and a birthweight of 1120 [910 - 1270] grams. None of this group
had a diagnosis of CLD or death before discharge and all were without an hsPDA
on Day 5 – 7. In the reference cohort, LV global longitudinal strain (GLS) and LV
longitudinal strain rate (SRs) increased on Day 2 only and did not show a further
increase by Day 5 – 7. Changes in RV deformation measurements were less
pronounced in the reference cohort (Table 3.3).
On Day 1, There was no correlation between gestation, birthweight, Apgar
scores or cord pH and any of the function measurements (all r<0.2, all p>0.05).
Infants who received antenatal steroids (and MgSO4) had a higher LV GLS [-18.6
(3.5) vs. -16.4 (3.9) %, p=0.04]. This relationship remained significant when
adjusting for gestation on linear regression (β = 2.1, p=0.04).
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Table 3.3: Haemodynamic and deformation measurements in the cohort over the
first week of age. Values are presented as mean (standard deviation). One way ANOVA
with repeated measures was used to assess the change in values over time. * = p<0.05
compared with previous day measurement; † = p<0.05 compared with Day 1
measurement (with Bonferroni adjustment).
Day 1

Day 2

Day 5 ±7

p

Heart Rate

155 (15)

161 (12)*

165 (12)*

<0.001

Systolic Blood Pressure (mmHg)

49 (10)

53 (13)*

56 (10)*

<0.001

Diastolic Blood Pressure (mmHg)

30 (8)

30 (9)

31 (9)

0.13

Frame rate to Heart Rate Ratio

0.8 (0.1)

0.8 (0.1)*

0.7 (0.1)*

<0.001

Number of Infants

132

132

98

Ejection Fraction (%)

58 (7)

60 (6)*

64 (7)*†

<0.001

LV Global Longitudinal Strain (%)

-18.4 (3.8)

-20.5 (3.1)*

-21.8 (3.3)*†

<0.001

LV Global Longitudinal SRs (1/s)

-1.8 (0.4)

-2.1 (0.4)*

-2.4 (0.4)*†

<0.001

RV Free Wall Longitudinal Strain (%)

-18.8 (4.7)

-20.1 (5.1)

-21.1 (4.7)

0.05

RV Free Wall Longitudinal SRs (1/s)

-2.0 (0.6)

-2.3 (0.7)*

-2.8 (0.6)*†

<0.001

Number of Infants

65

65

36

Ejection Fraction (%)

58 (7)

60 (6)

63 (7)*

<0.001

LV Global Longitudinal Strain (%)

-18.4 (3.5)

-20.3 (3.2)*

-20.7 (3.0)†

<0.001

LV Global Longitudinal SRs (1/s)

-1.8 (0.3)

-2.1 (0.3)*

-2.3 (0.4)†

<0.001

RV Free Wall Longitudinal Strain (%)

-18.1 (4.0)

-20.3 (3.2)

-20.5 (3.2)

0.12

RV Free Wall Longitudinal SRs (1/s)

-1.9 (0.5)

-2.2 (0.6)

-2.7 (0.7)†

0.004

Entire Cohort

Reference Cohort
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Part 3: Reference Values for rotational mechanics in term infants
3.7 Background
Left ventricular (LV) rotational mechanics are the physiologic process by
which the left ventricular coils in systole and recoils in diastole. This wringing
motion (or twist) occurs because the apex and base rotate in opposite directions
(Azhari et al., 1992, Alagarsamy et al., 2005, Buckberg et al., 2011). The helical
endocardial and epicardial fibre arrangement of the heart wall facilitates this
process (Sengupta et al., 2006, Torrent-Guasp et al., 2001). The wringing effect
improves the ejection of blood from the LV during systolic, and untwisting
generates a suction force which aids in diastolic filling (Wang et al., 2007).
Rotational mechanics can be measured using 2-dimentional speckle
tracking echocardiography (2DSTE) (Blessberger and Binder, 2010) as explained
in chapter 2. This technique has been validated using magnetic resonance
imaging (MRI) tissue tagging in adult patients (Notomi et al., 2005). Data on
normative values for paediatric and adult populations are emerging (Zhang et al.,
2010b). Our group recently demonstrated that serial measurement of rotational
mechanics in the preterm neonatal population over the first week of age is feasible
and reproducible (James et al., 2015a). There is however very little data on
rotational mechanics in term infants at birth.
In this study, we aimed to assess LV systolic deformation parameters
(strain and systolic strain rate) and rotational mechanics in healthy term infants.
We also studied this modality in disease states which we will discuss in later
chapters.
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3.8.1 Specific Methodology Employed
This was a cross sectional study carried out in the neonatal intensive care
unit (NICU) of the Rotunda Hospital, Dublin, Ireland between July 2015 and June
2016. Normal healthy appropriately grown infants at term (defined as birth > 37
weeks gestation) born to mothers without significant maternal illness (diabetes of
any type, pre-eclampsia, hypertension, clinical chorioamnionitis, absent/reversed
end diastolic flow in the umbilical arteries anytime during the pregnancy).
Echocardiography was performed within the first 48 hours of life in the healthy
term infants. Patient demographics, clinical parameters and echocardiography
measurement are described in detail in the methodology section.

3.8.2 Echocardiography Assessment
We measured left ventricular ejection time (LVET) (ms), ejection fraction
(%) and left ventricular output (LVO) (ml/kg/min). We also assessed left ventricular
global strain and strain rate using speckle tracking echocardiography. Rotational
mechanics were derived by obtaining grey scale images of the LV from the
parasternal short axis views at the level of the mitral valve (to derive basal
rotation) and at the level of the apex (to derive apical rotation). Twist was
calculated as the difference between apical and basal rotation using the following
formula: Twist (o) = apical rotation (o) – Basal rotation (o). Torsion was derived by
indexing twist to LV end diastolic length (in cm) using the following formula:
Torsion (o/cm) = LV Twist (o) ÷ LV length (cm). Left ventricular twist rate (LVTR) is
the speed at which the LV twists (o/s) during systole and LV untwist rate (LVUTR)
is the speed at which the LV untwists (o/s) in early diastole.

3.8.3 Statistical Analysis
Continuous data were tested for normality using the Shapiro-Wilk test and
a histogram representation of data. Data were summarized as means (standard
deviation) or medians [inter-quartile range] as appropriate. Linear regression was
used to assess the independent effect of important variables on the functional
parameters. SPSS (IBM, version 23) was used to conduct the analysis and we
accepted a p value < 0.05 as appropriate.
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3.9.1 Our Findings
Thirty healthy term infants were recruited to the study with a median
[interquartile range] gestation and birth weight of 39.9 [39.0 – 40.9] weeks and 3.5
[3.2 – 3.9] kg respectively. The median age at echocardiogram was 26 [13 – 42]
hours. The patient demographics and conventional echocardiography
measurements are presented in Table 3.4. In healthy term infants in the first two
days of life twist occurs due to a predominant apical anticlockwise rotation. Values
for twist and torsion are displayed in Table 3.5. These values are compared to
values from patients with diseased states in later chapters.
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Table 3.4: Patient demographics and conventional LV function parameters. Values
are presented as means (standard deviation) or median [inter-quartile range]. Hrs: hours;
wks: weeks; LVET: left ventricular ejection time; LVO: left ventricular output;

Term Control
n=30
Time of Scan (Hrs of age)

26 [13 – 42]

Gestation at scan (wks)

39.9 [39.0 – 40.9]

Weight (Kg)

3.5 [3.2 – 3.9]

Heart Rate

119 (13)

LVET (ms)

204 (17)

Ejection Fraction (%)

60 (6)

LVO (mL/kg/min)

136 (28)
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Table 3.5: Systolic Deformation and Rotation in the healthy term group. Values are
presented as means (standard deviation) or median [inter-quartile range]. Of note, basal
rotation may have a negative value. Systolic strain rate and LV untwist rate are always
negative. FR to HR: frame rate to heart rate; LV: left ventricle; GLS: global longitudinal
strain; SR: strain rate.

Term Control
n=30
FR to HR ratio

0.8 [0.7 – 0.9]

LV GLS (%)

-24.9 (2.7)

LV Systolic SR (1/s)

-2.0 (0.3)

Apical Rotation (o)

17.0 (5.0)

Basal Rotation (o)

1.0 (4.1)

LV Twist (o)

15.8 (6.5)

LV Torsion (o/cm)

5.7 (2.4)

LV Twist Rate (o/s)

134 [119 – 155]

LV Untwist Rate (o/s)

-192 [-160 – 228]

Parameters Normalised to RR interval
LV Systolic SR (1/s)

-4.0 (0.8)

LV Twist Rate (o/s)

264 [224 – 368]

LV Untwist Rate (o/s)

-382 [-284 – -449]
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CHAPTER 4
Impact of Diseases of Prematurity on Myocardial
Performance Measured using TDI and STE
Premature infants are an extremely vulnerable cohort of patients. As we
discussed in Chapter 1, their cardiovascular systems are unique and immature
when compared to term infants. Their cardiac myofibril architecture is poorly
developed (Anderson, 1996) and the ability of their cardiac myocytes to utilise
calcium during the cardiac action potential is limited (Noori and Seri, 2005). Their
lack of adrenoreceptors also restricts their ability to respond to the extra stresses
to which they are inherently subjected (Okuda et al., 1987). Stressors include the
exposure of extremely preterm infants to haemodynamically significant patent
ductus arteriosus (hsPDA), chronic lung disease (CLD) and hypotension, all of
which are features in this patient cohort (El-Khuffash et al., 2015).
These disease states can have negative consequences on the preterm
myocardium, although this is poorly understood. Previous work by our research
group has demonstrated useful insights in this patient cohort using tissue Doppler
strain (James et al., 2016a). In addition to this, our group published some early
data on rotational mechanics over the first week of life (James et al., 2015a). In
this chapter we focus on the impact of these conditions on tissue Doppler
velocities and speckle tracking echocardiography. We also expand on our
previous work on rotational mechanics, with a particular emphasis on the impact
of chronic lung disease. We aimed to generate quantitative data on cardiac
function in infants with these conditions and compare them to a control group of
healthy preterm infants (reference cohort in chapter 3).
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Part 1: Patent ductus arteriosus
A patent ductus arteriosus (PDA) is an anatomical communication between
the aorta and pulmonary artery that is essential for in-utero fetal blood flow.
Following birth, physiological closure of the ductus will occur in 90% of babies by
48 hours of age and in almost all healthy full-term infants by 72 hours (Clyman,
2006). This is often not the case in extremely preterm infants in whom persistence
of the ductus may occur in over 50% beyond the first week of life (El-Khuffash et
al., 2015).
A fall in PVR occurring after birth in preterm infants results in an increase of
the pressure gradient across the ductus. This usually occurs over the first few
days following birth. Consequently, blood flows from the systemic to pulmonary
circulation (usually termed left to right flow), and results in two physiologically
important phenomena. Pulmonary over-circulation evolves as blood is removed
from the systemic circulation through the duct into the pulmonary vascular bed.
This can lead to pulmonary oedema and contribute to the evolution of CLD
(Kluckow and Evans, 2001). Systemic hypoperfusion may also become apparent
as the body’s systemic blood volume is reduced secondary to the left to right
shunt (Evans, 2015a). This has potential implications for preterm infants, as
associations have been demonstrated between hsPDA and intraventricular
haemorrhage (IVH), necrotising enterocolitis (NEC) and renal failure. There is also
recent evidence which reveals a potential link with longstanding hsPDA’s and
suboptimal cerebral oxygenation. This could be explained by the impact of chronic
cerebral hypoperfusion on brain oxygen levels (Lemmers et al., 2016).
Early haemodynamic changes and cardiac function in extremely preterm
infants may be largely influenced by the presence of the ductus arteriosus (ElKhuffash and McNamara, 2011, Kluckow and Evans, 2001). A persistent PDA
results in a significant increase in LV preload and a reduction in LV afterload.
There is also a reduction of RV preload and an eventual increase in RV afterload
(due to increased pulmonary blood flow via the ductus). The impact of the
changes in loading conditions in the setting of a PDA on myocardial performance
measured using TDI and STE warrants further study. We believe that a better
understanding of the cardiac physiological changes which occur in the presence
of hsPDA will improve our ability to monitor and treat them.

145

Part 1a) Tissue Doppler Imaging in Preterm Infants with a Patent Ductus
Arteriosus

4.1 Background
We have explained TDI in detail in chapter 3 and included reference values
from a stable group of preterm infants. We will now discuss its use in preterm
patients with hsPDA. TDI provides a more sensitive measure of myocardial
impairment than shortening fraction (SF) and ejection fraction (EF) as shown in
the assessment of myocardial performance post patent ductus arteriosus (PDA)
ligation (El-Khuffash et al., 2014, El-Khuffash et al., 2012). However, there is a
lack of data on the impact of loading conditions consequent to a PDA on
myocardial function measured using TDI.
In this study, we aimed to assess the impact a large hsPDA has on TDI
measurements. We hypothesised that infants with hsPDA would have higher LV
TDI diastolic velocities due to the increase in pulmonary venous return from ductal
shunting.
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4.2.1 Specific Methodology Employed
Echocardiography was performed at the following time points: 6-12 hours
of age; 36-48 hours of age; day 5 – 7 of age and at 36 weeks PMA (or before
hospital discharge) on infants < 29 weeks gestation. To compare demographic
and clinical variables with the reference group, we initially compared the reference
group with a disease patient group. This consisted of patients with hsPDA
(defined below) or those on inotropic support (described later in this chapter)
(Table 4.1). For comparison of functional measurements however, the hsPDA and
inotrope group were separated, leaving a direct comparison between the
reference group and hsPDA group (Table 4.2, Table 4.3).
A hsPDA on day 5-7 was defined as the following: presence of PDA
diameter > 1.5mm measured in 2D at the pulmonary end, flow reversal in the
descending aorta and a non-restrictive flow pattern in the ductus as described by
Smith et al (Smith et al., 2015). We measured clinical details, PDA parameters
and tissue Doppler velocities (s`, e`, a`), event timings (IVCT, IVRT, systolic,
diastolic) and e`/a`, E/e` ratios in this cohort. The echocardiography techniques
and measurements are fully explained in the methodology chapter (chapter 2), as
is data collection of patient demographic details, clinical parameters and
outcomes.
(See also section 3.2 of the reference chapter).

4.2.2 Statistical Analysis
Continuous variables were assessed for normality using the Shapiro-Wilk
test and a histogram representation, and were presented as means (standard
deviation) or medians [inter-quartile range] as appropriate. Categorical data was
presented as proportions. Serial changes over time were assessed using one way
ANOVA with repeated measures. Pairwise analysis between different time points
was conducted using the Bonferroni adjustment. Preterm infants at 36 weeks
PMA were compared with healthy term controls using an independent t-test. The
independent effect of important variables on the functional parameters was
assessed using linear regression. SPSS (IBM, version 23) was used to conduct
the analysis and we accepted a p value < 0.05 as appropriate.
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4.3.1 Our Findings
Fifty five infants developed hsPDA by Day 5 – 7 (hsPDA Group). There
were 24 infants in the inotrope group with 6 infants having hsPDA and on inotrope
support (Table 4.1). Their demographic and clinical variables were compared to
the reference cohort. Infants in the disease groups (73 patients) had a lower
gestation and birthweight; they also had a higher incidence of adverse outcomes
including pulmonary haemorrhage, use of postnatal steroids, and CLD (Table
4.1).

4.3.2 Tissue Doppler velocities and event times in infants with hsPDA
Infants in the hsPDA group had a lower gestation, birthweight and blood
pressure than the Reference Cohort (Table 4.1, Table 4.2). The characteristics of
the hsPDA group are also illustrated (Table 4.2). HsPDA infants had a larger
ductal diameter, a higher LVO and LA:Ao and a lower maximum flow velocity
across the duct. In addition, they all had reversed diastolic flow in the descending
aorta. Infants in the hsPDA group had higher LV and Septal e`, higher LV a` and a
higher LV E/e`. There was no difference in any of the RV velocities between the
two groups (Table 4.2). There was no difference in heart rate between the two
groups. However, the hsPDA Group had a shorter IVRT and resultant increase in
the duration of systolic time. On linear regression, the relationship between the
hsPDA Group and those functional measurements remained significant when
controlling for gestation (Table 4.3).
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Table 4.1: Patient demographics and outcomes in the Reference and Disease
Groups. Values are presented as means (SD), medians [IQR] or absolute count (%)
unless otherwise
Reference Cohort

Disease Group

n=66

n=73

p

Gestation (Weeks)

27.2 (1.3)

26.2 (1.9)

<0.001

23 Weeks

1 (2)

5 (7)

24 Weeks

3 (4)

14 (19)

25 Weeks

7 (11)

11 (15)

26 Weeks

13 (20)

18 (25)

27 Weeks

16 (24)

15 (20)

28 Weeks

26 (39)

10 (14)

Birthweight (grams)

1023 (243)

875 (230)

<0.001

Multiple Pregnancy

22 (33)

32 (44)

0.23

Male Gender

40 (61)

39 (53)

0.49

Caesarean Section

49 (72)

50 (69)

0.57

5 Minute Apgar Score

9 [8 – 9]

9 [7 – 9]

0.34

Lowest Cord pH

7.32 (0.08)

7.32 (0.09)

0.94

None

5 (7)

3 (4)

Incomplete Course

11 (17)

16 (22)

Complete Course

50 (76)

54 (74)

Magnesium Sulphate

57 (86)

57 (78)

0.27

Chorioamnionitis

7 (11)

8 (11)

1.0

Pre-Eclampsia

6 (8)

4 (6)

0.74

Surfactant at birth

53 (80)

67 (92)

0.08

Pulmonary Haemorrhage

0

8 (11)

0.007

Invasive Ventilation Days

2 [0 – 10]

9 [2 – 24]

<0.001

Days on CPAP

28 [19 – 39]

34 [25 – 40]

0.021

Postnatal Steroids

4 (6)

14 (19)

0.02

Severe IVH (Grade 3/4)

9 (14)

14 (19)

0.49

Death Before Discharge

5 (8)

12 (16)

0.13

Chronic Lung Disease (in

22 (36)

41 (66)

0.001

0.003

Antenatal Steroids

survivors)
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0.54

Table 4.2: Comparison of tissue Doppler imaging parameters on Day 5 ±7 between
the reference group and infants with hsPDA. Values are presented as means (SD),
medians [IQR], absolute count (%) unless otherwise indicated.
Reference

hsPDA Group

Cohort

n=55

n=66

p

Gestation (weeks)

27.2 (1.3)

26.3 (1.4)

0.001

Birthweight (grams)

1023 (243)

877 (29)

0.001

Systolic

58 (9)

55 (9)

0.06

Diastolic

35 (8)

28 (7)

<0.001

Mean

42 (7)

38 (7)

0.003

Total Fluid Intake (mL/kg/day)

170 (16)

164 (16)

0.02

Mean Airway Pressure

7 (1)

8 (2)

0.01

pH

7.32 (0.06)

7.28 (0.04)

<0.001

PDA Diameter (mm)

2.2 [1.5 – 2.6]

3.1 [2.7 – 3.3]

<0.001

Maximum Flow Velocity (m/s)

2.4 [1.5 – 3.0]

1.9 [1.5 – 2.4]

0.01

Left Ventricular Output (mL/kg/min)

195 [164 – 250]

294 [22 – 361]

<0.001

LA:Ao

1.5 [1.2 – 1.7]

1.7 -1.5 – 1.9]

<0.001

Flow Velocity in Descending Ao (m/s)

0.06 [0.05 – 0.09]

-0.13 [-0.16 – 0.09]

<0.001

s`

3.8 (1.0)

4.0 (0.8)

0.19

e`

4.0 (1.1)

4.7 (1.3)

0.009

a`

5.0 (1.3)

5.8 (2.0)

0.01

e`/a`

0.85 (0.27)

0.92 (0.29)

0.20

E/e`

10 (3)

13 (4)

0.001

s`

3.3 (0.6)

3.5 (0.6)

0.06

e`

3.3 (0.8)

3.9 (1.0)

0.003

a`

5.4 (1.2)

5.6 (0.8)

0.6

0.67 (0.23)

0.75 (0.19)

0.09

s`

5.2 (1.0)

5.2 (0.8)

0.92

e`

5.3 (1.1)

5.4 (1.4)

1.0

a`

9.6 (2.2)

9.5 (2.6)

0.76

Heart Rate

167 (12)

166 (12)

0.62

Isovolumic Relaxation time

53 (12)

44 (11)

<0.001

Isovolumic Contraction time

42 (12)

41 (13)

0.59

Systolic time

136 (16)

149 (15)

<0.001

Diastolic time

125 (19)

126 (21)

0.82

Blood Pressure (mmHg)

Left Ventricle Free Wall

Septum

e`/a`

Right Ventricle Free Wall

Left Ventricle Event Times
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Table 4.3: Linear regression analysis. This table demonstrates the independent effect
of patent ductus arteriosus and gestation on tissue Doppler velocities.

LV e`
LV a`
E/e`
Septal e`
Isovolumic Relaxation Time
Systolic time

PDA Day 5 ±7
Gestation
6WDQGDUGLVHGȕ
p
6WDQGDUGLVHGȕ
p
0.35
<0.01
0.24
0.02
0.35
<0.01
0.23
0.02
0.35
<0.01
0.03
0.76
0.41
<0.01
0.36
<0.01
-0.37
<0.01
0.06
0.55
0.40
<0.01
0.10
0.30
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Part 1b) Speckle tracking Echocardiography in Preterm Infants with Patent
Ductus Arteriosus

4.4 Background
We have explained speckle tracking echocardiography (STE) in detail in
chapter 3 and included reference values from a group of stable preterm infants.
We will now assess the use of STE in a cohort of preterm infants with
haemodynamically significant patent ductus arteriosus (hsPDAs). We described
the changes in loading conditions occurring in the presence of hsPDA in the
previous section. In this section, we assess the impact of increased LV preload
and reduced LV afterload associated with a PDA on functional measurements
obtained using STE.
Previous studies have demonstrated the improved accuracy of strain and
strain rate compared to conventional modalities such as shortening fraction and
ejection fraction, as determinants of LV function in preterm infants (El-Khuffash et
al., 2014, James et al., 2015b). Improvements in the quantitative assessment of
RV function are also attainable with deformation analysis (Levy et al., 2013). In
addition, measures of strain rate may provide a more accurate reflection of true
cardiac contractility, as several studies have demonstrated their relative
independence from loading conditions (Ferferieva et al., 2012).
This is of particular benefit when assessing myocardial performance in
preterm infants, in whom the presence of hsPDA frequently alters the
haemodynamic environment of the heart. We aimed to analyse the effect hsPDA
have on values of deformation. We hypothesised that LV measures of strain and
strain rate would be higher in patients with hsPDA when compared to controls.
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4.5.1 Specific Methodology Employed
Infants that were enrolled received three echocardiograms in the first week
of life at 6 - 12 hours, 36 - 48 hours and day 5 – 7. We measured clinical details,
PDA parameters, and left and right ventricular systolic strain and strain rate in this
cohort. The echocardiography techniques are fully explained in the methodology
chapter (chapter 2), as is data collection of patient demographic details, clinical
parameters and outcomes.
(See also section 3.5 of the reference chapter)

4.5.2 Statistical Analysis
Continuous data were tested for normality using the Shapiro-Wilk test and
presented as means (standard deviation) if normally distributed and medians
[inter-quartile range] if skewed. Categorical variables were presented as count
(%). Two group comparisons were conducted using independent t-test or MannWhitney U test as appropriate. One way ANOVA with repeated measures was
used to assess change of the deformation parameters over time in the entire
cohort and a two-way ANOVA with repeated measures was used to compare
change over time between infants with and without a PDA. Correlations were
tested using Pearson’s or Spearman’s correlation coefficients as appropriate.
Linear regression was using to assess the independent effect of important
predictor variables on the deformation parameters. The analysis was performed
using SPSS version 21 (SPSS, Inc, Chicago, IL).
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4.6.1 Our Findings
We assessed the impact hsPDA on Day 5 – 7 have on deformation
measurements. Thirty three infants (out of 98, 34%) were classified as having a
hsPDA: their PDA diameter (3.1 [2.7 – 3.6] vs 0 [0 – 2.2] mm, p<0.001), LA:Ao
ratio [1.8 (0.3) vs. 1.4 (0.3), p<0.001] and ejection fraction [67 (6) vs. 62 (7),
p<0.001] were all higher than in infants without a hsPDA. All hsPDA infants had
flow reversal in the abdominal aorta. These patients were compared to the
reference cohort (chapter 3). On Day 5 – 7, infants with hsPDAs had higher LV
GLS [-23.9 (2.4) vs. -20.6 (-3.3), p<0.001] and higher RV Longitudinal Strain [22.6 (5.2) vs. -20.3 (4.3), p=0.04]. There was no difference in LV or RV SRs
between the two groups. (Figure 4.1) illustrates the change in deformation
measurements in the two groups over the study period. HsPDA maintained their
independent effect on LV GLS when adjusting for LV SRs (hsPDA β=2.7, p<0.001
& LV SRs β=5.0, p<0.001). However, the association between hsPDA and RV
longitudinal SRs was lost when adjusting for RV SRs (hsPDA β=2.1, p=0.1 & RV
SRs β=2.1, p=0.04).
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Figure 4.1: Left and Right Ventricle Strain and Systolic Strain Rate in Infants With
and Without an HsPDA on Day 5 ±7. Values are presented as means with error bars
representing standard error. The negative sign was removed for graphical representation.
*= p<0.05. LV: Left ventricle; RV: Right ventricle; SRs: systolic strain rate; hsPDA:
haemodynamically significant patent ductus arteriosus.
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Part 2: Chronic Lung Disease
Chronic lung disease (CLD) is defined as the persistent requirement for
oxygen or respiratory support beyond 36 weeks corrected gestational age
(Kinsella et al., 2006). It is a common morbidity in extremely preterm infants who
may require home oxygen therapy and prolonged follow up care. Preterm lungs
are exposed to numerous stressors including: immature development, respiratory
distress syndrome, barotrauma, volutrauma and oxygen toxicity. During their early
lives these stressors can lead to lung parenchymal inflammation and damage to
the bronchio-alveolar network. As this network is surrounded with a capillary
matrix, damage to the pulmonary vascular bed may also arise. This can lead to
the development of pulmonary hypertension where the micro vasculature
becomes inflamed and hypertrophied, creating a resistance to flow and an
increase in RV afterload (Madurga et al., 2013, Berkelhamer et al., 2013).
Consequently, right ventricular impairment may develop as the right chamber
must pump against greater resistance. The impact of this condition on right
ventricular function has undergone some research in recent years but further work
is required in this area for us to characterise the relationship between CLD and
RV function (Czernik et al., 2014, Helfer et al., 2014).
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Part 2a) Speckle tracking Echocardiography in Preterm Infants with Chronic
Lung Disease

4.7 Background
We have discussed speckle tracking echocardiography (STE) in detail in
chapter 3 and have assessed the effect of a patent ductus arteriosus on
measurements. We will now assess the use of STE in a cohort of preterm infants
with chronic lung disease (CLD).
Despite the recent drive to better understand myocardial deformation
imaging through STE, more work is needed to understand its application in
disease states (de Waal et al., 2014, de Waal et al., 2016). In particular, there is a
lack of evidence to demonstrate the effect of illness on RV function. As we
described in earlier chapters, the RV is of particular importance in newborn infants
throughout the transitional period and the evolution of RV strain and strain rate
during this period needs to be explored (Czernik et al., 2014). In conditions such
as chronic lung disease, the right side of the heart is subjected to increases in
afterload and quantitative measures of RV performance are important.
We aimed to assess the impact of CLD on measurements of STE in a
cohort of extremely preterm infants. We hypothesised that RV performance would
be reduced when compared to a reference group without CLD.
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4.8.1 Specific Methodology Employed
Infants that were enrolled received three echocardiograms in the first week
of life at 6 - 12 hours, 36 - 48 hours and day 5 – 7. We measured clinical details,
PDA parameters, and left and right ventricular systolic strain and strain rate in this
cohort. The echocardiography techniques are fully explained in the methodology
chapter (chapter 2), as is data collection of patient demographic details, clinical
parameters and outcomes.
(See also section 3.5 of the reference chapter)

4.8.2 Statistical Analysis
Continuous data were tested for normality using the Shapiro-Wilk test and
presented as means (standard deviation) if normally distributed and medians
[inter-quartile range] if skewed. Categorical variables were presented as count
(%). Two group comparisons were conducted using independent t-test or MannWhitney U test as appropriate. One way ANOVA with repeated measures was
used to assess change of the deformation parameters over time in the entire
cohort and a two-way ANOVA with repeated measures was used to compare
change overtime between infants with and without CLD. Correlations were tested
using Pearson’s or Spearman’s correlation coefficients as appropriate. Linear
regression was used to assess the independent effect of important predictor
variables on deformation parameters. The analysis was performed using SPSS
version 21 (SPSS, Inc, Chicago, IL).
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4.9.1 Our Findings
Forty eight of the 132 (40%) infants studied were diagnosed with CLD.
Eighteen infants (14%) died before discharge. Deformation parameters were
assessed between infants developing CLD/Death and those without. Infants
developing CLD/Death had higher RV longitudinal strain [-21.5 (4.8) vs. -18.8
(5.1), p=0.007] and SRs [-2.4 (0.8) vs. -2.2 (0.6), p=0.048] on Day 2. The effect
was independent of PDA presence or gestation on linear regression for RV
longitudinal strain (CLD/Death p=0.03, β 2.4) but was no longer significant for RV
longitudinal SRs (CLD/Death p=0.06). There was no difference in any of the other
deformation measurements between the two groups during the study period
(Figure 4.2). None of the infants were in receipt of inotropes or nitric oxide during
the echocardiography scans.
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Figure 4.2: Left and Right Ventricle Strain and Systolic Strain Rate in Infants With
and Without Chronic Lung Disease or Death before Discharge. Values are presented
as means with error bars representing standard error. The negative sign was removed for
graphical representation. *= p<0.05. Right ventricle; SRs: systolic strain rate; CLD:
chronic lung disease.
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Part 2b) Torsion in Chronic Lung Disease

4.10 Background
The study of rotational mechanics is gaining momentum in the field of
neonatology. Our research group recently produced normative data on rotation in
preterm infants during the transitional period (James et al., 2015a). However,
further study of this modality on cardiac physiology in the preterm population is
required, particularly in important disease states.
Chronic lung disease (CLD) is associated with maturational changes in the
myocardium that lead to altered RV function, however, LV function is thought to
be preserved (James et al., 2016a). The impact of CLD on rotational mechanics in
preterm infants at 36 weeks post menstrual age (PMA) is currently unknown.
We aimed to study rotational mechanics in a cohort of preterm infants
corrected to 36 weeks PMA, with and without CLD. We also aimed to compare
these groups to a cohort of healthy term infants. We hypothesised that preterm
corrected infants would demonstrate differences in their rotational physiology
compared to term controls.

161

4.11.1 Specific Methodology Employed
We recruited infants born at less than 29 weeks gestational age.
Echocardiography in this group was performed at 36 weeks corrected gestational
age. A term reference group were recruited with echocardiography performed
within the first 48 hours of age. We also recruited a cohort of infants treated with
therapeutic hypothermia for hypoxic ischemic encephalopathy (this group will be
discussed in a later chapter). We measured clinical details, antenatal parameters
and rotational mechanics (twist, torsion, twist and untwist rate). The
echocardiography techniques are fully explained in the methodology chapter
(chapter 2), as is data collection of patient demographic details, clinical
parameters and outcomes.
(See also section 3.8 in the reference chapter)

4.11.2 Statistical Analysis
The cohort was initially divided into three groups: Term Control, Preterm
Corrected, and Term HIE (discussed later). Continuous data were tested for
normality using the Shapiro-Wilk test and a histogram representation of data. Data
were summarized as means (standard deviation) or medians [inter-quartile range]
as appropriate. Pairwise analysis between the groups was conducted using the
Bonferroni adjustment. Linear regression was used to assess the independent
effect of important variables on the functional parameters. SPSS (IBM, version 23)
was used to conduct the analysis and we accepted a p value < 0.05 as significant.
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4.12.1 Our Findings
Thirty five preterm corrected infants were enrolled in the study. These
infants were compared with a cohort of 30 healthy term controls. Preterm infants
were of a lower gestation and a lower weight at the time of the scan (Table 4.4).
Heart rate (HR) was higher in the Preterm Group. Preterm infants had higher
systolic SR, Twist and Torsion values. In the Preterm Group, twist was achieved
by a more pronounced negative basal rotation.

4.12.2 The Effect of Chronic Lung Disease in Preterm Infants
The preterm group had a median gestation and weight at birth of 28.0
weeks [26 – 30] and 1100 grams [750 – 1360]. Twelve infants (34%) developed
CLD at 36 weeks PMA. Infants with CLD had a lower gestation (25.6 [24.7 – 27.2]
vs. 29.7 [27.9 – 31.0] weeks, p<0.001) and birthweight (665 [600 – 920] vs. 1220
[1100 – 1580] grams, p<0.001). There was no difference in LV GLS or LV systolic
SR between the two groups (Table 4.5). Preterm infants with CLD had a higher
(more positive) apical rotation and a higher LV twist and torsion. Basal rotation,
LVTR and LVURT were not different between the two groups (Table 4.6). The
association between CLD and apical rotation remained significant when adjusting
for gestation (β=6.2, p=0.01). The association between CLD and twist (β=3.7,
p=0.08), and between CLD and torsion (β=1.6, p=0.08) became a trend when
adjusting for gestation.
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Table 4.4: Patient demographics and conventional LV function parameters. Values
were presented as means (standard deviation) or median [inter-quartile range].

Gestation at scan (wks)
Weight (Kg)
Heart Rate
LVET (ms)
LVO (mL/kg/min)

Term Control
n=30
39.9 [39.0 – 40.9]
3.5 [3.2 – 3.9]
119 (13)
204 (17)
136 (28)
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Preterm Corrected
n=35
36.0 [34.6 – 36.3]
2.3 [2.0 – 2.4]
155 (16)
184 (20)
212 (41)

p
<0.001
<0.001
<0.001
<0.001
<0.001

Table 4.5: Systolic deformation and rotation in Term and Preterm Groups. Values
were presented as means (standard deviation) or median [inter-quartile range]. Pair wise
comparisons were conducted using the Bonferroni adjustment. FR to HR: frame rate to
heart rate; LV: left ventricle; GLS: global longitudinal strain; SR: strain rate.
* p value < 0.05 between Term Control and Preterm Corrected

Term Control

Preterm Corrected

n=30

n=35

p

0.8 [0.7 – 0.8]

<0.001

-22.9 (2.6)

<0.001

0.8 [0.7 – 0.9]

FR to HR ratio

*

LV GLS (%)

-24.9 (2.7)

LV Systolic SR (1/s)

-2.0 (0.3)

-2.2 (0.4)

<0.001

Apical Rotation (o)

17.0 (5.0)*

13.0 (5.9)

<0.001

Basal Rotation (o)

1.0 (4.1)*

-6.6 (3.9)

<0.001

LV Twist ( )

15.8 (6.5)

18.6 (5.0)

<0.001

LV Torsion (o/cm)

5.7 (2.4)*

7.3 (2.1)

<0.001

LV Twist Rate (o/s)

134 [119 – 155]*

186 [151 – 224]

<0.001

LV Untwist Rate (o/s)

-192 [-160 – 228]

-223 [-144 – 296]

<0.001

-5.8 (1.4)

<0.001

451 [385 – 595]

<0.001

-586 [-368 – 735]

<0.001

o

Parameters Normalised to RR interval
LV Systolic SR (1/s)

-4.0 (0.8)*

LV Twist Rate ( /s)

264 [224 – 368]

LV Untwist Rate (o/s)

-382 [-284 – 449]*

o
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*

Table 4.6: Deformation and rotational mechanics in preterm infants with and
without chronic lung disease. Values were presented as means (standard deviation) or
median [inter-quartile range]. LV: left ventricle; GLS: global longitudinal strain; SR: strain
rate.
No CLD

CLD

n=23

n=12

p

LV GLS (%)

-23.1 (2.6)

22.3 (2.7)

0.35

LV Systolic SR (1/s)

-2.3 (0.5)

-2.1 (0.2)

0.24

Apical Rotation (o)

10.7 (5.0)

17.5 (4.7)

<0.001

Basal Rotation ( )

-7.6 (3.6)

-4.9 (4.2)

0.06

LV Twist (o)

17.1 (4.8)

21.6 (3.8)

0.009

LV Torsion (o/cm)

6.7 (2.2)

8.4 (1.5)

0.02

LV Twist Rate (o/s)

183 [147 – 218]

208 [166 – 228]

0.20

-187 [-134 – -295]

-243 [-185 – -295]

0.21

o

o

LV Untwist Rate ( /s)
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Part 3 Hypotension
Systemic hypotension is a common occurrence in extremely preterm
infants due to a number of predisposing factors. They have intrinsic myocardial
dysfunction from birth secondary to a low concentration of myofibril contractile
units (Anderson, 1996). They also have fewer sarcoplasmic reticula which results
in less available calcium, an essential trigger for fibre contraction (Noori and Seri,
2005). Preterm infants are also more likely to be exposed to the effects of a PDA,
which can result in systemic steal and hypotension (Kluckow, 2005). In addition to
this, they often require ventilation at birth, and to combat the stress this imposes
sedation is frequently given, which can also contribute to a reduction in blood
pressure.
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Part 3a) Tissue Doppler Imaging Velocities in Preterm Infants with
Hypotension

4.13 Background
We have discussed TDI velocities in extensive detail above. Although,
tissue Doppler imaging has been validated in preterm infants (James et al.,
2014b, Di Maria et al., 2015), we could find no work to date which specifically
studied its applicability in assessing myocardial function in preterm hypotensive
infants receiving inotropic support. We aimed to study its use in a cohort of
preterm infants being treated for systemic hypotension. We hypothesised that
infants requiring inotropes in the first week of life would have lower TDI velocities
secondary to myocardial dysfunction.
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4.14.1 Specific Methodology Employed
Echocardiography was performed at the following time points: 6-12 hours
of age; 36-48 hours of age; day 5 – 7 of age and at 36 weeks PMA (or before
hospital discharge) on infants < 29 weeks gestation. We measured clinical details,
PDA parameters and tissue Doppler velocities (s`, e`, a`), timings (IVCT, IVRT,
systolic, diastolic) and e`/a`, E/e` ratios in this cohort. The echocardiography
techniques and measurements are fully explained in the methodology chapter
(chapter 2), as is data collection of patient demographic details, clinical
parameters and outcomes.
(See also section 3.2 of the reference chapter)

4.14.2 Statistical Analysis
Continuous variables were assessed for normality using the Shapiro-Wilk
test and a histogram representation. These were presented as means (standard
deviation) or medians [inter-quartile range] as appropriate. Categorical data was
presented as proportions. Serial changes over time were assessed using one way
ANOVA with repeated measures. Pairwise analysis between different time points
was conducted using the Bonferroni adjustment. Preterm infants at 36 weeks
PMA were compared with healthy term controls using an independent t-test. The
independent effect of important variables on the functional parameters was
assessed using linear regression. SPSS (IBM, version 23) was used to conduct
the analysis and we accepted a p value < 0.05 as significant.
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4.15.1 Our Findings
Twenty four infants received inotropes over the first week of age (Inotrope
Group). These were compared to the reference cohort. Infants in the Inotrope
group had a lower gestation and birth weight; they also had a higher incidence of
adverse outcomes including pulmonary haemorrhage, use of postnatal steroids,
and CLD.

4.15.2 Functional Parameters in Infants in Receipt of Inotropes over the First
Week of Age
Twenty four infants received inotropes over the first week of age. They had
a lower gestation and birth weight than the Reference Cohort, a lower mean and
diastolic pressure, and a higher mean airway pressure (Table 4.7). Dopamine was
the commonest inotrope used (n=18, 75%), followed by milrinone (n=5, 21%),
Dobutamine (n=3, 12%), Adrenaline (n=3, 12%) and noradrenaline (n=1, 4%).
Only 4 infants were in receipt of inotropes during the first echocardiogram and the
remainder all received inotropes following the day 1 scan. Six infants received
multiple inotropes. Infants in the inotrope group had lower LV e, Septal e` and a`,
and lower RV a`. In addition, those infants had a shorter systolic time (Table 4.7).
There was no difference in any of the functional parameters between the
Reference Cohort and the Inotrope Group during the subsequent time points. On
linear regression, the relationship between the Inotrope Group and those
functional measurements remained significant when controlling for gestation
(Table 4.8).
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Table 4.7: Comparison of tissue Doppler imaging parameters on Day 1 between the
reference group and infants on inotropes. Values are presented as means (SD), medians [IQR]
or absolute count (%) unless otherwise indicated. FiO2 is presented as median [range].
Reference Cohort

Inotrope Group

n=66

n=24

p

Gestation (weeks)

27.2 (1.3)

25.9 (1.6)

<0.001

Birthweight (grams)

1023 (243)

844 (222)

0.002

Systolic

47 (8)

44 (8)

0.13

Diastolic

30 (7)

24 (6)

<0.001

Mean

36 (6)

32 (5)

0.003

Total Fluid Intake (mL/kg/day)

83 (7)

86 (10)

0.15

Mean Airway Pressure

8 (2)

9 (2)

0.005

Oxygen Saturations (%)

96 (2)

94 (3)

0.06

pH

7.33 (0.06)

7.30 (0.07)

0.01

s`

2.8 (0.9)

2.6 (0.8)

0.35

e`

3.6 (1.4)

2.9 (1.1)

0.04

a`

4.0 (1.5)

3.5 (1.3)

0.08

e`/a`

0.95 (0.36)

0.88 (0.24)

0.40

E/e`

11 (4)

11 (5)

0.48

s`

2.4 (0.6)

2.2 (0.6)

0.06

e`

2.8 (0.8)

2.3 (0.8)

0.01

a`

3.9 (1.1)

3.2 (1.0)

0.005

0.76 (0.21)

0.73 (0.18)

0.57

s`

3.6 (0.9)

3.3 (1.1)

0.22

e`

3.9 (1.3)

3.3 (1.3)

0.09

a`

6.7 (1.8)

5.9 (2.1)

0.02

Heart Rate

154 (14)

163 (19)

0.02

Isovolumic Relaxation time

58 (13)

57 (17)

0.79

Isovolumic Contraction time

56 (13)

62 (17)

0.18

Systolic time

147 (20)

135 (20)

0.01

Diastolic time

131 (22)

123 (23)

0.10

Blood Pressure (mmHg)

FiO2

Left Ventricle Free Wall

Septum

e`/a`

Right Ventricle Free Wall

Left Ventricle Event Times
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Table 4.8: Linear regression assessing the independent relationship between
inotropes and gestational age with tissue Doppler velocities.

LV e`
Septal e`
Septal a`
RV a`
Systolic time

Inotropes Day 1
Standardised p
ȕ
-0.24
0.04
-0.31
<0.01
-0.27
0.02
-0.23
0.05
-0.27
0.02
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Gestation
6WDQGDUGLVHGȕ
p
0.03
0.11
0.06
0.06
0.02

0.81
0.34
0.59
0.62
0.90

CHAPTER 5
Further insights into Right Ventricular Physiology
5.1 Background
The right ventricle (RV) is more complex in structure (Mertens and
Friedberg, 2010) and during fetal life ejects a larger volume of blood (55 - 60%)
than the left ventricle (Kenny et al., 1986). The myocardial structure of the RV
consists of superficial oblique and deep longitudinal layers. The complex
architecture presents challenges to accurately assess RV performance. This is
further complicated during the transitional period due to the unique
haemodynamic changes which occur. The preterm under-developed heart is
particularly susceptible to myocardial dysfunction during this transitional period
(Iwamoto et al., 1987, Teitel et al., 1987, Kluckow, 2005, Anderson, 1996).
In recent years, new echocardiography techniques providing a more
accurate assessment of the RV have been employed. These methods include:
tissue Doppler velocity imaging (TDI); tissue Doppler-derived deformation
imaging; tricuspid annular plane systolic excursion (TAPSE) and fractional area
change (FAC). These techniques have been validated in preterm infants (Jain et
al., 2014a, Koestenberger et al., 2011, Helfer et al., 2013, Murase et al., 2015) but
there is still a shortage of available data that properly characterizes their relative
strengths and weaknesses, and therefore limits their applicability during the early
postnatal period. Furthermore, the influence of LV function on emerging measures
of RV function is an underappreciated concept that has not been adequately
studied in premature infants. This relationship must be interpreted in the context of
change in both position and shape of certain regions of the RV. The methods
described above assess different muscle properties during the cardiac cycle. TDI
measures the velocity of movement of a single point of muscle throughout the
cardiac cycle while TAPSE measures the displacement of that single point toward
the apex in systole and away from the apex in diastole. Deformation measures the
change in shape of the basal segment of the RV free wall in the longitudinal plane
and finally FAC measures the change in the area of the RV cavity in systole. Only
deformation and FAC analysis can discriminate between active and passive
movements of myocardial segments and may actually provide a more accurate
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representation of RV function than TAPSE and tissue Doppler velocity
imaging. This is important to consider when applying these measurements in the
preterm population, particularly in instances where passive RV movement may be
increased due to a hyperdynamic LV, which often occurs in the presence of a
hemodynamically significant patent ductus arteriosus (hsPDA).
The early haemodynamic changes and cardiac function in extremely
preterm infants can be largely influenced by the presence of the ductus arteriosus
(DA) (El-Khuffash and McNamara, 2011, Kluckow and Evans, 2001). Whilst
physiological closure of the DA occurs in 99% of term infants by 72 hours
(Clyman, 2006), it will remain patent in more than 50% of extremely preterm
infants beyond this period (El-Khuffash et al., 2015). As PDA can be deleterious to
the clinical condition of preterm infants (Kluckow and Evans, 2001), further
echocardiography evaluation is needed, particularly regarding their impact on RV
functional parameters. It is important to define which echocardiography modalities
may provide the best information and which require judicious interpretation. We
compared the use of four different echocardiography techniques (RV s`, TAPSE,
RV BLS and FAC) to assess RV function in preterm infants with and without a
PDA and an accompanying hyperdynamic LV. We hypothesised that a
hyperdynamic LV in the setting of a haemodynamically significant PDA would
increase RV measures of displacement (TAPSE) and velocity (RV s`) but not
measures of relative change of length (RV BLS) or area (FAC) when compared
with infants without a PDA.
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5.2.1 Specific Methodology Employed
We carried out a prospective observational study of infants less than 29
weeks gestation recruited from the neonatal intensive care unit at the Rotunda
Hospital, Dublin, Ireland. Patients were not subject to medical and/or surgical
treatment of a PDA during this time-point. Echocardiography was performed at a
median [interquartile range] of 10 hours [7 – 13] (Day 1), 43 hours [38 – 46] (Day
2) and 143 hours [125 – 161] (Day 5 – 7). The echocardiography techniques are
fully explained in the methodology chapter (Chapter 2), as is data collection on
patient demographic details, clinical parameters and outcomes.

5.2.2 Statistics
The cohort was divided into 2 groups, those with and those without a PDA
on Day 5 – 7. Values were presented as means (standard deviation) or medians
[inter-quartile range] and compared using an independent t-test or a Mann
Whitney U test as appropriate. Categorical values were presented as count
(percent) and compared using Chi squared or Fischer Exact test as appropriate.
Two way ANOVA with repeated measures was used to compare change over time
between the two groups. Linear regression was used to assess the independent
effect of LV function on RV functional measurements while adjusting for gestation
and birth weight. SPSS (Version 22) was used to conduct the analysis. A p value
< 0.05 was considered significant.
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5.3.1 Our Findings
Echocardiography was performed on one hundred and twenty one infants
with a mean (SD) gestation and birthweight of 26.8 (1.4) weeks and 968 (250)
grams respectively (Table 5.1). By the third echocardiography time point, on Day
5 – 7, the PDA remained open in 83 (69%) infants (PDA Group). The group of
infants with a PDA had a slightly lower gestation and birthweight. The median
[IQR] PDA diameter was 2.7 [2.2 – 3.2] mm. The diastolic flow pattern was
predominantly non-restrictive with a median diastolic to systolic ratio of 2.7 [1.7 –
4.4]. There were also signs of LV volume overload on Day 5 – 7 in the PDA group
when compared to those without a PDA. They had a lower diastolic blood
pressure and a higher LA:Ao, LVEDD, EF and LVO (Table 5.2, Figure 5.1).

5.3.2 Comparison between Measurements of RV Function
There was no difference in RV s` [5.3 (0.9) vs. 5.1 (1.0) cm/s, p=0.3], or
TAPSE [6.2 (1.3) vs. 6.1 (1.2) mm, p=0.7] between infants with and without a PDA
on day 5-7. At this time-point, infants in the PDA Group had lower RV FAC [41 (8)
vs. 47 (10) %, p<0.01] and lower RV BLS [-24.2 (5.0) vs. -26.2 (4.1) %, p=0.03]
(Figure 5.2). The presence of a PDA on Day 5 – 7 was independently associated
with lower RV BLS (β = -2.1, p=0.03) and lower RV FAC (β = -0.06, p<0.01) on
linear regression analysis when adjusting for birthweight and gestation.
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Table 5.1: Infant characteristics at birth. Data are presented as means (standard
deviation), medians [inter-quartile range], or count (%).

PDA

No PDA

(n=83)

(n=38)

p

Gestation (Weeks)

26.6 (1.4)

27.2 (1.4)

0.02

Birthweight (Grams)

935 (240)

1039 (255)

0.03

Male Gender

46 (55%)

23 (61%)

0.7

Caesarean Section

58 (70%)

26 (68%)

1.0

5 minute Apgar Score

8 [7 – 9]

8 [7 – 9]

0.8
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Table 5.2: Clinical and echocardiography parameters of left ventricular overload in
the two groups. Data are presented as means (standard deviation).
Oxygen is presented as median [Range].
PDA

No PDA

(n=83)

(n=38)

p

Heart Rate

166 (12)

165 (14)

0.8

Systolic Blood Pressure (mmHg)

55 (11)

58 (12)

0.2

Diastolic Blood Pressure (mmHg)

30 (8)

37 (9)

<0.01

Mean Airway Pressure (cm H2O)

8 (1)

7 (1)

0.08

Invasive Positive Pressure Ventilation

30 (36%)

6 (16%)

Continuous Positive Airway Pressure

49 (59%)

29 (76%)

High flow nasal cannula

4 (5%)

3 (8%)

Fractional Inspired Oxygen

21 [21 – 49]

21 [21 – 28]

0.2

Left Atrial to Aortic Root Ratio

1.6 (0.4)

1.3 (0.2)

<0.01

LV End Diastolic Diameter (mm)

13 (2)

11 (1)

<0.01

LV End Diastolic Diameter (z-scores)

0.26 (1.05)

-0.56 (0.59)

<0.01

Ejection Fraction (%)

64 (8)

60 (7)

<0.01

Left Ventricular output (ml/kg/min)

260 (86)

178 (49)

<0.01

Mode of Ventilation
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0.07

Figure 5.1: Markers of LV Volume Overload and Function in the Two Groups over
the First Week of Age. Infants in the PDA group (Grey line) had higher LV end
diastolic diameter, LA:Ao, LVO and EF from as early as Day 2. (* = p<0.05, two way
ANOVA with repeated measures). LV: Left Ventricle; LA:Ao: Left atrial to aortic root
ratio; EF: Ejection Fraction; LVO: Left ventricular output; PDA: Patent ductus
arteriosus.
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Figure 5.2: RV Function Measurement in the Two Groups over the First Week of
Age. Infants with a PDA (Grey Line) had lower RV BLS and RV FAC on Days 5 – 7. (*
= p<0.05, two way ANOVA with repeated measures). TAPSE: Tricuspid annular plane
systolic excursion; RV s`: Right ventricular systolic velocity; RV BLS: Right ventricular
basal longitudinal strain; RV FAC: right ventricular fractional area change. PDA: Patent
ductus arteriosus.
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CHAPTER 6
The Impact of systemic steal on Cerebral Perfusion
6.1 Background
A patent ductus arteriosus (PDA) is an anatomical communication between
the aorta and pulmonary artery essential for normal fetal blood flow. In extremely
preterm infants it may persist in over 50% beyond the first week of life. A falling
pulmonary vascular resistance (PVR) will increase the pressure gradient across
the ductus and result in the shunting of blood from the systemic to the pulmonary
circulations (left to right shunting). In this circumstance, distinct haemodynamic
changes will occur. Pulmonary over-circulation evolves, with systemic
hypoperfusion as an added consequence (Evans, 2015a). The changes of
pulmonary over-circulation are characterised by an increased left ventricular (LV)
preload which leads to dilation of the left atrium, an increased aortic root ratio
(LA:Ao) and left ventricular end diastolic diameter (LVEDD), in addition to an
increasing left ventricular output (LVO). The recognised echocardiographic
features of systemic hypoperfusion include flow reversal in diastole in the
descending aorta, celiac artery and in severe cases the middle cerebral artery.
There is an association with adverse outcomes in preterm infants who display
these features (El-Khuffash et al., 2015).
The ‘’systemic steal’’ that occurs due to shunting of blood from left to right
across the PDA has been studied on post ductal vessels. Many believe that preductal vessels (branches of the aortic arch prior to ductal origin), particularly those
supplying the brain, are relatively protected from the effects of the shunt. There is
however recent evidence suggesting an association between longstanding
haemodynamically significant PDA and suboptimal cerebral oxygenation. There
may potentially be a negative effect on brain development due to chronic cerebral
hypoperfusion (Lemmers et al., 2016). To further study this process, we aimed to
prospectively assess the impact of a PDA on the brachiocephalic artery (BCA), a
preductal vessel which branches into the right subclavian and right common
carotid, in a group of preterm infants during the first week of age.
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6.2.1 Specific Methodology Employed
This was a prospective observational study carried out on infants less than
32 weeks gestation in the Rotunda Hospital, Dublin, Ireland between July 2015
and March 2016. Echocardiography was performed at three time points at a
median [inter-quartile range] of 10 [6 -12] hours (Day 1), 42 [38 – 48] hours (Day
2), and 143 [132 – 162] hours (Day 5 – 7). The echocardiography measurements
are fully explained in the methodology chapter above, as is data collection of
patient demographic details, clinical variables and outcomes.

6.2.2 Echocardiography Assessment
We measured PDA diameter (mm) and markers of left ventricular volume
loading including: left atrium to aortic ratio (LA:Ao), left ventricular output (LVO)
(ml/kg/min) and left ventricular end diastolic diameter (LVEDD) (mm). Markers of
systemic steal included the celiac artery and middle cerebral artery end diastolic
velocity (m/s) and velocity time intergral (VTI). We also measured the
brachiocephalic VTI and EDV.

6.2.3 Brachiocephalic Artery Assessment
We analysed flow in the BCA using pulsed wave Doppler over three time
points. We imaged the BCA as the first branch coming off the aortic arch from the
high parasternal view. The angle of insonation was kept below 20 degrees by
aligning the cursor parallel to flow in the BCA and the gate (set at < 2mm) placed
at the origin. We measured the maximum systolic velocity, minimum diastolic
velocity and VTI with pulse wave colour Doppler and used the average value from
three consecutive waves.

6.2.4 Statistics
The cohort was divided into two groups, those with and those without a
PDA on echocardiography scan at Day 5 – 7. We presented continuous variables
as medians [inter-quartile ranges] and categorical variables as count (percent).
Continuous variables between the two groups were compared using a Mann
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Whitney U test. A Chi square (or Fisher Exact) test was used to compare
proportions. Two-way ANOVA with repeated measures was used to compare
serial data between the two groups. Linear regression was used to assess the
independent effect of the PDA on BCA end diastolic velocity while adjusting for
gestational age. SPSS (IBM, v21) was used to conduct the analysis. A p value of
less than 0.05 was deemed significant.
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6.3.1 Our Findings
Fifty one infants were enrolled in the study. They had a median [IQR]
gestation and birthweight of 27.0 [25.1 – 30.7] weeks and 1060 [750 – 1360]
grams respectively. Their 5 minute Apgar score was 9 [8 – 9] and the median first
pH was 7.31 [7.29 – 7.37]. The initial scan on day one of life revealed that a PDA
was present in 50 (98%) infants, reducing to 35 (67%) on Day 2. At the third
echocardiography scan on Day 5 – 7, the PDA was still present in 26 (51%)
infants with a median diameter of 2.7 [2.2 – 3.2] mm. A lower gestational age and
birth weight were noted in patients with a PDA on day 5-7 (all p<0.01) (Table 6.1).
A higher LVO, LA:Ao, LVEDD and a lower celiac artery diastolic velocity and VTI
(all p<0.01) (Table 6.1) were also present in infants with a PDA on day 5-7.

6.3.2 Impact of PDA on BCA Flow
Figure 6.1 illustrates the progression of LVO, BCA, and MCA EDV in the 2
groups over the study period. Infants with a PDA on day 5-7 developed reversed
diastolic flow in the BCA by day 2. A difference in MCA EDV was only apparent on
day 5-7 (Figure 6.1). This difference occurred in association with a rising LVO in
the infants with a PDA. There was a significant negative correlation between BCA
EDV and PDA diameter (r = −0.72) and between BCA EDV and LVO (r = −0.46).
BCA EDV positively correlated with both celiac EDV (r = 0.67) and MCA EDV (r =
0.54) (all correlation P < .01). On linear regression, the association between the
presence of a PDA on day 5-7 and BCA remained significant when we adjusted
for gestation (model R square 0.42, PDA standardized b −0.72, P < .001).
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Table 6.1: Basic demographics and echocardiography measurements on Day 5 ±7
in the two groups. Values are presented as medians [inter-quartile range] and count
(%).
PDA

No PDA

(n=25)

(n=26)

Gestation (weeks)

26.0 [25.0 – 26.7]

30.4 [27.8 – 31.2]

<0.001

Birthweight (grams)

930 [660 – 1060]

1263 [1033 – 1583]

0.002

5 Minute Apgar Score

8 [7 – 9]

9 [8 – 9]

0.16

Male Gender

10 (40)

11 (42)

1.0

Diastolic BP (mmHg)

28 [23 – 36]

39 [33 – 36]

0.002

PDA Diameter (mm)

2.7 [2.2 – 3.2]

0

NA

LA:Ao

1.8 [1.6 – 2.0]

1.4 [1.2 – 1.6]

<0.001

LVO (ml/kg/min)

266 [216 – 325]

173 [161 – 204]

<0.001

LVEDD (mm)

12.7 [12.0 – 15.4]

11.9 [10.5 – 13.0]

<0.001

Celiac Artery EDV (m/s)

0.07 [-0.02 – 0.1]

0.15 [0.12 – 0.23]

<0.001

Celiac Artery VTI

6.4 [4.8 – 8.4]

10.4 [8.0 – 15.2]

0.003

MCA VTI

4.3 [2.8 – 6.2]

8.7 [6.6 – 9.2]

<0.001

MCA EDV (m/s)

0.06 [0.00 – 0.09]

0.10 [0.09 – 0.12]

<0.001

BCA VTI

4.2 [3.4 – 5.4]

5.7 [4.3 – 6.1]

0.03

BCA EDV (m/s)

-0.08 [-0.10 – 0.00]

0.04 [0.0 – 0.06]

<0.001
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p

Figure 6.1: Left Ventricular Output, MCA and BCA End Diastolic Velocity over the
Study Period in the Two Groups. Values are presented as medians with the error bars
representing 95% confidence intervals. *=p<0.05.
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CHAPTER 7
Hypoxic Ischemic Encephalopathy and Therapeutic
Hypothermia
Hypoxic ischemic encephalopathy (HIE) can develop during the perinatal
period due to an acute reduction in cerebral blood flow and oxygenation. The
reduction in neonatal blood flow can result in multi-organ dysfunction. Therapeutic
hypothermia (TH) is a neuroprotective strategy utilised in infants > 36 weeks
gestation, aimed at mitigating neuronal injury secondary to HIE (Jacobs et al.,
2013).
Recently, research on the impact of TH on cardiac function,
haemodynamics and cerebral perfusion has been explored in this cohort. Infants
with HIE receiving TH have demonstrated impairment in myocardial performance
and a reduction in cardiac output (CO) on echocardiography studies (by both
conventional techniques and speckle tracking echocardiography) when compared
to healthy term controls (S et al., 2013, Costa et al., 2007, Czernik et al., 2013).
During TH, the metabolic demand of cells and their oxygen requirement is
reduced, and this is felt to offset the negative effect of reduced blood flow in these
infants.
We undertook two studies, outlined below, that provide us with novel
insights into myocardial performance and haemodynamics in a cohort of infants
treated with TH following a perinatal insult and resulting in HIE. A thorough
knowledge and understanding of how the cardiovascular system is affected by TH
could pave the way for more accurate targeted therapy, adjuvant treatments, and
provide prognostic information on patient outcomes.
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Part 1: The Use of NICOM and NIRS in Patients Treated with Therapeutic
Hypothermia for Hypoxic Ischemic Encephalopathy

7.1 Background
To date, echocardiography has been the main tool utilised in the
assessment of haemodynamic status in infants treated with TH. While this
provides valuable information, it only offers discrete measurements of cardiac
function and output (CO) at a single point in time. The use of continuous
monitoring of cardiac haemodynamics and cerebral oxygenation would facilitate a
more comprehensive approach to the haemodynamic management of infants
undergoing TH, and may provide important prognostic information.
Non-invasive cardiac output monitoring (NICOM) is a relatively new
technology which monitors changes in cardiac output (CO), systemic vascular
resistance (SVR) and blood pressure (BP) every minute. In addition to this, near
infrared spectroscopy (NIRS) monitors cerebral perfusion and tissue oxygen
extraction (Ancora et al., 2013).
In this study, we aimed to apply these technologies to a cohort of patients
treated with TH for HIE during cooling and re-warming. We aimed to measure CO,
stroke volume (SV), systemic vascular resistance (SVR), heart rate, blood
pressure, and cerebral oximetry (SctO2) and characterise the changes which
occur over time. We also aimed to compare NICOM derived CO with CO
measured on echocardiography (echo-CO) over the study period. We
hypothesised that TH results in important haemodynamic changes in the HIE
population and that NICOM is a feasible and reliable method which can be utilised
to assess these changes.
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7.2.1 Specific Methodology Employed
This was a prospective observational study carried out in the neonatal
intensive care unit on infants greater than 36 weeks gestation with a diagnosis of
HIE who underwent TH. Infants were eligible provided they fulfilled two of the
following criteria (Azzopardi et al., 2008): Apgar score of ≤5 at 10 minutes after
birth; continued need for endotracheal or mask ventilation at 10 minutes after
birth; acidosis within 60 minutes of birth (defined as any occurrence of umbilical
cord arterial or capillary pH <7.00 or a base Deficit ≥ 16 mmol/L); and/or clinical
seizures or moderate to severe encephalopathy using the Sarnat grading system
(Sarnat and Sarnat, 1976).
We collected demographic and clinical details including gestational age,
birthweight, gender, Apgar scores at 1, 5 and 10 minutes, blood gases prior to TH,
inotrope requirement and seizure activity. Heart rate and body temperature during
cooling were also recorded.

7.2.2 NICOM Monitoring
The NICOM (NICOMTM, Cheetah Medical, Portland, USA) and NIRS
(INVOS Somanetics system, Medtronic, MN, USA) technique is fully explained in
the methodology chapter above, as is data collection of patient demographic
details, clinical parameters and outcomes. After TH initiation, infants underwent
echocardiography assessments of CO on Day 1 (10 hours of TH), prior to rewarming (70 hours of TH) and at the end of the rewarming period (100 hours after
commencement of TH). At the time of the first echocardiogram, the NICOM and
echocardiography internal clocks were synchronized.

7.2.3 MRI Monitoring
All enrolled infants underwent magnetic resonance imaging (MRI) of the
brain between day 5 – 10 of age. A paediatric radiologist who was blinded to
NICOM and NIRS results reported and scored the MRI results using the Barkovich
criteria (Barkovich and Maroldo, 1993). This method employs a combination fivepoint score including components of both basal ganglia and watershed patterns of
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injury. MRI reports were dichotomised into ‘normal’ (score = 0) and ‘abnormal’
(score = 1-4) neuroimaging groups for the purpose of data analysis.

7.2.4 Statistical Analysis
Continuous data were presented as median [inter-quartile range] or as
means (standard deviation) as appropriate. Categorical data were presented as
absolute numbers and proportions. Two group analyses were conducted using the
Mann Whitney U test for continuous variables or the Chi square test for
categorical variables. ANOVA with one-way repeated measures was used to
assess the change in the hemodynamic measurements with respect to time. Pairwise comparison using Bonferroni adjustment was performed between two time
points (hours 70 and 100) and baseline (hour 10). Two-way repeated measures
ANOVA was used to assess the difference in the haemodynamic measurements
between the two groups (Normal vs. Abnormal MRI) over time.
A systematic bias of 31% ± 8% between the two methods of CO
assessment was demonstrated previously, with NICOM under reading the
echocardiography values (Weisz et al., 2012, Weisz et al., 2014a). Therefore,
differences in measurement between the two methods were expressed as a
percentage ([echo-CO – NICOM-CO] / ECHO-CO). We compared the two
methods using the Bland Altman analysis, and assessed the correlation between
the two methods using Pearson’s Correlation coefficient. A p value < 0.05 was
considered significant. SPSS (IBM version 22) was used to perform the statistical
analysis.
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7.3.1 Our Findings
Over the study period, 27 infants were eligible for inclusion. Three were
excluded due to the unavailability of the NICOM monitor, 2 were unlikely to
survive (and subsequently had care redirected to palliation) and 2 families refused
consent. Twenty infants with a median [IQR] gestation of 40.0 [38.7 – 41.1] weeks
and a median birthweight of 3.6 [3.4 – 4.0] Kg were enrolled over an eighteenmonth period. Thirteen (65%) were delivered by caesarean section and 12 (60%)
were male. Ten (50%) infants were out born. Their 1, 5, and 10 minute Apgar
scores were 2 [0 – 4], 5 [2 – 7], and 6 [4 – 9] respectively. The cohort had an
admission pH of 6.93 [6.85 – 7.07], a base excess of -14.9 [-19.3 – -11.8], and an
initial arterial lactate of 12.8 [9.0 – 14.8] mmol/L. TH was commenced within 6
hours following birth in all infants. All infants were in receipt of either morphine
(n=11), fentanyl (n=11) or midazolam (n=5) for sedation during TH. NICOM
haemodynamic measurements (CO, SVR, MAP, SV and HR) and NIRS
measurements (SctO2) were all commenced within ten hours of TH initiation.
During the cooling period, all infants were maintained at a temperature between
33o to 34o centigrade and were rewarmed following 72 hours of TH over an 18
hour period (Table 7.1).

7.3.2 Feasibility and Echocardiography Correlation
NICOM and NIRS assessments were feasible in all enrolled infants. Eight
infants underwent echocardiography assessments of CO over three time-points.
NICOM-CO was lower than echo-CO with a bias of 27% (Limits of agreement 8 –
51%). There was a strong correlation between echo-CO and NICOM-CO (r=0.89,
p<0.001) (Figure 7.1). The bias between the two methods remained constant
throughout the study period with no difference noted between the cooling and
rewarming phases. There was an increase in both NICOM-CO and echo-CO
following the rewarming period (Table 7.1).

7.3.3 Impact of Temperature on Haemodynamics
CO was lower during TH and significantly increased during rewarming.
SctO2 significantly increased over the first 30 hours of TH and stayed higher for
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the remainder of the study period (Table 7.1, Figure 7.2). There was a significant
rise in NICOM-measured SVR over the first 30 hours of TH. SVR subsequently
decreased during rewarming. There was no change in mean arterial blood
pressure or stroke volume over the study period. Heart rate significantly increased
during rewarming (Table 7.1, Figure 7.2).

7.3.4 Impact of Inotropes
Nine infants received inotropes during the study period. There was no
difference in gestation, birthweight, Apgar scores, pH, base excess, or lactate
between infants in receipt of inotropes and those without (data not shown). All
infants received Dopamine with two infants receiving adrenaline and one infant
receiving dobutamine as adjuvant therapy. The median time of commencement
was 6 [2 – 18] hours, with a total duration of 49 [23 – 83] hours. The median MAP
at inotrope commencement was 44 [42 – 47]. There was no significant change in
any of the measurements in the 24 hour period following the commencement of
inotropes (data not shown).

7.3.5 MRI assessment
All infants underwent a brain MRI between days 5 – 10 of age. Ten infants
had an abnormal MRI. Table 7.1 summarises the differences in characteristics
between infants with and without a normal MRI. There were no significant
differences between the two groups with the exception of the 1 minute Apgar
score which was higher in the Abnormal MRI group (Table 7.2). Figure 7.3
illustrates the haemodynamic profiles in the two groups. Infants in the Abnormal
MRI group had lower CO, and SV and a higher SVR during TH. However, those
differences did not reach statistical significance.
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Table 7.1: Haemodynamic measurements at three time-points. Values are presented
as means (SD) or medians [IQR]. One was ANOVA with repeated measures was used to
assess change over time. * = p value < 0.05 compared to baseline (Bonferroni
adjustment).
During Cooling
(10 hours)

Pre-Rewarming
(70 Hours)

PostRewarming
(100 hours)

ANOVA
p

Temperature (o)

33.4 (0.4)

33.5 (0.1)

36.4 (0.8) *

<0.001

NICOM cardiac output
(mL/Kg/min)

82 (31)

83 (38)

120 (57) *

0.003

Echo cardiac output
(mL/Kg/min)

91 (24)

118 (38)

153 (55) *

0.001

NICOM/Echo Percentage Bias
(%)

21 (14)

29 (10)

32 (9)

0.14

Cerebral Regional O2
Saturation (%)

80 (9)

85 (6) *

85 (5) *

0.005

SVR x 1000 (dynes.sec.cm-5)

14.3 [10.1 – 18.0]

16.0 [12.9 – 18.4]

11.0 [8.3 – 14.1] *

<0.001

Stroke Volume (mL)

3.0 (1.4)

3.0 (0.8)

3.5 (1.0)

0.2

Mean Blood Pressure (mmHg)

45 (5)

50 (6)

50 (5) *

0.002

Heart Rate

102 (13)

97 (15)

116 (16) *

<0.001
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Table 7.2: Clinical characteristics of infants with and without an abnormal MRI.
Data are presented as medians [interquartile range] or as count (%).
Normal MRI (n=10)

Abnormal MRI (n=10)

p

Gestation (weeks)

38.7 [38.0 – 40.1]

38.9 [38.0 – 39.1]

0.42

Birthweight (Kg)

3.53 [3.32 – 3.90]

3.34 [2.50 – 4.23]

0.83

Caesarean Section

8 (80)

5 (50)

0.35

Male gender

8 (80)

4 (40)

0.17

1 minute

0 [0 – 1]

3 [3 – 5]

<0.01

5 minutes

4 [1 – 5]

4 [2 – 7]

0.19

10 minutes

5 [3 – 9]

7 [5 – 9]

0.76

Lowest 1st hour pH

6.96 [6.89 – 7.12]

6.90 [6.82 – 7.01]

0.74

Base Excess

-15.8 [-20.4 – -12.3]

-14.8 [-19.8 – -12.3]

0.58

First lactate

12.8 [10.4 – 14.4]

10.9 [9.5 – 16.6]

0.91

Inotropes

5 (50)

4(40)

1.0

Seizure Activity

1 (10)

4 (40)

0.30

Apgar Scores

(mmol/L)
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Figure 7.1: Bland Altman Analysis and Correlation between Echocardiography and
NICOM-Measured Cardiac Output.
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Figure 7.2: Continuous Hemodynamic Measurements in the Cohort over the Study
Period. The blue area represents the hypothermia phase and the yellow area represents
the rewarming phase. Values are presented as means (red circles) and the black lines
represent the standard error. One way ANOVA with repeated measures was used to
assess the change over time.
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Figure 7.3: Change in the Haemodynamic Profile in Infants with (white diamonds)
and without (grey circles) an Abnormal MRI. One way ANOVA with repeated
measures was used to assess the change over time. There was no significant change in
any of these measurements between the groups over time (all ANOVA p>0.05).
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Part 2: Left Ventricular Rotational Mechanics in Infants with Hypoxic
Ischaemic Encephalopathy

7.4 Background
Impairment in myocardial performance has been identified in infants
treated with therapeutic hypothermia (TH) for hypoxic ischemic encephalopathy
(HIE). This was previously demonstrated using conventional echocardiography
techniques and has been more recently supported by deformation studies with
deformation imaging using speckle tracking echocardiography (Nestaas et al.,
2014, Sehgal et al., 2013).
As described in chapter one, left ventricular (LV) twist describes the
wringing motion of the LV during systole. This assists ejection of blood from the
LV cavity during systole and facilitates filling in diastole. LV twist is the net result
of both apical rotation (which occurs in a positive anticlockwise direction) and the
basal rotation (which occurs in a negative clockwise direction) along the long axis
of the left ventricle (Alagarsamy et al., 2005). We have previously demonstrated
the use of LV rotational mechanics in healthy term infants, and in the assessment
of preterm infants with and without chronic lung disease (CLD). There is
however, no data assessing the use of rotational mechanics in infants with HIE
treated with TH.
In this study, we aimed to assess LV systolic deformation parameters
(strain and systolic strain rate) and rotational mechanics in infants with HIE
treated with TH during the early transitional period. We hypothesised that
measures of deformation and rotation would be impaired in the HIE group
compared to a healthy term control group and a group of extremely preterm
infants corrected to 36 weeks gestation (see rotation in chapter 3 and chapter 4).
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7.5.1 Specific Methodology Employed
We performed a prospective cross-sectional study on infants treated with
TH for HIE, a healthy control population, and premature infants group at 36
weeks corrected age. We provided detailed criteria for the diagnosis of HIE in the
methodology section above (7.2.1). We recruited healthy term infants as a control
population, defined as infants born > 37 weeks gestation to mothers without
significant maternal illness (diabetes of any type, pre-eclampsia, hypertension,
clinical chorioamnionitis, absent/reversed end diastolic flow in the umbilical
arteries anytime during the pregnancy. In addition to the term control arm, we
compared the HIE group with our preterm cohort (< 29 weeks gestational age)
corrected to 36 weeks (described in chapter 4). The patient age, weight and heart
rate at the time of scan were recorded.

7.5.2 Echocardiography Assessment
Details outlining the echocardiography techniques used in this study are
explained in the methodology chapter. We measured left ventricular ejection time
(LVET) (ms), ejection fraction (%) and left ventricular output (LVO) (ml/kg/min).
We also assessed left ventricular global strain and strain rate using speckle
tracking echocardiography. Rotational mechanics were derived by obtaining grey
scale images of the LV from the parasternal short axis views at the level of the
mitral valve (to derive basal rotation) and at the level of the apex (to derive apical
rotation). Twist was calculated as the difference between apical and basal
rotation using the following formula: Twist (o) = apical rotation (o) – Basal rotation
(o). Torsion was derived by indexing twist to LV end diastolic length (in cm) using
the following formula: Torsion (o/cm) = LV Twist (o) ÷ LV length (cm). Left
ventricular twist rate (LVUTR) is the speed at which the LV twists (o/s) during
systole and LV untwist rate (LVUTR) is the speed at which the LV untwists ( o/s) in
early diastole. LVTR and LVUTR were also measured.
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7.5.3 Statistical Analysis
The cohort was divided into three groups: Term Control, Preterm
Corrected, and Term HIE. Continuous data were tested for normality using the
Shapiro-Wilk test and a histogram representation of data. Data were summarized
as means (standard deviation) or medians [inter-quartile range] as appropriate.
Three group analyses was conducted using one way ANOVA or the Kruskal–
Wallis one-way analysis of variance as appropriate. Pairwise analysis between
the groups was conducted using Bonferroni adjustment. Two group analyses
were conducted using the independent t-test or the Mann-Whitney U test as
appropriate. Linear regression was used to assess the independent effect of
important variables on the functional parameters. SPSS (IBM, version 23) was
used to conduct the analysis and we accepted a p value < 0.05 as significant.
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7.6.1 Our Findings
Eighty one infants were included in the study. Thirty Term Controls, 35
Preterm Corrected infants, and 16 infants with HIE. Table 7.3 illustrates their
gestation and weight at the time of scanning, in addition to the conventional
functional measurements. There was no difference in the gestation, time of scan
or weights between Term Control and Term HIE groups. Preterm infants were of
a lower gestation and weight at the time of the scan (Table 7.3). Heart rate (HR)
was different between all three groups with the highest HR in the Preterm Group
and the lowest in the Term HIE group. LVO values followed a similar pattern
(Table 7.3).

7.6.2 Deformation and Rotational Mechanics in the Three Groups
Table 7.4 illustrates LV GLS and LV systolic SR, in addition to LV
rotational mechanics in the three groups. Median FR:HR ratio were all within the
recommended range. Term Controls had the highest GLS, while Term HIE had
the lowest (Table 7.4). Term Controls and Preterm Corrected infants had similar
systolic SR, both of which were higher than Term HIE infants. Preterm infants
had the highest systolic torsion values, while Term HIE exhibited the lowest
values. In the Preterm Group, twist was achieved by a more pronounced
negative basal rotation. In the term Controls, twist was achieved by a more
pronounced positive apical rotation. Term HIE infants had the lowest apical and
basal rotations compared to the other groups (Table 7.4).
The same pattern was noted for LVTR and LVUTR: Preterm infants had
the highest values when compared to the two other groups while Term HIE had
the lowest values (Table 7.4, Figure 7.4). The association between the Groups
and systolic SR remained significant when adjusting for heart rate on linear
regression (Group standardised β -0.25, p=0.008; HR standardised β 0.55,
p<0.001). Similarly, the association between the Group and LVUTR remained
significant when adjusting for heart rate on linear regression (Group standardised
β -0.23, p=0.02; HR standardised β 0.40, p<0.001). When adjusting for heart
rate, the relationship between the Groups and LVTR was no longer significant
(Group standardised β -0.08, p=0.37; HR standardised β 0.54, p<0.001).
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Table 7.3: Patient demographics and conventional LV function parameters. Values
were presented as means (standard deviation) or median [inter-quartile range]. One way
ANOVA was used to assess differences between the three groups. Pair wise
comparisons were conducted using the Bonferroni adjustment. Hrs: hours; wks: weeks;
LVET: left ventricular ejection time; LVO: left ventricular output;
* p value < 0.05 between Term Control and Preterm Corrected
† p value < 0.05 between Term Control and Term HIE
‡ p value < 0.05 between Preterm Corrected and Term HIE
Term Control
n=30
Time of Scan (Hrs of
age)
Gestation at scan
(wks)
Weight (Kg)
Heart Rate
LVET (ms)
Ejection Fraction (%)
LVO (mL/kg/min)

Term HIE
n=16

p

26 [13 – 42]

Preterm
Corrected
n=35
NA

23 [13 – 30]

0.4

39.9 [39.0 –
40.9]*
3.5 [3.2 – 3.9]*
119 (13)*†
204 (17)*†
60 (6)
136 (28)*†

36.0 [34.6 –
36.3]‡
2.3 [2.0 – 2.4]‡
155 (16)‡
184 (20)‡
60 (6)
212 (41)‡

40.0 [39.1 –
40.3]
3.7 [3.4 – 4.1]
97 (13)
240 (23)
57 (6)
93 (33)

<0.001
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<0.001
<0.001
<0.001
0.07
<0.001

Table 7.4: Systolic deformation and rotation in the three groups.
Values were presented as means (standard deviation) or median [inter-quartile
range]. One way ANOVA was used to assess differences between the three groups.
Pair wise comparisons were conducted using the Bonferroni adjustment. FR to HR:
frame rate to heart rate; LV: left ventricle; GLS: global longitudinal strain; SR: strain
rate.
* p value < 0.05 between Term Control and Preterm Corrected
† p value < 0.05 between Term Control and Term HIE
‡ p value < 0.05 between Preterm Corrected and Term HIE
Term Control
n=30

Preterm Corrected
n=35

Term HIE
n=16

p

0.8 [0.7 – 0.9]†
-24.9 (2.7)*†
-2.0 (0.3)†
17.0 (5.0)*†
1.0 (4.1)*
15.8 (6.5)†
5.7 (2.4)*†
134 [119 – 155]*†
-192 [-160 – 228]†

0.8 [0.7 – 0.8]‡
-22.9 (2.6)‡
-2.2 (0.4)‡
13.0 (5.9)
-6.6 (3.9)‡
18.6 (5.0)‡
7.3 (2.1)‡
186 [151 – 224]‡
-223 [-144 – 296]‡

0.9 [0.8 – 1.0]
-19.5 (3.7)
-1.5 (0.3)
12.0 (5.1)
0.2 (3.4)
11.0 (5.9)
3.9 (2.1)
107 [69 – 135]
-127 [-102 – 147]

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

Parameters Normalised to RR interval
LV Systolic SR (1/s) -4.0 (0.8)*†
LV Twist Rate (o/s)
264 [224 – 368]*†
LV Untwist Rate
-382 [-284 – 449]*†
(o/s)

-5.8 (1.4)‡
451 [385 – 595]‡
-586 [-368 – 735]‡

-2.4 (0.6)
156 [109 – 249]
-209 [-154 – 272]

<0.001
<0.001
<0.001

FR to HR ratio
LV GLS (%)
LV Systolic SR (1/s)
Apical Rotation (o)
Basal Rotation (o)
LV Twist (o)
LV Torsion (o/cm)
LV Twist Rate (o/s)
LV Untwist Rate
(o/s)
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Figure 7.4: Deformation and Rotational Parameters in the Three Groups. LV: left
ventricle; GLS: global longitudinal strain. One way ANOVA was used to assess
differences between the three groups. Pair wise comparisons were conducted using
the Bonferroni adjustment.
* p value < 0.05 between Term Control and Preterm Corrected
† p value < 0.05 between Term Control and Term HIE
‡ p value < 0.05 between Preterm Corrected and Term HIE

204

CHAPTER 8
Myocardial Performance in Monochorionic Diamniotic
Twins with Twin to Twin Transfusion Syndrome
8.1 Background
Twin-to-twin transfusion syndrome (TTTS) is the most common
complication affecting monochorionic diamniotic (MCDA) pregnancies (Harkness
and Crombleholme, 2005). The developmental origins of this complex disease
process are not fully known, but the “cascade of physiological events” from the
imbalance in the inter-twin transfusion through placental vascular anastomoses
lead to hemodynamic manifestations that differ dramatically in donor and
recipient twins (Manning and Archer, 2016, Rychik et al., 2012b). The spectrum
of cardiovascular change in each twin is also ventricle-specific based on the
severity and eventual progression of TTTS (Taylor-Clarke et al., 2013, Rychik et
al., 2012b, van et al., 2010, Zhao et al., 2012). If left untreated, the mortality rate
can approach 100% in one or both fetuses (Harkness and Crombleholme, 2005).
Treatment of TTTS with selective laser photocoagulation of the
communicating placental vessels (SLPCV) has significantly improved survival by
alleviating, or at least mitigating, the abnormal circulatory load and cardiac
morbidity (Roberts et al., 2008). Most of the cardiovascular pathologies are
reversible with successful ablation of the abnormal vascular communications
(Habli et al., 2008b). However, acquired structural cardiac anomalies and
persistent ventricular dysfunction are recognized in a proportion of treated
pregnancies after delivery, presumed to be a consequence of the altered
“placental-cardiac axis”, when placental dysfunction causes hemodynamic
perturbations (Hornberger, 2017).
MCDA twins with TTTS are surviving with improved cardiovascular
outcomes due to the evolution of SLPCV techniques and enhanced early
neonatal care (Akkermans et al., 2015). Our understanding of myocardial
performance in the early postnatal period may also have a role in quantifying the
success of treatment, monitoring recovery, and planning appropriate postnatal
surveillance (Fisk et al., 2009). Although the importance of assessing fetal
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ventricular performance in each twin after SLPCV therapy has been well
recognized (Akkermans et al., 2015, Crispi and Gratacós, 2012), there is limited
data on early postnatal transitional cardiac performance following SLPCV, likely
because functional assessment in the newborn has historically been difficult
(Breatnach et al., 2016a). Recent studies have established the reliability of twodimensional speckle tracking echocardiography (2DSTE)-derived strain as a
comprehensive quantitative technique to characterize left and right ventricular
(LV and RV) performance in neonates (Jain et al., 2014b, Breatnach et al.,
2016a). Longitudinal strain (LS,%) and systolic strain rate (LSRs, 1/sec) have
even been shown to be reliable measures of cardiac function in MCDA fetuses
with TTTS (Zhao et al., 2012, Rychik et al., 2012b, van et al., 2010) following
SLPCV (Taylor-Clarke et al., 2013, Willruth et al., 2013) and in older children with
TTTS treated with SLPCV (Halvorsen et al., 2015, Gardiner et al., 2014).
We hypothesized that MCDA infants with TTTS that did not receive
SLPCV treatment will demonstrate biventricular dysfunction during the early
neonatal period. Accordingly, the objectives of this study were to characterize
ventricular myocardial performance with STE derived LS and LSRs over the first
week of age in MCDA donor and recipient twins following SLPCV, and compare
the results with MCDA twins that did not receive SLPCV and control MCDA twins
without TTTS.
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8.2.1 Specific Methodology Employed
This was a prospective observational cohort study of MCDA twins born in
the Rotunda Hospital, Dublin, Ireland. Infants were separated into 4 groups:
Group 1 were uncomplicated MCDA twins without growth discrepancy
(Uncomplicated “control” MCDA); Group 2 were MCDA twins with selective intrauterine growth restriction (selective IUGR) defined by the presence of an
estimated fetal weight (EFW) in one twin of less than the 10th centile (this mark
was chosen because it is the EFW at which the American Congress of Obstetrics
and Gynecology state that the risk for perinatal morbidity and mortality increases
(Committee on Practice Bulletins--Gynecology and Gynecologists, 2001); Group
3 were MCDA twins with TTTS in receipt of SLPCV (TTTS and SLPCV); and
Group 4 were MCDA twins with TTTS who did not receive SLPCV (TTTS no
SLPCV). TTTS was defined by the Quintero staging system, which categorizes
the condition from grades I - V based on increasing degree of severity, with stage
V indicating demise has occurred in one or both fetuses (Quintero et al., 1999).

8.2.2 Antenatal Details and Clinical Parameters
We recorded antenatal details including: confirmation of MCDA twins;
presence of TTTS (Quintero et al., 1999); treatment with SLPCV; presence of
IUGR; and treatment with antenatal steroids or magnesium sulphate. We also
recorded information on birth history including: mode of delivery, gestational age,
birth weight, gender, and 5-minute Apgar scores. At the time of each
echocardiography scan, clinical variables were noted, including: respiratory
support, heart rate, systolic and diastolic blood pressure.

8.2.3 Echocardiography Assessment
Ventricular mechanics were analyzed by the quantification of LV, and RV
longitudinal strain (LS,%) and longitudinal systolic strain rate (LSRs, %/sec) by
2DSTE using previously published image acquisition and data analysis protocols
(Levy et al., 2013, Levy et al., 2017). Tissue Doppler imaging (TDI) event timings
throughout the cardiac cycle were measured and included: systolic and diastolic
times, isovolumic contraction (IVCT) and relaxation times (IVRT). The LV
207

dimensions were measured (Lang et al., 2015b). RV performance was also
assessed by measuring tricuspid annular plane systolic exclusion (TAPSE, cm)
(El-Khuffash and McNamara, 2011), RV dimensions (Lang et al., 2015b),
pulmonary artery acceleration time (PAAT) and right ventricular ejection time
(RVET) (Levy et al., 2016b).
Since TTTS can lead to abnormal RV-pulmonary vascular (RV-PV)
coupling with a presentation of acute pulmonary hypertension and RV failure
after birth (Gijtenbeek et al., 2017), we also explored the interaction between the
RV and its afterload in all MCDA groups. The RV length to developed force
relationship by echocardiography provides a reliable estimate of invasive RV-PV
coupling in children (Levy PT, 2018); and is determined from the ratio of TAPSE,
a surrogate for RV length (contractility), to PAAT, a measure of the developed
force (afterload), to characterize RV-PV interactions (Levy PT, 2018). To properly
account for heart rate, we corrected PAAT for heart rate by indexing to RVET
(PAATi), and we indexed TAPSE by RV length (TAPSEi) to adjust for changes in
dimension. Therefore, in addition to TAPSE/PAAT, we explored RV-PV coupling
using the TAPSEi/PAATi relationships.
All of the echocardiography measurements are fully explained in the
methodology chapter above, as is data collection of patient demographic details,
clinical variables and outcomes.

8.2.4 Statistical Analysis
The twin pairs were divided by weight into a smaller (donor) and larger
(recipient) set and a comparison of functional measurement made between the
groups. Continuous variables were summarized as means ± standard deviation
(SD) or as medians [inter-quartile range (IQR)] as appropriate. Categorical
variables were summarized as counts (%). Group comparisons were performed
using one-way ANOVA while pairwise comparisons within the groups were
carried out using the Bonferroni adjustment. Paired data (Larger vs. Smaller
Twin) were compared using a paired t-test or the non-parametric equivalent as
appropriate. Two-way ANOVA with repeated measures was used to assess the
change in functional measurements between the groups over time. Linear
regression was carried out to assess the independent association between twin
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status and myocardial performance adjusting for gestational age, sex, mode of
delivery, 5-minute Apgar score and the receipt of antenatal steroids and
magnesium sulphate. We also accounted for patent ductus arteriosus
characteristics (diameter, maximum systolic flow velocity and flow pattern) at
each time point. The statistical analysis was performed with SPSS, version 24
(SPSS, Inc., Chicago, Illinois). A p value < 0.05 was considered statistically
significant.
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8.3.1 Our Findings
One hundred and eight infants were included in this study. This consisted
of 23 uncomplicated pairs of MCDA twins, 15 pairs with selective IUGR, 9 pairs
with TTTS and SLPCV, and 7 pairs with TTTS and no SLPCV (Figure 8.1). The
following reasons prevented the 7 pairs in the TTTS no SLPCV from receiving
SLPCV: a) five MCDA twins were considered too old for SLPCV treatment at
diagnosis of TTTS (> 27 weeks) and were delivered; b) one set had fetal distress
and were delivered; and c) one set failed SLPCV and were delivered. Two of the
recipient twins in the TTTS and SLPCV group developed moderate to severe
pulmonary stenosis requiring balloon valvuloplasty. Table 8.1 illustrates the
demographic and clinical characteristics of each group.

8.3.2 Clinical Outcomes
Infants in the TTTS no SLPCV group received more antenatal steroids and
magnesium sulphate, were of a lower gestation and lower birth weight in both the
larger and smaller twin set when compared with the Uncomplicated Group.
Similarly, both the larger and smaller twin set of the sIUGR Group had lower birth
weights when compared with the Uncomplicated Groups. There was an overall
low incidence of adverse short-term outcomes with 3 cases of necrotizing
enterocolitis (1 donor and 1 recipient in the TTTS no SLPCV group and 1 smaller
twin in the IUGR group); 9 cases of chronic lung disease (2 donors and 1
recipient in the TTTS no SLPCV group, 3 smaller and 1 larger twins in the
selective IUGR group and 1 larger and 1 smaller in the uncomplicated group); 1
case of periventricular leukomalacia in the TTTS no SLPCV group; 1 fetal death
in a TTTS no SLPCV donor group and 3 postnatal deaths (1 donor in the TTTS
no SLPCV group and 2 smaller twins in the sIUGR group).

8.3.3 Echocardiography
Echocardiography was carried out at a median [IQR] of 7 [5 – 11] hours
(day 1), 45 [41 – 47] hours (day 2) and 140 [132 – 165] hours (day 5 – 7). There
were no differences in heart rate or blood pressure in either the larger or smaller
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twin sets across the four groups on day 1 (Table 8.2). The same trends persisted
on day 2 and days 5-7.

8.3.4 Differences in Deformation
Deformation measurements taken on day 1 in the four twin groups are
presented in Table 8.3. The larger twins of the TTTS no SLPCV Group had lower
LV GLS and RV FW LS when compared with the larger twin set of the
Uncomplicated group (Table 8.3). The larger twin set of the selective IUGR group
and TTTS and SLPCV group had similar measurements to the Uncomplicated
group. The lower LV GLS and RV FW LS in the larger twin set of the TTTS no
SLPCV group remained lower than the other three groups on day 2 and days 5 –
7 (Figure 8.2). There were no significant differences in LV or RV LSRs across
the larger twin set groups (Table 8.3, Figure 8.2). In the smaller twin set,
selective IUGR and TTTS no SLPCV infants had smaller LV and RV dimensions
when compared to infants in the Uncomplicated group. There were no significant
differences in any of the functional measurements across the small twin set
group with the exception of higher LV strain rate in the Smaller TTTS no SLPCV
infants and shorter diastolic times (Tables 8.2 and 8.3). Within the TTTS no
SLPCV Group, the larger twin set (Recipient) had significantly lower LV and RV
strain and strain rate on day 1 when compared to the smaller twin set (Donor)
(Table 8.3, Figure 8.3). There were no differences in those measurements
between the larger and smaller twin sets of any other group.

8.3.5 Other Indices of Function
There were no differences in shortening fraction, PAAT, RVET or PAATi
between the larger or smaller twin sets across the 4 groups (Table 8.2). TAPSE
was lower in the larger twin of the selective IUGR and the TTTS no SLPCV
groups. TAPSEi/PAATi was lower in the TTTS no SLPCV larger twin when
compared with both twins of Uncomplicated group and compared to the smaller
donor twin of the TTTS no SLPCV group (Table 8.2). The incidences of PDA and
bidirectional shunts were also similar across all the groups. The larger twins of
the TTTS no SLPCV group had a shorter diastolic time and a longer IVRT when
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compared to the larger twins of the Uncomplicated group and the smaller twin of
the TTTS no SLPCV Group (Table 8.2).
Linear regression was carried out to assess the independent effect of
being in the larger twin set of the TTTS no SLPCV group on LV and RV LS and
LSRs, while adjusting for important potential confounders including: gestational
age, male gender, mode of delivery, 5-minute Apgar score and the antenatal
administration steroids and magnesium sulphate. The TTTS no SLPCV status
was independently associated with lower LV GLS (standardized β=0.36, p<0.01,
model R2= 0.24), lower LV LSRs (standardized β=0.22, p=0.048, model R2=
0.08), lower RV FW LS (standardized β=0.25, p=0.03, model R2= 0.17) and lower
RV FW LSRs (standardized β=0.29, p=0.02, model R2= 0.09).
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Figure 8.1: Study Flow Diagram and Timing of Echocardiograms
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Table 8.1: Demographics and clinical characteristics of the four monochorionic
diamniotic (MCDA) twin groups. Value presented as medians [Inter-quartile range]
or count (%).
*=p<0.05 compared to Uncomplicated Group (with Bonferroni adjustment)

=p<0.05 compared to Smaller Twin

Gestation
(weeks)
Antenatal
Steroids
None
1 Dose
2 Doses
Magnesium
Sulphate
Caesarean
Section
Male

Uncomplicat
ed
(n=23)
36.0 [32.7 –
37.0]

Selective
IUGR (n=15)

TTTS and
SLPCV (n=9)

32.9 [28.8 –
34.9]

34.0 [32.9 –
34.1]

TTTS no
SLPCV
(n=7)
30.3 [27.6 –
33.0]*

12 (52)
2 (9)
9 (39)
4 (17)

2 (13)
2 (13)
11 (74)
7 (47)

3 (33)
1 (11)
5 (56)
1 (9)

0 (0)
3 (43)
4 (57)
6 (86)

17 (74)

12 (80)

7 (78)

3 (43)

0.30

8 (35)

9 (60)

7 (78)

4 (57)

0.13

1.9 [1.2 –
2.2]* 
10 [9 – 10]

2.0 [1.8 – 2.3]

1.6 [1.3 – 1.9]*

<0.01

10 [9 – 10]

9 [9 – 10]

0.70

17 [6 – 44]

12 [5 – 19]

31 [3 – 73]

0.16

1.4 [0.8 –
1.7]*
9 [8 – 10]

1.6 [1.5 – 2.1]

0.9 [0.7 – 1.6]*

<0.01

10 [9 – 10]

9 [7 – 10]

0.09

20 [6 – 40]

13 [7 – 31]

41 [3 – 130]

0.15

Larger Twin Set (recipient)
Birthweight
2.5 [1.8 – 2.8]
(Kg)
5 Min Apgar
10 [9 – 10]
Score
Hospital Days
5 [4 – 17]
Smaller Twin Set (donor)
Birthweight
2.2 [1.6 – 2.5]
(Kg)
5 Min Apgar
10 [9 – 10]
Score
Hospital Days
5 [4 – 20]
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p
<0.01

0.04
<0.01



Table 8.2: Hemodynamics and conventional echocardiography measurements for
the four MCDA twin groups on day 1. Values presented as means ± SD and count
(%). BP, Blood pressure; IVRT, Isovolumic relaxation time; IVCT, Isovolumic
contraction time; PAAT, Pulmonary artery acceleration time; RVET: Right ventricular
ejection time. TAPSEi, TAPSE indexed to RV length; PAATi, PAAT indexed to heart
rate.
*=p<0.05 compared to Uncomplicated Group (with Bonferroni adjustment)

=p<0.05 compared to Smaller Twin
Uncomplicate
d
(n=23)

Selective
IUGR (n=15)

TTTS and SLPCV
(n=9)

TTTS no SLPCV
(n=7)

p

Larger twin set (recipient)
Heart rate

139 ± 17

146 ± 15

139 ± 9

152 ± 8

0.22

Systolic BP (mmHg)

61 ± 11

54 ± 9

58 ± 9

57 ± 15

0.45

Diastolic BP (mmHg)

34 ± 7

33 ± 5

34 ± 7

33 ± 7

0.98

Shortening fraction
(%)
Systolic time (msec)

34 ± 5

33 ± 7

33 ± 6

32 ± 7

0.91

176 ± 26

163 ± 25

177 ± 23

155 ± 19

0.16

Diastolic time (msec)

170 ± 37

150 ± 37

155 ± 35

123 ± 15*

0.02

IVRT (msec)

52 ± 14

46 ± 13

57 ± 10

68 ± 7*

<0.01

IVCT (msec)

52 ± 11

56 ± 15

53 ± 13

52 ± 9

0.76

PAAT (msec)

49 ± 16

43 ± 11

48 ±9

43 ± 8

0.47

RVET (msec)

174 ± 40

149 ± 24

169 ± 36

151 ± 24

0.14

PAAT / RVET

0.29 ± 0.08

0.29 ± 0.06

0.29 ± 0.07

0.29 ± 0.07

1.0

TAPSE (mm)

7±2

6 ± 1*

7±1

5 ± 1*

<0.01

TAPSEi / PAATi

11 ± 3

9 ± 3

7±1

5 ± 1*

0.03

18 (73)

15 (100)

9 (100)

6 (86)

0.13

5 (28)

8 (53)

3 (38)

2 (33)

0.50

Patent ductus
arteriosus
Bidirectional shunt
Smaller twin set (donor)
Heart rate

140 ± 13

140 ± 6

138 ± 17

145 ± 12

0.77

Systolic BP (mmHg)

56 ± 11

50 ± 7

58 ± 9

53 ± 14

0.18

Diastolic BP (mmHg)

34 ± 9

31 ± 6

35 ± 9

33 ± 12

0.67

Shortening fraction
(%)
Systolic time (msec)

35 ± 6

31 ± 6

31 ± 6

32 ± 9

0.22

172 ± 20

162 ± 15

175 ± 26

158 ± 13

0.17

Diastolic time (msec)

162 ± 31

147 ± 34

164 ± 51

155 ± 24

0.57

IVRT (msec)

48 ± 11

51 ± 13

55 ± 18

52 ± 7

0.52

IVCT (msec)

54 ± 13

57 ± 12

52 ± 16

60 ± 18

0.59

PAAT (msec)

47 ± 12

44 ± 16

39 ± 10

39 ± 9

0.41

RVET (msec)

177 ± 33

166 ± 37

171 ± 31

168 ± 17

0.78

PAAT / RVET

0.27 ± 0.07

0.27 ± 0.09

0.23 ± 0.04

0.24 ± 0.07

0.45

TAPSE (mm)

7±2

6 ± 1*

5 ± 1*

6 ± 1*

<0.01

TAPSEi / PAATi

13 ± 3

12 ± 5

11 ± 2

14 ± 5

0.47

19 (83)

13 (87)

9 (100)

7 (100)

0.39

6 (32)

7 (54)

4 (44)

3 (50)

0.62

Patent ductus
arteriosus
Bidirectional shunt
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Table 8.3: Deformation measurements in the four MCDA twin groups. Values
presented as means ± SD. LV, Left ventricle; GLS, Global longitudinal strain; GLSRs,
Global longitudinal systolic strain rate; RV: Right Ventricle; FWLS, Free wall
longitudinal strain; FWLSRs, Free wall longitudinal systolic strain rate
*=p<0.05 compared to Uncomplicated group (with Bonferroni adjustment)

=p<0.05 compared to smaller twin (donor)
Uncomplicated
(n=23)

Selective IUGR
(n=15)

TTTS and
SLPCV
(n=9)

TTTS no SLPCV
(n=7)

p-value

22 ± 3 

24 ± 2

19 ± 3

0.01

-20 ± 2

-21 ± 3

-16 ± 3 *

<0.01

-2.0 ± 0.2

-2.0 ± 0.3

-1.7 ± 0.3 

0.14

22 ± 3 

22 ± 2

22 ± 3 

0.42

-21 ± 3

-21 ± 5

-15 ± 5 *

<0.01

-2.1 ± 0.4

-1.9 ± 0.6

-1.5 ± 0.4 

0.17

24 ± 4

20 ± 3 *

21 ± 4

18 ± 3 *

<0.01

-22 ± 3

-22 ± 2

-20 ± 3

-23 ± 3

0.38

-1.9 ± 0.2

-2.0 ± 0.3

-1.8 ± 0.3

-2.3 ± 0.3 *

0.01

23 ± 3

19 ± 3 *

21 ± 2

17 ± 3 *

<0.01

-20 ± 4

-22 ± 3

-18 ± 4

-21 ± 6

0.16

-2.0 ± 0.4

-2.1 ± 0.7

-1.9 ±0.4

-1.7 ± 0.5

0.15

Larger twin set (recipient)
LV length
24 ± 3
(mm)
LV GLS
-22 ± 3
(%s)
LV
-2.0 ± 0.4
GLSRs (1/s)
RV length 22 ± 4
(mm)
RV FWLS
-24 ± 5 
(%)
RV
-2.2 ± 0.9
FWLSRs
(1/s)
Smaller twin
set (donor)
LV length
(mm)
LV GLS
(%s)
LV
GLSRs (1/s)
RV length
(mm)
RV FWLS
(%)
RV
FWLSRs
(1/s)
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Figure 8.2: Deformation Measurements in the Larger Twin (recipient) Cohort
over the First Week of Age. Values are presented as means and standard error.
*=p value < 0.05. IUGR: Intra-uterine growth restriction; TTTS: Twin to twin
transfusion syndrome; SLPCV: Selective laser photocoagulation of communicating
vessels. LV; left ventricle; RV, right ventricle.
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Figure 8.3: Comparison of Deformation between the Larger Twin (recipient) and
Smaller Twin (donor) in the TTTS Groups on Day 1.
*=p value < 0.05.
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CHAPTER 9
Myocardial Deformation and Rotational Mechanics in
Infants with Down Syndrome in the Early Neonatal
Period

9.1 Background
Down syndrome (DS) is the commonest chromosomal abnormality of live
born infants globally with an incidence of 1:444 live births in Ireland, which is the
highest rate in Europe (Ni She and Filan, 2014). Approximately 50% of these
children will have congenital heart disease (CHD) which most consider to be the
major clinical determinant of morbidity and mortality in these infants (Vis et al.,
2009). In addition, infants born with DS have a significantly increased risk of
developing pulmonary hypertension (PH) (Weijerman et al., 2010, Shah et al.,
2004, Cua et al., 2007), which may occur in up to 35% of those infants during the
early neonatal period (Martin et al., 2018, Bush et al., 2018). The prevalence of
PH in infants with DS appears to be similar between those with and without CHD
(Shah et al., 2004); the etiology is multifactorial involving both structural and
biochemical maladaptation of the pulmonary vascular bed and parenchyma
(Galambos et al., 2016, Brun et al., 2009, Saji, 2014, Cooney and Thurlbeck,
1982).
The presence of PH in infants with DS is associated with adverse
outcomes manifest as a higher rate of intensive care admissions, a higher risk of
respiratory failure requiring extra corporeal membrane oxygenation (ECMO), and
increased mortality (Southgate et al., 2001, Joffre et al., 2016). However, the
impact of PH in this population on right (RV) and left (LV) ventricular function
during the early neonatal is poorly understood. Further characterization of RV and
LV function is essential in this condition to guide therapeutic interventions,
monitor treatment response and predict important outcomes. The validation of
newer echocardiography functional techniques in the neonatal population,
including deformation analysis and rotational mechanics using speckle tracking
echocardiography (STE) has enabled a more accurate and thorough assessment
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of myocardial function in neonates (Jain et al., 2017, Jain et al., 2014a, Breatnach
et al., 2017a). The most significant value of those techniques is their ability to
detect subclinical myocardial dysfunction before the appearance of clinically
significant global ventricular impairment.
In this study, we aimed to measure RV and LV function in infants with DS
and a structurally normal heart over the first week of age, assess the impact of
PH on those measurements and compare them to a cohort of infants without a
diagnosis of DS. We hypothesized that infant with DS will have impaired
myocardial function during the early neonatal period when compared to controls.
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9.2.1 Specific Methodology Employed
This was a prospective observational study of infants with DS and a
structurally normal heart who were born in the Rotunda Hospital, Dublin, Ireland.
Infants born > 34 weeks gestational age with an antenatal or postnatal diagnosis
of DS and a structurally normal heart confirmed with an early postnatal
echocardiogram were eligible for enrolment. The presence of a patent foremen
ovale (PFO) and a patent ductus arteriosus (PDA) was considered a normal
finding during the transitional period. Infants with any other CHD were excluded
from the study. In addition, we recruited an age matched cohort of healthy infants
to act as a control group. The control group were defined as appropriately grown
infants at any given gestation (> 34 weeks) born to mothers without significant
maternal illness (diabetes of any type, pre-eclampsia, hypertension, clinical
chorioamnionitis, or absent/reversed end diastolic flow in the umbilical arteries
anytime during the pregnancy).

9.2.2 Antenatal Details
Antenatal details and birth history were collected from the medical records
and included: timing of DS diagnosis; mode of delivery; gestational age and
weight at birth; gender; and 5-minute Apgar score. Clinical data included
treatment with oxygen or ventilation and the length of oxygen requirement in
days.

9.2.3 Echocardiography Assessment
Echocardiography assessments were performed on day 1, day 2 and
between days 5 – 7 following birth. Measurements of LV dimensions included LV
end diastolic diameter (LVEDD), length and mitral valve (MV) annular diameter.
RV dimensions included RV length, tricuspid valve annular diameter, basal and
RV mid-point diameters. (Kossaify, 2015). PDA diameter was measured. RV
systolic pressure (RVSP) and the sphericity index were measured.
RV longitudinal strain (%) and systolic strain rate (SR) (1/s) were
measured from the RV-focused apical 4-chamber view using speckle tracking
echocardiography (STE) in accordance to previously published image acquisition
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and data analysis protocols (Levy et al., 2013, Levy et al., 2017). RV fractional
area change and tricuspid annular plane systolic excursion were also obtained
(Koestenberger et al., 2011, Levy et al., 2015). LV global longitudinal strain (%)
and SR (1/s) were calculated by averaging all values of the regional peak
longitudinal strain and strain rates obtained from 17 segments in two-chamber,
apical long-axis, and apical four-chamber views (Levy et al., 2016a). LV rotational
characteristics were also obtained: these included apical and basal rotation, twist,
torsion, twist rate and untwist rate (James et al., 2015a).

9.2.4 Statistical Analysis
The distribution of continuous data was tested using histograms and the
Shapiro-Wilk test and summarized as means ± standard deviation (SD) or as
medians [inter-quartile range (IQR)] as appropriate. Two group analyses for
continuous variables were conducted using a student t-test or the Mann Whitney
U test as appropriate. Categorical variables were summarized as counts (%) and
groups were compared using the Chi squared test or the Fisher exact test as
appropriate. Change over time across two groups was assessed using two-way
ANOVA with repeated measures. Bonferroni adjustments were used to account
for multiple analyses. SPSS (Version 24, IBM) was used to conduct the statistical
analysis. A p value less than 0.05 was used to determine significance.
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9.3.1 Our Findings
Thirty-seven infants were included in the study. This consisted of twenty
infants with a confirmed diagnosis of DS and seventeen controls. The median
gestational age and birthweight was similar between the two groups; there were
no differences in gender, 5-minute Apgar score or caesarean section rate
between the two groups (Table 9.1). The antenatal detection rate for DS was
40%. In the DS cohort, two patients (10%) required invasive ventilation and
fifteen (75%) required oxygen for a median of 2 days (Table 9.1).

9.3.2 Measurement of Ventricular Dimensions and PDA Characteristics
On Day 1, infants with DS had a smaller MV annulus, a smaller LVEDD,
and a shorter LV (Table 9.2). RV basal and mid cavity diameters were larger in
the DS group. There was no difference in RV length resulting in a higher
sphericity index in the DS group compared to the control group (Table 9.2). There
was a similar rate of PDA on Day 1 in the two groups; PDA diameter and the rate
of bidirectional shunting was higher in the DS group, with a lower overall systolic
flow velocity (Table 9.3). On Day 1, tricuspid regurgitation was present in 10
infants (50%) with DS and in 7 (41%) controls with a higher RVSP in the DS
group. By Day 7, the ductus remained open in 7 (35%) of infants with DS with 5
(71%) of those ducts demonstrating bidirectional shunting. None of the infants in
the control group had a patent ductus by Day 7.

9.3.3 Right Ventricular Deformation
Values for RV strain increased from Day 1 to Day 5-7 in the control group
(but not the DS group). RV strain was significantly lower in the Down syndrome
group versus controls on Day 2, and Day 5-7 (Table 9.4, Figure 9.1). There was
no difference in RV systolic SR between the groups on Days 1 and 5-7; RV SR
was lower in the DS group on Day 2. There was an increase in RV SR in the DS
group (but not the control group) over time (Table 9.4, Figure 9.1). TAPSE
values increased in both groups across the three time-points, with no significant
difference between the groups. FAC was lower in the DS group on Day 2 and
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Day 5-7 compared to controls. FAC values increased with time in the control
group but not the DS group (Table 9.4, Figure 9.1).

9.3.4 Left Ventricular Deformation
LV global longitudinal strain and systolic SR remained similar between the
groups across all three timepoints and did not change over time (Table 9.5).
Apical rotation was similar between the groups and did not change over time. In
the DS group, basal rotation remained positive throughout the study period and
did not change over time. In the control group, basal rotation was negative
throughout the study period and increased in negative magnitude overtime (Table
9.5, Figure 9.2). Consequently, LV twist and torsion were significantly lower in
the DS group on Day 1 and Day 5-7. LV twist rates were also lower in the DS
group across all three time-points, with no significant difference noted in LV
untwist rate (Table 9.5, Figure 9.2).
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Table 9.1: Basic demographics in infants with Down syndrome versus controls.
Values are presented as median [IQR], or count (%) as appropriate.
P value of < 0.05 was considered significant.

Gestation (weeks)
Birthweight (Kg)
5 Minute Apgar
Score
Caesarean Section
Male Gender
Invasive Ventilation
Need for Oxygen
Days on Oxygen*
Antenatal Diagnosis

Down Syndrome
n=20
38.8 [37.2 – 39.6]
3.1 [2.8 – 3.3]
10 [9 – 10]

Controls
n=17
38.2 [36.7 – 40.7]
3.4 [2.9 – 3.6]
10 [9 – 10]

P
1.00
0.13
0.66

11 (55%)
9 (45%)
2 (10%)
15 (75%)
2 [0 – 25]
8 (40%)

9 (52%)
9 (53%)

1.00
0.75
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Table 9.2: Day 1 left and right ventricular dimensions in both groups. Values are
presented as mean [SD].
P value of < 0.05 was considered significant.

Aortic Root Diameter (mm)
MV Annual Diameter (mm)
LV End Diastolic Diameter
(mm)
LV Length (mm)
Pulmonary Artery Diameter
(mm)
TV Annular Diameter (mm)
RV Basal Diameter (mm)
RV Mid Cavity Diameter (mm)
RV Length (mm)
RV Sphericity Index

Down Syndrome
n=20
6.4 ± 0.8
8.2 ± 1.5
14 ± 3*

Controls
n=17
6.5 ± 0.6
9.3 ± 1.4
18 ± 2

P
0.58
0.04
<0.01

24 ± 4*
9.0 ± 1.4

28 ± 3
8.6 ± 0.9

<0.01
0.37

10 ± 2
17 ± 3
15 ± 3*
26 ± 4
0.57 ± 0.10

9±2
15 ± 2
12 ± 2
26 ± 3
0.47 ± 0.07

0.06
0.01
<0.01
0.94
<0.01
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Table 9.3: Day 1 PDA characteristics and pulmonary pressure. Values are
presented as median [IQR], or count (%) as appropriate.
P value of < 0.05 was considered significant.

PDA Present
Bidirectional Shunt
PDA Diameter (mm)
Systolic Velocity (m/s)
Diastolic Velocity (m/s)
RVSP (mmHg)

Down Syndrome
n=20
16 (80%)
15 (94%)
4.3 [2.9 – 4.6]
-0.9 [-1.4 – -0.6]
1.0 [0.6 – 1.4]
44 [27 – 46]
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Controls
n=17
12 (70%)
3 (25%)
1.9 [1.4 – 2.6]
1.0 [0.3 – 1.4]
1.4 [1.1 – 1.9]
19 [13 – 27]

P
0.70
<0.01
<0.01
<0.01
<0.01
0.03

Table 9.4: Right ventricular functional measurements. Change over time
across two groups was assessed using two-way ANOVA with repeated
measures. Two group analyses were performed using Bonferroni adjustments.
Values are presented as mean [SD].
*= p value < 0.05 compared to controls at the same timepoint
†= p value < 0.05 compared to baseline within the same group
Day 1

Day 2

Day 5 - 7

ANOVA p

RV Longitudinal Strain (%)
Down Syndrome
Controls

-20.0 ± 3.2
-22.2 ± 3.1

-20.4 ± 3.2*
-23.8 ± 3.6

-21.5 ± 3.0*
-25.5 ± 2.1†

<0.01

RV Longitudinal Strain Rate
(1/s)
Down Syndrome
Controls

-1.6 ± 0.2
-1.8 ± 0.5

-1.7 ± 0.3*
-2.0 ± 0.4

-1.9 ± 0.4†
-2.1 ± 0.3

<0.01

7.7 ± 1.3
7.8 ± 0.8

8.3 ± 1.1
8.1 ± 1.0

8.7 ± 1.1†
8.8 ± 0.9†

<0.01

0.24 ± 0.08
0.25 ± 0.04

0.25 ± 0.09*
0.32 ± 0.07†

0.23 ± 0.17*
0.34 ± 0.05†

<0.01

TAPSE (mm)
Down Syndrome
Controls
Fractional Area Change (%)
Down Syndrome
Controls
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Table 9.5: Left ventricular functional measurements. Change over time
across two groups was assessed using two-way ANOVA with repeated
measures. Two group analyses were performed using Bonferroni adjustments
Values are presented as mean [SD].
*= p value < 0.05 compared to controls at the same timepoint
†= p value < 0.05 compared to baseline within the same group
Day 1

Day 2

Day 5 - 7

ANOVA p

LV Global Longitudinal Strain
(%)
Down Syndrome
Controls

-22.2 ± 2.3
-23.0 ± 1.8

-21.6 ± 2.6
-22.4 ± 1.5

-23.0 ± 1.7
-22.2 ± 1.4

0.61

LV Longitudinal Strain Rate
(1/s)
Down Syndrome
Controls

-1.9 ± 0.3
-1.9 ± 0.2

-1.9 ± 0.4
-1.9 ± 0.2

-2.1 ± 0.4
-2.0 ± 0.2

0.59

Apical Rotation (Degrees)
Down Syndrome
Controls

12.8 ± 5.2
15.7 ± 4.6

14.9 ± 3.3
13.9 ± 5.1

13.1 ± 4.7
14.0 ± 5.1

0.11

Basal Rotation (Degrees)
Down Syndrome
Controls

2.8 ± 2.9*
-0.9 ± 3.5

1.2 ± 3.7*
-2.1 ± 4.8

0.9 ± 4.7*
-3.6 ± 3.7†

<0.01

LV Twist (Degrees)
Down Syndrome
Controls

9.6 ± 5.5*
16.5 ± 5.0

12.4 ± 3.9
15.6 ± 6.5

11.0 ± 3.9*
17.2 ± 5.2

<0.01

Down Syndrome
Controls

3.9 ± 2.3*
6.0 ± 2.3

5.1 ± 1.7
5.6 ± 2.3

4.6 ± 1.8*
6.2 ± 2.1

<0.01

LV Twist Rate (Degrees/s)
Down Syndrome
Controls

110 ± 49*
166 ± 49

122 ± 24*
152 ± 49

115 ± 25*
162 ± 40

<0.01

LV Untwist Rate (Degrees/s)
Down Syndrome
Controls

-146 ± 52
-152 ± 49

-176 ± 46
-162 ± 40

-151 ± 51
-156 ± 55

0.36

LV (Torsion)
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Figure 9.1: Measurements of RV Function on Day 1, Day 2, Days 5 ±7 in Infants
with Down Syndrome (T21) Versus Controls. Values are presented as mean and
standard error. RV: right ventricle; SR: strain rate; TAPSE: tricuspid annular plane
systolic excursion; FAC: fractional area change; T21: trisomy 21 (Down syndrome
group).
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Figure 9.2: Measurements of Left Ventricular Rotational Mechanics on Day 1,
Day 2 and Days 5 ±7 in Infants with Down syndrome (T21) Versus Controls.
Values are presented as mean and standard error. LV: left ventricle; T21: trisomy 21
(Down syndrome group).
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CHAPTER 10
Incidental Findings in Neonatal Echocardiography
10.1 Background
Throughout our research we discovered many unexpected findings on
echocardiography, particularly in our extremely preterm population. Some of
these were clinically significant and warranted either intervention or follow up
scanning. As a result of this, we were prompted to review this phenomenon
further.
As functional echocardiography has evolved the presence of incidental
findings have been noted and are not uncommon. They include malpositioning of
umbilical venous catheters (UVC) which are usually inserted over the first 24
hours of age or liver haematomas which may arise secondary to their intrahepatic
use. In addition, the presence of undiagnosed congenial heart disease (CHD),
other than a PDA and a patent foramen ovale, has been well described and has
a higher prevalence in preterm infants than was previously believed (Fuchs et al.,
2014, Chu et al., 2016). As a result of this and our anecdotal reports, we believed
that further investigation into these findings and their impact on patients
warranted further study.
In our institution, we have performed routine elective echocardiography
over the past three years for the purpose of research. One of the major cohorts
studied included infants less than 29 weeks gestation scanned within the first 24
hours from birth. We hypothesised that there is a high rate of incidental findings
in this cohort. The aim of this study was to quantify the rate of incidental findings
in this patient group as discovered on routine research echocardiography scans.
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10.2.1 Specific Methodology Employed
We performed a retrospective review of echocardiograms carried out on
infants less than 29 weeks gestations within the first 24 hours of age over a three
year period. All echocardiograms included in the study were carried out for
research purposes. Infants were excluded if their echocardiograms had been
requested for clinical reasons. All infants reviewed were clinically stable and
undergoing routine intensive care treatment. Ethical approval was sought and
granted from the Rotunda Hospital Clinical Audit Working Group.
Data collection for antenatal, delivery and clinical status variables have been
described in the methodology chapter, as have outcome details. Specific
outcomes of interest in this study included intraventricular haemorrhage (IVH),
time to full feeds, chronic lung disease, death before discharge and duration of
hospital stay.

10.2.2 Echocardiography Assessment
Echocardiography scans were performed on infants with our standardised
functional protocol which has been described in detail (de Boode et al., 2016,
Mertens et al., 2011). A review of the echocardiograms was carried out by an
investigator who was blinded to the patient’s clinical characteristics (A.S.). The
pathologies identified include: (1) UVC malposition (defined as a UVC within the
right or left atria, or intrahepatic); (2) Complications of line mal-placement (intrahepatic clots, liver haematomas, and pericardial effusions); (3) Congenital heart
disease (CHD), with atrial septal defects (ASD) only diagnosed larger than 4mm
and present pre-discharge (4). Severe pulmonary hypertension (defined by pure
right to left ductal shunting, LV septal bowing, and/or a tricuspid regurgitant jet
estimating the right ventricular (RV) pressure to be suprasystemic).

10.2.3 Statistical Analysis
Continuous variables were tested for normality using the Shapiro-Wilk test
and presented as means ± standard deviation or medians [inter-quartile range].
Categorical variables were presented as proportions. Two group analyses of
continuous variables were conducted using an independent student t-test or the
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Mann Whitney U test as appropriate. Proportions were compared using Chi
square or Fisher exact test as appropriate. Logistic regression was used to
assess the independent effect of incidental findings on the combined outcome of
CLD or Death before discharge while adjusting for important variables identified
from univariate analysis. We used SPSS (IBM, version 23) to conduct the
analysis and a p value < 0.05 was considered significant.
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10.3.1 Our Findings
One hundred and sixty eight infants were identified as potential research
candidates over the study period. Seventeen echocardiograms were identified as
being performed for clinical reasons and 6 did not receive echocardiography
within the first 24 hours. One hundred and forty five echocardiograms carried out
at a median [IQR] of 10 [7 – 13] hours were reviewed. The study cohort had a
gestation and birth weight of 26.9 [25.7 – 28.0] weeks and 940 [750 – 1130]
grams respectively. Table 10.1 illustrates clinical demographics, antenatal and
delivery details, and important outcomes in infants with and without unexpected
findings.

10.3.2 Unexpected Discoveries
Forty three (30%) infants had a total of 54 (37%) unexpected findings. The
majority of incidental findings were comprised of malpositioned UVCs, found in
24 (28%) of the 87 patients with a UVC sited. The most frequent misplacement
was found in the left atrium (Table 10.2, Figure 10.1). The occurrence of
congenital heart disease (CHD) was 10%, with the most common being an Atrial
Septal Defect (ASD). A diagnosis of Total Anomalous Pulmonary Venous
Drainage (TAPVD) was discovered in one infant, and Transposition of the Great
Arteries (TGA) was found in another, neither of whom survived to hospital
discharge. Other findings included liver haematomas, pericardial effusions and
severe PPHN, with supra-systemic pulmonary pressures (Table 10.2).
The occurrence of unexpected findings on echocardiography was
independently associated with a combined outcome of chronic lung disease or
death when controlling for gestation, gender, 5 minute Apgar score,
chorioamnionitis, pre-eclampsia, and the use of antenatal steroids [Adjusted OR
4.3 (95%CI 1.5 – 12.4), p=0.007].
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Table 10.1: Demographics and outcomes of infants with and without unexpected
findings on echocardiogram. Data are presented as medians [interquartile range],
means ± standard deviation, or count (%). CLD: Chronic Lung Disease, IVH:
Intraventricular Haemorrhage, SGA: Small for Gestational Age, PPROM: Preterm
premature rupture of membranes.
Unexpected Findings

No Pathology

(n=43)

(n=102)

p

Gestation (Weeks)

26.5 [25.0 – 27.3]

27.1 [26.1 – 28.2]

0.005

Birth weight (Grams)

834 ± 154

997 ± 258

<0.001

SGA (10 Centile)

6 (14)

15 (15)

1.0

Male

25 (58)

58 (57)

1.0

Caesarean Section

29 (69)

76 (75)

0.53

Cord pH

7.31 ± 0.13

7.34 ± 0.05

0.42

5 Minute Apgar Score

8 [7 – 9]

9 [7 – 9]

0.18

None

2 (5)

5 (5)

Partial

8 (18)

22 (22)

Complete

33 (76)

75 (73)

Magnesium Sulphate

39 (91)

82 (81)

0.22

Chorioamnionitis

3 (7)

12 (12)

0.55

Pre-eclampsia

4 (9)

5 (5)

0.45

Antepartum Haemorrhage

4 (9)

16 (16)

0.43

PPROM

10 (23)

31 (30)

0.43

Severe IVH (grades 3 & 4)

9 (21)

13 (13)

0.22

Necrotising Enterocolitis

7 (18)

14 (14)

0.61

Time to Full Feeds (Days)

15 [12 – 25]

11 [8 – 15]

0.001

Chronic Lung Disease

25 (76)

41 (44)

0.002

Death before discharge

10 (23)

8 (8)

0.02

Hospital Stay in survivors

84 [71 – 98]

65 [51 – 87]

0.005

35 (81)

49 (48)

<0.001

th

Antenatal Steroids

0.92

(survivors)

(Days)
CLD/Death
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Table 10.2: Rate and type of unexpected findings. Unless stated, the denominator
for the values is 145 (total study number). The denominator of 87 refers to the total
number of infants with a UVC inserted. The denominator of 24 refers the total number
of malpositioned UVCs. The denominator of 15 refers to the total number of congenital
heart defects.
Complication

Frequency

Overall unexpected pathology

54 (37)

Number of infants with pathology

43 (30)

Total number of infants with a UVC inserted

87 (60)

Malpositioned UVC identified on echo

24/87 (28)

Tip in Left atrium

18/24 (75)

Tip in the Right Atrium

2/24 (8)

Tip in the Liver

4/24 (17)

Liver Haematomas

4/87 (17)

Congenital Heart Disease

15 (10)

Atrial Septal Defect (number, proportion, median size in mm)

7/15 (47), 5.2 [4.5-5.2]

Ventricular Septal Defect (number, proportion, median size in mm)

4/15 (27), 2.3 [1.7-3.1]

Pericardial Effusion

3 (2)

Unexpected pulmonary hypertension

5 (3)
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Figure 10.1: Example of Malpositioned Umbilical Venous Catheters and the
Resultant Complications. The top panel illustrates a UVC tip situate din the left
atrium on both the short axis parasternal and apical four-chamber view. The middle
panel illustrates a large intra-cardiac clot following a deep UVC forming on the
interatrial septum and extending to the right ventricle. The bottom panel illustrates a
liver haematoma progressing to liver necrosis and cyst formation.

238

CHAPTER 11
General Discussion
Reference Values for Tissue Doppler Velocity in Preterm Infants
(discussion from chapter 3 data)

11.1.1 Implications of Our Research
In our preterm reference cohort, a gradual increase in functional
parameters was found with increasing age. Preterm infants at 36 weeks PMA
have higher TDI velocities when compared to healthy term controls over the first
48 hours. However, term infants have higher e’/a’ ratio which suggest a better
diastolic function.
TDI velocities have shown improved sensitivity when compared to
conventional methods, such as shortening fraction and ejection fraction in the
assessment of myocardial performance in newborn infants of varying gestations
(Ciccone et al., 2011). Some studies have also looked at maturational changes of
TDI in fetuses. These studies have demonstrated an increase in velocity with
increasing gestational age (Gardiner et al., 2006, Harada et al., 1999). Following
birth however, we see an initial reduction in s`, e` and a` peak velocities from 3 to
12 hours of life in the left and right ventricle. A gradual increase in TDI values
over the first week of life then follows (Lee et al., 2014, Murase et al., 2013). A
reason for this may be the increase in afterload and the decrease in intravascular
volume that newborn infants are exposed to. In previous research we reported
that a recovery from this can occur as early as day 2 of life and may be a
consequence of the fall in systemic vascular resistance (SVR) (James et al.,
2014b).

11.1.2 Changes over the Transitional Period
In the reference cohort, all functional parameters increased over the study
period, although LV e`, LV a`, and Septal e` did not change between Day 2 and
Day 5 – 7. As explained above, the increase in TDI velocity is likely secondary to
the reduction in SVR which occurs over the transitional period and mainly effects
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systolic function. We demonstrated a negative correlation between SVR and LV,
septal and RV s`, highlighting the impact of afterload on these measures. This
relationship is further highlighted by the correlation of high SVR with a reduction
in systolic time and longer IVRT/IVCT. Diastolic parameters appear less affected
by afterload as no change was seen in e` wave, a` wave velocities, or in the
diastolic time. The E/e` is the ratio of atrioventricular diastolic flow (E) on pulse
wave Doppler to the peak early diastolic wave (e`) measured with TDI and is also
a measure of diastolic function (Shan et al., 2000). The E/e` ratio remained
unchanged with increasing age in the reference group.

11.1.3 Comparison at 36 weeks CGA with our Healthy Term Cohort
Di Maria et al discovered that by 36 weeks corrected age, diastolic tissue
velocities become similar regardless of GA at birth (Di Maria et al., 2015). They
felt that preterm birth did ‘’not drastically alter the evolution of ventricular diastolic
function over time during early infancy’’. However they did not incorporate a
healthy term reference cohort into their study. When we compared the healthy
term group to our preterm infants at 36 weeks PMA, we noted higher LV s`, LV a`
and higher Septal and RV velocities in the preterm group. This can be explained
by the timing of our term echo’s which were performed within 48 hours of life
when PVR and SVR are still elevated. Despite this, our term group had higher LV
e`/a`, displaying a better diastolic function. We know that preterm infants have a
greater dependence on atrial contraction during ventricular filling, and that the
e`/a` ratio increases with increasing gestational age. The presence of lower
diastolic velocities in the preterm group at 36 weeks PMA suggests persistent
diastolic dysfunction. In addition, the preterm infants at 36 weeks had a higher
E/e` than the term group. Studies in adults have demonstrated that an elevated
E/e` ratio correlates with diastolic dysfunction, adding greater support to this
(Sundereswaran et al., 1998).
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11.1.4 Conclusion
This study gives further insight into serial changes of myocardial velocities
measured using TDI in stable, extremely preterm infants. TDI is an easy and
effective bedside test for measuring cardiac performance in preterm infants, and
may in the future be implemented into a comprehensive functional assessment
protocol. Further research is required on its use in disease states, in particular
when monitoring treatment response and predicting longer term sequelae.
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Reference Values for Speckle Tracking Echocardiography in Preterm
Infants

11.2.1 Implications of Our Research
We presented LV and RV longitudinal strain and SRs measured using
2D-STE during the first week of age in a cohort of extremely preterm infants less
than 29 weeks gestation. We noted an increase in LV GLS and SRs during week
one of life. However, those parameters only increased on Day 2 in the reference
cohort, with no further increase on Day 5 – 7. There was no increase in RV
longitudinal strain, although RV SRs did show significant changes. Antenatal
steroids and MgSO4 administration was associated with higher LV function
parameters on Day 1.

11.2.2 Changes over the Transitional Period
Feasibility and reproducibility of 2D STE to derive strain and strain rate
have been demonstrated and the technique is gaining momentum as a tool for
myocardial assessment (El-Khuffash et al., 2012, Sanchez et al., 2015, Levy et
al., 2013). Systolic strain rate, as a measure of deformation, is less dependent on
loading conditions and may therefore be a more accurate reflection of true
myocardial contractility (Greenberg et al., 2002, Ferferieva et al., 2012). STEderived deformation parameters in the preterm population have been explored by
several groups. A recent study by de Waal et al outlined LV global peak systolic
strain and strain rate values in a cohort of stable infants with a median gestation
of 28 weeks. They used a single point measurement at a median of 4 days
(range 0 – 44 days) which showed that LV GLS was -18.7 (2.6) and LV SRs was
-1.7 (0.30). This data is comparable to our Day 1 and Day 2 results; however the
authors used a different software vendor in their analysis (de Waal et al., 2014).
Unlike us, they did not demonstrate an increase in LV parameters between Day 3
and Day 7 when they performed serial measurements of LV GLS and SRs on 54
infants with a mean gestation of 27 weeks. However, they did note higher LV
GLS and SRs in infants with a PDA on Day 3 (de Waal et al., 2016).
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11.2.3 Effect of Antenatal Factors
The association between antenatal steroids use and improved LV GLS
and SRs on day one is an interesting finding. This effect was independent of
gestation and no impact on RV function was found. Because preterm physiology
may result in adrenocortical insufficiency and down regulation of cardiovascular
adrenergic receptors (Quintos and Boney, 2010, Fernandez et al., 2010), it is
possible that antenatal steroids may reverse this phenomenon, improving cardiac
function. It was not possible to independently assess the relationship between
antenatal MgSO4 and LV deformation as almost all infants (except one) also
received antenatal steroids. We have however previously demonstrated a
possible benefit from MgSO4 on LV function measured using STE in a matched
cohort study (James et al., 2015a).

11.2.4 Conclusion
We have demonstrated biventricular deformation imaging using speckle
tracking echocardiography in preterm infants over the first week of age. Our
reference cohort may be used as a basis for future research in pathological
condition in the preterm population.
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Reference Values for Rotational Mechanics in Term Infants

11.3.1 Implications of Our Research
Our results demonstrate reference values for rotational mechanics in a
small cohort of healthy term infants in the first 48 hours of life. LV twist was
achieved predominantly by a pronounced positive (anticlockwise) apical rotation.

11.3.2 Physiology of Twist
The study of LV rotational mechanics offers a novel insight into LV
myocardial function. Effective systolic function appears to be aided by the
wringing motion of the LV. Twisting appears to supplement the deformation which
takes place in the longitudinal, radial and circumferential planes to facilitate an
increase in intra-cavity pressure and improve ejection of blood. In diastole, the
rapid untwisting leads to a reduction in LV cavity pressure. This increases the
pressure gradient from the left atrium to the LV, improving ventricular filling
(Beladan et al., 2014, Buckberg et al., 2011).

11.3.3 Rationale for Changes in Twist with Age
We see a change in the patterns of LV twist from infants, through
childhood, into adulthood. This change is a function of alterations in twist
physiology at the basal (mitral) end of the LV. Apical rotation remains constantly
positive (anticlockwise) with advancing age. At the basal end, the direction of
rotation changes gradually from being positive (anticlockwise) in newborns to
being negative (clockwise) in adults. As a result, there is a change in LV rotation
from a full rotation (both apex and base moving in the same direction) to a
wringing motion (apex and base move in opposing directions) (Notomi et al.,
2006, Zhang et al., 2010b). The reason for this is thought to be due to the
development of subendocardial fibrosis which occurs with increasing age. Twist
is determined by the interaction of subepicardial fibres (promoting torsion) and
subendocardial fibres (inhibiting torsion) (Ingels et al., 1989), so dysfunction in
the endocardial layer leads to a stronger positive clockwise twist. LV function
reduces with advancing age due to myocardial fibrosis and stiffening, and it is
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now believed that the increase in negative basal rotation and torsion is a
compensatory mechanism for this (Zhang et al., 2010b).

11.3.4 Conclusion
The clinical utility of LV rotational mechanics in the neonatal population is
slowly emerging. The rotation values in our healthy term controls are consistent
with previous research. LV twist was due to a predominant apical rotation. Basal
rotation was small and occurred in the same direction as apical rotation, and it
therefore did not contribute to a wringing motion. Rotational mechanics may offer
novel insights into LV function in the normal neonatal population.
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Tissue Doppler Imaging in Preterm Infants with Patent Ductus Arteriosus
(discussion from chapter 4 data)

11.4.1 Implications of Our Research
Infants with hsPDA had higher LV and Septal e`, higher LV a` and a higher
LV E/e` on Day 5 – 7. RV velocities in this group were the same as the reference
cohort. The hsPDA Group also had a shorter IVRT and a longer systolic time,
with a minimal difference in heart rate. These results in are keeping with our
hypothesis. All those differences are likely to be the result of increased LV
preload (and increased left atrial pressure) occurring due to increased pulmonary
blood flow. We showed no difference in RV velocities between the two groups.
Our results are in contrast to a smaller study by Parikh et al which
compared infants with hsPDA, those with non-hsPDA and those with no duct
(Parikh et al., 2015). They found lower myocardial velocities in the hsPDA group
which improved following medical treatment of the ductus. Other research groups
have shown no significant difference in TDI measurements in patients with a PDA
compared to matched controls (Murase et al., 2013).
A more comprehensive assessment of the effect of hsPDA on diastolic
function in preterm infants may also enhance our approach to targeted therapy.
We recently demonstrated a relationship between lower LV a` in the setting of a
PDA and the evolution of CLD (El-Khuffash et al., 2015).

11.4.2 Conclusion
Infants with hsPDA reveal higher LV TDI velocities when compared to
matched controls, which has not been demonstrated previously. There appears
to be no difference in RV velocity in those with and without hsPDA. This data is
important if we are to incorporate TDI velocities into a protocol for a more
comprehensive assessment of PDA’s to aid us in our decision to instigate
treatment.
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Speckle tracking Echocardiography in Preterm Infants with Patent Ductus
Arteriosus

11.5.1 Implications of Our Research
A haemodynamically significant PDA by Day 5 – 7 increased LV GLS but
not LV SRs; there was also a slight increase in RV SR in the hsPDA group.
Measures of deformation show improved sensitivity in detecting
myocardial dysfunction and predicting clinical deterioration, compared with
conventional methods. In a cohort of preterm infants post PDA ligation, LV GLS
was lower in those who subsequently developed cardiorespiratory instability
versus those who remained stable. There was no significant difference in
shortening fraction in the two groups (El-Khuffash et al., 2014). Therefore, the
use of this method may better characterise cardiac performance in preterm
infants with various disease conditions.
Czernik et al assessed LV GLS and SRs over the first 28 days of life in
119 extremely preterm infants. They assessed the differences in function
between infants with and without a PDA and CLD. Their vendor equipment and
software was the same as in our study, although they found no significant
difference in LV GLS or SRs over the first 28 days of age. They also
demonstrated substantially lower baseline values than in our study (GLS: -15.0,
SRs: -1.4) (Czernik et al., 2014).
In our study, infants with a PDA demonstrated by evidence of systemic
hypoperfusion (diastolic flow reversal in the descending aorta), and pulmonary
over-circulation (increased LA:Ao and increased ejection fraction) had higher
values for LV GLS by Day 5 – 7 compared with the reference cohort. However,
LV SRs remained similar in the two groups. It is well established that hsPDA’s
significantly increase LV preload and consequently LV output. The increase in LV
preload results in an increase measure for strain, but not strain rate, adding more
evidence to support the load independent nature of systolic strain rate illustrated
in animal models (Greenberg et al., 2002, Ferferieva et al., 2012). In our
regression model, both hsPDA presence (and the accompanying increased
preload), and LV SRs (representative of inherent contractility) had an
independent effect on LV GLS. We must therefore consider loading conditions
when we interpret values for LV strain.
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11.5.2 Conclusion
The positive relationship between preload markers and left ventricular
strain suggests that loading conditions may still influence those markers and
results need to be interpreted in the context of the current loading condition of
infants. Systolic strain rate appears to be more independent of loading conditions
than strain.

248

Speckle tracking Echocardiography in Preterm Infants with Chronic Lung
Disease

11.6.1 Implication of Our Research
The patients in whom CLD developed revealed higher values for RV
longitudinal strain and SRs on Day 2. The evolution of CLD in preterm infants has
an interesting impact on RV longitudinal strain. In this study, we demonstrated an
elevated RV strain on Day 2 of life in patients who subsequently develop
CLD/Death. There was no longer a significant difference in the groups by Day 5 –
7.
We found no significant link between CLD and values for LV GLS in this
study, suggesting the LV is less influenced by lung pathology. When Czernik et al
studied the same relationship they demonstrated slightly higher LV GLS and SRs
on Day 7 in infants developing CLD, although this was attributed to the presence
of a PDA. They did not assess RV function in their cohorts.
Further studies are required to explore the relationship between CLD and
early differences in RV strain. It may be due to some subtle changes in loading
conditions associated with early preclinical changes in the lungs leading to CLD
evolution.

11.6.2 Conclusion
The relationship between early RV function and CLD evolution warrant
further study. Measurement of STE may in the future act as an early marker to
aid in prognostication of preterm infants.
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Rotational Mechanics in Preterm infants with Chronic Lung Disease

11.7.1 Implications of Our Research
The values for twist and torsion were higher in the preterm group
compared to the term group. This difference was mainly achieved by a more
pronounced negative basal rotation. Preterm corrected infants appear to utilise a
negative basal (clockwise) rotation in addition to a positive (anticlockwise) apical
rotation, while healthy term infants appear to be dependent on positive apical
rotation alone. Interestingly, our group of preterm infants with CLD had higher
values for apical twist and torsion than those without CLD.

11.7.2 Preterm Infants at 36 Weeks PMA
The higher torsion values in our preterm population were also associated
with a higher LVTR and LVUTR. In a previous study, our research group
previously illustrated an accelerated change in basal rotation pattern in a group of
extremely preterm infants (from positive anticlockwise to a negative clockwise)
which usually occurs with advancing age. The change was witnessed over the
first week of age (James et al., 2015a). In this study, we see the persistence of
this negative basal rotation pattern, illustrating the difference in myofibril
architecture in preterm infants. This pattern closely mimics what we see in elderly
patients and may be the result of an accelerated subendocardial fibrosis pattern
secondary to prematurity. This unique preterm rotational physiology could act as
a compensatory mechanism for the intrinsic inefficient contractile function and
increased stiffness of the preterm infant myocardium (Noori and Seri, 2005).
Children exhibit lower LVTR and LVUTR when compared to adults during
exercise. This is thought to be due to higher intrinsic relaxation properties in the
paediatric myocardium (Boissiere et al., 2013). Conversely, the diastolic
impairment of preterm hearts could result in increases in twist and untwist rates
as demonstrated (James et al., 2015a).
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11.7.3 The Impact of Chronic Lung Disease on Rotational Mechanics
The group of preterm infants with CLD had significantly higher values for
LV twist and torsion. This was driven by higher (more positive) apical rotation.
Interestingly, similar longitudinal deformation parameters were present between
the two groups. It has been postulated in previous studies that LV function is not
affected in preterm infants with CLD when assessed at 36 weeks PMA (James et
al., 2016a, Czernik et al., 2014). Our findings suggest that rotational mechanics
may be a very sensitive marker of LV performance and could provide a
compensatory mechanism for impairment in longitudinal function.

11.7.4 Conclusion
In preterm infants corrected to 36 weeks gestation, twist is more
dependent on negative basal rotation compared to healthy term infants, in who it
is driven by a clockwise apical rotation. Infants with CLD have higher values for
twist which may compensate for subtle LV impairment although larger studies are
needed to support these results.
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Tissue Doppler Imaging Velocities in Preterm Infants with Hypotension

11.8.1 Implications of Our Research
The group of infants who required inotropic support had lower LV e`,
Septal e` and a`, and lower RV a`. They also had a shorter systolic time during
the first day of life.
TDI has demonstrated better sensitivity than conventional techniques (SF
and EF) in the detection and monitoring of critically ill term and preterm infants
with myocardial dysfunction in conditions including: birth asphyxia, congenital
diaphragmatic hernia and neonatal sepsis. This has improved our ability to
accurately assess our patient’s haemodynamic performance, in addition to
assisting clinicians in outcome prediction (Moenkemeyer and Patel, 2014, Matter
et al., 2010, Murase et al., 2002, Abdel-Hady et al., 2012).
We have shown that this is also true for monitoring hypotensive preterm
infants and assessing their responsiveness to treatment. The infants in the
inotrope group had lower LV e`, Septal e` and a`, and lower RV a`, with a shorter
systolic time, suggesting myocardial dysfunction. As these infants were sicker
than the reference cohort, we believe that the decreased velocities were
secondary to the underlying pathology which resulted in the need for inotrope
requirement. It was previously shown that pulmonary hypertension negatively
affects RV s` and RV e`, which support this argument (Patel et al., 2009a). The
response to inotropes in our preterm infants demonstrates a chronotropic rather
than inotropic effect. An explanation for this is found in the preterm myocardial
structure, which differs intrinsically from term infants with fewer contractile
elements and less adrenoceptors (Okuda et al., 1987). As expected, the inotrope
group had a lower gestation and birthweight than the Reference Cohort, but the
differences in velocity were maintained when these factors were corrected for.
Interestingly, when echocardiography was performed following the
discontinuation of inotropic agents, no difference in TDI function was found
between the two groups. This reveals that the impact of the pathological
processes were transient in nature which is reassuring as we consider the long
term implications.
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11.8.2 Conclusion
There is very limited data available on myocardial performance in preterm
infants treated with inotropic agents. We have shown that lower myocardial
velocities are present which is likely due to the disease processes in these
patients. Further research is required on its use in disease states.
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Further insights into Right Ventricular Physiology (discussion on data from
chapter 5)

11.9.1 Implications of Our Research
This study sought to determine the influence of a hyperdynamic left
ventricle on measurements of RV function in preterm infants in the first week of
life. We observed that the presence of a PDA and hyperdynamic LV was
associated with lower values of RV strain and fractional area change, even after
adjusting for gestation, birth weight and ventilation status. Interestingly, RV
functional measurements of velocity (RV s`) and displacement (TAPSE) were not
different in these groups.

11.9.2 7KH(PSKDVLVRQ/9)XQFWLRQLQ3'$¶V
The presence of a PDA in the preterm population, particularly if persistent
by the first week of age is associated with the development of pulmonary overcirculation, and systemic hypoperfusion (El-Khuffash et al., 2016). Zonnenberg et
al performed a systematic review of the literature on the impact of the PDA on left
ventricular function, and included 34 studies that utilized left heart dimensions by
echocardiography to define a hemodynamically significant PDA (Zonnenberg and
de, 2012). Left to right shunting across the ductus becomes more significant as
pulmonary vascular resistance falls. The enhanced pulmonary blood flow from
large PDAs results in an increase in LV preload, with left atrial and ventricular
dilation, an increase in LV ejection fraction, and increased left ventricular output
(LVO), all resulting in an overall ‘hyperdynamic’ LV (Evans, 2015a).

11.9.3 The Importance of the RV during Preterm Transition
RV function is an important prognostic indicator of outcome for term and
pre-term infants (Moenkemeyer and Patel, 2014, Jain et al., 2012). In preterm
infants, it is reasonable to expect a decrease in RV function in the presence of a
haemodynamically significant duct. There are two reasons for this. Systemic
hypoperfusion secondary to left to right shunting will result in a decrease in RV
preload. Furthermore, the large volume of blood shunting into the pulmonary
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artery may lead to pulmonary arterial hypertension and an increase in RV
afterload. Both of these mechanisms are likely to impair RV function, although
measures of pulmonary arterial blood flow are difficult to accurately record in the
presence of a duct. This is because PDA flow can interfere with pulsed wave
Doppler of the RV outflow tract.

11.9.4 The Effects of a Hyperdynamic LV on TAPSE and RV TDI
There is minimal data demonstrating the impact of PDA’s on RV function,
and on the reliability of different echocardiography techniques to assess this. The
lower blood flow in the systemic circulation leads to a reduction in RV preload
and, in theory, reduced RV output into the lungs. This is the first study to properly
assess the influence of the PDA and a hyperdynamic LV on RV function in
preterm infants. Both TAPSE and RV s` assess the displacement of the tricuspid
valve annulus. TAPSE measures annular movement from base to apex and RV
s` measures the velocity of that annular movement (Hiarada et al., 2000, Nagueh
et al., 1997). Previous serial studies over the first week of life have shown
increasing values for both TAPSE and RV s` (Murase et al., 2015, James et al.,
2014b). Our results replicated this maturational increase in both groups, despite
our hypothesis that RV function would be impaired in infants with a PDA at 5-7
day. The lack of difference between TAPSE and RV s` in infants with and without
a PDA by day 5 – 7 can be partly attributed to the increase in RV passive
movement in the presence of a hyperdynamic LV, without a true increase in
function. TAPSE and RV s’ may be falsely elevated as they interrogate motion at
a single point in the RV free wall with reference to the ultrasound transducer.
Therefore this movement can be influenced by translational motion
(hyperdynamic LV pulls an abnormally functioning RV towards the apex) and this
single point assessment may not fully capture true changes in RV mechanics
(James et al., 2016b).

255

11.9.5 FAC and RVBLS Independence to LV Motion
In contrast, FAC and the RV basal longitudinal strain were lower at day 5
to 7 in the PDA group, possibly providing a more accurate assessment of RV
function in this setting. FAC assesses the overall change in cavity dimension, and
is preload and afterload dependent (James et al., 2016b). RV BLS measured
using Tissue Doppler assesses longitudinal shortening of the RV basal segment
during systole from its baseline in diastole (Levy et al., 2013). As both those
measurements use the baseline of an area (RV cavity) and a segment (RV free
wall) within the heart, the change in those dimensions during systole may better
reflect RV function, independent of the influence of the LV. As mentioned earlier,
the relationship between a PDA and those parameters remained significant
independent of ventilation status, further highlighting the strength of this
relationship.

11.9.6 Other Possible Explanations
A different interpretation of the discrepancy in our results again involves
the impact of LV function. It is possible that the results for TAPSE and s’ are
correct and that RV function is preserved in this condition. The explanation for a
falsely low FAC could be the impact of a volume loaded LV pressurising the
septal wall, thus preventing the RV cavities dimension from fully relaxing in
diastole. This however does not explain the reduction in RV strain.

11.9.7 Limitations
In this study, we were unable to assess whether RV function was
predominantly determined by to the presence of a PDA (and its potential role in
lowering systemic blood flow and venous return to the RV) or by the increased
LV function, measured using EF. Due to the collinearity between PDA presence
and EF, examining the individual effect of those two factors is difficult in this
setting. None of the infants were in receipt of inotropes, or were septic at the time
of the Day 5 – 7 scan. Therefore, it is highly likely that LV function was
predominantly determined by PDA presence rather than any other factors.
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The definition of a hyperdynamic LV in the premature population has not
been definitively established. In the adult population, a hyperdynamic LV is
defined as an EF greater than 70% (Paonessa et al., 2015). Very few of our
infants developed an EF of 70% or greater. However, we elected to refer to LV
function in the PDA group as “hyperdynamic” to reflect the significant changes
observed in LV indices in infants with a PDA.

11.9.8 Conclusion
A hyperdynamic left ventricle and a persistent PDA influences the
assessment of right ventricular function in preterm infants. It affects the ability of
certain methods to accurately measure RV performance. TAPSE and RV s’
appear to be falsely elevated while FAC and RV BLS may be more reliable noninvasive echocardiographic measures of RV function in the setting of
hyperdynamic LV and persistent PDA at one week of life. Further studies are
required to support these results, and assess the impact of each measure as a
means for assessing efficacy in patient management strategies.
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The Impact of Systemic Steal on Cerebral Perfusion (discussion on data
from chapter 6)

11.10.1 Implications of Our Research
In this prospective observational study, we demonstrated that the BCA, a
preductal vessel, can be exposed to the effects of left-to-right shunting as early
as the second day of life, with the MCA only becoming affected on day 5-7.
Infants with a PDA by day 5-7 demonstrated diastolic flow reversal in the BCA
compared with infants without a PDA who had forward diastolic flow. There was a
negative relationship between an increasing PDA diameter and BCA diastolic
flow, and a positive relationship between diastolic flow in the studied vessels
(BCA, MCA, and celiac artery). The relationship between a PDA and reversed
diastolic flow in the BCA remained significant when we adjusted for gestation,
which supports the cause-and-effect relationship between a PDA and diastolic
flow in cerebral vessels.

11.10.2 Preconceptions Regarding Pre-ductal Vessels
Traditionally, preductal vessels (and therefore cerebral perfusion) were
thought to be protected from the effect of left to-right shunting and diastolic steal.
This was a reassuring concept because it suggested that blood flow to the brain
(and therefore cerebral perfusion) would not be affected by the presence of a
PDA. Those vessels in particular are more exposed to the rising LVO associated
with increased pulmonary blood flow, which may mitigate the effect of diastolic
run off (van der Laan et al., 2016, Shortland et al., 1990). However, studies
conducted as early as the 1980s and 1990s demonstrated that a PDA may have
a negative impact on cerebral vasculature when assessed beyond the first week
of age (Perlman et al., 1981, Martin et al., 1982, Kurtis et al., 1995).

11.10.3 A New Understanding of Ductal Effect
More recently, Lemmers et al demonstrated that a longstanding PDA may
negatively influence brain growth secondary to suboptimal cerebral oxygenation
(Lemmers et al., 2016). Our study suggests a possible explanation for this
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finding. Although strictly speaking, Doppler wave patterns do not equate to flow in
a vessel, reversed flow during diastole and a lower VTI in the BCA in infants with
a PDA are likely to represent reduced blood flow to the brain. The MCA only
demonstrated changes between the groups by day 5-7, suggesting delayed flow
through effect in cerebral vessels. Therefore, flow changes in the BCA may serve
as an early marker indicating potential compromise to the cerebral circulation.
Another recent study also suggested that coronary artery perfusion is lower in the
presence of a PDA in infants undergoing ligation despite a relatively high LVO.
Following ligation, coronary artery perfusion demonstrated an increase compared
with pre-ligation values (Sehgal and McNamara, 2012).

11.10.4 Limitations
Although our results show statistical significance, our study numbers are
still relatively small leaving them more subject to error. We have not fully
assessed the clinical implications of this finding. We have shown that cerebral
flow is reduced but we have not looked at the impact this has on brain
oxygenation or growth. The use of near infrared spectroscopy, brain MRI and
neurodevelopmental follow up in this patient population would be of value moving
forward.

11.10.5 Conclusion
We have demonstrated the influence of a PDA on pre-ductal blood flow.
Further research should be performed to study the potential impact of long term
diastolic flow reversal in the vessels supplying the brain. Comprehensive
assessments of PDA significance using echocardiography are currently used and
it is possible that BCA flow could be incorporated into this assessment. This may
help to identify infants who would benefit from treatment. This research may also
establish a causal link between adverse neurodevelopmental outcomes and the
presence of a PDA.
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The Use of NICOM and NIRS in Patients Treated with Therapeutic
Hypothermia for Hypoxic Ischemic Encephalopathy (discussion on data
from chapter 7)

11.11.1 Implications of Our Research
In this prospective study, we applied a relatively novel method of
continuous haemodynamic assessment (NICOM) to infants with HIE throughout
the cooling and rewarming periods and compared CO measured using this
method with that of echocardiography. The use of NICOM and NIRS in this
population is feasible as measurements were obtainable in all recruited infants.
We did not encounter difficulty in applying the sensors on the infants or
maintaining the sensors in place throughout the study period. In addition, those
sensors did not impede routine clinical monitoring or care provision to those
infants.

11.11.2 Validation of the Technique
We illustrated that NICOM under reads echocardiography-derived CO by
an average of 27%. This systematic bias is similar to the bias illustrated by our
group in two other patient populations: healthy term and later preterm infants,
and preterm infants following PDA ligation (Weisz et al., 2012, Weisz et al.,
2014a). While acknowledging that neither method is a gold-standard, we have
previously provided a rationale for this systematic bias between those two
methods (Weisz et al., 2012). The NICOM algorithm used to estimate aortic
diameter size in the neonatal population is extrapolated from adults which may
have resulted in the lower NICOM values of CO (Keren et al., 2007). Conversely,
echocardiography may overestimate CO readings as it uses the velocity of blood
flowing through the central portion of the aortic root to estimate cardiac output.
This may significantly over-estimate the true velocity of blood flowing through the
aortic root, as higher velocity is found in the centre of the vessel while flow along
the periphery (not measured by echocardiography) is significantly lower (Zaazaa
et al., 2017). We also found that the bias appears constant throughout the
cooling and rewarming phases with no significant differences between the three
NICOM and echocardiography measurement time-points. This has important
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implications as it suggests that body temperature changes do not appear to affect
the signal bioreactance properties. Animal studies support this finding. In a study
of 9 open chest pigs, where blood flow was controlled with cardiopulmonary
bypass (CBP), NICOM cardiac output measurement correlated well with CBP
measurements (r=0.84) across two blood temperatures (36o and 38o). Although
this temperature range is different to that in our study, the data suggests the
relative lack of effect temperature has on NICOM CO measurement (Keren et al.,
2007).

11.11.3 Changes in Haemodynamics during Cooling
We illustrated that NICOM monitoring of infants with HIE during TH and
rewarming reflects expected haemodynamic changes during this process, adding
further support to its reliability in this patient cohort. Left ventricular output is
lower during hypothermia and increased during rewarming. This change appears
to be driven by changes in heart rate which mirrored the increased CO, rather
than stroke volume which increased at a lower rate. There was a rise in systemic
vascular resistance during cooling which decreased with rewarming. There was
no change in mean arterial blood pressure during the study period. Hypothermia
is associated with a reduction in metabolic demand and a resultant fall in cardiac
output, which is mainly driven by a fall in heart rate rather than changes in stroke
volume (Espinoza et al., 2013). Adult human data and animal models of TH have
previously demonstrated this rise in SVR following the lowering of body
temperature (Wood and Thoresen, 2015, Demirgan et al., 2014). The rise in SVR
may be a contributing mechanism to the maintenance of cerebral perfusion in the
cooled neonatal population (Hochwald et al., 2014). The early rise in SctO2 seen
in our cohort, occurring in conjunction with the rising SVR, supports this theory.
SctO2 remained elevated during rewarming, despite a falling SVR. The increase
in CO may have maintained cerebral perfusion.
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11.11.4 Correlation of Haemodynamics with NIRS
The monitoring of cerebral oxygenation during TH can provide important
clinical information. Recently, measurements obtained using NIRS were shown to
be an effective bedside tool for assessing SctO2 and brain perfusion when
compared with MRI measures of regional cerebral blood flow (correlation
coefficient r =0.9, p<0.01) (Wintermark et al., 2014). However, the ability of NIRSderived SctO2 to predict adverse outcomes in this population is unclear. Ancora
et al demonstrated that higher SctO2 measurements obtained during TH (80.0 ±
10.5% vs 66.9 ± 7.0%, p = 0.057; 79.7 ± 9.4% vs 67.1 ± 7.9%, p = 0.034; 80.2 ±
8.8% vs 71.6 ± 5.9%, p = 0.069 at 6, 12 and 24 h of life, respectively) were
associated with adverse outcomes defined as death, cerebral palsy or global
quotient <88.7 at Griffiths’ Scale (Ancora et al., 2013). The adverse outcome
group had higher values which may be the result of reduced tissue oxygen
extraction. On the contrary, Shellhaas et al demonstrated that systemic oxygen
saturations (rather than Sct02) were a better predictor of brain injury in this
population (Shellhaas et al., 2013). Our results agree with the latter study as we
did not see differences in SctO2 measures between those with and without
evidence of brain injury. The lack of common methodology between the studies
and the small numbers could explain the different results.

11.11.5 Correlation of Haemodynamics with MRI
We found that infants with evidence of brain injury on MRI had a higher
SVR and a lower cardiac output driven by a lower stroke volume rather than
heart rate (although none of those differences reached statistical significance,
likely due to the small number of subjects). This finding suggests that the more
severely affected infants may also have myocardial injury, with an inability to
maintain adequate stroke volume in the face of increasing afterload. This
relationship warrants further study in a larger cohort to confirm those findings.
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11.11.6 Impact of Inotropes
When examining the impact of inotropes on haemodynamic parameters,
no significant change in LVO, mean blood pressure or SVR were discovered. As
most of the inotropes administered were vasopressors, we expected these
patients to have a rise in SVR and BP (and a possible further fall in cardiac
output). The lack of change may emphasise the poor response to inotropes in
patients receiving TH (Wood and Thoresen, 2015), however, no meaningful
conclusions can be drawn from this small sample size and the relatively diverse
number of inotropes used in this study.

11.11.7 Study Limitations
This study has several limitations: the number of patients is relatively small
and as a result important differences in the measures between infants with and
without brain injury could be missed. NICOM has been validated against
echocardiography in neonates, but more research is needed to assess its
precision and its ability to detect haemodynamic changes over time. The study
did not have sufficient power to analyse the impact of other factors on
haemodynamics such as sedation or the presence of seizures.

11.11.8 Conclusion
We have demonstrated that the continuous assessment of haemodynamic
status in infants with neonatal encephalopathy undergoing therapeutic
hypothermia, in addition to cerebral perfusion, is feasible. Measurements reflect
the expected hemodynamic changes occurring as a result of TH and rewarming
in infants with HIE. Further studies are required to assess NICOM’s clinical
applicability in this condition in a larger cohort.
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Left Ventricular Rotational Mechanics in Infants with Hypoxic Ischaemic
Encephalopathy

11.12.1 Implications of Our Research
Infants with HIE had depressed global LV function across all parameters
including GLS, SRs, twist, torsion, LVTR and LVUTR, when compared to healthy
term infants and a preterm group corrected to 36 weeks gestational age. As
discussed in chapter 4, our comparator group of preterm infants had the highest
LVTR and LVUTR. Preterm systolic SR, twist and torsion were generally
comparable to those of healthy term infants. However, this was achieved by a
more pronounced negative (clockwise) basal rotation than in the healthy term
infants.
Infants exposed to an asphyxial insult may develop tissue ischemia with
multi-organ involvement including the heart. Myocardial ischemia may result in a
decrease in both systolic and diastolic performance, and a reduction in cardiac
output. Additional stress to the damaged myocardium may be imposed by the
initiation of full body hypothermia, which is utilised as a neuro-protective measure
to limit reperfusion injury.

11.12.2 Impact of Cooling on Strain and Strain Rate
The reduction in LV strain and systolic strain rate has been demonstrated
in recent studies in infants with HIE, both with and without TH, when compared to
healthy term controls (Nestaas et al., 2014). These measurements have been
used to help predict mortality in this population. Survival shows correlation with
the magnitude of LV dysfunction (Sehgal et al., 2013). Our research also
demonstrated a significantly lower LV GLS and SRs (although not to same extent
demonstrated in other studies) in the HIE group when compared to the healthy
term control and the preterm corrected groups.

11.12.3 Impact of Cooling on Rotational Mechanics
This study demonstrates the impact of TH in infants with HIE on rotational
mechanics. Values for torsion, twist and untwist rates were significantly lower in
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the HIE group when compared to healthy control and preterm corrected groups.
This has not been previously demonstrated. Cooling leads to an increase in
systemic vascular resistance, increasing the afterload imposed on the heart. LV
twist and untwist rates show a reduction in adults (Burns et al., 2010), as well as
the preterm neonatal population (James et al., 2015b) in response to increases in
afterload. It would therefore seem that cooling creates an unfavourable
physiological environment for an already dysfunctional myocardium. In our study,
the reduction in rotational parameters was secondary to lower apical rotation and
a lack of basal rotation, in addition to a decrease in LVTR and LVURT.
The differences between our groups remained significant (and in fact
became more pronounced) when normalised to heart rate. Therefore, differences
in heart rate do not explain the differences in values between the groups. The
absence of adaptation to a reduction in LV longitudinal function suggests damage
to the myocardium and titin degradation. We also witness this in children treated
with anthracycline, a chemical known for its cardio-toxic effects (Cheung et al.,
2011).

11.12.4 Conclusion
Infants with HIE display a global decrease in both deformation and
rotational mechanics when compared to both healthy term controls and preterm
infants corrected to 36 weeks gestational age. This is likely the combined impact
of cardiac ischemic dysfunction and cooling. This study provides further
information to the field of neonatal echocardiography, adding to our
understanding on deformation and rotational mechanics in different neonatal
populations.
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Myocardial Performance in Monochorionic Diamniotic Twins with Twin to
Twin Transfusion Syndrome (discussion on data from chapter 8)

11.13.1 Implications of Our Research
This prospective study examined the progression of postnatal myocardial
performance over the first week of age in MCDA twins (donor and recipient) with
TTTS following SLPCV. Biventricular systolic dysfunction, as assessed with
2DSTE derived strain techniques, and LV diastolic dysfunction, as measured by
IVRT and diastolic time, were present in the recipient TTTS group that did not
receive SLPCV compared to: a) the donor co-twins in the same group and b) the
larger twins from the other MCDA groups, even after adjusting for gestational age
at birth and gender. In addition, RV-PV coupling, measured by the RV length to
developed force relationship (TAPSEi:PAATi), was significantly lower in the
recipient twin of the TTTS no SLPCV group, indicating an impaired response of
the RV to an increase in its afterload. These findings reflect changes to the
“placenta-cardiac axis” in TTTS, where persistent alteration to placental function
impact myocardial performance in the early neonatal period (Hornberger, 2017).

11.13.2 Myocardial Performance
The cardiovascular complications of TTTS are an important factor
contributing to the morbidity and mortality in MCDA twin pregnancies, during
pregnancy and after birth. The use of more advanced functional
echocardiographic parameters, such as deformation by 2DSTE, has increased
our knowledge of the pathophysiology in TTTS (Zhao et al., 2012, Wohlmuth et
al., 2018). Deformation, depicted as myocardial strain and strain rate, has been
applied to the donor and recipient MCDA twins in utero as they face different
hemodynamic loading conditions and placental influences (Rychik et al., 2012b,
van et al., 2010, Zhao et al., 2012, Taylor-Clarke et al., 2013, Willruth et al.,
2013). Although some studies have shown that the donor LV systolic function is
hyperdynamic and the donor RV systolic function is hypodynamic, both RV and
LV systolic strain remained similar in the TTTS donor fetus compared to control
cohorts before and after SLPCV intervention (Rychik et al., 2012b, Zhao et al.,
2012, Taylor-Clarke et al., 2013, Willruth et al., 2013). In our study, there were no
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differences in strain or strain rate values amongst the Donor twins in any of the
MCDA groups.
In the recipient twin, the increases in cardiac preload and afterload lead to
signs of cardiomyopathy with evolving ventricular hypertrophy, diastolic and
eventual systolic dysfunction. Prior to any intervention, the recipient TTTS fetus
has altered biventricular performance with a decrease in the magnitude of RV
and LV strain values (Rychik et al., 2012b, van et al., 2010, Zhao et al., 2012,
Taylor-Clarke et al., 2013, Willruth et al., 2013). SLPCV interrupts the intertwin
transfusion in order to change the hemodynamic balance of the anastomoses
and reverse the cardiac dysfunction (Taylor-Clarke et al., 2013). The magnitude
of strain and strain rate in the recipient twin may initially decline following SLPCV
(Willruth et al., 2013), but eventually recovers and is similar to the donor co-twin
within a median of 2 weeks following SLPCV (Taylor-Clarke et al., 2013). In our
study, the recipient TTTS twin that underwent SLPCV had similar RV and LV
strain values as the Uncomplicated and sIUGR twin groups over the first week of
postnatal age. However, the recipient twin in the TTTS no SLPCV group
exhibited postnatal abnormalities of myocardial tissue deformation with ventriclespecific changes: the magnitude of RV and LV strain were both decreased
compared to the other recipient twin groups and the inter-twin donor group. The
postnatal reduction in LV function in the TTTS without SLPCV group was not
detected by conventional functional techniques (shortening fraction), similar to
fetal studies (Van Mieghem et al., 2013a). This highlights the enhanced
sensitivity of deformation imaging by STE in identifying myocardial compromise.
Childhood follow up studies have demonstrated similar RV and LV strain
values by STE (Halvorsen et al., 2015, Gardiner et al., 2014) in both MCDA twins
(recipient and donor) with TTTS following SLPCV compared to, untreated TTTS
twins and MCDA controls. Similar findings exist in childhood studies that used
conventional measures to assess myocardial performance (Herberg et al., 2014).
As the first study to characterize early postnatal cardiovascular effects following
SLPCV with deformation by STE, we provide a link between the fetal disease and
childhood evolution that appears to have minimal residual impact of the TTTS
survivors on long-term LV or RV function. Although there may be some mild
diastolic dysfunction (discussed below) and arterial wall changes that persist into
childhood, we suspect that the differences in strain patterns first encountered in
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the untreated fetus (Rychik et al., 2012b, van et al., 2010, Zhao et al., 2012,
Taylor-Clarke et al., 2013, Willruth et al., 2013) that persist to the untreated
neonate dissipate with myocardial remodeling over time. Further studies are
needed to understand these postnatal biological adaptive mechanisms.

11.13.3 Strain Rate
The postnatal adaptive remodeling may be seen earlier with strain rate
than strain. The neonatal myocardium is composed of immature contractile
mechanisms with disorganized myofibrils, an immature calcium handling system,
and poorly compliant collagen (Bensley et al., 2017). Strain rate appears to be
less load dependent than strain (Alvarez et al., 2017), and has been recently
utilized to identify myocardial dysfunction resulting from impaired contractility in
neonates (Breatnach et al., 2017c), The lower biventricular LSRS values in the
recipient twin of the TTTS no SLPCV group identified on day 1 suggests a
reduction in intrinsic myocardial contractility from direct myocardial damage
resulting from longstanding TTTS. This pattern is consistent with fetal studies that
demonstrated lower biventricular strain rate in the recipient twins before SLPCV
(Rychik et al., 2012b). Interestingly, we observed a recovery of biventricular stain
rate measurements by day 5-7 that may be an early sign of adaptive remodeling
of the intrinsic ventricular contractility to postnatal hemodynamic conditions. In
contrast, LV GLS and RV FWLS remained lower at day 5-7 in the recipients of
TTTS no SLPCV group. The anticipated insults of TTTS during in utero cardiac
development may not only lead to cardiac dysfunction during fetal life, but also to
epigenetic changes that persist postnatally leading to permanent cardiac
remodeling (Crispi and Gratacós, 2012). Strain rate measures were comparable
in donor twins of all studied groups.

11.13.4 Diastolic Function
The immature contractile mechanism described above predisposes the
neonatal myocardial to diastolic dysfunction. Diastolic function has an important
influence on the preservation of the fetal and postnatal circulation. In TTTS,
diastolic dysfunction may precede systolic dysfunction and systemic disease in
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the recipient (Moon-Grady, 2014, Van Mieghem et al., 2010). The initial fetal
cardiac phenotype of the recipient reflects raised afterload and preload with
diastolic dysfunction secondary to “placentally derived renin–angiotensin system
effectors and discordant endothelin and that can contribute to progressive
cardiac failure” (Fisk et al., 2009). In addition, the evolving ventricular
hypertrophy leads to a stiff, non-compliant ventricle that will further impair
diastolic function (Eschbach et al., 2017). Fetal studies have demonstrated an
initial shortening of the ventricular filling time (Bensouda et al., 2007) with a
lengthening of the IVRT before systolic changes are seen (Raboisson, 2004),
indicating diastolic dysfunction occurs early in the pathophysiology of TTTS. The
immediate postnatal diastolic measures are less well studied in MCDA twins
following SLPCV (Moon-Grady, 2014). In our study we found shorter postnatal
diastolic times and longer IVRT in the recipient twin of the TTTS no SLCPV group
compared to recipient twins from all other groups and the donor twin from the
same group. In the neonatal period, “diastolic untwisting during isovolumic
relaxation facilitates the ventricular filling” (Gardiner et al., 2014). Since the
neonatal myocardium has a predisposition to inherent diastolic dysfunction and
reduced compliance during the early postnatal period (Bensley et al., 2017, ElKhuffash and McNamara, 2017), elevated IVRT and longer diastolic times may
lead to further disease progression and unmask a clinical phenotype. Similarly,
postnatal studies in older children have also shown a degree of diastolic
dysfunction with abnormalities in diastolic flow velocity in recipients of TTTS
treated with SLPCV (Halvorsen et al., 2015) and altered rotational mechanics
(Gardiner et al., 2014).
In contrast to the larger recipient, the smaller donor shows mild cardiac
involvement that can manifest as diastolic impairment due to placental
insufficiency and raised resistance (Rychik et al., 2012b). Fetal and postnatal
studies suggest that the diastolic dysfunction in the donor twin is due to a
persistent decrease in arterial compliance (Fisk et al., 2009), likely from exposure
to hormonal and cardiovascular factors in utero that can lead to systemic arterial
stiffness that persists beyond delivery (Cheung et al., 2000, Gardiner, 2003). In
addition, the diastolic dysfunction is also due to unequal placental sharing
(sometimes even after SLPCV) leading to growth discordance and IUGR (Grubbs
et al., 2011, van et al., 2010). Interestingly, in this study we did not find
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differences in postnatal biventricular diastolic function (diastolic times and IVRT)
among any of the four groups of donor twins, including the sIUGR group.
Similarly, diastolic function and biventricular systolic function were similar
between the recipient twin of the TTTS and SLPCV and the sIUGR groups,
suggesting that the diastolic dysfunction in the TTTS no SLPCV may not be
entirely due to the growth discordance and IUGR (Raboisson, 2004). Further
highlighting this concept, we did not observe inter-twin differences in diastolic
measures in sIUGR, uncomplicated, or TTTS and SLPCV groups. Fetal studies
showed a difference in RV diastolic strain rate in TTTS donors (Rychik et al.,
2012b), but diastolic strain rate has not yet been shown to be a reliable measure
in neonates (Breatnach et al., 2016a).

11.13.5 RV-PV Interactions
LV diastolic dysfunction can exert significant load to the RV that can affect
RV- PV interactions (Bussmann N, 2018). LV dysfunction may lead to a rise in
left atrial pressures resulting in pulmonary venous congestion and a subsequent
increase in RV afterload (Bussmann N, 2018). In this study, TAPSEi/PAATi, a
reliable measure of invasive RV-PV coupling, was significantly lower in the
recipient TTTS no SLPCV group compared with the recipients from the other
groups and the donor of the same group. These results offer evidence to support
the role of LV diastolic dysfunction in post-capillary pulmonary venous disease in
the recipient TTTS no SLPCV twin, suggesting that a portion of RV dysfunction
experienced in this group is driven by adverse loading conditions that impair RVPV coupling. The abnormal coupling patterns may provide the mechanistic
explanation for why TTTS has been suggested as a risk factor for acute PH in the
early neonatal period (Gijtenbeek et al., 2017).
There are additional contributors that can lead to abnormal RV-PV
coupling responses during this early transitional period, including causes related
to pulmonary vascular, parenchymal, and cardiac diseases (Giesinger et al.,
2017). In TTTS, cardiac function is especially compromised in recipients with
chronic volume loading, causing remodeling of the pulmonary vasculature (Habli
et al., 2008b). Although biventricular performance usually improves within a few
weeks after SLPCV, abnormalities of the pulmonary vasculature may persist
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despite SLPCV, and this could lead to abnormal RV-PV interactions. The
TAPSEi/PAATi relationship was not significantly decreased in the recipient TTTS
twin group following SLPCV, but there was a trend towards abnormal coupling
compared to the Uncomplicated MCDA groups. Furthermore, TAPSE was
significantly lower in the TTTS groups with similar PAAT and PAAT/RVET
(afterload), indicating there may also be an inherent lack of contractile reserve in
response to changes in afterload.

11.13.6 Acquired Right-Ventricular Outflow Tract Obstruction
RV outflow tract obstruction (RVOTO), including pulmonary valve stenosis
and atresia, is primarily a cardiovascular morbidity of the recipients in TTTS that
do not undergo SLPCV intervention (Lougheed et al., 2001), although it has been
reported in TTTS donors and in the larger MCDA twin with sIUGR (Pruetz et al.,
2011, Herberg et al., 2014). RVOTO has also recent been described in recipient
twins in TTTS following SLPCV (Eschbach et al., 2017), RVOTO may be present
at the time of diagnosis of TTTS (Rychik et al., 2007), may resolve post
SLPCV,(Van Mieghem et al., 2013b) or can develop later in pregnancy;
essentially it can be transient, progressive or persistent beyond the neonatal
period (Eschbach et al., 2017). In this study, two recipient patients in the treated
group developed pulmonary valve stenosis requiring postnatal balloon
valvuloplasty. The “pathogenic mechanisms responsible for RVOTO
development in the recipient twin remain speculative”, but it is likely a
consequence of the altered hemodynamics and remodeling of the RV after longlasting placental insufficiency (Hornberger, 2017). The impaired diastolic function
may also have downstream effects on how the RV responds to changes in its
afterload and play a significant role in these acquired cardiac anomalies, but
larger numbers are required to properly test this mechanism.

11.13.7 Clinical Significance
The role of postnatal echocardiography risk stratification is still unclear in
TTTS, but since the cardiomyopathy in TTTS is an adaptive, progressive
response to “hemodynamic, hormonal and biochemical stressors,” consideration
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should be given to detailed postnatal hemodynamic evaluation in infancy for all
survivors (donors and recipients) (Pruetz et al., 2011). Although survival rates in
MCDA infants with TTTS have significantly improved following the introduction of
SLPCV, with up to 91% survival in at least one twin and up to 60% survival in
both twins (Meriki et al., 2010), structural and functional complications can still
persists in the treated recipient and donor twins. The introduction of quantitative
approaches to characterize ventricular performance after birth in all TTTS twins,
regardless if they received SLPCV, may prove beneficial to identify both the
acquired structural disease and the long-standing sequela of cardiomyopathy
induced by the syndrome. The observed decrease in biventricular function in
MCDA twins with TTTS and without SLPCV treatment, coupled with the abnormal
postnatal RV-PV interactions in TTTS, and documented persistent RVOTO
anomalies in the TTTS following SLPCV treatment, highlight the importance of
the postnatal hemodynamic and cardiac evaluation in the management of this
complex disease.

11.13.8 Study Limitations
The importance of these results should be interpreted within the framework
of the inherent limitations in this study. There were small numbers of MCDA pairs
with a diagnosis of TTTS because we were restricted by the low incidence of this
condition in our patient population. Combined with the low rate of common
neonatal clinical outcomes, we were also unable to assess the associations
between impaired myocardial performance and those clinical outcomes (e.g.
NEC, IVH and CLD). A larger multi-center study of this group of infants is needed
to further assess the clinical relevance of the findings in our cohort. There is also
debate on the use of singleton vs. complicated MCDA twin pregnancies as
control groups. We felt that uncomplicated MCDA twin pregnancies formed a
more useful control group than singleton cohorts as a control groups because all
MCDA co-twins share a placenta with vascular anastomoses connecting their
circulations, permitting inter-twin transfusion (Taylor-Clarke et al., 2013). Finally,
there is on-going discussions about which approach, if any, should be used to
index TAPSE in children (Levy PT, 2018).
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11.13.9 Conclusion
In conclusion, the recipient MCDA twins with TTTS that do not receive
SLPCV exhibit persistent myocardial dysfunction with decreased STE derived
biventricular strain and strain rate over the first week of age. TTTS produces an
acquired cardiomyopathy in “recipient” twins in TTTS pregnancies that is only
partially understood but can be further characterized using postnatal
echocardiography and hemodynamic assessments. In addition, there are
multifactorial abnormal RV-PV interactions in the recipient MCDA twin with TTTS.
Finally, we demonstrated that treatment with SLPCV leads to improved
ventricular function but does not eliminate some of the acquired structural
abnormalities.
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Myocardial Deformation and Rotational Mechanics in Infants with Down
Syndrome in the Early Neonatal Period (discussion on data from chapter 9)

11.14.1 Implications of Our Research
This study provides new information on right and left ventricular function in
infants with Down syndrome without CHD, measured serially using novel
echocardiographic techniques, over the first week of age. The relationship
between function parameters and presence of PH in this population was also
examined. We demonstrated that pulmonary pressures are universally elevated
in this patient population compared to healthy controls over the first week of age.
Left and right ventricular dimensions are both altered with a smaller LV and an
exaggerated RV dominance in the Down syndrome group following birth. RV
function is impaired throughout the transitional period with a reduction in RV
strain and SR, in addition to RV FAC. Although longitudinal LV function appears
intact in the Down syndrome population, LV rotational mechanisms appear to be
adversely affected in this group.

11.14.2 Pulmonary Hypertension in Down syndrome
There has been a recent resurgence of interest to more accurately
characterize the incidence of PH in neonates with DS. Older studies appear to
significantly under-report the presence of PH in this population quoting an
incidence of up to 5% (Weijerman et al., 2010, Cua et al., 2007, Saji, 2014).
However, with the improvement in the echocardiography methods used to assess
PH, the true incidence of PH appears much higher. In a retrospective cohort
study of 121 infants with DS, our group recently reported a PH incidence of 34%
with no difference in the rate of PH between infants with and without CHD (Martin
et al., 2018). Two more recent and much larger studies based in the United
States have confirmed this higher rate of PH quoting an incidence of 27%
(McAndrew et al., 2018) and 28% (Bush et al., 2018). The study by Bush et al
uniquely reported that in 70% of infants with DS, PH was transient with resolution
at 8 months of age, persistent in 15%, and recurrent in 15% with a median
recurrence age of 2.5 years. Hypoxia, pneumonia, aspiration and gastroesophageal reflux were important co-morbidities contributing to the persistence of
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PH (Bush et al., 2018). The aetiology of early PH in infant with DS is multifactorial
and includes a failure of vascular remodelling of pulmonary vessels following
birth, coupled with the persistence of a fetal capillary network, a reduction of the
cross sectional area of the vascular bed and a decreased alveolar density
resulting in the persistence of the high pulmonary vascular resistance (PVR) and
pulmonary arterial hypertension (Saji, 2014). In addition, impaired vascular
endothelial function which is present in this population results in a reduction in
endogenous nitric oxide (eNO) production and a reduced sensitivity to eNO (Brun
et al., 2009). The thinner tunica media present in infants with DS renders the
pulmonary vessels more vulnerable to the sheer stress damage caused by
increased pulmonary blood flow. As a result, infants with DS and CHD have a
faster progression to PH when compared to infants with CHD but without a
diagnosis of DS (Hawkins et al., 2011).

11.14.3 Assessment of Myocardial Performance
The association between PH in infants with DS and myocardial function
during the early neonatal period has not been previously studied. We only
recruited infants with DS without CHD to eliminate the potential confounding
effect of intra-cardiac shunts on myocardial function. We used newer
echocardiography functional methods which measure deformation characteristics
of the left and right ventricle. In addition, we studied RV-specific functional
measurements including RV FAC and TAPSE, in addition to LV rotational
mechanics to provide a comprehensive appraisal of myocardial function in this
population. Those newer methods have a proven utility in the neonatal population
with excellent feasibility of image acquisition, reproducibility, and the ability to
detect preclinical and clinically overt myocardial dysfunction in various disease
states (Levy et al., 2018, El-Khuffash et al., 2018, Groves et al., 2018).

11.14.4 Right Ventricular Function
Our study demonstrates a significant reduction in RV function in neonates
with DS. This is manifest by lower RV strain and RV FAC values beyond the first
24 hours of age. Unlike healthy control infants without evidence of PH, infants
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with DS did not demonstrate an improvement of RV function over the first week of
age. Apart from Day 2, RV strain rate did not differ between the two groups.
Strain rate measurements are thought to be independent of loading condition,
thereby reflecting intrinsic contractility (Breatnach et al., 2017c, Ferferieva et al.,
2012, Alvarez et al., 2017). Therefore, the lower RV function identified in our
study is more likely to be related to increased RV afterload secondary to
increased PVR. The persistent reduction in RV function over the first week of age
may demonstrate the ongoing effects of elevated pulmonary pressures which
have not normalized by this time. This has important therapeutic implications. The
lack of difference in TAPSE between the two groups is likely due to the tethering
effect of the LV which demonstrated similar longitudinal function. Tricuspid valve
annual displacement is also influenced by LV contractility. We previously
demonstrated intact TAPSE (but lower RV strain and RV FAC) in premature
infants with a haemodynamically significant PDA and a hyperdynamic LV further
highlighting this tethering effect (Breatnach et al., 2017b).

11.14.5 Fetal Studies
RV systolic and diastolic dysfunction has been previously identified in
fetuses with DS from as early as 11-14 weeks gestation (Clur et al., 2011,
Huggon et al., 2004, Persico et al., 2014). Persico et al noted higher mean RV
contraction times, while Clur et al demonstrated a reduced tricuspid E and A
wave velocity and reduced pulmonary valve peak velocity which persisted
throughout pregnancy. A significant increase in tricuspid regurgitation has also
been demonstrated in this cohort suggesting that pulmonary hypertension occurs
early in development (Faiola et al., 2005). Interestingly, in the fetus most of the
blood ejected from the RV bypasses the fetal lungs, supplying systemic perfusion
via the ductus arteriosus. These fetal studies may suggest an element of intrinsic
RV dysfunction which is not purely the result of an elevated afterload.

11.14.6 Left Ventricular Rotation
Longitudinal LV function appears to be preserved in infants with DS as LV
global longitudinal strain and systolic strain rate were comparable between the
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two groups. However, the reduction in LV twist, torsion and twist rate suggest
impaired rotational mechanisms in this population which is likely secondary to
impaired RV function. The reduction in twist parameters in infants with DS was
driven by a lack of negative (clockwise) rotation of the LV base occurring in an
opposite direction to apical rotation. There was no difference in positive (anticlockwise) apical rotation between the two groups. Interestingly, those findings
are consistent with adult literature demonstrating impaired basal rotation (but not
apical rotation) in patients with PH resulting in the attenuation of the magnitude of
LV torsion (Ramani et al., 2009) without an effect on longitudinal LV function in a
similar manner to our study. The authors suggest that this represents a
“functional continuity” between the two ventricles and is an example of LV-RV
interdependence. The lack of effect on apical rotation (a purer marker of LV
dysfunction) further supports this theory.

11.14.7 Clinical Relevance
The findings of this study have important clinical implications. Infants with
Down syndrome are a vulnerable cohort, especially during early childhood. In
addition to their physiological susceptibility discussed above, they have several
further contributing maladaptations which increase their risk of admission to
hospital, intensive care and may result in an increase in mortality (Southgate et
al., 2001, Joffre et al., 2016, Bush et al., 2018). They are more prone to
obstructive sleep apnoea, aspiration and respiratory tract infections. Further
echocardiographic studies are required to provide longer term follow up in
patients with Down syndrome during early childhood to assess the degree of
pulmonary hypertension and right ventricular dysfunction and to correlate these
parameters with the burden of disease. Treatment strategies can then be
employed to optimize cardiopulmonary health in these patients. Shay et al
suggest that early attention to factors aggravating PH is important in
management (Shah et al., 2004). We are currently undertaking a large, multicentered prospective study which aims to follow a cohort of patients with Down
syndrome with serial echocardiography and clinical measurements over a 2 year
period, with subsequent neurological assessment.
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11.14.8 Limitations
The study is limited by the small number of infants and therefore, the
results must be interpreted with caution. Although we have shown a significant
decrease in RV function using several parameters, a larger study is needed to
accurately quantify the degree of impairment, and correlate those findings with
important short and long-term outcomes.

11.14.9 Conclusion
Infants with Down syndrome have elevated pulmonary pressures during
the early neonatal period and display reduced indices of right ventricular systolic
function with a secondary reduction in LV function, identified as impaired LV
rotational mechanics.
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Incidental Findings in Neonatal Echocardiography (discussion on data from
chapter 10)

11.15.1 Implications of Our Research
Our review of incidental echocardiography findings has yielded a relatively
high rate of asymptomatic pathology. Incidental findings included: malpositioned
UVCs and associated complications, CHD, severe PPHN and pericardial
effusions. An interesting discovery is the preferential migration of intracardiac
UVCs into the left rather than the right atrium. A lower gestation and birth weight
was present in infants with incidental findings on echo, who also were slower to
reach full enteral feeds and hospital discharge, in addition to having a higher
incidence of CLD and death
Since the 1980’s, echocardiography has been employed to identify
umbilical vascular catheter placement (George et al., 1982, Oppenheimer et al.,
1982). Malpositioning can result in significant complications, including intracardiac thrombosis, arrhythmias, myocardial perforation, endocarditis, pericardial
effusion, reduced ventricular output and liver haematomas (Ades et al., 2003,
Weisz et al., 2014b, Abiramalatha et al., 2016, Jacobson and Strom, 1999, Park
et al., 2016). Ultrasound and echocardiography have been shown to be superior
to x-ray for localizing the umbilical catheter tip (George et al., 1982, Greenberg et
al., 1995, Pulickal et al., 2013, Ades et al., 2003, Harabor and Soraisham, 2014,
Michel et al., 2012, Simanovsky et al., 2011, Guimaraes et al., 2016). Correct
UVC position (at the right atrial/inferior vena cava junction) was found in only
23% of the patients in one study. In another report, nine patients (27%) needed
UVC repositioning when targeted echocardiography ‘revealed sub-optimal tip
position despite optimal position on chest radiography’ (Ades et al., 2003,
Pulickal et al., 2013). The identification of UVC complications has also been
found using echocardiography in other studies, for example the diagnosis of liver
haematoma and left atrial thrombi by Abiramalatha et al (Abiramalatha et al.,
2016).
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11.15.2 Detection of Umbilical Venous Catheter Misplacement and
Complications
In preterm infants, the area in which UVC tips can be safely located is
millimetres in length and even diaphragmatic movement with respiration can alter
the position from correct to incorrect. The limitations of plain radiographs to
accurately determine line placement have been well documented (Abiramalatha
et al., 2016, Ades et al., 2003, Fleming and Kim, 2011, Guimaraes et al., 2016).
They only provide a snap shot image of UVC which cannot account for tip
movement. Conversely, the use of echocardiography allows for visualisation of
the UVC tip in real time. Echocardiography also allows us to view the surrounding
structures. Liver haematomas, secondary to hepatic line placement were
diagnosed in 4 (17%) infants in our cohort. Interestingly, for UVCs that were
inserted too far, the majority were situated in the left rather than right atrium. This
is likely due to the persistence of fetal channels resulting in the preferential flow
of blood from the IVC across the foramen ovales. This can promotes clot
formation secondary to abrasion along the atrial septum. Given our high
detection rates of line misplacement and its complications, it is likely that these
findings are under reported in the literature.

11.15.3 Detection of Cardiac Pathology
The rate of live born infants with congenital heart defects (CHDs) is
between 6-10 per 1000 (van der Linde et al., 2011). Our detection rate was
significantly higher than this at 10% in infants < 29 weeks GA. Septal defects
were the most common abnormalities although two major cyanotic lesions were
also identified (one with total anomalous pulmonary venous drainage and one
with transposition of the great vessels). The higher rate of CHD in preterm infants
has been reported recently by Chu et al found (7.4 per 1000 very/premature
births vs. 1/5 per 1000 term births; p < 0.01). They also report that those with
more severe defects were at greater risk of being born more prematurely. Other
studies support these findings. Laas et al found that infants were twice as likely to
be born prematurely (< 37 weeks GA), or very/extremely prematurely (< 32
weeks GA) in the presence of a cardiac defect (Laas et al., 2012). Preterm
infants with a diagnosis of severe CHD are at a 7.5 fold increased adjusted odds
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ratio of mortality compared to those without (Chu et al., 2016). The presence of
severe PPHN was identified in 5 (3%) infants in our study and pericardial
effusions were present in 3 (2%).

11.15.5 Conclusion
When controlling for other important variables, the presence of abnormal
findings on echocardiography was independently associated with a combined
outcome of chronic lung disease or death. This suggests that incidental findings
on routine echocardiography are clinically significant and may potentially aid in
our ability to predict morbidity and mortality in this population. These findings may
also prompt further monitoring and guide physicians in treatment decisions.
In conclusion, we have demonstrated that screening echocardiography
may yield a high rate of incidental findings in preterm infants less than 29 weeks
gestation. The use of routine echocardiography on preterm infants within the first
24 hours of life may be warranted in order to identify pathology and facilitated
early medical management.
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CHAPTER 12
Summary Chapter
12.1 Summary of Findings
Previously, haemodynamic assessment of newborn infants was performed
using unreliable clinical signs such as blood pressure, or inaccurate
echocardiography measures of heart function including shortening and ejection
fraction. In more recent years, the use of novel echocardiography techniques in
the assessment of neonatal myocardial performance has gained momentum.
Echocardiography modalities which are now available enable accurate,
quantitative, real-time assessment of myocardial performance, vascular
resistance and the haemodynamic status of neonatal patients. These
echocardiography techniques include: tissue Doppler velocity; deformation
analysis, rotational mechanics, and right ventricular specific markers of function
(tricuspid annular plane systolic excursion and fractional area change). In
addition to this, non-invasive continuous haemodynamic monitoring is now being
performed. This technology includes: non-invasive cardiac output monitoring and
near infrared spectroscopy.
Research in this field has expanded rapidly in recent years and our
understanding of the technology and its application has evolved. The methods
have been validated and many reference values are now available. Despite the
research to date, there is still a major gap in the literature. Further work on
reference data is required for some echocardiographic modalities. In addition to
this, significant deficits exist on its use in disease conditions. There are many
pathological conditions which can impose a stress on the neonatal heart and
impair both left and right ventricular function. Assessment of myocardial function
in these patients is warranted.
In our research, we aimed to assess myocardial performance in newborn
infants with important conditions including: preterm infants with
haemodynamically significant patent ductus arteriosus and chronic lung disease;
infants with neonatal encephalopathy; monochorionic diamniotic twins with twin
to twin transfusion syndrome; and infants with Down syndrome with a structurally
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normal heart. A better knowledge in this area will hopefully lead to improvements
in monitoring, prognostication and management for our patients.
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12.2 Reference Data
Reference data for tissue Doppler velocity and speckle tracking
echocardiography is limited in preterm infants; in particular we lack reference
values for cardiac function in a cohort of premature infants without significant
disease.
We demonstrated that tissue Doppler velocities in a healthy group of
preterm infants gradually increase with advancing age. The presence of lower
diastolic velocities, lower LV e`/a` and higher E/e` in the preterm group at 36
weeks PMA suggests persistent diastolic dysfunction, when compared to their
healthy term counterparts.
Our research on speckle tracking echocardiography in a healthy group of
preterm infants showed an increase in LV GLS and SRs during week one of life.
However, those parameters only increased on Day 2 in the reference cohort, with
no further increase on Day 5 – 7. We also noted the association between
antenatal steroids use and improved LV GLS and SRs on day one. This effect
was independent of gestation and no impact on RV function was found. As
preterm physiology may result in adrenocortical insufficiency and down regulation
of cardiovascular adrenergic receptors (Quintos and Boney, 2010, Fernandez et
al., 2010), it is possible that antenatal steroids may reverse this phenomenon,
resulting in improved cardiac function.
Our study on rotational mechanics determined reference values in healthy
term infants and demonstrated that twist occurs due to a predominant apical
anticlockwise rotation. This control group was compared to a group of preterm
infants corrected to 36 weeks gestation and infants with neonatal encephalopathy
in later chapters.

284

12.3a Preterm Infants with Patent Ductus Arteriosus
A patent ductus arteriosus (PDA) is an anatomical communication
between the pulmonary artery and aorta which is essential for in utero fetal
survival. In extremely preterm infants, persistence of a large ductus arteriosus
may result in haemodynamic compromise with pulmonary over-circulation and
systemic hypo-perfusion. We utilised tissue Doppler velocity (TDI) and speckle
tracking echocardiography (STE) to characterise myocardial performance in
preterm infants with and without PDA’s.
TDI assessment in preterm infants with a haemodynamically significant
ductus (hsPDA) reveals that infants with hsPDA had higher LV TDI velocities on
day 5 – 7 compared with the healthy preterm group. It is possible that the PDA
preloads a non-compliant myocardium, improving stroke volume by offsetting the
intrinsic diastolic resistance of the fetal heart. This may offer a potential benefit in
the early phases until the myofibrils become over-stretched removing the
performance enhancing effect.
STE in preterm infants with hsPDA demonstrates that patients with hsPDA
by Day 5 – 7 have increased LV GLS but not LV SRs. HsPDA will significantly
increase LV preload and consequently LV ejection. The increase in LV preload
results in increased measures for strain which remain dependent on loading
conditions. This is not the case for strain rate, adding more evidence to support
the load independent nature of systolic strain rate illustrated in animal models
(Greenberg et al., 2002, Ferferieva et al., 2012). These methods may be
incorporated into echocardiographic assessment of PDA’s to help inform
physicians about the heart’s response to changing haemodynamic conditions.
Moving forward, novel echocardiographic imaging may help us to identify a sweet
spot where the beneficial effects of pre-load tip over into the damaging effects of
myofibril stretch in a volume loaded LV.
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12.3b Preterm Infants with Chronic Lung Disease
We studied the impact that CLD has on the preterm heart using speckle
tracking echocardiography (STE) and rotational mechanics to assess myocardial
performance in preterm infants with and without CLD.
Our study on STE in this cohort demonstrated an elevated RV strain on
Day 2 of life in patients who subsequently developed CLD/Death. There was no
longer a significant difference in the groups by Day 5 – 7. This result may have
implications regarding prognostication in this cohort. Other groups have focused
solely on LV strain in these patients with a dearth of knowledge on the right
ventricle to date (Czernik et al., 2014).
Our study on rotational mechanics in preterm infants demonstrated that
preterm infants with CLD have significantly higher values for LV twist and torsion.
This was driven by higher (more positive) apical rotation. It has been postulated
in previous studies that LV function is not affected in preterm infants with CLD
when assessed at 36 weeks PMA (James et al., 2016a, Czernik et al., 2014). Our
findings suggest that rotational mechanics may be a very sensitive marker of LV
performance and could provide a compensatory mechanism for impairment in
longitudinal function.
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12.4 Further Insights into Right Ventricular Physiology
The right ventricle (RV) has a complex myofibre architecture (Mertens and
Friedberg, 2010) and is the dominant ventricular during fetal life (Kenny et al.,
1986). The RV is at particular risk of dysfunction during the transitional period
due to the complex changes in blood flow following birth. Most research on RV
function focuses on the impact of pulmonary hypertension. The impact of a
haemodynamically significant patent ductus arteriosus (hsPDA) usually triggers
an assessment of left ventricular function (Zonnenberg and de, 2012). In this
study, we utilised several echocardiography modalities to assess the impact of a
PDA on the RV.
Echocardiography was performed during the transitional period. We
utilised four echocardiographic modalities of assessment including: tricuspid
annular plane systolic excursion (TAPSE), tissue Doppler velocity (TDI),
fractional area change (FAC) and RV basal longitudinal strain (RVBLS). In
contrast to TAPSE and TDI, FAC and RVBLS were lower at day 5 to 7 in the
PDA group. We believe that in preterm patients with a significant PDA that the
hyperdynamic LV in systole pulls the RV free wall towards the apex in a rocking
motion, artificially normalising values of tricuspid annular displacement and
velocity (TAPSE and TDI). FAC assesses changes in cavity dimension, while
RVBLS assesses deformation. The latter two assessment methods may be less
influenced by a hyperdynamic LV.
This study suggests that FAC and RVBLS may provide a more reliable
measurement of function in patients with a PDA. Care should be taken when
assessing RV function in the context of hsPDA with a hypernamic left ventricle.
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12.5 The Impact of Systemic Steal on Cerebral Perfusion
A significant drop in pulmonary vascular resistance occurs following the
transition from fetal to neonatal circulations. The persistence of a large PDA in
preterm infants following this transition will result in a large volume of blood
shunting from the systemic (left) to the pulmonary (right) circulation. This can
lead to ‘’systemic steal’’ which is often seen on echocardiography in the
descending aorta and celiac artery. Traditionally, it was believed that preductal
vessels were spared from systemic steal. The brachiocephalic artery (BCA) is the
first branch of the aortic arch and it gives rise to the right subclavian artery
(supplying the right arm) and the right internal carotid artery (supplying the right
side of the brain). In this study, we assessed flow in the BCA in patients with and
without a ductus arteriosus at day 5-7. We hypothesised that preductal vessels
are also subjected to the effects of steal.
We demonstrated the presence of diastolic flow reversal in the BCA in
preterm patients with a PDA. The presence of diastolic flow reversal in the BCA,
as well as lower VTI’s suggests a reduction in blood flow to the brain. This may
potentially result in a negative effect on brain development due to chronic
cerebral hypoperfusion (Lemmers et al., 2016). It also highlights that preductal
vessels are also subjected to the effect of systemic steal in the presence of
significant left to right shunting.
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12.6 Hypoxic Ischemic Encephalopathy and Therapeutic Hypothermia
Hypoxic Ischemic Encephalopathy (HIE) is the result of an acute reduction
in cerebral blood flow in infants during the perinatal period. Although the organ of
greatest clinical concern is the brain, the reduction in blood flow may affect all
other body tissues, including the heart. In addition to this, the treatment employed
for HIE is therapeutic hypothermia (TH) which may also have a depressant effect
on myocardial function (Jacobs et al., 2013). We studied the impact of HIE and
its treatment on myocardial performance and haemodynamics by employing noninvasive cardiac output monitoring (NICOM) and near infrared spectroscopy
(NIRS). We also assessed rotation mechanics in this cohort.
We demonstrated in this study that NICOM readings of cardiac output are
27% lower than those derived by echocardiography. This bias was maintained at
each echo time-point and is comparable to that shown by our research team in
two other patient groups (Weisz et al., 2012, Weisz et al., 2014a). A rise in
systemic vascular resistance occurs in patients with HIE and some believe that
this may contribute to maintaining cerebral perfusion in this population (Hochwald
et al., 2014). This idea is further supported by the early rise in SctO2
demonstrated in our results. Although our study focused on the feasibility of
NICOM and NIRS, with further research it is possible that this technology could
guide therapy in the future.
Regarding echocardiographic assessment in these patients, we noted that
infants with HIE display a global decrease in both deformation and rotational
mechanics which is likely the combined impact of cardiac ischemic dysfunction
and cooling. This study provides further information to the field of neonatal
echocardiography, adding to our understanding on deformation and rotational
mechanics in different neonatal pathological states.
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12.7 Twin to Twin Transfusion Syndrome
Monochorionic diamniotic (MCDA) twins are at risk of developing twin-twin
transfusion syndrome (TTTS) throughout pregnancy that may lead to myocardial
dysfunction in the recipient and/or donor twin that persists beyond delivery.
Selective laser photocoagulation of the communicating placental vessels
(SLPCV) attempts to mitigate the cardiovascular outcomes. We aimed to
characterize early postnatal myocardial performance in MCDA twins with TTTS,
with and without SLPCV using left ventricular (LV) and right ventricular (RV)
longitudinal strain (LS) and systolic strain rate (LSRs).
Compared to all recipient groups, recipient TTTS no SLPCV infants had
lower LV and RV LS and LSRs that persisted throughout the 1st week of age. LS
and LSRs measurements were similar between all our four donor twin groups. LV
diastolic dysfunction, as measured by IVRT and diastolic time, were also present
in the recipient TTTS no SLPCV group. A persistent alteration to placental
function may impact myocardial performance into the early neonatal period
(Hornberger, 2017) and the ensuing impact on LV diastolic dysfunction can exert
significant load to the RV, affecting RV- PV interactions (Bussmann N, 2018).
RV-PV coupling, measured by the RV length to developed force relationship
(TAPSE:PAATi), was significantly lower in the recipient twin of the TTTS no
SLPCV group. This suggests an impaired response of the RV to an increase in
its afterload.
The reduction in biventricular function in untreated recipient twins with
TTTS highlights the need for close monitoring of their hemodynamic status during
the early neonatal period. TTTS produces an acquired cardiomyopathy in
“recipient” twins in TTTS pregnancies that is only partially understood but can be
further characterized using postnatal echocardiography and hemodynamic
assessments.
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12.8 Down Syndrome
Infants with Down syndrome have an increased susceptibility to
developing pulmonary hypertension in the early neonatal period. This places
them at significant risk for admission to the intensive care unit, with higher rates
of ECMO support and mortality than other infants (Southgate et al., 2001, Joffre
et al., 2016). The incidence of pulmonary hypertension is likely under recognized
in previous studies. In addition to this, the impact of pulmonary hypertension in
this population on right and left ventricular function has not been adequately
assessed in the newborn population.
Our research has advanced the understanding of right and left ventricular
function in infants with Down syndrome without CHD. We performed serial
echocardiograms on a cohort of infants with Down syndrome over the first week
of age and compared them with healthy controls. We demonstrated that
pulmonary pressures are universally elevated in this patient population,
compared to healthy controls over the first week of age. Left and right ventricular
dimensions are both altered with a smaller left ventricle and an exaggerated right
ventricular dominance in the Down syndrome group following birth. RV function is
impaired throughout the transitional period with a reduction in RV strain and strain
rate, in addition to RV fractional area change. Although longitudinal LV function
appears intact in the Down syndrome population, LV rotational mechanisms
appear to be adversely affected in this group.
Further characterization of RV and LV function is essential in this condition
to guide therapeutic interventions, monitor treatment response and predict
important outcomes.
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12.9 Incidental Findings in Neonatal Echocardiography
During the course of our research, we encountered many incidental
findings on echocardiography. The majority of these were in the preterm
population, as they are often the sickest cohort of patients, requiring invasive
procedures such as umbilical venous catheterisation. Echocardiography has
been utilised since the 1980’s to examine umbilical vascular catheter position but
is not used in routine practice (George et al., 1982, Oppenheimer et al., 1982).
Incidental findings are of clinical significance as complications from a malpositioned line, or unsuspected adverse haemodynamic findings may be
detrimental to the patient’s health. We performed a retrospective review of all day
one research echocardiograms on our preterm population.
We discovered a high rate of patients with asymptomatic pathology during
research echocardiograms. Forty three (30%) infants had a total of 54
unexpected findings. These included: malpositioned UVCs and their associated
complications (liver haematomas, intracardiac thrombus), congenital heart
disease, severe PPHN and pericardial effusions. As opposed to the traditional
radiological screening for line placement, echocardiography allows real time
visualisation of the UVC tip. Other studies have revealed sub-optimal tip position
on echocardiography despite optimal position on chest radiography (Ades et al.,
2003, Pulickal et al., 2013). Interestingly for UVCs that were inserted too far, the
majority were situated in the left rather than right atrium. In addition, the detection
rate for congenital cardiac anomalies and pulmonary hypertension was
significantly high. Of note, the presence of unexpected findings on
echocardiography was independently associated with a combined outcome of
chronic lung disease or death. This study raises the question regarding the
routine use of echocardiography as a screening tool in these patients.
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12.10 Promising Areas for Research
Functional echocardiography provides the clinician with accurate, real time
feedback on a patient’s cardiovascular status. In addition to the aforementioned
novel, non-invasive measures of LV and RV function which have been discussed
in detail throughout this thesis, there are other promising echocardiography
modalities that have recently been explored in the neonatal population, but
warrant further study.
A new modality of functional echocardiography is three-dimensional (3D)
speckle tracking echocardiography. Three-D imaging and strain software are
used to assess myocardial tissue deformation, including speckle tracking and
rotational mechanics. Both longitudinal and circumferential shortening measured
with these techniques correlate well with cardiac MR (Kaku et al., 2014).
Reference values of normal 3D LV strain and torsion are now available. Recent
studies on 3D echocardiography have also shown that age-related differences
may reflect myocardial maturation (Kaku et al., 2014).
Three-D echocardiography derived RV volume and ejection fraction (EF)
is another new modality that has been utilized to assess global RV myocardial
function. It also demonstrates a good correlates with cardiac MR. The RV outflow
tract contribution to overall function is incorporated (van der Zwaan et al., 2011).
RV EF provides an “integrated view of the interaction between RV contractility
and load” (James et al., 2014b). RV EF has been used in neonates after cardiac
surgery and can be of benefit in this cohort. Three-D EF is dependent on loading
conditions and septal wall motion, which may be influenced by a high pulmonary
pressure circulation (Lang et al., 2015a, James et al., 2016a). The use of this
method in the neonatal population is being explored. Ongoing research to better
characterise myocardial performance and haemodynamic changes in our
patients must be encouraged if we are to better optimise patient care.
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12.11 Future Implications of our Research
Our research has provided extensive data on reference values in preterm
and term infants, in areas of tissue Doppler velocity, speckle tracking
echocardiography and rotational mechanics. It has improved our understanding
of the response of both the left and right ventricle to pathological processes
including: chronic lung disease, patent ductus arteriosus, hypoxic ischemic
encephalopathy; twin to twin transfusion syndrome and in infants with Down
syndrome. We have also provided advances in knowledge on the use of noninvasive cardiac output monitoring and near-infrared spectroscopy in patients
treated with therapeutic hypothermia.
In addition to providing the groundwork for a large multi-centred,
prospective study in infants with Down syndrome, the findings from our research
have provided important data to assess myocardial performance in response to
medication administration. The reference data and our improved understanding
of myocardial performance, has translated in to the application of precise,
objective functional echocardiographic measurements in important clinical trials.
Our functional protocol is being implemented in two clinical trials which are
currently underway in the Rotunda Hospital.
1.) A Randomised Controlled Trial of Targeted Patent Ductus Arteriosus
Treatment Using a Risk Based Severity Score. This study explores the impact of
early treatment of haemodynamically significant patent ductus arteriosus with
ibuprofen versus placebo.
2.) The Use of Milrinone in Neonates with Persistent Pulmonary Hypertension
of the Newborn: A Randomised Controlled Trial Pilot Study. This study assesses
the impact of milrinone in patients with severe pulmonary hypertension, following
the commencement of nitric oxide.
In addition to assessing important clinical outcomes, the use of detailed
echocardiographic assessment will allow us to review the impact of these
medications on cardiac function and help us to understand the mechanism of
effect. This may aid us in our patient selection and may also allow us to provide
an early assessment of response to treatment. The incorporation of functional
echocardiography into clinical trials would not be possible without the data
obtained from this thesis, previous work from our research group and from the
work of other experts in this area.
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