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Chapter 1 Introduction 
1.1 Preamble  

Characterising myocardial function in preterm infants, particularly those less than 29 

weeks gestation has gained considerable interest. Hemodynamic compromise in the early 

neonatal period, although common, is poorly defined and may contribute to adverse 

neurodevelopmental outcome later in life (Hunt et al., 2004). A thorough understanding of 

the physiology of the cardiovascular system in preterm infants is essential for their 

management during this early critical phase.  

Currently used measures of cardiovascular wellbeing include the use of clinical signs 

(such as capillary refill, blood pressure, heart rate and urine output) with or without 

conventional echocardiography. However, clinical indicators of systemic perfusion have 

poor reliability, and conventional echocardiography (such as shortening fraction (SF) and 

ejection fraction (EF)) maybe relatively insensitive in assessing myocardial function, 

especially in the preterm infant (Lee et al., 1992, Amoozgar et al., 2011).  

Moreover, data on the assessment of right ventricular (RV) function in preterm 

infants are still limited. RV function plays an important role in predicting morbidity and 

mortality in preterm and term infants with cardio-pulmonary pathology (Egan et al., 2012, 

Villafane et al., 2013, Motoji et al., 2013).  Alterations in RV function following preterm 

birth, and its influence on outcomes warrant further study with objective methods of 

assessments 

Recent advances in echocardiography have led to the development of techniques that 

directly measure global and regional myocardial function, rather than depend on changes in 

cavity dimensions. Tissue Doppler Imaging (TDI) and myocardial deformation measurements 

(myocardial strain rate and strain) may provide more detailed information on both systolic and 
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diastolic myocardial function. Tissue Doppler velocity indices and myocardial deformation 

imaging based on tissue Doppler derived strain and strain rate (SR) are emergent 

techniques. These techniques may detect early myocardial compromise before it becomes 

evident using conventional echocardiographic means. Quantitative assessment of RV function 

can be obtained using TDI, strain and strain rate, in addition to RV specific markers of 

performance including tricuspid annular plane systolic excursion (TAPSE) and fractional area 

change (FAC). These modalities may possess better sensitivity for detecting changes in 

myocardial performance during the early preterm neonatal period, and provide more 

insight into the adaptations that occur during the transitional period. In addition, those 

parameters may identify differences in myocardial function between infants with and 

without various disease states including patent ductus arteriosus (PDA) and chronic lung 

disease (CLD).  

 We aimed to assess the feasibility and reproducibility of measuring myocardial 

performance in preterm infants less than 29 weeks gestation using the newer 

echocardiography techniques mentioned above, the longitudinal changes that occur for 

these measurements over the first week of life and at 36 weeks post menstrual age, the 

influence of early antenatal and neonatal factors, and the effect of patent ductus arteriosus 

(PDA) and chronic lung disease (CLD) on those function parameters.  
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1.2 Cardiovascular physiology of preterm infants  

The physiology and haemodynamics of the preterm myocardium, and its post-natal 

adaptation is unique and shows different characteristics to both the term infants and older 

children. The myocardial contractile unit of the preterm infant possesses different 

properties to that of a more mature term infant. Contractility of myocytes in the adult 

myocardium is largely determined by the release of intracellular calcium ions which are 

regulated by surface L-type calcium channels. Following depolarisation, a small amount of 

extracellular calcium enters the myocyte leading to intracellular calcium release from 

intrinsic stores in the sarcoplasmic reticulum allowing myofibril shortening and muscle 

contraction. The sarcoplasmic reticulum system lies in close proximity to L-type calcium 

channels and thus responds to calcium influx with ease. In addition, the T-tubule system 

which is a network of invaginations of the myocyte wall into the cell allows the extracellular 

calcium to reach these internal cellular structures(Beard et al., 2004). 

In contrast in the preterm heart the myocytes are immature, with a higher surface 

area to volume ratio to compensate for the lack of the T-tubule system necessary for 

effective calcium entry into the cell. The myocardium of the preterm infant is stiffer than 

that of term infants and adults. This is a result of the presence of stiff collagen fibres in the 

early preterm period and this stiffness will have an impact on diastolic function. There is a 

lack of Endoplasmic Reticulum (ER) stores within the preterm myocytes and thus they rely 

on L-type calcium channels as a source of contraction with influx of extracellular calcium to 

a much greater extent(Noori and Seri, 2005).  
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Figure 1.1: Diagram of a myocyte in the term and preterm infants. 

 
 
 
In normal term myocytes, extra cellular calcium (white circles) enters the cell via L-type 
calcium channels. This in turn activates the release of large amounts intracellular calcium 
stored in the sarcoplasmic reticulum (SR) into the cytosol. This results in contraction of the 
myofilament. This whole process is facilitated by the proximity of the SR to the L-type Ca 
channels and by the presence of transverse tubules, which are invaginations of the myocyte 
cell wall into the cytosol. Relaxation is a result of active reuptake of cytosolic calcium into 
the SR. The small amount of calcium that entered the cell via L-type calcium channels is 
transported back to the extracellular compartment via Na+-Ca2+ exchanger. In preterm 
infants, the SR is physically separated from L-type Ca channels, the transverse tubules are 
absent, and the myocyte has a greater surface area to volume ratio. Consequently, 
contraction is more dependent on extracellular calcium influx into the cells. 



5 
 

These developmental differences reduce the functional reserve of the preterm heart 

when exposed to postnatal stress of extra-uterine life, including the acute changes in 

loading conditions. The preterm myocardium is very sensitive to increases in afterload 

associated with the loss of the low pressure system of the placenta, with evidence 

demonstrating an inverse relationship between afterload and function (Figure 1.2) (Igarashi 

et al., 1994). This is compounded further by the possible stresses of hypoxia or mechanical 

ventilation, which the preterm infant is more commonly exposed to (Noori and Seri, 2005, 

El-Khuffash et al., 2012, Gebauer et al., 2006). 
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Figure1.2: Graphic depiction of the relationship between ventricular function and 

afterload.  

 

Figure 1.2 shows the varying affects that increased afterload can have on stroke volume and 
ventricular function. As heart failure worsens (depicted by the red and green lines) 
increasing afterload results in a dramatic reduction in ventricular function. (Adapted from 
Maron and Rocco 2011.)
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1.3 Transitional Circulation 

Foetal cardiac output rises from 50ml/kg/min at 18 weeks gestation to 

1200ml/kg/min at term gestation reflecting the increasing need the myocardium has to 

generate an adequate cardiac output for the developing organs within the growing foetus. 

Cardiac function is dependent on a variety of factors including preload, afterload, 

contractility and heart rate.  

Preload is characterised by the amount of blood present in the ventricles at the end 

of diastole and is dependent on hydration status of the infant, pulmonary blood flow (which 

in turn is partly determined by pulmonary vascular resistance) and diastolic compliance of 

the ventricles. Afterload is characterised by the resistance against which the ventricle 

muscle must contract and depends on systemic vascular resistance, blood viscosity and 

ventricular outflow tract integrity. Myocardial performance or the intrinsic ability of the 

myocardium to contract and heart rate are the other two important determinants of cardiac 

function. The foetal heart is usually subjected to a low afterload due to the low pressure 

placental system and so the foetal myocardium is subjected to very little wall stress. This 

low pressure system suits the immature myocardium as it is unable to adapt when 

subjected to additional stresses. 

The major source of preload to the left ventricle (LV) during foetal life is derived 

from the placenta through the umbilical circulation across the foramen ovale (FO). This 

results in the left ventricular output (LVO) being comprised of oxygenated blood and 

directed to vital organs such as the brain. The right ventricle receives the majority of blood 

draining from the superior vena cava, and a proportionately lower amount of oxygenated 

blood from the umbilical venous system. The majority of right ventricular output (RVO), up 

to ninety percent, during foetal life is shunted from the pulmonary arteries to the 
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descending aorta via ductus arteriosus (DA), due to the high pulmonary vascular resistance 

(PVR) that occurs during foetal life. Pulmonary venous return into the left atrium is low and 

as mentioned above, LV preload depends primarily on umbilical venous supply through the 

foramen ovale. The DA serves as a bypass channel to avoid subjecting the right ventricle 

(RV) to a high afterload due to the high PVR. 

Following birth and as a result of the loss of the placenta, the sudden increase in 

systemic vascular resistance (SVR) immediately after birth poses a major afterload challenge 

for the preterm infant, which may limit its ability to support cardiac output and result in 

compromise to organ blood flow. The simultaneous fall in PVR results in the redirection of 

right ventricular output (RVO) from the lower systemic circulation through the DA to the 

pulmonary vasculature leading to the increase in pulmonary blood flow. The drop in PVR 

also results in the DA changing from a right to left direction to a left to right direction 

leading to some of the left ventricular blood flow being directed to the pulmonary vascular 

bed. 

The above changes that occur during the transitioning period result in pulmonary 

and systemic circulations that are working in parallel to each other. At this stage the LV 

preload is solely dependent on pulmonary venous return. Thus adequate pulmonary blood 

flow is essential to maintain the necessary LVO in the face of increasing LV afterload. This 

emphasises the importance that changes occurring in the lungs and pulmonary vasculature 

have for maintaining postnatal life. RV preload now becomes dependent on systemic 

venous return from the upper and lower body. The fall in PVR occurring soon after birth 

enables the RV to continue to be exposed to a low afterload. 
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Figure 1.3: Foetal and Postnatal circulations 

 

Figure 1.3 is a description of the change that occurs from foetal to postnatal circulation. 
Figure 1.3A describes the foetal circulation. The circulation incorporates the PFO, PDA as 
well as the high pulmonary vascular resistance. Figure 1.3B demonstrates the postnatal 
circulation with the systemic and pulmonary circulation in parallel after the drop in 
pulmonary vascular resistance. 

1.3B 

1.3A 
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1.4 Clinical assessment of haemodynamics in preterm infants   

Clinical evaluation of the haemodynamic circulation and its impact on the preterm 

infant is a challenge faced by neonatologists and clinicians relying on relatively inaccurate 

methods for assessment. In routine clinical practice, neonatologists assess the integrity of 

the cardiovascular system by examining parameters such as heart rate, blood pressure, 

urine output, capillary refill and metabolic acidosis all of which have poor reliability in 

correlating with the perfusion status of the infant (Seri and Evans, 2001, Kluckow and Evans, 

2001, Sehgal and McNamara, 2008).  

Blood pressure- Hypotension has been associated with intraventricular 

haemorrhage, periventricular leukomalacia and adverse neurodevelopmental outcome (Hall 

et al., 2005, Evans et al., 2006). Hypotension is a common problem in preterm infants with 

up to 40% showing a low blood pressure. However there has been conflicting studies on 

whether the hypotension is the cause of these poor outcomes or simply reflects the sick 

nature of these infants with subsequent neurological compromise (Martens et al., 2003, 

Alderliesten et al., 2014). Clinicians often use arterial blood pressure as a surrogate for 

systemic blood flow, implying that a normal mean arterial pressure equates to adequate 

perfusion of vital organs. However this concept does not take into account peripheral 

vascular resistance (Dempsey and Barrington, 2009). Blood pressure is a product of cardiac 

output (CO) and SVR (BP = CO X SVR). We use blood pressure as a surrogate for tissue 

perfusion, however if a physiological state occurs where there is high peripheral vascular 

resistance then this may result in a normal or high blood pressure reading despite having a 

low cardiac output reflecting poor blood flow to the tissue. Conversely a low systemic 
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vascular resistance state can lead to a low blood pressure reading instigating treatment 

despite the fact that there may be adequate cardiac output and tissue blood flow.  

There are no set criteria at present to define what true hypotension is in neonates 

with many centres using a mean blood pressure less than the gestational age of the baby as 

a guide to hypotension (Kluckow, 2005). However there are no current trials or outcome 

measurements to show that this is a robust means of defining hypotension. Furthermore 

this definition does not take into account the systolic and diastolic components of the 

arterial blood pressure when looking for appropriate management. Systolic arterial pressure 

is a useful surrogate of the adequacy of cardiac output whereas diastolic arterial pressure 

reflects vascular integrity and systemic vascular resistance.  

Heart rate and Capillary Refill - Other clinical markers often relied upon by the 

neonatologist is heart rate and capillary refill time to determine adequacy of perfusion and 

myocardial performance. Tachycardia or a heart rate of greater than 160 beats per minute 

can be a physiological response to poor perfusion. However there are several other causes 

of tachycardia in the neonate, namely pain, sepsis, hyperthermia, hyperthyroidism, 

catecholamine excess, anaemia, hypoglycaemia, medication (caffeine) and neonatal 

arrhythmias. These factors confound the use of heart rate as a reliable marker for tissue 

perfusion. Similarly capillary refill time of greater than 5 seconds correlates weakly with low 

flow states (Osborn et al., 2002). When used as a clinical marker of perfusion, capillary refill 

time shows poor reliability in the sick child when being used to assess cardiac output and 

peripheral perfusion (Lobos et al., 2012, Pickard et al., 2011, Osborn et al., 2004). These 

commonly used surrogates for systemic blood flow have a very low sensitivity for detecting 

haemodynamic compromise, whilst also having a high false positive rate. 
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Urine output, colour, metabolic acidosis- A reduced urine output in the absence of 

interstitial renal disease or obstructive uropathies can indicate reduced renal perfusion 

secondary to a low systemic blood flow state. Renal perfusion and glomerular filtration is 

dependent on renal blood flow thus, below a critical threshold, glomerular filtration and 

renal output can decrease proportionately. In preterm infants with renal tubular 

immaturity, urine output can be in the normal range even in the presence of a reduced 

renal perfusion (Koren et al., 1985). 

Lactate and lactic acidosis: At a cellular level when there is a lack of oxygenation, 

metabolism can change from aerobic to anaerobic. This can be a result of hypoxemia, 

anaemia, inadequate systemic blood flow or a combination of the above factors. During 

anaerobic metabolism a rise in lactic acid occurs and as such lactate levels in the blood can 

be a marker of low cardiac output. Interpreting a high lactate must be interpreted whilst 

considering other markers of reduced perfusion and other causes of anaerobic metabolism. 

As an elevated lactate in isolation can be a consequence of increased glycogenolysis and 

inborn errors of metabolism or other forms of hypoxia other than reduced perfusion. It 

must also be noted that the lactate level may be reflective of local tissue metabolism and 

not necessarily reflect global tissue perfusion and metabolism. Similarly, poorly perfused 

tissue undergoing anaerobic metabolism may not mobilise lactate into the blood stream 

until perfusion improves with the rise of lactate occurring after restoration of an adequate 

systemic blood flow (de Boode, 2010) 
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1.5.1 Current techniques of assessing systolic and diastolic function 

Due to the small size of the heart and the sick nature of the patients who are 

premature, the use of either invasive evaluation or cardiac magnetic resonance imaging 

(MRI) is impractical and these methods are usually not performed.  Cardiac MRI has been 

studied in infants greater than 34 weeks gestation (Broadhouse et al., 2014) but no data 

currently exists on those less than 29 weeks gestation. Furthermore many centres involved 

in the care of extremely preterm infants do not have access to cardiac MRI or are unable to 

transport these fragile patients to a MRI scanner. Assessment of reponse to treatment is 

also impractical and is unlikely to come int clinical practice in the near future. 

Echocardiography is the only method that has been used for repeated non-invasive 

measurements of the neonatal and preterm heart (Lopez et al., 2010, Mertens et al., 2011b, 

El-Khuffash et al., 2013a). Despite the increasing use of echocardiography for identifying 

significant Patent ductus arteriosus (PDA), assessing myocardial function and systemic blood 

flow, the echocardiographic methods used to date, lack accuracy and validation (Mertens et 

al., 2011b).  

 

1.5.2 Assessment of Systolic function 

Systolic function has traditionally been measured by using echocardiography 

methods such as ejection fraction (EF), shortening fraction (SF) and velocity of 

circumferential fibre shortening (VCFc). Shortening fraction has gained in popularity in 

assessing left myocardial function due to its ease and rapidity (Lee et al., 1992, Rowland and 

Gutgesell, 1995). Although this parameter only measures a change in LV cavity dimension in 

one plane, it is used to determine global function in clinical practice and a surrogate for 

myocardial contractility. It is measured by M-mode assessment of the long axis view or the 
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short axis of the left ventricle at the tips of the mitral valve leaflets. This measurement 

becomes inaccurate in the presence of paradoxical septal wall motion which may occur in 

the first few days of life in preterm infants due to the elevated right sided pressure (Lee et 

al., 1992). This measurement is also limited by the fact that it is heavily dependent on 

preload. In addition, the same M-mode method is used to derive EF in one plane only. This 

has the disadvantage of assuming the LV is cylindrical in shape. In addition, any errors in 

deriving the LV cavity diameter in diastolic and systole are cubed when deriving EF using this 

method thereby decreasing its accuracy.  

VCFc is a preload independent, afterload adjusted measure of LV function. Although this 

method is a relatively load-independent measure of myocardial contractility its 

measurement has not entered into mainstream use due to its cumbersome calculation and 

the limited data on the applicability of the preterm population (Mertens et al., 2011b).  

1.5.3 Assessment of diastolic function 

Diastolic function of the heart can be measured indirectly by examining the trans-

mitral flow pattern. The usual flow pattern of the mitral valve in diastole is biphasic with and 

early E wave resulting from early blood flow across the atrioventricular valve in diastole 

followed by a late A wave resulting from the atrial contraction occurring at late diastole. The 

maximum velocity of the E and A wave can be measured and compared as a ratio. In the 

normal setting with good diastolic function the majority of blood flow occurs during the 

early diastolic phase (E wave) making the E wave higher than the A wave (Figure 1.4). When 

expressed as a ratio this results in a E:A wave ratio being greater than 1. In poor ventricular 

relaxation there is a dependence on the atrial contraction to provide ventricular filling. This 

results in an increased A wave and so an E:A ratio less than 1 indicates diastolic dysfunction. 

However both E, A wave and E:A wave ratio are indirect measures of diastolic function and 
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give little information on muscle contraction and relaxation velocities. Furthermore these 

parameters are dependent on loading conditions and therefore the volume status of the 

infant and the use of inotropes may play contributing factors. 

 

 

 

Figure 1.4: Doppler imaging of the Mitral valve showing the E and A waves 

 

 

 

Using Pulsed Wave Doppler we can see the flow through the mitral valve showing the early 

(E) and late (A) waves
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1.6.1  New Methods of Assessment of Myocardial Performance  

Newer techniques have recently become available for assessment of cardiac 

function. These newer techniques have been studied mainly in adults with some research 

occurring in the paediatric population.  The area of term and preterm functional assessment 

is one which warrants further study.  Furthermore despite echocardiography being present 

for the last 4 decades very little normative data is present on preterm functional parameters 

despite its growing use in this setting often with small datasets being presented in various 

disease states without reference to a normative dataset (Groves et al., 2008, Murase and 

Ishida, 2006). The use of large datasets with normative values is essential for both the 

clinical and research setting.  

Recent advances in echocardiography have led to the development of techniques 

that measure regional myocardial function. Tissue Doppler imaging (TDI) and myocardial 

deformation measurements (myocardial strain rate and strain) provide assessment of both 

systolic and diastolic regional myocardial function. These techniques are relatively less 

dependent on preload in adults and evaluate myocardial deformation in all relevant 

dimensions (e.g. longitudinal, radial and circumferential direction). These techniques may 

prove useful in evaluating myocardial function in the preterm population. Speckle tracking 

echocardiography (STE) and rotational mechanics are further techniques used to provide 

information on both regional and global myocardial function. In addition the emergence of 

RV-specific functional parameters has been increasingly recognised as important when 

assessing myocardial function and should be incorporated into a comprehensive 

echocardiogram (Levy et al., 2015, Jain et al., 2014).  
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1.6.2 Tissue Doppler Velocities 

Tissue Doppler velocity Imaging (TDI) is a relatively new ultrasound modality that 

measures the velocity of movement of muscle tissue in systole and diastole directly from 

the myocardium. This offers a quantitative assessment of both systolic and diastolic function 

by assessing the velocity of displacement of the mitral and tricuspid annuli, and base of the 

septum during the cardiac cycle (Hiarada et al., 2000).  

   Initially it was thought that tissue Doppler velocity imaging was relatively 

independent of preload (Frommelt et al., 2002, Nagueh et al., 1997). Nagueth in his study 

looked at tissue Doppler velocities of the mitral annulus in different loading conditions 

(normal function, impaired relaxation, and heart failure patients). He found that both 

impaired relaxation and heart failure patients had lower TDI values compared to normal 

subjects inferring that it may be a preload-independent marker of LV relaxation. This study 

uses the mitral E/A ratio as the marker of failure/filing and presuming loading conditions 

based on these values. More recent studies have shown that TDI is still dependent on 

loading conditions and is affected by both preload and afterload (El-Khuffash et al., 2012). 

El-Khuffash and colleagues showed that in preterm infants, the mitral valve systolic and 

diastolic tissue Doppler velocities decreased significantly after PDA ligation when measured 

immediately before and immediately after the procedure. A PDA ligation is associated with 

a sudden fall in preload and, by removing LV exposure to the lower resistance pulmonary 

circulation, a sharp rise in afterload. The sudden change in those markers in this setting is 

unlikely to be due to a true change in contractility.  

Tissue Doppler velocities can be used to assess regional myocardial function by 

examining the velocity of various segments of the myocardium (Nikitin et al., 2003). Various 

studies have looked at TDI and its usage in disease states such as cardiomyopathy 
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(Mohammed et al., 2009) , chemotherapy-induced dysfunction (Ganame et al., 2007a)  and 

post Kawasaki disease dysfunction (Arnold et al., 2007). Often in these situations, 

dysfunction is seen by using TDI where it is not detected by conventional markers of cardiac 

performance such as ejection fraction, shortening fraction and wall stress. 

While TDI has been investigated and validated in adults and children and is becoming 

a routine use for echocardiographic assessment (Pauliks, 2013), in the preterm population, 

few investigators have reported the clinical use of TDI for early management of circulatory 

dysfunction.  

 

1.6.3 Strain imaging 

The objective quantification of myocardial function remains a challenge despite the 

advancing use of echocardiography. The use of visual assessment and conventional M-mode 

imaging has many limiting factors as mentioned above. Tissue Doppler-derived deformation 

imaging along the long axis of the ventricle is being used more commonly and has shown to 

be valid and reproducible (Eriksen et al., 2013a, Helfer et al., 2013, Murase et al., 2013). The 

recent introduction of tissue Doppler derived deformation has allowed regional myocardial 

deformation assessment by using ultrasound based myocardial strain (S) and strain rate 

(SR).  

Sacromere shortening occurs during systole due to electro-mechanical activation. 

This results in a reduction in intra-cavity size and ejection of blood from the ventricle. Active 

relaxation occurs during diastole resulting in the restoration of the ventricular geometry and 

filling of blood following atrial contraction. The deformation of the ventricular wall occurs in 

three dimensions which can be expressed in systole as longitudinal shortening, 

circumferential shortening and radial thickening.  
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It is important to distinguish between myocardial deformation and myocardial wall 

motion. Myocardial wall motion is the change in position of a particular region of 

myocardium over a particular time period and can be measured by velocity and 

displacement. In this it is assumed that all parts of that region move with the same velocity. 

In contrast myocardial wall deformation is the change in shape of this particular region 

which occurs due to different parts of the region moving with different velocities over a 

certain time point. Myocardial deformation is termed strain and the speed at which this 

deformation occurs is termed strain rate. Measuring myocardial wall velocity does not 

differentiate between active and passive movement of the myocardial segment whereas 

deformation analysis can discriminate between these two factors. 

The myocardial strain is a measure of absolute tissue deformation (shortening in 

long and circumferential planes, thickening in radial plane) by using two reference points 

along the ventricular wall during the cardiac cycle. Strain is an analogue of regional ejection 

fraction, and therefore is influenced by preload (which increases wall strain) and afterload 

(which reduces wall strain). Systolic strain rate measures the time course of deformation 

(velocity of shortening/time unit).  

Strain can be defined by the formula 

 

 

where ε is strain, L0= baseline length and L = length at time of measurement. 

Systolic strain is represented graphically by a negative deflection for shortening and 

a positive deflection for lengthening (Figure 1.5). Longitudinal and circumferential 

shortening are represented as a negative strain while radial thickening is represented as a 
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positive strain. Once the initial length of the regional myocardium is known at a certain 

point in the cardiac cycle, the relative length change or strain can be calculated relative to 

this for the rest of the cardiac cycle in that particular dimension.  
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Figure 1.5: Tissue Doppler derived Strain of the intraventricular septum showing the peak 
systolic Strain (S) 
 

 

Figure 1.5 gives an indication of the longitudinal strain values observed during the cardiac 
cycle and by matching these with time points on the electrocardiogram we can see that 
there is a peak negative strain during systole (peak systolic strain)  

Strain rate (SR) is the rate by which the deformation occurs and the unit of strain 

rate is s-1. SR can be defined by the equation 

 

where  is the change in strain and is the change in time. 

SR has the same direction as strain (that is negative for shortening and positive for 

elongation). Diastolic strain rate measures the time course of returning to baseline shape. 

SR correlates with the rate of change of pressure and reflects contractility. Strain rate is 

thought to be less preload and afterload dependent (Sutherland et al., 2004, Ferferieva et 

Peak systolic strain (S) 
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al., 2012). By measuring both strain and strain rate during different loading conditions, 

Ferferieva and his colleagues found that strain was influenced by afterload, however strain 

rate is a more robust measure of contractility and less influenced by loading conditions of 

the heart. These two parameters complement each other in their evaluation of myocardial 

performance. SR depicts 3 distinct peaks (Figure 1.6) with a peak negative deflection 

correlating with peak systolic strain rate and 2 positive deflections correlating with early (E-

wave) and late (A-wave) diastasis. When assessing regional myocardial function both strain 

and SR need to be calculated together as they give complementary information for that 

region. 
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Figure 1.6: Tissue Doppler derived strain rate of the septal wall  
 

 

Figure 1.6 depicts the Tissue Doppler derived strain rate of the septal wall during 3 cardiac 
cycles. The figure shows the peak systolic (S) early diastolic (e) and late diastolic (a) markers.  

S  

 E   A  
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Contractility is best reflected by measuring the stress/strain relationship, however at 

present there is no mechanism to measure the stress of the myocardium. Despite this by 

measuring strain and SR a valuable marker of myocardial function can be achieved. 

Strain and SR may be used to assess global and/or regional function in both left and right 

ventricles (Weidemann et al., 2002). Conventional wall motion measurements cannot 

differentiate between active and passive movement of a myocardial segment, whereas 

deformation analysis (strain and strain rate) can discriminate between these. 

Deformation imaging has been used previously in cardiac MRI before the current 

capabilities of echocardiography were present. This involved tissue tagging and three-

dimensional magnetic resonance imaging. This method was deemed the gold standard for 

evaluating strain and strain rate. Although giving accurate values it remained a cumbersome 

and expensive tool to use and is routinely not available.  

 Over the last decade, strain and strain rate measured using echocardiography has 

been validated against MRI techniques (Edvardsen et al., 2002, Amundsen et al., 2006, Tee 

et al., 2013, Herbots et al., 2004) using both tissue Doppler and speckle tracking methods. 

This has been achieved using both normal myocardial segments and infarcted areas with 

excellent agreement in both groups. These results have paved the way for deformation 

imaging to be used as a valuable tool for echocardiographic assessment of myocardial 

function. This data has been validated in both adult and paediatricpediatric populations but 

very little data is available in the preterm population with no data available comparing 

tissue Doppler and cardiac MRI. 
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1.6.4 Tissue Doppler Derived deformation imaging 

There are two different methods of measuring deformation within the heart: The 

Tissue Doppler-derived technique or the Speckle tracking echocardiography technique. 

These modalities and measurements are novel at present and have only been used mainly in 

the setting of research. One of the factors which is delaying their use in the clinical setting is 

the fact that the post-processing software is often vendor specific thus contributing to a lack 

of reproducibility between different groups. Furthermore as using these techniques can 

allow one to measure regional myocardial function this increases the variability in values 

based on where the region of interest is located. Finally because tissue Doppler and speckle 

tracking both have separate advantages and disadvantages there may arise circumstances 

where one form of deformation imaging would be better than the other. 

 

Acquisition and limitations of tissue Doppler derived strain.  

The validity of measurements of tissue derived strain and strain rate has been assessed in-

vitro and in vivo models. In the in vitro model gelatine blocks were used to mimic tissue and 

velocities were measured using commercially available ultrasound systems (Korinek et al., 

2005). They found a high degree of accuracy in velocity measurements.  

Despite is possible use, tissue Doppler derived strain and strain rate does have some 

limitations which are important to note. One of the main limitations is that when using 

tissue Doppler, the measurements are angle dependent. The angle between the 

myocardium and the ultrasound beam is important when deriving these values. For 

example, when measuring longitudinal strain in the 4 chamber view if the beam is parallel to 

myocardial wall, we assume that the transverse strain which is perpendicular to the 

ultrasound beam is 0 and so does not contribute to the longitudinal strain value. However if 
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the angle changes then the transverse velocities contribute to the measured velocities 

giving an inaccurate representation of the longitudinal strain. For acceptable calculations, an 

angle of insonation less than 20 degrees is deemed acceptable (van Dalen et al., 2009). 

Another issue to recognise is movement artefact which can occur with all tissue Doppler 

imaging. It is important to limit movement artefact when acquiring images. It is also 

important to be aware that assessing tissue movement in relation to the transducer rather 

than relative to adjacent segments is a fundamental limitation of tissue velocity imaging 

which will also affect tissue Doppler derived strain and strain rate.  Accurate image 

acquisition with image optimisation and tracking through three cardiac cycles can help to 

confine these limitations and in the hands of experienced and trained operators this method 

can be a valuable non-invasive tool for clinical evaluation of myocardial contractile function.  

 

1.6.5 Speckle tracking imaging 

Non- Doppler 2D-strain imaging can be derived from speckle tracking 

echocardiography (STE). It works by following the speckle pattern present on the muscle 

wall frame by frame. Speckles are the acoustic backscatter generated by the reflected 

ultrasound beam. These acoustic markers are equally distributed throughout the 

myocardium but the speckle pattern is unique to each region. Displacement of the speckle 

pattern represents local tissue movement and the change between speckles represents 

myocardial deformation. This is performed by vendor specific software and gives values of 

strain, strain rate and velocity of a defined myocardial segment. STE is based on B-mode 

grey scale tracking of 2D speckles within the myocardium. The original length is referenced 

by using the point at end-diastole and from this, the speckles can be tracked as they move 
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through the cardiac cycle and the degree of deformation can be determined (Figure 1.7) 

(Teske et al., 2007). 

The advantage of using this technique is that it is angle independent as it follows the 

movement of the speckles in any direction. Speckle tracking measures the deformation in 

two dimensions which means that in the apical view it can calculate not only the 

longitudinal strain but also the transverse strain. Similarly in the short axis view both the 

circumferential and radial strain can be calculated from the same image.  

Speckle tracking derived strain and strain rate also has limitations. Optimal speckle 

tracking can only be produced at a certain frame rate 50 to 70 frames per second (FPS). This 

is much lower than that seen in TDI which is (>180FPS). This could result in the under 

sampling especially in patients with a fast heart rate. This becomes an even more relevant 

problem when considering premature infants who all have heart rates between 120 to 180 

beats per minute as a baseline. If the frame rate is increased to reduce the under sampling 

issue, this will result in a reduction in the spatial resolution and less sampling of the optimal 

region of interest. When the frame rate is reduced this will increase the spatial resolution. 

However as the speckle tracking software tracks the speckle frame by frame, the low frame 

rate can lead to the speckle being outside the software’s search area and result in poor 

tracking and temporal resolution. This compromise between spatial and temporal resolution 

is one of the difficulties with using speckle tracking.  

This issue of what ideal frame rate should be used has been looked at previously by 

Sanchez et al when they looked at the reliability and reproducibility of various frame rates 

on strain and strain rate in premature infants(Sanchez et al., 2014). By looking at the inter 

and intraobserver variability of various frame rates, they found that reproducibility is most 

robust when cine loops are obtained with frame rate to heart rate ratio’s of 0.7 to 0.9 
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frames/sec per bpm. This frame rate likely results in optimal myocardial speckle tracking 

and gets the balance between spatial and temporal resolution.    
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Figure 1.7: Speckle Tracking derived Strain of the Left Ventricle 

 

Figure 1.7 shows the image acquisition and post processing software for speckle tracking 

derived deformation imaging. Figure 1.7 (1) shows the 4 chamber view with the myocardial 

wall defined to derive an average strain value for each segment. Figure 1.7 (2) shows a 

graphic representation of the strain values over a cardiac cycle with each segment being 

depicted by a different colour and global strain being depicted by the white dotted line. 

From this the peak systolic strain can be calculated. Figure 1.7 (3) shows the bullet view of 

strain values derived by combining the 2, 4 and 3 chamber views of the left ventricle to 

represent regional strain values. 
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1.7 Twist/torsion  

Left ventricular (LV) twist describes the wringing motion of the LV during systole, and 

is the net result of the rotation of the apex and the base in opposite directions along the 

long axis (Figures 1.8, 1.9, 1.10). LV torsion describes normalised twist to LV length at the 

end of diastole. Effective ventricular torsion and twist is an essential component of normal 

ventricular function at rest and during exercise.  

This wringing motion improves the ejection of blood from the LV cavity during 

systole. LV untwist describes the recoiling of the twisted LV during early diastole thereby 

generating a suction force for LV filling. LV twist is facilitated by the helical arrangement of 

the subepicardial (left handed) and subendocardial (right handed) fibres (Buckberg et al., 

2011) within the myocardium. The magnitude of LV twist and untwist is determined by the 

contractile force of the myocardium in addition to muscle fibre compliance and elastic recoil 

properties. As a result, those parameters may be used as surrogates for global LV function 

(Burns et al., 2008, Buckberg et al., 2011, Russel et al., 2009, Huang and Orde, 2013).  

Left ventricular twist can be assessed by speckle tracking echocardiography (STE) 

which measures apical and basal rotation from the parasternal short axis views and 

demonstrates acceptable agreements with twist measured by Magnetic Resonance Imaging 

(MRI) (Notomi et al., 2006b). Recent studies have established twist values in the healthy 

paediatric population (Takahashi et al., 2010, Al-Naami, 2010, Kaku et al., 2014).  
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Figure 1.8: Apical rotation of the Left Ventricle (LV) using Speckle tracking 
echocardiography 

 

 

 

Speckle tracking of the Left ventricle in the short axis plane at the level of the apex showing 

the positive counter-clockwise rotation of the left ventricle around the ventricular axis.
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Figure 1.9: Basal rotation of the Left Ventricle (LV) using Speckle tracking 
echocardiography 
 

 

 
Speckle tracking of the left ventricle in the short axis plane at the level of the mitral valve 
showing the negative clockwise rotation of the ventricle around the ventricular axis 
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Figure 1.10: Graphical representation of the net twist of the Left Ventricle (LV)  
 
 

 

 
Twist of the left ventricle (LV). The blue line representing the positive apical rotation, the 
magenta line representing the negative basal rotation and the white line representing 
the resultant twist of the left ventricle. 
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Al-Naami and colleagues findings suggest that when LV twist is normalised to LV 

length, the heart maintains a constant LV rotation profile (Al-Naami, 2010). However they 

found that the infant heart is somewhat different in that it deforms, twists and untwists at a 

faster rate than the other groups. When looking at disease states such as congenital heart 

disease and childhood malignancies (Laser et al., 2013, Cheung et al., 2011b) it was found 

that using LV twist and torsion may be a valuable tool in assessing early myocardial disease 

even in those children who have preserved LV ejection fraction. Laser and his group found 

that using twist and torsion in children with coarctation or aortic stenosis showed a higher 

initial value to matched controls due to the increase in loading conditions. After successful 

intervention in these lesions there was a significant reduction in the torsion values showing 

that twist/torsion may be a valuable tool for assessing changes in loading conditions. 

Cheung and his colleagues used twist and untwist to assess LV function in childhood cancer 

patients who were undergoing anthracycline treatment. They found that compared with 

controls there was a significant reduction in torsion, twist and untwist velocities in those 

patients who received anthracycline. They found this remained the case even in those 

patients with preserved ejection fraction suggesting that this may be a more sensitive 

marker for LV function. 

 LV twist in the preterm population has not been investigated to date. The use of STE 

to assess various functional parameters such as strain and strain rate in preterm infants is 

gaining considerable interest, with recent studies demonstrating acceptable reliability of 

those techniques (Levy et al., 2013, Helfer et al., 2013, El-Khuffash et al., 2012). Assessment 

of LV twist using STE in extremely low birth weight infants during the early post-natal period 
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may provide novel insights into myocardial performance (Noori and Seri, 2005) and enable 

study of this novel functional marker in disease states associated with prematurity.  

 

1.8.1 Right Ventricular dysfunction and its role in prematurity  

Ventricular function plays an important role in the morbidity and mortality of 

preterm infants(Seri and Evans, 2001). Very little data is available on how right ventricle (RV) 

function is measured and its impact on the circulation and haemodynamics. It is known that 

RV dysfunction plays an important role in outcomes of many adult and paediatric diseases 

being a strong predictive factor for morbidity and playing a role in both a cause and effect of 

different cardiac and non-cardiac pathologies (Voelkel et al., 2006). In the new-born period 

the relatively high pulmonary pressures that occur during transition due to the initial high 

pulmonary vascular resistance may impact on the initial RV function and play a vital role in 

determining the haemodynamic stability of the infant. The major circulatory changes that 

occur include decrease in the pulmonary vascular resistance, increase in pulmonary blood 

flow and closure of foetal shunts such as the PFO and PDA. Complete transition occurs over 

a number of weeks after birth but the main change is in the first few days of life. In the 

preterm infant this can be further affected by the haemodynamic effects of a patent ductus 

arteriosus, the immature contractility of the preterm heart and co-morbid conditions such 

as respiratory distress syndrome which can impact the circulation. 

Newer methods of quantitative measurements of RV function have gained interest in 

recent times such as Tricuspid Annular Plane Systolic Excursion (TAPSE), Fractional area 

change (FAC) and RV strain and strain rates. 
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1.8.2 RV specific functional parameters 

As discussed previously, RV function can play an important role during the 

transitional period of the preterm circulation. Due to the complex geometry of the RV there 

are very few objective echocardiographic parameters to assess RV function. At present RV 

function is assessed qualitatively and objective functional measurements are needed. 

Although some newer RV functional measurements have been used in the adult population 

(Motoji et al., 2013) there is a lack of normative data available in the preterm population 

making this an area of research at present. 

Jain et al recently published data looking at these parameters in the term population 

(Jain et al., 2014). The group examined fifty healthy term infants during the first 2 days of 

life and studied RV dimensions and functional indices as recommended by the American 

Society of Echocardiography for older populations (Lopez et al., 2010). Additionally they 

applied novel echocardiographic parameters such as fractional area change (FAC) using both 

the 4-chamber (4-C) and 3-chamber (3-C) views, RV longitudinal strain from the RV lateral 

and inferior walls and Tricuspid Annular Plane Systolic Excursion (TAPSE). Having applied 

these measurements they found that both the conventional and novel RV measurements 

were both feasible and reproducible for the term neonates and have published normative 

data based on these results (Jain et al., 2014).  
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1.8.3 Fractional Area Change (FAC) and Tricuspid annular plane systolic excursion (TAPSE) 

RV Fractional areal change (FAC) measures the change in area of the RV in the 4C 

and 3C view between end diastole and end-systole. The endocardial border is traced in a RV 

focussed 4C and 3C view, the RV 4C-FAC and the RV 3C-FAC can be calculated (Figure 1.11). 

From this global RV FAC can be derived (Jain et al., 2014). 

TAPSE has been recognised as a good marker of global RV function. Its role as an 

echocardiographic tool to analyse systolic RV function has been established in adults (Lang 

et al., 2005, Gupta et al., 2008). Poor RV systolic function is associated with a reduction in 

the TAPSE value achieved. TAPSE is obtained by either m-mode imaging or tissue Doppler 

imaging of the tricuspid annulus and evaluating the slope that is seen from diastole to 

systole as shown in figure 1.12. Koestenberger and his group looked at how TAPSE could be 

applied to term and preterm infants (Koestenberger et al., 2011). They evaluated 258 

patients ranging from 25 to 41 weeks gestation and calculated Z score values within 48 

hours of birth. Based on this they found that TAPSE values ranged from 0.44cm in preterm 

infants to 1.03cm in term infants. This echocardiographic quantification was simple to use 

and was found to be reliable and reproducible in the neonatal population in a similar way to 

its use in the adult and paediatric population. This paves the way for TAPSE to be used as 

part of an echocardiographic assessment for RV functional assessment. 
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Figure 1.11: RV focussed 4 chamber view showing measurement of right ventricular 
fractional area change. 
 

 

  
Figure 1.11 shows the graphic representation of the RV cavity end diastolic area (RVEDA) 
and RV cavity end systolic area (RVESA). After manually tracing these areas the RV FAC can 
then be calculated using the following formula:   RV FAC (%) = [RVEDA(cm2) – RVESA (cm2)] ÷ 
RVEDA(cm2). 
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Figure 1.12: M-mode imaging of the tricuspid valve to give the Tricuspid Annular Plane 
Systolic Excursion (TAPSE) 
 

 

TAPSE is achieved by M mode assessment through the tricuspid annulus of the Right 
Ventricular free wall. This can be achieved by 2D grey scale (figure 1.12B) or tissue Doppler 
Imaging (figure 1.12A). TAPSE is the slope calculation between diastole and systole. 

A B 
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1.9 Use in Paediatrics  

The use of tissue Doppler velocities and deformation imaging in the paediatric 

population is relatively recent. The drive to generate reference ranges for those parameters 

in the paediatric population stems from the inability to extrapolate data already in existence 

from the adult population due to the smaller heart sizes resulting in lower velocities and the 

higher variability of those parameters in children.  (Pauliks, 2013). The use of those 

parameters has been explored in conditions such as  Duchenne’s muscular dystrophy (DMD) 

(Mertens et al., 2008), post chemotherapy (Biswas et al., 2013) and post cardiac transplant 

(Kailin et al., 2012). It is well recognised that patients with DMD exhibit subclinical cardiac 

dysfunction detectable by cardiac MRI before clinical symptoms arise. Mertens and his 

group demonstrated that despite normal global systolic function values measured using SF, 

LV deformation parameters were reduced in this cohort. Transplanted patients had 

deformation assessment one year post transplant and values were compared to age 

matched controls. The peak global left ventricular longitudinal strain was lower in the 

transplant group than in the control group suggesting reduced LV function (Kailin et al., 

2012).  

 Normative values of strain and strain rate have been published by various authors to 

define this novel echo marker for neonates and paediatrics (Takahashi et al., 2010, Kaku et 

al., 2014, Jain et al., 2014, Elkiran et al., 2013). This basis allows us to use a potentially more 

sensitive tool for assessing function which has been validated and reproduced in various 

disease states and populations. 
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1.9.2 Role in neonates 

Researchers have examined both tissue Doppler velocities (TDI) as well as tissue 

Doppler derived strain and SR in the preterm population. Helfer et al looked at TDI derived 

strain and strain rate during the first 28 days of life in very low birth weight infants and 

found that peak systolic strain and SR rose significantly in the RV over that time period 

(Helfer et al., 2014). They also looked at the reproducibility of measuring TDI derived strain 

and strain rate in infants less than 1500g and assessed both the feasibility and 

reproducibility of tissue Doppler-derived S and SR as well as the region of interest size and 

strain length. By looking at 60 good quality images of the LV free wall, interventricular 

septum and RV free wall they found that analysis in this patient population was both 

feasible and reliable (Helfer et al., 2013).  

Murase et al looked at LV function in preterm infants over the first 7 days of life by 

using tissue Doppler velocities (Murase et al., 2013). They assessed 101 VLBW infants with 

serial echocardiography at 3, 12,24,36,48,72 and 96 hours of age as well as 5-7 days of life. 

They found that the peak systolic velocity and early diastolic velocity was reduced initially at 

3 to 12 hours of age but then gradually increased.  

 More recently the same group examined tissue Doppler velocities of the right 

ventricle in the same cohort of patients and again found there was a drop in these values 

from 3 to 12 hours of age which recovered gradually (Murase et al., 2015a). These studies 

were interesting in that they looked at a large number of VLBW infants in the transitional 

period assessing tissue Doppler. However they did not assess deformation imaging as part 

of the study and very little data was available on loading conditions, clinical factors and 

conventional echocardiographic values. Furthermore their data of these serial data were 
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represented mainly in graphical form with broad or absent standard deviation values 

making it difficult to interpret these results 

 

Joshi et al looked at the reproducibility of tissue Doppler derived deformation 

imaging in both term and preterm infants (Joshi et al., 2010) which was followed up by a 

study from the same research group looking at optimisation of deformation imaging in this 

population (Poon et al., 2011). To assess reproducibility they looked at 16 random 

echocardiographic studies out of a possible 55 patients (30 term and 25 preterm). Similar to 

the protocol which we instituted they performed echocardiograms with the Vivid GE system 

and then performed offline analysis using the EchoPAC system to measure inter and intra-

observer variability for tissue Doppler velocities, strain and strain rate. Their definition of 

preterm infants was those infants born less than 34 weeks gestation which differs from our 

cohort of infants born less than 29 weeks. In their results, they found that there was good 

feasibility of performing tissue Doppler derived strain with 90% of infants having images 

analysed. The LV apical strain was the most difficult image to analyse with only 75% of 

images suitable for analysis. Variability was assessed by measuring coefficients of variation. 

Overall they found that intra-observer variability was adequate for these parameters but 

there was a sub-optimal inter-observer variability suggesting that these indices should be 

used with caution. 

When looking at the optimisation Poon et al demonstrated that the best 

reproducibility was achieved when a strain length of 10mm was used for term infants while 

a 6mm strain length was used for preterm infants (Poon et al., 2011). They also noted that 

the reproducibility of using tissue Doppler derived deformation imaging improved with 
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higher frame rates with a frame rate of < 180 per second from a coefficient of variation of 

17.3% to a coefficient of variation of 11.7% (Poon et al., 2011) 

 

 

1.10 Reference values  

Longitudinal, radial and circumferential strain values derived using speckle tracking 

echocardiography (STE) in healthy children and adults are recently published by Marcus et al 

(Marcus et al., 2011b). They divided their subjects into 8 groups up to 40 years of age with 

the youngest age group being 3 months of age. They found that there was a significant 

second-order polynomial relation between global peak systolic strain and age with lowest 

values seen in the youngest and oldest age groups however their cohort did not incorporate 

infants less than 1 month of age.  

Jain and his group analysed healthy term new-borns and assessed RV strain as part 

of their assessment of RV function during the transition period (Jain et al., 2014). They 

studied both tissue Doppler velocities and STE derived strain as part of their protocol in 50 

infants. They found that the RV basal peak systolic strain had a value of around 21% with 

good reproducibility by using STE.  

 A further recent study by Eriksen and his group (Eriksen et al., 2013b) similarly 

looked at tissue Doppler derived strain but their cohort consisted of older preterm infants 

with a gestation of 31 to 35 weeks with daily echocardiograms for the first 3 days of life and 

at term corrected gestational age. They found all velocity indices increased from day one to 

term corrected gestational age. They also found there was a significant correlation between 

gestational age and velocities particularly right sided S, E and A velocities.   
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1.11 Knowledge gap  

There is still a lack of data examining tissue Doppler derived strain and strain rate in 

the preterm population within a large group of infants. In addition, reference ranges for RV 

dimensions and RV specific functional measurements which include TAPSE and FAC warrant 

further study. The initial focus of our research is to establish reference ranges  for those 

newer measurements in the preterm population (infants < 29 weeks gestation) and assess 

their reproducibility and reliability, paving the way for these echocardiographic markers to 

be used in various disease states and clinical scenarios to aid in the management of preterm 

infants. The impact of various perinatal characteristics on those markers will also be 

examined. we also wanted to examine  the impact of various disease states on these 

parameters such as the patent ductus arteriosus (PDA), pulmonary hypertension and 

chronic lung disease (CLD). 

 

1.12 Pulmonary Hypertension 

Term and preterm infants can develop persistent pulmonary hypertension of the 

newborn (PPHN) due to failure of transitioning from foetal to postnatal circulation and is 

becoming an increasingly recognised cause of poor oxygenation despite adequate 

ventilation and surfactant therapy. Often, pulmonary hypertension is associated with RV 

dysfunction and a better understanding of this along with treatment responses may 

improve patient management. 

Different inotropic agents are currently used in the critically ill preterm infant including 

dopamine, dobutamine, adrenaline, noradrenaline, vasopressin, hydrocortisone, milrinone 

(Dempsey and Barrington, 2006, Sehgal et al., 2012a, Seri and Noori, 2005). The evidence 

for the use in some cases is limited and based on experience and tradition. The use of 
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echocardiography can allow a better understanding of the pathophysiology contributing to 

the circulatory compromise and assist in evaluating treatment options. A thorough 

echocardiogram can allow for assessment of systolic and diastolic function, evaluate for 

pulmonary hypertension as well as estimate left and right ventricular outflow volumes and 

function. It also allows for evaluation of structural congenital heart defects that might be 

contributing to neonatal compromise. By using this tool, a more targeted inotropic agent 

can be utilised to target the specific conditions. 

Milrinone is an inotropic agent which has gained interest in the adult and paediatric 

population for the treatment of pulmonary hypertension and poor cardiac function. (Patel, 

2012, Meyer et al., 2011, Hoffman et al., 2003). Its use in the preterm infant is limited but 

recent studies have shown that in isolated cases it may be of benefit (A et al., 2013, 

Danhaive et al., 2005, Sehgal et al., 2011) especially in the setting of pulmonary 

hypertension and right ventricular dysfunction. For the preterm infant with poor 

oxygenation often respiratory distress syndromesyndrome is attributed as the cause but in a 

select few increased pulmonary pressures with pulmonary hypertension may be a 

contributing factor and should be suspected especially in those in whom surfactant does not 

improve symptoms.  Further delineation of left and right myocardial function in those 

infants may improve our understanding of those conditions and aid in their management.  

 

1.13 Patent Ductus Arteriosus (PDA) 

 A PDA is associated with morbidities which include Intraventricular haemorrhage 

(IVH), Necrotizing Enterocolitis (NEC), chronic lung disease (CLD), death, and poor 

neurodevelopmental outcome (El-Khuffash et al., 2011, Cunha et al., 2005, Shortland et al., 

1990). Recently, the relationship between the severity and duration of the ductal shunt and 
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the evolution of CLD in preterm infants has been established (Schena et al., 2015). This 

group showed that a haemodynamically significant PDA was associated with development 

of CLD and each week exposed to a haemodynamically significant PDA conferred a further 

added risk of CLD. However, defining haemodynamic significance in the early neonatal 

period remains a challenge with several methods being employed using clinical criteria, 

echocardiography, or both (Zonnenberg and de Waal, 2012).The ductus is a normal 

physiological connection between the pulmonary artery and aorta which is essential to 

foetal circulation. Normally this vessel closes within the first few days of life as the infant 

adapts to extra-uterine circulation. In preterm infants there is an increased propensity for 

the PDA to remain open. As the pulmonary vascular resistance drops in the first few days of 

life the PDA usually shows shunting of blood from left to right. A PDA with its resultant left 

to right shunt causes an increase in pulmonary circulation and pulmonary venous return to 

the left heart. This in turn results in an increase in the preload of the left ventricle. Using a 

comprehensive echocardiogram we aim to assess the impact a PDA and its resultant change 

in loading conditions has on both conventional echocardiography markers and more novel 

functional parameters during the early neonatal period. We will also assess how these 

changes impact our clinical outcomes 

 

 

 

1.14 Chronic Lung Disease 

Chronic Lung Disease (CLD) is defined as the need for oxygen or respiratory support 

at 36 weeks corrected gestational age (Kinsella et al., 2006).CLD is one of the common 

morbidities seen in preterm infants especially in those that are extremely low birth weight. 
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CLD is associated with increased right pulmonary pressures and pulmonary hypertension 

which can cause an increase in the afterload of the right ventricle. This can result in a 

negative impact on the right ventricular function. Some studies have looked at tissue 

Doppler velocities, tissue Doppler derived strain and speckle tracking at different time 

points in children with CLD comparing values to children without CLD (Yates et al., 2008, 

Czernik et al., 2014, Helfer et al., 2013). Yates and colleagues  found that increasing right 

ventricle E/E' ratio correlates with clinical severity of CLD and infants with CLD had a 

reduced peak systolic strain of the RV free wall on day 14 and 28 possibly due to an 

increased afterload of the RV. Very little data exists assessing longitudinal changes of RV 

functional parameters on infants who develop CLD.  

 
 
1.15 Desirable Qualities of the measurement  
 

There is some emerging literature describing the clinical utility of those newer 

markers of function in various disease states and physiological conditions in the preterm 

population.  

 One study analysed 30 infants post PDA ligation and divided the group into those 

with a low ( < 200ml/kg/min) or normal ( > 200ml/kg/min) Left Ventricular Output (El-

Khuffash et al., 2014). Those infants with a low LVO had a significantly lower global 

longitudinal strain (-10.3% vs -14.4%). Those infants in the Low LVO state who received 

milrinone as a treatment showed global longitudinal strain values comparable to the high 

output group at 18 hours of age. This highlights the value that using strain can have in the 

clinical setting. 
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Saleemi and colleagues used tissue Doppler velocities in preterm infants before and 

after red blood cell transfusion (Saleemi et al., 2013). By performing echocardiograms 

before and after RBC transfusions and comparing them to echocardiograms in control 

subjects at similar time intervals, they found that there was a significant increase in the LV 

systolic and diastolic velocities in the transfusion group which was not seen in the control 

group. What was also interesting was that the change in myocardial performance seen 

correlated with the degree of severity of anaemia pre-transfusion.  

These studies show the applicability of using TDI and deformation in the clinical 

setting in preterm infants and its advantage outside the clinical setting which has also been 

seen in the adult and paediatric populations. 

 

1.16 Conclusion 

Establishing reference ranges of these new echocardiographic markers of ventricular 

function in the preterm population will pave the way for further research and clinical care in 

this field. Knowing the expected measurements in preterm infants in a relatively steady 

state will allow further research into the effects of diseases (such as sepsis, asphyxia, and 

respiratory distress) and the impact of therapeutic interventions (such as mechanical 

ventilation, inotropes and surfactant administration) on myocardial function. In addition, 

these markers may be used in the future to detect early myocardial compromise, determine 

the appropriate treatment strategy, and monitor treatment response.  
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1.17 Aim 

We aimed to perform serial echocardiograms on preterm infants from day 1 of life to 

36 post menstrual age (PMA) to establish these reference ranges. We then hope to assess 

how these functional parameters are affected by disease states, namely the patent ductus 

arteriosus, chronic lung disease and certain inotrope use in the setting of pulmonary 

hypertension. 

  

1.18 Study Objectives 

1) Assess the reliability of myocardial performance assessment by 

echocardiography in the preterm population (< 29 weeks)  

2) Determine reference ranges of echocardiographic parameters of myocardial 

function in the preterm population  

3) Obtain data on serial changes in myocardial function and performance in 

preterm infants. 

4) Assess the influence of specific disease states on parameters of myocardial 

function: namely: patent ductus arteriosus, the use of inotropes in pulmonary 

hypertension, and chronic lung disease.  

 

1.19 Hypothesis to be examined 

• The use of novel echocardiography markers of left and right myocardial function is 

feasible and reproducible in preterm infants.  

• Myocardial function increases over the first days of age and by 36 weeks PMA.  

• Preterm measures of myocardial performance are influenced by PDA, RV pressures, 

inotropes and chronic lung disease  
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Chapter 2 Materials and Methods 

 

 

2.1 Patient population and study setting  

This was a prospective observational study carried out in the neonatal intensive care 

unit (NICU) of the Rotunda Hospital Dublin, Ireland (a tertiary maternity unit which caters 

for over 9000 deliveries per annum). Infants were excluded if they: had a suspected or 

definite chromosomal abnormality or congenital heart disease other than a PDA and patent 

foramen ovale (PFO) identified antenatally or on the initial echocardiogram.  

There is currently no consensus in the literature on the best treatment modality for a 

PDA. Both aggressive treatment with prophylactic NSAID use or early NSAID use as well as 

early surgical duct ligation have been used in some institutions as well as conservative 

treatment with close observation of clinical status. Our unit currently adopts a conservative 

approach to PDA treatment. Prophylactic indomethacin is not used at this institution and 

medical treatment of the PDA with non-steroidal anti-inflammatory drugs is not provided in 

the first 7 days of life. High frequency oscillation (HFO) is only used as a rescue mode of 

ventilation. PDA treatment is attempted at a later stage in infants who are ventilator 

dependent (beyond the first two weeks of age). The first treatment option is using 

ibuprofen with a second course of ibuprofen being used if a haemodynamically significant 

PDA is seen after the first course and it is deemed safe to use without any significant contra-

indications. PDA ligation is reserved for infants failing late medical therapy who remain on 

invasive ventilation beyond three weeks of age and have a significant PDA in accordance 
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with recently published triaging criteria(El-Khuffash et al., 2013b) . Hypotension is treated 

with inotropes if the blood pressure is lower than the 3rd centile for any given gestation in 

addition to clinical and laboratory signs of hemodynamic compromise such as metabolic 

acidosis or increasing lactate values. The results of the research scans were not 

communicated to the medical team caring for the infants unless they specifically requested 

a clinically indicated echocardiographic assessment or if congenital heart disease was 

identified. Written parental informed consent was obtained from all participants and ethical 

approval was obtained from the Hospital Ethics Committee prior to recruitment. All infants 

less than 27+0 weeks receive prophylactic surfactant at birth. Infants greater than 27 weeks 

receive early surfactant if they require greater than 30% oxygen to maintain an oxygen 

saturation between 90 to 95%.  

2.2 Clinical parameters 

 

During the course of the infants stay in the Neonatal unit, outcome measures were 

recorded until time of discharge. This was obtained from the patients’ clinical notes:  

 

The following conditions were monitored:  

1. Respiratory Distress Syndrome (RDS): The condition was defined based on clinical 

signs of respiratory distress include tachypnoea, nasal flaring, grunting, intercostal 

and subxiphoid retractions, cyanosis, hypoxaemia and a rising pCO2 on an arterial 

blood gas sample. In addition, radiological diagnosis was used to further support 

clinical evidence (Moss, 2006). 

2. Chronic Lung Disease (CLD): The need for oxygen supplementation or respiratory 

support at 36 weeks corrected gestational age with typical chest radiograph changes 
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was documented. We also noted the previous definition of CLD by regarding infants 

with oxygen supplementation or respiratory support at 28 days of age (Bancalari and 

Claure, 2006, Kinsella et al., 2006).  

3. Neonatal Sepsis: This was diagnosed based on positive neonatal blood cultures 

(Holzman et al., 2007). We note that this definition will miss those infants with blood 

culture negative sepsis which occurs in the preterm neonatal population. However 

we feel culture positive sepsis will allow for a more defined criteria which can be 

used for this group. The majority of blood culture positive sepsis will be those infants 

with late onset sepsis. 

4. Intraventricular Haemorrhage defined and graded with the Papile classification 

(Papile et al., 1978). A single consultant radiologist performs all the scans in out unit. 

The first scan is performed with in the first 24 hours of life followed by a repeat scan 

at 48 hours and at day 7 of life. We grouped the infants to those who developed 

grades I/II (moderate IVH) and those with grades III/IV (severe IVH). We also noted 

whether there was early IVH defined as IVH within the first 2 days of life or late IVH.   

5. Periventricular Leukomalacia (PVL): refers to necrosis of cerebral white matter in a 

specific distribution, dorsolateral to the external angles of the lateral ventricles and 

involving the region adjacent to the trigones and to the frontal horn and body of the 

lateral ventricles. The descending corticospinal tracts, optic radiations in the area of 

the trigone and occipital horn, the acoustic radiations in the temporal horn, and 

frontal white matter near the foramen of Monro commonly are affected (Inder and 

Volpe, 2000). We assessed for PVL on the 28 day cranial ultrasound scan and the 

ultrasound scan at time of discharge. 
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6. Necrotizing Enterocolitis (NEC): the diagnosis was based on Bell’s criteria (Bell, 1978). 

Both whether the child had a diagnosis of NEC and the Bells staging of NEC were 

documented.  

7. Retinopathy of prematurity (ROP): Infants are assessed by a consultant paediatric 

ophthalmologist as part of a screening tool for retinopathy of prematurity if born 

less than 1500g. We documented if a child had a clinical diagnosis of ROP based on 

these assessments and whether the infant received treatment for ROP, either laser 

treatment or bevacizumab treatment. 

8. Ventilation: The duration of invasive ventilation (conventional ventilation, high 

frequency oscillation ventilation) the duration of non-invasive ventilation 

(Continuous positive pressure ventilation) and the duration of oxygen requirement 

were noted. We also documented the maximum Mean Airway Pressure (MAP) the 

infant used during their stay in NICU. The number of times the infant failed 

extubation was noted, Failed extubation was classed into respiratory causes and 

non-respiratory causes such as NEC, sepsis etc.  

9. Nutritional status. The total number of days the child received Total Parenteral 

Nutrition TPN and the number of days for the child to reach full feeds were noted. 

We defined full feeds as the point at which the child was receiving 120ml/kg/day of 

enteral feeds. 

10. Death: Both early death, defined as death with seven days after birth, and death 

before discharge data was collected. 

11. Inotrope use. We documented if inotropes were used at any point and if used, how 

many and for what duration.  

12. Pulmonary haemorrhage 
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13. Diuretic use: We noted if diuretics were used at any point for the treatment of 

chronic lung disease or respiratory distress. The diuretics used in our institution for 

CLD was a combination of furosemide, chlorothiazide and spironolactone. The 

duration of diuretic use was also recorded. We did not take diuretic use given at the 

time of a blood transfusion as a valid use of diuretics for this clinical setting.  

14. Length of stay in hospital. 

15.  Transfusion: The number of blood transfusions,  number of platelet transfusions and 

the number of transfusions with fresh frozen plasma 

 

 

2.3 Antenatal History 

We collected the following antenatal information on all infants enrolled in this study:  

1. Antenatal steroid administration: timing, dose, type. We defined a complete course as 

12.5mg of betamethasone given 12 hours apart. A partial course was defined as 1 dose 

administered prior to delivery or a course of betamethasone given less than 12 hours 

before delivery.  

2. Presence or absence of pre-eclampsia (PET): pre-eclampsia is defined as a disorder of 

pregnancy associated with hypertension and proteinuria (Redman and Jefferies, 1988).  

3. Presence or absence of clinical and/or histological chorioamnionitis.   

4. Antepartum haemorrhage (APH).  

5. Absent or reversed end-diastolic flow in the umbilical artery (AEDF / REDF): The normal 

Doppler signal seen in the umbilical artery is one with continuous positive flow seen in 

both systole and diastole. (Isalm et al., 2015).   
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6.  Use of Magnesium sulphate (MgSO4) In the Rotunda Hospital, mothers with pregnancies 

less than 32 weeks gestation who are likely to deliver within 12 – 24 hours are given a 4g 

loading dose of MgSO4 over a 20 minute period for foetal neuroprotection. No 

subsequent infusion of MgSO4 is given. 

7. Presence of any septic risk factors: Maternal fever > 38oC; Maternal Group B 

streptococcus (GBS) bacteraemia on high vaginal swab, or previous infant with invasive 

GBS infection; Prolonged rupture of membranes > 18hours.  

 

2.4 Delivery details 

Delivery details were collected including 

a) Gestational age at time of delivery 

b) Birth weight, with documentation on whether the child was below the 10th or the 3rd 

percentile for weight at time of birth 

c) Gender 

d) Mode of delivery Spontaneous vaginal delivery vs low segmental caesarean section) 

e) Apgar scores (recorded at 1 and 5 minutes of age) 

f) Resuscitation required (including need for cardiopulmonary resuscitation (CPR) and 

use of adrenaline) 

g) Singleton delivery versus or multiparous  delivery 

h) Cord gas if available 

i) Surfactant administration within the first 6 hours of life and number of doses if 

multiple doses were used. 
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2.5 Measurements at time of Echo 

Clinical measurements were collected at the time of echocardiogram. These included 

weight, heart rate, systolic, mean and diastolic blood pressure, mode of ventilation, mean 

airway pressure, oxygen requirement (FiO2), ionotropic support, oxygen saturation, fluid 

intake and  pH based on the closest blood gas analysis at the time of the scan. 

BP was measured invasively from an intra-arterial catheters placed via the umbilical 

artery or in the peripheral radial artery or noninvasively from an appropriately sized blood 

pressure cuff. Peripheral and central measurements were analysed together as they have 

been shown to correlate with each other (Butt and Whyte, 1984, Nuntnarumit et al., 1999). 

This correlation is best seen at normotensive levels but the discrepancy in readings occurs at 

hypotensive and hypertensive levels. We invariably try to use invasive BP monitoring in the 

haemodynamically unstable preterm infant and non-invasive measurements when the child 

is haemodynamically stable. The indwelling catheters were attached to a Data Medics 

Transducer. A continuous blood pressure signal was displayed on a Philips Neonatal 

Monitor. Systolic, diastolic and mean blood pressure was recorded.  

 

2.6 Echocardiography parameters 

Echocardiography scans were performed on these infants at 4 separate time 

intervals 

 6 to 12 hours of age 

 36 to 48 hours of age 

 5 to 7 days of age 

 36 weeks corrected post gestational age.  
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 A Vivid S6 or Vivid I ultrasound machine was used for all image acquisition using a 12 

MHz or 10MHz multi-frequency probe for the first three scans and a 7MHz probe for the 36 

week PMA scan (GE Medical, Milwaukee, USA). All scans were acquired in accordance with 

the most recent neonatal echocardiography guidelines (Mertens et al., 2011a). All infants 

were in a supine position at the time of the scan. Standard neonatal windows were obtained 

in addition to some novel RV views described later.  All initial scans were reviewed to 

exclude any structural congenital heart disease other than a PFO or PDA. If such a defect 

existed the infant was excluded from the study and appropriate follow up was conducted by 

the Paediatric Cardiology service. 

We obtained the following echocardiography parameters  

Measures of myocardial performance and dimensions:  

1) Shortening fraction.  

2) Left ventricular dimensions. 

3) Ejection fraction measured by Simpson’s biplane method. 

4) Tissue Doppler velocities of the mitral, septal and tricuspid annuli. 

5) Tissue Doppler-derived Left, septal and right ventricular strain and strain rate. 

6) Left and Right ventricular outputs.  

7) Left ventricular rotation, twist and untwist mechanics using speckle tracking 

echocardiography.  

8) Right ventricular TAPSE. 

9) Right ventricular dimensions. 

10) Right ventricular fractional area change.  

 

Assessment of PDA parameters 
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1) PDA size in 2D measured at the pulmonary end.   

2) The direction and peak velocity of flow across the shunt through the duct.  

3) Pressure gradient across the shunt.  

 

Assessment of Pulmonary Hypertension: 

1)  PDA Shunt Direction.  

2) Pulmonary artery acceleration time (PAAT).  

3) Right ventricular ejection time (RVET).  

4) PAAT: RVET ratio.  

5) Interventricular septum motion and morphology in systole. 

6) Tricuspid regurgitant jet pressure gradient. 

 

Markers of pulmonary over-circulation:  

1) Left atrial to aortic root ratio (LA:Ao). 

2) Pulmonary vein peak systolic and diastolic velocity. 

3) Mitral valve E and A velocities, E:A ratio, and mitral value VTI, IVRT. 

4) Left ventricular output. 

5) The presence of PFO/ASD and the velocity of the shunt across it.  

 

Markers of systemic hypoperfusion 

1) Abdominal aortic peak systolic velocity and diastolic flow direction and velocity. 

2) Celiac artery peak systolic velocity and diastolic flow direction and velocity. 

3) Middle cerebral artery peak systolic velocity and diastolic flow direction and velocity. 
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2.6.1 Conventional Echocardiographic parameters 

Shortening fraction 

We calculated shortening fraction by using M mode imaging in the parasternal long 

axis view using the calculation: 

SF% = (LVEDD-LVESD)        X     100 
LVEDD 
 

Where LVEDD is the LV end diastolic diameter and LVESD is the LV end systolic diameter. 

Normal values of neonatal SF% range from 26 to 40% (Charles S. Kleinman, 2012). 
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Figure2.1: M mode imaging through the parasternal long axis of the heart giving Left 

Ventricle cavity dimensions from which the shortening fraction can be calculated 

 

Figure 2.1 demonstrates the long axis view of the left ventricle with the yellow dotted line 

depicted the plane through which the corresponding M-Mode image is obtained. LV- Left 

ventricle; Ao- Aorta; LA- Left Atrium; LVEDD- Left ventricle end diastolic dimension; LVESD- 

Left ventricle end systolic dimension
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Ejection fraction 

Ejection fraction was calculated using the Simpsons biplane method using the LV 2-

chamber and LV 4-chamber views (Mertens et al., 2011b). This measurement of systolic 

function becomes increasingly important when considering abnormal LV geometry or septal 

motion as it incorporates changes in volume size from diastole to systole in different planes.  

Area is traced around the endocardial border in both the 4 chamber and 2 chamber views at 

end systole and end diastole. The area is divided into disks and using software available in 

the echocardiography machine the ejection fraction is calculated by measuring the change 

in area from diastole to systole over the cardiac cycle (Mertens et al., 2011b), (Figure 2.2). 

 

LV dimensions 

LV dimensions were calculated from the 4 chamber view and the parasternal long 

axis view and include Left ventricular end diastolic diameter (LVEDD), LV internal diameter 

in diastole (LVID), and LV posterior wall diameter in diastole (LVPWD). 
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Figure 2.2: 4-chamber and 2-chamber views of the Left ventricle at end systole and end-
diastole.  

 
Figure 2.2 demonstrates the two views used to calculate ejection fraction using the 
Simpsons biplane method. 4C- 4 Chamber; 2C- 2 Chamber.   
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Left ventricular output (LVO) 

The left ventricular output can be obtained by measuring the mean velocity of blood 

flow in the left ventricular outflow tract (LVOT) using pulsed wave Doppler and calculating 

the aortic diameter from the parasternal long axis view (Figure 2.3). Pulsed wave Doppler of 

the aorta during systole gives the velocity time integral (VTI), which is the distance travelled 

by blood during a given beat. The Left ventricular output can then be calculated by using the 

formula: 

 

where D is the aortic diameter, HR is the heart rate and VTI is the velocity time 

integral. LVO is expressed in ml/kg/min and the normal value ranges from 150 to 

300ml/kg/min (Evans and Kluckow, 1996).  
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Figure 2.3: Pulsed wave Doppler of the Aortic Valve showing the Velocity Time Integral 
(VTI) 
 

 

Aortic root diameter is measures from the parasternal long axis views. Pulsed Wave Doppler 
is performed through the left outflow tract to give the Doppler signal produced by the blood 
flow through the aortic valve. By tracing the Doppler wave for one beat, the velocity time 
integral (VTI) can be obtained from which the left ventricular output can be calculated.
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Right ventricular output (RVO) 

In a similar fashion to the LVO, the RVO can be calculated by measuring the velocity 

time integral of the pulmonary blood flow in the modified parasternal long axis view (Figure 

2.4) and calculating the diameter of the pulmonary valve. The RVO can then be calculated 

using the formula 
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Figure 2.4: Pulmonary valve and the Right ventricular outflow tract (RVOT) with 
corresponding pulsed wave Doppler signal of the RVOT 
 

  

The RVOT can be viewed by the parasternal long axis view. Pulsed Wave Doppler signal is 
shown from the right outflow tract from which the velocity time integral (VTI) can be 
calculated. RV-Right ventricle; LV-Left ventricle; IVS-Intraventricular septum; PA-Pulmonary 
artery. 

Pulmonary valve 

PA 

RV 

LV 

IVS 
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Colour flow and Colour Doppler 

Assessment of flow across the  atrioventricular valves (AV valves) can be achieved by 

using 2- dimensional imaging, colour flow and colour Doppler imaging at the level of these 

valves. Colour can be placed across the mitral valve to assess for mitral incompetence. 

Pulsed Doppler can be performed on the mitral valve and the waveform stored with the E 

and A wave pattern observed for normal mitral blood flow (Figure 2.5). The ratio of the E 

wave to the A wave ( E:A ratio) can be used as a surrogate of LV diastolic function. 
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Figure 2.5: Mitral Doppler flow pattern. 

 

Pulsed wave Doppler signal through the mitral valve showing the typical dual peaked 
pattern. The Doppler pattern shows the early (E) and late (A) waveforms 
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Similarly colour flow can be placed across the tricuspid valve to assess for 

competency of the valve. Pulsed wave and continuous wave Doppler across the tricuspid 

valve can be performed to assess the blood flow across the tricuspid valve (Figure 2.6). 

Tricuspid regurgitation can also be assessed at this stage (Figure 2.11).   

The pulmonary veins can be seen returning into the left atrium from the 4 chamber 

view.  Pulsed wave Doppler velocities measurement of a pulmonary vein enables 

assessment of pulmonary venous return (Figure 2.7). The 4 chamber view of the heart can 

be viewed to quantify left ventricular (LV) and right ventricular (RV) size, assess the 

intraventricular septum for any defects such as a VSD and assess valve function (Figure 2.8).  
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Figure 2.6: Tricuspid Doppler flow pattern. 

 

Pulsed wave Doppler signal through the tricuspid valve demonstrating the early (E) and late 

(A) waveforms of blood flow.
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Figure 2.7: Pulmonary venous drainage to the Left Atrium. 

 

Figure 2.7 shows the pulsed wave doppler signal through one of the pulmonary veins as it 

enters the Left atrium. S- systolic velocity, D- diastolic velocity, A atrial contraction velocity
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Figure 2.8 : Four chamber view of the heart.  

 

The 4-chamber view with its representative structures  LV- Left Ventricle; RV-Right Ventricle; 
IVS-intraventricular septum; TV-Tricuspid valve; MV-Mitral valve; LA-Left atrium; RA-Right 
atrium; IAS-intra-atrial septum. 



73 
 

 

PDA size and flow 

The PDA diameter was obtained from the ductal view at the suprasternal notch. The 

PDA diameter was seen by 2D imaging of the pulmonary end. Colour Doppler is then used to 

identify flow across the PDA. Continuous wave Doppler is performed and the flow wave of 

the PDA is documented. The peak and minimum velocity is recorded as well as the peak and 

mean pressure gradient. From this it is possible to determine if the PDA is restrictive, non-

restrictive, bidirectional left to right flow or right to left flow (Figure 2.9). 
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Figure 2.9: Direction of flow across the Patent Ductus Arteriosus (PDA). 

 

Figure 2.9 shows the colour flow of the Patent Ductus Arteriosus (PDA) (RED) relative to the 

Pulmonary Artery (PA) (BLUE). 
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Left atrial to aortic ratio (LA:Ao) 

Left atrial to aortic ratio (LA:Ao), which is a marker of pulmonary over circulation can 

be measured from the parasternal long axis view. Using M-mode the cursor is placed 

perpendicular to the aortic wall at the level of the aortic valves as demonstrated in figure 

2.10. From this the ratio of the aortic diameter can be measured to the corresponding left 

atrial diameter at this level. As the aorta has a relatively fixed measurement this can be used 

to evaluate left atrial volume overload that is often seen in premature infants most notably 

in those with a PDA. This is due to the increase in effective pulmonary blood flow from the 

left to right shunt across the PDA and subsequent increase in pulmonary venous return 

resulting in dilation of the left atrium.  A LA:Ao ratio of greater than 1.4:1 is generally 

deemed to be  an indication of a significant PDA (McNamara and Sehgal, 2007). 
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Figure 2.10: Left atrial to aortic ratio (LA:Ao) as measured from the parasternal long axis 

view 

 

The cursor is placed through the aortic valve and the left atrium in the parasternal long axis 

view. M-Mode imaging is performed to calculate the left atrium to aortic ratio. Ao- Aorta; 

LA- Left atrium; LV- Left ventricle
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Pulmonary Hypertension assessment 

 Pulmonary hypertension can be assessed by looking for a tricuspid regurgitant jet to 

estimate the RV pressure, by monitoring the direction of flow through the PDA or by 

defining the morphology and motion of the intraventricular septum during systole. 

 Pulsed wave Doppler can be used to assess tricuspid blood flow either from the 4 

chamber view or the parasternal long axis view. Often Tricuspid regurgitation may be 

present due to increased pulmonary arterial pressure especially in the early postnatal period 

due to the delay in falling pulmonary vascular resistance. Tricuspid regurgitation can be 

measured using continuous wave (CW) colour Doppler. From this the peak velocity can be 

calculated (Figure 2.11) and RV systolic pressure (RVSp) estimated using the modified 

Bernoulli equation and assuming a right atrial pressure of 5mmHg (Hatle L, 1982). The 

Bernoulli equation states that  

 

where PAP is the Pulmonary arterial pressure and TR velocity is the tricuspid regurgitant 

velocity.  

The RVSp is then estimated by adding the pulmonary arterial pressure and the right atrial 

pressure. 
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Figure 2.11: Colour Doppler through the tricuspid valve with tricuspid regurgitation.  

 

Figure 2.11 shows the tricuspid regurgitant jet (TR jet) through the tricuspid valve as seen in 
the parasternal long axis view. Continuous wave Doppler signal of this jet will allow 
calculation of the peak TR velocity from which estimation of the Right ventricle end systolic 
pressure can be calculated. 

Tricuspid 
Valve 

TR Jet 
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2.6.2  RV functional assessment 

Tricuspid Annular Plane Systolic Excursion (TAPSE)  

Tricuspid annular plane systolic excursion (TASPE) is a measure of movement of the 

tricuspid annulus from base to apex during systole and reflects global RV function. TAPSE 

was measured based on M-mode echocardiography through the tricuspid annulus. Both 2 

dimensional TAPSE and tissue Doppler velocity imaging (TDI) TAPSE were performed. This is 

an easy measurement of RV systolic function which can be achieved by placing the cursor 

through the tricuspid annulus on the RV free wall in the RV focused 4-chamber view, as 

demonstrated in figure 2.12. Measurements are taken over 3 cardiac cycles and an average 

value is obtained. 
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Figure 2.12: Tricuspid annular plane systolic excursion (TAPSE).  

 

Figure 2.12 shows the movement in the tricuspid annulus from diastole to systole towards 

the apex with the difference noted as the TAPSE. The above image demonstrates the Tissue 

Doppler (TDI) and 2 dimensional M-Mode with slope calculation of the TAPSE being 

performed.  
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RV dimensions 

 RV dimensions were measured at end diastole from the apical 4-chamber view. 

Tricuspid valve annular (TVAD) diameter was measured as the distance between the two 

hinge points of the two visible valve leaflets. Basal diameter (RVBD) was measured as the 

maximal distance between the RV lateral wall and the septum parallel to the annular 

diameter. RV length (RVL) was measured from the midpoint of the annular diameter to the 

RV apex and finally, the RV mid cavity (RVMC) was measured as a line parallel to the basal 

diameter at the midpoint of the RV length (Figure 2.13a). 
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 Figure 2.13: Right Ventricular Three-chamber view and Right Ventricular dimension 
measurement in the four chamber view.  
 

 

 
Figure 2.13a demonstrates the points at which the various aspects of RV four chamber 
dimensions during diastole were measured in the RV focused 4 chamber view. Figure 2.13b 
demonstrates the RV three-chamber view with all the identifiable structures. TV: tricuspid 
valve; RA: right atrium; Ao: aorta; PA: pulmonary artery; PV: pulmonary valve; TAVD: 
tricuspid valve annular diameter; RVBD: right ventricular basal diameter; RVMC: right 
ventricular mid cavity diameter; RVL: right ventricular length. 
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Fractional Area Change (FAC) 

Global Fractional Area Change (FAC) is a measure of the change in RV cavity area 

from diastole to systole in two planes. This measurement is obtained by averaging FAC from 

the apical 4-chamber and 3-chamber views. The RV 3-chamber view is acquired by rotating 

the transducer anticlockwise from the standard apical 4-chamber view until the LV is no 

longer visible followed by anterior tilting of the probe. The RV inflow and outflow should 

both be visible along with a cross sectional view of the aorta between those two structures 

(Figure 2.13b). 

 The endocardial border is traced in a RV focussed 4 chamber view, including the RV 

trabeculations and the FAC is calculated from the formula: 

4C-  

Using RV 3-chamber view the 3C-FAC can be calculated using the same formula as the RV 4 

chamber. 
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2.6.3 Tissue Doppler Velocities 

Tissue Doppler velocities were obtained from the apical 4-chamber view using a 

pulsed wave Doppler sample gate of 2 mm at the level of the annuli and the basal part of 

the intra-ventricular septum. We aligned the pulsed wave cursor with the longitudinal plane 

of motion at all times. On the tissue Doppler traces we measured peak systolic (s’), early 

diastolic (e’) and late diastolic (a’) velocities. If the e` and a` wave were fused, we measured 

the single wave as an a` wave. Isovolumic contraction and relaxation times and left 

ventricular systolic and diastolic times were also measured. The systolic to diastolic time 

ratio (SD ratio) was derived from the tissue Doppler traces. (Figure 2.14) 
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Figure 2.14: Tissue Doppler velocities of the Left Ventricle, Right ventricle and 
interventricular septum 
 
 

 

 

Figure 2.14 shows the focussed tissue Doppler imaging of the Left Ventricular (LV) free wall, 

the Intraventricular Septum (IVS) and the Right ventricular (RV) free wall. To optimise image 

quality and frame rate the sector width is narrowed. The bottom panel illustrates the 

different measurements obtained from tissue Doppler imaging. 
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2.7 Tissue Doppler-derived Strain and Strain Rate 

 The 4-chamber view was used to acquire colour-tissue Doppler images of the LV and 

RV free walls and the septum. Sector width was narrowed to maximally increase the frame 

rates. Offline analysis was performed to measure longitudinal peak systolic strain, peak 

systolic strain rate (SRS), early diastolic strain rate (SRE) and late diastolic strain rate (SRA) in 

the basal segments of the LV and RV free wall and the IVS. RV strain was obtained from the 

free wall following angling towards the RV to obtain a clearer image of the wall. Image 

quality was assessed visually prior to analysis and only images of sufficient 2-D quality were 

used. A single elliptical region of interest (ROI) was determined with a width of 2mm and 

length of 1mm. Strain length (the computational distance) was set at 6mm. Those settings 

have been demonstrated to be the most reliable in extremely premature infants (Poon et 

al., 2011). Linear drift compensation and 40 ms Gaussian smoothing was used. Event timing, 

including aortic and mitral valve opening and closure were determined using the 

electrocardiogram and pulsed wave Doppler of the flow across those valves. Strain, SR, SRE 

and SRA were manually determined by averaging the results of three cardiac cycles (Figure 

2.15). Two cardiac cycles were used if measurement artefact was present in once cycle. If 

two cycles contained measurement artefact then the study was excluded from analysis. If E 

and A wave fusion was present in diastole then the single wave was reported as an A wave.  
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Figure 2.15: Tissue Doppler-derived measurement of strain and strain Rate.  

 
 
 
During aortic valve opening (AVO), the wall segment strain is at baseline as indicated in 
figure 2.15a.  Peak systolic strain (figure 2.15a) is identified at the time of aortic valve 
closure (AVC). Figure 2.15b demonstrates peak systolic strain rate occurring in mid systole 
(SRS). Early (SRE) and late (SRA) diastolic strain rate occur between mitral valve opening 
(MVO) and mitral valve closure (MVC).  
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2.8 Rotational Mechanics 

Left ventricular basal and apical rotation, twist, torsion, twist rate and untwist rate 

were measured using speckle tracking echocardiography of the parasternal short axis views 

of the LV base and apex (Figure 2.16). Rotation is defined as the circumferential clockwise or 

counter-clockwise movement of the apex and base along the long axis of the left ventricle 

occurring during systole (in degrees). Viewed from the apex, counter-clockwise rotation is 

displayed as positive and clockwise rotation is displayed as negative.  

 Twist was defined as the net difference between apical and basal rotation using the 

following formula: LV Twist (o) = apical rotation (o) – basal rotation (o) (Figure2.17).  

Left ventricular torsion is defined as twist normalized to LV end diastolic length and 

is calculated as follows: Torsion (o/cm) = Twist (o) ÷ LV end diastolic length (cm).   

LV twist rate is the velocity at which twist occurs per unit time and is depicted as a 

positive (degrees/second). Untwisting is the motion opposite to the direction of twist 

occurring in diastole. LV untwist rate is the velocity of untwist during diastole per unit time 

and is depicted as negative (degrees/second).  

The LV base and apex in short axis were obtained from the LV short axis parasternal 

view. The basal plane was defined as the image at the level of the mitral valve leaflets while 

ensuring that no left atrial tissue is visible. The apical plane was defined as the image distal 

to the papillary muscles. Three consecutive cardiac cycles were acquired and digitally stored 

as raw DICOM data for later offline analysis. 

We aimed for frame rates between 120 to 130 frames per second (FPS) for all image 

loops to achieve a frame rate to heart rate ratio (FR/HR) of between 0.7 to 0.9. Recently, 



89 
 

Sanchez et al demonstrated that intra- and inter-observer reproducibility of measuring left 

and right ventricular longitudinal strain in preterm infants less than 29 weeks gestation 

using 2D STE was highest when the cine loops were acquired with frames rates ranging 

between 110 to 130 FPS and achieving a FR/HR between 0.7 to 0.9 (Sanchez et al., 2014). 
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Figure 2.16: Apical and Basal rotation of the Left Ventricle  

 

Figure2.16A depicts the rotational movement of the apex of the Left Ventricle using speckle 

tracking echocardiography  with the positive deflection indicating counterclockwise 

rotation. Figure 2.16B depicts the rotational movement of the base of the Left Ventricle at 

the level of the mitral valve. The negative deflection indicates clockwise rotation.
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Figure 2.17: Graphic representation of the Twist of the Left Ventricle. 

 

The blue line depicts the apical rotation in a counter-clockwise direction. The magenta line 
depicts the basal rotation in a clockwise direction. The white line depicts the resulting net 
twist of the left ventricle
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Off line analysis 

Data was stored for further offline analysis on a designated echocardiogram work 

station using the EchoPAC system (EchoPAC, General Electric, version 112 revision 1.3). All 

offline analysis was conducted by a single investigator ATJ. 

 

 

 

 

2.9 Statistics 

 Continuous variables were presented as mean (standard deviation) if normally 

distributed or medians [inter-quartile range] if skewed. Categorical variables were 

presented as proportions (%). Serial data was tested using one or two way ANOVA with 

repeated measures as appropriate. Independent two group measurements were compared 

using independent student t-test or Mann-Whitney U test as appropriate. Correlations were 

assessed using Pearson’s or Spearman’s correlation coefficients as appropriate. Linear 

regression and logistic regression was carried out as appropriate to assess the independent 

effect of various variables on outcomes on interest. Reliability analysis was conducted using 

the intraclass correlation coefficient, Bland Altman Analysis and the coefficient of variation. 

The specific approach to statistical analysis to each chapter is described in detail. SPSS (IBM, 

Version 21) was used to conduct the analysis. A p value < 0.05 was considered significant. 
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Chapter 3 Feasibility and Reliability 

 

3.1 Background 

The use of those novel echocardiography markers in preterm infants is relatively 

new and as such little information is available on their feasibility and reliability in this 

population. Those parameters include tissue Doppler derived strain and strain rate, LV 

rotational mechanics, and RV – specific markers of function such as FAC and TAPSE.   Recent 

studies have explored the feasibility and reliability of some of those markers of function in 

term infants with promising results.  (Jain et al., 2014, Joshi et al., 2010, Takahashi et al., 

2010). Based on this, as part of our protocol we aimed to assess the feasibility and reliability 

of using those measurements in the preterm population.  

Our group has previously demonstrated the feasibility and reliability of myocardial 

deformation measured by STE and tissue Doppler velocities (El-Khuffash et al., 2012, 

Saleemi et al., 2013). This is in keeping with previous papers looking at reliability of both 

tissue Doppler and speckle tracking derived strain and strain rate in the preterm cohort 

(Poon et al., 2011, Helfer et al., 2013). Poon and his colleagues, as part of a study looking at 

deformation imaging assessed the reproducibility of using this technique in preterm infants 

and found that it was practical and reproducible especially at higher frame rates in the 

infants less than 34 weeks gestation. Helfer and his colleagues similarly quantified the 

reproducibility and reliability of tissue Doppler derived strain and strain rate in preterm 

infants less than 1500g and found that their results were comparable to older populations 
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(Helfer et al., 2013). Therefore, in this current section we aim to demonstrate the feasibility 

and reliability of the following parameters:  

 LV, Septal and RV tissue Doppler-Derived strain and strain rate 

 LV Rotational Mechanics  

 RV fractional Area Change in 4 chamber, 3 chamber and global 

 Tricuspid Valve Annular Plane Systolic Excursion in 2D and TDI 

 RV dimension Parameters 

 

 

 

 

 

 

3.2 Methods 

Strain, Strain rate, RV function and dimensions 

As described in the methods section the 4-chamber view was used to acquire the 

colour-tissue Doppler images of the LV and RV free wall and the septum for offline 

deformation imaging analysis. A region of interest width of 2mm and length of 2mm was 

used with a strain length of 6mm as this has previously been demonstrated to be the most 

reliable in extremely premature infants (Helfer et al., 2013, Poon et al., 2011).  
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RV dimensions were obtained from the RV focused 4 chamber view and the RV 3 

chamber view. Fractional area change (FAC) was taken from the both the RV 3 and 4 

chamber views by measuring the change in RV cavity area from diastole to systole and this 

was averaged to give the global FAC. Both 2D M-mode and Tissue Doppler Imaging TAPSE 

were obtained. TAPSE was taken for 3 consecutive cardiac cycles and an average was taken 

to give the TAPSE value. 

Intra and inter-observer variability of strain, SR and the RV-specific function and 

dimension parameters were assessed using 30 randomly selected studies from the cohort. 

For intra-observer variability, one investigator (ATJ) performed two offline analyses 12 

weeks apart to avoid recall bias while inter-observer variability was assessed by a second 

investigator (AK) who was blinded to the measurements of the first investigator. Intra- and 

inter-observer agreement was tested using Bland-Altman (BA) analysis and is presented as 

mean bias and 95% confidence intervals. In addition, the intra-class correlation coefficient 

(ICC version 2,1) was used to assess agreement.  

 

 

 

Rotational Mechanics 

 Intra- and inter observer reproducibility of apical rotation, basal rotation, LV twist 

and torsion, LVTR and LVUTR were assessed by two observers. Twenty five studies from the 

cohort were randomly selected for analysis. We aimed for frame rates between 120 to 130 

frames per second (FPS) for all image loops to achieve a frame rate to heart rate ratio 

(FR/HR) of between 0.7 to 0.9. Recently, Sanchez et al demonstrated that intra- and inter-
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observer reproducibility of measuring left and right ventricular longitudinal strain in preterm 

infants less than 29 weeks gestation using 2D STE was highest when the cine loops were 

acquired with frames rates ranging between 110 to 130 FPS and achieving a FR/HR between 

0.7 to 0.9 (Sanchez et al., 2014). 

One investigator (AJ) assessed intra-observer variability by performing two offline 

analyses 4 weeks apart to avoid recall bias. A second investigator (AK) carried out an 

assessment blinded to the results of the first observer for inter-observer variability. 

Agreement was again assessed using the intra-class correlation coefficient version 2.1 (ICC) 

with  agreement between investigators being further demonstrated using the Bland-Altman 

method by calculating the bias between the two repeated measurements (mean difference) 

and the 95% limits of agreement (1.96 standard deviations (SD) around the mean 

difference) (Bland and Altman, 1986).  

 

 

3.3 Results 

3.3.1 Tissue Doppler derived Strain and Strain rate and RV Function Parameters  

One hundred and eight scans were carried out in fifty four infants whose median 

[IQR] gestation and weight at birth were 26.5 [25.8 – 28.0] weeks and 915 [758 – 1142] 

grams respectively. Thirty one infants (57%) were male. Twenty seven infants (50%) were 

singleton births with 9 (33%) twin pairs and 3 (17%) triplet sets. Forty five (83%) received a 

full course of antenatal steroids with 7 (13%) receiving one dose and 2 (4%) receiving none. 

Their median [IQR] 1 and 5 minute Apgar scores were 6 [5 – 8] and 9 [7 – 9] respectively. 
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The mean cord gas of the cohort was 7.33 (0.05). All infants received early surfactant prior 

to the first echo.  

Strain measurement was feasible in the majority of infants except for ten LV (9%), 8 

septal (7%) and 8 RV (7%) where images were deemed to be poor quality. Strain rate 

measurement was not possible in 16 LV (15%), 9 septal (8%) and 8 of RV (7%) basal 

segments. The mean (SD) frames rates used for image acquisition were 266 (43), 281 (43) 

and 279 (40) frames per second for the LV, septum and RV respectively. E/A wave fusion 

occurred in 28 LV (26%), 27 septal (25%) and 46 RV (43%) images. The intra- and inter-

observer variability of strain and strain rate measurements are described in Table 3.1. LV 

free wall strain and LV SR parameters demonstrated the highest degree of intra and inter-

observer variability. Septal and RV free wall strain and SR parameters were more reliable 

measurements. RV dimensions, TAPSE and global FAC were feasible in all studies. Overall 

most RV measurements are highly reproducible with the highest variability in FAC (Table 3.1 

& Figure 3.1)  
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 Figure 3.1: Intra- and Inter-observer variability of Left Ventricle, Septal and Right Ventricle 

Strain

Graphs showing Bland Altman analysis of inter-observer and intra-observer variability of the 

strain measurements. The solid line represents the mean bias while the dotted line 

represents the 95% confidence intervals. RV: Right Ventricle. LV: Left Ventricle
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Table 3.1: Reliability of parameters of left, septal and Right Ventricular function and 

dimensions 

 

 Intra-observer variability Inter-observer variability  
Bias Mean (SD) ICC (95% CI, p) Bias Mean (SD) ICC (95% CI, p) 

Left Ventricle free wall       

Strain (%) 0.05 (3.02) 0.43(-0.23-0.73) -1.87 (3.03) 0.69 (0.23-0.86) 

Systolic Strain Rate (1/s) 0.05 (0.24) 0.93 (0.85-0.97) -0.18 (0.49) 0.81 (0.59-0.91) 

Diastolic E` strain rate (1/s) -0.03 (0.50) 0.80 (0.49-0.92) -0.17 (0.41) 0.78 (0.36-0.93) 

Diastolic A` strain rate (1/s) 0.15 (0.85) 0.62 (0.18-0.82) -0.25 (0.59) 0.85 (0.68-0.93) 

     

Intraventricular Septum     

Strain (%) -0.12 (1.59) 0.95 (0.90-0.98) -0.42 (1.53) 0.97 (0.94-0.99) 

Systolic Strain Rate (1/s) 0.00 (0.12) 0.92 (0.84-0.96) 0.02 (0.20) 0.89 (0.76-0.94) 

Diastolic E` strain rate (1/s) 0.01 (0.20) 0.97 (0.93-0.99) -0.05 (0.20) 0.98 (0.97-1.00) 

Diastolic A` strain rate (1/s) -0.01 (0.31) 0.95 (0.90-0.98) -0.02 (0.40) 0.92 (0.84-0.96) 

     

RV Function Parameters     

Strain (%) -1.58 (2.26) 0.94 (0.82-0.98) 1.60 (2.82) 0.92 (0.82-0.97) 

Systolic Strain Rate (1/s) -0.13 (0.23) 0.93 (0.82-0.97) -0.02 (0.36) 0.91 (0.81-0.96) 

Diastolic E` Strain Rate (1/s)  -0.06 (0.45) 0.87 (0.60-0.96) 0.02 (0.27) 0.96 (0.89-0.99) 

Diastolic A` Strain Rate (1/s)  0.26 (0.59) 0.92 (0.81-0.97) 0.40 (0.58) 0.92 (0.76-0.97) 

M-mode TAPSE (mm) 0.08 (0.28) 0.98 (0.96-0.99) -0.19 (0.38) 0.97 (0.93-0.99) 

TD TAPSE (mm) 0.14 (0.41) 0.97 (0.93-0.99) -0.27 (0.34) 0.97 (0.84-0.99) 
3-Chamber FAC (%) 0.9 (6) 0.60 (0.11-0.81) 7.0 (6) 0.62 (-0.14-0.86) 

4-Chamber FAC (%) 0.09 (6) 0.62 (0.26-0.81) 0.02 (6) 0.69 (0.35-0.85) 

Global FAC (%) 0.5 (5.0) 0.77 (0.51-0.89) 5.0 (4.3) 0.78 (-0.47-0.93) 

     

RV Dimension Parameters     

4C diastolic fractional area (cm
2
) 0.01 (0.19) 0.90 (0.78-0.95) 0.11 (0.19) 0.83 (0.57-0.93) 

3C diastolic fractional area (cm
2
) -0.07 (0.22) 0.90 (0.80-0.95) -0.03 (0.21) 0.92 (0.83-0.96) 

 Annulus (mm) -0.11 (0.47) 0.78 (0.53-0.89) 0.04 (0.54) 0.71 (0.38-0.86) 

Base (mm) 0.21 (0.60) 0.92 (0.83-0.93) 0.69 (0.79) 0.81 (0.33-0.93) 

Mid cavity (mm)  0.25 (0.61) 0.90 (0.78-0.96) -0.90 (0.74) 0.89 (0.77-0.95) 

RV length (mm) -0.07 (0.97) 0.94 (0.87-0.97) 1.06 (1.06) 0.79 (0.16-0.93) 

 

SD: Standard Deviation; ICC; infraclass correlation coefficient; 95% CI: 95% Confidence 
intervals; p: p values; TAPSE: Tricuspid annulus plane systolic excursion; FAC: fractional area 
change. 3C: three-chamber; 4C; four-chamber.  
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3.3.2 Feasibility and Reproducibility of Twist measurements 

 Fifty one infants with a mean (SD) gestation age of 26.8 weeks (1.5) and birth weight 

of 945 grams (233) respectively were included for reliability analysis. Thirty nine infants 

(77%) were delivered by cesarean section with a mean five minute Apgar score of 8 (2) and 

a cord pH of 7.34 (0.05). Twenty eight (55%) were male. There were 24 (47%) singleton 

births, 9 (35%) sets of twins and 3 (18%) sets of triplets. 

Measurements of rotation, twist, torsion, LVTR and LVUTR were possible in 130 out 

of 153 scans (85%). In the remainder, the software was unable to track the walls due to poor 

image quality. The mean (SD) frame rates during the examinations were 127 (11) on Day 1, 

125 (8) on Day 2 and 125 (9) on Day 5 – 7 (p=0.4). The mean (SD) FR/HR ratio was 0.83 (0.1) 

on Day 1, 0.76 (0.1) on Day 2 and 0.77 (0.1) on Day 5 – 7 (p=0.001). The results of the Bland-

Altman analysis and intra-class correlation coefficient demonstrated better intra- and inter-

observer reproducibility of apical rotation, basal rotation, twist and torsion when compared 

with LVTR and LVUTR (Table 3.2, Figure3.2).  
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Figure 3.2: Bland-Altman graphs for LV torsion twist and untwist.  

 
 
 
 
The solid black line represents the mean bias and the dotted lines represent the upper and 
lower limits of agreement. Torsion measurements demonstrated superior reproducibility 
compared with twist and untwist rates.  
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Table  3.2: Intra- and inter-obsevrver reliability data for the parameters.  
 
 

 Intraobserver variability Interobserver variability 

 ICC (95% CI) Bias (LOA) ICC (95% CI) Bias (LOA) 

Apical Rotation 0.96 (0.92 – 0.98) 0.04 (-1.51 – 1.59) 0.78 (0.50 – 0.90) 1.21 (-1.46 – 3.88) 

Basal Rotation 0.93 (0.85 – 0.97) 0.11 (-3.77 – 3.99) 0.89 (0.78 – 0.94) -0.21 (-2.8 – 2.34) 

LV Twist  0.86 (0.74 – 0.93) -0.13 (-2.89 – 2.63) 0.78 (0.18 – 0.92) 1.4 (-1.05 – 3.85) 

LV Torsion  0.93 (0.86 – 0.97) 0.06 (-1.74 – 1.86)  0.93 (0.67 – 0.98) 0.61 (-0.85 – 2.07) 

LV Twist Rate 0.83 (0.47 – 0.94) -6 (-65 – 53) 0.70 (0.18 – 0.88) 21 (-28 – 70) 

LV Untwist Rate 0.88 (0.74 – 0.94) 0 (-53 – 52) 0.73 (0.48 – 0.87) -7 (-89 – 75) 

 
 
 
ICC: Intraclass correlation coefficient; CI: confidence intervals; LOA: limits of agreement. 
All ICC p values < 0.001.  
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3.4 Discussion 

3.4.1 Feasibility and reproducibility of Tissue Doppler derived Strain and strain rate, RV 
dimensions and function 
 

Tissue Doppler-derived strain and strain rate are newer echocardiography 

techniques that measure the degree of myocardial deformation (strain) and speed at which 

this deformation occurs (Strain rate). We chose to use the tissue Doppler-derived method 

for assessment of strain and strain rate in this population instead of speckle tracking due to 

the higher frame rates attainable with this method. The higher temporal resolution 

achievable with the tissue-Doppler derived method is of particular importance for the 

measurement of peak systolic and diastolic strain rates in this population. We demonstrated 

that measurement of longitudinal strain and strain rate along with RV specific function and 

dimension parameters is feasible in this population with the majority of the images suitable 

for analysis. The reproducibility of strain and SR in our study was comparable to those by 

Helfer et al (Helfer et al., 2013). Their group demonstrated the lowest variability to be 

present in the septum, and the highest variability in the left ventricular wall. We found a 

similar pattern in our cohort. Assessment of left ventricle free wall was less reliable with ICC 

values for LV strain, SRS, SRE and SRA ranging from 0.43 to 0.93. The poor reliability of LV 

free wall measurements is thought to relate to artifact produced by the left lung obstructing 

a clear view of the LV free wall. In addition, segmental FAC demonstrated moderate 

reliability with ICC values ranging from 0.60 to 0.69. However, global FAC showed stronger 

agreement of 0.77 to 0.78.  
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3.4.2 Feasibility and Reproducibility of LV Rotational Mechanics in Preterm Infants 

Our reproducibility results for rotation, twist/torsion, and twisting rates were 

comparable with studies on twist in older populations (Laser et al., 2009, Zhang et al., 2010, 

Al-Naami, 2010, Takahashi et al., 2010). The superior reproducibility observed in the 

rotation and twist parameters when compared to the twist and untwist rate parameters 

(LVTR and LVUTR) may be explained by the frames rates used in our study. We obtained 

images with an average frame rate of 125 FPS which is slightly higher than the 

recommended frame rate for STE of 60-110 FPS (Biswas et al., 2013). Our use of those 

higher frame rates for 2D STE assessment of rotational mechanics is supported by a recent 

study which demonstrated superior reproducibility of LV and right ventricle deformation 

measurement in preterm infants when conducted using frame rates between 110 to 130 

FPS and maintaining a frame rate to heart rate ratio between 0.7 to 0.9 (Sanchez et al., 

2014). We attempted to strike a balance between spatial resolution (which can affect 

rotation and twist measurements) and temporal resolution (which can affect twist and 

untwist rate measurements). A relatively high frame rate may affect the software’s ability to 

adequately track the speckles within the ROI thus compromising absolute rotation and twist 

measurements. Relatively lower frame rates run the risk of missing peak rotational rates 

thereby reducing the reproducibility of these values. Further studies are needed to 

determine the ideal frame rates needed to assess rotation, twist and twist / untwist rates in 

this population. 

Rotational mechanics of the left ventricle offer novel insights into myocardial 

performance. Two dimensional STE is a relatively novel technique that can be applied to 

preterm infants at the bedside to measure those rotational mechanics. Demonstration of 

feasibility, reproducibility in addition to the examination of changes occurring in the first 
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week of life in cohort of haemodynamically stable preterm population may pave the way for 

the application of those parameters to infants with disease states and those with 

haemodynamic instability  

 

 

3.5 Conclusion 

Both Tissue Doppler derived strain and strain rate, RV functional parameters such as 

FAC and TAPSE and RV dimensions as well as rotational mechanics such as twist, untwist and 

torsion are feasible and reliable in preterm infants less than 29 weeks gestation. Establishing 

feasibility and reliability of these parameters is an important step before demonstrating 

reference ranges and longitudinal changes in this population.  
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Chapter 4: Longitudinal changes in strain and strain 

rate in preterm infants 

 

4.1 Introduction 

There has been a recent interest in characterising myocardial function in preterm 

infants using newer echocardiography methods of assessment such as tissue Doppler (TD) 

derived strain and strain rate (Helfer et al., 2013, Nestaas et al., 2009, Levy et al., 2015, Jain 

et al., 2014).  TD-derived deformation measurement uses high frame rates to assess regional 

wall function and may help to provide more accurate information on systolic and diastolic 

function, particularly in preterm infants with high heart rates (Helfer et al., 2013). 

Longitudinal systolic strain, systolic and diastolic strain rate have proven to be valuable 

diagnostic tools in adults, children and term infants (Ersboll et al., 2013, Czernik et al., 2013, 

Kailin et al., 2012, Marcus et al., 2011a, Khoo et al., 2011). In addition, left ventricular (LV) 

and RV dimension assessment is becoming increasingly recognised as important 

components of a comprehensive functional assessment (Mertens et al., 2011b). In Chapter 

3, we reported the feasibility and reproducibility of obtaining those measurements in  

infants less than 29 weeks gestation over the first 48 hours of age. 

There remains a paucity of data on the longitudinal evolution of those markers over 

the first week of age (including the first 48 hours – the transitional period) and at 36 weeks 

post menstrual age (PMA). The influence of loading conditions during the transitional 

period, the effect of a patent ductus arteriosus, and the difference in those markers 

between infants with and without chronic lung disease (CLD) warrant further study. Those 

measurements could provide new insights into the post-natal adaptation of the preterm 
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heart in the face of various stressors. We aimed to describe the change in these functional 

parameters and dimensions over the first week of life and at 36 weeks PMA, examine the 

effect of early systemic vascular resistance (SVR), the influence of a haemodynamically 

significant patent ductus arteriosus (PDA), and the effect of chronic lung disease (CLD) on 

those parameters in infants less than 29 weeks gestation.  

 

 

4.2 Methods 

4.2.1 Study population  

Infants less than 29 weeks gestation were prospectively recruited from the Neonatal 

Intensive care Unit at the Rotunda Hospital, Dublin, Ireland. Written informed consent was 

obtained from all participants before enrolment in the study and ethical approval was 

obtained from the Rotunda Hospital Research and Ethics Board. Infants were recruited 

between January 2013 and December 2014. Infants were excluded if they had a suspected 

or definite chromosomal abnormality or had congenital heart disease other than a PDA or a 

patent foramen ovale (PFO). Our unit currently adopts a conservative approach to PDA 

management. Medical and/or surgical treatment is only instituted beyond the second week 

of life in infants on prolonged invasive ventilation. Perinatal variables, baseline 

characteristics and outcome data were collected from the infants chart including chronic 

lung disease (defined as the need for oxygen or respiratory support at 36 weeks gestational 

age (Kinsella et al., 2006)), and death. 
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4.2.2 Echocardiography Assessment  

Echocardiographic assessment is defined in more detail in Chapter 2 describing the 

methodology of this research study. Specifically with respect to Longitudinal Strain and 

strain rate, echocardiography was carried out at a median [interquartile range] of 10 hours 

[7 – 13] (Day 1), 43 hours [38 – 46] (Day 2), 143 hours [125 – 161] (Day 5 – 7) and at a 

corrected gestation of 36 weeks. Echocardiography was performed using the GE Vivid I or 

Vivid S6 ultrasound machines and a 10S or  12S probe (at a frequency of 8Mz) during the 

first week of age, and a 7S probe ( at a frequency of 3 - 4 MHz) at 36 weeks PMA (Mertens 

et al., 2011b). Images were stored as raw DICOM data and archived for later offline analysis 

using the EchoPac software (GE, version 112, revision 1.3). 

Conventional echocardiography measurements were obtained in the study infants 

including left ventricular output (LVO); PDA diameter in 2D measured at the pulmonary end; 

direction of flow and PDA shunt gradient; mitral valve inflow velocity time  integral (MV 

VTI); and left atrial to aortic root ratio (LA:Ao) (Ramos et al., 2010). The presence of a patent 

foramen ovale and the shunting across it and the presence of tricuspid regurgitation (TR) 

were also noted. Systemic vascular resistance (SVR) was calculated using the formula: (mean 

systemic BP – mean tricuspid valve inflow pressure gradient estimated as 4 mmHg) / LVO 

(Noori et al., 2007a).  Tissue Doppler velocities (TDI) was obtained as mentioned in the 

methodology section for the LV lateral wall, the intraventricular septum and the RV free 

wall.  

Peak basal systolic longitudinal strain (BLS), peak basal systolic longitudinal strain 

rate (SRs), early diastolic longitudinal strain rate (SRe) and late diastolic strain rate (SRa) 

were measured at the basal segment of the LV lateral wall, the basal segment of the septal 

wall and the basal segment of the RV free wall all imaged from the apical four-chamber view 
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using Tissue Doppler derived deformation imaging as previously described. If SRe and SRa 

fusion occurred we labelled the single wave as an SRa wave (Voigt et al., 2015) 

LV posterior wall thickness (LVPW), LV septal wall thickness (LVSW), and LV internal 

diameter (LVID) were all obtained using m-mode of the long axis parasternal view at the 

level of the mitral valve (MV) leaflet tips. MV annular diameter and LV length were obtained 

from the apical 4-chamber view. RV basal diameter, mid cavity diameter and length in 

addition to tricuspid valve annular diameter were all obtained from a RV-focussed four 

chamber view as we previously described in chapter 2. All dimension values were measured 

during the frame just before the MV completely closes at end-diastole (Voigt et al., 2015). 

LV dimensions were obtained in diastole from the long axis parasternal view 

including LV septal wall thickness (LVSW), LV internal diameter (LVID), and LV posterior wall 

thickness (LVPW). RV dimensions were measured from a RV focused 4 chamber view during 

end diastole. For RV dimensions, the tricuspid valve annular diameter was measured as the 

distance between the two hinge points of the tricuspid valve leaflets. RV basal diameter was 

measured as the maximal distance between the RV free wall and the septum parallel to the 

annular diameter. The RV length was measured from the midpoint of annular diameter to 

the RV apex.  

The influence of gestation, birthweight, heart rate and SVR on the measured 

parameters on Day 1 was assessed. In addition, the influence of a PDA > 1.5 mm on Day 5 – 

7 was also examined. We defined a haemodynamically significant PDA as being one that is 

greater than 1.5mm in size(Zonnenberg and de Waal, 2012). The influence of a PDA > 1.5 

mm was compared with markers of increased LV preload (pulmonary vein Diastolic wave, 

PVd) at 5-7days of age. This time-point was chosen as it was felt this would accurately 
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reflect those infants who have a persistent PDA. Finally the difference in the parameters in 

infants with and without CLD at 36 weeks PMA was assessed.  

 

4.2.3 Statistical Analysis 

 Continuous variables were presented as mean (standard deviation) if normally 

distributed or medians [inter-quartile range] if skewed. Categorical variables were 

presented as proportions (%). Serial data were tested using one way ANOVA with repeated 

measures and values were compared to the previous measurement (Day 2 vs. Day 1, Day 3 

vs. Day 2, and 36 weeks PMA vs, Day 3) using the Bonferroni adjustment. Independent two 

group measurements were compared using independent student t-test or Mann-Whitney U 

test as appropriate. Correlations were assessed using Pearson’s or Spearman’s correlation 

coefficients as appropriate. Linear regression was carried out to assess the independent 

effect of important perinatal variables and clinical characteristics (Gestation, SVR, gender, 

chorioamnionitis, pre-eclampsia, antepartum haemorrhage, prolonged rupture of 

membranes and 5 minutes Apgar score) on function during Day 1. In addition, linear 

regression was carried out to assess the independent effect of CLD on myocardial function 

while adjusting for gestation at birth and the use of antenatal steroids. SPSS (IBM, Version 

21) was used to conduct the analysis. A p value < 0.05 was considered significant.     
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4.3 Results 

 One hundred and five infants with a median [IQR] gestation and birthweight of 27.1 

[26.0 – 28.1] weeks and 965 [785 – 1153] grams respectively were studied. Sixty two (59%) 

were male and 74 (71%) were delivered by caesarean section. Ninety nine infants (94%) 

received at least one course of antenatal steroids. Their mean cord pH was 7.34 (0.07) and 

their median 5 minute Apgar score was 9 [7 – 9]. There was a relatively low rate of 

chorioamnionitis (n=9, 9%), pre-eclampsia (n=5, 5%), and antepartum haemorrhage (n=17, 

16%). Thirty five infants (33%) had prolonged rupture of membranes prior to delivery. 

Thirteen infants (12%) had a weight less than the 10th centile for gestation. Ten infants 

(10%) died prior to hospital discharge.  

 Complete studies were available for 102 infants (97%) on Day 1, 105 (100%) on Day 2 

and 101 (96%) on Day 5 – 7.  Fifty-eight infants were transferred to a peripheral hospital 

prior to 36 weeks PMA leaving 47 infants (45%) available for assessment at that time point. 

There was no difference in gestation, birthweight, 5 minute Apgar score, or cord pH 

between infants who were transferred and those who stayed until 36 weeks PMA (data not 

shown). The clinical characteristics and conventional echocardiography measurements 

during each time point are illustrated in Table 4.1. There was no difference in any of the 

conventional function values between infants invasively ventilated and those on CPAP 

during the first three time points. In addition, there was no correlation between mean 

airway pressure and any of the functional values.   

  



112 
 

 

 

 

 

 

Table 4.1: Clinical parameters at the time of the echocardiogram over the first week of life  

 

 

 

 Day 1 Day 2 Day 5 – 7  p 

Hours of Life 10 [7 – 13] 43 [38 – 46]* 142 [125 – 161]* <0.001 

Heart rate 155 (14) 163 (12)* 165 (13)* <0.001 

Systolic BP (mmHg) 46 (8) 53 (9)* 57 (9)* <0.001 

Diastolic BP (mmHg) 28 (7) 32 (8)* 32 (8)* <0.001 

Mean BP(mmHg) 35 (6) 40 (8)* 40 (7)* <0.001 

Mean Airway Pressure (cmH2O) 8 (2) 8 (2) 8 (1)* <0.001 

Oxygen % 21 [21 – 60] 21 [21 – 65] 21 [21 – 49] 0.6 

Invasive ventilation  56 (53%) 33 (31%)* 25 (24%)* <0.001 

Fluid Intake (ml/kg/day) 83 (8) 122 (23)* 171 (17)* <0.001 
pH 7.33 (0.06) 7.31 (0.07)* 7.30 (0.06)* 0.002 

 

Hours of life and oxygen are presented as medians [inter-quartile range].The remainder of 
data are presented as means (standard deviation) or absolute values and (percentages). BP: 
blood pressure. Invasive ventilation refers to intermittent positive pressure ventilation. 
None of the infants were on high frequency oscillation. All non-invasively ventilated infants 
were on continuous positive pressure ventilation during the study period.  * p value < 0.05 
compared with baseline (one way ANOVA with repeated measures with Bonferroni 
adjustment)  
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Table 4.2: Conventional Echocardiography parameters and Markers of pulmonary vascular 

resistance  

 

 

 Day 1 
n=102 

Day 2 
n=105 

Day 5 – 7 
n=101 

36 weeks 
n=47 

 
p 

LVO (mls/kg/min) 147 (60) 201 (72)* 229 (89)* 234 (49)* <0.001 
Shortening Fraction (%) 35 (6) 38 (5)* 41 (6)* 39 (7) 0.002 
Ejection Fraction (%) 58 (7) 61 (7)* 62 (8)* 58 (6) 0.003 
SVR 251 [196 – 338] 188 [146 – 288]* 188 [127 – 259]* Not Calculated <0.001 
Number (%)  PDA 99 (94%) 90 (95%) 69 (66%) 36 (77) <0.001 
PDA Diameter (mm) 2.4 [2.0 – 2.9] 2.8 [2.3 – 3.2]* 2.8 [2.2 – 3.2]* 2.8 [2.3 – 3.2] 0.04 
Bidirectional shunt 38 (36%) 13 (12%) 5 (5%) 0 <0.001 
PDA Diastolic Velocity 
(m/s) 

1.26 [0.83 – 1.66] 1.42 [1.10 – 2.1]* 2.0 [1.45 – 2.7]* 2.7 [1.52 – 3.3]* <0.001 

PDA Systolic Velocity (m/s) 0.26 [-0.45 – 0.84] 0.46 [0.22 – 1.11]* 0.58 [0.25 – 1.36]* 0.79 [0.37 – 1.3] <0.001 
LA:Ao Ratio 1.32 (0.25) 1.46 (0.31)* 1.51 (0.37)* 1.47 (0.25)* <0.001 
PFO 75 (71%) 82 (78%) 66 (63%) 12 (26%) <0.001 
PFO Shunt (m/s) 0.41 [0.33 – 0.49] 0.56 [0.42 – 0.72]* 0.53 [0.41 – 0.71]* 0.70 [0.64 – 

0.78]* 
<0.001 

PAAT (ms) 42 (9) 47 (11)* 52 (12)* 51 (11)* <0.001 
RVET (ms) 155 (21) 160 (26) 161 (31) 195 (20)* <0.001 

 

Data is presented as medians [inter-quartile range], means (standard deviation) or 
proportions (percentages). * p value < 0.05 compared with baseline (one way ANOVA with 
repeated measures with Bonferroni adjustment). LVO-Left ventricular output, SVR-systemic 
vascular resistence, PDA-Patent ductus arteriosus, PFO-patent foramen ovale, PAAT- 
Pulmonary artery acceleration time, RVET- Right ventricular ejection time 
 

 

 



114 
 

 

4.3.1 Image Quality and Measurement feasibility  

  On Day 1, deformation values were measurable in 92 (90%) LV lateral wall, 93 (91%) 

septal, and in 97 (95%) RV basal segments. SRe/SRa fusion occurred in 29 (28%) LV lateral 

wall, 18 (18%) septal and in 40 (39%) RV basal segments. The remainder of the time points 

during the first week of life demonstrated similar quality and feasibility characteristics. At 36 

week PMA 39 (83%) of LV lateral wall images, and all of the septal and RV images were 

analysable.   

 

4.3.2 Longitudinal Changes in Function and Dimensions 

 The change in LV, septum and RV function are illustrated in Table 4.3 and 4.4. These 

show that using Tissue Doppler imaging (TDI), TAPSE and RV FAC, there was a longitudinal 

increase in values up to 36 weeks PMA. Table 4.5 and Figure 4.1 show the changes in Tissue 

Doppler derived deformation parameters over the 4 time points up to 36 weeks PMA. LV, 

Septal and RV strain values significantly increased until 36 weeks PMA. Strain rate values 

however (with the exception of LV SRe and SRa which demonstrated no change) only 

increased over the first week of age (Table 4.5). LVSW and LVPW did not change over the 

first 2 days of age but were significantly higher on Day 5 – 7 and 36 weeks PMA. LV cavity 

dimensions demonstrated a change over the first two days and between Day 5 – 7 and 36 

weeks PMA. Conversely, there was no change in RV dimensions over the first week of age 

with values only significantly higher than Day 5 – 7 at 36 weeks PMA (Table 4.6).   
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Table 4.3: LV and Septal Function values over the four time points  

 
 

Day 1 
n=102 

Day 2 
n=105 

Day 5 – 7 
n=101 

36 weeks 
n=47 

 
p 

LV TDI (cm/s)      
s`  2.7 (0.8) 3.2 (0.7)* 3.9 (1.0)* 4.6 (0.9)*   <0.001 
e` 3.4 (1.4) 4.3 (1.3)* 4.3 (1.1)* 6.5 (1.9)* <0.001 
a` 4.0 (1.6) 4.9 (1.6)* 5.4 (1.8)* 6.9 (2.7)* <0.001 
      
Septal TDI (cm/s)      
s` 2.6 (0.6) 2.6 (0.6) 2.9 (0.6)* 3.8 (0.8)* <0.001 
e` 2.8 (0.8) 3.7 (1.2)* 3.7 (0.9)* 5.6 (1.3)* <0.001 
a` 3.8 (1.3) 4.9 (1.6)* 5.6 (1.4)* 7.8 (2.1)* <0.001 
      
LV event times and dimensions       
Heart Rate 155 (14) 163 (12)* 165 (13)* 154 (14) <0.001 
IVCT (ms) 58 (14) 48 (13)* 44 (13)* 48 (10)* <0.001 
IVRT (ms) 60 (13) 53 (12)* 51 (12)* 49 (12)* <0.001 
Systolic Time (ms) 140 (18) 148 (19)* 139 (16) 164 (15)* <0.001 
Diastolic Time (ms) 125 (22) 119 (22) 123 (20) 128 (27) 0.05 
SD ratio 1.1 (0.2) 1.3 (0.2)* 1.1 (0.2) 1.3 (0.3)* <0.001 

 

 
* p value < 0.05 compared with baseline day 1 values (one way ANOVA with repeated 
measures with Bonferroni adjustment)  
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Table 4.4: RV Function values over the four time points 

 

 
 

Day 1 
n=102 

Day 2 
n=105 

Day 5 – 7 
n=101 

36 weeks 
n=47 

 
p 

RV TDI (cm/s)      
s` 3.6 (0.9) 4.6 (1.0)* 5.4 (0.9)* 7.3 (1.2)*   <0.001 
e` 3.8 (1.2) 5.1 (1.5)* 5.5 (1.2)* 8.1 (2.5)† <0.001 
a` 7.1 (2.1) 8.6 (2.0)* 9.8 (2.3)* 12.9 (3.8) <0.001 
      
RV TAPSE and FAC      
TD TAPSE (mm) 4.8 (1.1) 6.0 (1.1)* 6.6 (1.0)* 11.1 (1.6) <0.001 
Normalised TD TAPSE (mm) 2.5 (0.6) 3.1 (0.5)* 3.4 (0.5)* 3.8 (0.6)* <0.001 
3-Chamber FAC (%) 38 (10) 46 (8)* 49 (7)* 51 (9)* <0.001 
4-Chamber FAC (%) 31 (10) 41 (8)* 44 (9)* 45 (8)* <0.001 
Global FAC (%) 34 (9) 43 (6)* 46 (7)* 48 (6)* <0.001 

 

 
† Only 8 infants without e:a fusion. * p value < 0.05 compared with baseline (one way 
ANOVA with repeated measures with Bonferroni adjustment)  
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Table 4.5: Longitudinal Changes in Deformation parameters 

 

 Day 1 
n=102 

Day 2 
n=105 

Day 5 – 7 
n=101 

36 weeks 
n=47 

 
p 

Left Ventricle      
Strain (%) -12.2 (2.8) -12.8 (2.8) -12.7 (2.2) -15.0 (2.2)* <0.001 

Systolic SR (1/s) -1.5 (0.5) -1.7 (0.6)* -1.7 (0.5)* -1.8 (0.5)* 0.02 
Early Diastolic SR (1/s) 1.6 (0.8) 2.1 (0.6) 2.1 (0.7) 2.1 (0.9) 0.2 
Late Diastolic SR (1/s) 2.6 (0.8) 2.7 (1.0) 2.7 (0.9) 3.2 (1.2) 0.08 

      
Septum      

Strain (%) -15.5 (3.0) -17.4 (3.5)* -17.9 (3.1)* -20.6 (3.6)* <0.001 
Systolic SR (1/s) -1.6 (0.3) -1.9 (0.4)* -2.0 (0.4)* -2.1 (0.4)* <0.001 

Early Diastolic SR (1/s) 1.7 (0.6) 2.1 (0.6)* 2.1 (0.7)* 2.0 (0.6) 0.001 
Late Diastolic SR (1/s) 2.3 (0.8) 2.7 (1.0)* 2.7 (0.9)* 2.7 (1.0)* 0.03 

      
Right Ventricle       

Strain (%) -22.8 (4.8) -24.3 (4.7)* -25.1 (4.9)* -28.0 (5.5)* 0.001 
Systolic SR (1/s) -2.1 (0.5) -2.5 (0.7)* -2.9 (0.7)* -3.0 (0.7)* <0.001 

Early Diastolic SR (1/s) 2.4 (0.8) 2.6 (0.7) 2.7 (0.9) 2.9 (0.9) 0.4 
Late Diastolic SR (1/s) 3.6 (1.0)* 4.4 (1.3)* 4.3 (1.3)* 4.6 (1.6)* 0.008 

 

 
Values are presented as means (SD). * p value < 0.05 compared with baseline (one way 
ANOVA with repeated measures with Bonferroni adjustment)  
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Figure 4.1 Longitudinal strain of the Left ventricle (LV), septum and Right ventricle (RV) 

 

 

GraphicalG representation of absolute strain values of the Right Ventricle (RV), Septum and 

Left Ventricle (LV) from day 1 of life to 36 weeks postnatal gestation. Error bars represent ± 

1 standard error. * p value < 0.05 compared with baseline (Day1).  
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Table 4.6: Longitudinal changes in dimension parameters  

 

 Day 1 Day 2 Day 5 - 7 36 weeks P 

Left Ventricle      
Septal Wall Thickness (mm) 2.6 (0.6) 2.6 (0.6) 2.9 (0.6)* 3.8 (0.8)* <0.001 

Posterior wall thickness (mm) 2.5 (0.6) 2.6 (0.7) 2.9 (0.6)* 3.9 (0.7)* <0.001 

Internal Diameter (mm) 11.3 (2.0) 12.2 (2.0) 12.2 (2.1) 16.7 (1.9)* <0.001 
Mitral Annular Diameter (mm) 5.2 (0.9) 5.5 (0.7)* 5.9 (0.9) 7.9 (0.9)* <0.001 

Length (mm) 16.8 (2.6) 17.4 (1.9)* 18.0 (2.9) 24.9 (2.1)* <0.001 
      

Right Ventricle       

Tricuspid Annular Diameter (mm) 6.4 (0.9) 6.4 (0.8) 6.4 (0.7) 8.8 (1.2)* <0.001 
Basal Diameter (mm) 11.1 (1.3) 11.1 (1.5) 11.1 (1.4) 15.0 (2.0)* <0.001 

Mid Cavity Diameter (mm) 9.5 (1.3) 9.3 (1.5) 9.3 (1.5) 12.6 (1.5)* <0.001 
Length (mm) 18.9 (2.4) 19.1 (2.5) 19.6 (2.3) 29.0 (3.3)* <0.001 

 
Values are presented as means (SD). p values represents one way repeated measures 
ANOVA. * indicates a p value < 0.05 compared with previous value: Day 2 vs. Day 1, Day 3 
vs. Day 2, and 36 weeks PMA vs, Day 3.  
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4.3.3 Influence of Gestation, Birthweight, Heart Rate and Systemic Vascular Resistence (SVR) 
on Day 1 Values  
 
 Table 4.7 shows the correlation between SVR on Day 1 and functional parameters. 

There was a weak but significant negative correlation between SVR and absolute LV BLS 

values (r=-0.27, p=0.01) indicating that a higher SVR is associated with BLS values closer to 0, 

SVR and LV SRe (r=-0.4, p=0.001) and SVR and absolute septal BLS values(r=-0.37, p=0.007) 

also indicating that a higher SVR is associated with BLS values closer to 0. On multiple linear 

regression, SVR (standardised β=-0.4, p=0.001) and gestation (standardised β=0.3, p=0.005) 

had an independent effect on LV BLS when adjusting for other variables (gender, 

chorioamnionitis, pre-eclampsia, antepartum haemorrhage, prolonged rupture of 

membranes, 5 minute Apgar score). There was a similar association between SVR and 

gestation with septal BLS (SVR standardised β=-0.5, p<0.001; Gestation standardised β=0.3, 

p=0.02). LV, septal and RV tissue Doppler systolic velocities (s’) had a stronger negative 

correlation with SVR when compared to deformation measurements (Table 4.7).   
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Table 4.7: Correlation between Systemic Vascular Resistance and functional parameters 
on day 1 of life 
 

 

 

  

 

 

 

 

 

 

Table 4.7 describes the different functional echocardiographic parameters of the Left 

ventricle (LV), Septum and Right ventricle (RV) correlating them to SVR on Day 1 of life. SF-

shortening fraction, EF-Ejection fraction, FAC- Fractional Area Change, TAPSE- Tricuspid 

Annular Plane Systolic Excursion, 

Parameter r P value 

SF -0.24 0.02 
EF -0.32 0.002 
LV s` -0.49 <0.001 

Septal s` -0.63 <0.001 
RV s` -0.51 <0.001 
RV FAC -0.54 <0.001 
Normalised TAPSE -0.53 <0.001 
LV Strain -0.27 0.01 
LV Systolic Strain Rate -0.18 0.1 
Septal Strain -0.37 <0.001 
Septal Systolic Strain Rate -0.17 0.1 
RV Strain -0.18 0.08 
RV Systolic Strain Rate -0.20 0.06 
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There was no correlation between gestation or birthweight with any of the 

functional measurements during the Day 1 scan. There was a weak correlation between LV 

SRs and heart rate (r=0.4, p<0.001) and between RV SRs and heart rate (r=0.3, p=0.01). 

There was no correlation on Day 1 functional measurements and any of the antenatal 

factors (pre-eclampsia, antenatal steroids, septic risk factors, antepartum haemorrhage, use 

of MgSO4), gender, mode of delivery or small for gestational age.  

 Comparing the functional parameters on day 2 of life to the presence of a PDA we 

found that there was no correlation with either the presence or absence of a PDA or with 

those that had a significant PDA defined as a PDA greater than 1.5mm in diameter.  
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4.3.4 Relationship between a PDA on Day 5 - 7 and Functional Measurements  

 On Day 5 – 7, 64 infants (61%) had a PDA with a diameter > 1.5 mm. There was no 

difference in gestation between those with and without a PDA > 1.5 mm [26.8 (1.3) vs. 26.3 

(1.4) weeks, p=0.06]. Infants with a PDA > 1.5 mm had a larger LVID (12.7 (2.3) vs 11.1 (1.5) 

mm, p<0.001), but there was no difference in LVSW and LVPW. In addition, infants with a 

PDA > 1.5 mm had a higher LVO [264 (86) vs. 167 (42) ml/kg/min, p<0.001], a higher MV VTI 

[6.7 (1.8) vs. 5.3 (1.2), p<0.001] and a higher LA:Ao [1.6 (0.4) vs. 1.3 (0.2), p<0.001]. LV BLS 

was significantly higher in infants with a PDA > 1.5 mm [-13.0 (2.4) vs. -11.9 (1.9) %, p = 

0.03]. There was a weak positive correlation between absolute LV BLS values and LVO 

(r=0.3, p=0.01), indicating that a higher LVO is associated with higher function. There was no 

correlation between LV BLS and LVID or with LA:Ao. There was no difference in any of the 

RV measurement between those with and without a PDA > 1.5mm (data not shown). Thirty 

seven infants (35%) received medical treatment for a persistent PDA beyond the second 

week of life, and 7 (7%) required surgical ligation.   
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4.3.5 Influence of CLD on LV and RV Function at 36 weeks PMA 

 Forty seven infants were assessed at 36 weeks PMA, 28 of which (60%) developed 

CLD. Infants with CLD had a significantly lower gestation than those without CLD [25.7 (1.4) 

vs. 27.5 (0.07) weeks, p < 0.001]. As a consequence, infants with CLD were scanned at 9.6 

(2.1) weeks of age compared with those without CLD who were scanned at 7.0 (1.4) weeks 

of age (p<0.001). Infants with CLD had lower RV BLS [-26.4 (5.0) vs. -30.7 (5.5) %, p=0.0.1] 

and lower RV SRa [4.2 (1.3) vs. 5.3 (1.9) 1/s, p=0.04] (Figure 4.2). The association between 

CLD and low RV BLS (p=0.024) and low RV SRa (p=0.015) remained significant when 

adjusting for gestation and antenatal steroids on linear regression. There was no difference 

in RV dimensions between infants with and without CLD. In addition, there was no 

difference in LV or septal strain/strain rate values between infants with and without CLD. 
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Figure 4.2: Comparison of RV Longitudinal Strain (RV BLS) and RV late diastolic strain rate 

(RV SRa) in infants with and without Chronic Lung Disease (CLD) 

 

 

 

Absolute strain values are used for graphical representation. The black line depicts children 

with CLD and the grey line depicts children without CLD. Error bars represent ± 1 standard 

error. * p value < 0.05 compared with baseline (Day1). 
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4.4 Discussion 

Deformation imaging has grown in popularity to become useful as a marker of global 

and regional myocardial function in the adult and paediatric populations (Sutherland et al., 

2004, Abraham et al., 2007, Mori et al., 2007, Ganame et al., 2007b, El-Khuffash et al., 

2012). As part of this research we have demonstrated the feasibility and reproducibility of 

using TDI derived deformation imaging in this population. We chose to use the tissue 

Doppler-derived method for assessment of deformation instead of speckle tracking 

echocardiography (STE) because this method is better suited for measurement of strain rate 

values as it employs a natural strain rate calculation method at much higher frame rates (de 

Waal et al., 2014). Specifically, measurement of diastolic strain rate values is more 

appropriate using this method, and prior to this study, has previously been unreported. Levy 

et al used STE to derive RV strain measures in a similar cohort of premature infants, and was 

only able to show reproducibility with strain and systolic strain rate (not with diastolic 

measures), further highlighting the novelty of this manuscript (Levy et al., 2013).  However, 

it is worth noting that this method is highly angle dependent with a large angle of insonation 

(>20o) resulting in a significant underestimation of values. This can be a particular technical 

issue in the LV free wall, especially with PDA-associated LV enlargement. In addition, strain 

values obtained with the tissue-Doppler derived method are not interchangeable with those 

obtained using STE as this method calculates Lagrangian rather than natural strain. This is 

particularly true if the extent of the deformation is large (Voigt et al., 2015).  

We demonstrated an increase in the strain values of the septum and RV between 

Days 1 and 2 and between Day 5 – 7 and 36 weeks PMA. As strain represents deformation in 

particular plane with reference to baseline, the increase in those values cannot be 
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attributed to an increase in heart size occurring over the study period. Systolic and diastolic 

strain rate values on the other hand did not generally further increase beyond the first week 

of life. This may highlight that inherent contractility (represented by strain rate values, see 

below) becomes established early on during infancy and that strain continues to improve 

secondary to changes in loading conditions. LV free wall values on the other hand did not 

show a similar pattern of change, with only LV BLS showing a significant difference from Day 

5 – 7 values at 36 weeks PMA. The lack of change in LV values may stem from the relatively 

lower reproducibility achieved with LV strain and strain rate values which we demonstrated 

in chapter 3. Helfer et al, also recently explored the use of TDI derived LV and RV (but not 

septal) strain and systolic strain rate in a smaller cohort of preterm infants (ranging between 

23 and 32 weeks gestation) over the first 28 days of age. Although they demonstrated an 

increase in RV BLS and RV SRs in a similar fashion to our population, they failed to 

demonstrate a similar change in LV values. This may also reflect the lower reliability of LV 

free wall strain measurements using TDI in this population. The group did not report 

diastolic strain rate values.  

We also explored the influence of echocardiography-measured SVR on those 

functional measurements on Day 1 of age. We used SVR as a surrogate of afterload. There 

was a weak negative correlation between SVR and absolute LV/septal BLS values but not 

strain rate. This indicates that higher SVR leads to lower BLS. On multiple linear regression 

controlling for many potentially important factors, SVR continues to have a negative impact 

on BLS while increasing gestation had an independent positive effect. This highlights the 

importance of taking gestation and afterload condition into account when assessing 

myocardial function using tissue-Doppler derived basal strain. Recent animal data 

demonstrate that strain is negatively influenced by increasing afterload and as a result, it 
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may not reflect intrinsic contractility (Ferferieva et al., 2012). Peak systolic strain rate on the 

other hand is less influenced by afterload and may be a better surrogate marker for 

contractility. Our data seem to support this. However, SVR calculations derived from 

echocardiography-measured LVO and BP become problematic in the context of a PDA as 

what the LV senses will be influenced by the pulmonary vascular resistance.  

 We used the presence of a PDA > 1.5 mm by Day 5 to 7 to explore the effect of 

increasing preload on strain measurements on Day 5 – 7. Infants with a PDA > 1.5 mm had a 

higher LA:Ao, a higher mitral valve VTI and a higher LVO indicating higher pulmonary venous 

return and higher preload. LV (but not septal or RV) BLS was marginally higher in those 

infants with a PDA, with weak positive correlations with LVO and no correlation with LA:Ao 

or LVID. This indicates the relative lack of influence of preload on those markers suggesting 

that they may be used to reflect myocardial performance during times of high preload. This 

supports animal data suggesting the lack of influence of preload on strain and strain rate 

values (Ferferieva et al., 2012). 

We found that at 36 weeks PMA there was a significant difference in RV 

measurements between infants with and without chronic lung disease. CLD is associated 

with increased right pulmonary pressures and pulmonary hypertension which can cause an 

increase in the afterload of the right ventricle (Ryan et al., 2015). We were unable to 

demonstrate a difference in RV pressures between infants with and without CLD as none 

had a tricuspid regurgitant jet during that time point. However, the lower RV BLS and RV SRa 

observed in our patients with CLD supports the association between this condition and 

lower RV function observed in other studies (Helfer et al., 2014). This difference remained 

significant after adjusting for the gestational age at birth and antenatal steroid use. Helfer et 

al also demonstrated that CLD negatively impacted RV BLS measurements at 28 days (Helfer 
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et al., 2014). However, in the study by Helfer and in our cohort, LV tissue Doppler 

deformation values were unaffected by CLD suggesting that LV function may remain 

preserved in the setting of CLD. The same group also reported LV deformation values on the 

same cohort of infants using STE. Although they demonstrated differences in early global LV 

strain rate between infants with and without CLD, there were no differences in LV function 

at 30 days of life (Czernik et al., 2014). Our study differs in several aspects: the gestational 

age range is much narrower potentially eliminating effect of higher gestations on our 

results; we performed an echocardiogram at a later point at which CLD was more accurately 

defined.  

 

 

 

Limitations 

This study incorporated a large number of preterm infants with serial data looking at how 

deformation imaging can be used to monitor myocardial function however there was some 

limitations to this study. Our inclusion criteria of preterm infants less than 29 weeks 

gestation incorporates a very heterogeneous group with different pathologies. This may 

have impacted on the functional parameters which we were measuring. We attempted to 

account for this by incorporating a large cohort and using strict timing and conditions for 

each echocardiogram. A large number of patients were transferred to 2nd level neonatal 

units before the 36 corrected gestational age scan could be performed. This included 

around 50% of the patient population. As the rotunda Hospital is a tertiary referral center 

the clinical demand is high with bed availability being limited. For this reason patients are 

often transferred back to their referring hospital at around 34 weeks gestation when they 
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are stable.  This could have introduced bias into those infants in whom we performed the 36 

week scan as this may have reflected the sicker patients who were not stable enough to be 

transferred at this stage. It is also relevant that the long term of these infants is currently 

not known. 

 

4.5 Conclusion 

Tissue Doppler derived strain and strain rate is feasible in the preterm population and shows 

changes from day 1 to 36 weeks corrected gestational age. The loading conditions of the 

heart, specifically with the effect of the PDA appear to correlate with an increased LV 

systolic strain. Chronic lung disease appears to be negatively associated with RV functional 

parameters when these are measured at 36 weeks corrected gestational age. 
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Chapter 5 Rotational Mechanics 

5.1 Introduction 

Left ventricular (LV) twist describes the wringing motion of the LV during systole, and 

is the net result of the rotation of the apex and the base in opposite directions along the 

long axis of the left ventricle. LV torsion refers to twist normalized to LV length at end 

diastole (Mor-Avi et al., 2011) . This wringing motion improves the ejection of blood from 

the LV cavity during systole. LV untwist describes the recoil during early diastole thereby 

generating a suction force for LV filling. LV twist is facilitated by the helical arrangement of 

the subepicardial (left handed) and subendocardial (right handed) fibres and is influenced by 

contractile function and loading conditions (Buckberg et al., 2011). LV untwist contributes 

directly to early diastolic filling and is influenced by muscle fibre compliance and elastic 

recoil properties. These rotational parameters can add important information on myocardial 

performance (Burns et al., 2008, Buckberg et al., 2011, Russel et al., 2009, Huang and Orde, 

2013).  

LV rotational mechanics can be assessed by two-dimensional speckle tracking 

echocardiography (2D STE) at the bedside in an intensive care unit. This technique has been 

validated against both magnetic resonance imaging (MRI) tissue tagging and Doppler tissue 

imaging (DTI) (Notomi et al., 2005). 2D STE is also angle independent and is the selected 

modality for measuring LV rotation in older populations. Recent studies have established 

rotational mechanics values and patterns in healthy paediatric populations (Takahashi et al., 

2010, Al-Naami, 2010, Kaku et al., 2014), the change in rotational mechanics following 

exercise in children (Boissiere et al., 2013, Di Maria et al., 2014) and in children with a 

variety of cardiopulmonary disease states (Laser et al., 2013, Cheung et al., 2011b, Cheung 
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et al., 2011a). Despite the growing application of 2D STE in children and neonates (Levy et 

al., 2013, Helfer et al., 2013, El-Khuffash et al., 2012), there is a lack of data on LV rotation 

and twist mechanics in preterm infants. The rotational mechanics of the LV could potentially 

be different in the preterm population due to differences in myocardial contractile 

properties, different loading conditions, and the interaction between the LV and the right 

ventricle (RV), especially during the transitional period. 

Our primary aim was to assess the clinical feasibility and reproducibility of apical and 

basal rotation, LV twist and torsion, LV twist rate and untwist rate measurements in 

hemodynamically stable preterm infants less than 29 weeks gestation. The secondary aim 

was to assess the physiological adaptations of rotational and twist parameters across three 

time points during the first week of age. We hypothesised that the measurement of 

rotational mechanics in the preterm population is feasible and reproducible. In addition, we 

hypothesized that those parameters undergo important changes in the first week after 

delivery.  

 

5.2 Methods 

 Clinical information regarding pregnancy, delivery and the postnatal period were 

collected. Three echocardiography assessments were performed during which the following 

cardio-respiratory parameters were collected: systolic and diastolic blood pressure, heart 

rate, mode of ventilation, mean airway pressure, oxygen requirement, arterial saturation, 

total fluid intake and pH.  
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5.2.1 Terminology  

Left ventricular basal and apical rotation, twist, torsion, twist rate and untwist rate 

were measured using speckle tracking echocardiography of the parasternal short axis views 

of the LV base and apex. Rotation is defined as the circumferential clockwise or counter-

clockwise movement of the apex and base along the long axis of the left ventricle occurring 

during systole (in degrees). Viewed from the apex, counter-clockwise rotation is displayed as 

positive and clockwise rotation is displayed as negative. Figure 5.1 demonstrates basal and 

apical rotation plotted against time during once cardiac cycle.  
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Figure 5.1: Graphical display of apical rotation (blue line), basal rotation (magenta line) 

and the resultant net torsion of the left ventricle (white line). 

 

 

 

Figure 5.1A illustrates both the apex and base moving in a counter clockwise (positive) 
direction resulting in minimal torsion. Figure 5.1B illustrates the apex rotating in a counter 
clock wise (positive) direction and the base rotating in a clockwise (negative) direction 
resulting in greater net torsion.  
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 Twist was defined as the net difference between apical and basal rotation using the 

following formula: LV Twist (o) = apical rotation (o) – basal rotation (o).  

Left ventricular torsion is defined as twist normalised to LV end diastolic length and 

is calculated as follows:  

Torsion (o/cm) = Twist (o) ÷ LV end diastolic length (cm).   

LV twist rate is the velocity at which twist occurs per unit time and is depicted as a 

positive (degrees/second). Untwisting is the motion opposite to the direction of twist 

occurring in diastole. LV untwist rate is the velocity of untwist during diastole per unit time 

and is depicted as negative (degrees/second).  

 

5.2.2 Measurements of Twist, LV twist and untwist rates  

The LV base and apex in short axis were obtained from the LV short axis parasternal 

view. The basal plane was defined as the image at the level of the mitral valve leaflets while 

ensuring that no left atrial tissue is visible. The apical plane was defined as the image distal 

to the papillary muscles. Image acquisition at the two planes of interest was carried out to 

ensure the LV cross section was as circular as possible. Three consecutive cardiac cycles 

were acquired and digitally stored as raw DICOM data for offline analysis. 

We aimed for frame rates between 120 to 130 frames per second (FPS) for all image 

loops to achieve a frame rate to heart rate ratio (FR/HR) of between 0.7 to 0.9. Recently, 

Sanchez et al demonstrated that intra- and inter-observer reproducibility of measuring left 

and right ventricular longitudinal strain in preterm infants less than 29 weeks gestation 



136 
 

using 2D STE was highest when the cine loops were acquired with frames rates ranging 

between 110 to 130 FPS and achieving a FR/HR between 0.7 to 0.9 (Sanchez et al., 2014).  

Data were analysed using the 2D STE software described above. A region of interest 

(ROI) was obtained manually by tracing around the endocardial border of the LV wall during 

end-systole. The software package divides the LV wall in short axis into six segments and 

measures the rotation based on the change in speckle movement within each segment. This 

produces six rotational curves and a global average. The quality of the tracings was assessed 

by the software and a visual assessment of tracking adequacy. We only accepted tracings 

where all six segments were adequately traced. The peak rotation of the apex and base, LV 

twist, LV twisting rate (LVTR) and LV untwisting rate (LVUTR) were determined. The peak 

rotation was defined as the maximal amount of rotation, positive or negative, during 

systole. Similarly the peak twisting rate was defined as the maximal amount of twist per unit 

time between these time points with the untwisting rate in the opposite direction during 

diastole (Figure 5.2).  
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Figure 5.2: Left ventricle (LV) twist and untwist rate. 
 
 

 
 

Twist rate occurs during systole while untwist rate occur in the opposite direction during 

early diastole. AVC: AV valve closure. Magenta- Basal twist rate, Purple- apical twist rate, White-

Total twist rate
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5.2.3 Statistical Analysis  

Continuous variables were tested for normality using the Shapiro-Wilk test, and 

were presented as means (standard deviation, SD) or medians [inter-quartile range, IQR] as 

appropriate unless otherwise stated. Differences in the echocardiography values across the 

three time points were compared using a one-way ANOVA with repeated measures. The 

Greenhouse-Geisser adjusted p value was used if the assumption of sphericity was violated. 

Skewed data were compared using the Kruskal Wallis test. Categorical data were presented 

as proportions. Correlation between wall stress and the function parameters were assessed 

using Pearson’s Correlation Coefficients for normally distributed data or Spearman’s 

Correlation Coefficient for skewed data. In order to assess the systolic-diastolic relationship 

of the rotational mechanics, correlation between systolic torsion and LVUTR at each time 

point was carried out using Spearman’s Correlation Coefficient.  We accepted a p value of 

less than 0.05 as significant. The statistical analysis was performed using SPSS version 21.  
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5.3 Results 

 Seventy three infants less than 29 weeks gestation were considered for inclusion of 

assessment of rotational mechanics during the study period between January 2013 and 

December 2014. Seven were excluded due to investigator unavailability, 1 refused consent, 

3 had weights less than the 10th centile, 4 received inotropes during the study period, 4 died 

in the first week of age, and in three infants, short axis views were not acquired during at 

least two time points. This patient group was a subset of the overall patient population 

described in Chapter 2 in the methods section for the specific period described above*. Fifty 

one infants with a mean (SD) gestation age of 26.8 weeks (1.5) and birth weight of 945 

grams (233) respectively were included. Thirty nine infants (77%) were delivered by 

caesarean section with a mean five minute Apgar score of 8 (2) and a cord pH of 7.34 (0.05). 

Twenty eight (55%) were male. There were 24 (47%) singleton births, 9 (35%) sets of twins 

and 3 (18%) sets of triplets. All infants received surfactant prior to the first echocardiogram. 

None of the infants received inotropes during the first 7 days of age. During the first scan, 

32 (63%) were invasively ventilated, this reduced to 19 (37%) on day 2 and 15 (29%) by days 

5 to 7. All infants survived to hospital discharge. The remainder of the clinical characteristics 

are displayed in table 5.1. On Day 1, 48 (94%) infants had a PDA compared with 43 (84%) on 

Day 2 and 35 (69%) on Day 5 – 7. (p = 0.003). None of the infants received medical 

treatment for PDA in the first week of age. There was an increase in PDA maximum systolic 

velocity and a fall in the number of bidirectional PDA shunts across the three time points. 

There was a significant but not clinically relevant change in heart rate, LVEDD and LV length 

over the study period (Table 5.1).   
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Table 5.1: Cardiorespiratory characteristics of the infants across the three time points.  
 
 
 

 Day 1 Day 2 Day 5 to 7 ANOVA p 

Heart Rate 156 (13) 165 (13) 164 (12) <0.001 

Systolic BP (mmHg) 45 (8) 52 (9) 52 (8) <0.001 

Diastolic BP (mmHg) 29 (8) 31 (8) 30 (7) 0.07 

Wall stress (g/cm2) 22 [16 – 32] 28 [19 – 35] 20 [15 – 27] 0.01 

Total fluid intake (ml/kg/day) 83 (8) 117 (25) 170 (18) <0.001 

FiO2 (%) 21 [21 – 60] 21 [21 – 35] 21 [21 – 35] 0.2 

Oxygen Saturation (%) 95 (2) 96 (3) 96 (3) 0.05 

Mean airway pressue (cmH2O) 8 (2) 8 (2) 7 (2) 0.009 

pH  7.33 (0.06) 7.29 (0.06) 7.30 (0.06) 0.002 

 
 
Values are presented as means (SD). Wall stress is presented as median [IQR] and FiO2 is 
displayed as median [Range].  
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5.3.1 Feasibility and Reproducibility of Twist measurements 

 Measurements of rotation, twist, torsion, LVTR and LVUTR were possible in 130 out 

of 153 scans (85%). In the remainder, the software was unable to track the walls due to poor 

image quality. The mean (SD) frame rates during the examinations were 127 (11) on Day 1, 

125 (8) on Day 2 and 125 (9) on Day 5 – 7 (p=0.4). The mean (SD) FR/HR ratio was 0.83 (0.1) 

on Day 1, 0.76 (0.1) on Day 2 and 0.77 (0.1) on Day 5 – 7 (p=0.001). The results of the Bland-

Altman analysis and intraclass correlation coefficient demonstrated better intra- and inter-

observer reproducibility of apical rotation, basal rotation, twist and torsion when compared 

with LVTR and LVUTR (Table 5.2, Figure 5.3).  

 

5.3.2 Longitudinal Rotation, Twist, Torsion, Twist and Untwist values   

Apical rotation remained constant over the first week in a positive counter clockwise 

fashion. However basal rotation changed from a positive counter clockwise rotation to a 

negative clockwise rotation, resulting in an overall net increase in twist and torsion across 

the three time points (Table 5.3, Figure 5.4). There was no change in LV twist rate over the 

first week of age (p=0.6). The LV untwist rate increased over the time period (Table 5.3, 

Figure 5.5).  
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Table 5.2: Intra- and inter-obsevrver reliability data for the parameters.  
 
 
 

 Intraobserver variability Interobserver variability 
 ICC (95% CI) Bias (LOA) ICC (95% CI) Bias (LOA) 

Apical Rotation 0.96 (0.92 – 0.98) 0.04 (-1.51 – 1.59) 0.78 (0.50 – 0.90) 1.21 (-1.46 – 3.88) 
Basal Rotation 0.93 (0.85 – 0.97) 0.11 (-3.77 – 3.99) 0.89 (0.78 – 0.94) -0.21 (-2.8 – 2.34) 
LV Twist  0.86 (0.74 – 0.93) -0.13 (-2.89 – 2.63) 0.78 (0.18 – 0.92) 1.4 (-1.05 – 3.85) 
LV Twist Rate 0.83 (0.47 – 0.94) -6 (-65 – 53) 0.70 (0.18 – 0.88) 21 (-28 – 70) 
LV Untwist Rate 0.88 (0.74 – 0.94) 0 (-53 – 52) 0.73 (0.48 – 0.87) -7 (-89 – 75) 

 

ICC: Intraclass correlation coefficient; CI: confidence intervals; LOA: limits of agreement All p 
values < 0.001.  
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Table 5.3: Rotation, torsion, twist and untwist rate over the three time points.  
 
 
 

 Day 1 Day 2 Day 5 to 7 ANOVA p 

Apical Rotation (o) 11.4 (5.8) 11.1 (7.8) 11.0 (9.1) 0.96 
Basal Rotation (o) 5.5 [-0.3 – 8.3] 4.0 [-4.7 – 7.2] -4.5 [-5.8 - -2.3] <0.001 
Torsion (o) 8.5 (5.7) 9.3 (7.9) 12.9 (9.4) 0.01 
Normalised Torsion (o/cm) 4.9 (3.3) 5.1 (4.7) 7.1 (4.5) 0.01 
LV twist Rate  69 [55 – 92] 67 [55 – 107] 74 [56 – 123] 0.6 
LV untwist Rate -74 [-82 - -57]  -82 [-109 - -60] - 95 [-128 - -63] 0.005 

 
 
Values are presented as mean (standard deviation) or medians [interquartile range].   
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Figure 5.3: Bland-Altman graphs for LV torsion twist and untwist. 

 

 

 

The solid black line represents the mean bias and the dotted lines represent the upper and 
lower limits of agreement.  
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Figure 5.4:  Apical and Basal rotation and LV torsion over the three time points. 
 
 
 

 
 
 

Values are presented as means. The error bars represent the standard error of the mean. 
There was a significant change in basal rotation across the three time points (p < 0.001) and 
a resultant increase in torsion (p=0.01) as represented by (*) 

 

* 

* 
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Figure 5.5: LV twist and untwist rate over the three time points. 
 
 
 

 
 
 
Values are presented as medians. The error bars represent the 95% confidence interval around the 

median. There was no change in LV twist rate (p=0.6). LV untwist rate increased over the three time 

points (p=0.005) as represented by *. 

 

* 
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5.3.3 Effect of Clinical Parameters and Correlation between Torsion and LVUTR  

 During the Day 1 scan, there was a weak negative correlation between wall stress 

and torsion (r= -0.3, p=0.04), LVTR (r= -0.46, p=0.002), and LVUTR (r= 0.33, p=0.03).  There 

were no significant correlations between wall stress and the remainder of the function 

parameters at any time point. There was no difference in LV twist, torsion, twist rate and 

untwist rate between infants with a PDA > 1.5 mm and those with a smaller or no PDAs 

across the time points (data not shown). There was a positive correlation between torsion 

and LVUTR across the three time points, with the association becoming stronger with 

increasing age (Figure 5.6).   
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Figure 5.6: Relationship between Systolic tosrion and diasotlic untwist rate across the 

three timepoints.  

 

 

The graphs show thepositive correlation between Torsion and Left Ventricular Untwist rate 

with the correlation becoming increasingly stronger over the first week of age.  
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5.4 Discussion 

We demonstrated that the assessment of apical / basal rotation, LV twist/torsion, 

LVTR and LVUTR is possible in a select group of hemodynamically stable preterm infants less 

than 29 weeks gestation with acceptable reproducibility. The reproducibility of assessing 

rotation and twist/torsion was higher than that for twist and untwist rates. There was an 

overall net increase in twist and torsion (twist normalised to LV end-diastolic length) over 

the first week after birth mainly due to the change in basal rotation from a positive counter 

clockwise direction to a negative clockwise direction. Apical rotation remained constant in a 

counter clockwise direction throughout the study period. A net increase in LV untwisting 

rate was also noted over the three time points. LVTR negatively correlated with LV wall 

stress with higher stress values resulting in lower LVTR. A significant PDA, and LV volume 

loading (assessed using LVEDD and LA:Ao) did not appear to have any influence on any of 

the parameters during the study period. There was a positive correlation between systolic 

torsion and diastolic LVUTR with the relationship becoming stronger by the end of the first 

week after birth.  

 

5.4.1 Feasibility and Reproducibility of LV Rotational Mechanics in Preterm Infants 

Our reproducibility results for rotation, twist/torsion, and twisting rates were 

comparable with studies on twist in older populations (Laser et al., 2009, Zhang et al., 2010, 

Al-Naami, 2010, Takahashi et al., 2010). The superior reproducibility observed in the 

rotation and twist parameters when compared to the twist and untwist rate parameters 
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(LVTR and LVUTR) may be explained by the frames rates used in our study. We obtained 

images with an average frame rate of 125 FPS which is slightly higher than the 

recommended frame rate for STE of 60-110 FPS (Biswas et al., 2013). Our use of those 

higher frame rates for 2D STE assessment of rotational mechanics is supported by a recent 

study which demonstrated superior reproducibility of LV and right ventricle deformation 

measurement in preterm infants when conducted using frame rates between 110 to 130 

FPS and maintaining a frame rate to heart rate ratio between 0.7 to 0.9 (Sanchez et al., 

2014). We attempted to strike a balance between spatial resolution (which can affect 

rotation and twist measurements) and temporal resolution (which can affect twist and 

untwist rate measurements). A relatively high frame rate may affect the software’s ability to 

adequately track the speckles within the ROI thus compromising absolute rotation and twist 

measurements. Relatively lower frame rates run the risk of missing peak rotational rates 

thereby reducing the reproducibility of these values. Further studies are needed to 

determine the ideal frame rates needed to assess rotation, twist and twist / untwist rates in 

this population. 

 

5.4.2 Comparison of Rotational Mechanics between Preterm and Older Populations 

LV twist obtained in our cohort across the three time points was 2 to 4 fold higher 

than values obtained for infants in their first year of age (Al-Naami, 2010, Zhang et al., 2010, 

Takahashi et al., 2010). Normalizing twist to LV length (torsion) facilitates comparison of LV 

rotational mechanics across differing age groups and LV sizes. Interestingly, our cohort of 

preterm infants demonstrated much higher torsion values when compared to infants, 

children and adults (Table 5.4). Beyond the preterm period, values of apical/basal rotation 

and the resultant twist increase with increasing age. However once normalized for LV 
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length, torsion tends to peak during adulthood before beginning to fall in older individuals. 

Age related changes in LV twist are due to maturational changes in the myocardium. Twist 

(and torsion) results from a balance between the positive torsional deformation of the left 

handed subepicardial fibres and the negative torsional deformation of the right handed 

subendocardial fibres. The subepicardial force is dominant due to the larger radius leading 

to an overall positive torsional deformation which is usually attenuated by the opposing 

force of the subendocardial fibres (Ingels et al., 1989). Generally, subendocardial 

dysfunction develops with aging. This is coupled with increasing afterload and fibre stress 

associated with increasing age (MacGowan et al., 1996). This results in a decrease in 

subendocardial torsional deformation with an increase of epicardial torsional deformation 

resulting in an augmentation of the positive twist. Following preterm birth, there is a 

sudden increase in LV afterload due to the loss of the low pressure system of the placenta. 

The increase in torsion over the first week of life (resulting from a change in basal rotation) 

may be a result of the attenuation of the subendocardial fibres contraction due to their 

exposure to increase in afterload occurring after birth.   
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Table 5. 4: Comparison of Rotational Mechanics across different age groups.  
 
 
 

 
 
Values are presented as mean (standard deviation) or medians [interquartile range]. Day 5 – 
7 values were used for our preterm cohort population.   
 

Age group  23 – 28 
weeks 

Term <28 
days 

3 – 9 years 33 – 40 
years 

> 65 years 

Study James et al Zhang et al  Takahashi et 
al  

Takahashi 
et al  

Zhang et al 

Apical Rotation 
(o) 

11.7 (8.3) 2.2 (1.3) 6.5 (2.3) 10.1 (1.9) 10.3 (1.5) 

Basal Rotation 
(o) 

-4.5 [-5.8 – -
2.3] 

1.1 (0.4) -5.0 (2.0) 4.9 (2.0) -7.21 (2.2) 

Twist (o) 12.9 (9.4) 1.9 (1.2) 10.0 (3.3) 14.2 (3.1) 18.0 (1.8) 
Torsion (o/cm) 7.0 (4.3) 1.4 (0.3) 1.7 (0.5) 1.8 (0.4) 1.5 (0.3) 
Twist Rate 
(o/sec) 

142 [107 – 
213] 

Not 
reported 

85 (24) 74 (25) Not 
Reported 

Untwist Rate 
(o/sec) 

-166 [-107 – -
259] 

-50 (12) -105 (41) -78 (23) -88.7 (16.6) 
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Diastolic LV untwist rate in our cohort was much higher when compared with older 

children and adults (Table 5.4). This unique pattern noted in preterm infants is interesting 

and may also be explained by the unique characteristics of the preterm myocardium and the 

transitional physiology. Studies examining the change in rotational mechanics in children 

and adults following exercise may help to explain this unique pattern. In children, LV systolic 

twist and diastolic twist rate increase during exercise but at a much lower rate than the 

increase observed in adults (Boissiere et al., 2013). Is it postulated that children possess 

higher myocardial intrinsic relaxation properties and are therefore rely less on untwisting to 

facilitate LV filling during early diastole. Furthermore, diastolic untwisting is highly 

dependent on systolic twist as the potential energy stored in the helical fibres during systole 

is released in early diastole. Indeed, the relationship between systolic twist and diastolic 

untwist rate appears linear in adults and children. As adults have higher twist values 

compared with children, the resultant untwist rate is also higher. Due to immaturity of the 

calcium handling metabolism, early relaxation in preterm infants is significantly slower than 

in children and adults as we demonstrated in our initial analysis. This could potentially be 

compensated by a higher elasticity of the myocardial fibres. Faster elastic recoil may serve 

as a compensatory mechanism for the slower early active relaxation. The systolic-diastolic 

relationship between twist and untwist rates in the preterm cohort is also present and 

becomes stronger during the first week. Higher twist values in the preterm population may 

also be responsible for the higher untwist rates. Our findings suggest that assessing LVUTR 

could potentially help in better understanding diastolic function and could be a reproducible 
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and useful marker of diastolic function in this population (Burns et al., 2009, Burns et al., 

2008, Notomi et al., 2006a). 

 

5.4.3 Effect of Loading Conditions on LV Twist in Preterm Infants  

Interestingly, we demonstrated that the longitudinal increase in LV twist over the 

first week of age was secondary to the change in basal rotation over the same period. 

Recently Ramani et al in a study of adult patients demonstrated that pulmonary arterial 

hypertension (PAH) significantly reduces basal LV rotation, with higher negative values seen 

in controls without PAH (-5.76 degrees in controls versus -2.03 degrees in PH patients, p= 

0.001). In their study, PAH had no effect on LV apical rotation (5.30 degrees versus 4.54 

degrees; p = 0.6) (Ramani et al., 2009). Although direct comparisons are not possible, the 

change in basal rotation in our population from positive on Day 1 to negative on Day 5 – 7 

may be a result of the fall in pulmonary vascular resistance (PVR) that occurs during the 

early neonatal period. We demonstrated this fall in PVR by a reduction in the number of 

bidirectional shunts and an increase in the peak systolic velocity across the PDAs over the 

study period. This increase in peak velocity across the PDA occurred without a clinically 

relevant change in PDA diameter indicating that the increased velocity was likely to be a 

result of falling PVR (Hamrick and Hansmann, 2010).  

The effect of loading conditions on LV twist, twist and untwist rates remains an area 

of interest. Increased afterload appears to decrease LV twist and twist rates in experimental 

animal models (mongrel dogs) and human adults (Burns et al., 2010, MacGowan et al., 

1996). This is supported by our data indicating that higher wall stress is associated with 

lower torsion, LVTR and LVUTR on Day 1. However, we were not able to demonstrate an 

association between wall stress and any of the rotational parameters on Day 2 and Day 5 – 
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7. In our study, wall stress appeared to increase during the second scan and fall again during 

the third scan. Factors contributing to this pattern of change in wall stress appear to be 

multiple as there were changes in the mean BP and LV posterior wall thickness. We used 

mean blood pressure as an estimate of end systolic BP and this may not be a true 

representation of the end systolic blood wall stress. Laser et al demonstrated that twist 

increased in children with pressure loaded LVs as a consequence of aortic stenosis and 

coarctation of the aorta (Laser et al., 2009). They demonstrated that twist values decrease 

following the intervention and speculated that the increase in twist was compensatory 

mechanism for the increased afterload.  

We compared the impact of PDA on torsion by comparing those with a small PDA 

(<1.5mm) to those with a larger PDA (>1.5mm). No significant difference was seen between 

these two groups over the first week of age. A significant duct would increase the preload 

by increasing pulmonary venous return(Halliday et al., 1979). Previous studies examined the 

effect of preload on torsion and found that preload has very little effect on maximal torsion 

(Moon et al., 1994, Kaku et al., 2014). Our findings would concur with this suggesting that 

the absence or presence of a PDA does not impact on the torsion of the LV. Although the 

infants’ fluid intake more than doubled over the one week period, this represents their 

normal fluid maintenance requirements as the increased urine output and insensible losses 

in those infants considerably increase their fluid requirements. Further studies examining 

the effect of loading conditions on twist parameters in the preterm population are needed.  

 

 

 

5.4.4 Clinical Implications  
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 Rotational mechanics of the left ventricle offer novel insights into myocardial 

performance. Two dimensional STE is a relatively novel technique that can be applied to 

preterm infants at the bedside to measure those rotational mechanics. Demonstration of 

feasibility, reproducibility in addition to the examination of changes occurring in the first 

week of life in cohort of hemodynamically stable preterm population may pave the way for 

the application of those parameters to infants with disease states and those with 

haemodynamic instability (Kaku et al., 2014). 

 

5.5 Limitations  

 There are important limitations to our study. The reproducibility of the parameters 

were assessed with a limited range of frame rates with heart rate variability affecting frame 

rates used, and further studies need to be conducted using different frame rates in an 

attempt to optimize reproducibility, particularly of LVTR and LVUTR measurements. The 

changes of twist, LVTR and LVUTR may have been influenced by unexamined confounders 

both antenatally and in the immediate post natal period and due to the relatively small 

number of infants, we were unable to assess the effect of those variables. The selective 

nature of our population should be taken into account when applying these reproducibility 

data in preterm infants.    

 

 

5.6 Conclusion 

Measurement of twist, rotation, twist and untwist rate in preterm infants is feasible and 

demonstrates acceptable reproducibility. The changes in those parameters over the first 

week after birth may represent important changes in both systolic and diastolic function. 
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Those parameters appear to be influenced by loading conditions in both ventricles occurring 

during the transitional period. Further studies in preterm infants are required to confirm 

those findings and investigate those parameters in different disease states. 

 



158 
 

 

Chapter 6 Clinical Utility of Right Ventricular Fractional 
Area Change in Preterm Infants 

 

6.1 Introduction 

 Assessment of right ventricular (RV) performance in preterm infants is gaining 

considerable interest with an increasing realisation that RV function has important 

prognostic implications in various disease states and populations (Moenkemeyer and Patel, 

2014, Lewandowski et al., 2013, Rajagopal et al., 2014). Several studies have recently 

emerged describing various methods of objective RV functional assessment in preterm 

infants using a variety of methods including tissue Doppler imaging, tricuspid area plane 

systolic excursion (TAPSE), RV deformation imaging and RV fractional area change (de Waal 

et al., 2014, Levy et al., 2015, Koestenberger et al., 2011, Murase et al., 2015b, Levy et al., 

2013). However, the clinical relevance of those markers in the preterm population and how 

they relate to disease states warrants further study.      

 Right ventricular fractional area change (RV FAC) describes the change in the RV 

cavity area from diastole to systole in the four chamber view and provides the dominant 

contribution to RV ejection fraction (Levy et al., 2015). There is a strong correlation between 

RV FAC and RV ejection fraction determined by MRI (Anavekar et al., 2007). RV FAC appears 

to be uninfluenced by significant intra-atrial shunts in adults (Kowalik et al., 2011) and 

therefore may reflect blood returning from the upper and lower circulation. Recently, the 

feasibility, reproducibility and reference values of RV FAC in preterm infants have been 

established in Chapter 3 and by others (Levy et al., 2015). However no current data is 

available on the relationship between RV FAC measured during the first week of life and 
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perinatal characteristics, peri/intraventricular haemorrhage (P/IVH), and patent ductus 

arteriosus (PDA). Evaluating the role of RV FAC in the first week of life in relationship to 

common morbidities to demonstrate the validity of this measure in premature infants is of 

paramount importance.  

In this study, we hypothesise that RV FAC has important associations with perinatal 

factors, P/IVH and haemodynamically significant PDAs in preterm infants less than 29 weeks 

gestation. The aims of this study are to assess the relationship between RV FAC and 

gestational age/birthweight, assess the ability of a low RV FAC on day one of age to predict 

the later evolution of P/IVH, and the assess the influence of a persistent PDA on RV FAC 

during the first week of age.     

  

  

6.2 Methods 

 This was a prospective observational cohort study carried out over a two year period 

in the neonatal intensive care unit of the Rotunda Hospital, Dublin, Ireland, between 

January 2013 and December 2014. Infants born less than 29 weeks gestation were included 

in the study. Prior to enrolment, all infants underwent a cranial ultrasound examination on 

the first day of age to rule out early P/IVH. Infants were excluded if there was evidence of a 

congenital or chromosomal abnormality at birth, congenital heart disease (other than a PDA 

or a PFO) identified antenatally or during the first echocardiogram, a P/IVH (IVH grades 2 or 

higher) identified on day one of age based on the Papile system of classification (Papile et 

al., 1978), or death within the first week of age. We currently adopt a conservative approach 

to PDA treatment. Prophylactic indomethacin is not used at this institution and medical 

treatment of the PDA with non-steroidal anti-inflammatory drugs is not provided in the first 
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7 days of life. The echocardiography assessments conducted for this study were not 

revealed to the clinical team caring for the infant unless there was a clinical reason (other 

than a PDA) to do so. Written parental informed consent was obtained from all parents and 

ethical approval was obtained from the Hospital’s local Research Ethics Committee.  

  

 

6.2.1 Clinical Demographics  

 Along with antenatal, birth, and clinical cardiorespiratory characteristics, obtained 

from the hospital records, the following clinical outcomes were also obtained: culture 

proven sepsis, necrotizing enterocolitis (NEC) with radiological evidence of pneumatosis; 

chronic lung disease (CLD) defined as the need for oxygen at 36 weeks corrected gestation; 

treated retinopathy of prematurity; length of hospital stay; P/IVH assessed on day 7 of age 

and classified according to Papile Classification (Papile et al., 1978); death before discharge.  

 

6.2.2 Echocardiography  

 Echocardiography was carried out according to the protocol described in the 

methodology chapter. Data were stored as raw DICOM images in an archiving system 

(EchoPac, General Electric, version 112 revision 1.3) and analysis of all the echocardiography 

parameters was carried out by an investigator who was blinded to the results of the cranial 

ultrasounds.     

 To measure RV FAC, two dimensional images were obtained from a RV-focussed 

apical four-chamber view (Figure 6.1). During offline analysis RV cavity end diastolic area 

(RVEDA) was identified as the frame just after tricuspid valve closure and RV cavity end 

systolic area (RVESA) was identified as the frame just before tricuspid valve opening. The 
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area of the cavity was manually traced during those two time-points within the cardiac cycle 

as illustrated in Figure 6.1. RV trabeculations were included in the trace. RV FAC was then 

calculated using the following formula:   

 RV FAC (%) = [RVEDA(cm2) – RVESA (cm2)] ÷ RVEDA(cm2).  

  

 The following echocardiography parameters were also measured using previously 

described methods (El-Khuffash and McNamara, 2011b): LVO (ml/kg/min); PDA diameter 

(mm) measured in 2D at the pulmonary end; diastolic and systolic flow velocity across the 

PDA; the presence of a patent foramen ovale (PFO) and the velocity of the shunt across the 

PFO; left atrial to aortic root ratio (LA:Ao); celiac artery and descending aortic end diastolic 

velocity; tricuspid regurgitant jet velocity (TRv) if present and right ventricular systolic 

pressure (RVSp) measured using Bernoulli's equation as follows: RVSp = 4 × TRv2.  Peak 

systolic to diastolic flow velocity ratio across the PDA was calculated on Day 5 – 7 to 

determine the flow pattern across the duct (Smith et al., 2015). Systemic vascular resistance 

(SVR) was calculated by using the following formula: (mean systemic BP – mean tricuspid 

valve inflow pressure gradient) ÷ LVO (Noori et al., 2007b). 



162 
 

 

 

Figure 6.1: Measurement of right ventricular fractional area change. 
 
 

 
 
 

RV cavity end diastolic area (RVEDA) and RV cavity end systolic area (RVESA) are manually 
traced. RV FAC was then calculated using the following formula:   
RV FAC (%) = [RVEDA(cm2) – RVESA (cm2)] ÷ RVEDA(cm2).  
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6.2.3 Statistical Analysis 

The cohort was divided into two groups based on whether or not they developed 

P/IVH by day 5 – 7 of age. Another two group analysis was also carried out based on the 

presence of absence of a PDA on the Day 5 – 7 scan. Continuous data was tested for 

normality using the Shapiro-Wilk test and a histogram representation and presented as 

mean (standard deviation) if normally distributed or median [inter-quartile range] if skewed. 

For two group analysis, normally distributed data were compared using the student t-test 

and skewed data were compared using the Mann-Whitney U test. Categorical variables 

were presented using count (percent) and compared using Chi Square or Fisher Exact tests 

as appropriate. Serial data across the two groups were compared using a two way ANOVA 

with repeated measures. Correlations between measured variables were compared with 

Pearson’s correlation coefficient if normally distributed or Spearman correlation coefficient 

if skewed. Logistic regression was used to assess the independent association between Day 

1 RV FAC and P/IVH while controlling for gestational age and antenatal steroid 

administration. A receiver operating characteristics curve was constructed to assess the 

ability of Day 1 RV FAC to predict P/IVH. A value < 0.05 was considered significant. SPSS (IBM 

version 22) was used to conduct the statistical analysis.   
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6.3 Results  

 One hundred and twenty five infants were considered for inclusion during the study 

period. Three infants died during the first week of age; five infants developed a P/IVH on 

Day 1 of age; seven were missed due to investigator unavailability for at least two time 

points; six parents refused consent; three infants were excluded due to congenital heart 

disease (total anomalous pulmonary venous drainage; transposition of the great arteries; 

large atrial septal defect). One hundred and one infants with a mean gestation of 26.5 (1.4) 

weeks and a birthweight of 983 (240) grams were enrolled in the study (Table 6.1). 

Echocardiography scans were available for 98 infants on Day 1 and all infants on Days 2 and 

5 – 7.     

 

6.3.1 Relationship between RV FAC and Perinatal Characteristics  

 There was a positive correlation between RVEDA and RVESA with birthweight on Day 

1; however, there was no relationship between RV FAC and birthweight (Figure 6.2). There 

was a positive correlation between RV FAC and LVO (r=0.52, p<0.001) and a negative 

correlation between RV FAC and echo-measured SVR (r=0.57, p<0.001, Figure 6.2). On Day 

1, 50 infants had a visible tricuspid regurgitant jet with a median right ventricular systolic 

pressure (RVSp) of 26 mmHg [21 – 34]. There was no relationship between RV FAC and RVSp 

(r=-0.1, p=0.3). Similarly, 33 infants had a bidirectional shunt across the PDA. There was no 

difference in RV FAC between those with and without a bidirectional shunt (31% vs. 31%, 

p=1.0). There was no correlation between RV FAC and any other perinatal characteristics 

including gestational age. Perinatal characteristics are listed in Table 6.1. 
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 On Day 2, RV FAC was only influenced by RVSp and the presence of a bidirectional 

shunt. Forty infants had a visible tricuspid regurgitant jet on Day 2. There a negative 

correlation between RV FAC and RVSp (r=-0.42, p=0.008). Infants with a bidirectional shunt 

on Day 2 (n= 13/86, 15%) had a lower RV FAC [31 (9) vs. 42 (8), p<0.001]. There was no 

relationship between RV FAC and SVR on Day 2 (r=-0.07, p=0.5).  

 



166 
 

Figure 6.2: Correlation between RVEDA/RVESA/RV FAC and birthweight and between RV 
FAC and SVR during the first day of age. 
 
 

 

RVEDA: right ventricle end diastolic area; RVESA: right ventricle end systolic area; RV FAC: 
right ventricle fractional area change; SVR: systemic vascular resistance.  
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6.3.2 Relationship between RV FAC and P/IVH 

 Twenty one infants (21%) developed a P/IVH by Day 5 – 7. Table 6.1 demonstrates 

their demographics, antenatal characteristics and clinical outcomes. On Day 1, RV FAC was 

lower in infants who developed a P/IVH (24% [18 – 34] vs. 31% [25 – 40], p=0.04). This 

relationship remained significant when controlling for gestation and antenatal steroid use 

using logistic regression (RV FAC β = -7.2, p=0.01; Gestation β = -0.29, p=0.16; Antenatal 

steroids β=-0.67, p=0.4). There was no difference in RV FAC between those with and without 

a P/IVH during the two other time points (Figure 6.3A). However, the increase in RV FAC 

from Day 1 to 2 between the groups was much higher in the P/IVH group (12 [6 – 20] vs. 6 [1 

– 14] %, p=0.01). Day 1 RV FAC has an area under the curve of 0.7 (95% CI 0.5 – 0.8, p=0.01) 

for the ability to predict later P/IVH with a RV FAC cut off value of 30% giving a sensitivity of 

70% and a specificity of 60%.  

 

6.3.3 Relationship between RV FAC and a persistent PDA 

During Day 1, 95 (95%) infants had a PDA with a mean diameter of 2.5 (0.6) mm and 

mean maximum velocity of 1.2 (0.6) m/s suggesting a low volume shunt. The number of 

infants with a PDA reduced to 86 (85%) on Day 2 and to 69 (68%) on Day 5 – 7. There was a 

significant increase in the maximum velocity across the PDA between Day 2 and Day 5 – 7 

[1.7 (0.6) and 2.0 (0.8) m/s respectively, ANOVA p <0.001] without a change in the PDA 

diameter [2.7 (0.6) vs. 2.7 (0.7), p=0.88] with median peak systolic to diastolic flow ratio 

across the duct of 2.8 [1.8 – 4.7] on Day 5 – 7 suggesting an increase in shunt volume and an 

unrestrictive flow pattern during that time period. Infants with a PDA on Day 5 – 7 had a 

higher LVO [256 (88) vs. 168 (45) ml/kg/min], a larger LA:Ao ratio [1.6 (0.4) vs. 1.3 (0.2)], a 

lower celiac artery end diastolic velocity [0.04 (0.10) vs. 0.17 (0.10) m/s] and reversed end 
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diastolic flow in the descending aorta [-0.06 (0.10) vs. 0.08 (0.04) m/s] (all p values < 0.001). 

This suggests that a PDA on Day 5 – 7 has a significant haemodynamic impact. There was no 

difference in RV FAC between infants with and without a PDA on Days 1 and 2. However, on 

Day 5 – 7 infants with a PDA had a lower RV FAC compared with those without [42 (7) vs. 49 

(9) %, p<0.001, Figure 6.3B]. There was a positive correlation between RV FAC and celiac 

artery end diastolic velocity (r=0.3, p=0.004) and with descending aorta end diastolic 

velocity (r=0.3, p<0.001). There was no correlation between RV FAC and shunt velocity 

across the PFO at any time point.  
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Table 6.1: Infants Perinatal Characteristics and Outcomes divided by the presence or 

absence of peri- intraventricular haemorrhage.  

 No P/IVH Group 
(n=80) 

P/IVH Group 
(n=21) 

 
p 

Gestation (weeks) 27.1 ± 1.3 26.5 ± 1.5 0.11 

Birth weight (grams) 994 ± 250 941 ± 198 0.38 

Male 43 (54%) 16 (72%) 0.08 

Antenatal Steroids (Completed Course) 64 (80%) 13 (62%) 0.02 

PPROM 29 (36%) 5 (24%) 0.32 

Chorioamnionitis  6 (8%) 2 (10%) 0.67 

Caesarean Delivery  58 (73%) 12 (57%) 0.16 

Apgar at 5 minutes 9 [8 – 9] 8 [7 – 9] 0.04 

Cord pH 7.33 (0.07) 7.36 (0.05) 0.10 

PDA at Days 5 – 7 54 (68%) 15 (71%) 0.80 

NEC 11 (14%) 6 (29%) 0.19 

CLD 36 (47%) 11 (61%) 0.43 

Culture Proven Sepsis  15 (19%) 7 (33%) 0.23 

Treated ROP  8 (11%) 1 (6%) 1.0 

Hospital Length of Stay (Days) 70 [52 – 87] 77 [64 – 107] 0.11 

Survival to Discharge 76 (95%) 18 (86%) 0.16 

 

Data are presented as means ± standard deviation, count (%), or medians [interquartile 

range]. NEC: Necrotising Enterocolitis, CLD: Chronic Lung Disease, PPROM: Preterm 

prolonged rupture of Membranes, PDA: Patent Ductus Arteriosus, ROP: Retinopathy of 

Prematurity 
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Figure 6.3: RV FAC in infants with and without P/IVH (A) and infants with and without a 
PDA on Day 5 – 7 (B). 
 
 

 

Error bars represent standard error of the mean. * indicates a p value < 0.05.  P/IVH: 
peri/intraventricular haemorrhage; PDA: patent ductus arteriosus; RV FAC:  right ventricle 
fractional area change.  
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6.4 Discussion 

 In this study, we demonstrated that SVR has a dominant effect on right ventricular 

fractional area change on Day 1, while on Day 2, pulmonary vascular resistance (PVR) has a 

more dominant effect. Although there was a positive correlation between RVEDA/RVESA 

and birthweight, this did not translate to an association between RV FAC and birthweight. A 

low RV FAC on Day 1 of age is associated with the evolution of P/IVH in preterm infants by 

Day 5 – 7. In addition, a PDA with significant left to right shunting results in a lower RV FAC 

when compared to those without a PDA on Day 5 – 7. A PFO does not appear to increase RV 

FAC during the first week of life.  

 Recently, our group and that of Levy et al, demonstrated the feasibility and 

reproducibility of measuring RV FAC in preterm infants, and presented reference data for 

this population from birth to 36 week post menstrual age (Levy et al., 2015). Those studies 

reported a low coefficient of variation of 8 – 11%, and an intra- and inter-observer intraclass 

correlation coefficient of up to 0.94. MRI studies in the adult population assessing the 

correlation between MRI-measured RV ejection fraction and echocardiography-measured 

RV FAC demonstrated a very strong correlation between the two methods (r=0.80, p<0.001) 

(Anavekar et al., 2007). In addition, RV FAC appears to be uninfluenced by shunting across 

the PFO in both adult studies (Kowalik et al., 2011) and in our population. There is no 

current data looking at MRI –measured RV function in the preterm neonate but future 

studies may be able to elicit this with correlation of normative RV FAC by echocardiography. 

Other emerging methods of RV assessment, such as TAPSE and Tissue Doppler 

velocities require indexing to infant size or RV length in order to make them comparable 

across differing infant sizes as we described earlier.   Although RVEDA and RVESA were 

positively correlated with birthweight, RV FAC had no relationship with birthweight or 
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gestation. This is due to the fact that is a measure of relative change in cavity area from 

baseline. Therefore, this parameter can be used to compare function across a range of 

weights and gestations.  

The negative relationship between SVR and RV FAC on Day 1 is interesting. A high 

SVR in the presence of an open ductus arteriosus may result in RV exposure to the high 

resistance of the systemic circulation. Lower RV FAC in the face of higher SVR may highlight 

the inability of the preterm myocardium to adequately function in the face of high afterload. 

There was no association between PVR and RV FAC on Day 1. This may indicate that SVR 

rather than PVR has a dominant effect on the right ventricle during the immediate 

transitional period. In addition, the positive correlation between RV FAC and LVO suggests 

that this parameter is also influenced by systemic blood flow (and systemic venous return, 

preload) during the early transitional period. The relationship between RV FAC and SVR was 

no longer present on Day 2. SVR calculations using echocardiography become problematic in 

the context of a PDA of increasing significance as what the RV senses will be also influenced 

by the pulmonary vascular resistance. Indeed, on Day 2, infants with a persistently high PVR 

(indicated by the presence of a bidirectional shunt) have a lower RV FAC. RV FAC is 

therefore like to be negatively influenced by high afterload.  

 We studied the association between P/IVH evolution and RV FAC. Both groups 

demonstrated an increase in RV FAC over the first two days and a smaller increase between 

Day 2 and Day 5 – 7. However, the P/IVH group had a significantly lower Day 1 value and 

demonstrated a larger increase between Days 1 and 2. This association was independent of 

gestational age and antenatal steroids. Our findings are similar to those of Noori et al, who 

used LVO measurements over the first 76 hours of life to assess the association between the 

changes in LVO and the evolution of IVH. In their study, infants with a P/IVH had a lower 
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LVO initially and demonstrated a higher rate of rise preceding the bleed (Noori et al., 

2014a). This adds further evidence that the evolution of late IVH (occurring beyond the 

second day of age) is at least in part related to myocardial function in the immediate 

neonatal period. As RV FAC is likely influenced by both RV preload (which is determined by 

systemic blood flow) and RV afterload, this add to the theory that a low blood flow state in 

the early neonatal period followed by a surge in blood flow in the subsequent 24 to 48 

hours predisposes infants to P/IVH. This theory was originally raised by Kluckow et al in their 

early studies on SVC flow (Kluckow and Evans, 2000).  

 The presence of a patent ductus arteriosus, particularly if persisting during the first 

week of age, is associated with systemic hypoperfusion despite a rising LVO (El-Khuffash and 

McNamara, 2011b, Broadhouse et al., 2013). The study by Levy et al did not show a 

relationship between RV FAC and PDA diameter at 72 hours of life (Levy et al., 2015). This 

may highlight that that haemodynamic impact of a PDA may not be overtly established 

within the first 72 hours of life. In our study, we found no relationship between a PDA and 

RV FAC during the Day 1 and Day 2 scans. However, the impact on the systemic circulation is 

likely to become more apparent as pulmonary vascular resistance continues to fall by the 

end of the first week of age thereby increasing the pressure gradient and the shunt volume 

between the systemic and pulmonary circulations. In our cohort, we demonstrated an 

increasing shunt velocity in infants with a persistent PDA without a change in PDA diameters 

across the three time-points. We demonstrated a median peak systolic to diastolic flow 

velocity of 2.7 indicating a non-restrictive flow pattern across those PDAs. This indicates that 

the increase in shunt velocity was a result of an increase in shunt volume rather than a 

constriction of PDA diameter. In addition, we demonstrated that all infants with a PDA on 

Day 5 – 7 had a higher LVO and LA:Ao suggesting increased pulmonary blood flow and lower 
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celiac artery and descending aortic velocities suggesting reduced systemic perfusion. Those 

features in combination highlight the significant haemodynamic impact a PDA has on the 

preterm circulation. RV FAC was significantly lower in the PDA group compared to controls 

on Days 5 – 7, with a positive correlation with celiac artery and descending aorta end 

diastolic velocities (indicating the reduced systemic perfusion is associated with a low RV 

FAC). This suggests that RV FAC may identify reduced systemic blood flow associated with a 

PDA and is therefore also affected by preload. It could be a valuable tool to assist in the 

evaluation of the haemodynamic impact of the PDA.  

  

6.5 Clinical Implications and Conclusion  

The properties of RV FAC illustrated above all suggest that this relatively novel and 

reproducible measurement in preterm infants is influenced by both RV preload (and 

systemic blood flow) and RV afterload. It appears uninfluenced by gestational age or 

birthweight making it a suitable method for assessing function across varying gestations and 

infant sizes. The relationship between a low RV FAC and P/IVH is similar to other measures 

of flow in this population including LVO and SVC flow. Due to its predictive properties and its 

association with disease states such as a PDA, it may be a useful addition to the 

haemodynamic assessment of preterm infants during the first week of age. 
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Chapter 7: PDA Severity Score 

 

7.1 Introduction  
 

Treatment of a patent ductus arteriosus (PDA) in extremely low birth weight preterm 

infants is a controversial topic (Evans, 2015). Randomized controlled studies of PDA 

treatment have failed to demonstrate a reduction in PDA-associated morbidities which 

include intraventricular haemorrhage (IVH), necrotizing enterocolitis (NEC), chronic lung 

disease (CLD), death, and poor neurodevelopmental outcome (Cooke et al., 2003, El-

Khuffash et al., 2011, Cunha et al., 2005, Shortland et al., 1990, Van, 2007, Brooks et al., 

2005, El-Khuffash et al., 2008). Those trials demonstrate an overall failure to physiologically 

categorise PDA severity with weaknesses arising from using poorly validated clinical signs, 

treating the PDA as an all or none phenomenon or using echocardiography such as PDA 

diameter. Haemodynamic significance relates to the volume of the shunt from the systemic 

to the pulmonary circulation. The resultant flow across the shunt will lead to increased 

pulmonary blood flow (pulmonary over-circulation) at the expense of systemic blood flow 

(systemic hypoperfusion). The magnitude of this shunt (and how the heart handles it) may 

explain the association between a PDA and the above-mentioned morbidities. Despite these 

flaws the haemodynamically significant PDA remains clinically significant with a high burden 

on the patient, family and society with both short and long term morbidity and mortality 

leading to a need for a more robust assessment of the significance of a PDA. Therefore, a 

more comprehensive appraisal of those physiological features in the presence of a PDA 

using echocardiography may improve our understanding of haemodynamic significance.   

 Recently, the relationship between the severity and duration of the ductal shunt and 

the evolution of CLD in preterm infants has been further highlighted (Schena et al., 2015). 
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The presence of significant early shunting leading to increased pulmonary blood flow 

reduces lung compliance and may expedite the inflammatory process leading to CLD 

evolution (Chang et al., 2008). However, defining haemodynamic significance in the early 

neonatal period remains a challenge with several methods being employed using clinical 

criteria, echocardiography, or both (Zonnenberg and de Waal, 2012). There is further scope 

to accurately define early haemodynamic significance, determine the optimum time of 

assessment and relating that to important outcomes such as CLD. The aim of this study was 

to identify PDA characteristics associated with CLD or death and devise a PDA severity score 

at an optimal time point during the first week of life that can predict CLD or death before 

discharge 
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7.2 Methods  

7.2.1 Study Design, Setting and Patient Population 

This was a multicentre prospective observational cohort study conducted in tertiary 

neonatal intensive care units (NICU) in Ireland, Canada, and Australia. Institutional research 

ethics board approval was obtained at all participating sites. All admitted preterm neonates 

with a gestational age less than 29 weeks to NICU were considered eligible for inclusion. 

Parents of all eligible infants were provided with an information sheet and fully informed 

written consent was obtained prior to enrolment. Infants with major congenital 

abnormalities and cardiac lesions other than PDA were excluded from this study. Neither 

prophylactic indomethacin nor medical treatment of the PDA with non-steroidal anti-

inflammatory drugs was used during the first 7 days of life in enrolled patients. Treatment 

beyond the first week of life was done at the discretion of the attending neonatologist and 

was primarily driven by dependence on invasive ventilator support and clinical evaluation. 

Management of hypotension during the study period was based on local hospital guidelines 

employing a combination of fluid resuscitation and inotropes. Echocardiograms were 

performed for the assessment and management of hypotension were not part of this study 

and no PDA management was instituted to reverse hypotension. The approach to 

pulmonary haemorrhage management was fluid and red blood cell resuscitation and 

increasing mean airway pressure. All cases of pulmonary haemorrhage in this cohort were 

relatively mild requiring minimal resuscitation. Frusemide was not used during the study 

period (first week of life). All frusemide use occurred beyond the first two weeks of age 

either during blood transfusions or to improve clinical symptoms of evolving CLD. 
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Continuous frusemide infusions were not used in the patient cohort. The results of the 

echocardiograms were not communicated to the medical team caring for the infants unless 

they specifically requested a clinically indicated echocardiography assessment or if 

congenital heart disease was identified.  

 

7.2.2 Clinical Data Collection 

 Antenatal, birth, and clinical characteristics were collected including gestational age 

and birthweight at delivery, gender, mode of delivery, 5 minute Apgar score, cord pH, the 

use of antenatal steroids, magnesium sulphate (MgSO4) administration, the presence of pre-

eclampsia and chorioamnionitis. The following clinical outcomes were also obtained: culture 

proven sepsis, inotrope and frusemide use, postnatal steroids administration, PDA 

treatment beyond day 7 of age (including PDA ligation), necrotizing enterocolitis (NEC) with 

radiological evidence of pneumatosis intestinalis; intraventricular haemorrhage assessed on 

day 7 of age and classified according to Papile Classification (Papile et al., 1978), chronic 

lung disease (CLD) defined as the need for oxygen at 36 weeks post menstrual age (PMA); 

treated retinopathy of prematurity; length of hospital stay; death before discharge. 

 

7.2.3 Echocardiography assessment 

 Echocardiography scans were performed at three time periods: a median 

[interquartile range] of 10 hours [7 – 12] (Day 1), 43 hours [38 – 47] (Day 2) and 144 hours 

[125 – 164] (Day 5 – 7). Evaluations were performed using the Vivid (GE Medical, 

Milwaukee) or Phillips (Andover, MA) echocardiography systems in accordance with recent 

published guidelines (Mertens et al., 2011b). A comprehensive anatomic assessment was 

conducted for the first echocardiogram of each infant to rule out congenital heart disease, 
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other than a PDA or a patent foramen ovale (PFO). All scans were stored in an offline 

archiving system for later offline measurements. 

A comprehensive echocardiography assessment of PDA characteristics, markers of 

pulmonary overcirculation and systemic hypoperfusion, and LV function was performed. 

The following echocardiography measurements were obtained during each assessment 

[description of the methodology used to obtain those measurements are detailed 

elsewhere]Chapter 2, (Mertens et al., 2011b, El-Khuffash and McNamara, 2011a): narrowest 

PDA diameter (mm) measured using 2D methods at the pulmonary end (colour Doppler was 

not used to assess PDA diameter); maximum shunt velocity across the PDA (Vmax in m/s); 

left ventricular output (LVO in ml/kg/min); mitral valve inflow E wave, A wave, and E:A ratio; 

pulmonary vein diastolic velocity (PVd in m/s); left atrial to aortic root ratio (LA:Ao); 

descending aortic, celiac artery and middle cerebral artery (MCA) end diastolic flow (EDF in 

m/s). Tissue Doppler imaging (TDI) of the apical 4-chamber view was used to obtain LV 

systolic (s`) early diastolic (e`) and late diastolic (a`) velocities using a pulsed wave Doppler 

sample gate of 2 mm at the level of the lateral mitral valve annulus. If the e` and a` wave 

were fused, we measured the single wave as an a` wave. Measurement technique was 

standardized across all hospitals. Specifically, left ventricular output was measured as 

follows: the aortic root diameter was measured at the hinges of the aortic valve leaflets 

from the long axis parasternal view used to calculate the aortic cross sectional area (AoCSA). 

The velocity time index (VTI) of the ascending aorta was obtained from measuring the 

pulsed wave Doppler from the apical 5-chamber view. The cursor was aligned to become 

parallel to the direction of flow. No angle correction was used and an average of three 

consecutive Doppler wave forms was used to estimate the VTI. Left ventricular output 

(ml/kg/min) was determined using this formula: (AoCSA × VTI × Heart rate) ÷ Weight.  
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7.2.4 Statistical Analysis  

The cohort was divided into two groups based on the presence of the primary 

outcome defined as a composite of CLD and death before discharge (CLD/Death). We 

investigated longitudinal trends in echocardiography parameters, measured across the 

three time points, between infants with and without CLD/Death. This analysis was 

performed to identify the ideal time point for creating the PDA severity score to predict 

CLD/Death. Univariate analysis was conducted on all the measured echocardiography 

parameters comparing infants with and without CLD/Death. Continuous variables were 

tested for normality using the Shapiro-Wilk test and presented as as means (standard 

deviation) or median [inter-quartile range] as appropriate. Two group analyses were 

conducted using a student t test or a Mann Whitney U test as appropriate. A two way 

repeated measures ANOVA was used to assess the difference in the echocardiography 

parameters between infants with and without CLD/Death across the three time points. Pair 

wise comparisons with Bonferroni adjustment were conducted if ANOVA was significant. 

Categorical variables were presented as proportions, and compared using the Chi squared 

or Fisher exact test as appropriate. We accepted a p value of < 0.05 as significant. SPSS 

(version 21) was used to perform the statistical analysis. 

 

7.2.5 Developing the PDA Severity Score 

Parameters from the Day 2 scan were used to devise the PDA severity score (PDAsc). 

During this time point, several echocardiography markers were significantly different 

between those with and without the primary outcome (a composite of CLD and/or death 

before discharge). On Day 1, the echocardiography markers were more homogenous in the 

entire cohort with less difference between the two groups observed (see figure 7.1 later). 
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We decided a priori not to interrogate the predictive value of the Day 5 – 7 scan as it would 

delay the identification of a clinically significant PDA. In addition, clinical signs of a PDA 

would be more overt by the first week of life.  

All echocardiography variables of pulmonary over-circulation and systemic 

hypoperfusion were considered for inclusion in the multivariate logistic regression model 

used to devise the PDA severity score. In addition, we included functional parameters of the 

left ventricle measured using TDI. Gestation at delivery expressed in whole weeks and days 

(as two decimal points) was included a priori in the model as it is an important determinant 

of CLD/Death evolution in this population. Echocardiography parameters were entered into 

the model and retained if their association with CLD/Death remained significant. Variables 

that were highly correlated with others (collinearity) and those with no predictive value (p 

value > 0.10) were removed from the final model. Four echocardiography parameters were 

included in the final model: PDA diameter (mm), maximum velocity across the PDA shunt 

(m/s), left ventricular output (ml/kg/min), and left ventricular diastolic function (LV free 

wall), measured as an a` wave using TDI (cm/s). The variables in the final model were tested 

for collinearity. All the variance inflation factor (VIF) values were less than 1.5.   

We also examined the effect of including cardiorespiratory characteristics measured 

at the time of the scan in the model (mean airway pressure, inspired oxygen, oxygen 

saturation and systolic/diastolic blood pressure) in addition to gestation and the four chosen 

echocardiography markers to assess whether this would improve its predictability. Although 

there was a statistically significant difference in those parameters between the two groups 

during the Day 2 scan, those differences were very small in magnitude and were not 

clinically relevant (Table 7.1). There was a significant positive correlation between 
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gestational age and all of those parameters. None of those parameters improved the ability 

of the model to predict the outcome of interest.  

A weighted scoring system based on the beta coefficients of the significant 

predictors was used to derive the PDA severity score (Harrell et al., 1996). The following 

equation was used to derive the risk score for each infant: (Gestation in weeks × -1.304) + 

(PDA diameter in mm × 0.781) + (Left ventricular output in ml/kg/min × 0.008) + (maximum 

PDA velocity in m/s × -1.065) + (LV a` wave in cm/s × -0.470) + 41, where 41 is the constant 

of the formula. This score ranges between 0 (low risk) and 13 (high risk). The predicted 

probability for each infant to develop CLD/Death was also derived from the model. Infants 

without a PDA at the time of the scan were assigned a risk of 0 as a severity score cannot be 

derived from infants without a PDA diameter or maximum PDA velocity measurement.  

We compared the ability of the PDAsc to predict CLD/death against the predictive 

value of gestational age alone or PDA diameter (measured on Day 2) alone. In addition, we 

compared the PDAsc with another score derived from a combination of five clinical 

characteristics using the same methodology described above: Gestation; use of antenatal 

steroids; days on invasive ventilation; late onset sepsis; and necrotizing enterocolitis. A 

receiver operating characteristics (ROC) curve was constructed to assess the ability of the 

derived PDA severity score to predict CLD/Death compared with gestation, PDA diameter 

and the clinical parameters. In addition, we also assessed the association between the 

PDAsc and two components of the composite outcome separately, in addition to NEC.  
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Table 7.1: Demographics and antenatal details in the two groups.  
 

 No CLD/Death 
(n=62) 

CLD/Death 
(n=79) 

 
p 

Gestation (weeks) 27.7 (1.1) 26.1 (1.3) <0.001 

Birth weight (g) 1128 (211) 813 (143) <0.001 

Male 34 (55%) 52 (66%) 0.2 

Caesarean Section  39 (63) 51 (65) 0.9 

5 minute Apgar Score 9 [7 – 9] 8 [6 – 9] 0.01 

Cord pH 7.33 (0.06) 7.30 (0.10) 0.2 

Chorioamnionitis 5 (8%) 7 (9%) 1.0 

Pre-Eclampsia 0 (0%) 7 (9%) 0.02 

MgSO4 45 (73%) 58 (73%) 1.0 

Any Surfactant Use  47 (76%) 75 (95%) 0.001 

Antenatal Steroids    

None 6 (10%) 14 (18%) 

0.04 One Dose 19 (31%) 11 (14%) 

Two Doses 37 (60%) 54 (68%) 

Cardio-respiratory Characteristics*     

Mechanical Ventilation  10 (16%) 51 (65%) <0.001 

MAP (mmHg) 8 (2) 9 (2) <0.001 

FiO2 (%) †  21 [21 – 42] 21 [21 – 
65] 

<0.001 

O2 Saturations (%) 96 (3) 94 (3) <0.001 

pH 7.32 (0.06) 7.28 (0.07) 0.003 

TFI (ml/kg/day) 120 [100 – 125] 120 [100 – 
140] 

0.24 

Systolic BP (mmHg) 52 [47 – 60] 50 [44 – 
54] 

0.03 

Diastolic BP (mmHg)  31 [27 – 36] 28 [24 – 
39] 

0.01 

 
Values are presented as means (standard deviation), median [inter-quartile range] and count (%). 
MgSO4: Magnesium Sulphate, BP: Blood Pressure, TFI: Total Fluid Intake, MAP: Mean Airway 
Pressure, FiO2: Inspired Oxygen. * During Day 2 echocardiogram. † presented as median [range].  
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7.3 Results   

 One hundred and forty one infants were enrolled in the study. The mean (SD) 

gestational age and weight at birth of the cohort were 26.8 (1.4) weeks and 952 (235) grams 

respectively. Echocardiography scans were available for 134 infants (95%) on Day 1, 141 

infants (100%) on Day 2 and 123 infants (87%) on Day 5 – 7 (the attrition was due to 

investigator unavailability). A PDA was present in 130 infants (97%) on Day 1, 118 (84%) on 

Day 2 and 84 (68%) on Day 5 – 7. Seventy nine infants (56%) developed the primary 

outcome of interest (CLD/Death), of which 65 developing CLD and 15 died before discharge. 

The causes of death are as follows: withdrawal of life sustaining treatment for severe IVH 

(n=6); gram negative sepsis (n=2); severe NEC (n=3); severe respiratory failure (n=3), one of 

which also attained the diagnosis of CLD prior to death) and one with a volvulus. Table 7.1 

illustrates the differences in demographics, antenatal details, and the cardiorespiratory 

characteristics between the two groups. Infants with CLD/Death had lower gestational age 

and weight at birth and a lower 5 minute Apgar score. In addition, there was a higher 

incidence of pre-eclampsia and a slightly lower use of antenatal steroids in the CLD/Death 

group (Table 7.1). Infants with CLD/Death also had a marginally lower mean airway 

pressure, oxygen saturations, pH and blood pressure. Those differences however, were not 

clinically relevant (Table 7.1). Table 7.2 demonstrates the distribution of other important 

outcomes between the two groups. Infants with CLD/Death had a longer duration of 

mechanical ventilation, and a higher incidence of inotrope, frusemide and postnatal steroid 

use. PDA treatment beyond the first week of life and culture proven late onset sepsis were 

also more common in the CLD/Death group (Table 7.2). None of the infants received PDA 

treatment over the first week of life.  PDA treatment beyond this period was left to the 

discretion of the local centre and is outlined in Table 7.2.  
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Table 7.2: Distribution of other outcomes between the two groups.   

 

 
 

CLD/Death 
(n=79) 

No CLD/Death 
(n=62) 

 
p 

Grade 3 or 4 IVH by Day 7 11 (14%) 4 (7%) 0.2 
Pulmonary Haemorrhage 8 (10%) 2 (3%) 0.2 
NEC 16 (20%) 7 (11.3%) 0.2 

Clinical Suspicion  3 2 0.6 
Radiological Diagnosis 5 3 

Surgical Treatment  8 2 
Use of Frusemide  53 (72%) 13 (22%) <0.001 
Postnatal Steroids 23 (29%) 1 (2%) <0.001 
PDA treatment (beyond day 7) 49 (62%) 8 (13%) <0.001 

Ibuprofen 38 (48%) 8 (13%) <0.001 
Paracetamol 19 (24%) 1 (2%) <0.001 

Surgical Ligation 9 (11%) 1 (2%) 0.04 
Culture-Proven Sepsis  35 (44%) 5 (8%) <0.001 
PVL (in survivors)  10 (15%) 3 (5) 0.07 

 
 
 
 
Values are presented as count (%). PVL: Periventricular Leukomalacia, NEC: Necrotising 
Enterocolitis, PDA: Patent ductus arteriosus.  
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7.3.1 Univariate Analysis of the Echocardiography Parameters 

 Echocardiography parameters measured across the three time points were 

compared between infants with and without CLD/Death. Figure 7.1 illustrates the change in 

those parameters between the two groups across the three time points. The three PDA 

related echocardiography markers used in the regression model are in the first row of the 

figure. LVO was higher and PDA Vmax was lower in the CLD/Death group across the three 

time points. PDA diameter was significantly larger in the CLD/Death group on Days 2 and 5 – 

7 (p< 0.05 on ANOVA). The differences in the remainder of the echocardiographic markers 

across the two groups with respect to time were not significant (two way ANOVA p>0.05) 

(Figure 7.1). There was a significant increase in LV a` over the first week of age in the entire 

cohort: 4.4 (1.9) vs. 5.3 (1.9) vs. 5.8 (2.0) m/s (one way ANOVA <0.001). There was no 

difference in LV a` between the two groups at any time point. During the Day 2 scan, wave 

fusion occurred in 31 infants (22%).   
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Figure 7.1: Echocardiography parameters measured across the three time points between 

the two groups.  

 

 

 

Values are presented as means. The black line represents Chronic Lung disease/Death while 

the grey line represents no Chronic Lung Disease/Death. The error bars represent the 

standard error of the mean. Two way repeated measures ANOVA was used to compare the 

two groups across the three time points. * indicates a p value < 0.05. PDA: Patent ductus 

arteriosus; Vmax: Maximum flow velocity; LVO: Left ventricular output; LA:Ao: Left atrial to 

aortic root ratio; PVd: Pulmonary vein diastolic flow velocity; MV: Mitral valve; EDF: end 

diastolic flow; MCA: Middle cerebral artery. 
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7.3.2 PDA Severity Score  

 Five variables were included in the final logistic regression model devised to predict 

the primary outcome, CLD/Death: Gestation (weeks), PDA diameter (mm), Vmax (m/s), LVO 

(ml/kg/min) and LV a` (cm/s). The four echocardiography parameters included in the model 

were obtained from the Day 2 scan which was performed at a median 43 hours [38 – 47]. 

Table 7.3 illustrates the unstandardized beta coefficients of the variables which were used 

to devise the PDA severity score, the standardised beta coefficients which demonstrate the 

relative importance of each variable in the model, and the significance of each variable. The 

regression formula used to devise the score is also presented in Table 7.3. A PDA severity 

score ranging from 0 (low risk) to 13 (high risk) was obtained. The mean (SD) risk score in 

the population was 6.0 (2.5). Infants with CLD/Death had a higher score than those without 

CLD/Death [7.3 (1.8) vs. 3.8 (2.0), p<0.001, Figure 7.2A]. There was a strong correlation 

between the predicted probability of developing CLD/Death based on the model and the 

PDA severity score (Figure 7.2B).  



189 
 

 

Table 7.3: Results of the regression model used to devise the PDA severity score. 
 

Predictor Variable Unstandardized β Standardized β p 

Gestation -1.304 -0.398 <0.01 

PDA Diameter 0.781 0.079 0.07 

LVO 0.008 0.272 0.03 

PDA Vmax -1.065 -0.163 0.02 

LV a` -0.470 -0.236 0.01 

 
 
The unstandardized beta coefficients were used to devise the risk score by using the 
following formula: (Gestation × -1.304) + (PDA diameter × 0.781) + (LVO × 0.008) + (Vmax × -
1.065) + (LV a` × -0.470) + 41, where 41 is the constant of the formula. Negative β 
coefficients indicate that higher variable values ae associated with a decrease in the risk of 
developing the outcome. Positive β coefficients indicate that higher variable values are 
associated with an increase in the risk of developing the disease.  
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Figure 7.2: Difference in the PDA severity score between infants with and without 

CLD/Death (A) and the relationship between the score and the predicted probability of 

CLD/Death in the entire cohort (B).  
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A ROC curve, constructed to assess the ability of the score to predict CLD/Death in 

the population, yielded an area under the curve (AUC) of 0.92 (95% CI 0.86 – 0.97, p<0.001). 

This compared favourably with comparator predictive models based on a combination of 

clinical characteristics (Gestation, antenatal steroids, late onset sepsis, NEC and ventilation 

days) (AUC 0.84, p=0.04), gestation alone (AUC 0.80, p=0.04) and PDA diameter alone which 

had very poor predictability (AUC 0.59, p=0.06) (Figure 7.3). A cut off of 5 had a sensitivity of 

92%, a specificity of 87%, a positive predictive value of 92%, and a negative predictive value 

of 82%. In this cohort, 73 infants (52%) had a score of 5 or greater. 

 The relationship between the PDA severity score and CLD/Death was further 

examined by controlling for important outcomes presented in table 2 that were associated 

with CLD/Death on univariate analysis. The relationship between the PDA severity score and 

CLD/Death remained significant (Adjusted odds ratio 2.1 [95%CI 1.5 – 3.1], p<0.001) when 

controlling for other potential predictors of CLD: PDA ligation, late onset sepsis, post-natal 

steroid use, and frusemide use, none of which remained significantly associated with 

CLD/Death in this model. In addition we examined the difference in the score between 

infants with and without CLD alone, Death alone before discharge and NEC. Infants with CLD 

had a significantly higher score [7.2 (1.9) vs. 3.8 (2.0), p < 0.001]. Similarly, infants that died 

before discharge has a higher score [7.7 (1.7) vs. 5.7 (2.5), p = 0.01]. Finally, infants with NEC 

had a higher PDA severity score than those without NEC [7.5 (2.3) vs. 5.6 (2.4), p < 0.003]. 

The PDAsc had an AUC of 0.70 (95% 0.57 – 0.81, p=0.007) for the ability to predict NEC.   
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Figure 7.3: Receiver operating characteristics curve of the ability of PDAsc to predict 
CLD/death.  
 

 

The PDAsc was compared with a combination of clinical characteristics, gestation and PDA 

diameter.
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7.4 Discussion 

 In this study, we demonstrated that there are early differences in characteristics of 

the PDA during the first week of life between infants who develop CLD or die before 

discharge and those who do not develop those outcomes, with increasing divergence of 

those characteristics over the first week of life. The phenotypic features of these higher risk 

patients include larger PDA diameter, lower maximum velocity across the PDA (indicating a 

lack of ductal constriction and an unrestricted flow pattern in the absence of significant 

pulmonary hypertension) and increased pulmonary blood flow (indicated by a higher LVO). 

In addition, a PDA severity score derived on day 2 of age using gestation along with 

echocardiography markers of PDA characteristics and LV diastolic function can predict the 

later occurrence of chronic lung disease or death in a group of preterm infants less than 29 

weeks gestation.   

 There has been a recent reemphasis to derive a better definition of PDA 

“haemodynamic significance” which resulted from the failure of all randomised controlled 

trials of pre-symptomatic PDA treatment to yield an improvement in short- and long-term 

PDA associated morbidities (Cooke et al., 2003, Schmidt et al., 2006). All of these studies 

however, treated the PDA as an all-or-none phenomenon, with no quantification of the 

impact the PDA has on pulmonary or systemic blood flow. Those trials relied almost solely 

on PDA diameter to determine significance. This over-simplification ignores the effect of 

shunt volume in determining PDA significance. Despite this a haemodynamically significant 

PDA remains a large burden on the infant which continues to be something which needs to 

be better defined. The PDA in the premature infant’s early life should be regarded as a 
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continuum from being physiologic, and potentially beneficial to being pathological (when 

pulmonary vascular resistance drops) leading to systemic hypoperfusion and pulmonary 

congestion. There are several challenges with defining haemodynamic significance 

associated with a PDA. A variety of definitions for haemodynamic significance have been 

employed which incorporate clinical and echocardiography parameters without clear 

validation and justification (Zonnenberg and de Waal, 2012). In addition, the cut offs at 

which echocardiography PDA characteristics are assigned significance are often allocated 

based on whether infants received treatment or not rather than associating them with 

morbidity(McNamara and Sehgal, 2007, Youn et al., 2013), or are based on the short-term 

occurrence of clinical features of a PDA such as bounding pulses, a murmur and an active 

precordium (Alagarsamy et al., 2005).  

There have been recent attempts to relate early PDA features to the later evolution 

of PDA-associated morbidities, particular respiratory morbidities such as CLD. In the 

premature newborn baboons model, exposure to a PDA with an increased pulmonary blood 

flow leads to impaired pulmonary function and arrested alveolar development and surface 

area. Pharmacologic closure of the PDA in this animal model reduces the detrimental effects 

of preterm delivery on pulmonary function and surface area (Chang et al., 2008). In preterm 

infants, Sehgal and McNamara demonstrated that a composite score of PDA significance 

based on echocardiography criteria measured at the time of PDA treatment (at a median of 

7 day) is associated with CLD (Sehgal et al., 2012b). Although this study strengthens the 

evidence of the association between a PDA and CLD, applying a staging system for ductal 

diseases severity at an earlier time point may facilitate better targeted treatment. Sellmer et 

al, demonstrated that large PDAs assessed on day 3 of age are associated with IVH, CLD and 

mortality, although causality may not be directly extrapolated (Sellmer et al., 2013). More 
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recently, Schena et al demonstrated that infants exposed to a more severe PDA (based on a 

scoring system proposed by McNamara and Sehgal (McNamara and Sehgal, 2007)) for a 

longer period during their hospital stay are more likely to develop CLD. Interestingly, after 

adjusting for PDA severity, PDA ligation was no longer associated with CLD in their cohort 

(Schena et al., 2015). The lack of association between PDA ligation and CLD when PDA 

severity is accounted for is gaining an increased recognition (Weisz et al., 2014, El-Khuffash 

et al., 2015). Whilst none of these temporal studies prove a cause and effect relationship 

between a PDA and CLD, the evidence is strengthening for a select population with 

increased shunt volume.  

There exists a need for a discriminative and predictive score to measure the degree 

of hemodynamic significance of a PDA in the first 48 hours of life (Guyatt et al., 1992), and 

associate this score with the development of morbidities associated with a PDA. As 

gestational age plays an independent role in the evolution of important morbidities it should 

be included in devising the score. This score should also include markers of shunt size (PDA 

diameter and Vmax) and shunt volume (LVO). A larger PDA diameter with unrestrictive low 

velocity flow will lead to increased pulmonary blood flow identified by an increased LVO. 

The effect of increased pulmonary blood flow on the preterm neonatal lung may be similar 

to that of the baboon model described above.  

In addition consideration should be given to left heart diastolic function as this plays 

a key role in handling the increased blood volume returning to the heart. LV diastolic 

function may be an important determinant of how the heart can accommodate the 

increased preload resultant from the shunt. Compromised diastolic function may contribute 

to increased pulmonary venous pressure, thereby worsening the effect of increased 

pulmonary blood flow. Preterm infants have impaired diastolic function due to their stiffer 
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myocardium and are therefore heavily reliant on the late diastolic phase of atrial 

contraction for ventricular filling. Impaired diastolic function in the setting of increased 

pulmonary venous return will lead to increased left atrial pressure and eventual pulmonary 

venous congestion (Dokainish, 2015). Therefore, devising a score of haemodynamic 

significance applied during the early neonatal period using echocardiography markers that 

incorporate diastolic function of the LV may lead to a better characterisation of the 

pathological nature of the PDA. The PDA severity score derived in this study encompasses all 

the components mentioned above. This score was highly predictive of the composite 

outcome (CLD/Death). As CLD and death were predominantly mutually exclusive outcomes 

in this study, the score was also significantly higher in infants with the individual 

components of the outcome. In addition, a higher score was observed in infants with PDA 

associated morbidities such as NEC. The score was also predictive of NEC with an AUC of 

0.70. Interestingly, PDA ligation was no longer associated with CLD when the score was 

taken into account. These data further emphasise the increasing realisation that PDA 

severity and haemodynamic impact rather than the ligation per se, is likely to have a causal 

effect. The cut off of 5 yielded the best sensitivity and specificity. More importantly, it 

yielded the best positive and negative predictive value which is more generalizable to other 

populations. This cut off could therefore be used to further validate the predictability of this 

score in a different population or to determine selection for treatment in a randomised 

controlled setting.     

It is worth noting that markers for systemic hypoperfusion (such as descending aortic 

EDF) were not included as a component of the score due to collinearity with the markers for 

pulmonary over- circulation. The relative influence of each variable in the score was 

illustrated by the standardized beta coefficient in Table 7.3. Although gestation had the 
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biggest influence (with the largest standardised beta value), LVO and LV a` had values of 

almost similar magnitude emphasising their importance in predicting the outcome of 

interest. The relatively lower standardised beta coefficient value for PDA diameter illustrate 

that PDA size in isolation is a poor surrogate for haemodynamic significance as the pressure 

gradient across the PDA, rather than the size, is the major determinant of shunt volume 

during the early period.  

The PDAsc compared favourably with a score based on a combination of important 

clinical characteristics to predict CLD/Death. These clinical characteristics were chosen for 

comparison as they are all strongly associated with CLD and/or death:  gestational age, use 

of antenatal steroids, sepsis, NEC and duration of invasive ventilation. Although a clinical 

score based on a combination of clinical characteristics had a relatively good predictive 

ability with an AUC of 0.85, their utility for early targeted PDA treatment is questionable as 

the majority of thresholds in this risk score are only attained beyond the first two weeks of 

life. Similarly, the PDAsc performed better than gestation alone, or PDA diameter alone 

highlighting the benefit of a more comprehensive assessment of PDA significance during the 

early neonatal period. The addition of cardiorespiratory parameters to the regression 

model, particularly mean airway pressure, did not improve the predictability of the PDAsc. 

We found that gestational age had a large influence on these clinical characteristics; 

therefore as such, including gestational age in the model was likely to account for the 

impact of these characteristics. In addition, using mean airway pressure may be problematic 

as variation in clinical practise across centres (rather than the clinical status of the infant) is 

a major determinant of the level of respiratory support those infants receive.   
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7.5 Limitations  

 Although a relatively large number of infants were included in this study, the 

observational nature of this study may have introduced selection bias to the patient cohort. 

In addition, although a standardised protocol for PDA assessments was used in all 

participating centres, inter-observer variability during image acquisition and/or offline 

measurement analysis could have influenced the results. In particular, TDI measurements 

require equipment and expertise that may not be present in all units. Furthermore the 

treatment of the PDA after 7 days of life is at the discretion of the physician which may vary 

between institutions affecting some of the outcome measurements. However we were most 

interested in the effects of early shunting on important neonatal outcomes. We used a 

simple definition of CLD (need for oxygen at 36 weeks corrected) without taking into 

account the severity of the condition. This was performed to have a dichotomous outcome 

for the purposes of the regression model and to facilitate generalizability of the score. Our 

sample size did not support further outcome stratification into a more complex end point. 

This approach may have missed milder forms of the disease. We did not test the utility of 

the score in another cohort and therefore, the generalizability of this score is unproven.  

 

7.6 Conclusion 

The ability to accurately predict PDA associated morbidities such as CLD/Death using 

a PDA severity score can pave the way for a more targeted treatment. The cut off used in 

this cohort places about 50% of infants under 29 weeks gestation in the high risk category 
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thereby limiting the number of infants exposed to PDA treatment. This PDA severity score 

should be validated in a similar cohort of preterm infants in a prospective manner, and may 

be used to devise a randomised controlled trial of targeted PDA treatment.    
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Chapter 8: Magnesium Sulphate and its influence on 

haemodynamics during the transitioning period 

 

8.1 Introduction  

The use of antenatal magnesium sulphate (MgSO4) prior to premature birth for 

neuroprotection is now well established (Doyle et al., 2009). A recent Cochrane study 

reviewed all trials examining antenatal magnesium sulphate administration to preterm 

infants and its effects on neurological outcomes. They found based on this by analysing over 

6000 infants that the use of MgSO4 substantially reduced the risk of cerebral palsy in these 

children (relative risk 0.68) and also significantly reduced the rate of substantial gross motor 

dysfunction (relative risk 0.61).  Based on these and other findings, the use of MgSO4 for 

threatened preterm birth has become the standard of care in most institutions alongside 

the use of antenatal steroids. However, the impact of antenatal MgSO4 administration on 

the haemodynamic status of preterm infants during the first 48 hours of age is poorly 

understood. One study sought to establish the effect of antenatal MgSO4 on systemic blood 

flow in the first 24 hours of life by assessing the superior vena cava blood flow and right 

ventricular output. By comparing 48 infants who received antenatal MgSO4 to placebo 

control infants, they found there was no consistent cardiovascular effect of MgSO4 in the 

first 24 hours (Paradisis et al., 2012).  

Recent studies have demonstrated inconsistent results of the effect of MgSO4 on 

cerebral blood flow using Doppler flow measurements (Imamoglu et al., 2014, Shokry et al., 

2010). Further studies are required to assess the impact of MgSO4 on left myocardial 
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performance, systemic blood flow, LV loading conditions, and systemic vascular resistance in 

the first few hours of life.   

We have demonstrated the feasibility and reproducibility of left ventricular (LV) 

longitudinal strain measured using tissue Doppler deformation imaging, and LV rotational 

mechanics (LV apical and basal rotation, LV twist, and LV untwist rate) in extremely preterm 

infants. LV longitudinal strain has the advantage of detecting early myocardial dysfunction in 

different diseases (El-Khuffash et al., 2014, Sehgal et al., 2013). Similarly, LV rotational 

mechanics can be assessed using STE to measure LV twist (the wringing motion of the LV 

during systole) and LV untwist rate (the recoil of the LV during early diastole thereby 

generating a suction force for LV filling). The application of those novel echocardiography 

parameters and their relationship to loading conditions and SVR in preterm infants warrants 

further study.  

 We hypothesize that preterm infants exposed to antenatal MgSO4 for the purposes 

of neuroprotection have a lower LV afterload and SVR, and a higher myocardial 

performance measured using STE. The primary aim was to assess the effect of MgSO4 

administration on LV functional parameters, systemic blood flow and loading conditions 

when compared with infants who did not receive MgSO4. 

 

8.2 Methods  

 Within our cohort of 105 infants between January 2013 and December 2014, infants 

who did not receive antenatal MgSO4 (Control group) were matched for gestation (± 2 days), 

birthweight (± 100 grams) and mode of delivery with infants who were in receipt of MgSO4 

prior to delivery (MgSO4 group). The investigator performing the matching was blinded to all 

other infants’ characteristics and outcome measures. Written parental informed consent 
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was obtained from all participants and ethical approval was obtained from the Hospital 

Ethics Committee. 

 In the Rotunda Hospital, mothers with pregnancies less than 32 weeks gestation who 

are likely to deliver within 12 – 24 hours are given a 4g loading dose of MgSO4 over a 20 

minute period for foetal neuroprotection. No subsequent infusion of MgSO4 is given. 

Mothers also receive a course of antenatal steroids prior to delivery where possible (Two 

doses of Beclomethasone 12mg, 12 hours apart).  The main reason for not receiving MgSO4 

is the lack of time available between presentation and delivery, or an unexpected preterm 

delivery.  

 

8.2.1 Clinical Demographics  

 Antenatal, birth and neonatal characteristics were obtained from the database. In 

addition clinical cardio-respiratory characteristics during the two echocardiography 

assessments were collected and included: systolic and diastolic blood pressure, heart rate, 

mean airway pressure, oxygen requirements, oxygen saturation, invasive ventilation, and 

pH. The following clinical outcomes were also obtained: intraventricular hemorrhage (IVH) 

assessed on day 7 of age and classified according to Papile Classification (10); pulmonary 

hemorrhage; necrotizing enterocolitis (NEC) with radiological evidence of pneumatosis; and 

chronic lung disease (CLD) defined as the need for oxygen at 36 weeks corrected gestation; 

death before discharge.  

 

8.2.2 Echocardiography Assessment  

 Echocardiography was performed on day one of life at a median [interquartile range] 

of 11 hours [9 – 13] (Day 1) and at day two of life at a median of 40 hours [37 – 46] (Day 2) 
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All studies were conducted using a the standardized functional protocol as discussed in the 

Methods chapter. The scans were all stored as raw data in an archiving system (EchoPac, 

General Electric, version 112 revision 1.3) for later offline analysis. All offline analysis was 

carried out by a single investigator who was blinded to the MgSO4 status of the infants.  

 The following echocardiography parameters were obtained on all infants. The 

methods for obtaining those parameters, their feasibility and reproducibility, and their 

reference ranges for this population are described in detail elsewhere: Patent ductus 

arteriosus (PDA) diameter; Ejection fraction (EF) measured by Simpson’s biplane method; 

Left ventricular output (LVO); LV longitudinal strain (LS); LV basal and apical rotation defined 

as the circumferential clockwise or counter-clockwise movement of the apex and base along 

the long axis of the left ventricle occurring during systole (in degrees); LV twist fined as the 

net difference between apical and basal rotation; LV untwist rate (LVUTR) defined as the 

velocity of untwist during diastole per unit time(degrees/second); Global right ventricle (RV) 

Fractional Area Change (RV FAC) defined as the measure of the change in RV cavity area 

from diastole to systole in two planes (four- and three-chamber views).  LV wall stress 

(g/cm2) was calculated as: [1.35 x (mean arterial pressure) x (LVESD)]/[4 x (LVPWT) x (1 + 

LVPWT/LVESD)], where 1.35 is the conversion factor from millimetres of mercury to grams 

per square centimetre, LVESD is the LV cavity end systolic diameter and  LVPWT is the LV 

posterior wall thickness at end systole. Systemic vascular resistance (SVR) was calculated by 

using the following formula: (mean systemic BP – mean tricuspid valve inflow pressure 

gradient) / LVO (Noori et al., 2007a). 
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8.2.3 Statistical Analysis 

 The cohort was divided into two groups based on whether or not they received 

antenatal MgSO4. Continuous data were checked for normality using the Shapiro-Wilk test 

and a histogram representation and presented as mean (standard deviation) if normally 

distributed or median [inter-quartile range] if skewed. Normally distributed data were 

compared using the student t-test and skewed data were compared using the Mann-

Whitney U test. Categorical variables were presented using count (percent) and compared 

using Chi Square or Fisher Exact tests as appropriate. Logistic regression was used to assess 

the independent effects of MgSO4 and antenatal steroids on CLD. Linear regression was 

used to assess the independent effect of MgSO4 and antenatal steroids on the 

echocardiography functional parameters. A p value < 0.05 was considered significant. SPSS 

(IBM version 22) was used to conduct the statistical analysis.   

 

8.3 Results  

 Nineteen infants less than 29 weeks gestation did not receive antenatal MgSO4 over 

a two year period out of a total of 105 infants (18%). Those infants were matched from the 

same cohort with 19 infants who were in receipt of MgSO4. All infants in the MgSO4 group 

received the drug within 4 hours of delivery. There was no difference in gestation, 

birthweight, gender, mode of delivery or other antenatal characteristics between the two 

groups (Table 8.1). There was a trend towards more antenatal steroid use in the MgSO4 

group (p = 0.05, Table 8.1). Infants in the MgSO4 Group had a higher rate of CLD compared 
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with the Control Group (Table 8.1). There was no difference between the groups in any of 

the other outcome parameters.    
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 Table 8.1: Infant Characteristics and Clinical Outcomes. 

 Control MgSO4 P 

Gestation (weeks) 27.4 [25.5 – 28.0] 27.8 [26.1 – 28.5] 0.5 

Birthweight (g) 980 [921 – 1143] 880 [810 – 1220] 0.7 

Male 12 (63) 12 (63) 1.0 

Caesarean Section   10 (53) 10 (53) 1.0 

Preterm prolonged rupture of membranes 6 (32) 6 (32) 1.0 

Antepartum Haemorrhage 4 (21) 3 (16) 1.0 

Chorioamnionitis 0 1 (5) 1.0 

Pre-eclampsia 0 0 NA 

Small for Gestational Age 1 (5) 1 (5) 1.0 

5 minute Apgar Score 8 [6 – 9] 9 [8 – 9] 0.3 

Cord pH 7.33 [7.28 – 7.38] 7.36 [7.35 – 7.38] 0.2 

Full Course of Antenatal Steroids 7 (37) 14 (74) 0.05 

Grades III and IV IVH 5 (26) 1 (5) 0.2 

Inotropes Use (1st week of age) 3 (16) 4 (21) 1.0 

Pulmonary Haemorrhage  4 (21) 0  0.1 

Necrotizing Enterocolitis  4 (21) 1 (5) 0.3 

Chronic Lung Disease (in survivors) 5 (31) 13 (68) 0.04 

Death before Discharge 3 (16) 0 0.2 

 
Data are presented as medians [inter-quartile range] or count (percent).  IVH: 
Intraventricular haemorrhage.   
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On Day 1, infants in the MgSO4 Group had a lower systolic blood pressure [43 (5) vs. 

50 (11), p=0.03] and a slightly higher pH [7.35 (0.04) vs. 7.31 (0.06), p=0.01] when compared 

with the Control Group. There was no difference in any of the other clinical cardio-

respiratory characteristics between the groups (Table 8.2). On Day 1, infants in the MgSO4 

group had a significantly lower SVR and a significantly higher EF, LV longitudinal strain, basal 

rotation, twist, LVUTR and RV FAC. There was a trend towards a lower LV wall stress in the 

MgSO4 Group (p=0.06) (Table 8.2). All infants had a PDA with no difference in PDA diameter 

between the groups. On Day 2, there were no differences in any of the clinical or 

echocardiography parameters between the two groups with the exception of a clinically 

irrelevant difference in oxygen saturations. Seventeen infants in each group had a PDA with 

no difference in the diameter between the groups (Table 8.2).  

On logistic regression, the association between MgSO4 and CLD became a trend 

when controlling for antenatal steroids (p=0.06). On linear regression, the association 

between MgSO4 and EF, LV longitudinal strain, basal rotation, twist and RV FAC remained 

significant when controlling for antenatal steroids (Table 8.3). Antenatal steroids did not 

have an independent effect on any of the outcome parameters of interest.   
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Table 8.2: Difference in cardiorespiratory characteristics and echocardiography 

parameters between infants with and without MgSO4 on days 1 and 2. 

 

Data is presented as means (standard deviation), medians [inter-quartile ranges] or count 

(%). MAP: Mean Airway Pressure; FiO2: fractional inspired oxygen; BP: blood pressure; SVR: 

systemic vascular resistance; LV: left ventricle; RV: right ventricle; FAC: fractional area 

change. 

 Control MgSO4 p Control MgSO4 p 

Cardiorespiratory        

FiO2   21 [21 – 47] 21 [21 – 25] 0.39 21 [21 – 60] 21 [21 – 29] 0.73 

MAP (cm H2O) 9 (3) 8 (2) 0.18 9 (3) 8 (2) 0.18 

Oxygen Saturations (%) 95 (3) 95 (2) 0.83 97 (3) 95 (2) 0.02 

Invasive Ventilation  9 (47) 10 (53) 1.0 8 (42) 7 (37) 1.0 

Heart Rate 155 (13) 154 (17) 0.75 166 (10) 168 (14) 0.67 

Systolic BP (mmHg) 50 (11) 43 (5) 0.03 53 (9) 52 (8) 0.87 

Diastolic BP (mmHg) 29 (9) 27 (5) 0.59 29 (6) 32 (7) 0.20 

pH 7.31 (0.06) 7.35 (0.04) 0.01 7.32 (0.06) 7.31 (0.06) 0.70 

Echocardiography        

PDA diameter (mm) 2.4 (0.6) 2.4 (0.4) 0.76 2.7 (0.6) 2.5 (0.9) 0.50 

Ejection Fraction (%) 55 (8) 60 (6) 0.03 61 (9) 61 (8) 0.87 

LVO (ml/kg/min) 138 (70) 155 (50) 0.41 200 (83) 213 (81) 0.63 

SVR (mmHg/ml.kg.min) 293 [211 – 479] 238 [170 – 282] 0.03 203 [151 – 287] 173 [134 – 296] 0.72 

Wall Stress (g/cm2) 23 (9) 18 (7) 0.06 23 (11) 22 (9) 0.97 

LV Longitudinal strain (%) -12.7 (5.3) -17.4 (3.6) 0.04 -19.6 (2.2) -20.1 (8.1) 0.84 

LV Basal Rotation (o) 5.6 (7.5) -1.1 (4.7) 0.03 0.5 (8.1) -1.0 (8.8) 0.74 

LV Apical Rotation (o) 9.9 (7.4) 9.6 (3.5) 0.9 11.4 (2.5) 10.2 (2.9) 0.42 

LV Twist (o) 4.1 (2.7) 8.8 (3.2) 0.01 8.5 (1.4) 7.9 (5.1) 0.76 

LV untwist rate (o/s) -55 (27) -110 (59) 0.02 -105 (21) -73 (55) 0.13 

RV FAC (%) 29 [24 – 39] 39 [30 – 45] <0.01 39 [36 – 46] 44 [40 – 50] 0.1 
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Table 8.3: Independent effect of MgSO4 and antenatal steroids on outcome parameters 
using logistic and linear regression. 

 

 MgSO4 Antenatal Steroids 
Outcome  β coefficient p β coefficient p 

Chronic Lung Disease 1.4 0.06 0.3 0.67 

Ejection Fraction 5.5 0.04 -0.5 0.87 

SVR -82.7 0.06 -46.2 0.29 

LV Longitudinal Strain 4.6 0.04 -0.7 0.75 

Basal Rotation -6.7 0.02 5.1 0.07 

LV Twist 4.5 0.02 -1.9 0.26 

LV untwist Rate -57.8 0.06 -13.8 0.63 

RV FAC 0.1 0.03 0.03 0.24 

 

Logistic regression was used for chronic lung disease and linear regression for the remainder 

of the outcomes. β coefficients are unstandardized. SVR: systemic vascular resistance; LV: 

left ventricle; RV: right ventricle; FAC: fractional area change.  
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8.4 Discussion 

 In this matched cohort analysis, we demonstrated that exposure to antenatal MgSO4 

in preterm infants less than 29 weeks gestation is associated with a lower systolic BP and 

SVR on day 1 of age when compared to infants who did not receive MgSO4. Consequently, 

those infants had better LV function illustrated by higher LV longitudinal strain, twist and 

untwist rate, and higher systemic blood flow illustrated by higher LV ejection fraction and 

RV fractional area change, although LVO was no different between the groups. Most of 

those associations remained significant when controlling for antenatal steroid 

administration which was understandably more prevalent in the MgSO4 group. There was 

no difference in any of the parameters between MgSO4 exposed infants and controls on Day 

2 of age. A trend was seen between MgSO4 and CLD when correcting for antenatal steroid 

use. This was an unexpected finding in the setting of MgSO4 having anti-inflammatory 

properties but may be reflective of the fact that antenatal MGSO4 was used in a sicker 

population who delivered at an earlier gestational age. 

 The effect of MgSO4 on the haemodynamic status of preterm infants remains an 

area of active research. This is the first to assess the impact of antenatal MgSO4 

administration on novel echocardiography parameters in the preterm neonatal setting. LV 

longitudinal strain measured using speckle tracking techniques may be a more sensitive 

marker of myocardial performance than conventional measures (such as shortening 

fraction). Animal studies have demonstrated that strain measurements are highly 

dependent on afterload (Ferferieva et al., 2012). We recently demonstrated that LV 

longitudinal strain in preterm infants is negatively influenced by increasing afterload in the 

post PDA ligation model (El-Khuffash et al., 2012, El-Khuffash et al., 2014). Similarly in this 
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study, we illustrated that MgSO4 administration results in lower blood pressure and SVR 

(and possibly lower LV wall stress) which leads to a higher LV longitudinal strain. The lower 

blood pressure in this cohort did not translate to an increased use of inotropes. The BP 

lowering effect of MgSO4 in this setting was previously demonstrated by others (Rantonen 

et al., 2001).   

The use of LV rotational mechanics in preterm infants is gaining interest and this is 

an example of their application in a clinical setting to further delineate the haemodynamic 

effects of a therapeutic interventionThese rotational parameters can add important 

information on myocardial performance (Buckberg et al., 2011). Increased afterload appears 

to decrease LV twist and untwist rate in experimental animal models (mongrel dogs) and 

human adults (Burns et al., 2010). This is supported by our data demonstrating higher basal 

rotation, twist and untwist values in infants in receipt of MgSO4 and exposed to lower LV 

afterload.  

The effect of MgSO4 on systemic blood flow remains unclear. In a randomized 

controlled trial of antenatal MgSO4 administration, Paradisis et al, could not demonstrate 

consistent effects of MgSO4 on systemic blood flow measured using right ventricular output 

(RVO) and superior vena cava (SVC) flow (Paradisis et al., 2012).  The apparent lack of effect 

of MgSO4 on systemic blood flow may have stemmed from the poor reproducibility of those 

methods in determining blood flow (Lee et al., 2010, Ficial et al., 2013). In our cohort, we 

demonstrated higher EF (indicating higher left ventricular output and pulmonary circulation) 

and a higher RV FAC (indicating higher RV ejection fraction and systemic blood flow) in 

infants receiving MgSO4. We have demonstrated these methods to be reliable and 

reproducible in preterm infants. This may indicate that a lower SVR and higher myocardial 

performance translated to an increase in systemic blood flow in those infants. However, 
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further studies are needed to confirm this association. The administration of MgSO4 does 

not appear to have an influence on PDA diameter or closure rates in the first two days of 

age in this study population.  

The clinical relevance of those findings is yet to be determined. In our cohort, with 

the exception of chronic lung disease (which may have been an effect of antenatal steroids), 

there was no significant difference in any of the other outcome parameters between the 

two groups. It is worthy of note however, that only one infant in the MgSO4 group 

developed a severe IVH (and no deaths) compared with 5 cases of severe IVH in the controls 

(and three deaths). Previous studies have demonstrated that a stable cardiac output in the 

first few days of life is protective against severe IVH (Noori et al., 2014b).   

  This study has important limitations. Although, the two groups with the exception of 

antenatal steroids were well matched, there may have been unknown confounders that 

have resulted in the difference in the outcome parameters. Similarly, the sample size was 

relatively small and any differences between the groups may have been a result of a type 1 

error.   

 

8.5 Conclusion  

 The antenatal administration of MgSO4 to preterm infants results in important 

haemodynamic effects during the first day of age characterised by a lower blood pressure 

and systemic vascular resistance and higher myocardial functional parameters. This may 

translate to an improved systemic blood flow state. The application of novel 

echocardiography parameters in preterm infants can help delineate differences in 

myocardial performance of preterm infants exposed to different therapeutic interventions.  
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Chapter 9: Conclusion 

 

9.1 Introduction 

The use of echocardiography in the haemodynamic assessment of the preterm infant has 

gained in popularity over recent years.   Conventionally, shortening fraction, ejection 

fraction in addition to subjective assessment were used for functional assessment, but these 

methods showed poor reliability. With the advance of technology and echocardiographic 

machines, techniques such as strain, strain rate, Tissue Doppler, torsion, fractional area 

change amongst other techniques have been used to further assess the function of the 

heart. These techniques over the last number of years have grown in popularity, been 

shown to be feasible and reliable in clinical use and now are being used in mainstream 

clinical practice both in adults, paediatrics and neonatal populations. 

 

 

 

 

 



214 
 

9.2 Reliability 

The echocardiographic methods used in this research is novel and has not been studied in 

great detail in the preterm population. We initially  undertook to test the feasibility and 

reliability of these markers in 54 infants before applying them to certain disease states. We 

looked at the feasibility and reliability of both tissue Doppler derived strain and strain rate 

as well as the twist and torsion of the left ventricle and RV FAC. Based on this, we 

demonstrated that measurement of longitudinal strain and strain rate along with RV specific 

function and dimension parameters is feasible in this population with the majority of the 

images suitable for analysis. The least reliable measurement was found in the LV free wall, 

most likely due to artefact caused by the left lung obstructing a clear view of the LV free 

wall.  

Similarly LV rotational mechanics looking at LV rotation, twist, untwist and torsion showed 

good reproducibility with results similar to that of older populations. Our methodology was 

based on previous published guidelines in older populations (Sanchez et al., 2014) with 

higher frame rates and is the first study showing the feasibility and reproducibility of the 

novel technique in the preterm population less than 29 weeks gestation. 

9.3 Longitudinal changes 

Assessment was carried out on the longitudinal changes of these echocardiographic 

parameters over the first week of life and at 36 weeks corrected gestational age. We chose 

the time points of day 1, day 2, day 5-7 and 36 weeks CGA as there is a vast change in the 

haemodynamics of the preterm heart in the first week as the pulmonary vascular resistance 

drops, the PDA plays a role and the child is exposed to different extra-utero adaptations. 36 
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weeks was chosen as this best reflects the time point at which chronic lung disease is 

defined (Kinsella et al., 2006).  

Using Tissue Doppler imaging (TDI), TAPSE and RV FAC, there was a longitudinal increase in 

values up to 36 weeks post menstrual age. LV, Septal and RV strain values also significantly 

increased until 36 weeks post menstrual age. Strain rate values however (with the exception 

of LV SRe and SRa which demonstrated no change) only increased over the first week of age 

which may represent the early inherent increase in contractility in the first week of life while 

the increase in strain represents the continued effect of loading conditions on the 

myocardium. 

We looked at the effect of Systemic Vascular Resistance (SVR), a surrogate of afterload, on 

the functional measurements on day 1 of life and found that SVR had a negative correlation 

with basal longitudinal strain showing the importance of loading conditions on this 

parameter. 

We found that at 36 weeks post menstrual age there was a significant difference in RV 

measurements between infants with and without chronic lung disease. The increased 

afterload seen in infants with chronic lung disease due to high pulmonary pressures and 

pulmonary hypertension may be influential in why these patients showed a lower RV BLS 

and RV Sra, reflecting lower RV function when compared to infants without chronic lung 

disease. 
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9.4 Rotation 

When the left ventricle contracts there is also a wringing motion of the heart which aids in 

expulsion of the blood during systole as well as relaxation and filling of the heart during 

diastole. Recently speckle tracking echocardiography has been used to analyse this twisting 

motion of the heart but this process has never been applied to the preterm heart. After 

confirming its feasibility and reliability we looked at this marker over the first week of life. 

There was an overall net increase in twist and torsion (twist normalised to LV end-diastolic 

length) over the first week after birth mainly due to the change in basal rotation from a 

positive counter clockwise direction to a negative clockwise direction. This increase was 

greater than that seen in older populations which may be due to the vast changes in 

afterload conditions that the neonate experiences after birth. A net increase in LV 

untwisting rate was also noted over the three time points.  This again may be reflective of 

the unique myocardial physiology and transitional haemodynamics that the preterm 

possesses. 

 

9.5 Patent Ductus Arteriosus (PDA) 

A patent ductus arteriosus is associated with morbidity and mortality in the preterm 

population and very little data is available on predicting which clinical factors and 

myocardial function analysis are associated with the long term outcomes of a PDA. We used 

a PDA predictive score (PDAsc) using some of the novel techniques described in our 

research in assessing myocardial function to evaluate the predictability of this tool in those 

infants who will develop chronic lung disease (CLD) or death. 
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Five variables were included in the final logistic regression model devised to predict the 

primary outcome, CLD/Death: Gestation (weeks), PDA diameter (mm), Vmax (m/s), LVO 

(ml/kg/min) and LV a` (cm/s). The four echocardiography parameters included in the model 

were obtained from the Day 2 scan. An ROC curve using the PDAsc to predict CLD/death 

showed an area under the curve of 0.92 with a score of 5 showing a high sensitivity and 

specificity. This score uses markers of LV diastolic function which may play an important role 

in infants with a PDA as they are subject to an increase in preload from the shunt through 

the duct and pulmonary venous return. 

The ability to accurately predict PDA associated morbidities such as CLD/Death using a PDA 

severity score can pave the way for a more targeted treatment. 

 

9.6 Magnesium Sulphate 

The use of antenatal magnesium sulphate (MgSO4) prior to premature birth for 

neuroprotection has been established. We measured the effect of MgSO4 administration on 

LV functional parameters, systemic blood flow and loading conditions when compared with 

infants who did not receive MgSO4. On Day 1, infants in the MgSO4 group had a significantly 

lower SVR and a significantly higher EF, LV longitudinal strain, basal rotation, twist, LV 

untwist rate and RV FAC. These parameters remained significant when controlling for 

antenatal steroid use. A trend was noted between MgSO4 and CLD in our population. These 

findings may indicate that a lower SVR and higher myocardial performance translated to an 

increase in systemic blood flow in those infants who receive MgSO4 which may be part of its 

neuroprotective effect. 
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9.7 Fractional Area Change and Systemic blood flow 

The assessment of systemic blood flow (SBF) in preterm infants is challenging with current 

methods providing difficulties and limitations. Right ventricular fractional area change (RV 

FAC) describes the change in the Right Ventricle cavity area from diastole to systole in the 

four chamber view and provides the dominant contribution to RV ejection fraction. 

We assessed the correlation between RV FAC and left ventricular output (LVO) on Day 1 

when shunting across the PDA is not thought to be significant due to the raised pulmonary 

vascular resistance and found there was a positive correlation between RV FAC and LVO and 

a negative correlation between RV FAC and echo measured systemic vascular resistance 

(SVR) suggesting that it may reflect systemic blood flow. 

We also assessed the relationship between RV FAC on Day 1 and the evolution of P/IVH by 

Day 5 – 7 with the knowledge that low blood flow states in the first week is associated with 

the development of P/IVH. On Day 1, RV FAC was lower in infants who developed a P/IVH 

remaining significant when controlling for gestation. 

Finally we assessed the relationship between a persistent PDA on Day 5 – 7 and RV FAC with 

the hypothesis that a PDA will be associated with a low RV FAC due to its negative impact on 

SBF. We found that a PDA with significant left to right shunting results in a lower RV FAC 

when compared to those without a PDA on Day 5 – 7 suggesting that RV FAC can identify 

reduced systemic blood flow associated with a PDA. 
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9.8 Future Direction 

We have established normative data for novel echocardiographic methods in preterm 

infants which has not previously been published. We also have looked at how these markers 

apply to various disease states to see if their applicability can be used to help to 

prognosticate certain outcomes. We hope that we have established that these can be 

valuable tools for both the neonatologist and cardiologist. Further studies are needed to 

validate these findings amongst other centres. 

Future work by our group will further assess the association between those novel 

echocardiography markers and important disease states in the neonatal population, 

Namely: Trisomy 21, monochorionic diamniotic twins, and infants with neonatal 

encephalopathy undergoing therapeutic hypothermia.   

With the advancement in technology and use of echocardiography in clinical practice we 

feel that these novel markers will become less of a research tool and more of a clinical tool 

in preterm infants. This has already been established in adult and paediatricpediatric 

echocardiography where deformation imaging and RV functional parameters have been 

included in echocardiographic guidelines. The increased ability of the neonatologist to 

perform echocardiography will allow real time assessment of cardiac function and 

haemodynamic assessment allowing better informed clinical management.   

9.9 Summary 

From our research we have shown that myocardial function assessment using tissue 

Doppler derived strain, strain rate, torsion and fractional area change is both feasible and 

reliable.  We applied these novel echocardiographic markers to assess certain disease states 
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and found that they may be a useful tool as part of a comprehensive functional myocardial 

assessment in the preterm population. With the advancement in echocardiography and the 

continued widespread use for the assessment of the preterm infant these tools may pave 

the way forward for its clinical use in aiding the diagnosis and management of pathological 

conditions of preterm infants to improve both morbidity and mortality. 
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