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SUMMARY OF THESI

Neonatal myocardial dysfunction may impact negatively on survival outcomes
in preterm and term infants. Early identification and subsequent intervention may
improve outcomes in preterm infants and term infants following a hypoxic ischaemic
injury. Current echocardiographic measures for assessing Left Ventricular systolic and
diastolic function have limitations in preterm infants. Newer techniques such as tissue
Doppler Imaging (TDI) and Speckle Tracking Imaging (STI) provide a global assessment
of myocardial systolic and diastolic function and have been introduced in adult
cardiology. However there is a paucity of data on these modalities in children and
neonates. Cardiac biomarkers, Troponin T and NT pro BNP reflect myocardial
dysfunction and are elevated in preterm infant with a Patent Ductus Arteriosus and in

term infants with neonatal encephalopathy.

Sixty healthy term control infants were recruited who underwent
echocardiography on Day 2-4 of life. Normal data for Left and Right ventricular
diastolic velocities were obtained using Tissue Doppler Imaging. A further 20 healthy
term infants underwent echocardiography for longitudinal strain analysis using

Speckle Tracking Imaging.

Infants < 32 weeks or < 1500kg underwent serial echocardiography to
compare measures of shortening and ejection fraction with Tissue Doppler velocities.
There was a significant increase in the RV systolic and diastolic velocities over the first
week of life. There was a significant increase in the LV diastolic velocities over the first
week of life. There was no significant increase in either LV shortening or ejection

fraction over the first week of life. Tissue Doppler velocities were significantly lower

XI



over the first week of life in infants who developed Chronic Lung Disease, Necrotising
Enterocolitis and in those infants who required surgical PDA ligation. Vitamin D levels
were low in preterm infants enrolled in the study, and Tissue Doppler systolic and
diastolic velocities were significantly lower in preterm infants compared to term

infants on Day one of life.

Our final part of the study was the validation of the Cobas h232 Point of Care
Analyser for analysis of Troponin T and NT pro BNP. We found that the Cobas h232

had correlation with the gold standard laboratory Roche 800 analyser

In conclusion serial echocardiography in the NICU may improve outcomes in
preterm infants by allowing early therapeutic intervention. Analysis of Troponin T and
NT pro BNP at the bedside in conjunction with echocardiography may aid in the
diagnosis of myocardial dysfunction, more timely therapy and ultimately improve
survival and neurodevelopmental outcomes in preterm infant and in those with

Neonatal Encephalopathy.
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CHAPTER 1: SECTION 1

NEONATAL TRANSITIONAL CIRCULATION AND CARDIAC FUNCTION

1.1.1 Introduction

Newborn infants undergo a number of haemodynamic changes during the
fetal to neonatal transitional period which may have a global impact on myocardial
function. Preterm infants with a patent ductus arteriosus (PDA) and term infants
who have suffered a hypoxic ischaemic event may have poor cardiac function which
may have a negative impact on both morbidity and mortality. The usual measures
of assessment of systolic myocardial function are the echocardiographic measures
of ejection and shortening fraction. However newer modalities such as Tissue
Doppler (TDI) and Speckle Tracking Imaging (STI) exist which may provide a better
assessment of not only of systolic but also of diastolic myocardial function. Early
identification of myocardial dysfunction in both preterm infants with a PDA and
infants with neonatal encephalopathy may improve outcomes, allow intervention

and help to monitor treatment response.

1.1.2 Fetal Circulation

The fetal circulation differs from the neonatal circulation. In fetal life the
placenta is the site of gas exchange, following delivery this role is taken over by the
lungs. The fetal circulation has adapted to this by having ventricles which work in

parallel and not in series. The Right ventricle (RV) contributes approximately two-



thirds of the combined ventricular output which predominantly supplies the
placenta and shunts exist through the ductus arteriosus, foramen ovale and ductus.
venosus. (Figure 1.1.1) There is high pulmonary vascular resistance (PVR) and low
systemic vascular resistance (SVR) and equal pressures in the aorta and the
pulmonary artery due to the large patent ductus arteriosus (PDA) (Stopfkuchen

1987).

1.1.3 Circulatory Changes in the Perinatal Period

During the transition period from fetal to neonatal life, the neonate
undergoes a number of haemodynamic changes. The cessation of umbilical venous
return causes the preload to the RV to decrease and the ductus venosus to close.
The pulmonary vascular resistance and pulmonary artery pressure decrease, with a
resulting increase in pulmonary blood flow, leading to decreased RV pressure. The
removal of the low resistance placental circulation increases the SVR. There is
increased return of blood to the left atrium causing a rise in left atrial pressure
allowing closure of the patent foramen ovale (PFO).There is functional closure of
the PDA. The increase in SVR and the dramatic fall in PVR cause a reversal of blood
flow through the ductus arteriosus. This is turn contributes to an increase in
pulmonary blood flow and an increase in left ventricular preload. (Stopfkuchen

1987)



Puimonary trunk
Ductus arteriosus

Pulmonary veins

Superior vena
cava — v {
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Figure 1.1.1. Fetal Circulation. Oxygen rich blood from the placenta passes through
the umbilical veins across ducts venosus, to the inferior vena cava before entering
the right ventricle (black arrows). The ductus arteriosus diverts blood away from
the lungs to the descending aorta. Deoxygenated blood then returns to the
placenta via the umbilical arteries. ( source —adapted from —

http://medicaldictionary.thefreedictionary.com/fetal+circulation)



1.1.4 Myocardial Structure

Throughout the process of maturation there are changes in the underlying
structure and function of the myocyte, with an increase in size and number.
Myocytes in the myocardium are composed of individual striated muscle fibres.
Under the light microscope each fibre contains multiple cross-banded strands
(myofibrils) which run the length of the fibre and are composed of sacromeres,
which themselves are made up of a thick and thin myofilament. (Braunwald 1971)
These myofibrils are in a spiral/helical arrangement, which emerges throughout

several sequential embryonic stages.

1.1.5 Left Ventricular Development

In the early tubular heart the wall of the Left Ventricle (LV) develops two
layers of epithelial cells, the inner layers forms sheets of chords that develop
gradually into inner centripetally aligned trabeculae. Later there is proliferation and
compaction of the outer layers and the invasion of the coronary vessels into the
mantle of muscle fibres from the epicardial surface. In the final stage the
morphogenesis of transmural helical layers is complete, with the coronary vascular
tree as seen in the adult heart. The fibre direction is predominantly longitudinal in
the endocardial region, circumferential in the mid walls and longitudinal again over
the epicardial surface (Sengupta, et al 2007).

The size of the human heart increases from infancy to adolescence.
However the helically orientated myocardial fibre architecture, which creates LV
torsion, has been observed in human hearts from neonates to adults and is

independent of sex and age (Notomi, et al 2005).



The LV is described as ellipsoid in shape, with the long axis directed from the
apex to the base. The postereolateral wall is significantly thicker than the septum
with a gradual thinning of the LV observed towards the apical segments (Rankin, et
al 1976).

The contractile elements of the myocardium are embedded in the LV with
specific geometry and elastic properties. By the initial force development of the
contractile elements, the ventricle can increase its internal pressure up to a point
that this is high enough to open the aortic valve. From then on the shortening of
the contractile elements decrease the cavity size so that its internal blood is ejected

(Bijnens, et al 2009).

1.1.6 Physiology of Rotational Movement

Leonardo Da Vinci was among the first to observe that during the cardiac
cycle the mammalian heart rotates (Burns, et al 2008a). The helical orientation of
myocardial fibres of the LV wall provides an equal distribution of regional stress and
strain. However their complex geometry mandates that systolic mechanics occur in
circumferential, radial and longitudinal directions (Greenbaum, et a/ 1981)
(Vendelin, et al 2002). As understanding of the architecture of the heart has
improved, it is apparent that torsion or the twisting motion which results from the
rotation of the apex and base of heart in different directions is integral to normal

cardiac function (Burns, et al 2008b). (Figure 1.1.5)



Figure 1.1.5 : a) Showing the helical arrangement of myocardial fibres from the

apical view. B) Clockwise and counter clockwise arrangement of the helical fibres

(red arrows). Adapted from (http://jtcs.ctsnetjournals.org/cgi/c)



In the evaluation of systolic cardiac function, the intrinsic properties of the
fibres and myocytes are important. This determines the effect of chronic conditions
on the myocardium. The interaction between force and deformation are vital in

understanding how the myocardium functions (Bijnens, et al 2009).

1.1.6a Myocardial Force Development

The force of contraction depends on initial muscle length (Braunwald 1971).
The relationship between initial muscle length and the developed force is important
for the function of heart muscle. This forms the basis of the Frank-Starling Law
which states that ‘the energy of contraction, however measured, is a function of
the length of the muscle fibres, prior to contraction (Sarnoff and Berglund
1954).The contractile activity of the myocardium may be readily altered under
differing loading conditions by changing the resting fibre length and by changesin
contractility, both of which shift the myocardial velocity curve.

Several parameters of myocardial mechanics can be described. Rotation
which is defined as the angular displacement of a myocardial segment in short axis
view around the LV longitudinal axis measured in a single plane and is measure in
degrees (Blessberger and Binder, 2010).Twist/torsion which is the net difference
between apical and basal rotation (calculated from two short axis cross-sectional
planes of the LV - degrees) (Notomi, et al 2005). Torsional gradient which is defined
as twist/torsion normalised to ventricular length from base to apex and accounts
for the fact that a longer ventricle has a larger twist angle (degrees/cm)

(Blessberger and Binder, 2010).



1.1.6b Myocardial Deformation

Strain is defined as a dimensionless quantity of myocardial deformation and
measures the magnitude of myocardial fibre contraction and relaxation
(Pavlopoulos and Nihoyannopoulos 2008). Langrangian strain (given the Greek
letter Epsilon (€)) is mathematically defined as the change of myocardial fibre
length during stress at end systole compared to its original length in a relaxed state
at end diastole and is expressed as percentage (%). In more simple terms is it a
measure of tissue deformation (Marwick 2006). Strain rate (the temporal derivative
of strain) is the change of strain per unit time. Negative strain indicates fibre
shortening or myocardial thinning in the longitudinal or circumferential plane
whereas a positive value describes lengthening or thickening in the radial plane

(Marwick 2006) (Pavlopoulos and Nihoyannopoulos 2008).



CHAPTER 1 SECTION i

PRETERM TRANSITIONAL CIRCULATION AND CARDIAC FUNCTION

1.2.1 Circulatory Changes in the Preterm Infant

The normal haemodynamic changes described above which occur during the
first 48 hours of transition from fetal to neonatal life differ in preterm infants who
are less than 32 weeks gestation. The patent ductus arteriosus (PDA) differs from
that in the term infant (>37 weeks gestation) in that it may close, remain patent or
close and then reopen. The PDA allows left to right sided shunting of blood. The
patent foramen ovale (PFO) which also may remain open allows shunting at the
atrial level from left to right. The presence of either shunt may allow increased
pulmonary blood flow, ultimately leading to a reduction in systemic blood flow and
increased LV Preload. The presence of the PDA essentially allows shunting between
the systemic and pulmonary circulation, which is defined as ductal steal. This results
in systemic hypoperfusion and pulmonary overcirculation putting preterm infants
at risk for complications such as pulmonary haemorrhage (Kluckow and Evans

2000).



1.2.2 Systemic Effects of the Patent Ductus Arteriosus

The presence of a left-right shunt across a PDA may have an effect on
systemic perfusion and organ flow, in which instance it is referred to as an
haemodynamically significant ductus arteriosus (hsPDA).Therefore it is the effect of
the transductal shunt and the ability of the preterm myocardium to adapt that may
have an impact on various organ systems and not just the presence of a PDA itself
(Sehgal and McNamara 2009). Ductal steal means that blood is shunted from the
systemic circulation to the pulmonary circulation, resulting in systemic
hypoperfusion and pulmonary overcirculation. This process may contribute to
Necrotising Enterocolitis (NEC), pulmonary haemorrhage and intraventricular

haemorrhage (IVH) (Clyman 2006).

1.2.3 Preterm Myocardial Structure

Preterm infants have immature myocytes and decreased ventricular mass
compared to term infants which may impact on global myocardial function. In fetal
life the myocardium has fewer sacromeres per unit mass and different isoforms of
contractile proteins (Nadal-Ginard and Mahdavi 1989).The myofibre architecture of
the RV and LV is likely to change throughout gestation, with the RV contributing
more to combined ventricular function that the left during fetal life (Kiserud and
Acharya 2004).Throughout the first weeks of life ventricular muscle mass grows and
thereafter remains constant throughout childhood (Kozak-Barany, et a/ 2001).
Echocardiography has been used to determine the geometry of the LV in the
preterm infant and as they grow, the LV mass increases and assumes a circular

cross-sectional shape (Lee, et al 1992).
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1.2.4 Myocardial Performance in the Preterm Infant

Ventricular performance and cardiac output is determined by heart rate,
contractility, preload and afterload. Contractility is the intrinsic ability of the
myocardium itself to contract. Preload is the amount of blood present in the
ventricle at end diastole and may be affected by the diastolic compliance of the
ventricle. Afterload is the resistance against which the ventricle contracts and relies
on vascular resistance or other ventricular outflow tract obstructions (Kluckow

2005).

The preterm heart is less compliant and contractile than a term newborn or
adult heart. It therefore has limited ability to increase its stroke
volume(contractility, preload and afterload) by increasing the end diastolic filling
pressure and relies on its ability to increase heart rate to increase cardiac output
(Kiserud and Acharya 2004). The preterm heart has less adaptation to cope with

changes in preload and afterload.

1.2.5 Vitamin D Levels and Myocardial Function in the Preterm Infant.

Vitamin D deficiency has been linked to a number of chronic diseases
including cardiac failure and cardiomyopathy in the paediatric population (Gupta, et
al 2011).Case reports exist of infants presenting with cardiomyopathy and
subsequent cardiac failure caused by hypocalcaemia as a result of vitamin D
deficiency (Tomar, et al 2010). Agarwal et al reported low Vitamin D levels in up to
80% of very low birth weight infants (Agarwal, et al 2012 ). Preterm infants may be

at risk for poor cardiac function as a result of low vitamin D levels.
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CHAPTER 1 SECTION Iil

CARDIOVASCULAR FUNCTION IN INFANTS WITH NEONATAL

ENCEPHALOPATHY

1.3.1 Introduction

A hypoxic -ischaemic insult occurring around the time of birth may result in
an encephalopathic state characterised by the need for resuscitation at birth,
neurological depression, seizures and electroencephalographic abnormalities
(Azzopardi, et al 2008). Any interruption of the placental blood or oxygen supply
may cause multi organ dysfunction (Martin-Ancel, et al 1995) (Shah, et al 2004).
Cardiovascular dysfunction has been increasingly recognised in these infants as a
result of hypoxic ischaemic damage to the myocardium (Evans 2006) (Barberi, et al
1999) (Fatemi, et al 2009). Neonates with asphyxia have low cardiac output with
decreased myocardial contractility, systemic hypotension and pulmonary
hypertension (Evans, et al 1998). Cardiac abnormalities in asphyxiated neonates
may be often under diagnosed due to the difficulty in accessing urgent and serial

echocardiography in many neonatal centres.

1.3.2 Pathogenesis of Myocardial Hypoxic Injury
Oxygen homeostasis is critical for survival and function of all cells andin
particular the myocardium (Calbet, et a/ 2009). Hypoxia is characterised by

inadequate oxygen delivery to the myocardium and elicits both indirect and direct
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effects on the heart which are mediated by neurohormonal mechanisms (Abdel, et
al 2009). In the acute or chronic situation it is likely that a reduction in

arterial blood oxygen partial pressure is responsible for the mismatch between
oxygen supply and delivery and this in turn may result in a reduction in myocardial

contractility (Calbet, et al 2009).

At the cellular level anoxia ablates adenosine triphosphatase synthesis
leading to cell death by induction of apoptosis (Asano, et al 2003). Mammalian cells
respond to hypoxia by activating transcription factors and hypoxia-inducible factors
which bind to hypoxia responsive elements and consensus sequences in the
promoter region of more than 100 genes. The transcription of these genes allows

the cell to adapt to and survive the hypoxic environment (Calbet, et al 2009).

Although hypoxia is thought to exhibit a negative effect on myocardial
contractility, several neural and humoral changes act conjointly to increase
myocardial contractility in hypoxia. The increase in sympathetic activity and the
release of apelin has a potent positive inotropic effect mediated in part by
enhanced myofilament sensitivity to calcium which increases contractility. In
contrast adenosine produced from the cardiac myocyte and endothelium in
response to the hypoxic injury reduces the contractile responsiveness of the
myocardium to adrenergic stimulation. However the production of nitric oxide may
reduce or increase contractility depending on the micro-environmental

circumstances (Calbet, et a/ 2009).
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Antenatally , even in infants with non-acidemia related neurological
impairments, 74% had intrapartum non-reassuring fetal heart rate patterns
(Kodama, et al 2009). This is also mirrored in the persistent bradycardia often seen
in infants with neonatal encephalopathy. However changes in baseline heart rate
variability was found to be insensitive for detecting seizures in asphyxiated
neonates (Leutmezer, et al 2003) but diminished heart rate variability may be a
poor prognostic sign (Cherian, et al 2006).

Martin-Ancel et al found cardiac involvement in 29% of neonates with birth
asphyxia (n= 72). Electrocardiogram (ECG) changes consistent with myocardial
ischaemia were found in 19% and 21% had a transient systolic murmur (Martin-
Ancel, et al 1995). Barberi et al graded ECG changes in asphyxiated newborns from
1-4 based on T, ST and Q wave measurements taken from a standard 12 lead ECG
(Jedeikin, et al 1983). Infants with the most severe hypoxic damage had grade 3 -4
ECG changes (Barberi, et al 1999). Similarly Kanik et al found that 38% of perinatally
asphyxiated neonates had ECG changes consistent with myocardial ischaemia
(Kanik, et al 2009). Normally the pulmonary vasculature relaxes after birth.
However hypoxia prevents this normal physiological process resulting in increased
pulmonary versus systemic vascular resistance and causes deoxygenated blood to
be shunted to the systemic vasculature (Dakshinamurti 2005). Persistent pulmonary
hypertension of the newborn (PPHN) precipitated by hypoxia is characterised by
impairment of nitric oxide synthase, and is treated with exogenous inhaled Nitric

Oxide therapy (Davidson, et al 1998).
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1.3.3 Consequences of Hypothermia on Cardiac Function

Therapeutic hypothermia is now standard practice as a neuroprotective
therapy following perinatal asphyxia, for infants who meet the inclusion criteria
(Gebauer, et al 2006) (Battin, et al 2009) (Thoresen and Whitelaw 2000) (Jacobs, et
al 2007).

Cardiovascular side effects have been noted in these infants with sinus
bradycardia and hypotension with an increased need for inotropic support during
the hypothermia therapy (Jacobs, et al 2007). During mild hypothermia cardiac
output is reduced to approximately 67% of the post hypothermic level with a
concurrent decrease in heart rate and stroke volume. (Gebauer, et a/ 2006) (Battin,
et al 2009). Meta analysis of six clinical trials of hypothermia did not demonstrate a
significant effect of hypothermia on cardiac arrhythmia requiring medical treatment
(Jacobs, et al 2007). However no study has specifically looked at LF/RV function

using echocardiography in patients undergoing therapeutic hypothermia.

1.3.4 Novel therapies for Cardiovascular dysfunction secondary to hypoxia
ischaemia Acute myocardial infarction (MI) in adults leads to cardiac
remodelling, which includes thinning of the infarct wall, and cardiac dilatation. At
the cellular level this is associated with apoptosis, necrosis of cardiac myocytes,
hypertrophy, fibrosis and infiltration of inflammatory cells (Singla 2009). A similar

process may occur following ischaemia secondary to hypoxic injury in newborns.
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No single treatment to date allows complete regeneration of the injured
myocytes whose abnormal state may ultimately lead to cardiac failure. However
stem cell research is under investigation to treat heart failure due to myocardial
hypoxic injury (Singla 2009).

A stem cell is clonogenic, self-renewing and multipotent. In response to
intercellular signalling or environmental stimuli they can regenerate into cells
derived from any of the three primary germ layers, ectoderm, endoderm and
mesoderm. A cardiac progenitor cell can differentiate into any of the cardiac cell
lineages, including endothelial cells and cardiomyocytes (Kaushal, et al 2009).

In animal models embryonic and adult cardiac stem cells have been transplanted
and demonstrated successful engraftment and differentiation into tissue specific
cell types. Transplanted mouse embryonic stem cells in the infarcted heart also
show significantly improved cardiac function up to three months following
transplantation (Behfar, et al 2007). Similar results were noted in an engrafted
sheep heart, suggesting that embryonic stem cells have the potential to engraft into
cardiac myocytes in small and large animal models (Kaushal, et al 2009).

Transplantation of bone marrow mononuclear cells in adults following acute
myocardial infarction, increased myocardial contractility (Dimmeler and Zeiher
2009). in adult studies the published data demonstrates that intracoronary
infusions of autologous bone marrow progenitor cells (BMC) is safe and feasible in
patients with acute myocardial infarction with improvement in global left
ventricular ejection fraction by up to 9% (Fernandez-Aviles, et al 2004) (Wollert, et
al 2004). The REPAIR-AMI ( Intracoronary bone marrow derived progenitor cells in

acute myocardial infarction) trial used BMC in adult patients following acute
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myocardial infarction and demonstrated a significant improvement of global and
regional ejection fraction in the BMC group (+5.5%) compared to placebo (+3%)
during 4 months of follow-up (Schachinger, et al 2006) (Losordo, et al 2007)
(Dimmeler and Zeiher 2009).In children with congenital heart disease cardiac failure
is a cause of considerable morbidity. Prat Vidal et al found that human umbilical
cord blood stem cells (Human UCBSCs) may represent an alternative source of stem
cells for myocardial-cell replacement (Prat-Vidal, et a/ 2007). HUCBSC were injected
into a neonatal ovine heart and detected in the myocardium up to six weeks after
transplantation following pulmonary artery banding, transplantation was
accompanied by right ventricular functional improvement (Davies, et a/ 2010).
Apparent neonatal myocardial recovery following severe hypoxia-ischaemia
may be related to the large number of HUCBSC naturally present. This is currently
being evaluated in phase /1l clinical trials for the treatment of children with
traumatic brain injury and cerebral palsy (Pimentel-Coelho and Mendez-Otero
2010). However there is a paucity of studies on long term cardiovascular function in
infants with neonatal encephalopathy. Therefore future advance in stem cell

therapy and evaluation of long term cardiac outcomes are required. (Figure 1.3.4)
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Figure 1.3.4. Mechanism of HUSBC infusion into murine heart, with evidence of

improvement of myocardial function as represented by black to red colour change
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CHAPTER 1 SECTION IV

2-DIMENSIONAL ECHOCARDIOGRAPHIC ASSESSMENT OF

VENTRICULAR FUNCTION

1.4.1 Introduction

Echocardiography is a painless, non invasive modality, first introduced by
Edler and Hertz in 1954 (Edler and Hertz 2004). Echocardiography is now the
standard tool used to assess myocardial function. This is vital for the clinical
evaluation of cardiovascular disease, both congenital and acquired (Nesbitt, et af
2009).As well as providing information about structural cardiac abnormalities it

provides information about global myocardial function.

1.4.2 Assessment of Systolic Function

Subjective qualitative assessment of LV systolic function is often used,
however it is prone to inter and intraobserver variability, therefore quantitative
measures are preferred (Hoffmann, et al 1996).The current measure for systolic
assessment of the LV is the M mode measure of shortening (SF) and ejection
fraction (EF). These measures are based on the assessment of the LV dimensions or
size (Greenbaum and Gibson 1981).(Figure 1.4.2) These measures provide
information on radial myocardial performance, but neglect the contribution of

longitudinal contraction and deformation (Nesbitt, et al 2009). Systolic function is
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determined by preload, afterload, heart rate and myocardial contractility. Using 2 D
echocardiography measurements shortening fraction reflects contractility but does
not account for preload and afterload. Wall stress analysis provides an assessment

of preload, afterload and contractility (Tabbutt 2001). (Figure 1.4.2)

1.4.3 Assessment of Systolic Function in Preterm Infants

Assessment of systolic LV function in the preterm infant using M mode
measures of SF and EF has a number of limitations. Firstly there may be flattening
of the septal wall or paradoxical motion of the ventricular septum due to the
interaction between the relatively high pressure RV and the LV. Poor imaging
windows may also exist as a result of lung interference from preterm infants who
are on continuous positive airways pressure (CPAP) ventilation (Mertens, et al
2011). Changes in SF and EF are also likely in preterm infants who have changes in
preload and afterload. This is particularly important in preterm infants pre and post
PDA closure, as the removal of the left-to-right shunt reduces preload, and removal
of the low resistance pulmonary circulation increases mean arterial pressure and LV

afterload (McNamara, et al 2010).
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Figure 1.4.2. M mode of Left ventricle. A) Parasternal long axis view through the left
ventricle. B) M mode of left Ventricle. RV —right ventricle, LV — left ventricle,
LVEDD - arrow pointing to the left ventricular end diastolic dimension, LVESD —

arrow pointing to the left ventricular end systolic dimension.
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1.4.4 Assessment of Systolic Function in Neonatal Encephalopathy

Traditionally left ventricular systolic function is evaluated using M Mode to
measure ejection (EF) and shortening fraction (SF) (Kadivar, et al 2008) (Lopez, et al
2010). Barberi et al found that SF decreased in severely versus mildly asphyxiated
newborns (Barberi, et al 1999). Wei et al also demonstrated lower EF and SF in
infants with severe asphyxia compared to those who were mildly asphyxiated and

controls (Wei, et al 2009).

1.4.5 Assessment of Diastolic Function

Signs of diastolic dysfunction may precede systolic dysfunction to evaluate
diastolic function. Diastolic function can be evaluated by a pulsed wave Doppler
measurement at the mitral inflow tract, from an apical four chamber view where
the A wave represents atrial contraction at the end of diastole and the E wave
represents blood flow across the mitral valve in early diastole (Lopez, et a/ 2010) (
Figure 1.4.5). The E:A ratio of early to late diastolic transmitral flow velocity can
then be calculated. Abnormalities of LV diastolic function are often subclinical and
are quantified by a decreased E:A ratio. Marbela et al studied LV diastolic
dysfunction in adult patients with chronic obstructive pulmonary disease (COPD).
Left ventricular diastolic dysfunction was present in patients with COPD (n=55) with
a decreased E:A ratio suggesting impairment of LV filling (Malerba, et a/ 2011).
Abnormalities of diastolic function in children and infants are usually non specific

and have been correlated with prognosis.
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E wave

Figure 1.4.5. Doppler E:A Ratio Measurement of Normal Left ventricular diastolic
function. A) Apical 4 chamber view with arrow pointing to mitral valve. B) Doppler
trace across mitral valve. E wave — arrow pointing to E wave demonstrating blood
flow across the mitral valve in early diastole. A wave - arrow pointing to A wave
demonstrating blood flow across the mitral valve in late diastole. The ratio E:A is

calculated by dividing the E wave measurement by the A wave measurement.

23



1.4.6 Assessment of Diastolic Function in Healthy Normal Term Infants

In term infants in the first week of life, there is a change from the fetal filling
type with more dependence on filling during the atrial contraction (A wave), toward

a more mature pattern with a higher early filling pattern (E wave)

1.4.7 Assessment of Diastolic Function in Preterm Infants

To date diastolic function has been difficult to measure in preterm infants
with the majority of research focusing on mitral inflow patterns or the E: A ratio. In
preterm infants this results in a pronounced increase in the E wave (Harada, et al
1994).(Figure 1.4.6). This method can be influenced by preload as in patients with a
PDA, and sensitive to changes in heart rate which may limit its usefulness in this

population (Stoddard, et al 1989)

1.4.8 Assessment of Diastolic Function in Neonatal Encephalopathy

Infants who suffer asphyxia have decreased LV systolic function and may
therefore have decreased diastolic function. Limited data exists for this group and
current Doppler measures of diastolic function i.e. mitral E: A ratio may not detect
subtle changes in diastolic function. Ichihashi et al studied a small cohort of
neonates with mild asphyxia finding no difference between the mitral E:A ratio in

infants with mild asphyxia (n=20) compared to patients with no asphyxia (ilchihashi,
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et al 2005). Matter et al found no significant difference between mitral E:A ratio in
infants with severe asphyxia versus healthy controls (1.22 versus 1.26) (Matter, et

al 2010).
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Figure 1.4.6. Doppler measurement of Left ventricular diastolic function in preterm

Infant .

A) Apical 4 chamber view, arrow pointing to mitral valve. B) Doppler flow across the
mitral valve. E wave — arrow pointing to the pronounced E wave of early diastole, A
wave, arrow pointing to the more pronounced A wave of late diastole. The E:A ratio

is calculated by dividing the value obtained for the E wave by that of the A wave.
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1.4.9 Conclusion

Newer echocardiographic measures are evolving in order to overcome
deficiencies in standard estimates of . LV torsion is now thought to be a sensitive
indicator of not only systolic but also diastolic performance. Speckle Tracking
Imaging (STI) and Tissue Doppler Imaging (TDI) are novel techniques which allow
assessment of regional ventricular function based on myocardial motion and

deformation.
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CHAPTER 1 SECTION V

TISSUE DOPPLER IMAGING

1.5.1 Introduction

Christian Andreas Doppler discovered the Doppler effect over one and a half
centuries ago. However it was 100 years later before it was utilised in medical
ultrasound procedures (Pavlopoulos and Nihoyannopoulos 2008). Doppler
techniques are based on the frequency shift of the ultrasound waves when
reflected from a moving target and were first described as a useful measure of
blood flow (Kostis, et al 1972). Detection and quantification of blood flow velocity is
based on the scattered echo from red blood cells. The colour Doppler blood
algorithm is set to detect the high velocity/low amplitude of blood. Myocardium on
the other hand is a low velocity/high amplitude structure. TDI uses Doppler to
detect the low frequency, high amplitude signals of myocardial tissue motion, thus
providing information on the velocity of the tissue as well as systolic and diastolic
function (Van de Veire, et al 2008). TDI has been in widespread use since the latter
half of the century. The introduction of colour coded tissue velocity imaging in the
1990s has allowed measurement of displacement, strain and strain rate (McDicken,

et al 1992),
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1.5.2 TDI Measurements

TDI can be performed in either pulsed wave or colour modes. Pulsed wave
TDI is used to measure peak myocardial velocities from the apical 4 chamber view
where long axis ventricular motion is parallel to the ultrasound beam. Pulsed wave
measurements can be taken at the mitral and tricuspid annuli and the ventricular
septum. The cardiac cycle is then represented by 3 wave forms, §’, which is the
early systolic myocardial velocity, E’, which is the early diastolic myocardial velocity
and and A’, which is the late diastolic myocardial velocity (Ho and Solomon 2006).(
Figure 1.5.2). TDI allows measurement of systolic and diastolic velocities in a single
waveform. Systolic and diastolic velocities have been shown to be accurate and
reproducible in adult patients (Garcia, et al 2006).In adult patients with chronic
heart failure TDI measurement S’ velocities were more useful at identifying

myocardial dysfunction than ejection fraction (Garcia, et al 2006).

1.5.3 TDI in Healthy Normal Term Infants

TDI has been successfully used to measure myocardial velocities in preterm
and term infants. Mori et al measured myocardial velocities in term infants over the
first week of life in an aim to establish normal values (n=130). They concluded that
right sided myocardial velocities were higher than left, and the early diastolic
velocities of both the mitral and intraventricular septum increased over the first
few days following birth, most likely as a result of improved diastolic function of the

left ventricle (Mori, et al 2004).
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Figure 1.5.2. Tissue Doppler Imaging of the Right Ventricle in Term Infant. A) Apical

4 chamber view . Arrow pointing to Tricuspid valve annulus. Pulsed wave Doppler
box at the Right ventricular wall. B) Tissue Doppler trace at the right ventricular
wall. S’ - arrow pointing to the S wave demonstrating early systolic velocity
measurement, E’ arrow pointing to the E wave of early diastolic velocity

measurement, A’ arrow pointing to A wave of late diastolic velocity measurement
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1.5.4 TDIl in Preterm Infants

As TDI is less preload and afterload dependent than pulsed wave Doppler, it
may be useful in the study of systolic and diastolic myocardial function in preterm
infants. Negrine & Ciccone et al have studied TDI in preterm infants and have found
higher right sided ventricular velocities than left( n=20 & n=20). Both systolic and
diastolic myocardial velocities increase with gestational age (Negrine, et al 2012)

(Ciccone, et al 2011).

1.5.5 TDI in Neonatal Encephalopathy

Tissue Doppler imaging (TDI) is evolving as a technique to allow
measurement of myocardial contraction and relaxation velocity from the
myocardium and could allow recognition of myocardial dysfunction related to
hypoxic injury (Negrine, et al 2012) (Mori, et al 2004). Wei et al used tissue Doppler
imaging to serially evaluate left ventricular systolic function in newborns with mild
to severe asphyxia (n=31). The peak systolic velocity of the anterior mitral valve
leaflet (S’ wave) was measured with TDI. The LVEF and SF of the severe asphyxia
group were significantly lower than in the mild and control groups. The S’ wave of
the asphyxia group was significantly lower than that of control group (p < 0.001).
(See figure 1.5.2 for demonstration of S” wave). In the severe asphyxia group, the &’
wave at 24 h was significantly lower than that at 48 or 72 h (P < 0.001). The findings
of this study suggest that S’ by TDI is a more sensitive indicator of left ventricular
systolic function than left ventricular ejection or SF measured by M-mode

echocardiography (Wei, et al 2009).
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1.5.6 Pitfalls of TDI

TDI in clinical practice has a number of pitfalls such as the angle of
insonation, signal noise and measurement variability which may limit its use. If the
angle between the velocity direction and the ultrasound beam is > 20 degrees, the
real velocity is underestimated. Since correct alignment is not always possible, TDI

derived measures lose validity at the apical segments (Storaa, et al 2003)
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CHAPTER 1 SECTION VI

SPECKLE TRACKING IMAGING

1.6.1 Introduction

Speckle tracking echocardiography is a novel technique which allows offline
calculation of myocardial velocities, specifically strain and strain rate (Blessberger
and Binder 2010) (Teske, et al 2007). Strain as previously described is the
dimensionless quantity of myocardial deformation and measures the magnitude of
myocardial fibre contraction and relaxation (Pavlopoulos and Nihoyannopoulos
2008). Strain rate (the temporal derivative of strain) is the change of strain per unit
time. Negative strain indicates fibre shortening or myocardial thinning in the
longitudinal or circumferential plane whereas a positive value describes
lengthening or thickening in the radial plane (Pavlopoulos and Nihoyannopoulos

2008) (Marwick 2006).

The principle of measuring myocardial velocities based on tissue tracking
was first introduced by Reisner and Leitman in 2004 and relies on acquisition of a
pattern of grey speckles on the echo ultrasound image (Leitman, et a/ 2004)
(Reisner, et al 2004).The speckle artefacts in the echo image are generated at
random due to reflections, refraction and scattering of echo beams. This is referred
to as a speckle pattern, and characterises the underlying myocardial tissue. It is
assumed to be unique for each myocardial segment and in this unique way has
been compared to a human fingerprint (Blessberger and Binder 2010). These

speckles stay stable throughout the cardiac cycle and can be used as natural
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acoustic markers for tagging myocardial motion in the LV wall. STl is performed as
an offline analysis from digitally recorded and ECG triggered cine loops. Post
processing software defines a ‘kernel’ (cluster of speckles) and follows this kernel
from frame to frame. Detection of spatial movement of this kernel during the
cardiac cycle allows direct calculation of Langrangian strain (the expression of the
instantaneous deformation relative to the initial length) (D'Hooge, et al/ 2000).

Myocardial velocity is estimated from the shift of individual speckles divided
by the time between successive frames. Strain rate can also be calculated. In order
to commence analysis the endocardial borders must be accurately traced to define
the Region of Interest (ROI).This can be undertaken in both the apical four chamber
view and at in the parasternal short axis view at the papillary muscle level. The
apical 4 chamber view provides information on LV Longitudinal strain, wheras the
short axis view at the papillary muscle provides information on both LV
circumferential and radial strain.

The post processing analysis automatically divides the ventricle into six
equally distributed segments to generate values for each region for example at the
LV lateral and septal, basal, mid and apical regions. Data is then displayed in several

formats providing information on strain and strain rate. ( Figure 1.6.1).

34



. JMENTAL:

B

U0
®

TENTION | Values are averages over segments |
AS87 541

2550 2508
e Cl4

Figurel.6.1. Echocardiographic indices of Left Ventricular (LV) Longitudinal Strain.

A — Apical 4 chamber tracing of LV to derive longitudinal strain (%). EchoPAC
software calculates longitudinal strain by tracking acoustic kernels over the cardiac

cycle.

B &C - Longitudinal strain averaged over six standard segments to give time —

strain plots. Colour codes according to individual segment represented.
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1.6.2 Speckle Tracking Imaging in Adults

STI has been validated in both experimental and human studies with normal
values for LV systolic function established (Amundsen, et al 2006) (Helle-Valle, et al
2005). In clinical practice it has been used to assess the LV following acute or
chronic ischaemia, asynchrony and in different loading and inotropic conditions

(Edvardsen, et al 2006).

1.6.3 Speckle Tracking Imaging in Children

Traditional echocardiographic measures such as EF and SF used to evaluate
LV systolic function may not be applicable to children with complex congenital
cardiac malformations. These measures are based on LV dimensions and may not
be applicable to the ventricular arrangements in children with complex congenital
heart disease (CHD). Strain and strain rate imaging provide detailed assessment of
regional alterations in ventricular myocardial contraction. Normal values have been
established for young children (Ages 1-19 years) (Marcus, et a/ 2011). In clinical
practice the use of STI has been limited by lack of normative data. In preterm and
term infants no normative data exists to date, as STI may have limitations in infants

with higher heart rates.
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CHAPTER 1 SECTION VII

SERUM BIOMARKERS OF CARDIAC FUNCTION

1.7.1 Introduction

Cardiac biomarkers may be defined as biological analytes that are
detectable in the bloodstream at elevated levels during the continuum of
cardiovascular disease or in the immediate aftermath of myocardial damaged. They
should ideally be specific for cardiac tissue and absent from non-myocardial tissue
and need to be easily accessible to achieve high diagnostic sensitivity (McDonnell,
et al 2009). The gold standard for detecting myocardial necrosis has been an
elevated level of the cardiac-specific isoform of Creatine Kinase (CK-MB). In the last
decade newer cardiac markers such as Troponin T, | and C have been the
cornerstone laboratory medicine measurement of myocardial infarction in
suspected acute coronary syndrome (Goldmann, et al 2001). B-type natriuretic
peptide (BNP) and its inert metabolite N-terminal-pro BNP (NT pro BNP) are used

clinically in the context of heart failure (Wu, et a/ 2007).

1.7.2 Physiology of Troponin T

Troponin is an inhibitory protein complex forming part of the contractile
apparatus of all striated muscle, including the heart. It regulates the excitation
contraction coupling within the cardiac myocytes which are triggered by
intracellular calcium. Troponin T, | and C are subunits of the thin filament

associated troponin-tropomyosin complex which is involved in regulating muscle
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contraction. Their nomenclature refers to their physical properties, Troponin T
(Tropomyosin binding), Troponin C (calcium binding) and Troponin | (Inhibitory).
(Clark, et al 2004) (Figure 1.7.2). The majority of cardiac troponins are bound in the
contractile apparatus, however Troponin C and | are thought to be cardiac specific

and are released in response to myocardial ischaemia (Fromm 2007).

1.7.2a Troponin T in Clinical Practice

Since 2000 cardiac troponins have replaced the traditional CK MB as the
diagnostic marker for acute myocardial infarction as more sensitive for the
detection of myocardial injury (Alpert, et al 2000). Prolonged myocardial ischaemia
leads to myocardial cell death and release of Troponin T and | peaking within 4 — 12
hours after myocardial necrosis and reaching peak levels between 12-48 hours from
symptom onset (Fromm 2007). Cardiac Troponins have been noted to be increased
in patients with pulmonary embolism, renal insufficiency, and acute stroke (Fromm
2007). In adults the diagnostic and prognostic impact of elevated cardiac troponin
levels in patients with sepsis has been established. Both increased severity of sepsis
and poor short term prognosis are associated with increased Troponin levels (Spies,
et al 1998) (Maeder, et al 2006). However uncertainty remains as to whether
troponin release reflects irreversible myocardial damage or reversible myocardial

depression (Wu, et al 1999).

38



T Tl Tropomyosin c“'m“‘a' Movement of Tropomyosin

Actin

Low Calcium High Calcium

Figure 1.7.2. Schematic representation of the myofibrillar thin filament. In the
absence of calcium ion, tropomyosin blocks the myosin binding sites present on
actin. Calcium binding to ¢TnT induces conformational change in the troponin

complex exposing the myosin binding sites and facilitating muscle contraction.
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1.7.2b Troponin in Neonates

Troponin T is detected in the blood of healthy neonates. Clark et al have
found that concentrations of Troponin T are higher in neonates with respiratory
distress using a regression model (Clark, et a/ 2004). Abdel-Hady et al correlated
Troponin T with left and right ventricular Tei Index in septic term infants. They
found that non survivors had significantly higher serum cardiac troponin T
concentrations and left ventricular Tei index than survivors (Abdel-Hady, et al
2012). Fenton et al found increased Troponin | on admission in 57% of patients and
at 12 hrs in 46% of pediatric intensive care patients admitted with septic shock and
cardiovascular failure (Fenton, et al 2004). Admission Troponin | inversely
correlated with measures of ejection fraction and fractional shortening and is
directly proportional to wall stress. Patients who had increased admission Troponin
| had lower heart rate corrected mean velocity of circumferential fibre shortening
(preload and heart rate independent measure of left ventricular systolic function)
and higher wall stress (measure of afterload) compared with patients with normal
Troponin |. Admission Troponin | also correlated with mortality in children admitted

to the intensive care unit (Fenton, et al 2004).

1.7.2¢c Troponin T in Preterm Infants

Levels of Troponin T are higher in premature infants with respiratory
distress syndrome (RDS) and sick hypotensive infants requiring inotropic support

(Clark, et al 2004). Troponin T is also elevated in the presence of a PDA in preterm
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and falls following successful treatment (El-Khuffash, et al 2008a). El Khuffash et al
demonstrated the use of NTpBNP and Troponin as an adjunct to echocardiography
to predict poor neonatal outcome (grade IlI/IV intraventricular haemorrhage (IVH)
or death) in preterm infants with a PDA. They concluded that NTpBNP and Troponin
T may have a role in screening infants with a PDA and monitoring response to
treatment. Infants with severe IVH had a statistically significantly higher NTpBNP
level { 9209 pmol/I versus 1664 pmol/I p value <0.001) than those with mild IVH.
Troponin T levels were 2.3pg/l in those with severe IVH versus 0.19ug/! (p value <
0.001) in those mildly affected at 48 hours. They also correlated elevated Troponin
T levels with death before discharge and poor neurodevelopmental outcome at 2

years (El-Khuffash, et al 2011).

1.7.2d Troponin T in Neonatal Encephalopathy

Cardiac Troponin | and T are well established markers of myocardial
ischaemia and cardiac failure in adults and children (Goldmann, et a/ 2001) (Karras
and Kane 2001) (Fontes, et al 1999) (Alpert, et al 2000) (Hirsch, et al 1997). They
have also been linked to cardiovascular dysfunction in sepsis (Spies, et al 1998)
(Clark, et al 2001) (Maeder, et al 2006) (El-Khuffash, et al 2008). Troponin I levels in
have been studied in asphyxiated newborn piglets and Borke et al confirmed that
release of Troponin | was associated with myocardial damage (Borke, et al 2004).

Troponin T is a predictor of myocardial injury in asphyxiated neonates (Gunes, et a/
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2005) (Szymankiewicz, et al 2005) and Troponin | is elevated in asphyxiated

neonates (Trevisanuto, et al 2009).

1.7.2¢ Physiology of N Terminal Pro B-Type Natriuretic Peptide (NTproBNP)

Natriuretic peptides play an important role in the regulation of
cardiovascular homeostasis and fluid volume (Brueckmann, et al 2005). Atrial
natriuretic peptide (ANP) is secreted from the atria in response to increased left
and right atrial pressure and volume loads and brain natriuretic peptide (BNP) is
secreted from the ventricles in response to ventricular pressure and volume load
(Nir, et al 2009). B-type Natriuretic peptide is a 32 amino acid ring structure which
has its sequence present on chromosome 1. BNP causes diuresis, natriuresis and
venous vasodilation. The net effect of which reduces intravascular volume and
ventricular preload and afterload. Pro BNP is the inactive precursor and is cleaved
into BNP, the active component and N-terminal pro-BNP (NTproBNP), an inactive
byproduct. The half life of BNP is 20 minutes, whereas that of NTproBNP is 60

minutes making it more stable and useful clinically (El-Khuffash and Molloy 2007).

Good correlation has been shown between BNP and NTproBNP plasma
levels in adult studies, with both being elevated in patients with left ventricular
systolic and diastolic function, ischaemic heart disease and hypertrophic

cardiomyopathy (Mair, et al 2001).
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1.7.3a Clinical Use of BNP/ NTproBNP

BNP is linked to impaired left ventricular dysfunction in the critically ill adult
population, echocardiographically confirmed by decreased ejection fraction andis a
prognostic marker in those with congestive heart failure, ischaemic heart disease
and acute coronary syndromes (Maeder, et a/ 2006). Adult studies have shown
good correlation between BNP and NTproBNP (Mueller, et al 2005). In the largest
adult study of BNP levels in the emergency department Chen el al demonstrated
that adults with systemic inflammatory response syndrome(SIRS) or sepsis had a
significantly positive detection rate of BNP when compared to normal adult
controls(p <.01). An elevated BNP level was also an independent predictor or death

in septic patients (Chen and Li 2009).

1.7.3b NTproBNP in Neonates

Biomarkers such as BNP are well established markers of myocardial
ischaemia and cardiac failure in adults who have a structurally normal heart and in
children with underlying congenital or acquired heart disease (Koch and Singer
2003) (Spies, et al 1998). In children with congenital heart disease both BNP and
NTpBNP levels are elevated in keeping with a failing ventricle (Ohuchi, et al 2003).
Ozhan et al have found a positive correlation between plasma concentration of BNP
and the magnitude of the shunt in patients with an atrial or ventricular septal
defect as derived from Doppler Qp/Qs evaluation (n=35) (Ozhan, et al 2007). Nir et

al have reported normal ranges of NTproBNP in children (Nir, et a/ 2009).
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1.7.3c NTproBNP in Preterm Infants

Levels of NT pro BNP surge at birth and reach a plateau on day 3-4, following
which they fall, whereby they remain constant throughout infancy (Mir, et al 2006).
In preterm infants, Pro BNP and NT-pro BNP have been introduced as a screening
tool for the presence of a PDA and levels correlate well with echocardiographic
evidence of reductions in ductal size (El-Khuffash, et al 2007). Murine experimental
studies show that fetal ductal tissue shows a changing pattern in the expression of
natriuretic peptides receptors. Fetal tissue has a higher level of natriuretic peptide
receptors responsible for maintaining ductal patency and newborn ductal tissue has
a higher ratio of natriuretic peptide receptors responsible for ductal degradation
(Reynolds, et al 2004). Therefore BNP may have a role in maintaining ductal
patency after birth. El Khuffash et al demonstrated the use of NTproBNP and
Troponin as an adjunct to echocardiography to predict poor neonatal outcome
(grade 1I/IV IVH or death) in preterm infants with a PDA. In addition NTproBNP and
Troponin T may have a role in screening infants with a PDA and monitoring
response to treatment (El-Khuffash and Molloy 2009) (El-Khuffash, 2011). Normal
reference ranges for BNP and NTproBNP have been established but vary depending
on age of neonate and the testing kit used (El-Khuffash and Molloy 2009) (Koch and

Singer 2003).
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1.7.4 Point of Care Assessment of Troponin T/NTproBNP

In the acute clinical setting the immediate availability of results is essential
for therapeutic decision making. Point of care testing (POCT) is any test performed
outside of the hospital central laboratory, and its development allows investigations
to be carried out at the bed/cotside (Santrach and Burritt 1995). The majority of
POCT testing can be performed on small volumes of blood.

Blood glucose monitoring was the first point of care test and is still the most
widely used in the paediatric population. However bedside coagulation monitoring
and BNP assessment are now widely used in children with congenital heart disease.
Koch et al correlated POCT BNP testing and increasing levels of BNP with decreasing
LV SF, increasing left to right shunt volume, increasing right ventricular pressure
and mean pulmonary artery pressure (Koch, et a/ 2006). Advantages of POCT are a
decreased turnaround time for clinical sampling which optimises the decision
making process (Mor and Waisman 2000). Sampling is an important issue in the
Neonatal Intensive Care unit (NICU), POCT offers the need for small venous samples
therefore reducing the risk of iatrogenic anaemia (Hinds, et a/ 2007). Point of care
testing for BNP has been used in neonates to determine PDA size with higher levels
of BNP associated with larger PDA (Kalra, et al 2011). BNP levels were also used to
monitor response to PDA treatment with trend analysis suggesting a strong
association between PDA size and BNP level (Kalra, et a/ 2011). To date no study

has used POCT for Troponin T or NT pro BNP testing in infants.
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CHAPTER 1: SECTION Vil

1.8.1 Hypothesis:

Newer echocardiographic modalities in combination with biochemical markers to
measure neonatal cardiac function may guide therapy and predict neonatal outcome

in both term and preterm infants.

1. 8.2 Aims:

1 — To evaluate the use of Tissue Doppler Imaging in Preterm infants over the first

week of life and correlate findings with clinical outcomes.

2 — To establish the normal range of Tissue Doppler Imaging for Healthy Term

infants

3 — To determine the feasibility of Speckle Tracking Imaging in Healthy Term Infants

4 — To evaluate cardiac function in Infants with Neonatal Encephalopathy using

standard echocardiographic measures, serum Troponin T and Tissue Doppler

Imaging

5 — To validate Point of care Testing for Cardiac biomarkers — Troponin T and NT pro

BNP in neonates.
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CHAPTER 2

EXPERIMENTAL DESIGN AND METHODS

2.1 Ethical Approval
The study protocol was approved by the National Maternity Hospital’s Ethics
Committee. Patient information leaflets were given to each parent involved in the

study and written informed consent was obtained.

2.2, Patient Population

The National Maternity Hospital is a tertiary referral centre with
approximately 10 000 deliveries per year. Three different patient populations were
included in this study: Term controls, Preterm infants and infants with Neonatal
Encephalopathy. Infants with congenital abnormalities (including cardiac
malformations other than a PDA) were excluded from this study. The study period

was from July 2010 — July 2012.

2.2 a Term Control Infants

Term infants > 37 weeks gestation, with Apgars > 7 at five minutes and with
a normal neonatal course were eligible for inclusion. Following discussion with the
study statistician (TG) and evaluating previous observational studies, 60 term
control infants was considered an adequate sample size for the TDI analysis. On
review of the published literature for the observational study of longitudinal strain

in term infants it was felt that 30 term infants would be an adequate sample size.
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Delivery and clinical parameters recorded included:

1. Pregnancy Complications

2. Mode of delivery

3. Apgar Score at 1 & 5 minutes

4, Gestational Age

5. Birth weight

6. Length

7. Body surface area (BSA) (Haycock, et al 1978)

2.2 b. Preterm Infants: Preterm infants who were less than 15008 and/or <

32 weeks gestation were eligible for inclusion.

2. 2 b(i) Sample Size Calculation for Preterm Infants

The sample size was calculated for this study to have at least 80% power to
detect with a level of significance of 0.05 a change in proportion of 0.42.
As long as less than half of the surviving infants have abnormal cardiac function, it
can be concluded that there is an association between abnormal cardiac function

and survival. SPSS assistance was provided by the study statistician (TG) — CSTAR.
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2.2 b(ii) Antenatal History & Delivery details for Preterm Infants

Information regarding the antenatal course of the pregnancy and delivery

were recorded, specifically:

1.

10.

Antenatal steroid administration. We defined a complete course as
12.5mg Betamethasone given 12 hours apart.

Presence/absence of preeclampsia

Antepartum haemorrhage

Absent or reversed end diastolic flow in the umbilical artery.
Maternal Pyrexia

Prolonged Rupture of the Membranes > 18 hours

Mode of delivery

Apgar Score at 1 and 5 minute

Resuscitation requirement

Surfactant administration
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2.2 b (iii) Clinical Parameters for Preterm Infants

10.

11.

12.

13.

14.

15.

16.

Patient data were recorded at time of echocardiogram and included:

Gestational Age

Gender

Birth weight

Medication — including Antibiotics, Caffeine, Morphine, Inotropes,
Ibuprofen

Type of enteral feed

Vitamin D levels (in a subset of 10 patients)

At Time of Echocardiogram the following were recorded

Length

Heart Rate

Systolic Blood Pressure (Central arterial blood pressure was
recorded using arterial line if insitu, if not cuff measurement was
taken (mmHg)

Diastolic Blood Pressure

Mean Arterial Blood Pressure

Mode of Ventilation — SIMV, CPAP, BiPAP, NP O,

Oxygen Requirement

Clinical cardiac Examination

Total fluid volume (ml/kg/day)

Urine Output (ml/kg/hr)
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2.2 b (iv) Preterm Outcomes:

1. Neonatal death (within 28 days of delivery).
2. Intraventricular Haemorrhage (IVH)

This was defined and graded with the Papile classification (Papile, et
al 1978). The cranial ultrasound scans were performed on/within the first 24
hours of life, with a second scan repeated at 48 — 72 hours and again on day
7 of life by a consultant paediatric radiologist. We grouped the infants into
those who developed grades 0-1l (mild-moderate IVH) and those with grades
I/1V ( severe IVH).
3. Chronic Lung Disease (CLD)

This was defined as the need for oxygen supplementation at 36
weeks corrected gestational age (Bancalari and Claure 2006).
4. Necrotising Enterocolitis (NEC)

This was based on Bell’s criteria and graded from stage | - lil (Bell
1978).
5. Late onset Neonatal Sepsis (LOS)

This was defined as a positive blood culture at > 72 hours of age.
6. Retinopathy of Prematurity (ROP)

This was defined according to the International Classification of

Retinopathy of Prematurity. (Halliday 1984)
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2.2 c Infants with Neonatal Encephalopathy

Term infants admitted to the Neonatal Unit who had evidence of
Mild/Moderate/Severe Neonatal Encephalopathy were eligible for inclusion.
Following discussion with the study statistician (TG) and looking at previous studies
in this area a sample size of 35 - 40 was adequate. The patient group was defined
using the following criteria: (Huang, et a/ 1999)

1. Abnormal neurological signs such as hypotonia or
seizures in the immediate postnatal period, and or other
organ dysfunction (kidneys, liver, and at least 2 of the
following 3 criteria. Evidence or suspicion of hypoxic-
ischaemic injury based on a history of fetal distress

2. Need for resuscitation after birth

3. Base deficit of >15mmol/L or PH <7.2 from cord

blood or admission arterial sample.
2.2 ¢(i) Grading of Neonatal Encephalopathy
Neonatal Encephalopathy was graded as per Sarnat & Sarnat (Sarnat
and Sarnat 1976).
i) Mild encephalopathy (NE I): Mild encephalopathy: hyperalertness,
decreased spontaneous motor activity, activation of sympathetic functions
lasting less than 24 hours with a normal electroencephalogram (EEG).
ii) Moderate/Severe encephalopathy (NE 11/1ll): NE Stage II: generalised
muscular hypotonia, strong distal flexion, multifocal seizures and/or
pathological EEG. HIE Stage IIl: stuporous level of consciousness,

flaccid muscle tone, suppression of brain stem and autonomic
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functions, severely pathological EEG with a periodic pattern and

isopotential phases.

2.2 c(ii) Clinical Parameters for Term Infants with NE

1. Pregnancy Complications

2. Mode of delivery

3. Apgar score at 1 & 5 minutes

4, Resuscitation

5. Therapeutic Hypothermia

6. Gestational Age

7. Birth weight

8. Medication — antibiotics, morphine, inotropes,
9. Seizure onset

Variables recorded at Time of Echocardiogram
10. Heart rate
11. Systolic & Diastolic Blood Pressure
12. Mode of Ventilation — SIMV, CPAP,
13, Oxygen Requirement
14. Cardiac Examination
15. Total fluid volume (ml/kg/day)
16. Urine Output
17. Medication — antibiotics, morphine, inotropes

18. Seizure onset
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2.2 c(iii) Investigations in Infants with Neonatal Encephalopathy

1. Cranial USS — Day 1 of life

2. MRI Brain prior Day 5-10 of life
3 Serum Troponin T sample taken at time of echocardiogram
2.2c(iv) MRI

Infants with NE underwent MRI of the brain on Day 5-10 of life. All of the
scans were scored independently by a paediatric radiologist. A standardised scoring

system developed by Barkowich was used (Barkovich, et al 1998).

2.3 Biochemical Parameters for Point of Care Testing

2.3a Validation of Cobas h232 Analyser

In order to test the intra assay variation of the Cobas H232 analyser (figure
2.3a) a preliminary study was carried out using both QC Test material ( high and low
level) and repeated serum analysis using both the Troponin T and NT pro BNP test
strips. Blood samples were collected in lithium heparin containers at one time
point from an adult subject. Repeated measures were carried out using both
Troponin T and NT pro BNP test strips consecutively over a 24 hour period. Samples
were stored at room temperature and at 4 degrees Celsius. A total of twenty

samples were repeated consecutively and then at 8, 10, 12 and 24 hours.
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2.3b Analysis using Cobas h232 Analyser

For analysis of both Troponin T and NT pro BNP a 1 ml lithium heparin blood
sample was taken from the patient. The POCT analysis was performed following
sampling at the cot side using the Roche Diagnostics h 232 point of care machine. A
cardiac test strip for Troponin T (Roche CARDIAC T QUANTITATIVE) was inserted. A
pipette was then used to draw exactly 150pL from the blood sample which was
then applied to the test strip. The measurement then took approximately 8-12
minutes to provide the result. Exactly the same process was carried out using NT
pro BNP test strip (Roche CARDIAC pro BNP). Quality Control (QC) checks using
both high and low QC material were performed at regular intervals.

The remainder of the blood sample (minimum of 500uL) was sent to the
biochemistry laboratory where the sample was centrifuged and the plasma frozen
at -20 degrees Celsius for later batch analysis. The sample was analysed using Roche

Cobas 8000 analyser.
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Figure 2.3a. Cobas h 232 Point of Care Testing kit.
A) Cobas h 232 Point of care bedside machine. B) Point of care Test strips for bed

side analysis of Troponin Tand N T pro BNP
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2.4 Echocardiography Parameters

The GE Vivid | (General Electric, with a 7MHz probe) was used throughout
this study. Studies were carried out by a single observer (KA). Images were recorded
from standard echocardiographic views including subcostal, apical four- chamber,
parasternal short and long axis and aortic arch. A detailed transthoracic
echocardiogram was carried out for each patient according to the
recommendations of the American Society of Echoardiography (Lopez, et al 2010).
The scans were carried out with the infant during a quiet time in the supine
position. All scans were stored on the echo machine before being downloaded to

ECHOPAC 6 system for post processing analysis and validation.

2.4.1 M mode measurement of Left Ventricular (LV) Systolic Function

Standard measurement of LV systolic function is based on geometric
quantification either by linear measurement of percentage shortening fraction (SF)
which reflects contractility or volumetric measurement by calculating ejection
fraction (EF). This can be measured from a parasternal long axis view using M Mode
( Figure 1.4.2). It is then calculated by measuring left ventricular end diastolic
volume (LVEDD) and left ventricular end systolic diameter (LVESD) and using the
formula

o SF (%) =LVEDD - LVESD/LVEDD x 100

o EF(%)=LVEDD - LVESD/LVEDD

Normal values exist for SF — 28-40% and EF > 55%. Assessment of systolic LV

function in the preterm infant using M mode measures of SF and EF has a number
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of limitations due to septal wall flattening or paradoxical motion of the ventricular
septum due to interaction between the relatively high pressure RV and the LV
(Mertens, et al 2011). These measures were recorded for preterm, normal term

infants and those with evidence of Neonatal Encephalopathy.

2.4.2 Dimensional LV Diastolic Function.

There is limited available data on assessment of diastolic function in infants,
and what exists is based on analysis of mitral inflow patterns. These measures are
taken using a pulsed wave Doppler from the apical four-chamber view at the mitral
and tricuspid valve level .(Figure 1.4.5) The early E wave reflects early diastolic
filling and the A wave reflects atrial contraction. Maximum E and A measurements
are then compared as a ratio (E:A). An E:A ratio < 1 indicates diastolic dysfunction.
During the first week of life there is a change from the fetal filling type with more
dependence on the filling during atrial contraction toward a more mature filling
pattern with higher early filling (Harada, et al 1994). These measures were recorded

for all three patient groups.

2.4.3 Presence of Patent Ductus Arteriosus

This was determined by 2-D echocardiography and colour pulsed wave
Doppler from a high parasternal short axis view. Left atrial to aortic root diameter
(LA:Ao) was measured from the parasternal long axis view using M mode. A PDA
diameter of > 1.5 and an LA:Ao ratio of >1.4:1 was considered significant. This was

measured for all preterm infants (El Hajjar, et al 2005). The PDA diameter was
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measured from a high parasternal view using colour flow Doppler. A diameter of

>1.5mm was considered significant (Kluckow and Evans 1995)(Figure 2.4.3 (i &ii)).
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Left Atrium

Figure 2.4.3(i) M mode Demonstrating Left Atrium and Aorta. A) Parasternal long
axis view. Arrows pointing to left atrium and aorta. B) M mode of Left ventricle. Ao
— Aorta, LA — left atrium. LA:Ao ratio calculated from measurement of Left Atrium

divided by measurement of the aorta. Measurement taken from the white lines.
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Figure 2.4.3(ii) Parasternal short axis (PSSA) view demonstrating Patent Ductus

Arteriosus. A) PSSA view without colour flow Doppler. Ao- Aorta, RPA — right
pulmonary artery. LPA — left pulmonary artery. B) Colour Doppler of the PDA —
patent ductus arteriosus allows visualisation of left to right flow across the PDA.

Red flow indicates left to right shunting across the ultrasound probe.
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2.4.4 Tissue Doppler Imaging

TDI measures were taken from an apical 4 chamber view using a colour flow
pulsed wave Doppler sample. Frame rates of 180 were used for each study with a
Pulsed Wave Doppler (PWD) Gate sample of 0.12cm. TDI is used to measure
longitudinal myocardial velocities and provides information on both systolic and
diastolic velocities. The sample volume is placed in the ventricular myocardium
adjacent to the mitral and tricuspid annulus and at the base of the intraventricular
septum. The cardiac cycle is represented by three waveforms — S’ the early systolic
myocardial velocity, E’ the early diastolic myocardial velocity and A’ the late
diastolic myocardial velocity (Figure 1.5.2) (Ho and Solomon 2006). These measures
were recorded for preterm, term controls and infants with evidence of Neonatal

Encephalopathy.

2.4.5 Speckle Tracking Imaging

2 D echocardiography was used to acquire images from the apical four-
chamber view. ECG leads were insitu at time of echocardiogram and images were
taken over three cardiac cycles triggered by the R wave of the QRS complex. The
timing of the aortic valve closure with respect to peak systolic strain was manually
obtained from a pulsed wave Doppler image of the left ventricular outflow tract.
Frame rates of 70-90 Hz were used for all images recorded for STI. Images were
stored on the Vivid | at the time of echocardiogram prior to being downloaded for
offline speckle tracking analysis which was performed using EchoPAC (Version 6.1.0

for PC, GE Healthcare.AS).
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The endocardial borders of the left ventricle were then manually traced
within the end systolic frame for both the apical 4 chamber images. The second
epicardial tracing is then automatically generated by the computer strain algorithm,
however can be manually readjusted to cover the entire myocardial wall. Following
satisfactory inspection that tracking covered the entire myocardium, and once
EchoPAC software indicated adequate tracking by indicating a green box was
tracking of the LV accepted (Figure 1.6.1 ).The strain software then automatically
divides the cross sectional image into six segments. For the LV four chamber view
the LV is divided into - the left lateral apical wall, left lateral middle wall, left lateral
basal wall, the left septal apical wall, left septal middle wall and left septal basal
wall (Blessberger and Binder 2010) (Marcus, et al 2011). From this the myocardial
longitudinal strain values were obtained. All offline measurements were performed

by a single observer (KA).
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2.5 Echocardiographic Measurements

2.5.1 Term Control Infants

The healthy term infants had one echocardiogram on Day 1 -4 of life. Inall
patients included the PDA was closed. Measurements recorded included:

1. Shortening Fraction

2. Ejection Fraction

3. Mitral E:A ratio

4. Tricuspid E:A ratio

5. TDI measurements at RV/IVS/LV

2.5.2 Preterm

Preterm infants had echocardiograms performed on Day 1, day 3-4 and day
7 of life. Measurements recorded included:

1. Shortening Fraction

2. Ejection Fraction

3. Mitral E:A ratio

4, Tricuspid E:A ratio

5. PDA Diameter

6. LA:Ao Diameter

7. TDI measurements at RV/IVS/LV
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2.5.3 Infants with Neonatal Encephalopathy

The infants with evidence of Neonatal Encephalopathy had
echocardiograms performed on Day 1-2, with a second scan repeated if the infant
was still in the NICU on day 7. Measurements included:

1. Shortening Fraction

2. Ejection Fraction

3. Mitral E:A ratio

4. TDI measurements at RV/IVS/LV

2.6 Statistical Analysis

Data was analysed using SPSS for Windows version 18.0 (SPSS,
Inc.,Chicago,IL). Values are expressed as mean (SD). Results were analysed with
paired Students t-test for normative data and independent T test for unrelated
variables. Where significant association were found, a logistic regression model was

used to explore the significance. Significance was set at p<0.05.

2.6 a TDI Measurement Validation

The Bland Altman analysis was used to test Intra/interobserver variability.
Twenty neonates were re evaluated after a ten minute rest period, each observer
was blinded to the other results. A total of sixty measurements were compared.
Repeated measurements were taken by observer 1(KA) and then observer 2 (OF).
Bland Altman analysis was used to assess agreement between the two

measurements (Bland and Altman 1986).
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2.6a(i) Intra - Observer Variability for TDI measurements

The Variability expressed as mean percentage error (absolute difference
between two measurements divided by the mean of the observations).
Measurements were compared for all systolic and diastolic velocities at the
RV/IVS/LV. Repeated measurements were taken by observer 1(KA). On Bland
Altman plots for intra observer error 1, represent the first measurement, 2
represents the repeated measurement. Bland Altman analysis was used to assess
agreement between the two measurements (Bland and Altman 1986)
(Figure 2.6 a,b). The bias at the RV S’ was 0.08cm , RV E” was 0.09cm, RV A’ was

0.01cm, and the LV S’ was 0.16cm, LV E’ was —0.11cm and LV A" was 0.02cm.

2.6(ii) Inter - Observer Variability for TDI measurements

The Variability expressed as mean percentage error (absolute difference
between two measurements divided by the mean of the observations).
Measurements were compared for all systolic and diastolic velocities at the
RV/IVS/LV. Repeated measurements were taken by observer 1(KA) and then
observer 2 (OF). Bland Altman analysis was used to assess agreement between the
two measurements (Bland and Altman 1986) (Figure 2.6 c,d). The bias at the RV $’
was -0.11cm, RV A’ was 0.16cm, RV E’ was - 0.02cm and the LV §’ was -0.11cm, LV

E’ was 0.02sm and LV A’ was -0.11cm.
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Figure 2.6 a. Intraobserver Agreement between RV S’ velocities. RVS 1 — Right
Ventricular systolic velocity measured by observer 1 (KA). RVS2 — Repeated Right

ventricular systolic measurement by observer 1 (KA). Bias 0.08 cm/s.
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Figure 2.6 b. Intraobserver Agreement between RV A’ velocities. RVA 1 - Right
Ventricular late diastolic velocity measured by observer 1 (KA). RVA2 — Repeated

Right ventricular late diastolic measurement by observer 1 (KA). Bias - 0.01cm/s.
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Figure 2.6 c. Interobserver Agreement between LV E’ velocities. LVE 1 —Left
Ventricular early diastolic velocity measured by observer 1 (KA). RVE2 — Repeated

Left Ventricular early diastolic measurement by observer 2(OF). Bias - 0.02cm/s.
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Figure 2.6d. Interobserver Agreement between LV A’ velocities. LVA 1 —Left
Ventricular late diastolic velocity measured by observer 1 (KA). LVA2 — Repeated

Left Ventricular early diastolic measurement by observer 2 (OF). Bias - 0.11cm/s
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CHAPTER 3

TISSUE DOPPLER IMAGING QUANTIFIES CHANGES IN PRETERM

MYOCARDIUM

3.1 Introduction

The newborn heart undergoes changes to its histological structure and
ventricular contractility during the transition from fetal to neonatal life
(Stopfkuchen 1987). Throughout this process of maturation there are changes in
the underlying structure and function of the myocyte, which increases in both size
and number. Myocyte cells in the myocardium are composed of individual striated
muscle fibres. The contractile activity of the myocardium may be readily altered
under differing loading conditions by changing the resting fibre length and by
changes in contractility, both of which shift the myocardial velocity curve. The
preterm heart is less compliant and contractile than a term newborn or adult heart.
It therefore has limited ability to increase its stroke volume (contractility, preload
and afterload) by increasing the End diastolic filling pressure and relies on its ability
to increase heart rate to increase cardiac output (Kiserud and Acharya 2004).The
preterm heart has less adaptation to cope with changes in preload and afterload.

Changes also occur in the geometry and wall motion of the Left ventricle
(LV) during the fetal to neonatal transition, with septal wall flattening resolving over
the first few weeks of life and the LV assuming a circular cross sectional shape. Left

ventricular mass also increases during this time (Lee, et al 1992). In the evaluation
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of systolic cardiac function, the intrinsic properties of the fibres and myocytes are
important, as they determine the effect on the myocardium of chronic conditions
and reflect irreversible damage (Bijnens, et al 2009). The standard measurement
for systolic assessment of the LV is the M mode measure of shortening (SF) and
ejection fraction (EF) (Greenbaum, et al 1981). Both of these are volume based
parameters. They measure radial myocardial performance but neglect the
contribution of longitudinal contraction and deformation (Nesbitt, et al 2009).
Ejection Fraction also has limited ability to reflect contractility in the context of
abnormal loading conditions, for example in the preterm infant with a patent
ductus arteriosus (PDA) or neonates with persistent pulmonary hypertension. From
a practical point both SF and EF can be difficult to measure in preterm infants who
are ventilated on Continuous Positive Airway Pressure (CPAP) as a result of poor
echocardiographic windows due to the lung interference.

To date diastolic function has been difficult to measure in preterm infants
with the majority of research focusing on mitral inflow patterns or the E/A ratio.
This requires a pulsed wave Doppler measurement at the mitral inflow tract, from
an apical four chamber view where the A wave represents atrial contraction at the
end of diastole and the E wave represents blood flow across the mitral valve in
early diastole (Lopez, et al 2010). In normal infants in the first week of life, there is a
change from the fetal filling type with more dependence on filling during the atrial
contraction (A wave), toward a more mature pattern with a higher early filling
pattern (E wave). In preterm infants this results in a pronounced increase in the E

wave (Harada, et al 1994). This method can be influenced by preload (end diastolic
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pressure of the LV) as in patients with a PDA, and is sensitive to changes in heart
rate which may limit its usefulness in this population (Stoddard, et a/ 1989).

Newer echocardiographic measures are evolving in order to overcome these
deficiencies. Tissue Doppler Imaging (TDI) uses the same principles as conventional
Doppler techniques to quantify the high amplitude, low velocity signal of
myocardial tissue motion (Ho and Solomon 2006). It allows assessment of regional
longitudinal ventricular contraction and relaxation velocities based on myocardial
motion and deformation and provides measurements of instantaneous peak
myocardial velocities (Vinereanu, et al 1999). It therefore not only provides

information about the systolic but also on the diastolic myocardial performance.
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3.2 Hypothesis
Tissue Doppler Imaging may be a superior modality to assess myocardial function in

term and preterm infants.

3.3 Aims

1 - To establish normative data for Tissue Doppler Imaging in healthy term control
infants

2 —To quantify changes in myocardial contractility in preterm infants ( < 32 weeks
gestation) during the first week of life and compare with healthy term controls

using Tissue Doppler Imaging
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3.4 Results
Normal Term Infant Controls

Sixty five normal term infants with an uncomplicated pregnancy, delivery
and postnatal course had echocardiography carried out on Day 2-4 of life.
Echocardiograms were carried out at this time, as it is likely that the PDA will have
closed and pulmonary vascular resistance will have started to decrease. Five
children were excluded from the analysis due to minor structural anomalies: Small
Atrial septal defect (3), small muscular ventricular septal defect (2). No infant had
clinical or echocardiographic evidence of a PDA. The mean gestational age (SD) was
39 (1.9) weeks and birth weight 3.64 (0.6) kg. There was equal sex distribution.
Patient characteristics are outlined in Table 3.1. There was no significant difference
between ejection and shortening fraction or Mitral/Tricuspid E:A ratio between the
term and preterm infants.(Table 3.2) The TDI velocities were higher for all systolic
and diastolic measurements at the right ventricle compared to the left. (Table 3.3)
Preterm Infants

Sixty four preterm infants were recruited. Infants with major congenital
malformations including cardiac lesions other than PDA were excluded. Four infants
with small — moderate atrial septal defects were excluded from analysis. Sixty
preterm infants had one hundred and fifty echocardiograms. Their mean
gestational age (SD) was 28 (1.9) weeks and birth weight was 1.2 (0.4) kg There
were 38 male infants and 3 preterm infant deaths in the first 48 hours of life.
Patient characteristics are highlighted in Table 3.1.

There was a significant increase in the heart rate (p<0.001) and the systolic

blood pressure (p <0.001) over the first week of life in preterm infants (Table 3.4.)
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On day 1 of life 73% (44) of the blood pressure measurements were from central
arterial lines, with the remainder taken peripherally at the time of echocardiogram.
When comparing preterm infants who were < 28 weeks gestation with those > 28
weeks there was a significant increase in all systolic blood pressure measurements
and on pulse pressure measurements between day 3 and day 7 (Table 3.5). There
was no difference between the mode of ventilation on Day 1 and Day 7. Thirty nine
infants were on caffeine on day 1 compared to 36 on day 7 and only one infant was
on inotropes at the time of echocardiogram.

There was no significant difference between the systolic measures of
shortening and ejection fraction over the first week of life in preterm infants. (Table
3.2). There was a significant increase in the Tricuspid early diastolic filling velocity
(E) wave (p =0.014.)

There was no significant difference between the Left Atrial to Aortic (LA:Ao)
ratio over the first week of life irrespective of the presence of a PDA (as determined
by colour flow Doppler)(Table 3.2). On day 1, 35 % (n=21) of infants had a
haemodynamically significant PDA (LA:Ao ratio > 1.4), (El Hajjar, et a/ 2005) this had
decreased to 32% (n=19) by day 7.

There was an increase in tissue Doppler myocardial velocities across all
measurements in the first week of life, with right ventricular systolic and diastolic
velocities increasing significantly (p<0.001 & p=0.034). (Table 3.6). In all preterm
infants peak velocities were higher in the right than the left ventricle. There was a
significant increase in the early diastolic filling of the intraventricular septum
(p<0.001) and a significant increase in the left ventricular late diastolic velocities

over the first week of life (p=0.022). There was a trend towards higher myocardial
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velocities across all measures when comparing neonates who were less than 28
weeks gestation with those who were over 28 weeks on Day 7 however this did not
reach statistical significance (Table 3.7). By the end of week one the preterm

myocardial velocities were similar to the term infant myocardial velocities (Table

3.3).
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Term Preterm p value

Birth weight (kg) 3.64 [2.7 5.01] 1.23[0.53-2.0] <0.001

Males 30(50) 38(63) <0.202

Caesarean Section 21(35) 36(60) <0.001

Maternal Antibiotics 5(8) 18(30) <0.001
APH None 4(7) N/A
PET None 9(15) N/A
AEDF/REDF None 8(13) N/A
PROM None 15(25) N/A
ANS Any None 13(22) N/A
Complete None 47(78) N/A

Apgar at 1 minute 9[4-9] 6.[2-9] <0.001

Apgar at 5 minutes 9[7-10] 81[4-9] <0.001
DR Resuscitation 4(7) 53(88) N/A

Table 3.1.Patient Characteristics. Values are represented as mean [range] or as
number (percent). Independent Students t test was used to compare means & Chi
square test for proportions. A/REDF — Absent/Reversed end diastolic flow, APH —
Antepartum haemorrhage, PET — Pre eclamptic toxaemia, PROM — Prolonged
rupture of the membranes, ANS— Antenatal steroids, DR Resuscitation — Delivery

room resuscitation. Significant results are in bold.
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Term

Preterm Infants

— |
Infants Dayl Day 3 Day 7 p value

SF(%) 32.0(6.7) 31.0(9.6)  34.0(5.7) 34.0(6.3) 0.3
EF(%) 64.0(10) 62.0 (12.4) 67.0(7) 68.0(9.0) 0.1
LA:Ao N/A 1.4(0.4) 1.4(0.4) 1.32(0.4) 0.7
PDA N/A 1.3(0.3) 1.3(0.4) 1.2(0.5) 0.5
Diameter

T E 50.9(10.0)  38.1(13.7)  39(16) 50.98(14.0) 0.3
Mv| A 48.12(12.0) 48.74(16.8) 45 (19) 47.4(18.0)  0.06

L__E:A 1.14(0.3) 0.85(0.2) 0.8(0.3) 0.9(0.43) 0.4

[ E 41.57(9.0)  39.35(19.1) 32.6(18.6)  33.6(16.1)  0.01
TV | A 54.1(10.0) 48.21(21.6) 39.2(17.6) 42.4(26.4) 0.2

| E:A 2.20.9) 0.9(0.4) 0.9(0.6) 0.78(0.39) 0.3

Table 3.2: Standard Doppler Measures of Systolic and Diastolic Function. LA:Ao —

Left atrial to aortic root ratio. PDA — Patent ductus arteriosus, MV — Mitral valve, TV

— Tricuspid valve, E — Early diastole, A — Late diastole, E:A Early to late diastolic

ratio. Values are expressed as mean (SD). Independent Students t test used for

analysis to compare Preterm infants on Day 1 to Day 7. Significant results are in

bold.
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Term Preterm Infants
Controls Day1 Day 7 P value
(s 6.3(1.3) 5.4(0.9) 6.2(1.0) <0.001
RV ) E 7.5(18) 5.6(2.0) 6.4(1.7) 0.05
\ A’ 8.1(2.3) 7.4(1.6) 8.9(1.8) 0.03
(s 3.708) 3.6(0.9) 3.8(0.6) 0.7
Ivs < F 4.1(1.2) 3.9(1.0) 4.6(1.2) 0.05
| A’ 4.3(1.0) 4.4(1.1) 4.8(1.2) 0.04
(¢ 5.4(1.3) 4.5(0.7) 4.8(0.7) 0.41
v X F 5.7(1.8) 5.0(1.4) 5.7(1.7) 0.71
L A’ 5.4(1.5) 5.4(1.2) 6.0(0.9) 0.23

Table 3.3. Tissue Doppler Measurements in Term Controls and Preterm infants.

Measurements are in cm/s. Values are mean (SD.) RV — Right Ventricle, LV- Left

ventricle, IVS — Intraventricular septum. S’ — Early systolic velocity, E’- Early diastolic

velocity, A’ - Late diastolic velocity. Independent Students t test was used for

analysis between term infants and preterm infants on Day 7. Significant results are

in bold.
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Day1 Day 3 Day 7 p value

Heart Rate 154(15) 160(15) 164(11) <0.001*
Systolic BP 54(14) 62(13) 66(12) <0.001*
Diastolic BP 37(10) 40(11) 39(11) 0.507
Pulse Pressure 44(11) 48(11) 48(10) 0.093
Sa0; (%) 95(3) 93(4) 96(4) 0.233
FiO(%) 25(7) 25(8) 23(5) 0.230

Table 3.4.: Clinical Characteristic of the Preterm Population. Values are mean (SD.)
Sa0, - Oxygen saturations, FiO, - Inspired oxygen concentration. Paired students T
test was used for the analysis. * Statistical significance p<0.05 compares

significance between clinical characteristics on Day 1 and Day 7.
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<28 weeks >28 weeks p value
( Dayl 159(17) 152(16) 0.148
HR ) Day3  160(15) 159(15) 0.884
pDay7 165(12) 166(12) 0.890
\
-
Dayl  49(13) 64(14) <0.001
sBP < Day3  58(11) 71(13) <0.001
pDay7  62(12) 74(8) <0.001
>
.
Dayl  35(11) 39(13) 0.185
DBP | Day3  36(9) 47(12) <0.001
| Day7  36(10) 42(12) 0.157

Table 3.5. Differences between Heart rate and Blood pressure in those < 28 weeks
gestation. HR — Heart rate, SBP — Systolic blood pressure, DBP, Diastolic blood
pressure. Values are mean (standard deviation). The figures in bold represent a
statistically significant difference. Students Independent t test was used to

compare means.
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Day1 Day 3 Day 7 p value

s’ 5.4(0.9) 5.5(0.8) 6.2(1.0) <0.001
RV E 5.6(2.0) 6.2(2.0) 6.4(1.7) 0.03
A 7.4(1.6) 8.5(1.7) 8.9(1.8) <0.001
~S  3.6(0.9) 3.7(0.6) 3.8(0.6) 0.2
Ivs < F 3.9(1.0) 4.3(1.3) 4.6(1.2) <0.001
A" 4.4(1.1) 4.8(1.1) 4.8(1.2) 0.08
(s 4507) 4.4(0.8) 4.8(0.7) 0.06
v < F 5.0(1.4) 4.7(0.9) 5.7(1.7) 0.12
(_ A 5.4(1.2) 5.2(1.0) 6.0(0.9) 0.02

Table 3.6 : Changes in Myocardial Velocities in the first week of life in Preterm
Infants. Measures are in cm/s. Values are expressed as mean ( SD.) RV —right
ventricle, LV — left ventricle, IVS — Intraventricular septum. S’ — early systolic
velocity, E’ — early diastolic velocity, A’ Late diastolic velocity. Mean values were
compared using Paired Students t test was to compare velocities on day 1 with

those on day 7. Significant values are in bold.
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Preterm Infants < 28 Preterm Infants > 28

weeks weeks
[ | |
Dayl Day 7 Day 1 Day 7 p value
— S’ 5.3(0.8) 5.9(1.1) 5.6(1.0) 6.3(0.9) 0.37
RV < FE  4.9(1.9) 6.4(1.7) 5.9(1.7) 6.4(1.7) 0.98
_ A’ 7.7(1.6) 8.7(1.2) 7.7(1.6) 9.0(1.9) 0.67
~—S  3.0(0.5)0 3.5(0.6) 3.7(0.9) 3.6(0.7) 0.19
Ivs < E’  3.5(0.6) 4.1(1.3) 4.0(1.1) 4.5(1.2)_ 0.34
(_ A’ 4.0(1.0) 5.0(1.4) 4.5(1.0) 4.6(1.1) 0.36
(s 4.0(0.6) 4.4(0.5) 4.5(0.7) 4.7(0.8) 0.24
v <N F 4.6(1.2) 4.7(1.3) 5.0(1.4 5.8(1.1) 0.36
(_ A’ 4.9(1.1) 5.5(1.1) 5.2(1.1) 5.8(1.1) 0.57

Table 3.7. Tissue Doppler Measurements in Preterm infants < 28 weeks gestation.
Measurements are in cm/s. Values are mean (SD.) RV — Right Ventricle, LV- Left
ventricle, IVS — Intraventricular septum. S’ — Early systolic velocity, E’- Early diastolic
velocity, A’ - Late diastolic velocity. Independent Students t test was used for
analysis between preterm infants < 28 weeks gestation on Day 7. Significant results

are in bold.
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3.5 Discussion

There was a significant increase in the RV systolic and diastolic myocardial
velocities over the first week of life in Very Low Birth Weight (VLBW) infants. There
were also significant differences between all systolic and diastolic velocities, when
comparing the right and left ventricle. By the end of week one the TDI measures in
preterm infants at the LV were similar to term infants at birth which may reflect
the ability of the preterm myocardium to remodel itself. However the RV and IVS
systolic and diastolic velocities remained significantly lower in the preterm infants
on Day 7 compared to the term infants. Both Negrine et al & Ciccone et al used
tissue Doppler Imaging to assess myocardial velocities in preterm infants (Negrine,
et al 2012) (Ciccone, et al 2011). Both reported similar values for both systolic and
diastolic velocities to our study and concluded that TDI was reproducible in preterm
infants (Negrine, et al 2012) (Ciccone, et al 2011). Similarly Mori et al successfully
measured myocardial velocities over the first week of life in term infants in an
attempt to establish normal values (Mori, et a/ 2004). Ours is the largest study to
date to use Tissue Doppler Imaging to measure myocardial velocities in the preterm
infant serially over the first week of life.

Evaluation of the RV should form an integral part of a neonatal
echocardiogram. However to date there are no reliable reproducible quantitative
parameters for the assessment of RV function (Mertens, et a/ 2011). We found that
all right sided velocities were higher for systolic and diastolic measures compared
to the LV, this is similar to TDI velocities in fetal life. Gardiner et al measured tissue
Doppler velocities in preterm infants and found that right sided measures were

higher than the left and that there was an increase in myocardial velocities with
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increasing gestational age (Gardiner, et al 2006). We also demonstrated an increase
in all myocardial velocities with increasing gestational age. However there was no
statistically significant increase when comparing infants who were greater or less
than 28 weeks gestation. The rise in RV systolic velocities may reflect an
improvement in the contractility of the preterm myocardium over the first week of
life that is not described by conventional echocardiographic measures.

Many pulsed wave diastolic Doppler measures are load dependent. Pulsed
Doppler mitral inflow velocities — E:A ratio are altered by changes in preload
(Stoddard, et al 1989).This may limit its use in the preterm population as changes in
preload occur as the ductus arteriosus closes.

In this study we used the LA:Ao ratio and PDA diameter as a measure of
PDA significance, and although there are limitations with these measures as with all
PDA measurements they are accepted measures of a significant PDA (El Hajjar, et al
2005). A PDA diameter > 1.5mm and LA:Ao ratio of > 1.4:1 was deemed significant
(El Hajjar, et al 2005). There was no significant difference in the LA:Ao ratio or the
PDA diameter measurements over the first week of life. When comparing systolic
and diastolic tissue velocity measurements from day 1-7 there was no significant
difference in any measurement at the RV, IVS or LV in infants who had a significant
ductus arteriosus. As there were significant changes in the RV systolic, IVS diastolic
and LV early diastolic velocities the presence of a PDA may have no effect on
myocardial wall motion velocities, making TDI a useful preload independent
measure.

There was a significant increase in the systolic blood pressure over the first

week of life. As the normal range for blood pressure in preterm infants is still widely
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debated, this cohort provides further evidence of the significant haemodynamic
changes occurring in preterm infants during the first week of life. Hegyi et al
established normative data for systolic and diastolic blood pressure measurements
in a large cohort of preterm infants, and described an increase in systolic blood
pressure over the first week (Hegyi, et a/ 1996). Fleming el reported that in term
infants heart rate peaks at one month of age (Fleming, et al 2011), preterm infants
may also follow this pattern. There was a significant increase in heart rate in our
group of preterm infants over the first week. Preterm infants use an increase in
heart rate to enhance cardiac output and this may correlate with the rise in the
systolic velocities over the first week.

In conclusion Tissue Doppler Imaging offers a reliable measure of
myocardial velocities over the first week of life. We have demonstrated normative
data for healthy term infants. In preterm infants the rise in RV systolic/diastolic and
LV early diastolic velocities to term values may reflect an improvement in the
contractility of the preterm myocardium over the first week of life which is not

reflected by measures of shortening and ejection fraction.
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CHAPTER 4

TISSUE DOPPLER IMAGING MAY PREDICT OUTCOMES IN PRETERM

INFANTS

4.1 Introduction

Preterm infants < 32 weeks gestation have a high risk group of mortality and
morbidity. It is difficult to predict neonatal outcomes in preterm infants (Jobe
2001). Major morbidities among preterm survivors include Chronic Lung Disease
(CLD), severe Intraventricular Haemorrhage (IVH), Necrotising Enterocolitis (NEC),
Late onset Sepsis and Retinopathy of Prematurity (ROP). The majority of predictors
of neonatal outcomes utilise gestational age at birth, birth weight or sex to predict
survival (Shah, et al 2012).

The use of point of care ultrasound in the Neonatal Intensive Care Unit
(NICU) has changed the approach to cardiovascular care of preterm infants,
particularly during the postnatal transitional period (Sehgal and McNamara 2009).
Guidelines now exist for functional echocardiography in the NICU which allow
experienced Neonatologists to assess the ductus arteriosus, myocardial
performance and pulmonary and systemic haemodynamics (Mertens, et a
20111).The use of serial echocardiography has been used to allow early
identification of a significant PDA and to allow early commencement of therapy
without waiting for clinical signs (O'Rourke, et al 2008). However while point of care

ultrasound has been used to guide therapeutic decision making, there is no

88



evidence to date that it helps to improve neonatal outcomes (Sehgal and

McNamara 2008).

89



4.2 Hypothesis
Tissue Doppler Imaging may identify infants at risk of multiorgan dysfunction in

preterm infants < 32 weeks gestation

4.3 Aims
1 - To determine if Tissue Doppler Imaging measurements of systolic and diastolic
myocardial velocities are altered in preterm infants who will develop

a) Chronic Lung Disease

b) Necrotising Enterocolitis

c) Late onset Sepsis

d) Surgical PDA Ligation

e) Intraventricular Haemorrhage

f) Neonatal Death
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4.4. Results

Sixty four preterm infants were recruited. Infants with major congenital
malformations including cardiac lesions other than PDA were excluded. Four infants
with small — moderate atrial septal defects and were excluded from analysis. Sixty
preterm infants had one hundred and fifty echocardiograms. Their mean
gestational age (SD) was 28 (1.9) weeks and birth weight was 1.2 (0.4) kg There
were 38 male infants and 3 preterm infant deaths in the first 48 hours of life.
Patient characteristics are highlighted in Table 3.1.

In preterm infants, the RV early diastolic velocity measurements on Day 1,
late diastolic velocity on Day 3 and LV systolic and early diastolic velocities on Day 7
were all significantly lower in preterm infants who subsequently developed Chronic
Lung Disease (n=11) (Figures 4.1-4.4 ). LV systolic velocities on day 1 and RV late
diastolic velocities were significantly lower in those who developed Retinopathy of
Prematurity (n=5) (p=0.031 and p=0.032). Infants who developed Late onset Sepsis
had significantly lower early diastolic velocities on day 7 (n=12) (p=0.033). Preterm
infants who required PDA ligation had significantly lower RV diastolic velocities on
day 1 (p=0.015), systolic velocity on day 7 ( p = 0.002) and LV systolic and diastolic
velocities on day 7 (n=3) (p = 0.045 & p= 0.05). Tissue Doppler systolic and diastolic
velocities at the intraventricular septum on day 3 and 7 were significantly lower in
those who developed Necrotising enterocolitis ( Figure 4.5 — 4.6). Neither systolic
nor diastolic tissue Doppler velocities over the first week of life were significantly
lower in those who developed intraventricular haemorrhage (n=4) or in the

preterm infants who died (n=3).
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Figure 4.1. Day 1 Right Ventricular Early Diastolic (E’) Velocity. This is a box and
whisker plot which represents shows location, variation and skewness. The solid bar
in the centre of the box is a measure of location with median represented; the box
shows the 25™ — 75" percentiles the whiskers show the mean +/- 3 Standard
deviations. Infants who develop Chronic Lung Disease had significantly lower right
ventricular early diastolic velocities on day 1 of life p=0.032. An Independent

Students t test was used for analysis.
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Figure 4.2. Day 3 Right ventricular Late Diastolic (A’) velocity. Infants who develop
Chronic Lung Disease had significantly lower right ventricular late diastolic velocities

on day 3 life p = 0.049. An Independent Students t test was used for analysis.
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Figure 4.3 Day 7 Left ventricular Early Systolic (S’) velocity. Infants who develop
chronic lung disease had lower left ventricular systolic measurements on day 1 life

p = 0.05. An Independent Students t test was used for analysis.
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Figure 4.4. Day 3 Intraventricular Septal Early Diastolic (E’) velocity. Infants who
developed Necrotising Enterocolitis had lower early diastolic velocities at the
Intraventricular septum on day 3 life p = 0.05. An Independent Students t test was

used for analysis.
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Figure 4.5. Day 7 Intraventricular Septal Early Systolic (S’) velocity. Early systolic
velocities on day 7 of life were significantly lower in preterm infants who developed
Necrotising Enterocolitis p= 0.04. An Independent Students t test was used for

analysis.
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Figure 4.6. Day 7 Intraventricular Septal early diastolic velocity. On day 7 of life
preterm infants who developed Necrotising Enterocolitis had significantly lower late
diastolic velocities than those who did not p = 0.03. An Independent Students t test

was used for analysis.
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4.5 Discussion

We have found that significant changes in TDI systolic and diastolic
velocities in preterm infants in the first week are associated with illnesses including
Chronic Lung Disease and Necrotising Enterocolitis.

Perinatal factors such as low gestational age, low birth weight and male sex
have been shown to predict those who will develop chronic lung disease
(Henderson-Smart, et al 2006) (Messerschmidt, et al 2011, Shah, et al 2012).
However despite the use of antenatal steroid, surfactant and other advances in
NICU, CLD still remains a significant preterm morbidity. Barotrauma induced by
mechanical ventilation, oxygen toxicity and management of the PDA have all been
shown to increase the risk of developing CLD (Shah, et al 2012). Tissue Doppler
measurements of both systolic and diastolic velocities on day 1, 3 & 7 were
significantly lower in preterm infants who develop CLD. Turhan et al have
demonstrated decreased right ventricular systolic velocities in adult patients with
Chronic Obstructive Pulmonary Disease (COPD). In 58 patients with COPD they
found that RV systolic velocities were significantly lower in COPD patients with right
sided heart failure than in age matched controls (p=0.025) (Turhan, et a/ 2007). Our
study has shown that measures of systolic and diastolic velocities are lower in the
first week of life in infants who develop CLD. A decrease in myocardial velocities
therefore reflects impairment in overall myocardial contractility that is not
reflected in echocardiographic measures of shortening or ejection fraction.

The use of TDI measurement as part of routine functional assessment of the
preterm infant in the NICU could therefore allow early recognition of those at risk

for CLD. Careful use of mechanical ventilation, the early use of surfactant and the
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avoidance of fluid overload may help to prevent CLD. However for infants with
established CLD the importance of adequate oxygenation to prevent hypoxic
episodes, provision of adequate nutrition and the used of diuretics may be helpful
and could be guided by TDI measurements (Shah 2003).

The development of Necrotising Enterocolitis is multi factorial, and is
thought to be associated with enteral feeding, inflammation and ischaemia (Carter
and Holditch-Davis 2008). Multiple episodes of nosocomial infection and increased
periods of mechanical ventilation are associated with an increased likelihood of
developing NEC (Guthrie, et al 2003). Mechanical ventilation may reduce venous
return causing pressure on the myocardium preventing effective contraction (Noori
and Seri 2005). In our study we have shown decreased systolic and diastolic
myocardial velocities in those who subsequently develop NEC on day 7. NEC may
also be linked to an inflammatory process (Emami, et al 2012).

Retinopathy of Prematurity which is caused by the incomplete
vascularisation of the retina, is a morbidity of prematurity and is associated with
low birth weight and gestational age, and may be linked to high levels of oxygen
supplementation (McGinnity and Halliday 1993) (Quinn 2005). In our study infants
who had lower systolic and diastolic velocities in the first week of life had increased
chance of developing ROP.

Diastolic dysfunction occurs in infants with neonatal sepsis. Abdel — Hady et
al used a Doppler index of myocardial performance (Tei Index) to assess myocardial
function in septic neonates. They concluded that neonatal sepsis is associated with
systolic and diastolic myocardial dysfunction. Tissue Doppler imaging appears to be

more sensitive than conventional echocardiography in the detection of this
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dysfunction (Abdel-Hady, et a/ 2010). In our study we found evidence of diastolic
impairment in the myocardial velocities at the RV wall on day 7 of life in infants
with late onset sepsis. In experimental studies impaired cardiac function has been
linked to Lipopolsaccharide (LPS) exposure. Neonatal mice injected with LPS to
cause cytokine activation had increased levels of interleukin — 6 and 10 with
concurrent decreased left ventricular diastolic function (Mukherjee, et al 2011).
Neonatal morbidities such as CLD, NEC and ROP may be related to an inflammatory
process similar to that which occurs in LOS and the inflammatory process may be
what causes impaired myocardial function.

Targeted neonatal echocardiography has been introduced in the NICU, and
one of its many uses is to demonstrate the presence of an haemodynamically
significant PDA, allowing early recognition and to guide therapy (Mertens, et al
2011). Preterm infants who required surgical PDA ligation had significantly lower
systolic and diastolic velocities over the first week of life. In the hands of an
experienced echocardiographer measurement of myocardial velocities may predict
those who may require PDA ligation and allow optimisation of their medical
management.

One weakness of this study is that when we controlled for gestational age
and gender on multivariate analysis none of the TDI velocities were significantly
associated with predicting any of the morbidities described however the study was
not powered to pick up a significant association. We feel that there is still a
significant relationship between lower TDI velocities in the first week of life and

neonatal morbidity.
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In conclusion this preliminary data has demonstrated an association
between Tissue Doppler measurements of myocardial velocities and neonatal
morbidities such as CLD, NEC and ROP. Decreased tissue Doppler velocities at the
RV/ IVS and LV are evidence of impaired myocardial contractility which is not picked
up by current measures of ejection and shortening fraction. In the future a larger
study would be valuable to use serial echocardiography and TDI velocity
measurement to follow Very Low Birth Weight (VLBW) infants throughout their

inpatient stay.
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CHAPTER 5
VITAMIN D LEVELS AND MYOCARDIAL FUNCTION IN PRETERM

INFANTS

5.1 Introduction

Vitamin D is necessary for the maintenance of calcium and phosphorous
homeostasis, for bone mineralisation and may play a role in innate immune and
auto immune responses (Dawodu and Nath 2011). Vitamin D is absorbed from the
intestine (Holick 2005).

To date it has been accepted that the Vitamin D levels of preterm infants are
dependent on the status of the Vitamin D status of the mother in pregnancy.
However Argawal et al have recently reported the Vitamin D levels in preterm
infants and have found 80% of preterm infants to have decreased levels (AgarWaI,
et al 2012). Giapros et al measured serum serum 25-hydroxyvitamin D (25(0H)D)
levels in late preterm infants (32-36 weeks) over the first year of life in formula fed
infants. Vitamin D levels were relatively low in all infants at 2 and 6 weeks and at six
months remaining stable thereafter (n=128) (Giapros, et al 2012).

In adult patients Vitamin D deficiency is being linked to the development of
cardiovascular disease. Wang et al studied measured Vitamin D levels in adult
patients (n=1739). Patients were followed up over a five year period. Those with a
vitamin D level of <39nmol/mL had a multivariable adjusted hazard ratio of 1.62 for
cardiovascular events compared to those with a level of > 39nmol/mL (Wang, et a/

2008). Ginde et al prospectively measured Vitamin D levels in older adults enrolled

102



in the Third National Health and Nutrition Examination Survey (NHANES Iil). There
was a strong association between cardiovascular mortality and Vitamin D level

<25nmol/L (adjusted hazard ratio 2.36) (Ginde et al, 2009).

Subclinical Vitamin D deficiency in infancy and following preterm births are
associated with severe acute respiratory tract infection requiring hospitalisation
and intensive care admission (McNally, et al 2009). Belderbos et al measured
Vitamin D levels in cord blood correlating low Vitamin D levels in neonates with
increased risk of bronchiolitis in the first year of life (Belderbos, et a/ 2011). Tomar
et al looked at severe left ventricular dysfunction in babies and found that 16% had
severe hypocalcaemia, with the primary cause related to low Vitamin D levels.
Myocardial function improved in response to Vitamin D therapy (Tomar, et al

2010).
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5.2 Hypothesis

Preterm infants with low Vitamin D levels may have altered myocardial function

5.3 Aims

1) To correlate Vitamin D levels with TDI velocities in preterm infants and compare

to healthy term controls.
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5.4. Results.

A subset of twenty infants was included in the analysis. Twenty
echocardiograms were carried out on 10 preterm infants and 10 healthy term
controls on day one of life. Mean (SD) gestational age was 28 (1.7) weeks and
birthweight 1.29 (0.3)kg for the preterm group. Mean (SD) gestational age was 39
(1.3) weeks and birthweight 3.54 (0.9) kg for the control group.

All preterm infants in our cohort were Vitamin D deficient i.e.(Vitamin D
levels < 50nmol/L). Mean (SD) Vitamin D levels in preterm infants correlated with
maternal Vitamin D levels (29.2nmol/L (17.4) versus 28.79nmol/L (14.81) Five of the
preterm infants had levels <30nmol/L and 2 infants had levels < 15nmol/L.

Right and Left ventricular systolic velocities were significantly lower in the
preterm infants compared to controls (5.0 cm/s versus 6.8cm/s; p =0.001) and
(3.8cm/s versus 4.5 cm/s; p=0.015). Early diastolic velocities at both the RV and LV
were also significantly lower in the preterm group (4.7cm/s versus 8.1 cm/s; p=
0.014) and (4.03cm/s versus 6.0 cm/s; p= 0.015) (Table 5.1).

There was no significant increase in Right ventricular systolic ( 5.1 cm vs
4.8cm/sec) or diastolic myocardial velocity measures ( 5.2cm/sec vs 5.1 cm/sec) or
left myocardial velocity systolic (3.7cm/sec vs 3.9cm/sec ) or diastolic (4.1cm/sec vs
4.0cm/sec) measures between those with severe Vitamin D deficiency (<30

nmol/L) and those with low normal levels of Vitamin D.
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Term

Controls Preterm Infants  p value
(n=10) (n=10)
s 6.8(0.8) 5.0(0.5) 0.001
RV E’ 8.2(2.3) 4.8(1.8) 0.014
_ A 8.8(2.0) 7.9(2.0) 0.432
s 3.4(0.5) 3.5(1.0) 0.740
IVS E 4.0(0.5) 3.6(0.8) 0.0361
N 4.3(0.8) 4.2(0.8) 0.912
s 4.5(0.7) 3.8(0.4) 0.015
LV E 6.0(1.7) 4.0(0.9) 0.015
A 5.6(1.2) 4.8(0.9) 0.187

Table 5.1 Tissue Doppler Velocities in Preterm infants with Vitamin D deficiency

compared to Healthy Term Controls. Measures are in cm/s. Values are expressed

as mean ( SD). RV —right ventricle, LV — left ventricle, IVS — Intraventricular septum.

s’ — early systolic velocity, E’ — early diastolic velocity, A’ Late diastolic velocity.

Mean values were compared using paired Students t test. Significant values are in

bold.
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5.5 Discussion.
Preterm infants with Vitamin D deficiency have significantly lower RV and LV
systolic and diastolic velocities than healthy term controls. All of the preterm

infants were Vitamin D deficient (10nmol/L — 48.4nmol/L).

Vitamin D deficiency is associated with increased cardiovascular risk and
myocardial disease in the adult population, the underlying mechanisms of which
have yet to be defined (Lee, et al 2008). Vitamin D receptors have a broad tissue
distribution that includes cardiomyoctyes (Holick 2006). Gotsman et al found levels
of Vitamin D in adults with heart failure to be significantly lower than adult controls
{ 36.9nmol/L versus 40.7nmol/L, p <0.0001) (n=3009). Patients who had Vitamin D
supplementation had reduced mortality compared to those who did not (Gotsman,
2012 ). In children cardiac failure has been linked to hypocalcaemia, with
myocardial function improving in response to Vitamin D therapy (Tomar, et a/

2010).

The preterm infants in our study had low levels of Vitamin D and have low
systolic and diastolic myocardial velocities compared to controls, recognising that
the study was not powered to allow for confounders such as gestational age on
multivariate analysis. Low Vitamin D levels in preterm infants may therefore cause
functional cardiac impairment in preterm infants. In the future it would be valuable
to have Vitamin D levels for the term infants, and also to serially echo the infants
with low Vitamin D levels to determine if there is an improvement in myocardial

function when Vitamin D levels are normal.
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In conclusion in this prospective pilot study we have measured vitamin D
levels in preterm infants. All infants were Vitamin D deficient and Tissue Doppler
systolic and diastolic velocities were significantly lower in preterm infants than
healthy term controls. It would be valuable to repeat this study in the future with
larger numbers and to follow them serially to assess TDI velocities during hospital

stay and following supplementation with Vitamin D.
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Chapter 6

SPECKLE TRACKING IMAGING IN NORMAL TERM INFANTS

6.1 Introduction

Speckle Tracking Imaging (STI) is a promising new imaging modality that
allows offline angle independent calculation of regional myocardial velocities and
deformation parameters such as strain and strain rate. Echocardiography is the
commonest approach for assessing cardiac function but is limited by operator
dependence and has low sensitivity for detecting subtle abnormalities in myocardial
contraction (Blessberger and Binder 2010). Global Left Ventricular Ejection Fraction
(LVEF) reflects the sum of all regional shortening in the LV, however impairment of
regional function may not cause a reduction in global EF unless several segments
are involved. Methods which measure regional LV may be more sensitive than
global EF to identify systolic dysfunction (Edvardsen, et a/ 2006). Both EF and SF are
influenced by the preload and afterload of the myocardium and therefore may be
altered in the presence of a PDA or in those with altered volume status and vascular
resistance.

STl uses speckles which are natural acoustic markers which occur as small
bright elements in conventional grayscale ultrasound images. These speckles are
equally distributed around the myocardium and can be identified and followed
through consecutive frames in the cardiac cycle. Post processing software allows a
ROl to be traced, and allows calculation of myocardial strain and strain rate in the

longitudinal plane from the Apical 4 chamber view and in the radial and
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circumferential planes in the short axis view at the papillary muscle level (Leitman,
et al 2004).

Normal values have been established in the adult and paediatric
populations. However to date no normative data exists for healthy term infants

(Helle-Valle, et al 2005) (Amundsen, et al 2006) (Marcus, et a/ 2011).
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6.2 Hypothesis

In this study we hypothesised that ST is feasible in term control infants

6.3 Aims

1 - To quantify measurement of left ventricular strain in term infants
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6.4 Results

Thirty normal term infants with an uncomplicated pregnancy, delivery and
postnatal course had echocardiography carried out on Day 2-4 of life. The mean
gestational age (SD) was 41 (0.7) weeks and birth weight 3.87(0.27) kg. There was
equal sex distribution. Ten children were delivered by elective caesarean, the
remainder by spontaneous vaginal delivery.

Twenty infants had images that were suitable for analysis of Left Ventricular
strain. The ten excluded had incomplete echocardiographic data, or sub optimal
imaging quality. Tracking was feasible in 90% of all segments in the apical 4
chamber view. Mean (SD) longitudinal peak systolic strain is represented as a
percentage. At the Left ventricular basal septum was -17.29 (5.3)%, at the LV mid
septum -16.78 (5.2)% at the LV apical septum was -15.26 (7.9)%, at the LV lateral
septal wall -15.4(4.5)% at the LV mid lateral wall 16.1 (5.8)% and at the LV basal
septum 16.8 (5.91)%. We attempted to measure LV radial circumferential and radial

strain however no infant had suitable echo images for analysis.
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6.5 Discussion

In this observational study we aimed to explore the feasibility of STl in term
infants. Of thirty infants recruited, twenty had images suitable for analysis and we
report normative values for Left ventricular strain in term infants.

Marcus et al in the largest retrospective paediatric cohort to date measured
longitudinal, radial and circumferential strain (n=139) throughout childhood. In
their cohort only 24 infants were less than one year old and the youngest child
included was three months old. They found low systolic peak strain in infants
compared to older children (Marcus, et al 2011). There is currently no consensus on
myocardial contractility in infants, who are thought to have a higher basal
contractile state and where SF is thought to underestimate ventricular function in
the newborn (Rowland and Gutgesell 1995).

In clinical practice STl is used in the adult population to assess systolic
function in patients with heart failure. Edvardsen et al have demonstrated
alterations in systolic function and myocardial deformation in adults with heart
failure who have normal ejection fraction (Edvardsen, et al 2006). Strain rate
imaging has also been used to quantify LV radial dyssynchrony in adults with LV
failure and to predict immediate and long term response to cardiac
resynchronisation therapy (Suffoletto, et al 2006).

In the paediatric population STI has been used to evaluate strain rate in
septic children in the Paediatric Intensive Care Unit (PICU). Strain rate was
significantly reduced in septic patients compared to healthy controls, there was no

significant difference in SF/EF between the two groups (Basu, et al 2012).
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STI has none of the limitations described for TDI. It is angle independent and
if 2D echocardiographic images are recorded and stored with good resolution it can
be used retrospectively with frame rates of 50-70 Hz thought to be optimum as this
increases spatial resolution (Teske, et al 2007).

However in our study we have found a number of limitations, which may be
related to the study population. To use STl with minimum frame rates of between
50 — 70 Hz may result in under sampling in patients with tachycardia (Sitia, et al
2010). In our cohort of term infants we found it difficult to get consistently good
images which may be why no normative data exists for term infants. It was
technically difficult to complete a full echocardiogram with the infant at rest before
they became upset, a problem not encountered when imaging older children or
adults. At rest a term infants heart rate is 140 - 160 beats per minute, which can
increase up to 180 beat per minute when they are crying. This may have lead to
under sampling due to the low frame rates which are required for STI analysis. On
review of the echocardiographic images a number were also unsuitable due to
cardiac translation in the chest wall. Another problem we experienced may be
software related. For the purpose of our study a GE Vivid | was available for use.
Marcus et al in their study used the GE Vivid 7 ( GE Health care) machine for
echocardiography which may be a superior tool. Koopman et al compared the GE
Vivid 7 against the Philips iE33 ( Philips Medical Systems) and their respective post
processing systems, EchoPAC and QLAB to assess longitudinal strain in children with
congenital heart disease. They found good correlations between the two systems
for longitudinal strain.(Koopman, et a/ 2010). In the future it would be useful to

measure both LV radial and circumferential strain.
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In conclusion, STl is a promising imaging modality with normative data being
established for both the adult and the paediatric population. We experienced a
number of limitations with regards to infant heart rate and the frame rates required
for optimal image acquisition which may limit its used in term infants at present.

Improvement in technology in the future may overcome these limitations.
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CHAPTER 7

CARDIOVASCULAR FUNCTION IN INFANTS WITH NEONATAL

ENCEPHALOPATHY

7.1 Introduction

A hypoxic -ischaemic insult occurring around the time of birth may result in
an encephalopathic state characterised by the need for resuscitation at birth,
neurological depression, seizures and electroencephalographic abnormalities
(Azzopardi, et al 2008). These neurological manifestations are likely to be only part
of the underlying pathology, as following a hypoxic insult maintenance of adequate
tissue oxygenation is dependent on the oxygen content of blood, blood flow to the

organ and the tissues ability to extract and use oxygen (Kluckow 2011).

Cardiovascular dysfunction has been increasingly recognised in infants with
encephalopathy as a result of hypoxic ischaemic damage to the myocardium (Evans
2006) (Barberi, et al 1999) (Fatemi, et al 2009) and has been reported in up to 62-
72% of cases (Shah, et al 2004). During a hypoxic ischaemic event, the myocardium
functions to increase blood flow however if there is decreased myocardial perfusion
ischaemic changes may occur in the papillary muscle and subendocardial tissue
(Kanik, et al 2009). As a result neonates with asphyxia have a low cardiac output
with decreased myocardial contractility, systemic hypotension and pulmonary

hypertension (Evans, et al 1998).
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Echocardiographic evidence of ischaemic myocardial injury is not well
documented in infants with Neonatal Encephalopathy. Tissue Doppler imaging (TDI)
is evolving as a technique to allow measurement of myocardial contraction and
relaxation velocity from the myocardium and could allow recognition of myocardial
dysfunction related to hypoxic injury (Negrine, et al 2012) (Mori, et al 2004).
However to date studies have looked at TDI measurements in the first day of life

and not serially over the first week.

Troponin T is an established marker of myocardial injury (Alpert, et al
2000). Newborns with severe neonatal asphyxia have significantly higher levels of
Troponin T concentrations than healthy neonates on day one of life (Gunes, et al
2005) (Szymankiewicz, et al 2005). Elevated Troponin T levels persist for days
following an asphyxia event, decreasing over the first week of life (Gunes, et al

2005).
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7.2 Hypothesis
Infants with evidence of Neonatal Encephalopathy may have altered myocardial

function in the first week of life compared to healthy term controls.

7.3 Aims
1- To assess myocardial function using measures of contractility (SF & EF) and

Tissue Doppler Imaging

2- To correlate findings with serum Troponin T levels

Sn= To determine if TDI measures could predict outcomes such as:
1) Survival to discharge
2) Clinical Neurological Status

a) Neurological Status
b) Sarnat Grade of Neonatal Encephalopathy
c) Seizures

d) MRI Brain
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7.4 Results

A total of 30 echocardiograms were performed during the first week of life
on 19 infants with evidence of Neonatal Encephalopathy (NE). Seventeen infants
had paired serum Troponin T measurement at the time of echocardiography.
Twenty healthy term control infants were used as controls for echocardiographic
measures on day 1 of life but did not undergo venous sampling for Troponin T

measurement.

Infants with Neonatal Encephalopathy

There were 14 males and 5 females in the NE cohort. Mean (SD) gestational
age was 40.37 (1.5) weeks and birth weight 3.6 (0.87)kg. Nine infants were
delivered by caesarean section. Mean Apgar score was 2 (2) at one minute and 4 (3)
at five minutes. Sixteen patients were treated with therapeutic hypothermia and 18
patients survived to discharge. One infant died, three infants had NE Grade 0/I and
sixteen had Grade 11/1ll NE. Although only two infants had abnormal MRI brain
scans. Eleven infants had abnormal Cranial ultrasound scans on Day one of life. The
majority of these ultrasounds had poor grey white matter differentiation (n=2) with

areas of increased ecogenicity (n=9).

Control Infants
There were 11 girls and 8 males in the healthy term controls. Mean (SD)
gestational age 39.7 (1.9) weeks, birth weight 3.69 (0.59)kg. Seven infants were

delivered by caesarean section. Mean Apgar score was 9(1) at one minute and 9(1)

119



at five minutes. None of the infants were admitted to the NICU and all were

discharged home with their mothers.

Myocardial Function

Myocardial systolic and diastolic velocities at the right and left ventricle
increased over the first week of life in infants with NE (Table 6.1). Right ventricular
early systolic and late diastolic velocities were significantly higher in term infants on
day one compared to those with NE (p<0.001 & p=0.04 respectively). Term infants
had significantly higher TDI velocities across all measures compared to those who
with mild or moderate-severe NE. There was a non significant trend towards lower
systolic and diastolic velocities in infants with moderate-severe NE compared to
those who were mildly affected. (Table 6.2)

Infants with Neonatal Encephalopathy who developed seizures (on either
EEG or clinically) had significantly lower LV systolic velocities on day 3 (4.4cm/sec vs
5.4cm/sec, p=0.046)( Figure 5.1). There was no significant difference in the TDI
systolic or diastolic velocities of either the RV or LV in infants who had an abnormal
MRI brain or cranial ultrasound scan. Similarly there was no significant difference in
the TDI velocities in the one infant who died compared to those who survived.

There was no significant difference between systolic measures of shortening
or ejection fraction between healthy controls and those with evidence of NE during
the first week of life. Similarly there was no significant increase in either the mitral
or tricuspid E: A ratios over the first week of life. ( Table 6.3) There was no
significant increase in heart rate, systolic or diastolic blood pressure measurements

over the first week of life in infants with NE (Table 6.4).
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Troponin T levels on day 1 were significantly higher than on day 7 in infants
with NE (0.53ng/ml vs 0.34ng/ml, p = 0.026). Troponin T levels were significantly
higher in the two infants with abnormal MRI Brain scans compared to 17 with
normal MRIs (1.12 versus 0.33 ng/mL, p=0.049). There was no significant
association between Troponin level on day 1 and abnormal cranial ultrasound on
Day 1( p = 0.164). Troponin T levels on day 1 were significantly higher in infants who
were cooled compared to those who were not (0.47ng/mL versus 0.10 ng/mL,
p=0.005). Troponin T levels on day 1 were significantly higher in the infant who died
compared to those who survived to discharge (1.91 ng/mL versus 0.34ng/mL,
p=0.001). There was no significant difference in the RV/LV systolic and diastolic TDI
velocities in infants with NE who had an elevated Troponin T on Day 1 or Day 3

compared to those infants with a normal level.
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Control NE p value

Day 1 Day 3 Day 7

S’ 6.6(0.8) 4.0(1.1) 4.8(1.0) 5.4(1.2) <0.001
RV £’ 7.5(2.) 4.0(1.3) 4.8(1.4) 4.1(2.2) 0.04

A" 8.3(2.3) 4.6(1.5) 6.1(1.4) 6.8(1.9) 0.01

(S’ 3.7(0.6) 2.0(0.6) 2.4(0.7) 2.5(0.9) 0.01
v € 3.8(0.8) 2.7(0.8) 2.6(0.9) 2.3(1.2) 0.224

LA 4.3(0.7) 2.51(1.0) 3.4(0.6) 2.7(1.6) 0.268

(S’ 4.9(0.7) 3.4(0.9) 4.0(0.8) 4.1(0.3) 0.156
Lv JFE 6.1(1.8) 2.4(1.4) 3.9(0.8) 3.1(1.4) 0.126

(A" 5.7(1.2) 3.6(0.9) 4.6(0.8) 4.2(0.7) 0.19

Table 7.1. Tissue Doppler Measurements in Healthy Controls compared to those
with Neonatal Encephalopathy(NE). Measurements are in cm/s. Values are
mean(SD.) RV — Right Ventricle, LV- Left ventricle, IVS — Intraventricular septum. S’ —
Early systolic velocity, E’ Early diastolic velocity, A’ Late diastolic velocity.
Independent Students t test was used for analysis between term infants and infants

with NE on Day 1. Significant results are in bold.
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Control Sarnat Grade of NE p value
Mild Moderate-Severe
(o/1) (n/u)
(s’ 6.6(0.8) 6.4(1.0) 5.6(1.1) 0.26
RV<E  7.5(2.0) 6.3(1.7) 6.6(1.2) 0.76
A’ 8.3(2.3) 7.3(0.9) 6.5(1.5) 0.42
(s’ 3.7(0.6) 3.5(1.0) 3.0(0.5) 0.20
Iv {F 3.8(0.9) 3.8(0.7) 3.6(0.8) 0.6
(A’ 4.3(0.7) 4.1(0.3) 4.0(1.1) 0.94
S’ 4.9(0.75) 4.5(1.0) 4.4(1.0) 0.84
v {F  6.1(1.8) 4.8(0.8) 5.1(1.5) 0.75
A 5.7(1.2) 4.9(0.6) 5.1(0.9) 0.77

Table 7.2. Tissue Doppler Measurements in Healthy Controls compared with NE

divided by Sarnat Score on Day 1. Measurements are in cm/sec. Values are

mean(SD.) RV — Right Ventricle, LV- Left ventricle, IVS — Intraventricular septum. S’ —

Early systolic velocity, E’ Early diastolic velocity, A’ Late diastolic velocity.

Independent Students t test was used for analysis.
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Control Neonatal Encephalopathy
\Dayl Day 3 Day 7 | p value
Shortening 32.0(6.7) 31.9(7.7) 33.6(7.7) 34.2(7.6) 0.59
Fraction (%)
Ejection 64.0(10.0)  62(11.1) 65.6(11.0)  66.2(9.0) 0.442
Fraction (%)
E 0.87(10.0)  45.7(7.7) 49.3(10.6)  48.6(4.1) 0.11
MV A 48.1(12.0)  44.3(11.8) 51.5(9.0) 51.5(11.3) 0.18
E:A  1.1(0.3) 1.1(0.3)  1.14(0.4) 1.0(0.1) 0.89
41.6(9.0) 40.7(8.6) 36.6(7.7) 36.3(2.6) 0.36
TV A 54.1(10.0) 48.2(6.9) 47.6(9) 48.1(13.6) 0.12
E:A  2.2(0.9) 0.9(0.3)  0.8(0.1) 0.8(0.5) 0.17

Table 7.3: Standard Doppler Measures of Systolic and Diastolic Function MV —

Mitral valve, TV-Tricuspid valve. E — Early diastole, A — Late diastole, E:A Early to late

diastole ratio. Values are expressed as mean (SD). The paired Students t test used

for analysis to compare controls and infants with NE on infants on Day 1.
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Day 1 Day 3 Day 7 p value

Heart Rate 105(16) 113(26) 123(36) 0.234
Systolic BP 62.4(12.4) 60.1(7) 66(6) 0.132
Diastolic BP 42.2(8.5) 38.7(8.5) 57(8.0) 0.960
Pulse Pressure 48.5(6) 47.0(8.5) 51.0(6.0) 0.709
Sa 0, 98(2) 98(2) 98(2) 0.871

Table 7.4: Vital Signs of Infants with Neonatal Encephalopathy at time of
Echocardiography. Values are mean (SD.) SaO, - Oxygen saturations. Paired
Students t test was used for the analysis. Statistical significance p<0.05 compares

significance between clinical characteristics on Day 1 and Day 3.
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Figure 7.1 Day 1 Right ventricular early diastolic velocity in Infants with Neonatal
Encephalopathy. Infants who developed seizures had significantly lower left
ventricular systolic measurements on day 3 of life p = 0.041. An independent

Students t test was used for analysis.
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7.5 Discussion

On day one right ventricular systolic and diastolic velocities in those with
evidence of NE were significantly lower in both the RV and LV compared to term
controls. There was no difference between EF/SF between the two groups on day
one. Although the TDI measurements did not reach a statistically significant
difference the trend suggests that TDI measurements in infants with NE are lower
on Day one of life compared to day 7 and to healthy term controls. When
comparing term infants to those with mild NE and to those with moderate to severe
NE there TDI velocities were significantly lower in infants with NE. There was no
significant difference in TDI systolic and diastolic velocities in infants with mild NE
compared to those with moderate — severe NE. However the trend did show that
those with moderate-severe NE have lower TDI velocities across all measurements
in the first week of life. By day 7 TDI velocities across all systolic and diastolic
velocities had increased suggesting that on day 1 infants with NE have suppressed
myocardial function compared to healthy term controls. By day 7 the LV systolic
and diastolic TDI velocities were still lower than those of healthy term controls on
day 1, but due to the small number in our cohort this may be why this did not reach
statistical significance. This suggests that there may be residual evidence of

myocardial dysfunction on Day 7 in infants with NE.

Tissue Doppler imaging (TDI) is evolving as a technique which allows
measurement of myocardial contraction and relaxation velocity from the
myocardium and could allow recognition of myocardial dysfunction related to

hypoxic injury (Negrine, et al 2012) (Mori, et al 2004). TDI filters the low amplitude
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Doppler signal from blood to display the high amplitude signals from the

myocardium to produce systolic and diastolic velocity waveforms (Mori, et al 2004).

The majority of studies to date have focused on the difference between TDI
measurements in infants with NE on day one of life, drawing comparisons with
healthy term controls. Wei et al used tissue Doppler imaging to serially evaluate left
ventricular systolic function in newborns with mild to severe asphyxia. The peak
systolic velocity of the anterior mitral valve leaflet was measured with TDI. The LVEF
and SF of the severe asphyxia group were significantly lower than in the mild and
control groups. The systolic wave of the asphyxia group was significantly lower than
that of control group (p < 0.001). In the severe asphyxia group, the systolic wave at
24 h was significantly lower than that at 48 or 72 h (P < 0.001). The findings of this
study concur with our study findings and suggest that systolic measurement by TDI
is @ more sensitive indicator of left ventricular systolic function than left ventricular

EF/ SF measured by M-mode echocardiography (Wei, et al 2009).

In our study LV systolic velocities on Day 3 were lower in infants who
developed seizures, demonstrating a link between low systolic function and
neonatal morbidity. There was no significant difference between TDI
measurements in those infants who had abnormal neuroimaging (either cranial

ultrasound or MRI brain) or in those who died.

Troponin T levels were significantly increased on Day 1 in infants with
Neonatal Encephalopathy compared to levels on day 7 suggesting evidence of

myocardial injury. This is supported by the decreased TDI systolic and diastolic
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velocities in the NE infants compared to the term controls. This association, along
with the evidence that there was no difference between EF/SF measures between
the groups suggests that TDI and Troponin T in combination may be a superior

measure to assess global myocardial dysfunction in these infants.

Many studies have now confirmed that Troponin T levels are increased in
asphyxiated infants, (Wei, et al 2009) (Szymankiewicz, et al 2005) (Matter, et al)
with elevated levels thought to predict poor prognosis. In our study the infant who
died had a significantly higher Troponin T level than those who survived. Matter et
al demonstrated that Troponin T levels were significantly increased in NE survivors
versus non survivors (0.03pg/l vs 0.16pg/l). Similarly those infants who required
inotroptic support had higher Troponin T levels (Szymankiewicz, et al 2005).This
current study supports the evidence that elevated Troponin T levels in infants with
NE is evidence of subclinical myocardial injury which may be best evaluated by TDI.
Matter et al correlated TDI measurements with Troponin T in asphyxiated infants
versus term controls. Mitral and Tricuspid systolic velocities were significantly lower
in asphyxiated neonates than in term controls (5.06cm/s vs 6.89cm/s) and
(5.78cm/s vs 6.69cm/s) respectively. Troponin T levels were also significantly higher

in asphyxiated neonates than term controls.

Both systolic and diastolic velocities were significantly decreased on day 1 of
life in infants with Neonatal Encephalopathy with no significant impairment in
measures of SF/EF. Studies to date have examined TDI measures in infants with NE
on day 1 and controls and this is the first to serially measure myocardial function in

infants with evidence of neonatal encephalopathy over the first week of life. Our
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study demonstrated that Troponin T levels are significantly elevated in infants with
NE who do not survive of who have abnormal neuroimaging. Tissue Doppler
velocities were decreased in infants with NE on day one, suggesting myocardial
dysfunction in these infants. Following up patients with Neonatal Encephalopathy
into childhood is required to determine if there are any long term cardiovascular
sequelae from a hypoxic event at birth. In addition two year developmental

outcomes and MRI results could be correlated with early cardiovascular changes.
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CHAPTER 8

POINT OF CARE TESTING FOR CARDIAC BIOMARKERS IN THE NEONATAL

INTENSIVE CARE UNIT.

8.1 Introduction

Cardiac biomarkers such as Troponin T are accurate, sensitive and specific
determinants of myocardial injury and are now considered gold standard in the
diagnosis of acute myocardial infarction (Alpert, et al 2000) (Goldmann, et a/ 2001).
POCT for Troponin T has evolved during the last decade with rapid assays providing
results in the Emergency Department and out in the field as used by paramedics to
allow prompt diagnosis of myocardial ischaemia and subsequent treatment
(Goldmann, et al 2001). NTproBNP is synthesised in the ventricles and produced in
increased amounts by the heart in response to congestive cardiac failure. Testing
has been used to not only confirm diagnosis of heart failure but to monitor
response to treatment (McDonnell, et a/ 2009).

In preterm infants Troponin T and NT pro BNP have been established as
markers of the presence of a PDA (El-Khuffash, et al 2008b). Levels of both decrease
in response to PDA treatment and as such may act as surrogates in the management
of a PDA in the absence of echocardiography (Choi, et al 2005). El khuffash et al
have developed a PDA scoring system that utilises both echocardiography, Troponin
T and NT pro BNP to predict outcomes such as IVH and death in preterm infants (El-
Khuffash, et al 2011).

Troponin T is also useful in infants with Neonatal Encephalopathy where it

has been shown to be a predictor of myocardial injury (Gunes, et al 2005). Normal
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ranges for both NT Pro BNP and Troponin T have been established in the preterm
infant (Nir, et al 2009)(El-Khuffash, 2008).

Many Neonatal Intensive care units do not have access to an out of hours
echocardiography service to confirm either the presence of a PDA in preterm infants
or to assess myocardial function in infants with evidence of Neonatal
Encephalopathy. Point of care analysis of Troponin T and NT pro BNP could alert the
Neonatologist to early signs of a PDA or the presence of myocardial dysfunction
and help to guide treatment.

A major advantage of POCT is the decreased turnaround time which
optimises the decision making process (Dirks 1996)(Despotis, et al 1997). The
majority of POCT can be done on small volumes of whole blood making them
particularly useful in neonates, where repeated sampling of blood can lead to
iatrogenic anaemia (Tan, et a/ 2006). Due to the unacceptably high number of
unsuitable Troponin T results obtained from our laboratory due to haemolysis and
clotting and as Troponin T is a time sensitive measure we decided to validate POCT
for Troponin T. In our study 150 micro litres of blood are required for analysis using
the Cobas h232 analyser compared to 500 microlitres required for the Roche 8000

analyser.
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8.2 Hypothesis
To determine if point of care testing is a reliable and accurate method to assess

Troponin T and NT pro BNP in the Neonatal Intensive Care Unit.

8.3Aims
1 - To validate the use of the Cobas h232 bedside analyser to test serum Troponin T

and NT pro BNP in the Neonatal Intensive care unit.
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8.4 Results

Reproducibility of the Cobas h232 was tested. Venous samples were
obtained from one adult subject for measurement of Troponin T level. The same
sample from this subject was tested over a 24 hour period with samples stored at
4°C and at room temperature. The Troponin levels were < 50 ng/L and remained
stable over a 24 hour period at 4°C (Figure 8.1) and at room temperature. The
same test was performed for NT pro BNP levels at 4°C and at room temperature
(Figure 8.2). The NT pro BNP levels also remained constant over the 24 hour period
at both temperatures.
8.4.1 Validation

To validate the Cobas h 232 analyser for use in the NICU, the Bland Altman
method was used to assess agreement between the results of Troponin T and NT
pro BNP measurements from the cobas h 232 analyser and the Roche 8000
analyser. A total of 40 samples (20 NT pro BNP and 20 Troponin T) were recorded.
Samples were taken from term infants with evidence of Neonatal Encephalopathy
(n=8) with the remainder taken from healthy adult controls (n=12) All samples
tested provided a result for both Troponin T and NT pro BNP. The Bland Altman test
was used to assess agreement. Figure 8.3 highlights the Cobas h232 NT pro BNP
measurement and the Cobas 8000 measurement. The majority of the results are
between the 95% limits of agreement. The bias is 40.65pg/mL. Troponin T
measurements between the Coabs h232 and the Cobas 8000 Analysers are
highlighted in figure 8.4. The majority of measurements fall between the 95% limits

of agreement. The bias was 27.59ng/mL. Only 4 data points are shown as 10
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measurements had an average of 27 with a difference of 46 and 8 measurements

had an average of 26.5 with a difference of 47 so plot in the same positions.
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Figure 8.1. Reproducibility of Troponin T levels stored at 4 degrees Celsius over a 24
hour period. This scatter plot shows that Troponin T levels remained stable over a

24 hour period.
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Figure 8.2. Demonstrating reproducibility of NT pro BNP levels over a 24 hour
period. This scatter plot shows that NT pro BNP levels remained constant over a 24

hour period in a sample stored at room temperature.
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Bland-Altman Plot
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Figure 8.3 Comparison between NTpBNP 1 & NTpBNP2. NTpBNP1~NT pro BNP
result from the Cobas h232 analyser (pg/mL). NTpBNP2 — NT pro BNP results from
the Cobas 8000 Anlalyser (pg/mL). Bias 40.65pg/mL. The majority of measurements

were between the upper and lower limits of agreement.
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Figure 8.4 Comparison between Troponin T 1 & Troponin T2. Troponin 1 -
Troponin T result from the Cobas h232 analyser (ng/mL). Troponin T2 =Troponin T
results from the Cobas 8000 Anlalyser(ng/mL). Bias 27.59ng/mL. The majority of

the measurements were between the upper and lower levels of agreement.
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8.5 Discussion

There was agreement between the Cobas h232 analyser and the Roche
8000 analyser for both Troponin T and NT pro BNP levels. The Cobas 8000 anlayser
provides an accurate number for both Troponin T and NT pro BNP measurement
with <14 ng/mL normal for Troponin T and < 300pg/mL normal for NT pro BNP.
However the Cobas h232 analyser does not provide a numerical value and uses a
cut off of < 50ng/mL as normal for Troponin T and <60pg/mL for NT pro BNP. As the
majority of samples were taken from normal controls this explains the large bias
result for both. All of the Troponin T and NT pro BNP measurements which were
normal from the Cobas h232 analyser were also normal from the Cobas8000
analyser

The Cobas analyser is accurate for POCT testing for Troponin T and NT pro
BNP, is quicker and requires a smaller blood sample than that of the Cobas 8000. In
our laboratory up to 50% of the Troponin T samples that are taken from infants are
unsuitable for analysis due to haemolysis or clotting. None of the samples analysed
on the Cobas h232 analyser became haemolysed or clotted.

POCT for cardiac biomarkers has been successfully implemented in the
clinical setting for diagnosis of acute Myocardial Infarction (Ml) and to distinguish
between respiratory and cardiac failure in adult patients. Both Troponin T and NT
pro BNP are highly utilised specific cardiac biomarkers and their levels are strong
indicators of myocardial damage (McDonnell, et al 2009).

In the preterm population, POCT has the advantage that it requires small

volumes of blood which reduces the risk of iatrogenic anaemia, whilst allowing
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timely availability of results which can enhance quick decision making at the cotside
(Mor and Waisman 2000).

Point of care testing for BNP in preterm infants has shown that elevated
levels are associated with a haemodynamically significant PDA and that monitoring
BNP levels is valuable in determining the clinical course of a PDA (Choi, et al 2005).
Troponin T and NT pro BNP have been linked to the presence of a PDA in preterm
infants and their analysis at the cotside along with clinical assessment in the
absence of or in adjunct to echocardiography may allow timely treatment of those
individuals who require PDA treatment.

NT pro BNP may be a better marker than BNP as it is more stable and has a
longer half life. Troponin T also rises in asphyxiated neonates, and in our study we
have shown that levels peak on Day one and continue to fall over the first week,
conversely during this time TDI measures of systolic and diastolic myocardial
velocities continue to rise, suggesting that ischaemic myocardial damage caused by
a hypoxic event improves during the first week of life.

Point of care testing is a simple, rapid method for testing Troponin T and NT
pro BNP at the cotside. This study confirms the reliability of the Cobas h232
analyser. Future work should include integrating POCT testing of NT pro BNP and
Troponin T into practice. A larger study utilising cotside measurement of Troponin T
and NT pro BNP at time of echocardiogram in preterm infants with a PDA and to
monitor response to treatment would be valuable. If Troponin T and NT pro BNP
levels correlate not only with the presence of a duct but also in response to
treatment these markers could be introduced as a surrogate to echocardiography in

units where this service is not available.
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CHAPTER 9

DISCUSSION

9.1 Introduction

Echocardiographic measures of systolic and diastolic function are evolving
for both preterm and term infants. Tissue Doppler Imaging (TDI) and Speckle
Tracking Imaging (STI) are emerging as measures of regional systolic and diastolic
myocardial velocities and multiplane strain and strain rate.TDl is a reproducible and
reliable measure of regional systolic and diastolic myocardial velocities.TDI
measures overcome the shortfalls of measures of shortening and ejection fraction
which are preload and afterload dependent and which have limited use in the
neonatal population. STl has a number of limitations in this population which may

be related to heart rate and to adequate image acquisition.

9.2 Tissue Doppler Imaging

We have demonstrated normative ranges for left and right ventricular
systolic and diastolic myocardial velocities using TDI in preterm infants over the first
week of life and also report normal ranges of TDI velocities in healthy term infants.
We have shown that myocardial velocities increase in all measures over the first
week of life in preterm infants, with significant increases in all measures of RV
systolic and diastolic velocities, VS early diastolic velocities and LV diastolic
velocities. The presence of a PDA appears to have no significant effect on TDI

measures, making them a preload independent measure and therefore more useful
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than SF/EF measures in preterm infants. The major criticism of TDI measures are
that they are angle dependent and cannot be used retrospectively. However we

have shown them to be reproducible, and repeatable measures at the bedside.

9.3 Impact of Serial Echocardiography in the NICU

In our study TDI measures were recorded over the first week of life for
preterm infants. We have shown that at different times TDI systolic and diastolic
velocity measurements were significantly lower in infants who developed chronic
lung disease, necrotising enterocolitis, retinopathy of prematurity and in those who
required PDA ligation. Using TDI as a part of serial echocardiography in preterm
infants may highlight those who are at risk of developing morbidities such as
Chronic Lung Disease which may allow optimisation of ventilation, fluid balance and
used of diuretics.

With the establishment of normative data for TDI measures in the preterm
population, it may be useful to use TDI to assess myocardial function in a number of
clinical scenarios. Over half of preterm infants who are hypotensive and acidotic
have echocardiographic evidence of LV dysfunction using M Mode measures of SF
and EF (Gill and Weindling 1993). As we have established TDI is more sensitive at
detecting subtle changes in myocardial contractility therefore it is likely that
impairment in myocardial contractility is under reported in this population. TDI may
allow earlier diagnosis of myocardial dysfunction and therefore therapeutic

intervention.

143



9.4 Speckle Tracking Imaging

Speckle tracking Imaging is being established to assess LV strain and strain
rate in the adult population. We have attempted to establish normal data for a
small cohort of term infants. The major limitation of ST is the need for high quality
images due to the accuracy needed to track the endocardial border. The optimal
frame rate for STl is 50 — 70 frames/minute and this could account for difficulty
obtaining images in term infants as their resting heart rate is approximately 160
beats per minute. Marcus et al in the largest study to date created normative STI
data for healthy children. However the youngest patient included in their study was
3 months old (Marcus, et al 2011). STl is now used in adult cardiology in patients to
assess improvements in regional wall motion following cardiac resynchronisation
therapy and in those with LV failure. Future work is required to establish normal

data for LV strain in term infants as newer technologies develop.

9.5 Cardiovascular Function in Neonatal Encephalopathy

Infants with Neonatal Encephalopathy are at increased risk of myocardial
dysfunction (Gunes, et al 2005) (Matter, et al 2010). In chapter 6 we examined the
relationship between Troponin T levels and TDI systolic and diastolic velocities in
infants with NE. On day 1 of life Troponin T levels are significantly higher than those
on day 7. Troponin T levels were also significantly higher in the infants with
Neonatal Encephalopathy who died and in those who had abnormal MRI imaging.
Using Tissue Doppler Imaging we have demonstrated a trend toward increasing
systolic and diastolic velocities in infants with NE. This suggests that initial

myocardial dysfunction resulting from a hypoxic event at the time of birth event
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may improve over the first week of life. During this time there was no significant
increase in either the shortening or ejection fraction measurements. Early detection
of myocardial dysfunction would allow more timely therapeutic intervention.
Following fluid resuscitation as recommended by the American College of Critical
Care guidelines 2007 , (Brierley, et a/ 2009) and the 2010 international Liaison
Committee Recommendations (ILCOR) (Biban, et al 2011), supportive therapies to
treat shock and improve hypotension include dopamine, epinephrine and
dobutamine, these agents may improve cardiac function via B1 adrenoceptor
stimulation. However adverse effects such as tachycardia, increased oxygen
consumption and altered tissue perfusion complicate their use (Evans 2006).

Dopamine is an endogenous cathecholamine which improves blood
pressure, cardiac output and stroke volume on starting doses of 10mcg/kg/min.
However there is insufficient evidence to suggest that the use of dopamine in term
infants with perinatal asphyxia either improves mortality or long term neuro
developmental outcome (Hunt and Osborn 2002). Adrenaline has both aand
receptor agonist effects. At low doses it is a portent inotrope, chronotrope,
systemic and pulmonary vasodilator (Paradisis and Osborn 2004). Dobutamine is an
inotrope with predominantly B receptor effects and up to up to 20
micrograms/kg/min is the dose range used to increase cardiac output (Paradisis and
Osborn 2004).

Milrinone is a phosphodiesterase 11l inhibitor and has been used post cardiac
surgery for neonates with low cardiac output syndrome and also in the treatment
of pulmonary hypertension (Chang, et al 1995). In animal models the vasodilatory

effects of milrinone have been found to alleviate pulmonary hypertension in
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newborn piglets. Joynt et al found that epinephrine, dobutamine and milrinone
increase cardiac output, stroke volume and systemic oxygen delivery without
aggravating pulmonary hypertension in asphyxiated newborn piglets (Joynt, et a/
2010). Paradisis et al have studied the use of milrinone in preterm infants and have
found no adverse effects with its use however it did not help to improve systemic
flow (Paradisis, et al 2009).

The trend in our study was towards a significant improvement in myocardial
velocities in infants with NE over the first week of life. It would be useful to look at
TDI measures of systolic and diastolic velocities in a larger group of infants with
Neonatal Encephalopathy and to undertake cardiovascular folow up to ensure
complete recovery as myocardial damage in the newborn period may predispose to
adult cardiovascular disease. In the future correlating Troponin T levels with MRI

results may be useful to help predict developmental outcome.

9.6 Point of Care Testing for Troponin T and NT pro BNP in Neonates.

In this study we have validated the use of the Cobas h232 analyser for
cotside analysis of Troponin T and NT pro BNP in the NICU. Troponin T and NT pro
BNP are established markers of the presence of a PDA (Choi, et al 2005, El-Khuffash,
et al 2007). Troponin T as we have demonstrated is elevated on day one of life in
infants with Neonatal encephalopathy who have echocardiographic evidence of
myocardial dysfunction. In the future it would be useful to use serial
echocardiography and POCT testing of Troponin T to demonstrate evidence of

myocardial injury and subsequent recovery. In both infants with NE and preterm
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infants it would be helpful to correlate NT pro BNP and Troponin T with multiorgan

outcomes.

9.7 Future Research

9.7.1 Cardiovascular Follow up

Advances in Neonatal Intensive care continue to improve the survival and
short and long term outcomes of preterm infants. Neonatal cardiovascular research
tends to focus on the presence and treatment of a haemodynamically significant
patent ductus arteriosus (PDA) (Benitz 2010) and newer techniques to assess global
myocardial function such as tissue Doppler Imaging (Ciccone, et al 2011) without
looking at longer term cardiovascular outcomes.

Cardiovascular disease is the leading cause of death worldwide, (Muller-
Nordhorn, et al 2008) and systemic hypertension remains one of the major
cardiovascular risk factors. The Barker Hypothesis links low birth weight and growth
restriction in utero to adult cardiovascular disease (Barker and Osmond 1986). A
number of studies have linked high blood pressure in adulthood to extreme
prematurity, (Kistner, et al 2005) (Doyle, et al 2003). Johansson et al have observed
that systolic blood pressure increases progressively with decreasing gestational age
at birth (Johansson, et al 2005).

During the neonatal period the structure and function of the neonatal
cardiac myocyte and myocardium continue to mature (Louey and Thornburg
2005).This coupled with haemodynamic changes occurring during the transitional

period with increasing systemic vascular resistance and decreasing pulmonary
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vascular resistance are likely to have an overall effect on shape and function of the
left ventricle (Azancot, et al 1983). Preterm infants have decreased ventricular mass
compared to term infants, in the first weeks of life the ventricular muscle mass
grows thereafter ventricular mass remains constant throughout childhood (Kozak-
Barany, et a/ 2001). In animal models neonatal porcine hearts appear to be more
sensitive to global ischaemia than adult hearts, with neonatal hearts having a
significantly shorter time between the onset of ischaemia and myocardial damage
(Wittnich, et al 1987). Neonates who suffer a hypoxic ischaemic event may have
damage to the myocardium, making them more vulnerable to developing
cardiovascular disease in later life.

No studies to date have looked at long term cardiovascular function in
preterm infants with evidence of systolic and diastolic dysfunction, the assumption
being that the myocardium makes a full recovery. There is also paucity of data on
functional cardiac changes in the first few days of life.

Preterm infants are followed up with regards to their development over the
first few years of life. We suggest that preterm infants who have evidence of
myocardial dysfunction also be followed up throughout childhood. This would allow
evaluation of ventricular function not only in the preterm period but also in the
early childhood years. This could highlight those at risk for long term cardiovascular
disease, allowing counselling about the avoidance of cardiovascular risk factors.
However insufficient paediatric cardiology services may prevent cardiovascular

follow up.
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9.7.2 Vitamin D and cardiac function

In our study we have found that preterm infants have deficient Vitamin D
levels. They have decreased myocardial systolic and diastolic velocities compared to
term infants. This may suggest a relationship between Vitamin D levels and cardiac
function. A larger prospective study correlating TDI measures of systolic and
diastolic velocities with Vitamin D levels in preterm infants throughout their

inpatient stay and following discharge may be helpful.

9.7.3 Sepsis and cardiac function

Sepsis remains an important cause of mortality and morbidity in the
neonatal population with neonatal sepsis accounting for 45% of late deaths in the
neonatal intensive care unit (NICU) (Meadow, et al 2002). Little is known about the
cardiovascular response to sepsis in the neonate. However clinically they show
signs of circulatory compromise with pallor, tachycardia and hypotension (Luce, et
al 2007). Cardiac dysfunction may result from increased cardiac myocyte
production of Tumour necrosis factor (TNF), nitric oxide, and peroxynitrite, which
leads to further DNA damage and ATP depletion resulting in secondary energy
failure (Carcillo 2003). The underlying cause of death in neonates with sepsis is
likely multifactorial, however cardiovascular collapse is frequently observed.
Impaired systolic function is often identified as the major cause with the
contribution of diastolic dysfunction remaining unclear (Sturgess, et al 2010). We

have demonstrated that TDI may be a superior tool for assessment of myocardial
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systolic and diastolic velocities in preterm infants and therefore may be useful in

detecting early myocardial dysfunction allowing timely therapeutic intervention.

9.7.4 Stem cell research in Cardiovascular Disease in infants.

We have shown than TDI values in preterm infants in the first week of life,
increase significantly. By day 7 of life systolic and diastolic velocities are similar to
those of term infants. Similarly infants with Neonatal Encephalopathy have TDI
velocities that increase over the first week. This may indicate that initial cardiac
dysfunction resolves over the first few days of life. In adults stem cell therapy is
being explored as a treatment for patients with left ventricular dysfunction (Murry
and Keller 2008) (Chong, Nelson, et al 2009). Human umbilical cord blood stem
cells ( Human UCBSCs) provide a rich source of stem cells (Bizzarro, et a/ 2007)
(Prat-Vidal, et al 2007) with remarkably high levels noted in peripheral blood in
preterm term infants (Bizzarro, et al 2007). Apparent neonatal myocardial recovery
following severe hypoxia-ischaemia may be related to the large number of HUCBSC
naturally present. However there is a paucity of studies on long term cardiovascular

function in infants with neonatal encephalopathy.

9.7.5 Future Echocardiographic Training

We have demonstrated that the use of serial echocardiography in the NICU
may help to assess global myocardial function in conditions such as Neonatal
Encephalopathy. As well as establishing normative data TDI measures of systolic

and diastolic function in preterm infants in the first week of life may help to predict
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neonatal morbidities. To enable functional echocardiography to be integrated into
routine practice structured training needs to be undertaken in order to avoid
misdiagnosis. In Australia and New Zealand training and accreditation in functional
echocardiography has been developed with the Australasian Society for Clinician
Performed Ultrasound, resulting in the Certificate of Clinician Performed
Ultrasound (Neonatal). This involves 18-24 months of structured training with
mentoring by experienced neonatal echocardiographers/paediatric cardiologists
(Evans, et al). Training in this way allows expertise to be established in the field of
functional echocardiography. Guidelines now exist regarding the use of targeted
neonatal echocardiography in the NICU (Mertens, et al 2011) and hopefully in the
future this will lead to accurate assessment of cardiac function in preterm and term

infants.

9.8 Conclusion

In this project we have established normal data for tissue Doppler imaging
myocardial systolic and diastolic velocities in preterm infants. We have established
normal data for preterm infants and monitored myocardial function in this
population over the first week of life. We have demonstrated that myocardial
velocities in the first week of life can predict neonatal morbidities such as chronic
lung disease, necrotising enterocolitis and those infants who require PDA ligation.
Infants with evidence of Neonatal encephalopathy have significantly elevated
Troponin T levels on Day one of life and this is significantly associated with poor
outcome. The validation of a point of care bedside analyser for Troponin T in this

project will allow efficient results to be obtained which may guide medical
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treatment in these patients. We have highlighted the difficulties with new
techniques such as speckle tracking imaging in healthy term infants, and with the
development of improved software in the future, establishing normal data for
healthy newborns may be possible. In conclusion new and evolving
echocardiographic techniques for global myocardial assessment may be superior to

existing measures.
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