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ABSTRACT

THE IMPACT OF PRETERM BIRTH ON THE CARDIOVASCULAR SYSTEM

IN YOUNG ADULTHOOD

THESIS PRESENTED FOR THE DEGREE DOCTOR OF PHILOSOPHY IN CARDIOVASCULAR

MEDICINE AT THE UNIVERSITY OF OXFORD

Adam J. Lewandowski

St Cross College

Trinity Term 2013

Advancements in clinical care have led to a growing cohort of preterm-born individuals

now entering adulthood. Before birth, such adults were often exposed to a suboptimal in-

trauterine environment, and after delivery, key developmental stages that would normally

occur in utero during the third trimester had to take place under ex utero physiological con-

ditions. Through detailed cardiovascular phenotyping, this thesis investigates the cardio-

vascular changes in preterm-born young adults, utilising a cohort of individuals with data

collection since recruitment at birth. The detailed perinatal information was first used to

design nested case-control studies to investigate the effects of early lipid and glucocorti-

coid exposure on long-term cardiovascular physiology in individuals born preterm. It was

demonstrated that intravenous lipid administration leads to an artificial elevation of total

cholesterol levels in immediate postnatal life, which is associated with long-term changes

in aortic and left ventricular function proportional to the degree of cholesterol elevation.
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Additionally, exposure to antenatal glucocorticoids relates to a regional increase in aortic

arch stiffness in young adulthood, as well as changes in glucose metabolism. It was then

shown that young adults born preterm have increased left ventricular mass, out of propor-

tion to blood pressure, and a unique three-dimensional left ventricular geometry, with re-

duced systolic and diastolic function compared to term-born controls. Similarly, they also

show distinct differences in the right ventricle, with increased right ventricular mass and

a proportion having clinically impaired right ventricular systolic function. Finally, it was

demonstrated that preterm-born individuals have increased circulating levels of antiangio-

genic factors in young adulthood, which relate to capillary rarefaction and blood pressure

elevation. These findings are of considerable public health relevance given that nearly 10%

of births are now preterm. Understanding whether modification of these variations in car-

diovascular structure and function prevent the development of cardiovascular disease in this

growing subgroup of the population will be of future interest.
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1
INTRODUCTION

Cardiovascular diseases remain the single largest cause of mortality and premature mor-

tality in the United Kingdom, despite the reductions in incidence achieved through major

initiatives to treat classical risk factors [1]. Identification of novel biological pathways that

underlie disease susceptibility raise the potential for new early primary prevention strate-

gies to complement classical management. Investigations into how perinatal growth and

in utero environment may ‘programme’ risk of later cardiovascular disease have been on-

going for over two decades [2; 3; 4; 5]. One of the recent outcomes of these studies is the

observation that certain pregnancy-related conditions, such as preterm birth (less than 37

weeks gestation), have an unusually large impact on the long-term cardiovascular health

of the offspring. As such, preterm birth is now emerging as a risk factor for cardiovascular

disease [6; 7; 8; 9]. Public health interest in preterm birth has grown as the incidence over

recent decades has risen and the number of preterm-born survivors into young adulthood

has gradually increased [10; 11]. This has been due in large part to advancements in prenatal

and postnatal care .

1
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1.1 Prevalence of Preterm Birth

Preterm birth is now the leading cause of perinatal morbidity and mortality in the developed

world [10]. In 2005, it was estimated that preterm birth affected 9.6% of births worldwide,

or 12.9 million births per year, with the highest rates in North America and Africa (10.6%

and 11.9% of all births, respectively). The lowest rate of preterm birth was seen in Europe,

affecting 6.2% of all births (Table 1.1 ) [11].

Table 1.1: Preterm Birth Rates by Geographical Region

Region Number in 1000s Preterm Birth Rate
(%)

Europe 466 6.2
North America 480 10.6

Oceania 36 6.4
Africa 4,047 11.9
Asia 6,907 9.1

Latin America and the Carribean 933 8.1

World Total 12,870 9.6

Approximately 5% of preterm births occur at less than 28 weeks gestation (extremely

preterm), approximately 15% occur at 28 to 31 weeks gestation (very preterm), and approxi-

mately 80% occur at 32 to 36 weeks gestation (moderate to late preterm) [12].

1.2 Causes of Preterm Birth

Preterm birth should not simply be viewed as an abrupt termination of pregnancy, and

rather, is a pathophysiological event [13]. Approximately 30 to 35% of preterm births are

delivered by prelabour caesarean section or induced (iatrogenic), while 65 to 75% of preterm

births are spontaneous (idiopathic). Spontaneous births include both preterm premature

rupture of the membranes (25 to 30% of preterm births) and spontaneous preterm labour

with intact membranes (40 to 45% of preterm births) [14]. Though the exact mechanism

leading to preterm birth is not known, it is believed to result from the interplay of parental

factors as well as fetal characteristics and intrauterine conditions [10; 15; 16; 17; 18; 19; 20;
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Table 1.2: Risk Factors for Iatrogenic and Spontaneous Preterm Birth

Risk Factor Categories Examples

Maternal Lifestyle

- Nutritional status (including body size, nutritional intake,
vitamin deficiencies)

- Smoking or taking drugs
- Psychological or social stress
- Young age (<18 years) or advanced age (>40 years)
- Low socioeconomic status
- Multiple partners

Paternal Lifestyle
- Low socioeconomic status
- Multiple partners

Pregnancy History
- Decreased time between pregnancies
- Previous preterm delivery
- Multiple gestations

Genetic Predisposition
- Family history of preterm delivery
- Modified fetal, maternal and paternal genotypes

Pre-Existing Maternal - Thyroid disorders, asthma, diabetes, hypertension,
Medical Disorders and obesity

Pregnancy/Intrauterine Complications

- Preeclampsia and hypertension
- Infection or inflammation
- Fetal growth restriction
- Uterine distension
- Uteroplacental ischaemia or haemorrhage

21; 22; 23; 24; 25; 26; 27; 28; 29; 30; 31]. Table 1.2 summarises major risk factors for preterm

birth.

1.3 The Developmental Origins of Adult Disease and

Early Life ‘Programming’

The ‘Barker hypothesis’, or ‘developmental origins of adult disease hypothesis’, stated that

adverse influences early in development, particularly in utero, could result in permanent

physiological and metabolic changes that increase disease risk. The hypothesis originally

derived from the observation in the early 1900s that the regions in England with the highest

infant mortality rates had the highest rates of coronary heart disease decades later [32]. Since

low birth weight was the greatest recorded cause of infant mortality during this time, the hy-

pothesis was generated that low birth weight infants who survived into adulthood were more

likely to develop coronary heart disease. Barker et al. [3, 33] went on to show a direct rela-
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tionship between decreasing birth weight and size with death from coronary heart disease

in two large studies of men born in Hertfordshire and Sheffield in the early 1900s. However,

preterm birth per se did not seem to have an effect, and rather it was growth restriction that

was concluded to mediate risk.

A limitation of these large epidemiological studies was the limited data available on ges-

tational age of the subjects. Furthermore, the findings from these studies may be due in

part to selective survival, particularly among preterm-born individuals, as the majority of

preterm-born individuals in this era were above average birth weight for gestational age. This

is in contrast to the fetal growth pattern of preterm-born infants in recent decades. More-

over, Lucas [34, 35] argued that the human epidemiological data presented by Barker et al.

suggests a link between early nutrition and cardiovascular disease, though it could not actu-

ally prove nutritional cause. A large body of evidence in animals has confirmed that early life

nutrition affects long-term cardiovascular health outcomes [36]. Lucas proposed the idea of

nutritional ‘programming’; the concept that a stimulus or insult can have a long-term influ-

ence on an organism if it occurs during a critical period of development. To investigate this

hypothesis, Lucas et al. [37] developed an experimental approach in human preterm-born

infants. Preterm-born infants provided an ideal human model to investigate ‘programming’

as they are born during a stage of critical development and are thus likely to be particularly

sensitive to nutritional stimuli. In addition, intensive nutritional postnatal clinical moni-

toring is possible in this population. Lucas et al. [34; 37] went on to show that early feeding

diets influence cognitive development and cardiovascular disease risk in childhood and ado-

lescence.

1.4 Cardiovacular Risk in Modern Preterm-Born Cohorts

Preterm birth is now the most common cause of low birth weight (less than 2,500 grams)

for the majority of countries worldwide, accounting for over 80% of preterm-born infants

[10; 38]. The survival of large numbers of preterm-born infants into adulthood is a relatively

recent phenomenon and thus long-term outcome studies are limited but of increasing pub-
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lic health interest. Knowledge is growing specific to the preterm infant that they are at risk

of cardiovascular disease, irrespective of size at birth, demonstrating similar development

of hypertension and reduced insulin sensitivity as seen in individuals who were growth re-

stricted in utero [6; 7; 8; 9].

1.4.1 Hypertension

The two largest studies investigating blood pressure in modern cohorts of preterm-born

young adults are population-based studies from Sweden [39; 40]. The first study was pub-

lished in 2005 by Johansson et al. [39] on a cohort of 329,477 men with a mean age of 18 years.

The investigators reported an inverse relationship between brachial systolic blood pressure

and gestational age, and demonstrated that their findings could not be explained by in utero

growth restriction. Preterm-born individuals had a mean brachial systolic blood pressure

increase of 2 to 3 mmHg compared to term-born controls. In the second study from 2011,

Crump et al. [40] showed in a cohort of 636,552 individuals followed to age 25 to 37 years

that young adults born preterm have an increased relative rate of antihypertensive medica-

tion prescription, which increased monotonically with the degree of prematurity and was

independent of fetal growth restriction. Other recent follow-up studies in adolescents and

young adults have shown similar or greater magnitudes of increase between individuals born

preterm and term-born controls (3 to 15 mmHg) [8; 41; 42; 43; 44; 45; 46; 47; 48; 49; 50; 51; 52].

These differences in blood pressure are of clinical concern as blood pressure is known to

track into later life [53], and it has been demonstrated on a population level that a 5 mmHg

increase in brachial systolic blood pressure corresponds to a 21% increase in cardiovascular

death and a 34% increased incidence of stroke [54].

1.4.2 Metabolic Abnormalities

The metabolic syndrome begins with early insulin resistance, followed by the development

of hyperinsulinaemia, hypertension, obesity, and dyslipidaemia [55]. Children born preterm,

regardless of birth weight, have a reduction in insulin sensitivity similar to growth restricted
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term-born individuals, which may be a risk factor for type 2 diabetes [56]. Individuals born

preterm often suffer metabolic problems such as transient hyperglycaemia despite high in-

sulin levels [57], and it has thus been suggested that the elevation in postnatal insulin levels

may cause long-term changes in lipid and glucose metabolism [58]. Such changes may also

predispose preterm-born individuals to cardiovascular disease in later life.

1.5 Mechanisms Underlying Cardiovascular Risk

1.5.1 Hypertension

Determining why blood pressure changes occur in preterm-born individuals has encom-

passed a great body of work, with several potential mechanisms being proposed. Gournay

et al. [59] have shown that ex utero baroreflex maturation occurs at a much slower rate than

in utero maturation. If arterial baroreflex changes persist, they could lead to long-term al-

terations in blood pressure [59]. Similarly, preterm birth also interrupts renal development

[38]. Sixty percent of nephrons are formed during the last trimester, reaching completion by

36 weeks gestation. Studies of preterm-born individuals have demonstrated a development

of proteinuria in adolescence and adulthood, which may result from a loss of nephron mass

and subsequent hyperfiltration of remaining nephrons [38]. This could contribute to blood

pressure elevation.

Others have demonstrated that nutrition and growth in early life alter blood pressure

in later life, highlighting the sensitivity of this period of development and the potential for

early intervention to modify risk. The concept that undernutrition ‘programmes’ later car-

diovascular outcomes such as blood pressure [60; 61] has resulted in increased interest in

the potential implications of feeding diets, specifically those for individuals born small due

to being born preterm. Singhal, Lucas et al. [62] have carried out the only randomised

control trial of this nature in preterm-born infants with follow-up data into adolescence.

Preterm-born neonates were randomised to banked breast milk or formula feed diets, and

it was shown that, in adolescence, individuals randomised to banked breast milk in neona-
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tal life had on average a 4 mmHg lower mean arterial pressure in adolescence than those

given formula feed. Though further randomised studies are required, this finding is of po-

tential public health relevance for the development of novel primary prevention strategies

in preterm-born neonates.

Although follow-up studies report that adolescents and young adults born preterm show

no difference in body stature and may even be shorter and lighter than term-born controls

[63; 64; 65], a close relationship between body mass index and systolic blood pressure in

preterm-born individuals is apparent [42; 46; 47; 48; 49; 50]. It has been proposed that this

relationship is actually a reflection of the rate of weight gain or postnatal catch-up growth

[50]. Lucas et al. [66] suggest that change in size between birth and later life, or postnatal

centile crossing, needs to be considered to try to separate prenatal from postnatal factors

contributing to disease risk.

1.5.2 Metabolic Abnormalities

Postnatal weight gain has been demonstrated to contribute to the development of insulin

resistance in individuals born preterm. Regan et al. [67] found that preterm-born children

who had increased postnatal weight gain had an additional reduction in insulin sensitivity,

which appeared to be related to nutritional intake during this period. Further metabolic

derangements in the preterm-born infant have been identified using magnetic resonance

spectroscopy [68]. Magnetic resonance spectroscopy allows for the non-invasive assessment

of intrahepatocellular lipids, which are an important reserve of essential fatty acids. Rapid

liver growth normally occurs during the third trimester, and thus early ex utero exposure

of the preterm-born infant alters this pattern of development. Infants born preterm were

shown to have an elevation in intrahepatocellular lipids at term equivalent age, which is

known to progress from simple steatosis and steatohepatitis through to cirrhosis [68].

Adipose tissue quantity and distribution is also altered in preterm-born individuals, with

an increased deposition in the deep subcutaneous and visceral abdominal compartments

[69]. Subcutaneous adiposity is primarily related to generalised obesity and circulating levels
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of leptin, while visceral adiposity is associated with insulin resistance and dyslipidaemia [70].

The development of obesity in childhood appears to be modifiable by common postnatal

feeding regimes, with preterm-born infants breastfed in the newborn period being less likely

to develop obesity than infants born preterm fed fortified formulas [35; 71].

The association between preterm birth and cardiovascular risk in adult life is also likely to

have genetic links. Inherited genetic polymorphisms and changes in gene expression as a re-

sult of epigenetic alterations are seen in the fetal genome, which may manifest in utero. Dur-

ing early embryogenesis, DNA undergoes demethylation and remethylation [72]. This epi-

genetic reprogramming of DNA methylation has been shown to be particularly relevant for

genes regulating placental and fetal growth. Furthermore, early nutrition can influence DNA

methylation because dietary methyl donors and cofactors are of central importance in pro-

viding methyl groups for biological methylation reactions [73]. Such methylation changes

may be particularly relevant to metabolic imprinting; the concept that specific environmen-

tal events early in life ‘programme’ long-term metabolic alterations throughout the course

of development and adulthood [74]. Therefore, placental dysfunction or other perinatal in-

sults may lead to changes in DNA methylation and other epigenetic alterations, which may

in turn increase long-term cardiovascular disease susceptibility [75].

1.6 Cardiovascular Development and Being Born Early

Preterm birth occurs during a very sensitive period of cardiovascular development, corre-

sponding to the third trimester of labour normally occurring in utero. Thus, it is plausible

that the interruption of this normal pattern of cardiovascular development may result in

physiological changes and adaptations that predispose these individuals to cardiovascular

disease. In order to better study mechanisms driving risk and quantify distinct differences

in cardiovascular structure and function in those born preterm, it is important to consider

the key fetal and neonatal stages of cardiac and vascular development, and during which

window of this developmental process preterm birth occurs.
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1.6.1 Vascular Development and Preterm Birth

The vascular system forms in the developing embryo through a combination of vasculogen-

esis and angiogenesis [76]. Vasculogenesis is the process of new vessel formation as a result

of the assembly of endothelial precursors known as angioblasts, while angiogenesis is the

process of new vessel formation through the migration and proliferation of endothelial cells

from preexisting vessels [76]. Specific circulating molecules, such as the proangiogenic pep-

tide vascular endothelial growth factor, regulate this process [76]. It has been demonstrated

that preterm birth is associated with an altered angiogenic state [77]. Preterm birth has also

been associated with abnormal retinal vascularisation [78; 79] and a reduction in dermal

capillary density [80], which may all be interrelated.

As part of the normal vascular development process, newly formed vessels undergo vas-

cular remodeling, which involves the formation of new vessels and regression of others. Fur-

thermore, vascular remodeling results in the growth of already formed vessels whereby both

luminal area and wall thickness increase [76]. As vessels mature, such as in the larger arter-

ies, veins and arterioles, vascular smooth muscle cells form in response to soluble factors

secreted by endothelial cells [81]. Unlike in smaller vessels, in medium and large vessels,

the smooth muscle cells contribute very little to the static mechanical properties of the ves-

sel, and rather are responsible for synthesising and maintaining the functional extracellular

matrix [81].

The organisation of the extracellular matrix changes throughout the period of vessel wall

development during gestation [82]. Collagen and elastin are structural matrix proteins of

central importance to the mechanical properties of the extracellular matrix [83; 84; 85]. The

collagen fibres have a high tensile strength and modulus of elasticity, such that they bear

most of the increase in physical force. Elastin fibres, however, have a low tensile strength and

are highly extensible and resilient, and thus their role is to evenly distribute force onto colla-

gen fibres and throughout the vessel wall, acting as an elastic reservoir [83; 84; 85]. Mecha-

nistically, the elastic fibres are essential to aortic Windkessel function, whereby the aorta acts

as an elastic buffering chamber for the heart, distending during systole in response to the in-
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crease in blood pressure, so as to reduce the pressure within the aorta and left ventricular

workload [86]. During diastole, the aorta recoils when blood pressure falls. However, due to

peripheral vascular resistance, blood enters the aorta from the heart faster than it leaves it,

and as a result, approximately 50% of the left ventricular stroke volume in systole is stored in

the aorta. This stored blood volume is ejected during diastole due to the elastic nature of the

vessel, resulting in a smooth pulsatile output from the heart, reducing cardiac afterload and

maintaining organ perfusion [86].

Preterm birth occurs during a very important phase of arterial growth. Wells and Walter

[82] showed in bovine aortas that the third trimester is the period of most rapid aortic remod-

eling. It is also the period of greatest accumulation of elastin, and is thus the most influential

period for ensuring long-term vessel structure and function. Approximately 60% of aortic

growth occurs during the third trimester [87]. Elastin synthesis falls rapidly following the

perinatal period, with little to no synthesis or turnover in adult tissue [81; 88; 89]. The early

birth transition from the in utero to ex utero environment in preterm-born infants results in

an abrupt haemodynamic insult on the underdeveloped vascular system, and it is forced to

compensate in response to this early transition. The structural composition of major arter-

ies is heavily driven by local haemodynamic conditions during the perinatal period, which

directly influence their functional properties [90]. The steady increase in luminal pressure

that the fetal aorta is normally exposed to provides a normal environment for aortic devel-

opment, rising from approximately 28 mmHg at 20 weeks gestation to around 45 mmHg at

40 weeks gestation [91]. In animal models, abnormal haemodynamic changes alter normal

patterns of arterial development, including the accumulation of specific wall constituents

such as the ratio of elastin-to-collagen [92; 93; 94]. A few studies have now shown that arte-

rial stiffness is increased in preterm-born individuals, which may contribute to the observed

blood pressure elevation in this subpopulation [51; 95; 96; 97]. It remains to be explored in

great detail what specific factors related to preterm birth are the greatest determinants of

long-term alterations in arterial stiffness.
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1.6.2 Cardiac Development and Preterm Birth

Normally during embryonic and fetal life, myocardial cells undergo hyperplasia [98]. Dur-

ing this period of development, cardiac size increases primarily via an increase in the num-

ber of mononucleated myocardial cells. At birth, there is a switch in cardiomyocyte pheno-

type from a fetal hyperplastic pattern to neonatal hypertrophic response. While hyperplasia

continues to an extent following birth, there is little evidence of continued hyperplasia be-

yond three weeks postnatally [98]. In early postnatal life, the differentiated mononucleated

cells can synthesise DNA and undergo mitosis. Continued karyokinesis without cytokine-

sis (mitotic division of the cell nucleus without cytoplasmic separation) results in forma-

tion of multinucleated myocardial cells [99; 100]. As a result, in humans, adult myocardial

cells are primarily binucleated (approximately 20%) [101] and, as individuals age and hy-

pertrophy progresses, polyploidy of myocardial cells increases [102]. DNA replication and

myocardial cell mitosis cease early in the first month of postnatal life, and following this

phase, any increase in myocardial mass is almost exclusively driven by hypertrophy of my-

ocardial cells [101]. As such, in the first few months of postnatal life, myocardial cell volume

increases approximately 30-fold in humans. In addition, during the hypertrophic growth

phase, hyperplasia of non-muscular components of the myocardium occurs, which also

contributes to the increase in cardiac growth [101]. In line with this, exposure of the neonatal

heart to stress has been shown to alter the pattern of normal development in animal models

[101; 103; 104; 105]. In rats, exposure to stress during the transition phase of hyperplastic to

hypertrophic growth, including an increased haemodynamic load, results in heightened ac-

tivation of DNA synthesis, which alters myocardial cell hyperplasia. More significantly, this

changes the profile of binucleated myocardial cells and results in an increase in myocardial

cell polyploidy. This indication that polyploidy can be altered and programmed by events

early in development is important because polyploidy is considered to be irreversible and is

linked to cardiac dysfunction [106; 107; 108].

The most dynamic change in circulation in humans occurs during the transition from

fetal to neonatal life. Significant flow changes take place as the low resistance placental cir-
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culation transforms into a high resistance arterial system [109]. The haemodynamic shift of

preterm birth is particularly dramatic, as the abrupt and premature shift to ex utero life takes

place during a period of development that would normally take place in utero. As such, the

heart is insufficiently developed to cope with the sudden, sustained increase in afterload

and fluctuation in preload that occurs after birth [110]. In lambs, Bensley et al. [111] demon-

strated for the first time that the early transition of preterm birth leads to cardiac remodel-

ing. The investigators demonstrated that the myocardium of preterm-born lambs showed

an increase in collagen content (five- to seven-fold increase), an increase in myocardial cell

volume indicative of hypertrophy, and an increase in myocardial cell ploidy, suggestive of

accelerated maturation. Furthermore, the differentiated mononucleated myocardial cells

of the heart of preterm-born lambs appeared to undergo endomitosis rather than karyoki-

nesis. Endomitosis is a mitotic process that does not involve the breakdown of the nuclear

membrane or cytoplasmic division, but rather is defined by a doubling of the number of

chromosomes within the nucleus [105]. This is indicative of abnormal cardiac maturation.

Therefore, based on these findings, it would seem that this haemodynamic transition and

the early exposure to ex utero life alters development of the myocardium and may thus re-

sult in long-term cardiac vulnerability. Cardiac structural and functional changes remain to

be explored in preterm-born humans. Understanding whether cardiac structure and func-

tion is altered long-term in individuals born preterm, and whether specific factors during

the perinatal period are influencing these alterations, is of importance in the understanding

of their potential risk of cardiac disease.

1.7 Further Studies

While the understanding of long-term cardiovascular risk of preterm-born individuals con-

tinues, and studies are now investigating cardiovascular structure and function in greater

detail, there remains limited data defining specific perinatal events of preterm birth that

alter cardiovascular development and risk. Furthermore, large knowledge gaps in our un-

derstanding still exist in terms of what changes are seen in adulthood in these individuals,
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such as whether preterm birth is related to changes in cardiac structure and function. The

highly sensitive period of growth and development in preterm-born individuals corresponds

with a time where they are exposed to a range of environmental stressors and interventions

to the cardiovascular system, both in utero and ex utero, which may alter development and

result in physiological changes that increase disease susceptibility. For instance, in addition

to how preterm an individual is at birth, postnatal weight gain, and in utero growth restric-

tion, which have already been discussed as perinatal factors that may moderate risk, clini-

cal perinatal interventions and pregnancy complications such as preeclampsia may further

complicate risk in this growing subgroup of the population. Further investigation of changes

in vascular and cardiac structure and function, as well as determining the relevance of peri-

natal factors associated with preterm birth to these changes, is important for understanding

cardiovascular disease risk and for longer term development of potential targets for preven-

tion.

1.7.1 Perinatal Interventions

The more methodical introduction of perinatal interventions in the late 1970s and early

1980s increased preterm neonatal survival [9]. Some of the most significant interventions

included intravenous lipid infusions, antenatal glucocorticoids, and mechanical ventilation,

which are relevant to growth and development during the perinatal period. Given the sensi-

tivity of this period of development, the potential cardiovascular implications of these inter-

ventions are worth consideration.

1.7.1.1 Intravenous Lipid Infusions

Intravenous lipids, such as Intralipid, are widely used in parenteral nutrition of preterm-

born individuals as a source of energy and essential fatty acids. Infants born preterm are at

risk of significant morbidity, and intravenous lipids are proven to be beneficial for neona-

tal brain and central nervous system development [112]. Intralipid consists of triglycerides

in the form of soybean oil emulsified by egg phospholipid and glycerol [113]. Intralipid ad-
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ministration results in an elevation of free cholesterol as a result of an exceeded capacity to

clear phospholipids, likely due in part to saturation of the lecithin cholesterol acyltransferase

pathway. This leads to a rise in cholesteryl esters, but greater proportional rise in phospho-

lipid and free cholesterol in the form of lipoprotein X in the low density lipoprotein fraction

[113; 114; 115]. Hypercholesterolaemia is an important mediator of atherogenesis, which

begins with lipid rich fatty streaks [116; 117; 118]. Fatty streaks first emerge in the abdomi-

nal aorta during fetal life [119; 120], and exposure to abnormal circulating cholesterol levels

of the mother during pregnancy has been shown to increase aortic fatty streaks in the off-

spring [121]. Therefore, it is of interest to determine whether intravenous lipid exposure in

early postnatal life, which is a critical period of aortic development, also relates to long-term

changes in aortic physiology. Furthermore, it has been shown in animal models that a diet

induced hyperlipidaemia is directly related to myocardial dysfunction [122; 123], and thus

investigation of whether intravenous lipid infusions relate to long-term changes in myocar-

dial structure and function is of interest.

1.7.1.2 Antenatal Glucocorticoids

Antenatal glucocorticoids, such as betamethasone and dexamethasone, are commonly given

to women who show evidence of preterm labour as they are beneficial for the prevention

of neonatal respiratory distress syndrome in preterm-born infants, and thus substantially

reduce neonatal morbidity and mortality [124]. Glucocorticoids are potent regulators of

growth and development, thus concerns of possible adverse effects of antenatal glucocor-

ticoid exposure on long-term cognitive, respiratory, metabolic, and cardiovascular function

in the offspring have been raised [125]. While it has been shown that a single course of ante-

natal glucocorticoid treatment is beneficial for lung maturation and reduces complications

such as neonatal respiratory distress syndrome [126], concerns have increased over whether

multiple doses have a greater influence on fetal development and later risk of adverse health

[127]. A large randomised trial of multiple doses of antenatal glucocorticoids published in

The Lancet in 2008 showed that this method of treatment did not improve preterm birth

outcomes, and in fact, reduced normal development, resulting in reduced size and weight
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of the offspring at birth [128]. However, the literature remains conflicting as Crowther et al.

[129] have published a Cochrane review reporting that a repeat dose of antenatal glucocorti-

coids reduces the risk of respiratory complications and other serious health problems in the

offspring in early postnatal life.

A consistent finding from animal studies, both in sheep and in rats, is that even transient

exposure to betamethasone and dexamethasone glucocorticoids during specific windows of

fetal life may have lasting effects on vascular function into adulthood [130]. This has led to

concerns that antenatal glucocorticoids given to pregnant women at risk of preterm delivery

may influence early life programming of cardiovascular risk in the offspring. There is a surge

in elastin and collagen connective tissue accumulation in late gestation and early neona-

tal life, partly due to a surge in corticosteroid levels, which may be further influenced by

the regulatory actions of antenatal glucocorticoids [92]. In the only double-blind, placebo-

controlled, randomised trial of antenatal betamethasone investigating vascular and metabolic

changes in humans, there was no evidence of any differences in brachial blood pressure pa-

rameters in the offspring [131]. These findings suggest no clear signs of glucocorticoid in-

duced hypertension, contrary to findings from animal models. However, after a 75 gram

oral glucose tolerance test, insulin concentration was increased at 30 minutes and glucose

concentration was decreased at 120 minutes in those exposed to antenatal glucocorticoids.

This suggests that antenatal exposure to betamethasone may result in insulin resistance in

adult offspring. It remains to be explored, however, whether exposure to antenatal gluco-

corticoids impacts the aorta. This is of particular interest given that connective tissue ac-

cumulation and arrangement within the aortic wall is critically altered in animal models in

late gestation in response to antenatal glucocorticoid exposure [132], and, therefore, in utero

glucocorticoid exposure may induce a localised aortic rather than systemic arterial effect on

the offspring.

Furthermore, cortisol levels were shown in fetal lambs to be a contributor to the postnatal

change in the myocardial growth pattern [133]. During the switch from the myocyte hyper-

plastic to hypertrophic growth phase, myocytes largely lose the ability to replicate, which is

characterised by a decrease in myocardial DNA concentration and an increase in protein-
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to-DNA concentration ratio [134]. Rudolph et al. [133] infused cortisol into the left coronary

arteries of preterm-born lambs, which only supplies blood flow to the free wall of the left

ventricle and the ventricular septum, but not the right ventricle free wall. Lambs given corti-

sol intravenously into their left coronary arteries showed altered left ventricular myocardial

DNA concentrations with no changes in right ventricular myocardial DNA concentrations,

suggesting an early switch from a hyperplastic to hypertrophic growth phase in utero. It is

therefore of interest to see whether, in humans, exposure to antenatal glucocorticoids has

long-term developmental impacts on myocardial growth.

1.7.1.3 Mechanical Ventilation

Respiratory disease and the need for ventilation are major complications of preterm birth

[135; 136]. While respiratory distress or infection may lead to changes in the pulmonary

vasculature sufficient to have a haemodynamic impact on the heart, mechanical ventila-

tion may in itself negatively affect cardiac remodeling. The use of mechanical ventilation

in neonates is known to increase survival and is considered an essential clinical intervention

for managing neonates born preterm with respiratory distress syndrome [135]. Despite these

advantages, it is recognised that changes in pulmonary physiology induced by mechanical

ventilation may have negative influences on normal cardiac function and lead to distinct

changes in cardiac remodeling [136]. For instance, mechanical ventilation induces extreme

changes in intrathoracic pressure and lung volume [136]. This change in pressure may lead

to increased right atrial pressure, followed by a reduction in venous return and subsequent

reduction in right ventricle preload and cardiac output [137]. In addition, hyperinflation in-

duced by mechanical ventilation may result in compression of alveolar vessels as a result

of alveolar distension, causing an increase in pulmonary vascular resistance and leading to

an increase in right ventricular afterload [137]. According to the Laplace relationship, an

early adaptation to an increase in intraluminal pressure caused by an increase in right ven-

tricle afterload is compensated by an increase in right ventricle wall thickness [138]. The

left ventricle may also be affected by the induced intrathoracic pressure changes, as this af-

fects transmural pressure of the aorta and could therefore increase left ventricular afterload
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[136]. Therefore, the relationship between postnatal ventilation and long-term alterations

in left and right ventricular structure and function in preterm-born individuals needs to be

considered.

1.7.2 Preeclampsia

The International Society for the Study of Hypertension in Pregnancy defines preeclamp-

sia as the new onset of hypertension (brachial systolic blood pressure ≥140 mmHg and/or

brachial diastolic blood pressure ≥90 mmHg) after 20 weeks of gestation, returning to nor-

mal postpartum, and proteinuria (≥300 mg/day or a spot urine protein/creatinine ratio of

≥30 mg/mmol) [139]. Preeclampsia is one of the leading causes of preterm birth and is

recognised as an antecedent for around 20 to 30% of all preterm births [10; 140; 141]. It is

increasingly being recognised as more than an isolated disease of pregnancy that resolves

itself completely upon delivery of the placenta [142]. Both in animal experimental models

and human epidemiological studies, the offspring of preeclampsia have been shown to be

at an increased risk of developing high blood pressure, with almost double the risk of stroke

in later life [142]. The risk is greatest in early onset preeclampsia, diagnosed before 34 weeks

gestation, which generally results in preterm birth [143].

Preeclampsia is characterised by abnormal placental development [142]. In addition, re-

active oxygen species released from the ischaemic placenta trigger a systemic oxidative and

inflammatory state [144; 145; 146]. As such, the offspring of preeclamptic pregnancies de-

velop in an environment of placental insufficiency and restricted oxygen supply [147]. Fur-

thermore, preeclampsia is characterised by the development of altered endothelial function

[147] and abnormal levels of circulating antiangiogenic factors in the mother [148], predom-

inantly during the second trimester. As such, the fetus is exposed to a multitude of in utero

risk factors that may influence cardiovascular development. Though preeclampsia often oc-

curs in combination with in utero growth restriction and preterm birth, it has been demon-

strated that exposure to maternal preeclampsia results in an independent risk of stroke [149]

and endothelial dysfunction [150] in normal birth weight, term-born offspring. Endothelial
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dysfunction and increased intima media thickness, a subclinical marker of atherosclerosis,

are the predominant changes seen in the vasculature in preterm-born individuals exposed

to preeclampsia compared to individuals born preterm to a normotensive pregnancy [51].

It has been demonstrated in rats that exposure to maternal hypoxia results in elevated

levels of collagen within myocardial tissue [151; 152]. Furthermore, rats exposed to hypoxia

during late fetal development have altered cardiac proton production and during repurfu-

sion, increased production of myocardial acetyl coenzyme A [153; 154]. In addition, pro-

tein kinase C levels, relevant to ischaemic cardioprotection, are also significantly reduced

[150]. In a follow-up study of individuals born to hypertensive pregnancies, Himmelmann

et al. [155] found no changes in left ventricular mass by echocardiography in adolescence.

Fugelseth et al. [156], however, found that children exposed to maternal preeclampsia had

reduced diastolic function, along with shorter left ventricles and increased heart rates. How-

ever, in this study, the group of preeclamptic offspring were born about six weeks earlier

and weighed on average nearly 2,000 grams lighter at birth. Therefore, it is not possible to

determine from this whether these differences were due to preeclampsia per se or whether

they were a consequence of being born early. Further investigation into the specific impacts

of maternal preeclampsia on the offspring cardiac structure and function within a preterm-

born cohort is required.

1.8 Thesis Hypotheses and Objectives

It is predicted that being born preterm will be related to distinct changes in cardiovascular

structure and function in young adulthood, and that specific perinatal events modify the

degree of changes seen in later life. More specifically, it is predicted that:

1. Postnatal intravenous lipid and antenatal glucocorticoid exposure in preterm-born in-

dividuals will be related to distinct changes in aortic function and left ventricular struc-

ture and function in young adulthood;
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2. Preterm-born individuals will demonstrate a distinct left ventricular and right ven-

tricular structure and function in young adulthood compared to individuals that were

born term;

3. Preterm birth will be related to a heightened antiangiogenic state in young adulthood,

which will be associated with elevated blood pressure levels and lower capillary density

in young adulthood in those born preterm.

In order to investigate these hypotheses, this thesis therefore aims to:

1. Determine methods to be used for detailed cardiovascular phenotyping of preterm-

born and term-born individuals;

2. Establish the long-term impact of perinatal interventions relevant to growth and de-

velopment on the aorta and heart in preterm-born individuals;

3. Quantify changes in left ventricular structure and function between preterm-born and

term-born individuals, and perinatal factors related to these changes;

4. Quantify changes in right ventricular structure and function between preterm-born

and term-born individuals, and perinatal factors related to these changes;

5. Establish changes in circulating antiangiogenic and angiogenic factors in preterm-

born individuals, and their relationship with changes in functional and structural cap-

illary density and blood pressure;

6. Discuss and propose future work to further explore the underlying pathophysiology of

the findings from this thesis.



2
STUDY POPULATION

The work in this thesis is based on a study my supervisor and I designed. I then carried out

the recruitment and data collection for the study, which included 234 participants from three

different cohorts. This chapter examines the cohorts in detail and how participants were

recruited for the study. The first of these three cohorts is a group of preterm-born young

adults who were originally recruited at birth (cohort 1). I followed up these individuals in

young adulthood to perform detailed cardiovascular phenotyping to allow for more precise

quantification of early disease development, as well as a more holistic understanding of the

factors driving these changes. A significant strength of this longitudinal study of preterm-

born individuals is the prospective collection of parental and perinatal data in this cohort.

As comparison groups, I recruited a group of young adults born term to uncomplicated preg-

nancies, with similar age and sex distributions to the young adults born preterm, to undergo

identical investigations (cohort 2), as well as a group of term-born individuals a decade older

with a similar sex distribution to characterise normal ageing related cardiovascular changes

(cohort 3).

20
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2.1 Study Cohorts

2.1.1 Cohort 1

A cohort of 926 preterm-born infants were enrolled, at birth, from five centres in England

(Cambridge: n = 335, 36.2%; Ipswich: n = 101, 10.9%; King’s Lynn: n = 66, 7.1%; Norfolk and

Norwich: n = 233, 25.2%; Sheffield: n = 191, 20.6%) between 1982 and 1985 into a randomised

trial of milk feeding regimes to study the influence of early diet on later cognitive function

and cardiovascular disease. Participants were born low birth weight (<1850g) and obstet-

ric and neonatal details recorded at birth. Details included pregnancy complications of the

mother, information on interventions during their hospital stay, and biochemical analysis

of blood samples during the first nine weeks of life [157]. Follow-up studies of the children

had been performed at ages 18 months [37] and seven years [158], with a substudy at age

15 years [157]. I recontacted 240 individuals from the preterm-born cohort who were now

young adults and who had agreed to be contacted about future studies, of whom 102 took

part in the follow-up study (Figure 2.1) [159; 160; 161; 162]. The number of individuals stud-

ied from this cohort was based on the number interested in participating. Compared to the

original cohort of preterm-born infants recruited at birth, those followed up in young adult-

hood were similar in perinatal characteristics (Table 2.1), apart from a small 70 gram (5%)

difference in birth weight. This is accounted for by a marginally more preterm cohort such

that birth weight Z score (birth weight adjusted for gestational age and sex) is identical be-

tween groups. Of the 102 individuals in the cohort, 14 (13.7%) were born extremely preterm

(less than 28 weeks gestation), 56 (54.9%) were born very preterm (28 to 31 weeks gestation),

and 32 (31.4%) were born moderate to late preterm (32 to 36 weeks gestation) (Table 2.2).

The proportion of young adults born preterm to a pregnancy complicated by preeclampsia

was the same as in the original cohort and similar to that reported in other studies of preterm

birth. Preeclampsia is recognised as an antecedent for around 20 to 30% of all preterm births

[10; 140; 141].
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102 individuals recruited as 
young adult term born controls 

(aged 20 to 30 years) 

All individuals attended the 
John Radcliffe Hospital for the 
cardiovascular research study  

102 preterm born individuals 
followed up at age 22 to 28 

years 

926 preterm infants recruited at 
birth with detailed data on 

perinatal care  

240 individuals followed up in 
adolescence with agreement to 

be recontacted 

30 term born individuals recruited 
as an older control group (aged 

35 to 39 years) 

Figure 2.1: The study cohort. Two hundred and fourty individuals with agreement to be recontacted
from a cohort of 926 preterm-born individuals (blue) were followed up in adolescence. One hundred
and two of these individuals were seen in young adulthood to undergo cardiovascular phenotyping.
A group of 102 term-born young adults (green) frequency matched for age and sex and a group of 30
term-born adults a decade older (red) frequency matched for sex were recruited to undergo identical
investigations.

Table 2.1: Comparison of Key Perinatal Characteristics Between Birth Cohort and Follow-Up Co-
hort

Original cohort (n = 926) Follow-up cohort (n = 102) P Value

Males, n (%) 463 (50.0) 47 (46.1) 0.48
Gestational age (weeks) 30.8 ± 2.8 30.3 ± 2.5 0.30
Birth weight (grams) 1369.8 ± 315.5 1297.0 ± 286.8 0.03
Birth weight Z score -0.81 ± 1.32 -0.84 ± 1.21 0.83
Small for gestational age, n (%) 310 (33.5) 32 (31.4) 0.67
Maternal smoking during 299 (32.3) 25 (24.5) 0.11
pregnancy, n (%)
Paternal smoking during 224 (24.2) 31 (30.4) 0.17
pregnancy, n (%)
Maternal preeclampsia, n (%) 259 (28.0) 29 (28.4) 0.92
Mechanical ventilation (days) 4.65 ± 9.84 4.14 ± 7.43 0.61
Number of individuals 476 (51.4) 55 (53.9) 0.63
ventilated, n (%)

Values as Mean ± Standard Deviation unless stated otherwise.
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Table 2.2: Gestational Age Distribution of Preterm-Born Young Adult Cohort

Gestational Age Number of
(weeks) Individuals, n (%)

26 7 (6.86)
27 7 (6.86)
28 13 (12.7)
29 16 (15.7)
30 9 (8.82)
31 18 (17.6)
32 13 (12.7)
33 10 (9.80)
34 4 (3.92)
35 3 (2.94)
36 2 (1.96)

2.1.2 Cohort 2

A cohort of 102 controls born to uncomplicated pregnancies, including being born normal

birth weight for gestational age, being born between 38 and 42 weeks gestation, and who

were not exposed to gestational hypertension or preeclampsia, were recruited from the lo-

cal community (Figure 2.1). Information on family history and pregnancy history was ascer-

tained by questionnaire (see Appendix A). These individuals were frequency matched for age

and sex to the young adults born preterm. The number of young adult term-born controls

recruited was based on the number of preterm-born young adults recruited for the study.

2.1.3 Cohort 3

A cross-sectional cohort of 348 subjects born in Mill Road Maternity Hospital, Cambridge,

United Kingdom between 1969 and 1975 for whom birth and early growth measures were

available from birth records. This cohort was recruited around ten years ago to attend clin-

ics at the Vascular Physiology Unit in Great Ormond Street Hospital to gather detailed infor-

mation on vascular function, classical cardiovascular risk factors, body size, lifestyle, diet,

fitness, and birth measures [163]. Thirty individuals from this cohort were recruited to take

part in the follow-up study (Figure 2.1). The purpose of recruiting this group was to char-

acterise normal ageing related cardiovascular changes. The number of individuals studied

from this cohort was based on the number interested in participating.
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2.2 Study Recruitment

2.2.1 Preterm-Born Cohort (Cohort 1) and Older Term-Born Co-

hort (Cohort 3)

Follow-up of the preterm-born cohort (cohort 1) and cohort of term-born adults a decade

older (cohort 3) followed a standardised procedure as outlined by the blue/red boxes in Fig-

ure 2.2. As the last follow-up studies took place at the MRC Childhood Nutrition Research

Centre at University College London about ten years prior to the follow-up study I carried

out, birth dates, subject names, previous known addresses, and their last registered general

physician information was provided by them in three coded databases. Following decoding

of the databases, cover letters with a return form to send back to me were then sent directly

to the individual at the previous address to enquire whether they would like further informa-

tion regarding the follow-up study at the John Radcliffe Hospital in Oxford. If the letter was

returned due to a change of address, the individual’s current address was traced via the Na-

tional Health Service Strategic Tracing Service and they were then sent the cover letter and

return form as above. If the individual did not respond to the first letter sent out and there

was no return of the letter indicating a change of address, the letter was sent out again up to

a maximum of three times.

Where the individual expressed an interest in the study, they were then provided with

the full study information sheet through the post and/or by email. After at least a week, the

individual was contacted (according to the individual’s wishes expressed in the return form)

by telephone or email and given the opportunity to talk through any issues and discuss what

exactly would be required of them as a participant in the study. If the individual expressed

continued interest in taking part, they were then invited to be a participant in the study

and to attend the study visit in Oxford at the Oxford Centre for Clinical Magnetic Resonance

Research (OCMR) and the Oxford Cardiovascular Clinical Research Facility (CCRF) at the

John Radcliffe Hospital.
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2.2.2 Term-Born Young Adult Cohort (Cohort 2)

Recruitment of young adult term-born controls followed the procedure outlined by the green

boxes in Figure 2.2. Emails were sent to Oxford University Colleges and Departments with

information to be sent out to students and staff regarding the study. Posters were also put

up around the John Radcliffe Hospital and Churchill Hospital, and all Graduate Common

Rooms of the Colleges of the University of Oxford. Where an individual expressed interest

in the study, they were provided with the study information sheet by letter or email as re-

quested and asked to get in touch by email or telephone if still interested in taking part. If

interested, they were asked questions about gestational age, birth weight, any medications

they were on and overall health. This information was confirmed by questionnaire at the

time of the study visit (see Appendix A). If the individual was born term, at normal size for

gestational age, their mother did not have any pregnancy complications with them such as

preeclampsia or gestational hypertension, and had no history of health complications or

medications that may affect cardiovascular function, they were considered eligible for the

study. The individual was then contacted by phone or email as per requested and given the

opportunity to talk through any issues. If the individual expressed continued interest in tak-

ing part, they were then invited to be a participant in the study and to attend the study visit

in Oxford at the Oxford Centre for Clinical Magnetic Resonance Research (OCMR) and the

Oxford Cardiovascular Clinical Research Facility (CCRF) at the John Radcliffe Hospital.

2.3 Inclusion and Exclusion Criteria for Participation

2.3.1 Inclusion

• Participant was willing and able to give informed consent for participation in the study;

• Able (in my opinion and that of other researchers if in question) and willing to comply

with all study requirements.
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2.3.1.1 Preterm-Born Young Adults (Cohort 1)

• Born preterm (<37 weeks completed gestation).

2.3.1.2 Term-Born Young Adults and Older Adults (Cohort 2 and Cohort 3)

• Born at term (>37 weeks completed gestation);

• Born normal birth weight for gestational age;

• Not exposed to pregnancy complications such as preeclampsia or gestational hyper-

tension.

2.3.2 Exclusion

The participant could not enter the study if ANY of the following applied:

• Unwilling or unable to give informed consent for participation in the study;

• Pregnant or lactating during the course of the study;

• Donated blood within four months of study commencement;

• Suffered from known cardiovascular disease, diabetes mellitus or hypertension requir-

ing medication;

• Scheduled for elective surgery or other procedures requiring general anaesthesia within

a month of study commencement;

• Any other significant disease or disorder which, in the opinion of the investigators,

might have influenced the participant’s ability to participate in the study.
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3
GENERAL METHODS

The following chapter examines the methods that were used to investigate the cardiovascu-

lar system of preterm-born young adults compared to term-born controls. First, I present a

general overview of the study visit that all participants underwent. I then present details of

the imaging modalities used as well as blood sample collection, acquired lifestyle informa-

tion, and basic cardiovascular risk factor assessment. Finally, for each of the measurements

done in the study, I discuss how the data were analysed, along with their respective intra-

and inter-observer coefficients of variation. Intra- and inter-observer coefficients of varia-

tion for all measurements were determined based on 12 randomly selected scans from the

study groups described in Chapter 2.

3.1 Follow-Up Study Visit Outline

All study participants attended the study in the early morning following a 12 hour overnight

fast. All data were coded with subject and study specific IDs (e.g. EVS001) to ensure anonymity

and blinded analysis. Preterm-born young adults (cohort 1) and the older group of adults

born term (cohort 3) travelled to Oxford the day before the study and stayed in a hotel near

the John Radcliffe Hospital. Details of the study procedures and what to expect were once

28
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again described to all participants prior to providing written informed consent, with the op-

portunity to raise and discuss any further questions and concerns. Following consent, all

participants underwent a cardiovascular magnetic resonance scan of their heart and aorta,

non-invasive brachial and aortic blood pressure measurements, venepuncture, anthropo-

metric measurements, and completed detailed lifestyle and medical history questionnaires

(Figure 3.1). A subgroup of individuals from the preterm-born (n = 30) and term-born young

adult groups (n = 102) (cohort 1 and cohort 2, respectively) underwent microvascular struc-

tural and functional imaging and 24 hour brachial blood pressure measurements.

Consent forms and final questions 
before starting the study 

1.5 Tesla cardiovascular magnetic 
resonance scan 

Intravital capillary 
microscopy 

Fasting blood samples 

24 hour ambulatory blood 
pressure monitoring 

•  Brachial blood pressure 
measurements 
•  Non invasive central blood 
pressure measurements  

•  Aortic distensibility 
•  Aortic pulse wave velocity 
•  Horizontal long axis cine 
•  Vertical long axis cine 
•  Short axis cine stack 

Conduit artery 
vascular phenotyping 

Lifestyle, medical history, family medical 
history, and smoking history 

questionnaires 

•  Cholesterol (total, HDL, 
LDL), triglycerides, hsCRP, 
insulin, glucose 
•  Angiogenic and anti-
angiogenic biomarkers 

•  Myocardial tagging (short 
axis cine and horizontal long 
axis cine) 

Figure 3.1: Study visit outline. The green boxes indicate procedures that were carried out on all study
participants. The yellow boxes indicate procedures that were carried out on a subgroup of study
participants (preterm-born young adults (n = 30) and term-born young adults (n = 102)).
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3.2 Cardiovascular Magnetic Resonance

Cardiovascular magnetic resonance imaging was performed on a 1.5 Tesla (Siemens, Sonata)

scanner with a 12 channel receiver coil without the use of contrast for all subjects for cardiac

and aortic structural and functional imaging. Cardiovascular magnetic resonance was used

as it is considered the gold standard for assessing aortic and cardiac structure and function

[164; 165; 166]. It provides high resolution, high contrast, multiplanar images that allow for

both regional and global analysis of aortic and cardiac structure and function, without geo-

metric assumptions. All cardiovascular imaging was prospectively electrocardiogram (ECG)

gated with a precordial three lead ECG.

3.2.1 Aortic Imaging

3.2.1.1 Aortic Pulse Wave Velocity

To measure cardiovascular magnetic resonance based aortic pulse wave velocity, ECG gated,

spoiled gradient echo sequences with velocity encoding gradient for phase contrast was ap-

plied to measure through plane flow in the ascending and proximal descending aorta at the

level of the right pulmonary artery as well as in the descending aorta 11.0 centimetres verti-

cally down from this just below the diaphragm, perpendicular to the vessel (Figure 3.2). Car-

diovascular magnetic resonance scan parameters were as follows: effective repetition time

1 RR interval, echo time 2.80 ms, in plane resolution 1.30 mm, slice thickness 5.00 mm, and

temporal resolution 10.0 ms. Image analysis was performed using Siemens analytical soft-

ware (Argus; Siemens Medical Solutions, Erlangen, Germany). Flow images were manually

contoured throughout the cardiac cycle and all the frames of the sequence were then inte-

grated over the cardiac cycle (Figure 3.3) [167]. Aortic pulse wave velocity was calculated as

the distance between the assessed sites of the aorta (measured on an aortic oblique sagittal

image) divided by the time delay between the arrival of the foot of the pulse wave at each site.

Table 3.1 shows the intra- and inter-observer coefficients of variation for aortic pulse wave

velocity measurements. Table 3.2 shows the raw data for intra-observer aortic arch pulse
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wave velocity measurements.

Figure 3.2: Oblique saggital image of the aorta. Aortic arch pulse wave velocity was measured from
the ascending aorta (AA) to the proximal descending aorta (PDA); descending aortic pulse wave ve-
locity was measured from the PDA to the descending aorta (DA); and global aortic pulse wave velocity
was measured from the AA to the DA. Aortic distensibility was measured at AA, PDA, and DA.

3.2.1.2 Aortic Distensibility

To gain insight into regional changes in aortic stiffness, aortic distensibility was assessed in

three different positions along the aorta. An image obtained at the level of the right pul-

monary artery as for aortic pulse wave velocity allows for the cross-sectional assessment of

the ascending aorta and proximal descending aorta. A second image planned perpendicular

to the vessel 11.0 centimetres vertically down from this just below the diaphragm as for aortic

pulse wave velocity allows for the cross-sectional assessment of the distal descending aorta.

A third image at the level of the second lumbar vertebrae provides a cross-section of the ab-

dominal aorta. Cardiovascular magnetic resonance parameters: repetition time 2.8 ms, echo

time 1.4 ms, in plane resolution 2.0 mm, slice thickness 7.0 mm, temporal resolution 40.0 ms.

ECG gated, steady state free precession cine images were acquired during breath hold to de-

termine aortic distensibility. Maximum and minimum aortic cross sectional areas over the
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AA 
 

PDA 
 

Figure 3.3: Aortic pulse wave velocity analysis. Flow images were manually contoured throughout the
cardiac cycle using Argus post-processing software as shown for the ascending aorta (AA) and prox-
imal descending aorta (PDA) in the cross-sectional image above at the level of the right pulmonary
artery.

cardiac cycle were determined using semi-automated edge detection algorithms developed

using Matlab software (Mathworks Incorporated) and distensibility was calculated as the rel-

ative change in area divided by the pulse pressure: (aortic distensibility = { [ (maximum area

of the aorta – minimum area of the aorta) / (minimum area of the aorta)] / aortic pulse pres-

sure } x 103) (Figure 3.4). The blood pressure used for the calculation of aortic distensibility

was the surrogate measure of aortic pulse pressure derived using applanation tonometry

(see Section 3.7). Table 3.1 shows the intra- and inter-observer coefficients of variation for

aortic distensibility measurements.
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AA 

PDA 

Figure 3.4: Aortic distensibility analysis. In the image above, the bottom panel shows a cross-
sectional view of the ascending aorta (AA) and proximal descending aorta (PDA) at the level of the
right pulmonary artery, viewed in Matlab. Semi-automated edge detection algorithms developed
using Matlab software were applied throughout the cardiac cycle (top left panel) to create the corre-
sponding aortic area curve throughout the cardiac cycle (top right panel). Aortic distensibility = { [
(maximum area of the aorta – minimum area of the aorta) / (minimum area of the aorta)] / central
pulse pressure } x 103.

Table 3.1: Intra- and Inter-Observer Coefficients of Variation for Aortic Pulse Wave Velocity and
Aortic Distensibility

Measurement Intra-Observer CoV (%) Inter-Observer CoV (%)

Aortic Pulse Wave Velocity
Aortic Arch 3.56 4.64
Descending Aorta 8.22 9.43
Global Aorta 3.27 3.39

Aortic Distensibility
Ascending Aorta 2.62 2.89
Proximal Descending Aorta 2.52 2.47
Distal Descending Aorta 2.30 2.34

CoV indicates coefficient of variation.
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Table 3.2: Aortic Arch Pulse Wave Velocity Data for Calculation of Intra-Observer Coefficient of
Variation

Measurement 1 Measurement 2
(m/s) (m/s)

3.56 3.83
5.65 5.34
4.76 4.55
3.78 4.03
4.53 4.22
3.56 3.78
5.65 5.34
4.72 4.65
3.89 4.02
4.51 4.42
3.44 3.65
5.73 5.42

3.2.2 Cardiac Imaging

3.2.2.1 Cine Acquisition

Images were acquired during end expiration breath holding using a steady state free preces-

sion sequence with an echo time of 1.5 ms, a repetition time of 3.0 ms, temporal resolution

47.8 ms and a flip angle of 60◦. Steady state free precession cine sequences were used to

acquire localisation images (horizontal long axis, vertical long axis and short axis views) fol-

lowed by optimised left ventricular horizontal and vertical long axis cines. These were used

to acquire a steady state free precession cine short axis stack aligned to the left ventricle to

obtain coverage of the entire left and right ventricles with a slice thickness of 7.0 mm and

an inter-slice gap of 3.0 mm. Image analysis for ventricular volumes, mass, and dimensions

was performed offline using Siemens analytical software (Argus; Siemens Medical Solutions,

Erlangen, Germany).

3.2.2.2 Ventricle Volumes and Mass

Left and right ventricular short axis epicardial and endocardial borders were manually con-

toured at end-diastole and endocardial borders at end-systole for quantification of mass and

volume measurements (Figures 3.5 and 3.6).

Image contrast was adjusted for each slice to delineate epicardial fat from myocardium.
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End-Diastole End-Systole 

Figure 3.5: Left ventricular volume and mass measurements. The endocardial (red) and epicardial
(green) borders were manually contoured at end-diastole and endocardial borders at end-systole for
the entire short axis stack.

End-Diastole End-Systole 

Figure 3.6: Right ventricular volume and mass measurements. The endocardial (red) and epicardial
(green) borders were manually contoured at end-diastole and endocardial borders at end-systole for
the entire short axis stack.
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End-systole was chosen visually as the image phase with the smallest cavity area. For the left

ventricle, the basal slice was chosen as the first slice in the short axis stack with at least 50%

of the circumference surrounded by ventricular myocardium. Further confirmation of the

basal slice was done by comparing the end-diastolic image with subsequent systolic frames

and with the slices above and below, as well as by using the cine loops. For the right ventricle,

the borders were drawn using a drawing tablet to reduce errors in identification of borders

[166]. To ensure accurate identification of the right ventricular basal slice, and structures

within this plane, several visual parameters were used and images viewed in cine mode.

Right ventricular walls were distinguished from atrial walls as being thicker and trabecu-

lated with inward systolic motion. In addition, for end-systolic frames, identification of the

atrioventricular groove by its excursion was used. Due to through-plane motion of the tri-

cuspid valve, the upper posterior part of the right ventricle was typically identified in the

basal plane at end-diastole but right atrium at end-systole. Basal slice contours were taken

as far as the pulmonary valve. Papillary muscles were included for left and right ventricu-

lar mass and excluded for left and right ventricular volume measures. The interventricular

septum was considered part of the left ventricle and excluded from right ventricular mass

measurements. Left and right ventricular end-systolic volume and end-diastolic volume

were used to calculate stroke volume (stroke volume = end-diastolic volume – end-systolic

volume). Ejection fraction was calculated as: ejection fraction = [(stroke volume) / (end-

diastolic volume)]*100%. Left and right ventricular mass were calculated by subtracting the

endocardial volume from the epicardial volume at end-diastole. Left and right ventricular

mass were calculated based on prior knowledge of myocardial specific gravity (1.05 g/cm3).

Table 3.3 shows the intra- and inter-observer coefficients of variation for left and right ven-

tricular mass and volume measurements.

3.2.2.3 Left Ventricle Dimensions

Left ventricular wall thickness was measured on the mid-ventricular short axis slice at end-

diastole, and internal and external cavity diameters on the mid-ventricular short axis slice at

end-diastole between the septum and inferolateral wall (Figure 3.7). Left ventricular length
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Table 3.3: Intra- and Inter-Observer Coefficients of Variation for Left and Right Ventricular Mass
and Volume Measurements

Measurement Intra-Observer CoV (%) Inter-Observer CoV (%)

Left Ventricle
Mass 3.52 4.73
End-Diastolic Volume 4.19 4.50
End-Systolic Volume 3.76 4.87
Stroke Volume 4.20 5.03
Ejection Fraction 4.33 5.62

Right Ventricle
Mass 5.04 6.23
End-Diastolic Volume 4.22 5.35
End-Systolic Volume 5.58 6.61
Stroke Volume 5.31 6.54
Ejection Fraction 5.12 6.67

CoV indicates coefficient of variation.

was measured at end-diastole on the horizontal long axis cine by drawing a line along the

mitral valve annulus and measuring the length from the left ventricular apex to the middle

of the mitral valve annulus (Figure 3.8). Relative wall thickness was calculated as (2 x inferior

wall thickness) / end-diastolic diameter. Left ventricle mass-to-volume ratio was calculated

as: left ventricular mass / end-diastolic volume. Table 3.4 shows the intra- and inter-observer

coefficients of variation for the left ventricle dimension measurements.

Figure 3.7: Left ventricular internal and external cavity diameter. Left ventricular internal cavity di-
ameter (orange line) and external cavity diameter (orange line plus blue lines) were measured on the
mid-ventricular short axis slice at end-diastole between the septum and inferolateral wall.
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Figure 3.8: Left ventricular length. Left ventricular length was measured at end-diastole on the hor-
izontal long axis cine by drawing a line along the mitral valve annulus (1) and measuring the length
(2) from the left ventricular apex to the middle of the mitral valve annulus.

3.2.2.4 Right Ventricle Dimensions

Right ventricular length was measured at end-diastole on the horizontal long axis cine by

drawing a line along the tricuspid valve annulus and measuring the length from the right

ventricular apex to the middle of the tricuspid valve annulus (Figure 3.9). Right ventricular

diameter measurements were made on the horizontal long axis cine at end-diastole within

the basal third of the right ventricle below the tricuspid valve and at the level of the right

ventricular papillary muscles (Figure 3.9). Table 3.4 shows the intra- and inter-observer co-

efficients of variation for the right ventricle dimension measurements.

3.2.2.5 Left Ventricle Tagging

A gradient echo based tagging pulse sequence was performed in the horizontal long axis

view and in the basal, mid-ventricular and apical short axis slices with a segmented K space,

multi-shot sequence (repetition time 25.0 ms, echo time 7.40 ms and flip angle 25.0◦). Slice

positions were chosen from the images obtained for the steady state free precession short

axis cine stack and the horizontal long axis cine. The nearest slice in the short axis cine

stack to the base of the left ventricle, in which a complete circle of myocardium was visible

throughout the cardiac cycle, was selected as the basal slice. The mid-ventricular and api-
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Figure 3.9: Right ventricular dimension measurements. Right ventricular length was measured at
end-diastole on the horizontal long axis cine by drawing a line along the tricuspid valve annulus (1)
and measuring the length (2) from the right ventricular apex to the middle of the tricuspid valve annu-
lus. Right ventricular diameter measurements were made on the horizontal long axis at end-diastole
within the basal third of the right ventricle below the tricuspid valve (3) and at the level of the right
ventricular papillary muscles (4).

Table 3.4: Intra- and Inter-Observer Coefficients of Variation for Left and Right Ventricle Dimen-
sion Measurements

Measurement Intra-Observer CoV (%) Inter-Observer CoV (%)

Left Ventricle
Length 3.01 3.43
Wall Thickness 3.08 4.33
Internal Diameter 3.72 3.99
External Diameter 3.41 3.83
Relative Wall Thickness 4.26 4.64
Mass:End-Diastolic Volume 5.21 5.08

Right Ventricle
Length 3.22 3.74
Internal Diameter 1 4.09 4.23
Internal Diameter 2 2.89 3.00

CoV indicates coefficient of variation. Internal Diameter 1 indicates the internal diameter measurement
within the basal third of the right ventricle; Internal Diameter 2 indicates the internal diameter measurement
at the level of the right ventricular papillary muscles.
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cal slices were then selected with sequential 2.0 cm gaps towards the apex. Semi-automated

analysis was done using Cardiac Image Modeller software (CIMTag2D version 7, Auckland

MRI Research Group, New Zealand) by aligning a grid to the myocardial tagging planes in

end-diastole (Figure 3.10). End-systole was determined visually, and tags were adjusted at

each frame throughout the cardiac cycle. Circumferential, longitudinal, and radial myocar-

dial strain and strain rate were calculated by the software from the motion of the intersected

tag lines. The segmental peak systolic values were recorded and these were averaged to ob-

tain global values. Regional values were calculated at basal, mid, and apical levels. Table 3.5

shows the intra- and inter-observer coefficients of variation for the left ventricle peak systolic

strain values obtained by left ventricle tagging. Due to the poor reproducibility of the longi-

tudinal peak systolic strain and strain rate values, as well as the poor reproducibility of the

basal, mid, and apical peak systolic radial strain and strain rate values, these were excluded

from any analysis throughout this thesis.

End Diastole End Systole 

Figure 3.10: Left ventricle tagging. Above is an example of a mid-ventricular short axis cine where the
tagging grid was aligned to the myocardial tagging planes in end-diastole (left). End-systole (centre)
was determined visually, and tags were adjusted at each frame through the cardiac cycle. The corre-
sponding strain curves are shown on the right, with the average circumferential strain curve shown
in green.

3.2.2.6 Feature Tracking Analysis

A limitation of the study was that the cardiovascular magnetic resonance tagging sequence

was only performed in a subgroup of the cohort. Midway through my doctorate, new soft-
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Table 3.5: Intra- and Inter-Observer Coefficients of Variation for Left Ventricle Tagging Measure-
ments

Measurement Intra-Observer CoV (%) Inter-Observer CoV (%)

Longitudinal
Strain 19.1 21.7
Strain Rate 20.8 23.5

Circumferential
Basal Strain 6.28 8.74
Basal Strain Rate 11.9 12.3
Mid Strain 5.23 6.42
Mid Strain Rate 10.9 14.6
Apical Strain 5.62 5.99
Apical Strain Rate 12.8 14.3

Radial
Basal Strain 33.2 43.7
Basal Strain Rate 44.9 49.3
Mid Strain 30.6 33.7
Mid Strain Rate 41.0 44.2
Apical Strain 39.2 43.4
Apical Strain Rate 54.4 56.9

CoV indicates coefficient of variation.

ware, called 2D Cardiac Performance Analysis Software (TomTec, Germany), became avail-

able. I assisted Dr Daniel Augustine in a comparison study, demonstrating the good repro-

ducibility of this software, which has recently been published in the Journal of Cardiovas-

cular Magnetic Resonance [168]. This software allows for the quantification of myocardial

strain, velocity, displacement, and rotation parameters from cardiovascular magnetic reso-

nance steady state free precession short axis and horizontal long axis cine images and takes

less than half the time to analyse a dataset than it does for left ventricle tagging [168]. In

addition to being able to retrospectively use cine images and providing more myocardial de-

formation parameters than left ventricle tagging, such as velocity, displacement, and rota-

tion, this software has the added advantage of maintaining tracking throughout the cardiac

cycle to allow for diastolic function analysis [168]. Moreover, due to the thinness of the right

ventricle myocardial wall, tagging analysis is virtually impossible. However, right ventricle

feature tracking analysis also shows good reproducibility as demonstrated in Table 3.7.

Analysis was performed for both the left ventricle and right ventricle. Following upload-

ing of the image, the brightness was optimised to ensure optimal endocardial and blood

pool discrimination. For left ventricular longitudinal and right ventricular longitudinal my-
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Figure 3.11: Left ventricular longitudinal myocardial deformation analysis. Borders were contoured
at end-diastole (top left). The software then tracked the motion of related features adjacent to the
endocardial border over the cardiac cycle to allow for analysis of left ventricular longitudinal systolic
and diastolic function. The example above shows the longitudinal peak systolic strain values (top
right) and curves (bottom panel) for the six left ventricular segments, as well as the average of the six
segments (in white).

Figure 3.12: Right ventricular longitudinal myocardial deformation analysis. Borders were contoured
at end-diastole (top left). The software then tracked the motion of related features adjacent to the en-
docardial border over the cardiac cycle to allow for analysis of right ventricular longitudinal systolic
and diastolic function. The example above shows the longitudinal peak systolic strain values (top
right) and curves (bottom panel) for the three right ventricular free wall segments, as well as the av-
erage of the three segments (in white).
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Figure 3.13: Right ventricular circumferential myocardial deformation analysis. Borders were con-
toured at end-diastole (top left). The software then tracked the motion of related features adjacent
to the endocardial border over the cardiac cycle to allow for analysis of left ventricular circumferen-
tial systolic and diastolic function. The example above shows the longitudinal peak diastolic strain
rate values (top right) and curves (bottom panel) for the six right ventricular segments, as well as the
average of the six segments (in white).

ocardial deformation parameters, points were placed along the ventricle endocardial border

at end-diastole on the horizontal long axis cines (Figures 3.11 and 3.12). For left ventric-

ular circumferential myocardial deformation parameters, points were placed along the left

ventricle endocardial border at end-diastole on the basal, mid, and apical short axis cines

(Figure 3.13). The software then tracked the motion of related features adjacent to the en-

docardial border, such as the cavity tissue boundary or individual patterns along the tissue

border, over the cardiac cycle from frame-to-frame. As such, this provided quantification

of myocardial deformation during systole and diastole. The averages of segmental strains

from the short axis planes were used for endocardial circumferential strain, while averages

of segmental strains in the horizontal long axis view were used for global endocardial lon-

gitudinal strain. Left ventricular net twist angle was calculated as peak apical endocardial

circumferential rotation minus peak basal endocardial circumferential rotation. The septal

wall was excluded for right ventricular myocardial deformation analysis. Table 3.6 shows

the intra- and inter-observer coefficients of variation for the left ventricle systolic and di-
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astolic myocardial deformation values obtained by left ventricle feature tracking analysis.

Table 3.7 shows the intra- and inter-observer coefficients of variation for the right ventri-

cle systolic and diastolic myocardial deformation values obtained by right ventricle feature

tracking analysis. Due to the poor reproducibility of the right ventricle peak systolic velocity,

peak systolic displacement, and peak diastolic velocity measures, these were excluded from

any analysis throughout this thesis.

Table 3.6: Intra- and Inter-Observer Coefficients of Variation for Left Ventricle Feature Tracking
Analysis

Measurement Intra-Observer CoV (%) Inter-Observer CoV (%)

Systolic
Longitudinal

Strain 8.22 11.3
Strain Rate 9.89 13.5
Displacement 8.66 15.7
Velocity 10.3 16.2

Circumferential
Basal Strain 3.45 5.94
Basal Strain Rate 4.69 5.33
Basal Rotation 5.01 4.99
Basal Rotation Rate 5.32 5.78
Mid Strain 3.32 4.24
Mid Strain Rate 4.69 5.46
Apical Strain 4.26 4.69
Apical Strain Rate 4.82 5.33
Apical Rotation 6.22 6.33
Apical Rotation Rate 6.99 7.43
Net Twist Angle 6.43 6.76

Diastolic
Longitudinal

Strain Rate 10.2 13.2
Velocity 10.4 12.8

Circumferential
Basal Strain Rate 4.55 5.67
Basal Rotation Rate 4.87 5.23
Mid Strain Rate 3.98 5.92
Apical Strain Rate 5.23 5.86
Apical Rotation Rate 5.47 6.77

CoV indicates coefficient of variation.
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Table 3.7: Intra- and Inter-Observer Coefficients of Variation for Right Ventricle Longitudinal Fea-
ture Tracking Analysis

Measurement Intra-Observer CoV (%) Inter-Observer CoV (%)

Systolic
Strain 9.39 11.4
Strain Rate 10.5 12.1
Displacement 22.2 24.2
Velocity 23.3 26.5

Diastolic
Strain Rate 11.8 13.4
Velocity 21.0 23.2

CoV indicates coefficient of variation.

3.3 Intravital Capillary Video Microscopy

Studying capillaries in humans is difficult without causing changes that will affect param-

eters of interest. Intravital capillary video microscopy is a non-invasive measure that has

allowed the dynamic study of dermal capillaries, which are easily accessible for imaging and

unaffected by outside interference [169]. The examination of functional capillary density

(baseline number) and capillary recruitment (capillaries perfused with erythrocytes follow-

ing vessel occlusion, referred to as structural capillary density) allows a non-invasive assess-

ment of tissue perfusion at the level of the microvasculature.

The participant rested in the supine position on the bed for 10 minutes prior to start-

ing, with their left hand lying flat on a micrometer stage. A small blood pressure cuff was

placed around the proximal phalanx of the middle finger of the left hand for venous occlu-

sion measures, and a thin layer of nail varnish was applied to the skin of the dorsal surface

of the middle phalanx of the middle finger of the left hand to reduce light rarefaction. This

area of the finger was examined using a Leica Stereo Microscope at 200 times magnification

and Bosch Dinlon CCD Analogue Camera with the images displayed on a Norban Vista black

and white high resolution monitor. A Schott LED light with a wavelength spectrum (450 to

610 nm) that captures the absorption spectrum of haemoglobin was directed at the finger

to image the capillaries. Calibration was done using a 1.0 mm glass stage graticule (Knight

Optical UK). For the baseline recordings, an area of skin was found that contained a promi-
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nent landmark such as a bubble in the nail varnish or a blemish in the skin. This area of

the skin was then recorded using a Sony DVO-1000MD DVD recorder for one minute, dur-

ing which time the focus was constantly but gradually altered in order to focus to different

depths within the tissue and for all capillaries to come into focus at various stages during the

one minute recording. After one minute, the finger was gently moved using a micrometer

positioning stage so that an adjacent field of capillaries was visible, and the same procedure

undertaken. This was repeated until six adjacent fields were recorded as shown in Figure

3.14. After completion of the baseline recordings, the small blood pressure cuff around the

proximal phalanx was inflated to 50 mmHg for five minutes to cause venous occlusion. The

same six fields of view as for the baseline recordings were then imaged for one minute each.

This allowed for the determination of baseline capillary perfusion (functional capillary den-

sity) as well as the structural density of capillaries (venous occlusion). Intravital capillary

microscopy analysis is described in Chapter 4.

Field 1 

Field 2 

Field 3 Field 4 

Field 5 

Field 6 

Figure 3.14: Imaging fields for intravital capillary video microscopy.

3.4 Anthropometry and Lifestyle Questionnaire

Height was measured to the nearest centimetre and weight to the nearest 0.2 kilogram, with

subjects wearing light clothing, using a combined digital height and weight measurement
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station (Seca, UK). Body surface area (BSA) was calculated using the Du Bois formula (BSA

(m2) = 0.20247 x Height (m)0.725 x Weight (kg)0.425). Data on medical history, smoking history,

parental medical history, and lifestyle were obtained using a validated questionnaire (see Ap-

pendix A) [163]. For each participant, additional information was also collected on maternal

and paternal smoking prior to, during, and after the pregnancy of interest (see Appendix B).

3.5 Blood Sample Collection

Blood samples were drawn, centrifuged at 3,000 x g for 15 minutes at 4◦C and separated

within 30 minutes into cryovials. They were then stored for later analysis at - 80◦C. Fast-

ing blood biochemistry was measured at the Oxford John Radcliffe Hospital Biochemistry

Laboratory using routine validated assays, with clinical level quality controls. Low density

lipoprotein cholesterol was calculated using the Friedewald formula (low density lipopro-

tein cholesterol = total cholesterol – high density lipoprotein cholesterol – (triglycerides /

2.17)) [170]. Homeostatic model assessments for insulin sensitivity (HOMA-S), β cell func-

tion (HOMA-B), and insulin resistance (HOMA-IR) were calculated based on fasting insulin

and glucose levels using a HOMA calculator (www.dtu.ox.ac.uk/homacalculator/index.php).

3.6 Enzyme-Linked Immunosorbent Assays

Quantikinine enzyme-linked immunosorbent assays (ELISAs) were done to measure free

vascular endothelial growth factor A (VEGF-A), soluble vascular endothelial growth factor

receptor 1 (sVEGF R1 or sFlt-1), and soluble endoglin (sENG) concentrations. While there

exist other members of the VEGF family, such as VEGF-B, VEGF-C, VEGF-D and placental

growth factor, VEGF-A, which is the product of three major isoforms as a result of alternative

splicing, was measured because of its key role in angiogenesis and vascular physiology [171],

as well as the high affinity binding between sFlt-1 and VEGF-A [172]. All three ELISAs use the

quantitative sandwich enzyme immunoassay technique (Quantikinine, R & D Systems Eu-

rope, Abingdon, UK).
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3.6.1 Sample Preparation

Stored serum samples (frozen at - 80◦C ) were used for all ELISAs. Samples were thawed

on ice, with only a single freeze-thaw cycle. Samples were spun for five minutes at 1000 x g

to separate any remaining debris from the supernatant. The sample supernatant was then

transferred to new eppendorf tubes. The samples were not diluted.

3.6.2 Standard Preparation

Standards were prepared by reconstitution with 1.0 mL of deionised water to produce a stock

solution (concentration dependent on analyte kit). The standard was mixed to ensure com-

plete reconstitution and left to sit. After 15 minutes, the standard mix was gently agitated

prior to making dilutions. For sENG and sFlt-1, a dilution series was used such that the first

dilution was 1:10, and thereafter dilutions were 1:2. 900 µL of calibrator diluent was pipetted

into the 1:10 eppendorf tube. 500 µL of calibrator diluent was pipetted into the remaining

eppendorf tubes. 100 µL of the stock solution was pipetted into the first tube (1:10 dilution),

and then 500 µL from this tube into the next (1:20 dilution). Eppendorf tubes were mixed

thoroughly before the next transfer. This was continued up until a 1:640 dilution, leaving

seven standard dilutions. For VEGF-A, a dilution series was used such that all dilutions were

1:2. 500 µL of calibrator diluent was pipetted into all eppendorf tubes. 500 µL of the stock

solution was pipetted into the first tube (1:2 dilution), and then 500 µL from this tube into

the next (1:4 dilution). Eppendorf tubes were mixed thoroughly before the next transfer. This

was continued up until a 1:64 dilution, leaving seven standard dilutions.

3.6.3 Assay Procedure

After preparing the samples and standards, 100 µL of assay diluent was added to each well

of a 96 well plate. For VEGF-A and sFlt-1 100 µL of sample, standard or control was pipetted

into each well. For sENG, 50 µL of sample, standard or control was pipetted into each well.

Assay diluent was used as the control for all ELISAs. All samples, standards, and controls
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were plated in duplicate. The plates were then incubated at room temperature.

Following incubation, each well of the 96 well plates was aspirated and washed using 400

µL of washing buffer on an automatic plate washer. The process was repeated three times for

a total of four washes. 200 µL of conjugate was then added to each well. The plates were then

incubated for two hours at room temperature. Following incubation, the wash process was

repeated as before. 200µL of substrate solution was then added to each well. The plates were

then incubated for 30 minutes at room temperature in darkness to protect them from light.

50 µL of stop solution was then added to each well, and the plates were tapped and placed

on the plate shaker at low speed for five minutes to ensure thorough mixing of the substrate

solution and stop solution. The optical density of each well was measured at 450nm using

a FLUOstar Omega microplate reader (BMG Labtech, KBioscience, USA) within 30 minutes.

Omega Data Analysis software was used to analyse the data. Duplicate readings for each

standard, control, and sample were averaged, and the average zero standard optical density

was subtracted. Standard curves were created by generating a four parameter logistic curve-

fit. A coefficient of variation between duplicates of less than 15% was considered acceptable.

3.7 Brachial and Aortic Blood Pressure Measurements

The participant rested in the supine position on the bed for 10 minutes prior to blood pres-

sure recordings. Three brachial blood pressure measurements were recorded on the left arm

with an automatic digital monitor (HEM 705CP, OMRON, Japan) and the second and third

measurements were averaged for analysis [159; 160; 161]. Aortic blood pressure was assessed

non-invasively by applanation tonometry to derive ascending aortic pressure waveforms

(SphygmoCor Analysis System, Australia) [173]. The concept of deriving a non-invasive mea-

sure of aortic blood pressure stemmed from the knowledge that arterial pressure changes

greatly from the aorta to peripheral sites. As such, peripheral blood pressure measures can-

not be used as direct surrogate measures of aortic blood pressure [174]. Thus, applanation

tonometry has been used to develop a non-invasive method to derive aortic blood pres-

sure measurements. The radial artery is considered the best site for achieving acceptable
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arterial waveforms as it is well supported by bony tissue and is easily accessible [175]. This

has led to a number of comparison studies of radial artery applanation tonometry measure-

ments with aortic catheterisation measurements, which has allowed for the development of

transfer functions to derive aortic pressure waveforms from radial artery pressure waveforms

[176; 177; 178]. As a result of the nature of this type of validation work, the population groups

used, and the overall limited amount of proper validation studies to date, concerns have

been raised as to the accuracy and applicability of this method for deriving non-invasive aor-

tic blood pressure measurements in different population groups given the likely variability

in vascular and haemodynamic properties [179]. Nevertheless, radial applanation tonom-

etry remains the most widely accepted surrogate measure of aortic blood pressure in the

literature, and was thus incorporated as part of the investigations presented in this thesis.

In order to measure aortic blood pressure, pressure waveforms were obtained from the

left radial artery, with the wrist slightly extended and supported. The radial waveform was

displayed in real time and assessed visually to ensure that artefact from movement and res-

piration was avoided. The mean of 15 to 20 sequential radial artery waveforms were used

to calculate an average radial artery waveform and to generate the corresponding ascend-

ing aortic pressure waveform using a transfer function. Aortic blood pressure was then cal-

culated by calibration against left brachial blood pressure with the assumption that mean

arterial pressure is constant over large arteries.

3.8 Ambulatory Blood Pressure Monitoring

24 hour blood pressure monitoring was done on the left arm using an automatic digital mon-

itor (A & D Instruments Ltd., Japan). A blood pressure cuff was fitted to each participant’s

arm at the end of the study visit. Three blood pressure measurements were done using a

stethoscope to listen for Korotkoff sounds at the same time as the automatic recordings in

order to check accuracy of the device. Manual measures within ± 5 mmHg of the automatic

recording were considered acceptable. The blood pressure monitor was then set to make

an automatic recording every 30 minutes on the half hour from 07:00 until 23:00, and then
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every hour on the hour between 23:00 and 07:00. Participants were asked to keep their arm

still during the recordings but to continue their day as normal. All participants completed a

diary, recording when they went to bed and when they woke up as well as activities through-

out the day. Results of the 24 hour blood pressure monitoring were separated into daytime

and nighttime recordings.

3.9 Statistical Analysis

Statistical analysis was carried out using Statistical Product and Service Solutions (SPSS) Ver-

sion 19. Normality of variables was assessed by visual assessment of normality curves and

the Shapiro-Wilk test. Comparison between groups for continuous variables was performed

using a two-sided, independent samples Student’s t-test or one-way ANOVA for normally

distributed data and Mann Whitney and Kruskal-Wallis tests for skewed data. For categori-

cal variables, comparison was done using a Chi-Square test. Linear regression models were

performed using a forced entry method. Pearson correlations (r) were used for bivariable

associations. For bivariable and multivariable regression models, unstandardised regres-

sion coefficients (B) were used, where a unit increase in the independent variable yields an

increase in the dependent variable equal to B. Results are presented as mean ± standard

deviation. P values <0.05 were considered statistically significant.



4
METHODS DEVELOPMENT

This chapter describes the development of a new analysis method for intravital capillary

video microscopy, using semi-automated Image Pro Plus analysis software rather than com-

monly used acetate counting. I show that this new analysis method reduces the analysis time

and has better intra- and inter-observer reproducibility.

4.1 Introduction

As mentioned in Chapter 3, intravital capillary video microscopy is a non-invasive mea-

sure that has allowed the dynamic study of dermal capillaries, which are easily accessible

for imaging and unaffected by outside interference [169]. The current method to analyse

capillary density is done offline by overlaying a clear acetate sheet with a circle of known

area on a video monitor and playing back the recorded video loops, manually marking the

capillaries. This method is laborious and limited by difficulty to track movement of capillar-

ies due to inherent displacement of the field of view with subject movement. Furthermore,

storing analysed images for future reference using the manual acetate measurement is im-

practical. Due to these limitations, I have developed a modification of this analysis method

using Image Pro Plus software, which allows for computer-based analysis and the possibil-

52
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ity to store analysed images for future reference. This new method aims to provide easier

frame-by-frame analysis and less opportunity to miscount capillaries, which will decrease

analysis time and improve reproducibility.

4.2 Methods

4.2.1 Study Population

12 young adults attended the John Radcliffe Hospital in Oxford in the morning following a 12

hour overnight fast.

4.2.2 Image Acquisition

Images were acquired as described in Section 3.3 of Chapter 3. The baseline recordings were

used for comparing the two analysis methods.

4.2.3 Acetate Analysis Method

The standard method of intravital capillary video microscopy analysis using a clear acetate

to count capillaries was used. Images were played back using the Sony DVO-1000MD DVD

recorder on the Norban Vista black and white high resolution monitor. A clear acetate sheet

with a permanent circle (diameter of actual circle = 119.2 mm; corrected area for magnifi-

cation = 0.40 mm2) was used to count the number of capillaries that fell within the circle

by holding it up against the monitor (Figure 4.1). Capillaries were then marked on the ac-

etate using a marker. This was repeated for all six fields of view and capillary density was

calculated as a number per mm2. These recordings were then reanalysed at a later date by

me to determine intra-observer reproducibility. The analysis was then repeated by a second

observer to determine inter-observer reproducibility.
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Figure 4.1: Acetate sheet capillary density analysis. A clear acetate sheet with a permanent circle
(diameter of actual circle = 119.2 mm; corrected area for magnification = 0.40 mm2) was used to count
the number of capillaries that fell within the circle by holding it up against a black and white high
resolution monitor while playing back the recorded clips. Capillaries are manually marked, rewinding
and playing back through the video clips to check for missed vessels. This was repeated for all six
fields of view at baseline and the six fields of view post venous occlusion.

4.2.4 Image Pro Plus Analysis Method

I have developed a new method to analyse capillary density utilising Image Pro Plus soft-

ware (Media Cybernetics Inc., USA). Images were loaded into Image Pro Plus using a digital

converter to convert analogue recordings to digital files. A circle of known area (0.40 mm2)

was drawn on the centre of the field of view at the beginning of each one minute recording

(Figure 4.2). Using the count tool, capillaries can be counted as per the acetate method and

the file saved for future reference. This was repeated for all six fields of view and capillary

density was calculated as a number per mm2. These recordings were then reanalysed at a

later date by me to determine intra-observer reproducibility. The analysis was then repeated

by a second observer to determine inter-observer reproducibility.
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Figure 4.2: Image Pro Plus capillary density analysis. A circle of known area (0.40 mm2) was drawn on
the centre of the field of view of the uploaded sequence of images (frame rate = 25 frames/second).
Capillaries are manually tagged, scrolling back and forth between frames to check for missed vessels.
This was repeated for all six fields of view at baseline and the six fields of view post venous occlusion.

4.2.5 Statistical Analysis

The first and second measurements done by me (observer 1) for both methods were used to

determine intra-observer reproducibility. Inter-observer reproducibility was done by com-

paring the first measurement done by observer 1 with the measurement done by observer

2. Inter- and intra-observer reproducibility for each method was assessed using the coef-

ficient of variation. Agreement between the acetate and Image Pro Plus analysis methods

was assessed using Bland-Altman analysis [180] to identify the bias and the limits of agree-

ment with 95% confidence intervals using the first measurement for each method done by

observer 1.
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4.3 Results

4.3.1 Acetate Analysis Method

The intra- and inter-observer coefficients of variation for the average of the six fields us-

ing the acetate method were 6.02% and 7.24%. Table 4.1 demonstrates the intra- and inter-

observer reproducibility across the six fields. The average analysis time for the six fields of

view for the acetate method was 23 minutes 10 seconds.

4.3.2 Image Pro Plus Analysis Method

The intra- and inter-observer coefficients of variation for the average of the six fields using

the Image Pro Plus method were 3.00% and 5.06%. Table 4.1 demonstrates the intra- and

inter-observer reproducibility across the six fields. The average analysis time for the six fields

of view for the acetate method was 10 minutes 35 seconds with an additional six minutes to

load the images.

Table 4.1: Intra- and Inter-Observer Coefficients of Variation for the Six Fields of View for Capillary
Density Analysis using the Acetate Method and Image Pro Plus Method

Acetate Method Image Pro Plus Method
Field Intra-observer Inter-observer Intra-observer Inter-observer

CoV (%) CoV (%) CoV (%) CoV (%)

1 4.74 6.37 4.16 4.11
2 7.40 9.59 2.63 4.73
3 9.56 7.67 3.03 5.67
4 9.49 9.54 3.20 6.12
5 6.60 11.04 4.10 6.15
6 4.94 9.35 3.63 7.39

Average of 6 fields 6.02 7.24 3.00 5.06

CoV indicates coefficient of variation.

4.3.3 Agreement Between Methods

Figure 4.3 is the Bland-Altman plot comparing the acetate analysis method with the Im-

age Pro Plus analysis method. The bias was 3.16 capillaries/mm2 and the standard devia-
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tion of the bias was 3.09 capillaries/mm2. The 95% limits of agreement were -3.02 to 9.33

capillaries/mm2.
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Figure 4.3: Bland-Altman Plot comparing the Image Pro Plus and acetate methods of capillary density
analysis. The solid line indicates the mean difference between the two measurements, while the dot-
ted lines indicate ± two standard deviations of the mean difference between the two measurements.
IPP indicates Image Pro Plus.

4.4 Discussion

This work demonstrates that Image Pro Plus is a suitable method to replace the standard

method of capillary density analysis using a transparent acetate. The Image Pro Plus method

shows better intra- and inter-observer reproducibility compared to the acetate method, with

good agreement between the methods.

The acetate method of analysis is laborious. The Image Pro Plus method has the advan-

tage of not having to hold the acetate and trying to move it with the moving field of view

while scrolling through video loops. This also means that the risk of dropping the acetate

and having to restart the analysis is no longer an issue. Furthermore, it is easy to scroll back

and forth through the video clips using Image Pro Plus to check the marked capillaries, which

also makes it easier to determine what is and what is not a capillary as the frame rate can be
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easily altered. After converting the images to digital files, you can also adjust the contrast

much more easily to improve viewing of the capillaries without affecting the magnification

of the field of view. Finally, the final count and image with the marked capillaries can be

saved for each video loop for future reference using Image Pro Plus. While the capillary den-

sities were slightly higher using the Image Pro Plus analysis method, the bias was systematic.

This is thus likely the result of the aforementioned advantages.

I have shown that using Image Pro Plus is not only more practical, but also reduces the

analysis time of six fields of view by 12 minutes and 35 seconds. This amount of time is

significant, as the intravital capillary video microscopy protocol I used also involves venous

occlusion measures, adding six more fields of view and six minutes of additional record-

ings. Thus, using Image Pro Plus saves about 25 minutes of analysis time per individual.

Furthermore, I showed that both the intra- and inter-observer coefficients of variation were

better for the Image Pro Plus analysis method. Though this system is much more expensive,

the time saved and improved reproducibility are major advantages, for both small-scale and

large-scale studies.

An inherent limitation of capillary microscopy is that a stable image is required for anal-

ysis, and while there are several methods to hold the finger in place without obstructing

flow, it is usually very difficult to ensure that there is no movement of any kind during the

recording, such as physiological tremor and cardiac rhythm. While Image Pro Plus analysis

makes dealing with such movements easier, there is still room for improvement. Using the

current algorithm for Image Pro Plus automatic vessel detection does not accurately detect

capillaries, but this may be a possibility in the future.

4.5 Conclusions

In summary, the Image Pro Plus analysis method significantly reduces the analysis time, is

more practical, and shows improved reproducibility. As such, Image Pro Plus was consid-

ered a suitable replacement of the acetate method for capillary density analysis by intravital

capillary video microscopy.



5
POSTNATAL INTRAVENOUS LIPIDS AND

CARDIOVASCULAR DEVELOPMENT

This chapter sets out to demonstrate the impact of postnatal intravenous lipid exposure in

infants born preterm on aortic and left ventricular function in young adulthood. In order to

do this, I have created a nested case-control study within the preterm-born cohort of young

adults (cohort 1) to ensure similar perinatal and adult characteristics between cases and con-

trols. In addition, 40 term-born young adult controls (cohort 2) of similar age and sex were

included in this investigation as a comparison of normal values for the outcome measures.

Cardiovascular magnetic resonance imaging was used to assess aortic and left ventricular

function. It was found that intravenous lipid infusions during the first nine weeks of life cor-

related strongly with a rise in total cholesterol levels at this time. Interestingly, this rise in

total cholesterol in the first nine weeks of life relates strongly to increased aortic stiffness in

young adulthood, most notably in the abdominal aorta. Furthermore, the postnatal rise in

total cholesterol also relates to reduced left ventricular systolic function in young adulthood.

I have published this work in Arteriosclerosis, Thrombosis, and Vascular Biology as the first

author [159].

59
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5.1 Introduction

Intravenous lipids are used in parenteral nutrition for infants born preterm and are proven to

be beneficial for neonatal brain and central nervous system development [112]. They consist

of triglycerides in the form of soybean oil emulsified by egg phospholipid and glycerol [113].

Hypercholesterolaemia secondary to intravenous lipid use is well described, likely driven by

endogenous cholesterol synthesis as a result of delayed lipid clearance [113; 114; 115].

Hyperlipidaemia is a key biological driver for atherogenesis [116; 117; 118]. Lipid rich

fatty streaks first emerge in the aortic wall during fetal life and peak in prevalence during the

first year following birth [119; 120]. Napoli et al. [121] demonstrated that newborn offspring

of hypercholesterolaemic mothers who have been exposed to abnormal lipid profiles have

significantly more aortic fatty streaks which persist into adolescence. Whether changes in

the aorta are seen in preterm-born individuals without a maternal history of hypercholes-

terolaemia who were exposed to hyperlipidaemia in early postnatal life rather than in utero

is unknown. However, this is of potential importance because of its clinical relevance to a

broader population and postnatal nutrition.

Therefore, I studied preterm-born young adults, whose mothers were normocholestero-

laemic, and as part of their routine clinical care, had received a brief, artificial, nutritional

elevation in lipid levels postnatally in the form of an intravenous lipid infusion. As fatty

streaks first appear in the aorta [119], and since animal models have demonstrated that ar-

terial stiffness is the first pathophysiological change that occurs during this process [181], I

studied global aortic stiffness in early adulthood, measured as pulse wave velocity; a mea-

sure known to be relevant to later cardiovascular outcome in large scale studies [182]. Car-

diovascular magnetic resonance imaging was used as it allows for direct imaging of the aorta

and the opportunity to study regional variation in aortic stiffness [164]. This information was

used to determine whether the abdominal aorta, known to be most affected by fatty streaks

in early life, had the greatest changes in aortic stiffness in the preterm-born young adults

exposed to intravenous lipids.
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Furthermore, because animal models have also shown a direct relationship between

diet-induced hyperlipidaemia and left ventricular dysfunction [122; 123], I also investigated

whether exogenous lipid exposure had effects beyond the vasculature and used cardiovas-

cular magnetic resonance to study long-term variation in left ventricular structure and func-

tion.

5.2 Methods

5.2.1 Study Population

This chapter includes a subgroup of the preterm-born young adults (cohort 1). In addition to

being randomised to banked breast milk or feeding formula, intravenous lipids were given

simultaneously to newborns in the cohort of individuals born preterm based on variable

local guidelines. Preterm-born individuals received intravenous lipids in the form of com-

mercially available 10% or 20% Intralipid. They were given up to 2 to 3 g/kg/day of Intralipid,

conforming with Intralipid administration practice at that time [115; 183; 184]. Eighteen par-

ticipants in the study cohort of individuals born preterm were identified as having received

postnatal intravenous lipids and who were not exposed to maternal hypercholesterolaemia

(Figure 5.1). To limit the confounding effect of other potential variables at birth related to the

clinical decision to give intravenous lipids, for each case, two controls who had not received

intravenous lipids were identified who had similar gestational age, birth weight Z score, sex,

key maternal risk factors, pregnancy complications and postnatal complications (Table 5.1).

In addition, 40 individuals from the young adult term-born control group with equivalent

age and sex (cohort 2), that were not exposed to postnatal intravenous lipids, were included

to provide normal reference ranges for the left ventricular and aortic measures, performed

using the same techniques.
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Table 5.1: Perinatal Characteristics and Maternal Conditions

Preterm-Born Term-Born
Young Adults Young Adults

IV Lipids No IV Lipids P Value No IV Lipids P Value
n = 18 n = 36 Ψ n = 40 Υ

Birth Characteristics
Males, n (%) 6 (33.3) 12 (33.3) >0.99 14 (35.0) 0.99
Gestational Age (Weeks) 28.9 ± 2.1 29.3 ± 1.9 0.49 39.9 ± 0.7 <0.001
Birth Weight Z score -1.19 ± 1.00 -1.14 ± 1.07 0.55 -0.14 ± 0.28 <0.001
Small for Gestational Age, n (%) 4 (22.2) 8 (22.2) >0.99 0 (0) 0.006

Maternal Conditions
Diabetes Mellitus, n (%) 1 (5.56) 3 (8.33) 0.71 2 (5.0) 0.83
Hypercholesterolaemia, n (%) 0 (0%) 0 (0) 0 (0)
Hypertension, n (%) 3 (16.7) 6 (16.7) >0.99 4 (10.0) 0.66
Ischaemic Heart Disease, n (%) 0 (0) 0 (0) 0 (0)
Cerebrovascular Accident, n (%) 0 (0) 0 (0) 0 (0)

Maternal Pregnancy
Conditions/Complications
Preeclampsia During

6 (33.3) 10 (27.8) 0.67 0 (0) <0.001
Pregnancy, n (%)
Smoking First Trimester, n (%) 6 (33.3) 10 (27.8) 0.67 9 (22.5) 0.81
Smoking Second and 4 (22.2) 7 (19.4) 0.77 8 (20.0) 0.94
Third Trimester, n (%)
Steroids Given, n (%) 5 (27.8) 9 (25.0) 0.83
Spontaneous Delivery, n (%) 11 (61.1) 23 (63.9) 0.84

Neonatal Condition/Well-being
Put on Ventilation, n (%) 13 (72.2) 24 (66.7) 0.68
Days on Ventilation, Mean ± SD 5.33 ± 5.36 4.39 ± 7.59 0.64
Infections Based on Positive Blood 3 (16.7) 5 (13.9) 0.79
Culture in First Nine Weeks, n (%)
Apgar Score 1 minute, n (%)

0 - 3 5 (27.8) 9 (25.0) 0.84
4 - 6 8 (44.4) 19 (52.8)
7 - 10 5 (27.8) 9 (25.0)

Apgar Score 5 minutes, n (%)
0 - 3 2 (11.1) 3 (8.33) 0.94
4 - 6 6 (33.3) 13 (36.1)
7 - 10 10 (55.6) 20 (55.6)

IV indicates intravenous. Values as Mean ± Standard Deviation unless stated otherwise.
Ψ = Preterm-born young adults given intravenous lipids vs preterm-born young adults not given intravenous

lipids.
Υ = Preterm-born young adults given intravenous lipids vs preterm-born young adults not given intravenous

lipids vs term-born young adults.
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102 individuals returned for cardiovascular phenotyping at 
age 22 to 28 years with information on antenatal 

glucocorticoids 
n = 20 received intravenous lipids; n = 82 did not receive 

intravenous lipids 

926 preterm infants recruited at birth with detailed 
data on perinatal care  

240 individuals followed up in adolescence with 
agreement to be recontacted 

Subjects who received intravenous lipids were frequency 
matched in ratio 2 controls : 1 case for age, gestational age, 

birth weight, gender, pregnancy complications, and 
postnatal complications. Exclusion based on maternal 

history of hypercholesterolaemia. 

CASES – 18 individuals who 
received intravenous lipids 

CONTROLS – 36 individuals who 
did not receive intravenous lipids 

Figure 5.1: Preterm study cohort. Two hundred and fourty individuals with agreement to be recon-
tacted from a cohort of 926 preterm-born individuals (birth weight less than 1,850 g) were followed up
in adolescence. One hundred and two of these individuals were seen in young adulthood to undergo
cardiovascular phenotyping. Individuals that received intravenous lipids and those that did not were
matched in a 1 to 2 ratio based on early life characteristics, with 18 that received intravenous lipids
and 36 that did not.

5.2.2 Study Visit

All study participants attended the study in the early morning following a 12 hour overnight

fast. All data were coded with subject and study specific IDs (e.g. EVS001) to ensure anonymity

and blinded analysis. The following methods were used for this chapter as described in detail

in Chapter 3:

• 3.2: Cardiovascular Magnetic Resonance

3.2.1: Aortic Imaging

3.2.1.1: Aortic Pulse Wave Velocity

3.2.1.2: Aortic Distensibility

3.2.2: Cardiac Imaging
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3.2.2.1: Cardiac Cine Acquisition

3.2.2.2: Left Ventricular Mass and Volumes

• 3.4: Anthropometry and Lifestyle Questionnaire

• 3.5: Blood Sampling and Biochemistry

• 3.7: Blood Pressure Measurements

5.2.3 Statistical analysis

Statistical analysis was carried out using SPSS Version 19 as described in Section 3.9 of Chap-

ter 3. It was determined that 36 preterm-born controls would provide 80% power at P =

0.05 to identify a 0.66 standard deviation difference in aortic pulse wave velocity between

preterm-born young adults that were and were not given intravenous lipids in early postna-

tal life. This difference is equivalent to 0.80 m/s, which is similar to the differences previously

observed between subclinical risk factor groups [185].

5.3 Results

5.3.1 Population Characteristics in Early Postnatal Life

Clinical infant neonatal characteristics were confirmed to be similar in each recruitment

centre, but there was significant variation in whether a centre used intravenous lipids (Ta-

ble 5.2). As a result, it was possible to frequency match those who received intravenous

lipids with individuals who had similar perinatal characteristics but who did not receive in-

travenous lipids. Table 5.1 demonstrates that the preterm-born individuals included in the

analysis who had or had not received intravenous lipids were similar for all maternal, labour,

and postnatal characteristics. Furthermore, as the preterm-born individuals had been ran-

domised to milk feeding regimes at birth, it was possible to ensure that other dietary intakes

that may have affected the results were equivalent between the preterm-born young adults

that did and did not receive intravenous lipids (Table 6.3). There were no differences in the
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number of individuals in the preterm-born groups in terms of antenatal glucocorticoid ex-

posure (Table 5.1) or postnatal minimum, mean or maximum cortisol levels (Table 5.4). Thy-

roid function as assessed by postnatal minimum, mean, and maximum triiodothyronine lev-

els also did not differ between the groups (Table 5.4). The comparison group of young adult

term-born individuals also showed no difference in sex, maternal characteristics, and smok-

ing during pregnancy as compared to the groups of preterm-born individuals. However, as

expected, gestational age, birth weight Z score, percentage born small for gestational age,

and number of individuals whose mothers had gestational hypertension or preeclampsia

differed between the young adults born term and both groups of preterm-born young adults

(Table 5.1).

Table 5.2: Percentage of Individuals at the Five UK Centres from the Original Birth Cohort that
Received Intravenous Lipids

Centre Original cohort (n = 926)

1 36.0%
2 2.27%
3 46.9%
4 17.9%
5 17.2%

Table 5.3: Number of Individuals Randomised to Banked Breast Milk or Formula in the Preterm-
Born Young Adult Groups

IV Lipids (n = 18) No IV Lipids (n = 36) P Value

Fed Banked Breast Milk, n (%) 4 (22.2%) 10 (27.8%) 0.66
Fed Formula Milk, n (%) 14 (77.8%) 26 (72.2%)

IV indicates intravenous.

5.3.2 Population Characteristics in Young Adult Life

In early adult life, there were no significant differences between the preterm-born individu-

als that received postnatal intravenous lipids and those that did not in terms of age, blood

pressure levels, anthropometry, smoking history, lipid profile, measures of glucose home-

ostasis or other biochemistry measures (Table 5.5). The term-born young adults were aged
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Table 5.4: Thyroid Function and Cortisol Levels (Age 0 to 9 Weeks) in the Preterm-Born Young
Adult Groups

IV Lipids (n = 18) No IV Lipids (n = 36) P Value

Triiodothyronine Levels
Minimum (ng/dL) 0.41 ± 0.31 0.44 ± 0.29 0.73
Mean (ng/dL) 0.56 ± 0.15 0.56 ± 0.26 0.99
Maximum (ng/dL) 0.72 ± 0.17 0.70 ± 0.29 0.75

Cortisol Levels
Minimum (nmol/L) 999.6 ± 670.1 1063.9 ± 798.2 0.76
Mean (nmol/L) 1217.1 ± 556.4 1350.9 ± 701.8 0.45
Maximum (nmol/L) 1863.3 ± 548.8 1734.7 ± 695.6 0.46

IV indicates intravenous; T3, triiodothyronine. Values as Mean ± Standard Deviation.

25.4 ± 1.8 years with an average body mass index of 23.5 ± 2.3 g/m2, thus neither of these two

parameters differed across the three groups (ANOVA P = 0.86 and 0.21, respectively). There

were no differences between the groups in terms of parental or grandparent family medi-

cal history (Table 5.1 and Table 5.6) and no differences between the groups in terms of diet,

medical history, alcohol intake, exercise or sociodemographics (P >0.05).

Table 5.5: Characteristics in Young Adult Life of Preterm-Born Individuals

IV Lipids No IV Lipids
P Value

n = 18 n = 36

Age (years) 25.1 ± 1.5 25.3 ± 1.5 0.61
Body Mass Index (kg/m2) 23.0 ± 3.2 24.8 ± 7.0 0.32
Waist to Hip Ratio 0.76 ± 0.08 0.78 ± 0.09 0.32
Smokers, n (%) 5 (27.8%) 8 (22.2%) 0.65
Total Cholesterol (mmol/L) 4.71 ± 0.65 4.76 ± 0.94 0.25
HDL-C (mmol/L) 1.52 ± 0.31 1.56 ± 0.47 0.78
LDL-C (mmol/L) 2.57 ± 0.59 2.85 ± 0.80 0.24
Triglycerides (mmol/L) 1.09 ± 0.70 0.95 ± 0.47 0.40
CRP (mmol/L) 1.26 ± 1.53 2.74 ± 4.36 0.82
Glucose (mmol/L) 5.09 ± 0.51 4.89 ± 0.41 0.17
Insulin (pmol/L) 61.5 ± 30.2 58.0 ± 29.9 0.70
HOMA-IR (mmol*pmol/L2) 1.15 ± 0.56 1.08 ± 0.57 0.61
HOMA-S (%) 106.4 ± 48.7 115.5 ± 54.4 0.56
HOMA-β (%) 100.1 ± 28.5 104.7 ± 40.3 0.68
Systolic Blood Pressure, mmHg 121.0 ± 12.9 118.5 ± 11.6 0.49
Diastolic Blood Pressure, mmHg 72.7 ± 6.1 71.6 ± 9.8 0.67
Mean Arterial Pressure, mmHg 88.9 ± 7.2 87.4 ± 9.7 0.60
Pulse Pressure, mmHg 48.2 ± 11.5 46.9 ± 9.4 0.66

IV indicates intravenous; HDL-C, high density lipoprotein cholesterol; LDL-C, low density lipoprotein
cholesterol;
CRP, C-reactive protein; HOMA, homeostasis model assessment; IR, insulin resistance; S, insulin sensitivity; β,
beta cell function. Values as Mean ± Standard Deviation.
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Table 5.6: Paternal and Grandparent Family History of Preterm-Born Individuals

IV Lipids No IV Lipids
P Value

n = 18 n = 36

Paternal Conditions
Diabetes Mellitus, n (%) 0 (0%) 3 (8.33%) 0.21
Hypercholesterolaemia, n (%) 1 (5.56%) 1 (2.78%) 0.61
Hypertension, n (%) 4 (22.2%) 6 (16.7%) 0.62
Ischaemic Heart Disease, n (%) 2 (11.1%) 3 (8.33%) 0.74
Cerebrovascular Accident, n (%) 0 (0%) 2 (5.56%) 0.31

Grandmother Conditions
(Maternal and Paternal)
Ischaemic Heart Disease, n (%) 2 (11.1%) 2 (5.56%) 0.46
Cerebrovascular Accident, n (%) 1 (5.6%) 0 (0%) 0.15

Grandfather Conditions
(Maternal and Paternal)
Ischaemic Heart Disease, n (%) 2 (11.1%) 4 (11.1%) >0.99
Cerebrovascular Accident, n (%) 2 (11.1%) 5 (13.9%) 0.78

IV indicates intravenous.

5.3.3 Aortic Function

5.3.3.1 Intravenous Lipid Administration

Figure 5.2 demonstrates that preterm-born individuals who received intravenous lipids post-

natally had a 29% greater aortic pulse wave velocity in early adulthood (5.89 ± 1.23 vs 4.57

± 1.17 m/s, P <0.001). Aortic pulse wave velocity in the term-born controls was 4.48 ± 0.66

m/s, which was similar to the preterm-born individuals not exposed to intravenous lipids (P

= 0.68), but significantly lower than the preterm-born individuals who had received intra-

venous lipids (P <0.001). Data on regional aortic distensibility was then used to determine

which areas of the aorta had the greatest change in aortic stiffness. There was a significant

reduction in distensibility in the abdominal aorta (9.74 ± 4.27 vs 12.91 ± 4.11 mmHg−1 x 103,

P = 0.01), but not in the ascending or proximal descending aorta (Figure 5.3). Abdominal

aortic distensibility in the term-born controls was 13.6 ± 4.5 mmHg−1 x 103, which was sim-

ilar to the preterm-born individuals who did not receive intravenous lipids postnatally (P =

0.47), but significantly higher than the preterm-born individuals who received intravenous

lipids postnatally (P = 0.003).
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Figure 5.2: Aortic pulse wave velocity for preterm-born young adults (PTYA) that received intra-
venous lipids (orange) and those that did not receive intravenous lipids (blue), as well as young
adult controls born term (YAT, green). Aortic pulse wave velocity was significantly higher in young
adulthood in the preterm-born group of individuals that received intravenous lipids compared to the
preterm-born group of individuals that did not receive intravenous lipids (5.89 ± 1.23 vs 4.57 ± 1.17
m/s, P <0.001) at age 0 to 9 weeks. Aortic pulse wave velocity in the term-born young adult controls
was 4.48 ± 0.66 m/s, which was similar to the preterm-born individuals not exposed to intravenous
lipids (P = 0.68), but significantly lower than the preterm-born individuals who had received intra-
venous lipids (P <0.001). Data shown as box and whisker plot: minimum to maximum.

5.3.3.2 Association between Intravenous Lipids, Neonatal Biochemistry, and

Aortic Stiffness

As intravenous lipid administration is known to alter a range of circulating metabolic param-

eters, I explored relations between three different intravenous lipid parameters and maxi-

mum cholesterol, triglyceride, glucose, and phospholipid levels during the first nine weeks

of life. Figure 5.4 demonstrates that, as expected, maximum cholesterol, triglyceride, glu-

cose and phospholipid levels were all significantly associated (P <0.05) with at least one of

the intravenous lipid parameters. However, only postnatal maximum cholesterol level was

related to both postnatal intravenous lipid administration and the primary endpoint of aor-

tic pulse wave velocity in young adulthood (r = 0.62, P <0.001). Figure 5.5, Panel A shows
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Figure 5.3: Aortic distensibility for preterm-born young adults (PTYA) that received intravenous lipids
(orange) and those that did not receive intravenous lipids (blue), as well as young adult controls born
term (YAT, green). There were no differences between preterm-born individuals that did and did not
receive intravenous lipids during early postnatal life in ascending aortic or proximal descending aor-
tic distensibility in young adulthood, though descending abdominal aortic distensibility was greatly
reduced in the group that received intravenous lipids (9.74 ± 4.27 vs 12.91 ± 4.11 mmHg−1 x 103,
P = 0.01). Abdominal aortic distensibility in the term-born controls was 13.6 ± 4.5 mmHg−1 x 103,
which was similar to the preterm-born individuals who did not receive intravenous lipids postnatally
(P = 0.47), but significantly higher than the preterm-born individuals who received intravenous lipids
postnatally (P = 0.003). Data shown as mean ± standard error of the mean.

the graded relation between postnatal maximum cholesterol and aortic pulse wave veloc-

ity in young adulthood. The preterm-born individuals that did and did not receive postna-

tal intravenous lipids were then separated to determine the association between postnatal

maximum cholesterol and aortic pulse wave velocity in each group. There was a graded

association between the level of cholesterol obtained in the first nine weeks of life and aor-

tic pulse wave velocity in young adulthood in the preterm-born young adults that received

intravenous lipids postnatally (r = 0.73, 95% confidence interval 0.020 to 0.059, P = 0.001)

(Figure 5.5, Panel B) with a similar positive, but non-significant, graded association in the

preterm-born young adult group that did not receive postnatal intravenous lipids (r = 0.35, P

= 0.20). Similarly, Figure 5.6, Panel A shows the inverse association between postnatal maxi-
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Figure 5.4: Associations between intravenous lipid parameters and biochemistry parameters in the
first nine weeks of life with aortic pulse wave velocity at age 25 years. Dotted lines = P <0.05; solid lines
= P <0.001. Maximum cholesterol level was the only biochemistry parameter in the first nine weeks
of life that was significantly associated with whether or not intravenous lipids were given (r = 0.47, P
<0.001), dose of intravenous lipids (r = 0.56, P<0.001) and number of days given intravenous lipids (r
= 0.57, P <0.0001) in early postnatal life, as well as with aortic pulse wave velocity in young adult life
(r=0.62, P <0.001). Intravenous lipid parameters were closely interrelated (P <0.001) and there were no
associations between intravenous lipid parameters and minimum or mean cholesterol, triglyceride,
glucose, and phospholipid levels.

mum cholesterol and abdominal aortic distensibility in young adulthood. The preterm-born

individuals that did and did not receive postnatal intravenous lipids were then separated,

and it was shown there was a graded, inverse association between the level of cholesterol ob-

tained in the first nine weeks of life and abdominal aortic distensibility in young adulthood

in the preterm-born young adults that received intravenous lipids postnatally (r = -0.53, 95%

confidence interval -0.066 to -0.0061, P = 0.02) (Figure 5.6, Panel B).

5.3.3.3 Intravenous Lipid and Cholesterol Levels in Neonatal and Young Adult

Life

Figure 5.7 demonstrates that preterm-born individuals given intravenous lipids had on aver-

age a 1.26 mmol/L higher maximum cholesterol level during neonatal life (P = 0.006) than the

preterm-born individuals not given intravenous lipids, whereas minimum cholesterol levels

were similar between groups at this age. The data indicated that the maximum cholesterol

level in the preterm-born individuals given intravenous lipids was likely to be representa-

tive of mean circulating cholesterol levels during intravenous lipid infusion, independent of
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Figure 5.5: Postnatal maximum cholesterol and aortic pulse wave velocity in young adulthood. A,
The association between maximum cholesterol in early postnatal life and aortic pulse wave veloc-
ity in young adult life in preterm-born individuals (r = 0.62, P <0.001). Blue squares = preterm-born
individuals that did not receive intravenous lipids postnatally; orange circles = preterm-born individ-
uals that received intravenous lipids postnatally. B, The association between maximum cholesterol
in early postnatal life and aortic pulse wave velocity in young adult life in all those who received in-
travenous lipids (r = 0.73, P = 0.001). PWV indicates aortic pulse wave velocity.

native cholesterol levels (Figure 5.7). Intravenous lipids were given postnatally for an aver-

age of 11.2 ± 10.0 days (range = 2 to 36 days), and the area under the curve of cholesterol

measurements during the nine week period was closely related to the number of days given

intravenous lipids and the dose of intravenous lipids given (r = 0.79, P <0.001 and r = 0.77, P

<0.001, respectively). Figure 5.8 is an example of the cholesterol curve for one preterm-born

individual who received intravenous lipids for 33 days and had a corresponding sustained

increase in cholesterol for a similar period of time before returning to a ‘baseline’ choles-

terol level.

The cholesterol values in neonatal life were compared to those reported by Sporik et al.

[186], who showed mean cholesterol values at birth of 1.8 ± 0.5 mmol/L in heathy term-

born infants. This level was similar to the mean values for both the preterm-born group

that received intravenous lipids (1.73 ± 0.7 mmol/L) and the preterm-born group that did

not receive intravenous lipids (1.82 ± 0.6 mmol/L). Furthermore, cholesterol levels in young
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Figure 5.6: Postnatal maximum cholesterol and abdominal aortic distensibility in young adulthood.
A, The association between maximum cholesterol in early postnatal life and abdominal aortic disten-
sibility in young adult life in preterm-born individuals (r = -0.31, P = 0.03). Blue squares = preterm-
born individuals that did not receive intravenous lipids postnatally; orange circles = preterm-born in-
dividuals that received intravenous lipids postnatally. B, The association between maximum choles-
terol in early postnatal life and abdominal aortic distensibility in young adult life in all those who
received intravenous lipids (r = -0.53, P = 0.02).

adult life (Figure 5.7) also did not differ between the groups of preterm-born individuals and

were independent of maximum cholesterol levels during the first nine weeks of life. These

findings suggest that underlying fasting lipid metabolism was similar between groups.

5.3.3.4 Early Cholesterol Levels and Other Predictors of Pulse Wave Velocity in

Young Adulthood

The relative importance of early cholesterol levels compared to other predictors of aortic

pulse wave velocity in young adulthood was then explored. Parameters with P <0.50 for the

entire group of preterm-born individuals were included in a forced entry linear regression

model (Table 5.7). In the case of blood pressure measurements, the parameter that most

strongly associated to aortic pulse wave velocity (mean arterial pressure) was included in

the regression model as all blood pressure measures were strongly interrelated. Aortic pulse
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Figure 5.7: Difference in cholesterol levels between preterm-born individuals that received intra-
venous lipids (orange) and those that did not receive intravenous lipids (blue) in early postnatal life
(0 to 9 weeks), adolescence (age 15 years) and young adulthood (age 25 years). Individuals that re-
ceived intravenous lipids achieved significantly higher maximum cholesterol levels during the first
nine weeks of life (4.38 ±1.65 vs. 3.12 ± 0.78 mmol/L, P = 0.006). There were no differences between
the two groups in terms of minimum cholesterol levels in the first nine weeks of life, fasting total
cholesterol levels at age 15 years or at age 25 years. Data shown as mean ± standard error of the
mean.

wave velocity was included as the dependent variable with maximum cholesterol at age 0 to

9 weeks, mean arterial pressure, low density lipoprotein cholesterol, body mass index, and

smoking status in young adult life as independent variables. Maximum cholesterol from age

0 to 9 weeks was an independent predictor of aortic pulse wave velocity in adult life (B =

0.045 log(m/s) / (mmol/L), 95% confidence interval: 0.027 to 0.062, P <0.001). This means

that for every one unit (in mmol/L) increase in postnatal maximum cholesterol levels, there

was a 100.045 fold (or 10.9%) increase in aortic pulse wave velocity in young adulthood. I also

ensured there was no association between recruitment centre and cardiovascular end points

in those who did not receive intravenous lipids, and repeated analysis excluding the recruit-

ment centre with the highest use of intravenous lipids. This did not change the association
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Figure 5.8: An example of a cholesterol curve for an individual who received intravenous lipids for 33
days. As can be seen, there was a two and a half fold increase in total cholesterol levels over a 30 day
period. The total cholesterol levels then returned to baseline.

between intravenous lipid use and cardiovascular endpoints.

5.3.4 Left Ventricular Function

5.3.4.1 Intravenous Lipid Administration

The hypothesis that intravenous lipids were also associated with long-term changes in left

ventricular structure and function was then explored. There were no differences in left ven-

tricular mass indexed for body surface area or ejection fraction in young adult life between

preterm-born individuals that received intravenous lipids and those that did not (67.7 ± 12.5

g/m2 vs 65.7 ± 10.9 g/m2, P = 0.53 and 64.1 ± 5.6% vs 64.0 ± 6.8%, P = 0.98). Data collection

on left ventricular strain, a marker of subclinical variation in left ventricular function, was in-

cluded as part of the protocol part way through the study and was available for a subgroup of

participants (seven who received intravenous lipids and 12 who did not receive intravenous

lipids postnatally). Figure 5.9 demonstrates that individuals born preterm who had received

intravenous lipids postnatally had a significant reduction in myocardial left ventricular cir-

cumferential peak systolic apical strain in young adult life (-17.9 ± -3.3 vs -21.6 ± -1.8%, P

= 0.006). Left ventricular circumferential peak systolic apical strain in the term-born young
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Table 5.7: Bivariable Regression Associations with Log Transformed Aortic Pulse Wave Velocity for
the Full Group of Young Adults Born Preterm

Variable Unstandardised 95% Confidence Interval P Value
Coefficient (B) Lower Bound Upper Bound

Sex -0.010 -0.064 0.045 0.73
Gestational Age 0.00097 -0.014 0.013 0.88
Birth Weight Z score 1.75 x 10−6 -0.029 0.021 0.77
Newborn Days on Ventilation 0.0010 -0.0015 0.0033 0.53
Maximum Cholesterol Level Achieved 0.045 0.029 0.061 <0.001
(Age 0 to 9 Weeks)
Age 0.0070 -0.01 0.025 0.42
Smoking 0.021 -0.040 0.079 0.50
Body Mass Index -0.0011 -0.0057 0.0030 0.49
Waist:Hip Ratio 0.025 -0.27 0.32 0.86
Systolic Blood Pressure 0.0020 -0.0011 0.0040 0.17
Diastolic Blood Pressure 0.0030 -0.0012 0.0053 0.19
Pulse Pressure 0.0010 -0.0016 0.0034 0.58
Mean Arterial Pressure 0.0031 0.0010 0.0056 0.11
Total Cholesterol 0.0030 -0.031 0.037 0.86
HDL Cholesterol 0.013 -0.055 0.081 0.70
LDL Cholesterol -0.020 -0.058 0.018 0.30
Triglycerides 0.0082 -0.043 0.059 0.75

Bolded variables are statistically significant. HDL indicates high density lipoprotein cholesterol; LDL indicates
low density lipoprotein cholesterol.

adult controls was -21.1 ± -2.5%, which differed significantly from the preterm-born young

adults who received intravenous lipids postnatally (P = 0.005), but did not differ significantly

from the preterm-born young adults who did not receive intravenous lipids postnatally (P

= 0.55). Figure 5.10 is an example of left ventricular deformation in young adulthood from

end-diastole (Panel A, left image) to end-systole (Panel A, right image) in a preterm-born in-

dividual that received intravenous lipids in the first nine weeks of life (Figure 5.10 Panel A,

top) and a preterm-born individual that did not receive intravenous lipids in the first nine

weeks of life (Figure 5.10 Panel A, bottom). The associated changes in left ventricular cir-

cumferential peak systolic apical strain throughout the cardiac cycle are shown in Figure

5.10, Panel B.

5.3.4.2 Association with Total Cholesterol Level

The nature of the association between total cholesterol level, intravenous lipid administra-

tion and left ventricular strain in the preterm-born individuals was then explored. Left ven-
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Figure 5.9: Mean apical peak systolic circumferential strain in the left ventricle for preterm-born
young adults (PTYA) that received intravenous lipids (orange) and did not receive intravenous lipids
(blue) in the first nine weeks of life, as well as young adult controls born term (YAT). Preterm-born
individuals that received intravenous lipids postnatally had significantly lower apical peak systolic
circumferential strain in young adulthood than preterm-born individuals that did not receive intra-
venous lipids (-17.9 ± -3.3 vs -21.6 ± -1.8 %, P = 0.006). Left ventricular apical peak systolic circum-
ferential strain in the term-born young adult controls was -21.1 ± -2.5%, which differed significantly
from the preterm-born young adults who received intravenous lipids postnatally (P = 0.005), but did
not differ significantly from the preterm-born young adults who did not receive intravenous lipids
postnatally (P = 0.55). Data shown as box and whisker plot: minimum to maximum.

tricular circumferential peak systolic apical strain was significantly associated with the dose

of intravenous lipids received (r = 0.61, P = 0.006) and the number of days given intravenous

lipids (r = 0.51, P = 0.03) in early postnatal life. Similar to the association between maximum

cholesterol level in the first nine weeks of life and aortic function in young adulthood, there

was a graded association between maximum cholesterol level in the first nine weeks of life

and left ventricular circumferential peak systolic apical strain (r = 0.57, P = 0.01). This as-

sociation was driven by the relationship within the preterm-born individuals that received

intravenous lipids, but there were no associations with other biochemical parameters during
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Figure 5.10: A, Example of a tagged apical short axis slice of the left ventricle during end-diastole
(on the left) and end-systole (on the right) in an individual that received intravenous lipids (top) and
an individual that did not receive intravenous lipids (bottom). Tags are set at end-diastole and ad-
justed at each frame through the cardiac cycle until end-systole to define the degree of myocardial
deformation. B, Examples of the change in apical circumferential strain over the cardiac cycle in the
left ventricle for the two individuals demonstrated in ‘A’ (Intravenous lipids = orange; no intravenous
lipids = blue). The reduction in circumferential strain at end systole implies reduced contraction of
the myocardium.

neonatal life and left ventricular function.

5.3.4.3 Myocardial and Aortic Function

Left ventricular circumferential peak systolic apical strain was also significantly associated

with aortic pulse wave velocity (r = -0.56, P = 0.01) in early adulthood. I therefore explored

whether the changes in left ventricular strain I had identified in the preterm-born young

adults who received intravenous lipids postnatally could be explained by the association be-

tween intravenous lipids and aortic stiffness, or whether these were independent phenom-

ena. In a forced entry regression model with left ventricular circumferential peak systolic

apical strain as the dependent variable and maximum neonatal cholesterol level and aortic

pulse wave velocity in young adult life as independent variables, both maximum cholesterol

level (P = 0.01) and aortic pulse wave velocity (P = 0.05) remained as independent predictors

of left ventricular circumferential peak systolic apical strain.
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5.4 Discussion

This study demonstrates that intravenous lipid exposure during neonatal life in infants born

preterm is related to changes in aortic and left ventricular function in young adult life. Fur-

thermore, the impact on aortic stiffness and left ventricular strain in preterm-born young

adults is graded depending on the maximum cholesterol level attained and amount of time

elevated during this early period of cardiovascular development. These associations are in-

dependent of native cholesterol levels during the first decades of life, suggesting that nu-

tritional elevation of cholesterol in critical periods of early development in preterm-born

individuals may have a direct impact on the cardiovascular system.

Preterm-born infants are at risk of significant morbidity and intravenous lipids are proven

to be beneficial for neonatal brain and central nervous system development [112]. There-

fore, the findings are not necessarily of clinical relevance to the use of intravenous lipids in

this setting. Rather, the interest related to the fact that, because intravenous lipids consist

of triglycerides emulsified by egg phospholipid and glycerol, they are known to lead to vari-

ous hyperlipidaemias including hypercholesterolaemia [113; 115; 183]. Thereby I was able to

make use of this unique clinical situation to explore experimentally the impact in preterm-

born individuals of artificial modification of lipid levels early in life on aortic and cardiac

development. A particular strength of this cohort of preterm-born individuals is that they

had taken part in a randomised trial of milk feeding regimes at birth and therefore other

nutritional influences were controlled for between groups. Furthermore, the cohort had the

advantage of prospective follow-up over a 25 year period with detailed biochemical data dur-

ing the first nine weeks of life, adolescence, and early adulthood, making this investigation

possible to conduct.

A potential limitation might have been that other clinical factors related to the decision

to give intravenous lipids also related to long-term differences in aortic and myocardial func-

tion. Therefore, rather than a comparison of preterm-born individuals who received intra-

venous lipids to those who did not, I designed a nested case-control study that used the
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detailed perinatal data that was available to me in the follow-up group to identify a preterm-

born control group matched for potential confounding characteristics and complications

including maternal history, pregnancy complications, and neonatal care [157]. This was

possible because there was significant variation in clinical use of intravenous lipids between

centres at the time of the study, and therefore, an infant with the same clinical characteristics

may or may not have received intravenous lipids. The detail of data collection also allowed

for the assessment of pregnancy history and postnatal cortisol levels to determine whether

the findings may relate to differences in prenatal or postnatal glucocorticoid exposure [187].

Furthermore, I studied postnatal triiodothyronine levels to ensure that this did not account

for variation in total cholesterol levels in early postnatal life or cardiovascular endpoints in

young adulthood. It is possible that some individuals with selective variation in thyroxin lev-

els or subclinical hypothyroidism, characterised by increased thyroid stimulating hormone,

were not identified. Thus, it is not possible based on the data collected at birth to exclude

the possibility that some of the variation in lipid levels relates to subclinical hypothyroidism

in certain individuals.

The findings are consistent with the rise in endogenous cholesterol induced by the intra-

venous lipids being the key factor in the association rather than other parameters elevated

by intravenous nutrition, such as circulating triglyceride, glucose, or phospholipid levels. To-

tal cholesterol level was the only parameter associated with cardiovascular function and the

association was heavily graded, supporting a dose effect. The analysis of the association be-

tween postnatal intravenous lipid use and the cholesterol curve over the first nine weeks of

life suggests the maximum cholesterol level reflects circulating total cholesterol levels dur-

ing exposure to intravenous lipids. Furthermore, this analysis suggests that this elevation

in total cholesterol is transitory, with a return to baseline levels after the initial intravenous

lipid exposure. Despite these close associations, it is possible that other metabolic changes

induced by intravenous lipid use that were not measured, that are also exclusively reflected

in the change in cholesterol level, may account for these findings. In particular, intravenous

lipid administration results in an elevation of free cholesterol as a result of an exceeded ca-

pacity to clear phospholipid, likely in part due to saturation of the lecithin cholesterol acyl-



CHAPTER 5. POSTNATAL INTRAVENOUS LIPIDS AND CARDIOVASCULAR DEVELOPMENT 80

transferase pathway. This leads to a rise in cholesteryl esters but greater proportional rise in

phospholipid and free cholesterol in the form of lipoprotein X in the low density lipoprotein

fraction [114]. Further work is needed to determine how this alteration in lipid profile and

subsequent clearance by the neonate results in long-term changes in cardiac and vascular

pathophysiology.

Aortic pulse wave velocity was used as the primary endpoint as a ‘gold standard’ mea-

surement of global aortic stiffness [182]. Aortic pulse wave velocity is known to be relevant

to later cardiovascular outcome and improve cardiovascular risk prediction when combined

with other cardiovascular risk factors [182; 188; 189]. Cardiovascular magnetic resonance

provides an accurate and highly reproducible method for pulse wave velocity measurement

[164; 185; 190]. Due to direct visualisation of the aorta, the measure accounts for aortic ge-

ometry and is unaffected by body size, in contrast to other non-invasive methods that rely

on surface measures of distance between measurement sites [191]. Values of aortic pulse

wave velocity depend on methodology used and vary with age. The control groups of young

adults born preterm and term, not exposed to postnatal intravenous lipids, have comparable

aortic pulse wave velocity measures to other similarly aged cohorts measured using cardio-

vascular magnetic resonance [192; 193]. In older cohorts using measures based on carotid-

femoral tonometry mean values as high as 9.3 m/s are reported [182]. Preterm-born young

adults who received intravenous lipids were identified as having a 1.32 m/s (1.47 standard

deviations) greater aortic pulse wave velocity than preterm-born young adults who did not

receive postnatal intravenous lipids or the term-born young adult controls. Outcome data

in relation to aortic pulse wave velocity is not yet available based on measures performed in

young adulthood. Nonetheless, if this magnitude of difference is maintained into later life,

we know from studies based on other methods for assessment of pulse wave velocity that a

1 m/s increase in aortic pulse wave velocity relates to a 14% age and sex adjusted increase

in total cardiovascular events in middle-aged and elderly individuals [194]. The difference

in aortic pulse wave velocity in young adulthood identified between preterm-born individ-

uals that did and did not receive intravenous lipids in early postnatal life is greater than that

associated with other risk factors such as obesity [195] and smoking [185].
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Aortic stiffness is biologically the most plausible intermediate cardiovascular phenotype

to alter long-term following exposure to lipids during this critical period of development

[188]. The most significant changes in aortic stiffness were found to be in the abdominal

aorta. Human post mortem studies have demonstrated that the abdominal aorta is one of

the sites with the greatest amount of lipid deposition [120; 121]. Although fatty streaks tend

to regress after the first year of life, the data in this study would be consistent with a hypothe-

sis that the increased cholesterol evident within the abdominal aortic wall during this critical

period of development has a long-term selective impact on this region of the aorta. As previ-

ously mentioned, the postnatal period in these preterm-born individuals represents a partic-

ularly sensitive period of aortic development that normally occurs during the last trimester.

During this time proportions of elastin and collagen, relevant to arterial stiffness, are estab-

lished within the aortic wall [82]. Lipid exposure, and particularly cholesterol exposure, has

been shown to downregulate elastin and collagen cross-linking in vitro in animal cell mod-

els [196]. Furthermore, Massaeli et al. [197] showed that cholesterol negatively impacts the

organisation of actin and myosin in rabbit aortic vascular smooth muscle cells, relevant to

contractility. Thus, it is reasonable to speculate that postnatal exposure to intravenous lipids

and the resultant endogenous elevation in cholesterol levels in humans could have a similar

impact on the development of the aorta. Alternatively, the lipid exposure during this criti-

cal period may have a direct programming effect on lipid metabolism that leads to chronic

changes in ability to handle a lipid load and persistently elevated postprandial cholesterol

levels. Unfortunately, data on postprandial lipids in later life was not collected, and thus I

am not able to exclude this possibility. As such, a valid alternative hypothesis would be that

the changes in aortic and left ventricular function are the result of this chronic, rather than

acute, damage. Aortic stiffness is of particular relevance to blood pressure [198; 199], and

the trend towards higher blood pressure in the group of preterm-born young adults who re-

ceived intravenous lipids in early postnatal life may be an early indicator of changes that will

amplify over time.

The finding of a relation between abnormally elevated lipid levels in early postnatal life

and left ventricular function in young adulthood in humans is intriguing. Acute direct effects
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of a high lipid diet on left ventricular function have been reported in several animal models

[122; 123; 200]. Whether such insults have long-term effects, and are particularly influen-

tial during early stages of cardiac development, has not been studied. I was able to include

myocardial tagging as a sensitive marker of early changes in myocardial function in a pro-

portion of the young adults. A graded association was demonstrated between intravenous

lipid dose and length of exposure postnatally with a reduction in left ventricular circumfer-

ential peak systolic apical strain. As with the aortic measures, the associated elevation in

cholesterol secondary to intravenous lipid infusion appeared to be the main mediator of the

association and was related in a graded manner to apical systolic strain. This association was

independent of that between aortic stiffness and left ventricular strain. The perinatal stage is

important for the increase in expression of cardiac specific sarcoplasmic reticulum calcium

ATPase and α and β myosin heavy chain contractile proteins (fast and slow contractile AT-

Pase activity, respectively). Huang et al. [122] showed that rabbits fed a high lipid diet had

a significant reduction in myocyte systolic contractile function along with a downregulation

of cardiac specific sarcoplasmic reticulum calcium ATPase expression and a large increase

in the ratio of myosin heavy chain β to α myosin heavy chain expression in the rabbit my-

ocyte. They concluded that altered calcium handling and myocyte heavy chain expression

explained the reduced myocyte contractility in the group fed the lipid rich diet. Ónody et al.

[200] have presented similar findings and it will be of interest to determine whether, in hu-

mans, intravenous lipid exposure during critical periods of early postnatal life have a similar

negative impact on cardiac myocytes.

Cholesterol levels as early as the first few months of life are known to reflect cholesterol

levels in later life [186; 201], and this study demonstrates that a measure of minimum choles-

terol within days of birth can predict fasting cholesterol levels in young adults. However,

intravenous lipids led to a significantly higher level of total cholesterol than in the preterm-

born young adults who did not receive intravenous lipids, and the change in cholesterol was

independent of native cholesterol levels in adolescence and young adulthood. Further work

is also required to understand the relevance of these findings to the narrower nutritional

variation in cholesterol in normal neonatal life. The data showed a graded association be-
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tween neonatal maximum cholesterol level and later cardiovascular function that extended

throughout the range of cholesterol levels. However, although there was a positive graded

association in the group of preterm-born young adults who did not receive postnatal intra-

venous lipids, this relationship did not reach significance. The variation in aortic stiffness

in the group of preterm-born young adults who did not receive postnatal intravenous lipids

was smaller, and similar to the levels in the term-born young adult control group. A larger

study will be needed to explore the impact of normal ranges of cholesterol in neonatal life on

aortic function. The nutritional status of the pregnant mother may also be relevant for the

wider population of term-born individuals as the period during which cholesterol was modi-

fied in the preterm-born invididuals relates to a stage of aortic growth and development that

usually occurs in utero during the last trimester [82; 121].

5.5 Conclusion

In conclusion, the work in this chapter demonstrates that intravenous lipid administration

leads to an artificial elevation of total cholesterol levels in immediate postnatal life in in-

fants born preterm, which is associated with long-term changes in aortic and left ventricular

function proportional to the degree of cholesterol elevation. The preterm neonatal period is

particularly sensitive and there is significant public health interest in the best management

of these infants. The public health relevance of the findings in the wider population also

need to be understood as, for the first time, it has been demonstrated that nutrition high in

lipids during sensitive periods of early human development has a long-term negative impact

on the cardiovascular system.



6
ANTENATAL STEROIDS, AORTIC

STIFFNESS, AND GLUCOSE

METABOLISM

This chapter was designed to demonstrate the impact of antenatal glucocorticoid exposure

on aortic stiffness in young adults born preterm. To do this, I created a nested case-control

study within the cohort of young adults born preterm (cohort 1), based on a similar con-

cept as I used in Chapter 5 to investigate the long-term cardiovascular impact of intravenous

lipids given in early postnatal life. This nested case-control design was used to ensure simi-

lar perinatal and adult characteristics between cases and controls. In addition, 95 term-born

adults (from cohort 2 and cohort 3) were included to create a normal ageing profile for the

aortic measures. Cardiovascular magnetic resonance imaging was used to assess aortic and

left ventricular function. Antenatal glucocorticoid exposure is associated with a localised in-

crease in aortic arch stiffness, similar in magnitude to term-born individuals a decade older.

The change in aortic arch stiffness does not relate to changes in glucose metabolism that

are also evident in these individuals. I have published this work in Pediatrics as a joint first

author [160].

84
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6.1 Introduction

Glucocorticoids are potent regulators of growth and development. In animal studies, tran-

sient glucocorticoid exposure, during critical windows of fetal life, results in long-term alter-

ations in elastin synthesis [202], vascular function [203; 204; 205; 206], baroreceptor function

[207], sympathetic outflow, hypothalamic pituitary adrenal axis, nephrogenesis, the renin

angiotensin system, and glucose homeostasis [208]. Whether in utero exposure to gluco-

corticoids has similar long-term effects in humans has, traditionally, been difficult to study

experimentally. However, preterm birth is a unique clinical scenario in which a range of in-

terventions, including antenatal glucocorticoids, are administered during a critical devel-

opmental period [209; 210; 211; 212; 126]. To date, brachial arterial pressure is the only

vascular measure that has been assessed in young adults exposed to antenatal glucocor-

ticoids, with no evidence of blood pressure elevation [131]. However, it is likely that cuff

sphygmomanometry does not provide a sensitive or specific enough measurement of vas-

cular function for the expected changes within this population group. Animal models have

demonstrated that the aorta is the site most affected, whereby elastin deposition within the

aortic wall is critically altered by glucocorticoid exposure in late gestation [92]. Therefore, I

have used the preterm-born cohort to test the specific hypothesis that in utero glucocorti-

coid exposure in humans leads to long-term alterations in aortic function. Furthermore, I

have determined the relevance of alterations in glucose metabolism, previously observed in

preterm-born young adults exposed to antenatal glucocorticoids [131], to this association.

The degree of aortic stiffening was then related to that observed during ageing in the normal

population to gauge the relative impact of antenatal glucocorticoid exposure on long-term

cardiovascular risk for those born preterm.

In addition, because animal models have also shown an early switch from a myocardial

hyperplastic to hypertrophic growth phase following intravenous administration of cortisol

[133], I also investigated whether antenatal glucocorticoids had effects beyond the vascula-

ture and used cardiovascular magnetic resonance to study long-term alterations in left ven-
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tricular structure and function.

6.2 Methods

6.2.1 Study population

This chapter includes a subgroup of the young adults born preterm (cohort 1). The moth-

ers of 16 preterm-born young adults received antenatal glucocorticoids. Since antenatal

glucocorticoid use varied significantly between recruitment centres (Table 6.1), consistent

with local practice in the 1980s, it was possible to frequency match these individuals to 32

preterm-born young adults whose mothers had not received antenatal glucocorticoids, in a

nested case-control design (Figure 6.1). Frequency matching was performed based on the

variables listed in Table 6.2.

Table 6.1: Percentage of Individuals at the Five UK Centres from the Original Birth Cohort Exposed
to Antenatal Glucocorticoids

Centre Original cohort (n = 926)

1 6.57%
2 21.8%
3 7.58%
4 31.8%
5 11.0%

In addition, 95 term-born individuals aged 20 to 39 years (cohort 2 and cohort 3) were

included to provide age stratified, normal ranges for the aortic outcome measures.

6.2.2 Study Visit

All study participants attended the study in the early morning following a 12 hour overnight

fast. All data were coded with subject and study specific IDs (e.g. EVS001) to ensure anonymity

and blinded analysis. The following methods were used for this chapter as described in detail

in Chapter 3:

• 3.2: Cardiovascular Magnetic Resonance
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102 individuals returned for cardiovascular phenotyping 
at age 22 to 28 years with information on antenatal 

glucocorticoids 
n = 16 (15.7%) were exposed to antenatal glucocorticoids 

926 preterm infants recruited at birth with 
detailed data on perinatal care  

n = 144 (15.6%) were exposed to antenatal 
glucocorticoids 

240 individuals followed up in adolescence with 
agreement to be recontacted 

Subjects who received antenatal glucocorticoids were 
frequency matched in ratio 2 controls : 1 case for age, 

gestational age, birth weight, gender, pregnancy 
complications, and postnatal complications 

CASES – 16 individuals who 
were exposed to antenatal 

glucocorticoids 

CONTROLS – 32 individuals 
who were not exposed to 
antenatal glucocorticoids 

Figure 6.1: Preterm study cohort. Two hundred and forty individuals with agreement to be recon-
tacted from a cohort of 926 individuals (birth weight less than 1,850 g) were invited for cardiovascular
follow-up in young adulthood. Of these, 102 agreed to undergo detailed cardiovascular phenotyping.
Of these, 16 individuals had been exposed to antenatal glucocorticoids and were matched in a 1:2
ratio based on early life characteristics with 32 who were not.

3.2.1: Aortic Imaging

3.2.1.1: Aortic Pulse Wave Velocity

3.2.1.2: Aortic Distensibility

3.2.2: Cardiac Imaging

3.2.2.1: Cardiac Cine Acquisition

3.2.2.2: Left Ventricular Mass and Volumes

• 3.4: Anthropometry and Lifestyle Questionnaire

• 3.5: Blood Sampling and Biochemistry

• 3.7: Blood Pressure Measurements
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Table 6.2: Birth, Parental and Neonatal Characteristics of Preterm-Born Young Adults Exposed and
Not Exposed to Antenatal Glucocorticoids

No Glucocorticoids Glucocorticoids P Value
(n = 32) (n = 16)

Birth Characteristics
Males, n (%) 16 (50.0) 8 (50.0) >0.99
Birth weight, grams 1241.9 ± 250.5 1178.0 ± 283.8 0.43
Birth weight Z score -0.48 ±1.08 -0.58 ± 0.85 0.74
Gestational age, weeks 29.3 ± 1.9 28.9 ± 1.6 0.46
Apgar Score at 5 min 7.25 ± 2.65 6.63 ± 2.19 0.42
Spontaneous Delivery, n (%) 23 (71.9) 12 (75.0) 0.82

Pregnancy Characteristics
Gestational Hypertension 1 (3.13) 0 (0) 0.48
Preeclampsia 7 (21.9) 3 (18.8) 0.8
Maternal Smoking, n (%) 6 (18.8) 3 (18.8) >0.99
Paternal Smoking, n (%) 11 (34.4) 2 (12.5) 0.11

Postnatal Complications
Oxygen Supplementation ≥30%, n (%) 23 (71.9) 11 (68.8) 0.88
Length of Oxygen therapy, days 8.34 ± 12.3 9.38 ± 11.15 0.78
Incidence of Ventilation, n (%) 20 (62.5) 11 (68.8) 0.67
Duration of ventilation, days 6.15 ± 3.8 6.18 ±5.27 0.81
Pneumonia, n (%) 7 (21.9) 3 (18.8) 0.80
Culture positive septic episodes, n (%) 5 (15.6) 4 (25.0) 0.43

Values as Mean ± Standard Deviation unless stated otherwise.

6.2.3 Statistical analysis

Statistical analysis was carried out using SPSS Version 19 as described in Section 3.9 of Chap-

ter 3. As there were 16 preterm-born young adults exposed to antenatal glucocorticoids in

the cohort, it was determined that frequency matching one case to two preterm-born young

adult controls not exposed to antenatal glucocorticoids would provide 80% power, at P =

0.05, to identify a 0.74 standard deviation difference between groups, equivalent to a 0.80

m/s change in aortic pulse wave velocity and 2.60 mmHg−1 x 10−3 change in aortic arch dis-

tensibility.
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6.3 Results

6.3.1 Study population

Table 6.2 demonstrates that there were no significant differences in early life characteristics

between the young adults born preterm that were and were not exposed to antenatal glu-

cocorticoids. Furthermore, as the preterm-born individuals had been randomised to milk

feeding regimes at birth, it was possible to ensure that other dietary intakes that may have

affected the results were equivalent between the preterm-born young adults that did and did

not receive intravenous lipids (Table 6.3). There were also no differences in weight gain in

the first year of life between the preterm-born groups (P = 0.60). In early adult life, there were

no significant differences between groups in age (Table 6.4), family cardiovascular medical

history, personal medical history, or lifestyle (P >0.05). The control group of 95 term-born in-

dividuals consisted of 39 (41%) males, had an average age of 28 years (range: 20 to 39 years),

mean birth weight of 3365.2 ± 494.5 g, and mean gestational age of 39.6 ± 0.9 weeks.

Table 6.3: Number of Individuals Randomised to Banked Breast Milk or Formula in the Preterm-
Born Young Adult Groups

No Glucocorticoids (n = 32) Glucocorticoids (n = 16) P Value

Fed Banked Breast Milk, n (%) 6 (18.8%) 4 (25.0%) 0.62
Fed Formula Milk, n (%) 26 (81.3%) 12 (75.0%)

6.3.2 Antenatal Glucocorticoids and Cardiovascular Risk Factors

There were no significant differences in anthropometry, blood pressure, left ventricular or

lipid profile measures between preterm-born young adults exposed and not exposed to an-

tenatal glucocorticoids (Table 6.4).

There was a significant reduction in β cell function (HOMA-B) in preterm-born young

adults exposed to antenatal glucocorticoids (P = 0.02) (Figure 6.2, Panel C), with lower in-

sulin levels (P = 0.04) and higher glucose levels (P = 0.08) (Figure 6.2, Panels A and B). As

information on fasting glucose and insulin was available for a proportion of subjects (seven
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Table 6.4: Baseline Characteristics of Preterm-Born Individuals in Young Adulthood

No Glucocorticoids Glucocorticoids P Value
(n = 32) (n = 16)

Demographics
Age (years) 24.9 ± 1.3 25.3 ± 0.9 0.31
Males, n (%) 16 (50) 8 (50) >0.99
Smokers, n (%) 5 (15.6) 3 (18.8) 0.75
Body Mass Index (kg/m2) 23.9 ± 3.9 23.3 ± 2.32 0.51

Lipid Profile (mmol/L)
Total Cholesterol 4.76 ± 0.70 5.23 ± 1.06 0.09
HDL-C 1.54 ± 0.35 1.66 ± 0.47 0.36
LDL-C 2.70 ± 0.75 3.00 ± 0.99 0.27
Triglycerides 0.93 ± 0.45 0.93 ± 0.28 >0.99

Peripheral Blood Pressure (mmHg)
Systolic 116.5 ± 11.4 120.8 ± 10.2 0.21
Diastolic 70.6 ± 9.0 71.6 ± 6.3 0.68
Mean Arterial 85.8 ± 8.8 88.0 ± 6.5 0.39
Pulse Pressure 45.7 ± 9.6 49.1 ± 9.4 0.25

Central Blood Pressure (mmHg)
Systolic 106.5 ± 10.5 108.4 ± 8.4 0.54
Diastolic 74.9 ± 7.8 73.7 ± 6.4 0.58
Mean Arterial 85.5 ± 8.2 85.3 ± 6.7 0.93
Pulse Pressure 31.6 ± 6.5 34.7 ± 4.9 0.10

Left Ventricular Measurements
LV Mass (g/m2) 61.1 ± 9.0 62.9 ± 11.2 0.56
Ejection Fraction (%) 61.7 ± 6.2 64.6 ± 4.7 0.13

Cross-sectional Aortic Areas (cm2)
Ascending Aorta 3.91 ± 0.81 3.92 ± 0.89 0.98
Proximal Descending Aorta 2.18 ± 0.50 2.16 ± 0.45 0.94
Distal Descending Aorta 1.68 ± 0.35 1.69 ± 0.40 0.93

Aortic Lengths (cm)
Aortic Arch 8.20 ± 1.07 8.26 ± 0.82 0.84
Total 19.0 ± 2.4 19.3 ± 1.0 0.67

HDL-C indicates high density lipoprotein cholesterol; LDL-C, low density lipoprotein cholesterol; LV, left
ventricular. Values as Mean ± Standard Deviation unless stated otherwise.

cases and 15 controls) from the follow-up at age 15 years, I also investigated whether similar

trends were evident in adolescence. The difference in glucose levels was significant in ado-

lescence (P = 0.03) with a difference in HOMA-B of the same magnitude; although this did

not reach significance (P = 0.20). At this age, levels of insulin were similar between preterm-

born individuals that were and were not exposed to antenatal glucocorticoids. There were

no differences in insulin sensitivity at either age point (HOMA-S) (Figure 6.2, Panel D).
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Figure 6.2: Glucose homeostasis in individuals born preterm at age 15 years and age 25 years. A,
Glucose. B, Insulin. C, HOMA-B. D, HOMA-S. Values shown for preterm-born individuals who were
exposed to antenatal glucocorticoids (red) or were not exposed to antenatal glucocorticoids (blue).
Data shown as mean ± standard error of the mean. Preterm-born young adults exposed to antenatal
glucocorticoids and not exposed to antenatal glucocorticoids compared at age 25 years (n = 16 and n
= 32, Glucocorticoids and No Glucocorticoids) and 15 years (n = 7 and n = 15, Glucocorticoids and No
Glucocorticoids) with a independent samples Student’s t-test (P <0.05, bold).
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6.3.3 Antenatal Glucocorticoids and Aortic Stiffness

I then studied whether antenatal glucocorticoid exposure was associated with variation in

aortic stiffness. There was no significant difference in global aortic pulse wave velocity be-

tween the preterm-born individuals that were and were not exposed to antenatal glucocorti-

coids in young adulthood (P = 0.25). However, aortic pulse wave velocity was 1.02 m/s faster

in the arch of the aorta in young adulthood in those exposed to antenatal glucocorticoids

(P = 0.006) (Figure 6.3, Panel A). This regional increase in aortic stiffness was confirmed by

aortic distensibility measures. There was a significant reduction in aortic arch distensibility

(9.88 ± 3.21 vs 13.6 ± 3.9 mmHg−1 x 103, P = 0.002) and preserved levels more distally along

the aorta (Figure 6.3, Panel B). These results could not be explained by variation in aortic ge-

ometry, including regional aortic cross-sectional areas and lengths (Table 6.4). I also looked

at the flow profiles at the different sections of the aorta by averaging the individual data for

each group separately to ensure there were no differences in the upslope gradient that may

have modified the ability to accurately identify the intercept. The gradient and shape of the

curves were the same in both groups of preterm-born individuals, with the only difference

being the earlier arrival of the pulse wave at the proximal descending aorta in preterm-born

young adults exposed to antenatal glucocorticoids. This finding was consistent with the cal-

culated aortic pulse wave velocity measures (Figure 6.4).

6.3.4 Antenatal Glucocorticoids and Aortic Ageing

The levels of aortic stiffness in the preterm-born young adults were then compared to those

observed in individuals born full term. In the normal population, as age increases, there is a

proportional increase in aortic stiffness in the ascending aorta and aortic arch [213]. There-

fore, age was plotted against ascending aortic distensibility for the 95 subjects born term to

uncomplicated pregnancies aged 20 to 39 years (Figure 6.5). It was demonstrated that there

was a significant, inverse, linear relationship between age and aortic arch distensibility (r =

-0.48, P <0.001). Based on this standard association, I used the mean and standard error of

the mean of aortic arch distensibility observed in the two preterm-born groups to interpo-
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Figure 6.3: Increased aortic stiffness in preterm-born young adults exposed to antenatal glucocor-
ticoids. A, Aortic arch pulse wave velocity for preterm-born young adults who were not exposed to
antenatal glucocorticoids (n = 32) and those that were exposed to antenatal glucocorticoids (n = 16).
Aortic arch pulse wave velocity was log transformed for normal distribution. Aortic arch pulse wave
velocity was significantly higher in the group exposed to antenatal glucocorticoids (5.45 ± 1.41 vs 4.47
± 0.91 m/s, P = 0.006). Data shown as box and whisker: minimum to maximum. B, Regional differ-
ences in aortic distensibility. Ascending aortic distensibility was greatly reduced in the group exposed
to antenatal steroids (9.88 ± 3.21 vs 13.6 ± 3.9 mmHg−1 x 103, P = 0.002), though there were no differ-
ences in stiffness in the proximal descending aorta or distal descending aorta. Data shown as mean
± standard error of the mean.

late ‘aortic ages’. For those not exposed to antenatal glucocorticoids, the interpolated aortic

age was 22.2 ± 1.9 years, similar to the actual mean age of the preterm cohort. For those ex-

posed to antenatal glucocorticoids, the interpolated aortic age was nearly ten years greater

than their chronological age (32.6 ± 2.2 years) (Figure 6.5).

6.3.5 Glucose Homeostasis, Aortic Stiffness, and Antenatal Glu-

cocorticoids

Glucose homeostasis variables were correlated with both ascending aorta distensibility and

aortic arch pulse wave velocity (HOMA-B and aortic arch pulse wave velocity, r = -0.34, P =

0.03; aortic arch distensibility, r = 0.31, P = 0.05) within the preterm-born individuals. Regres-

sion analyses were therefore performed to determine the independence of the association
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Figure 6.4: Oblique saggital image of the aorta with regional flow profiles. Aortic pulse wave velocity
was measured from the ascending aorta (AA) to the proximal descending aorta (PDA) and distal de-
scending aorta (DA). Aortic distensibility was measured at the AA, PDA and DA. Aortic distensibility
= { [ (maximum area of the aorta – minimum area of the aorta) / (minimum area of the aorta)] / cen-
tral pulse pressure } x 103. Flow profiles are shown at the level of the AA, PDA, and DA represent the
average levels of flow during the cardiac cycle for preterm-born young adults exposed to antenatal
glucocorticoids (red) and preterm-born young adults that were not exposed to antenatal glucocorti-
coids (blue).

between antenatal glucocorticoids and aortic stiffness from other factors.

Five variables achieved a correlation with ascending aorta distensibility with a P value

<0.05 and were included in the regression model (Table 6.5). Using forced entry regression

with sex, gestational age, high density lipoprotein cholesterol, antenatal glucocorticoid ex-

posure, and systolic blood pressure as the independent variables, antenatal glucocorticoid

exposure remained as an independent predictor of ascending aorta distensibility (B = -3.39

mmHg−1 x 103/group, 95% confidence interval: -5.36 to -1.42, P = 0.001). Antenatal gluco-

corticoid exposure was a dichotomous categorical variable with preterm-born young adults

not exposed to antenatal glucocorticoids as ‘1’ and those exposed to antenatal glucocorti-

coids as ‘2’.

Using the same method for aortic arch pulse wave velocity, six variables achieved a cor-

relation with aortic arch pulse wave velocity with a P value <0.05 and were included in the
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Figure 6.5: Interpolated aortic ‘age’ of preterm-born young adults who were exposed to antenatal
glucocorticoids and those who were not. Linear regression was used to plot Age vs Aortic Disten-
sibility (black line, with 95% confidence intervals) for a cohort of 95 term-born controls recruited
at age 20 to 39 years who underwent the same experimental protocol as preterm-born individuals.
Data points for term-born individuals are shown as small black diamonds. Fit line with 95% con-
fidence intervals as shown (r = -0.48, P <0.001). The group mean ascending aorta distensibility ±
standard error of the mean was used to interpolate age from the standard curve for preterm-born
young adults who were exposed to antenatal glucocorticoids (red) or were not exposed to antenatal
glucocorticoids (blue). Based on their ascending aortic distensibility, this model estimated the age of
the preterm-born young adults not exposed to antenatal glucocorticoids as 22.2 ± 1.9 years. For the
preterm-born young adults exposed to antenatal glucocorticoids, the aortic ‘age’ was estimated to be
32.6 ± 2.2 years.

regression model (Table 6.6). However, as three of these were blood pressure parameters,

which were closely interrelated, only the most strongly related blood pressure parameter

(systolic blood pressure) to aortic arch pulse wave velocity was included in the regression

model. Using forced entry regression with birth weight Z score, antenatal glucocorticoid ex-

posure, systolic blood pressure, and HOMA-B as the independent variables, antenatal gluco-

corticoid exposure remained as an independent predictor of aortic arch pulse wave velocity

(B = 0.062 log(m/s)/group, 95% confidence interval: 0.0053 x 10−3 to 0.12, P = 0.03). This

means that there was a 100.062 fold (or 15.3%) increase in aortic arch pulse wave velocity in

young adulthood if exposed to antenatal glucocorticoids.
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Table 6.5: Bivariable Regression Associations with Ascending Aorta Distensibility

Variable Unstandardised 95% Confidence Interval P Value
Coefficient (B) Lower Bound Upper Bound

Sex 3.65 1.54 5.77 0.001
Gestational Age 0.69 0.047 1.33 0.04
Birth Weight Z score -0.24 -1.44 0.97 0.69
Newborn Days on Ventilation -0.098 -0.36 0.17 0.46
Antenatal Glucocorticoid Exposure -3.74 -6.00 -1.48 0.002
Age -0.10 -1.10 0.90 0.84
Smoking -0.71 -3.90 2.47 0.65
Body Mass Index -0.027 -0.38 0.32 0.88
Waist:Hip Ratio -9.97 -22.0 2.07 0.10
Systolic Blood Pressure -0.11 -0.21 -0.007 0.04
Diastolic Blood Pressure -0.076 -0.20 0.048 0.23
Pulse Pressure -0.055 -0.16 0.053 0.06
Mean Arterial Pressure -0.12 -0.26 0.012 0.07
Total Cholesterol 0.31 -0.91 1.52 0.61
HDL Cholesterol 4.02 1.06 6.98 0.009
LDL Cholesterol 0.21 -1.04 1.46 0.74
Triglycerides -1.11 -2.52 0.31 0.12
Insulin 0.034 -0.0036 0.071 0.08
Glucose 0.59 -2.31 3.50 0.68
HOMA-B 0.022 -0.014 0.057 0.22
HOMA-S -0.020 -0.043 0.0031 0.09

Bolded variables are statistically significant. HDL indicates high density lipoprotein cholesterol; LDL, low
density lipoprotein cholesterol; HOMA-B, Homeostasis Model Assessment β cell function; HOMA-S,
Homeostasis Model Assessment insulin sensitivity.

6.4 Discussion

This study demonstrates for the first time that young people born preterm, whose mothers

received antenatal glucocorticoids, have a regional increase in aortic stiffness in the ascend-

ing aorta and aortic arch. Furthermore, they have changes in glucose metabolism, which are

independent of the impact of antenatal glucocorticoids on aortic function.

Aortic stiffness predicts future development of hypertension and is an independent pre-

dictor of coronary artery disease, stroke, and mortality [214]. In older adults, a 1 m/s in-

crease in pulse wave velocity relates to a 14% increase in total cardiovascular events [194].

This magnitude of increase in pulse wave velocity is similar to that identified in this study in

aortic arch pulse wave velocity between young adults born preterm that were and were not

exposed to antenatal glucocorticoids. While there are no studies of aortic stiffness in young

populations with long enough follow-up to provide outcome data, increased availability of
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Table 6.6: Bivariable Regression Associations with Aortic Pulse Wave Velocity

Variable Unstandardised 95% Confidence Interval P Value
Coefficient (B) Lower Bound Upper Bound

Sex -0.027 -0.085 0.031 0.36
Gestational Age -0.0047 -0.021 0.012 0.57
Birth Weight Z score -0.028 -0.056 0.0011 0.05
Newborn Days on Ventilation -0.0049 -0.011 0.0015 0.13
Antenatal Glucocorticoid Exposure 0.082 0.024 0.14 0.006
Age 0.0092 -0.015 0.034 0.46
Smoking 0.043 -0.035 0.12 0.27
Body Mass Index 0.0022 -0.0065 0.011 0.62
Waist to Hip Ratio 0.26 -0.037 0.56 0.08
Systolic Blood Pressure 0.0037 0.0012 0.0062 0.004
Diastolic Blood Pressure 0.0031 4.20 x 10−5 0.0061 0.05
Pulse Pressure 0.0015 -0.0012 0.0041 0.27
Mean Arterial Pressure 0.0045 0.0013 0.0077 0.007
Total Cholesterol -0.0025 -0.033 0.028 0.87
HDL Cholesterol -0.046 -0.12 0.032 0.24
LDL Cholesterol 0.0026 -0.028 0.034 0.87
Triglycerides -7.76 -0.044 0.028 0.67
Insulin -0.00068 -0.0016 0.00026 0.15
Glucose 0.059 -0.011 0.13 0.10
HOMA-B -0.00098 -0.0018 -0.0014 0.02
HOMA-S 0.00017 -0.00043 0.0076 0.57

Bolded variables are statistically significant. HDL indicates high density lipoprotein cholesterol; LDL, low
density lipoprotein cholesterol; HOMA-B, Homeostasis Model Assessment β cell function; HOMA-S,
Homeostasis Model Assessment insulin sensitivity.

imaging techniques such as cardiovascular magnetic resonance has demonstrated that age-

ing during the first decades of life is characterised by increases in ascending aortic stiffness

[214; 215]. This phenomenon was also demonstrated in the group of term-born individu-

als. As such, this data was used to determine that preterm-born individuals whose mothers

received antenatal glucocorticoids had levels of aortic stiffness equivalent to adults in their

thirties.

Changes in vascular structural matrix proteins are a key determinant of vascular age-

ing [216], and the third trimester, when antenatal glucocorticoids are given in human preg-

nancy, is the period of most rapid aortic remodeling during life [82]. At this time, there is

accelerated arterial elastin accumulation and cross-linking [92; 217], resulting in an acute

increase in aortic wall stiffness and aortic pulse wave velocity [82; 218]. This is thought to be

a preadaption to the dramatic increase in newborn blood flow after cessation of placental

blood flow and initiation of pulmonary gas exchange. In animal models, antenatal glucocor-
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ticoids modified this maturation process and increased the elastin precursor, tropoelastin, in

the fetal aorta [92]. Furthermore, antenatal glucocorticoids also enhanced the expression of

lysyl oxidase; an enzyme critical in crosslinking elastin and collagen [219]. However, Doppler

studies showed profound increases in fetal blood flow sustained for up to 96 hours following

glucocorticoid exposure [220]. Differential flow exposure during development could lead to

disparity in aortic geometry or upper body vessel formation, which would complicate com-

parisons of aortic stiffness [213]. However, there were no variations in aortic flow patterns

or geometry between the preterm-born groups in this study. As increased flow also drives

elastin accumulation, the observations would be consistent with specific effects of glucocor-

ticoids on elastin maturation. The histological structure of the aorta varies along its length,

allowing it to function as a reservoir and conductive vessel to turn pulsatile into laminar flow

[86], and the ascending aorta is richest in elastin [221; 222]. In Chapter 5, I demonstrated that

postnatal intravenous lipid exposure in preterm-born individuals had a selective impact on

the distal aorta. This region is preferentially associated with lipid accumulation in the arte-

rial wall in neonatal life [160] and, together, these observations highlight the value of detailed

cardiovascular phenotyping to disentangle complex interactions between interventions and

aortic development.

Infants whose mothers received antenatal glucocorticoids have a lower incidence of hy-

potension and decreased need for pressor support postnatally [223; 224], consistent with a

glucocorticoid-induced accelerated maturation of aortic structure. A key advantage of this

maturation is that it optimises central haemodynamic function and preserves myocardial

and cerebral perfusion pressure in neonates born preterm. In the current study, there were

no differences in left ventricular measures related to whether or not subjects were exposed

to antenatal glucocorticoids. However, once these individuals reach later adult life, the de-

gree of increase in aortic stiffness observed is likely to have an adverse cardiovascular effect.

Longer term cardiovascular follow-up in this cohort will therefore be of interest.

Those exposed to antenatal glucocorticoids had a specific reduction in β cell function. A

follow-up study of adults aged 30 years whose mothers took part in a randomised controlled

trial of antenatal betamethasone [131] also demonstrated differences in glucose metabolism
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in response to an oral glucose tolerance test, with higher plasma insulin levels in those ex-

posed to glucocorticoids. Oral glucose tolerance tests were not performed in this study, but

the findings in young adult life were replicated based on samples collected ten years earlier.

The mean gestational age in the preterm-born cohort was 29 weeks, whereas in the previous

study around 30% of individuals were born term. The impact of glucocorticoid exposure on

glucose metabolism may vary with gestational period as glucocorticoid signalling is most

relevant to pancreatic islet formation earlier in fetal development [225]. Further work will be

able to define whether effects vary dependant on dose and time of glucocorticoid adminis-

tration.

A significant strength of this study is the prospective collection of maternal and perinatal

data, which allowed for the identification of a precisely defined cohort of preterm-born in-

dividuals exposed to antenatal glucocorticoids. Although the study is the largest prospective

follow-up study of preterm-born individuals with this level of detail on cardiovascular phe-

notyping in young adulthood, the proportion exposed to antenatal glucocorticoids is rela-

tively small and they were not randomised. However, at the time of recruitment, use varied

significantly between centres. I was therefore able to frequency match cases to controls with

equivalent perinatal characteristics, which would not be possible in younger cohorts due to

widespread use of antenatal glucocorticoids. In the late 1980s and throughout the 1990s,

postnatal glucocorticoids were also used in the United Kingdom to treat preterm-born in-

fants with bronchopulmonary dysplasia [226]. It is possible that postnatal glucocorticoid

exposure may also have detrimental effects on aortic development. However, participants in

this study were recruited prior to this period and thus it is not possible to assess the impact

of this intervention in this cohort. It would have also been of interest to determine whether

those exposed to multiple doses of antenatal glucocorticoids had greater changes in aortic

arch stiffness and β cell function, especially given the conflicting views in the literature as to

the pros and cons of this treatment approach [127; 128; 129]. However, this information was

not available for this cohort but will be of interest and importance for future investigations.

It is possible that antenatal glucocorticoid use has led to survival of infants who would

not have survived otherwise, resulting in a cohort with more severe aortic dysfunction. How-
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ever, the findings remain of clinical relevance to the long-term cardiovascular health man-

agement of those exposed to antenatal glucocorticoids. Interestingly, 30 to 50% of antenatal

glucocorticoid doses are currently given to women who go on to deliver after 34 weeks ges-

tation [131; 212] and, therefore, whose infant may not gain any specific benefit from the

therapy. For instance, Porto et al. [227] demonstrated in a randomised clinical trial of ante-

natal glucocorticoid treatment at 34 to 36 weeks of pregnancies at risk of imminent preterm

delivery that infants whose mothers were randomised to the treatment group showed no re-

duction in the incidence of neonatal respiratory disorders. While other studies have made

similar conclusions, there are also suggestions that infants born after 34 weeks may still ben-

efit from treatment with antenatal glucocorticoids [127; 228]. It will be of interest to under-

stand whether these individuals born near term or at term also have differences in aortic

function in later life.

6.5 Conclusion

Antenatal glucocorticoids for women at risk of preterm delivery are the standard of obstetric

care and reduce postnatal premature infant morbidity. Between 1975 and 2000, the percent-

age of preterm-born infants exposed to antenatal glucocorticoids rose from 8% to 75% [211].

This study demonstrates that, 25 years later, in utero glucocorticoid exposure is associated

with changes in glucose metabolism and localised changes in aortic function in young peo-

ple. Although antenatal glucocorticoids irrefutably improve the survival of preterm-born

infants, the impact on the cardiovascular system may need to be considered in the longer

term care of this population when they reach adulthood.



7
PRETERM BIRTH AND THE ADULT LEFT

VENTRICLE

This chapter sets out to determine if young adults born preterm have altered left ventricular

structure and function. Cardiovascular magnetic resonance and a computational atlas were

used to compare the geometry and function of the left ventricle in the cohort of young adults

born preterm (cohort 1); compared to the cohort of young adults born term (cohort 2); and

the cohort of adults a decade older born term (cohort 3). It was determined that preterm

birth is associated with an increase in left ventricular mass, which is inversely related to ges-

tational age and independent of variation in blood pressure. Preterm-born young adults

also have shorter left ventricles, smaller internal left ventricular cavity diameters, and a dis-

placed left ventricular apex compared to term-born controls. Furthermore, preterm-born

young adults show distinct differences in left ventricular function related to preterm birth,

which is significantly worse in those whose mothers had preeclampsia. I have published this

work in Circulation as the first author [161].

101
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7.1 Introduction

Birth is associated with a switch in cardiomyocyte phenotype from a fetal hyperplastic pat-

tern to neonatal hypertrophic response [98]. Animal models demonstrate this switch in car-

diomyocyte growth pattern also occurs at the time of preterm delivery [111]. Moreover, these

cardiomyocytes, which are still relatively immature during the last trimester, are then ex-

posed to significant flow changes as the low resistance placental circulation transforms into

a high resistance arterial system [109]. Experimental studies demonstrate that, in this set-

ting, cardiomyocytes undergo accelerated hypertrophy with an increase in interstitial my-

ocardial collagen deposition and that the induced changes are sufficient to remodel the left

ventricle [98; 110; 111].

While cardiovascular magnetic resonance allows for accurate non-invasive assessment

of left ventricular structure and function in humans [165], computational atlas formation

has also introduced the possibility to capture three-dimensional geometric variation within

populations to explore risk factor influences [229; 230]. These techniques were used to re-

veal for the first time the impact of preterm birth on long-term changes in left ventricular

structure and function in humans. Furthermore, I went on to investigate whether key peri-

natal factors associated with preterm birth, such as maternal preeclampsia, in utero growth

restriction, days of mechanical ventilation, and variation in postnatal weight gain, had addi-

tional impacts on the left ventricle relevant to adult cardiovascular health.

7.2 Methods

7.2.1 Study Population

This chapter includes all 102 young adults born preterm (cohort 1), 102 young adults born

term frequency matched for age and sex (cohort 2), and 30 adults a decade older frequency

matched for sex (cohort 3). Details of these three cohorts are outlined in Chapter 2.
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7.2.2 Study Visit

All study participants attended the study in the early morning following a 12 hour overnight

fast. All data were coded with subject and study specific IDs (e.g. EVS001) to ensure anonymity

and blinded analysis. The following methods were used for this chapter as described in detail

in Chapter 3:

• 3.2: Cardiovascular Magnetic Resonance

3.2.2: Cardiac Imaging

3.2.2.1: Cardiac Cine Acquisition

3.2.2.2: Left Ventricular Mass and Volumes

3.2.2.3: Left Ventricular Dimensions

3.2.2.6: Left Ventricular Myocardial Deformation

• 3.4: Anthropometry and Lifestyle Questionnaire

• 3.5: Blood Sampling and Biochemistry

• 3.7: Brachial and Aortic Blood Pressure Measurements

7.2.3 Cardiac Atlas for Assessment of Left Ventricular Geometry

Creation of a cardiac statistical atlas of all cardiovascular magnetic resonance images was

undertaken in collaboration with the Department of Computer Science, University of Ox-

ford and Department of Biomedical Engineering, King’s College London based on recently

published methods [230]. The end-diastolic frame from the DICOM file for each slice of the

left ventricular short axis cine stack that included the manually contoured endocardial and

epicardial contours drawn using Argus were retrieved and rebuilt into a single DICOM file

with MatLab R2011b (The Mathworks, Natick, USA) (Figure 7.1 and Figure 7.2). The file was

converted into a binary segmentation image representing the left ventricle, and a mesh was

fitted to this myocardial anatomy, achieving subvoxel accuracy (average fitting error of 1.24
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mm) [230]. The left ventricular anatomy of each subject was then described with a mesh de-

fined by a set of 3456 nodal variables (or degrees of freedom). Principal component analysis

was undertaken to identify the key modes of variation of the shape, reducing the parametric

space for comparisons from 3456 to six dimensions. The left ventricular meshes for the pop-

ulation have been made available to the scientific community at: amdb.isd.kcl.ac.uk [231].

Figure 7.1: General overview of the meshing process.

!

! ! ! ! !

A B C D E 

Figure 7.2: Image and meshing process applied in one of the cardiovascular magnetic resonance
cases. A: Results of the manual segmentation done with Argus post-processing software, retrieved
and visualised in ITK Snap. B: Results of the extraction of the binary mask of the myocardium. C: Mesh
initialisation, comparing the iso surface of the binary mask (red) with the tailored mesh template
(gold semi transparent). D: Customised mesh (white) overlaid to the isosurface of the binary mask
(red). E: Measurement of the fitting error (colour coded from 0 mm (blue) to 5 mm (red)) as the
distance between the contours defined in ‘A’ to the mesh.
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7.2.4 Statistical Analysis

Statistical analysis was carried out using SPSS Version 19 as described in Section 3.9 of Chap-

ter 3. 102 subjects per group provided 80% power at P = 0.05 to identify a 0.38 standard

deviation difference between young adult groups, equivalent to a 10 gram difference in left

ventricular mass, and a 0.58 standard deviation difference between each young adult group

and the older adults. Where multiple comparisons were performed between groups, P val-

ues were adjusted using the Bonferroni method. Comparisons between preterm-born young

adults with term-born young adults were adjusted for age and sex, while comparisons be-

tween preterm-born young adults and term-born young adults with the older term-born

older adults were adjusted for sex.

7.3 Results

7.3.1 Study Population Characteristics

In adult life, there were no significant differences in number of smokers, personal and family

medical history, or lifestyle factors such as socioeconomic status, physical activity or diet (P

>0.05). Adults born preterm were shorter and weighed more than the young adult term-born

individuals (Table 7.1) and had a distinct metabolic profile (Table 7.2). Total and low density

lipoprotein cholesterol, triglyceride, glucose, and insulin levels were also significantly in-

creased in the young adults born preterm compared to the young adults born term. Brachial

and aortic blood pressure parameters were also elevated compared to the term-born indi-

viduals of similar age, with levels similar to term-born adults a decade older (Table 7.2).

7.3.2 Elevated Left Ventricular Mass in Preterm-Born Young Adults

Young adults born preterm had a 19.0 gram higher left ventricular mass and significantly

increased left ventricular mass indexed to body surface area compared to term-born young

adults (left ventricular mass: 121.1 ± 27.3 vs 102.1 ± 26.8 grams, P <0.001 and left ventricular
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Table 7.1: Characteristics of Cohorts

Preterm-born Term-born P Value Term-born P Value P Value
young adults young adults Ψ adults Υ ∆

(n = 102) (n = 102) (n = 30)

Demographics
Gestational Age (wks) 30.3 ± 2.5 39.6 ± 0.9 <0.001 39.8 ± 0.8 <0.001 >0.99
Age (years) 25.1 ± 1.4 25.0 ± 2.6 35.5 ± 1.8
Males, n (%) 47 (46.1) 47 (46.1) 14 (46.7)
Smokers, n (%) 20 (19.6) 20 (19.6) >0.99 3 (10.0) 0.63 0.63

Anthropometrics
Birth weight (g) 1297.0 ± 286.8 3460.0 ± 417.0 <0.001 3301.9 ± 423.9 <0.001 0.33
Height (cm) 169.1 ± 10.0 173.5 ± 9.0 <0.001 169.3 ± 9.6 >0.99 0.01
Weight (kg) 73.0 ± 20.5 69.3 ± 12.5 0.33 79.8 ± 28.9 0.46 0.01
BMI (kg/m2) 24.9 ± 5.4 22.9 ± 3.1 0.003 27.1 ± 9.6 0.33 <0.001
BSA (/m2) 1.81 ± 0.21 1.83 ± 0.20 >0.99 1.84 ± 0.21 >0.99 >0.99
Waist:Hip 0.78 ± 0.10 0.81 ± 0.06 0.91 0.81 ± 0.08 >0.99 >0.99

BMI indicates body mass index; BSA, body surface area.
Values as Mean ± Standard Deviation unless stated otherwise. P values were adjusted using the Bonferroni
method.
Ψ = Preterm-born young adults vs term-born young adults. Comparisons adjusted for age and sex.
Υ = Preterm-born young adults vs term-born adults. Comparisons adjusted for sex.
∆ = Term-born young adults vs term-born adults. Comparisons adjusted for sex.
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Figure 7.3: Left ventricular mass indexed to body surface area. Left ventricular mass indexed to body
surface area was higher in preterm-born young adults (PTYA, blue; 66.5 ± 10.9 g/m2) than young
adults born at term (YAT, green; 55.4 ± 11.4 g/m2, P <0.001) and adults a decade older born at term
(AT, red; 57.0 ± 11.9 g/m2, P <0.001). Left ventricular mass indexed to body surface area of the older
term-born adults did not differ from the young adults born at term (P >0.99). Data shown as box and
whisker plot: minimum to maximum.
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Table 7.2: Biochemistry and Blood Pressure

Preterm-born Term-born P Value Term-born P Value P Value
young adults young adults Ψ adults Υ ∆

(n = 102) (n = 102) (n = 30)

Biochemistry
Total Cholesterol 4.89 ± 1.05 4.23 ± 0.86 <0.001 5.48 ± 1.18 0.03 <0.001
(mmol/L)
HDL-C (mmol/L) 1.53 ± 0.40 1.47 ± 0.41 0.54 1.46 ± 0.39 0.98 >0.99
LDL-C (mmol/L) 2.81 ± 0.93 2.37 ± 0.66 <0.001 3.39 ± 1.00 0.02 <0.001
Triglycerides (mmol/L) 1.12 ± 0.79 0.87 ± 0.40 0.02 1.38 ± 0.91 0.39 0.003
CRP (mmol/L) 2.27 ± 4.02 1.53 ± 3.35 0.5 3.99 ± 7.97 0.12 0.11
Glucose (mmol/L) 5.01 ± 0.43 4.61 ± 0.30 <0.001 5.65 ± 1.60 0.003 <0.001
Insulin (pmol/L) 64.4 ± 42.8 35.6 ± 15.9 <0.001 104.4 ± 89.0 0.006 <0.001

Brachial Blood Pressure
(mmHg)
Systolic 121.3 ± 10.9 112.9 ± 10.1 <0.001 121.7 ± 13.5 >0.99 <0.001
Diastolic 73.0 ± 7.2 68.8 ± 7.0 <0.001 73.9 ± 6.0 >0.99 <0.001
Mean Arterial Pressure 89.1 ± 7.4 83.5 ± 7.1 <0.001 89.8 ± 7.5 >0.99 <0.001
Pulse Pressure 48.4 ± 9.1 44.1 ± 8.5 0.001 47.8 ± 11.3 >0.99 0.12

Aortic Blood Pressure
(mmHg)
Systolic 108.0 ± 10.0 97.4 ± 8.8 <0.001 109.1 ± 10.9 >0.99 <0.001
Diastolic 74.5 ± 7.4 69.6 ± 7.7 <0.001 75.3 ± 7.3 >0.99 <0.001
Mean Arterial Pressure 85.7 ± 7.7 78.9 ± 7.6 <0.001 86.5 ± 8.0 >0.99 <0.001
Pulse Pressure 33.5 ± 7.1 27.7 ± 5.6 <0.001 33.8 ± 7.3 >0.99 <0.001

HDL-C indicates high density lipoprotein cholesterol; LDL-C, low density lipoprotein cholesterol; CRP,
C-reactive protein.
Values as Mean ± Standard Deviation unless stated otherwise. P values were adjusted using the Bonferroni
method.
Ψ = Preterm-born young adults vs term-born young adults. Comparisons adjusted for age and sex.
Υ = Preterm-born young adults vs term-born adults. Comparisons adjusted for sex.
∆ = Term-born young adults vs term-born adults. Comparisons adjusted for sex.

mass index: 66.5 ± 10.9 vs 55.4 ± 11.4 g/m2, P <0.001) (Figure 7.3). Within the preterm group,

the more premature their birth the greater their left ventricular mass in young adult life (r =

-0.22, P = 0.03).

Blood pressure was associated with left ventricular mass in all study groups with brachial

pulse pressure being the most closely related parameter in the young adults born preterm (r

= 0.54, P <0.001), young adults born at term (r = 0.54, P <0.001), and the older term-born

adults (r = 0.68, P <0.001). Therefore, as blood pressure in young adulthood was higher

in those born preterm, I explored to what extent this accounted for their higher left ven-

tricular mass. Initially, as the older term-born adults had similar blood pressure levels to

the preterm group, I compared levels of left ventricular mass between these groups and
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Figure 7.4: Comparison of left ventricular mass indexed to body surface area by equivalent blood
pressure groups.The median brachial pulse pressure (46 mmHg) for the entire population was used
as a cutoff point to divide each subgroup (PTYA = preterm-born young adults, blue; YAT = term-born
young adults, green; AT = term-born adults a decade older, red) into two. Comparison of those with
brachial pulse pressure <46mmHg (n = 44 preterm-born young adults, n = 58 term-born young adults,
and n = 13 term-born adults a decade older) showed that preterm-born young adults had significantly
higher left ventricular mass indexed to body surface area compared to term-born young adults and
term-born adults a decade older (61.2 ± 9.8 vs 51.1 ± 10.7 g/m2, P <0.001, and vs 49.6 ± 10.3 g/m2,
P <0.001). Comparison of those with brachial pulse pressure ≥46mmHg (n = 58 preterm-born young
adults, n = 44 term-born young adults, and n = 17 term-born adults a decade older) showed that
preterm-born young adults had a similar magnitude of elevation of left ventricular mass indexed to
body surface area compared to both YAT and AT (70.5 ± 10.0 vs 61.2 ± 9.8 g/m2, P <0.001, and vs 62.1
± 10.4 g/m2, P = 0.003). Data shown as mean ± standard error of the mean.

found left ventricular mass and left ventricular mass index were significantly higher in the

younger preterm-born adults (P <0.001 and P <0.001) (Figure 7.3) consistent with an im-

pact of preterm birth on left ventricular mass independent of absolute blood pressure levels

alone. To ensure the variation in age between these groups did not confound the compar-

ison, I also carried out a complementary analysis based on a comparison of the impact of

preterm birth with the study participants stratified into high and low blood pressure groups

around the median brachial pulse pressure within the cohort (Figure 7.4). Left ventricular

mass index was higher in those in the higher blood pressure group, consistent with an im-
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pact of blood pressure on left ventricular mass index. However, individuals born preterm had

additional significant increases in left ventricular mass index, irrespective of blood pressure

level, compared to both term-born young adults as well as the older adults born term (61.2

± 9.8 vs 51.1 ± 10.7 g/m2, P <0.001, and vs 49.6 ± 10.3 g/m2, P <0.001 in those with a pulse

pressure <46 mmHg and 70.5 ± 10.0 vs 61.2 ± 9.8 g/m2, P <0.001, and vs 62.1 ± 10.4 g/m2, P

= 0.003 in those with a pulse pressure ≥46 mmHg).

Finally, I used a linear regression model to take account of other potential factors related

to left ventricular mass index within the preterm-born and term-born young adult groups.

Within sets of interrelated variables, such as blood pressure, the variable with the strongest

bivariable correlation was included, leaving six independent variables significantly related

to left ventricular mass index (P <0.05, Table 7.3) to be included in the model (glucose level,

high density lipoprotein cholesterol, waist to hip ratio, sex, brachial pulse pressure, and

preterm birth as a dichotomous categorical variable with young adults born at term as ‘1’

and young adults born preterm as ‘2’). In this model, preterm birth remained an indepen-

dent predictor of left ventricular mass index (B = 10.2 g/m2/group, P <0.001, 95% confidence

interval: 7.48 to 13.0).

7.3.3 Geometric Changes of the Preterm Left Ventricle

Variation in left ventricular geometry was then studied. Principal component analysis was

used to identify the major modes of variation within the three-dimensional meshes gener-

ated from each of the cardiac datasets. All identified modes were numbered in order based

on the amount of variation within the population each accounted for (with mode one ac-

counting for the greatest proportion: 29.8%). When the cohort of preterm-born young adults

was compared to the term-born individuals of similar age, significant differences were ob-

served between groups in the first six modes, with levels of significance for modes one, two,

and five being in the order P = 1 x 10−11 to P = 1 x 10−13 (Figure 7.5). These first six modes

accounted for 84.2% of the variance in left ventricular geometry within the study popula-

tion (Figure 7.6). Four of these modes also reached significance for differences between the
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Table 7.3: Relationship of Variables with Left Ventricular Mass Index in Preterm-Born and Term-
Born Young Adults using Bivariable Regression

Variable Unstandardised 95% Confidence Interval P Value
Coefficient (B) Lower Bound Upper Bound

Preterm Birth 11.1 3.99 7.11 <0.001
Age -0.48 -1.31 0.36 0.26
Sex 13.39 10.44 16.34 <0.001
Smoking -1.70 -6.05 2.66 0.44
Waist:Hip Ratio 47.3 22.6 72.1 <0.001
Total Cholesterol -0.20 -2.06 1.66 0.83
LDL Cholesterol 0.75 -1.49 2.99 0.51
HDL Cholesterol -8.13 -12.4 -3.83 <0.001
Insulin 0.001 -0.06 0.06 0.99
Glucose 8.37 4.15 12.6 <0.001
Triglycerides 2.55 -0.38 5.31 0.09
Brachial Systolic BP 0.52 0.38 0.66 <0.001
Brachial Diastolic BP -0.0031 -0.24 0.23 0.98
Brachial Mean Arterial Pressure 0.35 0.13 0.57 0.002
Brachial Pulse Pressure 0.80 0.64 0.96 <0.001
Aortic Systolic BP 0.40 0.25 0.56 <0.001
Aortic Diastolic BP 0.042 0.18 0.26 0.72
Aortic Mean Arterial Pressure 0.24 0.030 0.45 0.02
Aortic Pulse Pressure 0.92 0.69 0.69 <0.001

Bolded variables are statistically significant. HDL indicates high density lipoprotein cholesterol; LDL, low
density lipoprotein cholesterol; BP, blood pressure.

preterm-born young adults and the older term-born adults, but no modes reached signifi-

cance when the two term-born cohorts were compared (Figure 7.5). Figure 7.7 demonstrates

where the mean of each group lies relative to the other groups in the principal component

analysis parametric space. Separation between preterm-born and term-born offspring is

also evident when individual subject data is plotted in three dimensions (Figure 7.8).

The models that corresponded with plus or minus two standard deviations of the mean

variation for the six modes that differed between individuals born preterm and individuals

born term were then visually assessed. The geometric difference each describes are shown

in Figure 7.7. Preterm-born individuals had significantly shorter ventricles, increased left

ventricular wall thickness, a shift in apex orientation away from the right ventricle, and re-

duced internal left ventricular cavity diameter (Figure 7.7 and Figure 7.9). Several of these

features could be captured by standard clinical left ventricular measures; specifically, left

ventricular length, cavity diameters, and wall thickness at end-diastole. Differences in left

ventricular volumes and these standard measures were confirmed between preterm-born
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Figure 7.5: Comparison of differences in shape between groups by modes of variation of the principal
component analysis. Comparison between groups was performed using a two sided student T test.
The red line indicates P = 0.01. The panel on the left shows a comparison of the preterm-born young
adults (PTYA) and young adults born at term (YAT), demonstrating that the first six modes of variation
differed significantly between groups. The middle panel shows a comparison of the preterm-born
young adults and older adult term-born (AT) groups, demonstrating that modes one, two, five, and six
were significantly different between groups. The panel on the right shows a comparison of the term-
born young adults and older term-born adults, demonstrating no significant differences between
groups.

Figure 7.6: Cumulative variance explained by each mode of variation. The first six modes of variation,
which differed between the preterm-born young adult and term-born young adult groups, explained
84.2% of the variance in left ventricular geometry within the entire population, with mode one ex-
plaining the majority of variance (29.8%).



CHAPTER 7. PRETERM BIRTH AND THE ADULT LEFT VENTRICLE 112

Mode 1 

Mode 2 

Mode 3 

Mode 4 

Mode 5 

Mode 6 

Length 

Wall thickness 

Apex orientation 

Diameter 

-2 SD +2 SD Average 

Figure 7.7: The first six independent modes of variation resulting from the principal component anal-
ysis. In all six cases, the average is at coordinate zero, and is represented by a dark blue cross and the
dark blue left ventricular mesh overlaid to the orange and purple meshes. The orange cross and or-
ange left ventricular mesh represent minus two standard deviations for each mode of variation, and
the purple cross and purple left ventricular mesh represent plus two standard deviations for each
mode of variation. As illustrated here, visual assessment revealed that the modes of variation rep-
resent changes in: one = primarily ventricular length, with a proportion of diameter change; two =
wall thickness; three and four = apex orientation; five = primarily diameter, with a proportion of apex
position; and six = primarily diameter, with a proportion of length change. The stars represent the
principal component analysis coordinates for the average for each group (preterm-born young adults
= blue; term-born young adults = green; older adults born term = red), for each mode of variation.

young adults and term-born individuals (Figure 7.10 and Table 7.6). In view of the com-

bination of increased wall thickness with reduced ventricular cavity size, I also calculated

relative wall thickness and left ventricular mass relative to end-diastolic volume (left ven-

tricular mass / end-diastolic volume) (Table 7.6). 21 individuals born preterm (20.6%) had

a relative wall thickness >0.42 compared to none in either term-born group. Furthermore,

those born preterm had increased left ventricular mass / end-diastolic volume compared to

both term-born groups (P <0.001, Table 7.6), with an inverse association between gestational

age and left ventricular mass / end-diastolic volume (r = -0.36, P <0.001).

Using similar methodology to that presented in Figure 7.3, I explored to what extent

blood pressure accounted for the increase in left ventricular mass / end-diastolic volume

in the young adults born preterm, to ensure that the study conclusions remained consistent.
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Figure 7.8: Distribution of all subjects in the principal component analysis coordinates. Averages
for the groups are indicated by circles (blue = preterm-born young adults; green = term-born young
adults; red = older adults born term). The panel on the left represents the first three modes of variation
(one, two, and three) and the panel on the right represents the next three modes of variation (four,
five, and six).

PTYA YAT AT

Figure 7.9: Statistical average shape for each group. PTYA, blue = preterm-born young adults; YAT,
green = term-born young adults; AT, red = older term-born adults.
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Figure 7.10: Left ventricular volumes. Left ventricular end-diastolic volume indexed to body surface
area was reduced in preterm-born young adults (PTYA, blue; 72.2 ± 9.3 mL/m2) compared to young
adults born at term (YAT, green; 80.2 ± 11.7 mL/m2, P <0.001) and adults a decade older born at term
(AT, red; 81.5 ± 12.9 mL/m2, P <0.001). Similarly, left ventricular systolic volume indexed to body
surface area was reduced in preterm-born young adults (25.7± 5.4 mL/m2) compared to young adults
born at term (29.1 ± 6.4 mL/m2, P <0.001) and adults a decade older born at term (29.0 ± 6.4 mL/m2,
P <0.001). Left ventricular stroke volume indexed to body surface area was also reduced in preterm-
born young adults (46.6 ± 7.4 mL/m2) compared to young adults born at term (51.3 ± 8.9 mL/m2, P
<0.001) and adults a decade older born at term (52.5 ± 8.4 mL/m2, P <0.001). Left ventricular volumes
did not differ between the older term-born adults and the young adults born at term (P >0.99). Data
shown as box and whisker plot: minimum to maximum.

Similar to with left ventricular mass index, brachial pulse pressure was the most closely re-

lated parameter in the young adults born preterm (r = 0.75, P <0.001), young adults born

at term (r = 0.73, P <0.001), and the older term-born adults (r = 0.90, P <0.001). Compar-

ison of those with brachial pulse pressure <46mmHg (n = 44 preterm-born young adults,

n = 58 term-born young adults and n = 13 term-born adults a decade older) showed that

preterm-born young adults had significantly higher left ventricular mass / end-diastolic vol-

ume compared to term-born young adults and term-born adults a decade older (0.87 ± 0.13

g/mL vs 0.68 ± 0.13 g/mL, P <0.001, and vs 0.64 ± 0.10 g/mL, P <0.001). Comparison of those

with brachial pulse pressure ≥46mmHg (n = 58 preterm-born young adults, n = 44 term-born

young adults and n = 17 term-born adults a decade older) showed that preterm-born young
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adults had a similar magnitude of elevation of left ventricular mass / end-diastolic volume

compared to both term-born young adults and term-born adults a decade older (0.97 ± 0.14

g/mL vs 0.72 ± 0.11 g/mL, P <0.001, and vs 0.75 ± 0.14 g/mL, P <0.001).

Linear regression models were used to take into account other potential factors related

to left ventricular end-diastolic volume index and left ventricular mass / end-diastolic vol-

ume within the preterm-born and term-born young adult groups, similar to that used for left

ventricular mass index. Similar to the model used for left ventricular mass index, within sets

of interrelated variables, such as blood pressure and biochemistry parameters, the variable

with the strongest bivariable correlation was included in the model. For left ventricular end-

diastolic volume index, this left five independent variables significantly related to left ven-

tricular end-diastolic volume index (sex, high density lipoprotein cholesterol, insulin, aortic

diastolic blood pressure, and preterm birth as a dichotomous categorical variable with young

adults born at term as ‘1’ and young adults born preterm as ‘2’) to be included in the model

(P <0.05, Table 7.4). In this model, preterm birth remained an independent predictor of left

ventricular end-diastolic volume index (B = -5.85 mL/m2/group, P <0.001, 95% confidence

interval: -8.99 to -2.70). For left ventricular mass / end-diastolic volume, five independent

variables (sex, total cholesterol, glucose, brachial pulse pressure, and preterm birth) were in-

cluded in the model (P <0.05, Table 7.5). In this model, preterm birth remained the strongest

independent predictor of left ventricular mass / end-diastolic volume (B = 0.25 g/mL/group,

P <0.001, 95% confidence interval: 0.20 to 0.30).

7.3.4 Altered Left Ventricular Systolic and Diastolic Function

It was then determined whether there were also changes in left ventricular function related

to being born preterm. End-systolic volume was reduced in the preterm group and stroke

volume was smaller, with the reduction graded according to the degree of prematurity (r

= -0.20, P = 0.05). Although ejection fraction did not differ, myocardial deformation pat-

terns were significantly altered in those born preterm (Table 7.7). Longitudinal peak systolic

strain and peak systolic strain rate were reduced compared to both term-born groups (Figure
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Table 7.4: Relationship of Variables with Left Ventricular End-Diastolic Volume Index in Preterm-
Born and Term-Born Young Adults using Bivariable Regression

Variable Unstandardised 95% Confidence Interval P Value
Coefficient (B) Lower Bound Upper Bound

Preterm Birth -7.94 -10.9 -4.97 <0.001
Age -0.046 -0.81 0.72 0.91
Sex -8.64 -11.6 -5.70 <0.001
Smoking -2.30 -6.28 1.67 0.25
Waist:Hip Ratio 14.4 -7.98 36.7 0.21
Total Cholesterol -3.11 -4.68 -1.54 <0.001
LDL Cholesterol -2.25 -4.21 -0.30 0.02
HDL Cholesterol -7.19 -11.14 -3.24 <0.001
Insulin -0.10 -0.15 -0.056 <0.001
Glucose -2.44 -6.38 1.49 0.22
Triglycerides -1.36 -3.95 1.24 0.30
Brachial Systolic BP 0.063 -0.078 0.20 0.38
Brachial Diastolic BP -0.37 -0.58 -0.16 0.001
Brachial Mean Arterial Pressure -0.18 -0.38 0.026 0.09
Brachial Pulse Pressure 0.35 0.18 0.51 <0.001
Aortic Systolic BP -0.081 -0.23 0.067 0.28
Aortic Diastolic BP -0.40 -0.60 -0.21 <0.001
Aortic Mean Arterial Pressure -0.29 -0.47 -0.10 0.003
Aortic Pulse Pressure 0.33 0.11 0.56 0.004

Bolded variables are statistically significant. HDL indicates high density lipoprotein cholesterol; LDL, low
density lipoprotein cholesterol; BP, blood pressure.

7.11 and Figure 7.12). Furthermore, systolic rotational behaviour varied with reduced basal

and apical rotation rates (Table 7.7). Diastolic myocardial relaxation was also reduced with

slower longitudinal peak diastolic strain rates compared to term-born individuals of similar

age. Interestingly, longitudinal peak diastolic strain rates were reduced in the older adults to

a similar degree as measured in those born preterm (Figure 7.11 and Figure 7.12).

A linear regression model was used to take account of other potential factors related to

left ventricular global longitudinal peak systolic strain within the preterm-born and term-

born young adult groups. Similar to the other regression models, within sets of interrelated

variables, such as blood pressure, the variable with the strongest bivariable correlation was

included in the model. This left two independent variables significantly related to left ven-

tricular global longitudinal peak systolic strain (aortic pulse pressure and preterm birth as

a dichotomous categorical variable with young adults born at term as ‘1’ and young adults

born preterm as ‘2’) to be included in the model (P <0.05, Table 7.8). In this model, preterm

birth remained an independent predictor of left ventricular global longitudinal peak systolic
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Table 7.5: Relationship of Variables with Left Ventricular Mass / End-Diastolic Volume in Preterm-
Born and Term-Born Young Adults using Bivariable Regression

Variable Unstandardised 95% Confidence Interval P Value
Coefficient (B) Lower Bound Upper Bound

Preterm Birth 0.24 0.20 0.28 <0.001
Age -0.0061 -0.018 0.0071 0.38
Sex -0.0078 -0.13 -0.028 0.003
Smoking 0.0062 -0.059 0.071 0.86
Waist:Hip Ratio 0.42 0.061 0.78 0.02
Total Cholesterol 0.028 0.0021 0.055 0.035
LDL Cholesterol 0.032 0.0010 0.064 <0.001
HDL Cholesterol -0.029 -0.095 0.038 0.39
Insulin 0.0011 0.00010 0.0021 0.003
Glucose 0.13 0.065 0.19 <0.001
Triglycerides 0.038 -0.0040 0.080 0.08
Brachial Systolic BP 0.0061 0.0032 0.0081 <0.001
Brachial Diastolic BP 0.0032 -0.0011 0.0062 0.14
Brachial Mean Arterial Pressure 0.0052 0.0021 0.0090 0.001
Brachial Pulse Pressure 0.0085 0.0052 0.012 <0.001
Aortic Systolic BP 0.0062 0.0031 0.0083 <0.001
Aortic Diastolic BP 0.0044 0.0014 0.0069 0.02
Aortic Mean Arterial Pressure 0.0063 0.0024 0.0085 <0.001
Aortic Pulse Pressure 0.0072 0.0044 0.010 <0.001

Bolded variables are statistically significant. HDL indicates high density lipoprotein cholesterol; LDL, low
density lipoprotein cholesterol; BP, blood pressure.

strain (B = 2.81 %/group, P <0.001, 95% confidence interval: 1.62 to 3.99).

7.3.5 Preterm Birth Risk Factors and Left Ventricular Geometry

and Function

To understand whether preterm birth per se or factors linked with being born preterm ac-

counted for the variation in the key geometric (left ventricular mass index, length, and end-

diastolic volume) and functional (longitudinal peak systolic strain, peak systolic strain rate

and diastolic strain rate) variables that differed in those born preterm, I performed further

regression analyses. Firstly, as the preterm-born individuals had been randomised to milk

feeding regimes at birth, it was determined by bivariable regression analyses whether the

dietary group (as a dichotomous categorical variable with banked breast milk as ‘1’ and

formula milk as ‘2’) related to left ventricular structural and functional measures in young

adulthood. It was determined that the dietary group did not relate to differences in left ven-
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Table 7.6: Left Ventricular Volumes and Dimensions

Preterm-born Term-born P Value Term-born P Value P Value
young adults young adults Ψ adults Υ ∆

(n = 102) (n = 102) (n = 30)

ED Volume (mL/m2) 72.2 ± 9.3 80.2 ± 11.7 <0.001 81.5 ± 12.9 <0.001 >0.99
ES Volume (mL/m2) 25.7 ± 5.4 29.1 ± 6.4 <0.001 29.0 ± 6.4 0.01 >0.99
Stroke Volume (mL/m2) 46.6 ± 7.4 51.3 ± 8.9 <0.001 52.5 ± 8.4 <0.001 >0.99
Length (cm) 9.20 ± 0.65 9.81 ± 0.73 <0.001 9.70 ± 0.64 <0.001 >0.99
Luminal Diameter (cm) 5.20 ± 0.47 5.64 ± 0.48 <0.001 5.66 ± 0.34 <0.001 >0.99
External Diameter (cm) 7.33 ± 0.65 7.19 ± 0.64 0.16 7.26 ± 0.43 >0.99 >0.99
Global WT (mm) 9.26 ± 1.40 7.46 ± 1.26 <0.001 7.93 ± 1.26 <0.001 0.07
Anterior WT (mm) 8.21 ± 1.51 6.87 ± 1.51 <0.001 7.39 ± 1.45 0.009 0.15
Anterolateral WT (mm) 8.89 ± 1.74 6.89 ± 1.45 <0.001 7.11 ± 1.50 <0.001 >0.99
Inferolateral WT (mm) 9.40 ± 1.75 7.13 ± 1.53 <0.001 7.52 ± 1.38 <0.001 0.44
Inferior WT (mm) 9.17 ± 1.73 7.22 ± 1.60 <0.001 8.03 ± 1.45 0.003 0.01
Inferoseptal WT (mm) 10.29 ± 1.80 8.56 ± 1.34 <0.001 8.96 ± 1.58 <0.001 0.40
Anteroseptal WT (mm) 9.63 ± 1.79 8.10 ± 1.78 <0.001 8.56 ± 1.68 0.003 0.51
RWT 0.35 ± 0.07 0.26 ± 0.05 <0.001 0.28 ± 0.05 <0.001 0.02
RWT > 0.42, n (%) 21 (20.6) 0 (0) <0.001 0 (0) <0.001 >0.99
Mass/ED Volume (g/mL) 0.93 ± 0.14 0.70 ± 0.12 <0.001 0.70 ± 0.13 <0.001 >0.99

ED indicates end-diastole; ES, end-systole; WT, wall thickness; RWT, relative wall thickness.
Values as Mean ± Standard Deviation unless stated otherwise. P values were adjusted using the Bonferroni
method.
Ψ = Preterm-born young adults vs term-born young adults. Comparisons adjusted for age and sex.
Υ = Preterm-born young adults vs term-born adults. Comparisons adjusted for sex.
∆ = Term-born young adults vs term-born adults. Comparisons adjusted for sex.

tricular structural (mass index: P = 0.81; length: P = 0.36; end-diastolic volume index: P

= 0.93) or functional (longitudinal peak systolic strain: P = 0.45; longitudinal peak systolic

strain rate: P = 0.32; longitudinal peak diastolic strain rate: P = 0.34) measures. I then looked

at whether the mode of delivery (as a dichotomous categorical variable with spontaneous

delivery as ‘1’ and iatrogenic delivery as ‘2’) related to left ventricular structural and func-

tional measures in young adulthood. It was determined that the mode of delivery did not

relate to differences in left structural (mass index: P = 0.96; length: P = 0.91; end-diastolic

volume index: P = 0.99) or functional (longitudinal peak systolic strain: P = 0.25; longitudinal

peak systolic strain rate: P = 0.26; longitudinal peak diastolic strain rate: P = 0.61) measures.

I therefore went on to perform two regression models for each outcome variable. As the

sample size was 102 young adults born preterm, I limited the number of variables included to

five key perinatal characteristics (gestational age, birth weight Z score, postnatal weight gain

in the first two weeks, days of mechanical ventilation, and maternal preeclampsia). Those
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Table 7.7: Left Ventricular Systolic and Diastolic Function

Preterm-born Term-born P Value Term-born P Value P Value
young adults young adults Ψ adults Υ ∆

(n = 102) (n = 102) (n = 30)

Systolic Function
Ejection Fraction (%) 64.5 ± 6.1 64.1 ± 4.9 >0.99 64.3 ± 4.8 >0.99 >0.99
Longitudinal

Strain (%) -14.8 ± 3.2 -17.9 ± 4.1 <0.001 -17.7 ± 5.3 0.003 >0.99
Strain Rate (%/s) -0.90 ± 0.21 -1.06 ± 0.31 <0.001 -1.08 ± 0.31 0.009 >0.99
Displacement (cm) 3.80 ± 1.47 4.71 ± 2.54 0.01 4.23 ± 1.56 0.68 >0.99
Velocity (cm/s) 2.25 ± 0.78 3.09 ± 0.97 <0.001 3.17 ± 1.18 <0.001 >0.99
Circumferential
Basal Strain (%) -21.2 ± 2.9 -21.8 ± 3.2 0.45 -22.2 ± 3.4 0.38 >0.99
Basal Strain Rate (%/s) -1.26 ± 0.21 -1.28 ± 0.24 >0.99 -1.32 ± 0.28 0.63 >0.99
Basal Rotation (◦) -7.21 ± 4.59 -8.81 ± 5.22 0.08 -7.65 ± 4.12 >0.99 0.88
Basal Rotation Rate (◦/s) -46.2 ± 26.4 -60.2 ± 35.4 0.006 -52.1 ± 29.2 >0.99 0.83
Mid Strain (%) -17.9 ± 2.2 -17.7 ± 2.2 >0.99 -18.3 ± 2.2 >0.99 0.61
Mid Strain Rate (%/s) -1.06 ± 0.14 -1.04±0.19 >0.99 -1.09 ± 0.18 >0.99 0.97
Apical Strain (%) -21.6 ± 3.8 -22.1±3.8 >0.99 -22.8 ± 4.0 0.45 >0.99
Apical Strain Rate (%/s) -1.30 ± 0.24 -1.25±0.24 0.39 -1.33 ± 0.24 >0.99 0.40
Apical Rotation (◦) 7.04 ± 4.35 7.95±5.54 0.63 6.13± 4.66 >0.99 0.42
Apical Rotation Rate (◦/s) 46.3 ± 26.2 56.1±30.1 0.05 42.0 ± 22.8 >0.99 0.04
Net Twist Angle (◦) 14.0 ± 6.4 16.9±7.8 0.02 13.5 ± 6.3 >0.99 0.18

Diastolic Function
Longitudinal

Strain Rate (%/s) 0.95 ± 0.35 1.31±0.52 <0.001 1.07 ± 0.31 0.41 0.01
Velocity (cm/s) -2.38 ± 0.81 -3.22±1.36 <0.001 -2.60 ± 1.14 0.84 0.09
Circumferential
Basal Strain Rate (%/s) 1.42 ± 0.24 1.62±0.39 <0.001 1.55 ± 0.42 0.11 >0.99
Basal Rotation Rate (◦/s) 56.7 ± 37.5 71.4±40.5 0.03 73.3 ± 45.7 0.16 >0.99
Mid Strain Rate (%/s) 1.13 ± 0.18 1.13±0.19 >0.99 1.18 ± 0.21 0.59 0.67
Apical Strain Rate (%/s) 1.45 ± 0.36 1.44±0.39 >0.99 1.42 ± 0.34 >0.99 >0.99
Apical Rotation Rate (◦/s) -45.5 ± 27.7 -52.3±41.8 0.57 -48.0 ± 35.3 >0.99 >0.99

Values as Mean ± Standard Deviation unless stated otherwise. P values were adjusted using the Bonferroni
method.
Ψ = Preterm-born young adults vs term-born young adults. Comparisons adjusted for age and sex.
Υ = Preterm-born young adults vs term-born adults. Comparisons adjusted for sex.
∆ = Term-born young adults vs term-born adults. Comparisons adjusted for sex.
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Figure 7.11: Longitudinal peak systolic and diastolic strain rate. Preterm-born young adults (PTYA,
blue) have reduced longitudinal peak systolic strain rate (-0.90 ± 0.21 %/s) compared to both the
young adults born term (YAT, green; -1.06 ± 0.31 %/s, P <0.001) and the older term-born adults (AT,
red; -1.08 ± 0.31 %/s, P = 0.003). However, while longitudinal peak diastolic strain rate in the preterm-
born young adults was still reduced compared to the term-born young adults (0.95 ± 0.35 %/s vs 1.31
± 0.52 %/s, P <0.001), it did not differ from the older adults born term (1.07 ± 0.31 %/s, P = 0.41). Data
shown as box and whisker plot: minimum to maximum.

characteristics that were significant in this model were included in a second model which in-

corporated potentially relevant cardiovascular risk factors in young adulthood (high density

lipoprotein cholesterol, sex, waist-to-hip ratio, glucose, and brachial pulse pressure).

Gestational age was associated with left ventricular structure in the preterm group (Ta-

ble 7.9). For left ventricular mass index, gestational age was the only independent predictor

in model one (P = 0.02) and remained an independent predictor in model two (P = 0.03).

For left ventricular length, gestational age and birth weight Z score were both independent

predictors in model one (P = 0.03 and P = 0.04), but only gestational age remained signifi-

cant in model two (P = 0.02 and P = 0.11). For end-diastolic volume index, gestational age

approached significance in model one (P = 0.08) and was significant in model two (P = 0.05).

Interestingly, when functional variables were modeled, maternal preeclampsia, but not
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Figure 7.12: Example longitudinal strain rate curves for each group. Young adults born term and
older adults born term showed similar longitudinal strain rates in systole, which differed from the
preterm-born young adults. In diastole, longitudinal strain rates were similar for the preterm-born
young adults and older adults born term, which differed from the young adults born term.

Table 7.8: Relationship of Variables with Left Ventricular Global Peak Longitudinal Systolic Strain
in Preterm-Born and Term-Born Young Adults using Bivariable Regression

Variable Unstandardised 95% Confidence Interval P Value
Coefficient (B) Lower Bound Upper Bound

Preterm Birth 3.03 1.96 4.10 <0.001
Age 0.067 -0.21 0.35 0.64
Sex -0.66 -1.83 0.50 0.26
Smoking 0.17 -1.29 1.63 0.82
Waist:Hip Ratio 1.38 -0.68 0.58 0.74
Total Cholesterol 0.31 -0.29 0.91 0.31
LDL Cholesterol 0.35 -0.38 1.07 0.35
HDL Cholesterol -0.14 -1.64 1.36 0.85
Insulin 0.0071 -0.010 0.024 0.40
Glucose 1.01 -0.44 2.45 0.17
Triglycerides 0.036 -0.92 0.99 0.94
Brachial Systolic BP 0.069 0.019 0.12 0.008
Brachial Diastolic BP 0.045 -0.033 0.12 0.26
Brachial Mean Arterial Pressure 0.075 0.0010 0.15 0.05
Brachial Pulse Pressure 0.077 0.014 0.14 0.02
Aortic Systolic BP 0.075 0.022 0.13 0.006
Aortic Diastolic BP 0.047 -0.027 0.12 0.21
Aortic Mean Arterial Pressure 0.069 0.0010 0.14 0.05
Aortic Pulse Pressure 0.12 0.040 0.20 0.004

Bolded variables are statistically significant. HDL indicates high density lipoprotein cholesterol; LDL, low
density lipoprotein cholesterol; BP, blood pressure.
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other variables, accounted for a proportion of variation in longitudinal peak systolic strain

within the preterm group in model one (P = 0.05), and remained significant in model two

(P = 0.05). Nearly a third (n = 29) of the cohort of preterm-born young adults were born to

a pregnancy complicated by preeclampsia. The absolute global peak longitudinal systolic

strain in those born preterm to a preeclamptic pregnancy was -13.8 ± 2.2 % compared to

-15.2 ± 3.4 % in those born preterm to normotensive mothers (P = 0.02, Figure 7.13). This

appeared to be additional to any impact of prematurity on longitudinal peak systolic strain,

as individuals born preterm to normotensive pregnancies still showed a significant reduc-

tion in longitudinal peak systolic strain compared to term-born individuals of similar age (P

<0.001).

Table 7.9: Multivariable Regression Coefficient for Gestational Age in Multiple Regression Models
of Key Left Ventricular Parameters

Model 1 Model 2

95% Confidence 95% Confidence
Interval Interval

B (/gestat- Lower Upper P B (/gestat- Lower Upper P
ional week) Bound Bound Value ional week) Bound Bound Value

LV Mass Index -0.98 -1.92 -0.21 0.02 -0.93 -1.72 -0.14 0.03
(g/m2)
LV Length 0.078 0.01 0.154 0.03 0.068 0.011 0.125 0.02
(cm)*
LV End-Diastolic 0.68 -0.09 1.44 0.08 0.77 0.02 1.56 0.05
Volume (mL/m2)

Model 1 independent variables: gestational age, birth weight Z score, postnatal weight gain in the first two
weeks, days of ventilation, and maternal preeclampsia.
Model 2 independent variables: gestational age, high density lipoprotein, sex, waist to hip ratio, glucose, and
brachial pulse pressure.
*When modeling left ventricular length, birth weight Z score also reached significance in model 1 (P = 0.04)
and was therefore included in model 2, but did not reach significance (P = 0.11).

7.4 Discussion

The findings from this chapter demonstrate for the first time that young adults born preterm

have a unique adverse left ventricular structure and function. Left ventricular mass is sig-

nificantly increased while the left ventricles are shorter, with reduced cardiac volumes and
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Figure 7.13: Longitudinal peak systolic strain for preterm-born young adults (PTYA). Preterm-born
young adults exposed to preeclampsia (PET, darker blue) have reduced longitudinal peak systolic
strain compared to preterm-born young adults born to a normotensive pregnancy (Norm, lighter
blue) (-13.8 ± 2.2 vs -15.2 ± 3.4 %, P = 0.02). Data shown as box and whisker plot: minimum to
maximum.

apical displacement. Furthermore, preterm birth is associated with reductions in systolic,

diastolic, and rotational function, both in systole and diastole. The variation in left ventricu-

lar structure appears to be determined by preterm birth, with the severity of changes graded

according to the degree of prematurity, and not by any specific associated perinatal expo-

sures such as preeclampsia, variation in birth weight, exposure to mechanical ventilation or

growth. In contrast, maternal preeclampsia had an impact on left ventricular systolic func-

tion in addition to that associated with preterm birth.

Increased left ventricular mass index is an independent predictor for cardiovascular mor-

bidity and mortality [232]. The average 19 gram higher left ventricular mass in young adults

born preterm is equivalent to that associated with a 9 kg/m2 increase in body mass index

[233], and in longitudinal studies would equate to greater than 50% increased risk of cardio-

vascular clinical events in later adult life [234; 235]. The major cardiovascular risk previously

identified in those born preterm is their higher blood pressure [51], which could have ac-
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counted for a proportion of the increased left ventricular mass. However, it was found that

for any given level of blood pressure, preterm birth associates with additional significant

increases in left ventricular mass and that the increase in left ventricular mass is graded ac-

cording to the degree of prematurity independent of other perinatal factors. The presence

of increased left ventricular mass in those with hypertension or prehypertension is known

to have independent prognostic significance [235; 236], and those born preterm appear to

have a disproportionate increase in left ventricular mass relative to their blood pressure.

At birth, there is a change in cardiomyocyte development from a fetal to adult arrange-

ment [98; 237], which coincides with an increase in cardiac output and left ventricular end-

diastolic pressure [109; 238; 239]. In preterm birth, this occurs before complete in utero de-

velopment and, in lambs born preterm, exposure of a relatively immature heart to the sus-

tained increase in afterload and fluctuating preload of postnatal circulation resulted in accel-

erated cardiomyocyte hypertrophy while cardiomyocyte number remained static [111; 232].

Consistent with this experimental data, Kozák-Bárány et al. [237] found left ventricular mass

in humans born preterm increases 56% in the first month postnatally compared to 35% in

those born at term. It is possible the increase in those born preterm merely reflected the ex-

pected in utero cardiac growth rate for this point in development. However, my data are con-

sistent with the rapid increase in neonatal left ventricular mass being a pathological event

that persists into adult life.

The decision to use novel computational techniques to build the first atlas of the adult

preterm heart provided a valuable tool to capture and analyse three-dimensional variations

in left ventricular geometry in addition to changes in mass. The method that was applied

was chosen as it, for the first time, allowed the use of a standard 12 slice left ventricular short

axis stack rather than full anatomical (isotropic) cardiovascular magnetic resonance scans.

This meant some smoothing of the meshes occurred to account for slice gaps and shifts, but

is potentially more widely clinically applicable than other mesh creation strategies. The at-

las principal component analysis avoided specific presuppositions about likely measures of

relevance and the findings demonstrate that it was powerful enough to identify and quantify

variation in a range of geometric factors, such as apical position, that would not have been
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captured with standard clinical measures. The last trimester is important for cardiac growth

and it seems plausible that the short ventricle and reduced cavity size relates to the interrup-

tion in development and flow changes seen at preterm birth [237]. Changes in flow patterns

within the heart could additionally account for alterations in apical position. However, api-

cal position was also displaced in older adults suggesting other factors may be relevant.

Preterm-born lambs have a five- to seven-fold increase in interstitial, but not perivascu-

lar, collagen deposition [111], characteristic of myocardial pressure overload [232]. The in-

flammatory cascade of preterm labour has also been proposed to lead to myocardial fibrosis

[240; 241]. These myocardial patterns would be expected to result in changes in diastolic

relaxation, as observed in the preterm-born young adults [242]. The older adults had similar

reductions in diastolic function, and it is possible there are changes in extracellular matrix,

as well as cardiomyocyte appearance and function, within the preterm group, equivalent to

changes observed with ageing.

In addition to diastolic abnormalities, preterm-born young adults showed unique changes

in longitudinal, circumferential, and rotational systolic function [243]. In addition, expo-

sure to preeclampsia is associated with further reductions in left ventricular systolic strain.

Preeclampsia is indicative of placental pathology and insufficiency, which may not be a fea-

ture of other pregnancies that lead to preterm birth. Furthermore, offspring of preeclamp-

tic pregnancies develop with reduced uterine perfusion and relative hypoxia from early in

gestation [142]. In newborn pigs, short-term exposure to hypoxaemia leads to sustained

reduction in longitudinal peak systolic strain [244]. This is thought to be because longitudi-

nal movement is primarily mediated by subendocardial and subepicardial fibres, which are

most susceptible to ischaemia [245; 246]. While animal models of preeclampsia and preg-

nancy hypoxia have consistently shown cardiac effects in the offspring, this is the first study

in humans to confirm a long-term cardiac specific impact of preeclampsia.

As mentioned in Chapter 2, it was not possible to follow-up all those initially recruited

to the preterm infant study in the 1980s. Nevertheless, there were no significant differences

in demographics or perinatal records between those who took part and the full cohort to

suggest any selection bias was introduced (see Table 2.1, Chapter 2). I can be confident of
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this, as a major strength of the study is the prospective nature of data collection with very

detailed information collected at birth. This also allowed me to study the impact of key peri-

natal factors on later cardiac structure. Previous work has shown that birth weight is a risk

factor for coronary heart disease in later life in term-born individuals [163]. It will be of in-

terest to determine whether the haemodynamic changes seen in small for gestational age

term-born individuals also lead to cardiac remodeling patterns similar to those that have

been seen in preterm-born young adults. The study size, although the largest cardiac study

of preterm-born individuals, meant I remained conservative with the number of factors in-

cluded in the multiple regression analyses. It is likely that other key parameters that may

influence left ventricular development will be of interest to investigators and will require

subsequent investigation. At present I have not included left ventricular radial strain results.

Reproducibility of radial strain analysis is currently relatively poor [247], which I showed in

Table 3.6 in Chapter 3, and further development is needed before results can be confidently

reported.

7.5 Conclusion

In summary, this work demonstrates for the first time that individuals born preterm have a

unique left ventricular geometry and function. Whether interventions to modify these vari-

ations in left ventricular structure and function prevent development of cardiac disease in

a growing subgroup of the population will be of future interest. It is known that lifestyle

and pharmacological interventions can be beneficial in older people with cardiovascular

diseases that have increased left ventricular mass or reduced left ventricular function. Drug

interventions are not likely to be suitable for younger people for the prevention of future

problems. However, it is known that loss of weight in young obese individuals improves left

ventricular size and function. Therefore, it is of interest to know whether lifestyle in young

adulthood, or nutrition during the first months of life, may be of relevance to optimise the

long-term cardiac health of preterm-born individuals.



8
RIGHT VENTRICLE STRUCTURE AND

FUNCTION

This chapter was designed to determine whether preterm-born young adults have a unique

right ventricular structure and function. Cardiovascular magnetic resonance was used to

compare the young adult preterm-born cohort (cohort 1); compared to the young adult

term-born cohort (cohort 2); and the term-born adults a decade older (cohort 3). The data

showed that the preterm-born young adults have a unique right ventricular structure and

function. These changes are related to gestational age and postnatal lung health, with stronger

associations with the degree of prematurity than for the left ventricle. I have published this

work in Circulation as the first author [162].

8.1 Introduction

The observations made in Chapter 7 that preterm-born young adults have distinct differ-

ences in left ventricular size, function, and mass [161] are consistent with earlier animal

studies that identified abnormal maturation and accelerated postnatal cardiomyocyte hy-

pertrophy related to preterm birth [111]. Altered cardiomyocytes were also found in right

127
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ventricular tissue [111]. It was therefore hypothesised that preterm birth would be associ-

ated with differences in right ventricular size and function in humans.

In addition, it was predicted that preterm birth would have a greater impact on the right

ventricle than the left. This is because the immature, preterm right ventricular cardiomy-

ocytes will have needed to undergo more extensive remodeling at birth [111]. During the

postnatal period, the right ventricle switches from being a thick walled chamber, that pro-

vides 66% of cardiac output into the systemic circulation through the ductus arteriosus, to

being the thin walled, crescent shaped chamber that supplies the lower pressure pulmonary

circulation [248; 249; 250; 251].

To be able to test these hypotheses, accurate quantification of the complex geometry of

the adult right ventricle was required. Cardiovascular magnetic resonance provides the opti-

mal imaging modality for right ventricular assessment with its capability for high resolution,

multiplanar images that can be analysed without reliance on geometric assumptions [166].

Standardised guidelines have been developed for accurate characterisation of right ventric-

ular volumes and mass with cardiovascular magnetic resonance [166; 252; 253; 254]. These

have been used to study for the first time the long-term impact of preterm birth and related

perinatal factors on the right ventricle.

8.2 Methods

8.2.1 Study Population

This chapter includes all 102 young adults born preterm (cohort 1), 102 young adults born

term frequency matched for age and sex (cohort 2), and 30 adults a decade older frequency

matched for sex (cohort 3). Details of these three cohorts are outlined in Chapter 2.

8.2.2 Study Visit

All study participants attended the study in the early morning following a 12 hour overnight

fast. All data were coded with subject and study specific IDs (e.g. EVS001) to ensure anonymity
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and blinded analysis. The following methods were used for this chapter as described in detail

in Chapter 3:

• 3.2: Cardiovascular Magnetic Resonance

3.2.2: Cardiac Imaging

3.2.2.1: Cardiac Cine Acquisition

3.2.2.2: Right Ventricular Mass and Volumes

3.2.2.4: Right Ventricular Dimensions

3.2.2.6: Right Ventricular Myocardial Deformation

• 3.4: Anthropometry and Lifestyle Questionnaire

• 3.5: Blood Sampling and Biochemistry

• 3.7: Brachial and Aortic Blood Pressure Measurements

8.2.3 Statistical Analysis

Statistical analysis was carried out using SPSS Version 19 as described in Section 3.9 of Chap-

ter 3. 102 subjects per young adult group provided 80% power at P = 0.05 to identify a

0.38 standard deviation difference between young adult groups, equivalent to a 1.34 g/m2

difference in right ventricular mass and 4.75 mL/m2 difference in end-diastolic volume,

and a 0.58 standard deviation difference between each young adult group and the older

adults. Where multiple comparisons were performed between groups, P values were ad-

justed using the Bonferroni method. Comparisons between preterm-born young adults with

term-born young adults were adjusted for age and sex, while comparisons between preterm-

born young adults and term-born young adults with the older term-born older adults were

adjusted for sex. To determine the relative difference compared to the mean for cardiac

measures per gestational week, bivariable regression analyses were performed with the car-

diac parameter as the dependent variable and gestational age as the independent variable.

The unstandardised regression coefficient (B) was then calculated as a percentage of the
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mean of that variable for the preterm group (i.e. for right ventricular mass index, B = -0.67

g/m2/gestational week and mean = 24.5 g/m2, therefore the relative decrease compared to

the mean per gestational week was 0.67/24.5*100% = 2.74%).

8.3 Results

8.3.1 Study Population

In adult life, there were no significant differences in number of smokers, personal and family

medical history, or lifestyle factors such as socioeconomic status, physical activity or diet (P

>0.05). Adults born preterm had a distinct metabolic profile, and brachial blood pressure

parameters were similar to individuals a decade older, and significantly higher than term-

born young adults (Table 8.1).

8.3.2 Right Ventricular Geometry

Preterm-born young adults had smaller right ventricles with reduced right ventricular end-

diastolic volumes compared to both the younger and older groups of term-born adults (Ta-

ble 8.2). This difference was also demonstrated by significantly reduced right ventricular

end-diastolic length and right ventricular internal diameter in the mid-cavity (Table 8.2).

Despite smaller cavities, both the absolute and indexed right ventricular masses were

increased in the preterm-born young adults (24.5 ± 3.5 g/m2) compared to the term-born

young adults (20.4 ± 3.4 g/m2, P <0.001), who had a similar mean right ventricular mass in-

dex to the older term-born adults (21.4 ± 3.3 g/m2, P >0.99) (Figure 8.1). The increase in right

ventricular mass index in the preterm-born young adults was inversely related to gestational

age (r = -0.47, P <0.001). When the preterm-born group was divided by categories of prema-

turity, there was a significant incremental elevation in right ventricular mass of around 10%

between each group (i.e. extremely preterm > very preterm > moderate to late preterm, P

<0.001) (Figure 8.1).



CHAPTER 8. RIGHT VENTRICLE STRUCTURE AND FUNCTION 131

Table 8.1: Characteristics of Cohorts

Preterm-born Term-born P Value Term-born P Value P Value
young adults young adults Ψ adults Υ ∆

(n = 102) (n = 102) (n = 30)

Demographics &
Anthropometrics
Gestational Age 30.3 ± 2.5 39.6 ± 0.9 <0.001 39.8 ± 0.8 <0.001 >0.99
(weeks)
Birth Weight (g) 1297.0 ± 286.8 3460.0 ± 417.0 <0.001 3301.9 ± 423.9 <0.001 0.33
Age (years) 25.1 ± 1.4 25.0 ± 2.6 35.5 ± 1.8
Males, n (%) 47 (46.1) 47 (46.1) 14 (46.7)
BMI (kg/m2) 24.9 ± 5.4 22.9 ± 3.1 0.003 27.1 ± 9.6 0.33 <0.001
Smokers, n (%) 20 (19.6) 20 (19.6) >0.99 3 (10.0) 0.63 0.63

Biochemistry
Total Cholesterol 4.89 ± 1.05 4.23 ± 0.86 <0.001 5.48 ± 1.18 0.03 <0.001
(mmol/L)
HDL-C (mmol/L) 1.53 ± 0.40 1.47 ± 0.41 0.54 1.46 ± 0.39 0.98 >0.99
LDL-C (mmol/L) 2.81 ± 0.93 2.37 ± 0.66 <0.001 3.39 ± 1.00 0.02 <0.001
Triglycerides 1.12 ± 0.79 0.87 ± 0.40 0.02 1.38 ± 0.91 0.39 0.003
(mmol/L)
Glucose (mmol/L) 5.01 ± 0.43 4.61 ± 0.30 <0.001 5.65 ± 1.60 0.003 <0.001
Insulin (pmol/L) 64.4 ± 42.8 35.6 ± 15.9 <0.001 104.4 ± 89.0 0.006 <0.001

Blood Pressure
(mmHg)
Systolic 121.3 ± 10.9 112.9 ± 10.1 <0.001 121.7 ± 13.5 >0.99 <0.001
Diastolic 73.0 ± 7.2 68.8 ± 7.0 <0.001 73.9 ± 6.0 >0.99 <0.001
Mean Arterial 89.1 ± 7.4 83.5 ± 7.1 <0.001 89.8 ± 7.5 >0.99 <0.001
Pressure
Pulse Pressure 48.4 ± 9.1 44.1 ± 8.5 0.001 47.8 ± 11.3 >0.99 0.12

BMI indicates body mass index; HDL-C, high density lipoprotein cholesterol; LDL-C, low density lipoprotein
cholesterol.
Values as Mean ± Standard Deviation unless stated otherwise. P values were adjusted using the Bonferroni
method.
Ψ = Preterm-born young adults vs term-born young adults. Comparisons adjusted for age and sex.
Υ = Preterm-born young adults vs term-born adults. Comparisons adjusted for sex.
∆ = Term-born young adults vs term-born adults. Comparisons adjusted for sex.

Two separate linear regression models were used to take account of other potential fac-

tors related to right ventricular end-diastolic volume index and right ventricular mass index,

comparing preterm-born and term-born young adult groups. Within sets of interrelated

variables, such as blood pressure and biochemistry, the variable with the strongest corre-

lation was included. For right ventricular end-diastolic volume, six independent variables

were included in the model (sex, waist to hip ratio, high density lipoprotein cholesterol, in-

sulin, aortic diastolic blood pressure, and preterm birth as a dichotomous categorical vari-

able with the term-born young adults as ‘1’ and the preterm-born young adults as ‘2’) (Table
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Table 8.2: Right Ventricular Volumes and Dimensions

Preterm-born Term-born P Value Term-born P Value P Value
young adults young adults Ψ adults Υ ∆

(n = 102) (n = 102) (n = 30)

ED Volume (mL/m2) 79.8 ± 13.2 88.5 ± 11.8 <0.001 87.9 ± 16.6 0.01 >0.99
ES Volume (mL/m2) 34.1 ± 7.2 35.6 ± 7.7 0.35 34.9 ± 9.7 >0.99 >0.99
Stroke Volume (mL/m2) 45.8 ± 10.5 52.9 ± 7.2 <0.001 53.0 ± 9.4 0.003 >0.99
ED Length (cm) 8.47 ± 0.81 8.97 ± 0.76 <0.001 8.97 ± 0.76 0.006 >0.99
Internal Diameter 1 (cm) 3.08 ± 0.52 3.16 ± 0.51 0.68 3.14 ± 0.57 >0.99 >0.99
Internal Diameter 2 (cm) 4.28 ± 0.52 4.63 ± 0.55 <0.001 4.60 ± 0.56 0.007 >0.99

ED indicates end-diastolic; ES, end-systolic; Internal Diameter 1, the internal diameter measurement within
the basal third of the right ventricle; Internal Diameter 2, the internal diameter measurement at the level of
the right ventricular papillary muscles.
Values as Mean ± Standard Deviation unless stated otherwise. P values were adjusted using the Bonferroni
method.
Ψ = Preterm-born young adults vs term-born young adults. Comparisons adjusted for age and sex.
Υ = Preterm-born young adults vs term-born adults. Comparisons adjusted for sex.
∆ = Term-born young adults vs term-born adults. Comparisons adjusted for sex.
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Figure 8.1: Elevated right ventricular mass in preterm-born young adults. Preterm-born young adults
(PTYA) were divided by gestational age category. Right ventricular mass index was higher in the more
preterm gestational age categories (ANOVA P <0.001). Right ventricular mass index tended to be
greater in the extremely preterm group (<28 weeks, n = 14; 27.1 ± 3.3 g/m2) than the very preterm
group (28 to 31 weeks, n = 56; 25.1 ± 3.1 g/m2, P = 0.14), which was significantly greater than in the
moderate to late preterm group (32 to 36 weeks, n = 32; 22.5 ± 3.2 g/m2, P <0.001). Right ventricular
mass index was increased in the preterm-born young adults (24.5 ± 3.5 g/m2) compared to both the
term-born young adults (YAT, green; 20.4 ± 3.4 g/m2, P <0.001) and term-born adults a decade older
(AT, red; 21.4 ± 3.3 g/m2, P <0.001). Data shown as box and whisker plot: minimum to maximum.
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8.3). In this model, preterm birth remained an independent predictor of right ventricular

end-diastolic volume index (B = -5.71 mL/m2/group, P = 0.002, 95% confidence interval: -

9.28 to -2.15). For right ventricular mass index, six independent variables were included in

the model (sex, smoking, high density lipoprotein cholesterol, glucose, aortic pulse pressure,

and preterm birth) (Table 8.4). Preterm birth once again remained an independent predictor

of right ventricular mass index in this model (B = 3.87 g/m2/group, P <0.001, 95% confidence

interval: 2.73 to 5.02).

Table 8.3: Relationship of Variables with Right Ventricular End-Diastolic Volume Index in Preterm-
Born and Term-Born Young Adults using Bivariable Regression

Variable Unstandardised 95% Confidence Interval P Value
Coefficient (B) Lower Bound Upper Bound

Preterm Birth 8.71 5.21 12.2 0.002
Age 0.15 -0.74 1.04 0.73
Sex -11.52 -14.9 -8.17 <0.001
Smoking -1.96 -6.62 2.69 0.41
Waist:Hip Ratio 36.0 10.2 61.7 0.006
Total Cholesterol -2.71 -4.57 -0.84 0.005
LDL Cholesterol -1.85 -4.15 0.45 0.11
HDL Cholesterol -8.91 -13.5 -4.31 <0.001
Insulin -0.13 -0.18 -0.078 <0.001
Glucose -5.06 -9.61 -0.50 0.03
Triglycerides 1.38 -1.65 4.42 0.37
Brachial Systolic BP -0.0031 -0.67 0.16 0.98
Brachial Diastolic BP -0.46 -0.71 0.22 <0.001
Brachial Mean Arterial Pressure -0.28 -0.52 -0.047 0.02
Brachial Pulse Pressure 0.25 -0.015 0.52 0.06
Aortic Systolic BP -0.18 -0.35 -0.0061 0.04
Aortic Diastolic BP -0.52 -0.74 -0.29 <0.001
Aortic Mean Arterial Pressure -0.41 -0.62 -0.19 <0.001
Aortic Pulse Pressure 0.31 0.11 0.51 0.003

Bolded variables are statistically significant. LDL indicates low density lipoprotein; HDL, high density
lipoprotein; BP, blood pressure.

8.3.3 Right Ventricular Function

Stroke volume was reduced in preterm-born young adults compared to both term-born young

adults (P <0.001) and older term-born adults (P = 0.003) (Table 8.2). Similarly, ejection

fraction was significantly reduced in preterm-born young adults (57.0 ± 7.6%) compared

to term-born young adults (60.0 ± 5.3%, P = 0.006) and term-born adults a decade older
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Table 8.4: Relationship of Variables with Right Ventricular Mass Index in Preterm-Born and Term-
Born Young Adults using Bivariable Regression

Variable Unstandardised 95% Confidence Interval P Value
Coefficient (B) Lower Bound Upper Bound

Preterm Birth 4.12 3.15 5.09 <0.001
Age 0.053 -0.22 0.32 0.70
Sex -1.90 -3.03 -0.84 <0.001
Smoking 1.44 0.036 2.85 0.04
Waist:Hip Ratio 3.04 -4.93 11.01 0.45
Total Cholesterol -0.018 -0.60 0.56 0.95
LDL Cholesterol 0.072 -0.63 0.78 0.84
HDL Cholesterol -1.68 -3.11 -0.24 0.02
Insulin 0.004 -0.013 0.021 0.65
Glucose 1.97 0.60 3.35 0.005
Triglycerides 0.23 -0.70 1.15 0.63
Brachial Systolic BP 0.13 0.086 0.18 <0.001
Brachial Diastolic BP 0.074 -0.021 0.15 0.06
Brachial Mean Arterial Pressure 0.14 0.066 0.21 <0.001
Brachial Pulse Pressure 0.16 0.016 0.21 <0.001
Aortic Systolic BP 0.13 0.077 0.18 <0.001
Aortic Diastolic BP 0.048 -0.024 0.12 0.19
Aortic Mean Arterial Pressure 0.099 0.032 0.17 0.004
Aortic Pulse Pressure 0.24 0.17 0.31 <0.001

Bolded variables are statistically significant. LDL indicates low density lipoprotein; HDL, high density
lipoprotein; BP, blood pressure.

(60.3 ± 5.3%, P = 0.04) (Figure 8.2). Although only a 3% absolute difference in mean ejec-

tion fraction between groups, there was a greater spread of values in the group of young

adults born preterm such that 21% of preterm-born individuals had an ejection fraction be-

low the lower limit of normality defined by the young adult control group. Indeed, six out of

the 102 preterm-born individuals (5.88%) had values that fell below the clinically accepted

normal range (<45%) and would be defined as having mild right ventricular systolic dysfunc-

tion (range: 41.7 to 44.6%). Furthermore, 15.7% of the preterm-born young adults fell below

the 95% confidence interval for right ventricular ejection fraction defined by Maceira et al.

[255], with none of the term-born individuals falling below this interval. In a linear regression

model for right ventricular ejection fraction, only two independent variables were included

in the model (aortic pulse pressure and preterm birth as a dichotomous categorical variable

with the term-born young adults as ‘1’ and the preterm-born young adults as ‘2’) as they

were the only two variables that reached significance in bivariable regression with ejection

fraction (Table 8.5). Preterm birth remained an independent predictor of ejection fraction
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(B = -2.46%/group, P = 0.02, 95% confidence interval: -4.49 to -0.44).
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Figure 8.2: Reduced ejection fraction in preterm-born young adults. Ejection fraction was signifi-
cantly reduced in preterm-born young adults (PTYA, blue; 57.0± 7.6%) compared to term-born young
adults (YAT, green; 60.0 ± 5.3%, P = 0.006) and term-born adults a decade older (AT, red; 60.3 ± 5.3
%, P = 0.04). The dotted line indicates the lower range of normal right ventricular ejection fraction
(45%). Six out of the 102 preterm-born individuals (5.88%) had an ejection fraction <45%. Data shown
as individual values with mean and range: minimum to maximum.

In agreement with the reduction in right ventricular ejection fraction, right ventricu-

lar shortening was reduced in preterm-born young adults (21.4 ± 4.7%) compared to both

term-born groups (young adults: 25.5 ± 4.1%, P <0.001; older adults: 25.1 ± 4.9%, P <0.001).

Furthermore, longitudinal peak systolic strain and peak systolic strain rate were reduced in

preterm-born young adults (strain: -17.5 ± 3.4%; strain rate: -1.03 ± 0.23%/s) compared to

the term-born young adults (strain: -20.5 ± 3.3%, P <0.001; strain rate: -1.31 ± 0.29%/s, P

<0.001) and the older term-born adults (strain: -19.8 ± 2.9%, P = 0.002; strain rate: -1.23 ±
0.33%/s, P <0.001) (Figure 8.3, Panels A and B). Interestingly, peak diastolic strain rate was

also reduced in preterm-born young adults (1.09 ± 0.30%/s) compared to the term-born
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Table 8.5: Relationship of Variables with Right Ventricular Ejection Fraction in Preterm-Born and
Term-Born Young Adults using Bivariable Regression

Variable Unstandardised 95% Confidence Interval P Value
Coefficient (B) Lower Bound Upper Bound

Preterm Birth -2.94 -4.78 -1.11 0.002
Age 0.25 -0.20 0.70 0.27
Sex 1.23 -0.65 3.10 0.20
Smoking 0.61 -1.76 2.97 0.61
Waist:Hip Ratio 2.11 -11.2 15.4 0.76
Total Cholesterol 0.20 -0.77 1.17 0.68
LDL Cholesterol 0.32 -0.85 1.50 0.59
HDL Cholesterol -1.29 -3.71 1.13 0.29
Insulin 0.021 -0.0061 0.049 0.13
Glucose -0.53 -2.87 1.80 0.65
Triglycerides 0.25 -1.29 1.79 0.75
Brachial Systolic BP -0.016 -0.099 0.068 0.71
Brachial Diastolic BP 0.037 -0.091 0.17 0.57
Brachial Mean Arterial Pressure 0.074 -0.021 0.15 0.06
Brachial Pulse Pressure 0.074 -0.021 0.15 0.06
Aortic Systolic BP -0.032 -0.12 0.055 0.47
Aortic Diastolic BP 0.060 -0.060 0.18 0.33
Aortic Mean Arterial Pressure 0.018 -0.095 0.13 0.75
Aortic Pulse Pressure -0.16 -0.29 -0.022 0.02

Bolded variables are statistically significant. LDL indicates low density lipoprotein; HDL, high density
lipoprotein; BP, blood pressure.

young adults (1.28 ± 0.43%/s, P = 0.001), who had similar rates to the older adult group (1.22

± 0.32, P >0.99).

8.3.4 Comparisons Between the Right and Left Ventricles

The changes observed in right ventricular size and function in preterm-born young adults

were then compared to those previously reported in the same individuals for the left ventri-

cle [161]. Right ventricular dimensions and volumes were very closely related to the equiv-

alent left ventricular measures (end-diastolic volume: r = 0.73, P <0.001; length: r = 0.85, P

<0.001); consistent with preterm birth being associated with global changes in myocardial

dimensions. There was a more moderate agreement for mass (r = 0.41, P <0.001), and the

amount of variation in ventricular mass accounted for by preterm birth was greater for the

right ventricle than for the left ventricle. For each week shorter the gestation, there was a

2.74% relative increase in right ventricular mass, compared to a 1.47% increase in left ven-
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Figure 8.3: Reduced peak systolic strain and strain rate in preterm-born young adults. A, Longitudinal
peak systolic strain was reduced in preterm-born young adults (-17.5 ± 3.4%) compared to the term-
born young adults (-20.5 ± 3.3%, P <0.001) and the older term-born adults (-19.8 ± 2.9%, P = 0.002).
B, Longitudinal peak systolic rate was reduced in preterm-born young adults (-1.03 ± 0.23%/s) com-
pared to the term-born young adults (-1.31 ± 0.29%/s, P <0.001) and the older term-born adults (-1.23
± 0.33%/s, P <0.001). Data shown as box and whisker plot: minimum to maximum.

tricular mass (Figure 8.4). Stroke volume was similar between ventricles (45.8 ± 10.5 vs 46.6

± 7.4 mL/m2, P = 0.53), and there was a moderate agreement in systolic ejection fraction

between left and right ventricles (r = 0.40, P <0.001). Although preterm birth had been asso-

ciated with changes in myocardial deformation in the left ventricle, there were no differences

in ejection fraction. In contrast, there was a significant 2.51% relative decline in right ven-

tricular ejection fraction in adult life for each week shorter the gestation of the individual;

consistent with a greater impact of preterm birth on the right ventricle than the left ventri-

cle.

8.3.5 Perinatal Risk Factors and the Right Ventricle

Bivariable regression analyses were then performed to identify key perinatal and adult fac-

tors related to right ventricular mass index, end-diastolic volume index, and ejection fraction

(Table 8.6). As the preterm-born individuals had been randomised to milk feeding regimes
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Figure 8.4: Percent change per gestational week in cardiac measures in the preterm-born group. For
each week shorter the gestation, there was a 2.74% (P <0.001) relative increase in right ventricular
mass index in young adulthood, compared to a 1.47% (P = 0.03) increase in left ventricular mass in-
dex. For ejection fraction, there was a significant 2.51% (P <0.001) relative decline in right ventricular
ejection fraction in adult life for each week shorter the gestation of the individual, with no significant
decline for the left ventricle (P = 0.41).

at birth, it was determined by bivariable regression analyses whether the dietary group (as

a dichotomous categorical variable with banked breast milk as ‘1’ and formula milk as ‘2’)

related to right ventricular structural and functional measures in young adulthood. It was

determined that the dietary group did not relate to differences in right ventricular measures

(Table 8.6).

The results of these independent bivariable regression analyses were used to select vari-

ables for multivariable regression analyses. As the sample size was 102 individuals, the num-

ber of variables was limited in each model to the five strongest related in the bivariable

regression analyses. Of perinatal factors, gestational age, birth weight Z score, postnatal

days of ventilation, antenatal glucocorticoid exposure, and presence of a clinically signifi-

cant patent ductus arteriosus in the neonatal period were included in the first model. Any
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Table 8.6: Bivariable Regression Coefficient for Perinatal and Adult Risk Factors and Key Right
Ventricular Parameters

Mass Index End-Diastolic Ejection Fraction
Volume Index

Coefficient P Coefficient P Coefficient P
(B) Value (B) Value (B) Value

Perinatal Factors
Gestational Age -0.67 <0.001 1.39 0.01 1.43 <0.001
Birth Weight Z Score 0.70 0.02 -1.63 0.15 -1.92 0.002
Mode of Delivery -0.60 0.44 0.97 0.23 2.70 0.34
Ventilation 0.19 <0.001 -0.18 0.33 -0.25 0.02
Patent Ductus 1.05 0.23 -7.47 0.02 -3.16 0.09
Arteriosus
Apgar Score (1 min) -0.24 0.14 0.10 0.87 0.59 0.08
Apgar Score (5 mins) -0.29 0.09 -0.59 0.36 0.40 0.28
Postnatal Infections 0.56 0.76 0.72 0.92 -1.92 0.37
Maternal Preeclampsia -0.99 0.21 2.48 0.40 1.11 0.52
Antenatal Steroid 1.90 0.04 1.23 0.72 -3.65 0.07
Exposure
Received Postnatal 0.027 0.51 -0.16 0.28 -0.057 0.52
Intravenous Lipids
Trial Diet Group 0.38 0.60 -0.75 0.46 -1.10 0.69
Maternal Smoking 0.015 0.76 0.29 0.11 -0.055 0.60
(1st Trimester)
Maternal Smoking 0.071 0.28 0.17 0.50 -0.051 0.72
(2nd & 3rd Trimesters)

Adult Factors
Smoking 0.74 0.10 -1.38 0.68 -0.73 0.71
Waist:Hip Ratio 1.58 0.72 45.6 0.005 9.12 0.34
Sex -1.27 0.07 -11.7 <0.001 0.29 0.86
Total Cholesterol -0.62 0.08 -0.27 0.84 0.33 0.67
LDL Cholesterol -0.68 0.09 0.16 0.92 0.34 0.70
HDL Cholesterol -1.52 0.11 -7.41 0.06 -2.95 0.15
Insulin -0.019 0.03 -0.065 0.05 0.044 0.02
Glucose -0.041 0.96 2.00 0.55 1.43 0.46
Triglycerides -0.31 0.52 2.95 0.08 0.53 0.61
Brachial SBP 0.10 0.002 0.17 0.17 0.092 0.20
Brachial DBP 0.089 0.073 -0.11 0.55 0.17 0.11
Brachial MAP 0.099 0.05 0.045 0.80 0.17 0.09
Brachial PP 0.083 0.03 0.31 0.03 0.017 0.84
Aortic SBP 0.072 0.05 0.14 0.31 0.11 0.15
Aortic DBP 0.041 0.41 -0.22 0.22 -0.073 0.51
Aortic MAP 0.066 0.16 -0.064 0.72 0.23 0.03
Aortic PP 0.13 0.002 0.54 0.004 0.26 0.01

Bolded P values are statistically significant (<0.05). Coefficient (B) indicates the unstandardised bivariable
regression coefficient; SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure;
PP, pulse pressure.
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Table 8.7: Multivariable Regression Coefficient for Gestational Age in Multiple Regression Models
of Key Right Ventricular Parameters

Model 1 Model 2

95% Confidence 95% Confidence
Interval Interval

B (/gestat- Lower Upper P B (/gestat- Lower Upper P
ional week) Bound Bound Value ional week) Bound Bound Value

RV Mass Index -0.52 -0.88 -0.16 0.003 -0.48 -0.79 -0.17 0.003
(g/m2)*
RV ED Volume 1.33 -0.15 2.81 0.08 1.80 0.83 2.77 <0.001
Index (mL/m2)
RV Ejection 1.17 0.37 1.96 0.005 1.31 0.70 1.92 <0.001
Fraction (%)

Model 1 independent variables: gestational age, birth weight Z score, days of ventilation, antenatal
glucocorticoid exposure, and clinically significant patent ductus arteriosus.
Model 2 independent variables: gestational age, sex, waist-to-hip ratio, insulin, and aortic pulse pressure.
RV indicates right ventricle; ED, end-diastolic.
*When modeling right ventricular mass index, ventilation also reached significance in model 1 (P = 0.03) and
was therefore included in model 2, nearly reaching significance (P = 0.06).

significant independent characteristics were then carried over to a second model that incor-

porated four adult factors related to right ventricular indices: waist-to-hip ratio, sex, insulin,

and aortic pulse pressure. For right ventricular mass index, both gestational age and venti-

lation were independent predictors in model one (P = 0.003 and P = 0.03), with ventilation

just losing significance in model two (P = 0.003 and P = 0.06) (Table 8.7). For right ventric-

ular end-diastolic volume index, gestational age was the only variable that nearly reached

significance in model one (P = 0.08) and became significant in model two (P <0.001). Gesta-

tional age was the only independent predictor in model one (P = 0.003) for right ventricular

ejection fraction, and remained significant in model two (P <0.001).

8.4 Discussion

Young adults born preterm have reduced right ventricular ejection fraction with nearly 6%

having systolic function below the clinically accepted lower limit of normal. They also have

smaller right ventricles but increased right ventricular mass, similar to changes reported in

the left ventricle. Although changes in both the left and right ventricle are graded by degree

of prematurity, consistent with a global impact of preterm birth on the myocardium, the
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variation in right ventricular parameters is greater, with twice the relative change in mass

per gestational week compared to the left ventricle.

Right ventricular systolic function is of independent and additive prognostic value in

chronic heart failure and is one of the most powerful predictors of mortality in left heart

failure [256]. Therefore, changes in right ventricular structure and function may not only

serve as a sensitive marker of subclinical pulmonary or left ventricular disease, but may also

directly contribute to the onset of clinical heart failure [257]. It is plausible that right ven-

tricular pathophysiological changes, present from so early in life, may have a greater impact

on cardiac function in later life [232; 256]. It is known that, over time, right ventricular dys-

function can proceed to ventricular dilatation in order to maintain stroke volume [258]. This

induces a negative effect on left ventricular diastolic function, that, in turn, leads to further

reductions in right ventricular function related to increased myocardial oxygen demands

and reduced myocardial perfusion [258]. Data on the relevance of the right ventricle to dis-

ease development in the general population is sparse, in particular for young populations.

Nevertheless, the Multi-Ethnic Study of Atherosclerosis found that clinical cardiovascular

disease-free participants with increased right ventricular mass have a significant increased

risk of heart failure and cardiovascular death, independent of left ventricular mass [257].

A proportion of the variation in mass appeared to relate to requirements for postnatal

ventilation. Respiratory disease and need for mechanical ventilation are major complica-

tions of preterm birth [135; 136], and given the close interaction between the pulmonary cir-

culation and the right heart, this observation is plausible. Extreme changes in intrathoracic

pressure and lung volume can lead to increased right atrial pressure, with reduced venous re-

turn and subsequent reductions in right ventricular preload and cardiac output [137]. In ad-

dition, hyperinflation can result in alveolar distension and subsequent alveolar vessel com-

pression, which would increase pulmonary vascular resistance and right ventricular after-

load. The increased right ventricular mass therefore may represent an early persistent adap-

tation to this increased intraluminal pressure [138]. Alternatively, the underlying clinical in-

dication for ventilation, such as respiratory distress or infection, may have led to changes in

the pulmonary vasculature sufficient to have a haemodynamic impact on the right ventricle.
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Related, long-term changes in lung function may also have a continued influence on right

ventricular structure. A persistent patent ductus arteriosus during early neonatal life could

also have had an impact on right ventricular afterload. In bivariable regression, the presence

of a clinically significant patent ductus arteriosus in the neonatal period was significantly re-

lated to right ventricular end-diastolic volume. However, the incidence tended to be higher

in those born more preterm, and this factor did not survive multiple regression analyses. I

can also be relatively confident, based on the aortic magnetic resonance images, that these

individuals did not have a persistent ductus in later life. Unfortunately, data on lung func-

tion or measures of right ventricular systolic pressures in later life were not available in this

cohort but will be of interest in future investigations.

Nevertheless, the key finding from the analysis is that other perinatal or adult factors

do not adequately account for the strong, graded associations between gestational age and

right ventricular structure and function. The pattern of changes are similar to those seen in

the left ventricle, consistent with a global impact of preterm birth on the myocardium. The

last trimester is particularly relevant for global cardiac growth [110] and, in sheep, cardiomy-

ocytes of both right and left ventricles exhibit similar morphological changes after preterm

birth [111]. However, the variation in structure and function accounted for by gestational age

is greater for the right ventricle, which may relate to its more substantial remodeling around

the time of birth [251]. This complex remodeling would have been of interest to study with

computational modeling techniques, as previously performed for the left ventricle [161], but

the complexity of the right ventricle has also meant it has remained technically more diffi-

cult to perform using the approaches currently available. Inaccuracies in quantification of

the right ventricle could account for the greater variation in the right ventricle. However,

the values for right ventricular parameters are comparable to age-matched values in other

studies [255; 259; 260]. I also used a very detailed approach for identification of borders

for determining right ventricular volumes and mass, and thus the reproducibility for these

measurements was very good, as demonstrated in Table 3.3 in Chapter 3. Furthermore, com-

parisons against normal ranges were derived using identical techniques in the term-born

groups. Right ventricular myocardial deformation analysis is not as well validated but the
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reproducibility for the presented measures was acceptable (Table 3.7, Chapter 3). Further-

more, the findings of reduced myocardial systolic strain are consistent with the significant

reductions in systolic ejection fraction observed, based on volumetric cardiovascular mag-

netic resonance measures. Interestingly, myocardial feature tracking analysis also allowed

for the assessment of right ventricular diastolic function, and it was determined that indi-

viduals born preterm had significant impairment. Although of uncertain clinical relevance,

changes in right ventricular diastolic function have been found in those with mild to mod-

erate hypertension [261]. The presence of slower myocardial relaxation in both ventricles in

the group of young adults born preterm is also consistent with a global impact of preterm

birth on the myocardium.

8.5 Conclusion

In summary, young adults born preterm have smaller right ventricles with increased mass.

Furthermore, the relative impact of preterm birth is greater on the right ventricle than pre-

viously reported for the left ventricle. The reduction in right ventricular systolic function

is such that 21% of young adults born preterm have ejection fractions below the lower limit

observed in adults born at term. The findings of a reduction in cardiac size are strikingly sim-

ilar to previous observations of a generalised reduction in size of other parts of the vascular

tree in individuals born preterm [262]. A better understanding of the mechanisms under-

lying these changes in cardiovascular structure and function, and their clinical impact on

later cardiac disease development, will help determine possible pathways to prevent future

disease in the growing cohort of adults born preterm.



9
ANTIANGIOGENIC FACTORS, CAPILLARY

DENSITY, AND BLOOD PRESSURE

This chapter was designed to determine whether preterm-born young adults have altered

levels of circulating proangiogenic and antiangiogenic factors, as well as whether exposure

to maternal preeclampsia has an additional impact. To do this, I compared the preterm-

born young adults (cohort 1) to the term-born young adults (cohort 2). Preterm-born young

adults have an elevation in the levels of circulating antiangiogenic factors soluble endoglin

(sENG) and soluble endothelial growth factor receptor 1 (VEGFR-1 or sFlt-1). The increase

in antiangiogenic factors relates to a reduction in capillary density in preterm-born young

adults, which also relates to elevated resting brachial blood pressure and 24 hour ambulatory

blood pressure levels.

9.1 Introduction

It has been demonstrated that preterm birth results in altered angiogenic properties in en-

dothelial colony forming cells from cord blood, with a shift towards an antiangiogenic state

and impaired capillary vasculogenesis [77]. Preterm birth has also been associated with ab-

144
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normal retinal vascularisation [78; 79] and a reduction in functional and structural dermal

capillary density [80]. Furthermore, preeclampsia, an antecedent to 20 to 30% of all preterm

births [10; 140; 141], is characterised by an altered angiogenic state in the mother [147], and

thus the offspring develop in an environment of increased levels of circulating antiangio-

genic factors. Offspring of preeclamptic pregnancies have also been shown to have a re-

duction in capillary density [263], which may be linked to changes in circulating antiangio-

genic factors. The microvasculature is the greatest contributor to vascular resistance and

thus is the likely site of any haemodynamically important disturbance in vascular structure

and function [264]. While hypertension is characterised by increased peripheral vascular re-

sistance, capillary rarefaction has also been shown to be inversely related to blood pressure

even in normotensive individuals [265].

Therefore, I have investigated for the first time whether preterm birth is associated with

changes in levels of the circulating antiangiogenic factors soluble endoglin (sENG) and sol-

uble endothelial growth factor receptor 1 (VEGFR-1 or sFlt-1) and the proangiogenic fac-

tor vascular endothelial growth factor (VEGF-A) in young adulthood, and whether exposure

to maternal preeclampsia has an additional impact. Furthermore, I determined whether

changes in these circulating biomarkers related to previously observed capillary rarefaction

and blood pressure elevation in individuals born preterm.

9.2 Methods

9.2.1 Study Population

This chapter includes all 102 young adults born preterm (cohort 1) and 102 young adults

born term frequency matched for age and sex (cohort 2) for comparison of the circulating

proangiogenic factor VEGF-A and the antiangiogenic factors (sFlt-1 and sENG), as well as

resting brachial blood pressure measurements. A subgroup of 30 preterm-born individu-

als had functional and structural capillary density measures done and 24 hour ambulatory

blood pressure monitoring. The results were compared to a subgroup of the term-born
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young adult group (n = 60), frequency matched for age and sex. Details of the cohorts are

outlined in Chapter 2 and cohort characteristics are provided in Tables 9.2 and 9.5.

9.2.2 Study Visit

All study participants attended the study in the early morning following a 12 hour overnight

fast. All data were coded with subject and study specific IDs (e.g. EVS001) to ensure anonymity

and blinded analysis. The following methods were used for this chapter for all subjects as de-

scribed in detail in Chapter 3:

• 3.4: Anthropometry and Lifestyle Questionnaire

• 3.5: Blood Sampling and Biochemistry

• 3.6: Enzyme-Linked Immunosorbent Assays

• 3.7: Resting Brachial Blood Pressure Measurements

In addition, the following methods were used for the subgroup of preterm-born (n = 30)

and term-born (n = 60) young adults:

• 3.8: Ambulatory Blood Pressure Monitoring

• 3.3: Intravital Capillary Video Microscopy Acquisition

• 4.2.4: Intravital Capillary Video Microscopy Analysis

9.2.3 Statistical Analysis

Statistical analysis was carried out using SPSS Version 19 as described in Section 3.9 of Chap-

ter 3. 102 subjects per group provided 80% power at P = 0.05 to identify a 0.38 standard de-

viation difference between young adult groups. 30 subjects in the preterm-born group and

60 subjects in the term-born group provided 80% power at P = 0.05 to identify a 0.62 stan-

dard deviation difference between young adult groups. Comparisons between preterm-born

young adults with term-born young adults were adjusted for age and sex.
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9.3 Results

9.3.1 Study Population

The full preterm-born group of young adults (n = 102) and the subgroup of preterm-born

young adults (n = 30) were representative of the original preterm cohort, with similar peri-

natal characteristics (Table 9.1). In adult life, there were no significant differences between

groups in number of smokers, personal and family medical history, or lifestyle factors such

as socioeconomic status, physical activity or diet (P >0.05). Young adults born preterm had a

distinct metabolic profile and significantly higher brachial blood pressure levels at rest than

term-born young adult controls (Table 9.2).

Table 9.1: Comparison of Key Perinatal Characteristics Between Birth Cohort and Follow-Up Co-
hort and Subgroup of Preterm-Born Individuals

Original Follow-up P Value Follow-up P Value P Value
cohort cohort Ψ subgroup Υ ∆

(n = 926) (n = 102) (n = 30)

Males, n (%) 463 (50.0) 47 (46.1) 0.48 15 (50.0) >0.99 0.71
Gestational age 30.8 ± 2.8 30.3 ± 2.5 0.30 30.5 ± 2.7 0.56 0.71
(weeks)
Birth weight (grams) 1369.8 ± 315.5 1297.0 ± 286.8 0.03 1295.6 ± 304.5 0.21 0.98
Birth weight Z score -0.81 ± 1.32 -0.84 ± 1.21 0.83 -0.86 ± 1.43 0.84 0.94
Small for gestational 310 (33.5) 32 (31.4) 0.67 12 (0.40) 0.46 0.38
age, n (%)
Maternal smoking dur- 299 (32.3) 25 (24.5) 0.11 7 (23.3) 0.30 0.90
ing pregnancy, n (%)
Paternal smoking dur- 224 (24.2) 31 (30.4) 0.17 8 (26.7) 0.76 0.69
ing pregnancy, n (%)
Maternal preeclamp- 259 (28.0) 29 (28.4) 0.92 10 (33.3) 0.52 0.61
sia, n (%)
Ventilation (days) 4.65 ± 9.84 4.14 ± 7.43 0.61 5.57 ± 10.2 0.61 0.40
Number of individ- 476 (51.4) 55 (53.9) 0.63 17 (56.7) 0.57 0.79
uals ventilated, n (%)

Values as Mean ± Standard Deviation unless stated otherwise.
Ψ = Original cohort vs follow-up cohort.
Υ = Original cohort vs follow-up subgroup.
∆ = Follow-up cohort vs follow-up subgroup.
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Table 9.2: Characteristics of Cohorts

Preterm-born Term-born P Value
young adults young adults

(n=102) (n=102)

Demographics & Anthropometrics
Gestational Age (wks) 30.3 ± 2.5 39.6 ± 0.9 <0.001
Birth weight (g) 1297.0 ± 286.8 3460.0 ± 417.0 <0.001
Age (years) 25.1 ± 1.4 25.0 ± 2.6
Males, n (%) 47 (46.1) 47 (46.1)
BMI (kg/m2) 24.9 ± 5.4 22.9 ± 3.1 0.001
Smokers, n (%) 20 (19.6) 20 (19.6) >0.99

Biochemistry
Total Cholesterol (mmol/L) 4.89 ± 1.05 4.23 ± 0.86 <0.001
HDL-C (mmol/L) 1.53 ± 0.40 1.47 ± 0.41 0.17
LDL-C (mmol/L) 2.81 ± 0.93 2.37 ± 0.66 <0.001
Triglycerides (mmol/L) 1.12 ± 0.79 0.87 ± 0.40 0.005
Glucose (mmol/L) 5.01 ± 0.43 4.61 ± 0.30 <0.001
Insulin (pmol/L) 64.4 ± 42.8 35.6 ± 15.9 <0.001

Blood Pressure (mmHg)
Systolic 121.3 ± 10.9 112.9 ± 10.1 <0.001
Diastolic 73.0 ± 7.2 68.8 ± 7.0 <0.001
Mean Arterial Pressure 89.1 ± 7.4 83.5 ± 7.1 <0.001
Pulse Pressure 48.4 ± 9.1 44.1 ± 8.5 0.001

BMI indicates body mass index; HDL-C, high density lipoprotein cholesterol; LDL-C, low density lipoprotein
cholesterol. Values as Mean ± Standard Deviation unless stated otherwise. P values were adjusted for age and
sex.

9.3.2 Increased Levels of Circulating Antiangiogenic Factors

Preterm-born young adults had increased sFlt-1 levels (88.1 ± 19.0 pg/mL) compared to the

term-born young adults (73.0 ± 15.3 pg/mL, P <0.001) (Figure 9.1, Panel A), with no differ-

ences in VEGF-A levels (139.5 ± 71.3 vs. 148.5 ± 65.9 pg/mL, P = 0.85). sENG levels were also

elevated in individuals born preterm (5.64 ± 1.03 ng/mL) compared to those born term (4.06

± 0.85 ng/mL, P <0.001) (Figure 9.1, Panel B).

Two separate linear regression models were used to investigate key perinatal and adult

factors that may have accounted for the elevation in sFlt-1 and sENG levels in the preterm-

born group of young adults. For sFlt-1, three independent variables reached significance

(age, gestational age, and maternal preeclampsia as a dichotomous categorical variable with

those born to a normotensive pregnancy as ‘1’ and to a preeclamptic pregnancy as ‘2’) (Table

9.3). In this model, both gestational age (-1.72 pg/mL/gestational week, P = 0.02, 95% con-

fidence interval: -3.20 to -0.23) and maternal preeclampsia (14.4 pg/mL/group, P = 0.001,
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Figure 9.1: Elevated circulating antiangiogenic factors in preterm-born young adults. A, Preterm-
born young adults (PTYA, blue) had increased sFlt-1 levels (88.1 ± 19.0 pg/mL) compared to the term-
born young adults (YAT, green; 73.0 ± 15.3 pg/mL, P <0.001). B, sENG levels were also elevated in the
PTYA group compared to the YAT group (5.64 ± 1.03 ng/mL vs. 4.06 ± 0.85 ng/mL, P <0.001). Data
shown as box and whisker plot: minimum to maximum.

95% confidence interval: 6.31 to 22.4) remained as independent predictors. For sENG, ges-

tational age was the only statistically significant predictor using bivariable regression (-0.12

ng/mL/gestational week, P = 0.006, 95% confidence interval: -0.20 to -0.034) (Table 9.4).

The absolute sFlt-1 level in young adults born preterm to a preeclamptic pregnancy was

97.7 ± 15.9 pg/mL compared to 84.2 ± 18.9 pg/mL in those born preterm to a normotensive

pregnancy (P = 0.002, Figure 9.2). This appeared to be additional to any impact of preterm

birth on sFlt-1 levels, as individuals born preterm to normotensive pregnancies still showed a

significant elevation in sFlt-1 levels compared to term-born young adults (73.0± 15.3 pg/mL,

P <0.001).

9.3.3 Capillary Density and the Rise in Circulating Antioangiogenic

Factors

To test the hypothesis that the elevation in circulating levels of sENG and sFLT-1 in young

adulthood in individuals born preterm related to changes in functional and structural capil-
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Table 9.3: Relationship of Variables with Soluble Endothelial Growth Factor Receptor 1 in Preterm-
Born Young Adults using Bivariable Regression

Variable Unstandardised 95% Confidence Interval P Value
Coefficient (B) Lower Bound Upper Bound

Age 3.56 0.79 6.33 0.02
Sex -4.12 -12.0 3.70 0.30
Smoking -4.11 -14.0 5.74 0.41
Waist:Hip 9.89 -38.1 57.1 0.68
BMI -0.12 -0.85 0.61 0.74
Total Cholesterol 2.18 -1.65 6.01 0.26
LDL Cholesterol 3.09 -1.23 7.40 0.16
HDL Cholesterol -6.47 -16.6 3.67 0.21
Insulin -0.044 -0.14 0.051 0.36
Glucose -5.60 -15.1 3.92 0.25
Triglycerides 2.06 -3.06 7.18 0.43
Gestational Age -1.11 -2.70 -0.49 0.05
Maternal Preeclampsia 13.6 5.32 21.8 0.002
Birthweight Z Score -0.50 -3.79 2.78 0.76
Ventilation 0.51 -0.015 1.04 0.16
Postnatal Weight Gain -1.66 -56.8 53.5 0.95
Trial Diet Group -3.51 -11.3 4.31 0.38
Mode of Delivery 5.32 -2.97 13.6 0.21

Bolded variables are statistically significant. BMI indicates body mass index; LDL, low density lipoprotein;
HDL, high density lipoprotein.

Table 9.4: Relationship of Variables with Soluble Endoglin in Preterm-Born Young Adults using
Bivariable Regression

Variable Unstandardised 95% Confidence Interval P Value
Coefficient (B) Lower Bound Upper Bound

Age 0.025 -0.13 0.18 0.75
Sex -0.14 -0.57 0.28 0.51
Smoking -0.0072 -0.54 0.53 0.98
Waist:Hip -0.10 -2.70 2.49 0.94
BMI 0.018 -0.021 0.057 0.35
Total Cholesterol 0.061 -0.15 0.27 0.56
LDL Cholesterol 0.13 -0.11 0.36 0.29
HDL Cholesterol -0.40 -0.95 0.14 0.15
Insulin 0.0021 -0.0030 0.0074 0.43
Glucose 0.14 -0.37 0.66 0.58
Triglycerides 0.052 -0.23 0.33 0.71
Gestational Age -0.12 -0.20 -0.034 0.006
Maternal Preeclampsia 0.21 -0.26 0.68 0.37
Birthweight Z Score 0.13 -0.041 0.31 0.13
Ventilation 0.024 -0.0051 0.052 0.10
Postnatal Weight Gain -2.47 -5.40 0.47 0.10
Trial Diet Group -0.12 -0.55 0.30 0.56
Mode of Delivery -0.014 -0.47 0.44 0.95

Bolded variables are statistically significant. BMI indicates body mass index; LDL, low density lipoprotein;
HDL, high density lipoprotein.



CHAPTER 9. ANTIANGIOGENIC FACTORS, CAPILLARY DENSITY, AND BLOOD PRESSURE 151

C
irc

ul
at

in
g 

sF
lt-

1 
Le

ve
ls

 (p
g/

m
L)

0

50

100

150

200

PET Norm 

PTYA 

YAT 

P=0.002 P<0.001 

Figure 9.2: Elevated circulating sFlt-1 levels with exposure to maternal preeclampsia. sFlt-1 level in
those born preterm (PTYA) to a preeclamptic pregnancy (PET, darker blue) was 97.7 ± 15.9 pg/mL
compared to 84.2 ± 18.9 pg/mL in those born preterm to normotensive mothers (Norm, lighter blue;
P = 0.002). Individuals born preterm to normotensive pregnancies still showed a significant elevation
in sFlt-1 levels compared to term-born young adults (YAT, green; 73.0 ± 15.3 pg/mL, P <0.001). Data
shown as box and whisker plot: minimum to maximum.

lary density, capillary measures were first compared between the preterm-born and term-

born groups. Similar to the full cohorts, the subgroups of preterm-born and term-born

young adults did not differ in adult life in number of smokers, personal and family medical

history, or lifestyle factors such as socioeconomic status, physical activity or diet (P >0.50).

Young adults born preterm had a distinct metabolic profile and significantly higher brachial

blood pressure levels at rest than term-born young adult controls (Table 9.5).

Preterm-born young adults showed a reduction in baseline and venous occlusion capil-

lary densities (93.5 ± 10.6 capillaries/mm2 and 101.8 ± 12.7 capillaries/mm2, respectively)

compared to the term-born young adults (105.2± 10.6 capillaries/mm2, P <0.001 and 115.9±
11.8 capillaries/mm2, P <0.001 respectively) (Figure 9.3). Furthermore, there was a small but

statistically significant difference in percent increase in capillary density with venous occlu-

sion (8.75 ± 3.51% vs. 10.2 ± 2.8%, P = 0.05). Within the group of young adults born preterm,

gestational age was significantly related to baseline (r = 0.43, P = 0.04) and venous occlusion

(r = 0.43, P = 0.02) capillary density measures, and showed a trend towards significance in
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Table 9.5: Characteristics of Subgroups

Preterm-born Term-born P Value
young adults young adults

(n = 30) (n = 60)

Demographics & Anthropometrics
Gestational Age (wks) 30.5 ± 2.7 39.6 ± 0.8
Birth weight (g) 1295.6 ± 304.5 3411.2 ± 319.0
Age (years) 26.6 ± 1.0 26.2 ± 1.9
Males, n (%) 15 (50.0) 30 (50.0)
BMI (kg/m2) 26.3 ± 7.2 23.0 ± 3.3 0.006
Smokers, n (%) 5 (16.7) 10 (16.7) >0.99

Biochemistry
Total Cholesterol (mmol/L) 4.79 ± 0.77 4.23 ± 0.86 0.009
HDL-C (mmol/L) 1.47 ± 0.38 1.46 ± 0.42 0.85
LDL-C (mmol/L) 2.69 ± 0.82 2.39 ± 0.67 0.12
Triglycerides (mmol/L) 1.10 ± 0.64 0.86 ± 0.33 0.03
Glucose (mmol/L) 4.70 ± 0.35 4.60 ± 0.31 0.001
Insulin (pmol/L) 64.4 ± 42.8 35.6 ± 15.9 <0.001

BMI indicates body mass index; HDL-C, high density lipoprotein cholesterol; LDL-C, low density lipoprotein
cholesterol. Values as Mean ± Standard Deviation unless stated otherwise. P values were adjusted for age and
sex.

percent increase in capillary density with venous occlusion (r = 0.33, P = 0.08). There were

no significant associations between maternal preeclampsia and capillary density measures

in the preterm group (P >0.50). Interestingly, sENG levels were inversely related to baseline (r

= -0.57, P = 0.02) and venous occlusion (r = -0.65, P <0.001) capillary density measures in the

preterm group, as well as with percent increase in capillary density with venous occlusion (r

= -0.47, P = 0.02). There were no significant associations between sFlt-1 levels and capillary

density measures in the group of young adults born preterm (P >0.05). There were also no

associations between sENG and sFlt-1 levels with capillary density measures in the group of

young adults born term (P >0.05).

9.4 Antiangiogenesis, Capillary Rarefaction, and Ele-

vated Blood Pressure

In order to investigate the relationship between measures of capillary density and blood

pressure, the 24 hour ambulatory blood pressure levels were first compared between the
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Figure 9.3: Reduced functional and structural capillary density in preterm-born young adults.
Preterm-born young adults (PTYA, blue) showed a reduction in baseline and venous occlusion capil-
lary densities (93.5 ± 10.6 capillaries/mm2 and 101.8 ± 12.7 capillaries/mm2, respectively) compared
to the term-born young adults (YAT, green; 105.2 ± 10.6 capillaries/mm2, P <0.001 and 115.9 ± 11.8
capillaries/mm2, P <0.001 respectively). Data shown as box and whisker plot: minimum to maxi-
mum.

preterm-born and term-born groups. Table 9.6 shows that blood pressure levels were higher

at night (sleep), during the day (awake), and for the full 24 hour period (full) for all parame-

ters when comparing the preterm-born young adults with the term-born young adults.

Both baseline and venous occlusion capillary density measures were closely related to 24

hour ambulatory blood pressure levels in the preterm-born subgroup, with the strongest as-

sociations with sleep and full 24 hour blood pressure levels (Table 9.7 and 9.8). Furthermore,

both sENG and sFlt-1 levels were positively related to many of the 24 hour blood pressure

parameters in the preterm-born subgroup of young adults (Table 9.9 and 9.10). There were

no associations between sENG and sFlt-1 levels with 24 hour blood pressure parameters (P

>0.05) in the term-born young adult group. In the full cohort of preterm-born individuals

(n = 102), sENG showed the strongest association with resting brachial systolic blood pres-

sure (r = 0.30, P = 0.003) while sFlt-1 showed the strongest association with resting brachial

mean arterial pressure (r = 0.26, P = 0.01). In the full cohort of young adults born term (n
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Table 9.6: 24 Hour Ambulatory Blood Pressure Levels

Preterm-born Term-born P Value
young adults young adults

(n = 30) (n = 60)

Sleep
Systolic Blood Pressure (mmHg) 110.3 ± 9.2 101.1 ± 8.1 <0.001
Diastolic Blood Pressure (mmHg) 59.0 ± 6.9 56.4 ± 4.7 0.04
Mean Arterial Pressure (mmHg) 75.6 ± 7.0 71.0 ± 5.0 0.001
Pulse Pressure (mmHg) 51.4 ± 7.4 44.7 ± 7.0 <0.001

Awake
Systolic Blood Pressure (mmHg) 126.3 ± 6.5 116.6 ± 8.3 <0.001
Diastolic Blood Pressure (mmHg) 72.9 ± 5.2 70.3 ± 5.9 0.05
Mean Arterial Pressure (mmHg) 90.5 ± 4.4 85.7 ± 6.1 0.001
Pulse Pressure (mmHg) 53.4 ± 7.6 46.3 ± 6.1 <0.001

Full
Systolic Blood Pressure (mmHg) 123.3 ± 6.4 112.8 ± 7.5 <0.001
Diastolic Blood Pressure (mmHg) 69.6 ± 4.3 67.1 ± 4.9 0.02
Mean Arterial Pressure (mmHg) 87.3 ± 4.1 82.1 ± 5.2 <0.001
Pulse Pressure (mmHg) 53.7 ± 6.9 45.7 ± 5.8 <0.001

Values as Mean ± Standard Deviation unless stated otherwise. P values were adjusted for age and sex.

= 102), neither circulating sENG or sFlt-1 were associated with any of the resting brachial

blood pressure parameters (P >0.05).

Table 9.7: Bivariable Correlations Between Functional Capillary Density and 24 Hour Ambulatory
Blood Pressure Levels

Pearson Correlation P Value
Coefficient

(r)

Sleep
Systolic Blood Pressure -0.68 <0.001
Diastolic Blood Pressure -0.33 0.11
Mean Arterial Pressure -0.53 0.008
Pulse Pressure -0.53 0.007

Awake
Systolic Blood Pressure -0.44 0.03
Diastolic Blood Pressure -0.085 0.69
Mean Arterial Pressure -0.29 0.15
Pulse Pressure -0.32 0.12

Full
Systolic Blood Pressure -0.69 <0.001
Diastolic Blood Pressure -0.25 0.23
Mean Arterial Pressure -0.53 0.006
Pulse Pressure -0.49 0.01
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Table 9.8: Bivariable Correlations Between Structural Capillary Density and 24 Hour Ambulatory
Blood Pressure Levels in Preterm-Born Young Adults

Pearson Correlation P Value
Coefficient

(r)

Sleep
Systolic Blood Pressure -0.66 <0.001
Diastolic Blood Pressure -0.31 0.15
Mean Arterial Pressure -0.50 0.01
Pulse Pressure -0.53 0.008

Awake
Systolic Blood Pressure -0.39 0.05
Diastolic Blood Pressure -0.018 0.93
Mean Arterial Pressure -0.18 0.38
Pulse Pressure -0.34 0.09

Full
Systolic Blood Pressure -0.64 0.001
Diastolic Blood Pressure -0.17 0.42
Mean Arterial Pressure -0.45 0.03
Pulse Pressure -0.49 0.01

Table 9.9: Bivariable Correlations Between Soluble Endoglin and 24 Hour Ambulatory Blood Pres-
sure Levels in Preterm-Born Young Adults

Pearson Correlation P Value
Coefficient

(r)

Sleep
Systolic Blood Pressure 0.42 0.06
Diastolic Blood Pressure 0.44 0.05
Mean Arterial Pressure 0.46 0.04
Pulse Pressure 0.11 0.64

Awake
Systolic Blood Pressure 0.43 0.05
Diastolic Blood Pressure 0.24 0.28
Mean Arterial Pressure 0.40 0.07
Pulse Pressure 0.21 0.34

Full
Systolic Blood Pressure 0.56 0.007
Diastolic Blood Pressure 0.31 0.17
Mean Arterial Pressure 0.50 0.02
Pulse Pressure 0.33 0.14
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Table 9.10: Bivariable Correlations Between Soluble Vascular Endothelial Growth Factor Receptor
1 and 24 Hour Ambulatory Blood Pressure Levels in Preterm-Born Young Adults

Pearson Correlation P Value
Coefficient

(r)

Sleep
Systolic Blood Pressure 0.069 0.77
Diastolic Blood Pressure 0.21 0.36
Mean Arterial Pressure 0.17 0.47
Pulse Pressure 0.14 0.56

Awake
Systolic Blood Pressure 0.18 0.43
Diastolic Blood Pressure 0.44 0.04
Mean Arterial Blood Pressure 0.44 0.04
Pulse Pressure 0.14 0.52

Full
Systolic Blood Pressure 0.023 0.92
Diastolic Blood Pressure 0.43 0.05
Mean Arterial Pressure 0.36 0.10
Pulse Pressure 0.25 0.26

9.5 Discussion

Preterm-born individuals have increased sFlt-1 and sENG levels in young adulthood, which

are both inversely related to gestational age. Being born preterm to a preeclamptic preg-

nancy relates to an additional, significant elevation in sFlt-1 levels compared to being born

preterm to a normotensive pregnancy. However, exposure to maternal preeclampsia does

not relate to additional changes in sENG levels. VEGF-A levels did not differ between preterm-

born and term-born young adults, suggesting an imbalance between circulating proangio-

genic and antiangiogenic factors in young adults born preterm. The increase in antiangio-

genic factors relates to the increase in resting brachial blood pressure and 24 hour ambula-

tory brachial blood pressure levels in the group of individuals born preterm. Furthermore,

functional and structural capillary density are decreased in the preterm-born group, which

is related to gestational age and inversely related to circulating levels of sENG, as well as

both resting and 24 hour blood pressure levels. The fact that the associations between these

parameters are unique to the preterm-born group and that they are correlated in a dose-

response fashion with the degree of prematurity suggests potential causal mechanisms.

Preterm birth is a pathophysiological event, often comprising a combination of stress,
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hypoxia, infection, and inflammation [10; 13; 77]. Such changes may contribute to an al-

tered angiogenic state and impaired capillary vasculogenesis and angiogenesis [77; 80]. Ligi

et al. [77] demonstrated in endothelial colony forming cells isolated from the mononuclear

cell fraction obtained from cord blood that preterm birth is related to impaired angiogene-

sis both in vitro and in vivo. Gene profiling provided a mechanistic link between preterm

birth and altered angiogenesis, indicating a shift towards increased expression of genes with

antiangiogenic functions. To my knowledge, the work presented in this chapter is the first

demonstration that circulating levels of antiangiogenic factors are elevated in later life in

individuals born preterm, with an additional impact of being born to a preeclamptic preg-

nancy.

The positive relationship between circulating levels of antiangiogenic factors and blood

pressure in the preterm group may be due to changes in the microvasculature. A reduction

in the number of capillaries or ability to recruit capillaries results in inadequate circulation

at the capillary level, which can lead to increased peripheral vascular resistance, known to

contribute to hypertension [266]. It is also possible that an increase in blood pressure con-

tributes to capillary rarefaction, as it has been demonstrated that experimental elevation of

blood pressure causes an increase in the generation of reactive oxygen species in endothelial

cells [267; 268], which could negatively affect microvascular integrity. Nevertheless, capil-

lary rarefaction is of central importance in essential hypertension [265; 266], and it has been

found in normotensive individuals at high risk of developing hypertension [265], suggesting

that capillary rarefaction antedates the onset of blood pressure elevation.

The second and third trimester of pregnancy is a period of very rapid fetal growth. As

such, the accelerated development of organs requires a rapidly expanding capillary net-

work, and interruption of this process may prevent normal capillary remodeling. However,

D’Souza et al. [269] showed that a group of low birth weight infants (mix of preterm-born

and term-born infants) had an increase in capillary density compared to normal birth weight

infants. They also showed that infants who were exposed to maternal hypertension during

pregnancy had a reduction in capillary density, unless they were born preterm, in which case

they had an increase [263]. Though human and animal studies have demonstrated capillary
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rarefaction in preterm-born individuals [78; 270], D’Souza et al. [269] suggest that the rar-

efaction occurs postnatally rather than in utero. Though this requires further investigation

in a better defined group of preterm-born infants, it is possible that, if the elevation in cir-

culating antiangiogenic factors that I observed in young adulthood has been sustained since

early life, this elevation may contribute to a continuous, slow regression of capillary density

over time. It is also possible that a reduction in capillary density results in reduced tissue per-

fusion and hypoxia, altering levels of angiogenic and antiangiogenic factors [271; 272; 273].

Therefore, the observed increase in antiangiogenic factors and reduced capillary density

may be a bidirectional pathway that worsens over time. This may explain why Bonamy et al.

[80] showed, in children aged seven to 12 years, that those born preterm had a 6.94% re-

duction in resting (functional) capillary density and a 5.27% reduction in capillary density

post venous occlusion (structural), whereas I have demonstrated that the functional and

structural capillary density in this preterm-born cohort of individuals aged 25 to 28 years is

reduced by 11.1% and 12.2% compared to term-born controls, respectively. While Bonamy

et al. [80] failed to show any association between capillary density and blood pressure in

childhood, it has been demonstrated by several studies that the difference in blood pressure

between preterm-born and term-born individuals increases over time [9]. While there are al-

most certainly several mechanisms contributing to the elevation in blood pressure, the data

in young adulthood suggests that the reduction in capillary density becomes of increasing

importance to the progression of blood pressure elevation with ageing in individuals born

preterm.

Kvehaugen et al. [274] previously showed that circulating levels of sFlt-1 were not ele-

vated in children born to a preeclamptic pregnancy. However, the group of preeclamptic off-

spring they studied was a mix of term-born and preterm-born individuals. All of the young

adults born to a preeclamptic pregnancy in my study were born less than 34 weeks gesta-

tion, with 48.3% born extremely or very preterm (less than 32 weeks gestation). Therefore, it

is possible that the effect is of greater importance with very early onset preeclampsia. Unfor-

tunately, it was not possible to determine with statistical certainty whether individuals born

preterm to preeclamptic pregnancies showed an additional reduction in capillary density
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compared to preterm-born individuals born to normotensive pregnancies, as only a third of

individuals in the subgroup of preterm-born young adults with capillary density measures

were born to a preeclamptic pregnancy. However, there is no trend towards a reduction in

capillary density in those exposed to maternal preeclampsia, nor is there any association

between sFlt-1 and capillary density levels. Rather, the strong association is with sENG lev-

els, which are elevated in all preterm-born individuals regardless of exposure to maternal

preeclampsia, with the greatest determinant being gestational age.

9.6 Conclusion

This is the first demonstration of a heightened antiangiogenic state in later life in individuals

who were born preterm. These findings may indicate a potential mechanistic link between

an imbalance in proangiogenic and antiangiogenic factors, capillary density, and blood pres-

sure elevation in preterm-born young adults (Figure 9.4). Further longitudinal research with

repeated measures throughout childhood, adolescence, and into young adulthood would

help to solidify this hypothesis. Nevertheless, this may present a novel target for future pre-

vention strategies to delay the development of hypertension in individuals born preterm.

 sFlt-1  sENG 

 Blood Pressure 

Degree of 
Prematurity 

Capillary 
Rarefaction 

Maternal 
Preeclampsia 

Figure 9.4: Relationship between circulating antiangiogenic factors, capillary density, and blood
pressure in preterm-born young adults. Soluble endoglin (sENG), soluble vascular endothelial growth
factor receptor 1 (sFlt-1), and blood pressure were all elevated, while capillary density was decreased
in the group of young adults born preterm. Arrows indicate significant associations between param-
eters (P <0.05), with potential directions of causality.



10
CONCLUSIONS

In conclusion, this work has provided a more holistic and well-defined understanding of

cardiovascular changes in young adults born preterm. Furthermore, key perinatal factors

that may contribute to these distinct differences were identified. This was achieved by con-

ducting detailed cardiovascular phenotyping of a cohort of preterm-born young adults, with

uniquely detailed prospective data collection from birth into adolescence, as well as per-

forming similar investigations on two groups of term-born individuals to define normal

ranges for comparisons.

The first objective of this thesis was to determine methods to be used for cardiovascu-

lar phenotyping of preterm-born and term-born individuals, which would then be able to

satisfy the remaining experimental objectives of this thesis. In Chapter 3, the various meth-

ods were presented that were used to phenotype the three cohorts of individuals described in

Chapter 2. The selection of methods was such that it allowed for detailed structural and func-

tional cardiovascular imaging measurements, as well as detailed blood pressure measure-

ments, anthropometric and demographic data collection, and blood sampling. The analysis

of the imaging data was also shown in Chapters 3 and 4 to be highly reproducible. It was

demonstrated throughout this thesis that a unique feature of this work was the comprehen-

sive data collection in young adulthood, which was complemented by the large amount of

160
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data collected since recruitment at birth in the cohort of preterm-born individuals.

The use of cardiovascular magnetic resonance proved especially effective in meeting a

number of objectives of this thesis. Firstly, it allowed for detailed aortic imaging in order

to determine regional aortic pulse wave velocity and aortic distensibility, which allowed for

the establishment of the long-term impact of perinatal interventions, relevant to growth and

development, on the aorta. This objective was met by utilising the perinatal data collected

in the preterm-born group to design two independent nested case-control studies. It was

determined in Chapter 5 that postnatal intravenous lipid exposure in preterm-born infants

results in an increase in total cholesterol levels at that time, which relates to increased global

aortic stiffness in young adulthood, most notably in the abdominal aorta [159]. In addition,

the elevation of total cholesterol levels with intravenous lipid exposure in early postnatal

life was demonstrated to be an independent predictor of reduced left ventricular apical cir-

cumferential peak systolic strain in young adulthood. The second nested case-control study

presented in Chapter 6 revealed that preterm-born young adults exposed to antenatal glu-

cocorticoids have a selective increase in aortic stiffness in the arch of the aorta compared

to preterm-born young adults not exposed to antenatal glucocorticoids [160]. Furthermore,

antenatal glucocorticoid exposure is associated with altered glucose metabolism in adoles-

cence and young adulthood. However, this change in glucose metabolism does not explain

the increased aortic arch stiffness in individuals exposed to antenatal glucocorticoids. These

two studies demonstrate the ability of cardiovascular magnetic resonance to disentangle the

unique influences of different exposures on regional changes of the aorta.

The next objectives were to define left ventricular and right ventricular changes in preterm-

born young adults. Using cardiovascular magnetic resonance and computational atlas for-

mation, it was first revealed in Chapter 7 that preterm-born young adults have increased

left ventricular mass, out of proportion to blood pressure, and a unique three-dimensional

left ventricular geometry, including a reduction in length and volumes [161]. Furthermore,

preterm birth is associated with reductions in left ventricular systolic, diastolic, and rota-

tional function. Once again, the detailed perinatal data collected in the preterm-born group

of young adults proved to be especially important when determining key risk factors related
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to left ventricular differences. This data made it possible to determine that the degree of pre-

maturity, and not other perinatal exposures, is the strongest predictor of left ventricular ge-

ometric changes, while exposure to maternal preeclampsia has an impact on left ventricular

systolic function in addition to that associated with preterm birth. Similar changes were ob-

served for the right ventricle (Chapter 8), including an increase in right ventricular mass with

a reduction in right ventricular size [162]. Although changes in both the left and right ven-

tricle are graded by degree of prematurity, consistent with a global impact of preterm birth

on the myocardium, the variation in right ventricular parameters is greater, with twice the

relative change in mass compared to the left ventricle. Unique to the right ventricle, young

adults born preterm also have a reduced right ventricular ejection fraction with nearly 6%

having systolic function below the clinically accepted lower limit of normal.

Following this, the focus shifted towards meeting the final experimental objective of this

thesis, which was to determine whether preterm birth relates to changes in circulating an-

tiangiogenic and angiogenic factors in young adulthood, and whether these changes relate

to the previously reported capillary rarefaction and elevated blood pressure levels seen in

individuals born preterm. As part of meeting this objective, I established an analysis method

for capillary density using Image Pro Plus software to reduce analysis time and improve re-

producibility, which was presented in Chapter 4. It was demonstrated in Chapter 9 using

enzyme-linked immunosorbent assays that preterm-born young adults have an elevation in

circulating levels of the antiangiogenic factors soluble endoglin (sENG) and soluble vascular

endothelial growth factor receptor 1 (sFlt-1). Furthermore, exposure to maternal preeclamp-

sia relates to an additional elevation in sFlt-1 levels. Interestingly, the increase in sENG levels

relates to the observed reduction in both functional and structural capillary density and ele-

vated blood pressure levels in individuals born preterm.

It would have been of interest to investigate in greater detail whether there were differ-

ences between males and females for the investigations performed for this thesis. However,

due to the size of the preterm-born cohort and magnitude of the differences observed com-

pared to the groups of individuals born term, it was not possible to conduct such analyses

with certainty, as this would have resulted in a high probability of type II errors. Larger stud-
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ies will provide the opportunity to investigate differences in cardiovascular structure and

function between males and females born preterm. A potential limitation of the cohort of

preterm-born young adults that were used for the investigations presented throughout this

thesis is that it was a mixed population of individuals with different aetiologies of preterm

birth and a large range of perinatal complications and exposures. However, this also allowed

for investigation into the potential influence of different perinatal characteristics related to

being born preterm on long-term alterations in cardiovascular structure and function, which

would not have been possible in a more homogeneous population of preterm-born individ-

uals.

Overall, this thesis has strengthened the current literature and our understanding of the

long-term cardiovascular risk of being born preterm. As summarised in Figure 10.1, the work

carried out for this thesis has demonstrated that specific perinatal events in preterm-born

individuals are important determinants of long-term changes of different components of the

cardiovascular system. As 10% of births are preterm, any adverse health impact of this un-

usual development pattern on cardiovascular development is relevant to a large population

of adults. Of interest is that the perinatal interventions affected all preterm-born individ-

uals who were exposed to them, regardless of gestational age. Moreover, the alterations in

left and right ventricular structure and function extended across the gestational age range to

include moderate to late preterm-born young adults, as did the heightened antiangiogenic

state and capillary rarefaction. The public health implications of this are therefore of consid-

erable magnitude given that 80% of preterm births occur between 32 and 36 weeks gestation

[12]. The most obvious clinical implication of the findings from this thesis, in combination

with previous work, is that preterm-born individuals, regardless of gestational age, require

continued follow-up and close monitoring of cardiovascular risk. Knowledge of perinatal

characteristics and complications are also important as the work in this thesis has demon-

strated the localised effects of specific perinatal events on long-term cardiovascular changes

in preterm-born individuals. While the ultimate goal is to prevent the progression of car-

diovascular disease in this growing subgroup of individuals, to do this, further research is

required to better understand the underlying mechanisms driving the observed changes in
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cardiovascular structure and function. In addition, follow-up of these individuals into later

life will allow for the quantification of cardiovascular disease progression over time.

10.1 Future Work

The final objective of this thesis was to discuss and propose future research to further explore

the underlying pathophysiology of the findings from this work. One area requiring further

research is for a more well-characterised study to take place in preterm-born neonates to

investigate some of these cardiovascular changes in early life. Currently within our research

group, a neonatal pilot study of this nature is taking place, which includes a mix of term-born

infants, preterm-born infants, and infants born to a pregnancy complicated by preeclamp-

sia. All of these infants are seen in the first couple days following birth, with questionnaire

data and medical records collected for both the mothers and their offspring. Furthermore,

blood samples and height and weight measurements are collected for both the mothers and

infants, with microvascular imaging and echocardiography measurements done on the in-

fants. All measurements are also repeated three months after birth.

To build on the findings of altered circulating antiangiogenic factors relating to capillary

rarefaction and elevated blood pressure levels in preterm-born young adults presented in

Chapter 9, the plan is to perform the same analyses in younger cohorts to better understand

how these changes progress over time. Data will be used from the neonatal pilot study as

well as a study of children who were born to preeclamptic pregnancies, which includes a

mix of term-born and preterm-born children and controls. In addition to this, a large body

of work within our research group has focused on the collection of umbilical cords from

preeclamptic pregnancies (preterm and term pregnancies) and controls (preterm and term

pregnancies) for isolation of human umbilical vein endothelial cells. DNA microarrays have

been used to create a gene expression database. This therefore allows for the opportunity

in the future to examine the data under a filter of angiogenic and vascular structure and

function related pathways between groups.

In Chapters 7 and 8, it was demonstrated using cardiovascular magnetic resonance and
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Figure 10.1: Summary of key perinatal factors related to cardiovascular changes in preterm-born
young adults. The work in this thesis has demonstrated that antenatal glucocorticoid exposure has
a localised impact on the arch of the aorta, while postnatal intravenous lipids have the greatest im-
pact on the abdominal aorta. Though intravenous lipids also relate to a reduction in left ventricular
apical circumferential peak systolic strain, the distinct differences between individuals born preterm
and term-born controls in left ventricular structure and function are most closely related to the de-
gree of prematurity and being born to a pregnancy complicated by preeclampsia. Similarly, for the
right ventricle, the unique structural and functional changes between preterm-born and term-born
individuals are most closely related to the degree of prematurity, with a proportion of the variation in
right ventricular mass related to requirements for postnatal ventilation. The observed increase in the
circulating antiangiogenic factors sENG and SFlt-1 and reduction in functional and structural capil-
lary density in the young adults born preterm are most closely related to the degree of prematurity.
Being born to a pregnancy complicated by preeclampsia associates with an additional elevation in
circulating sFlt-1 levels compared to young adults born preterm to a normotensive pregnancy.
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computational atlas techniques that preterm-born young adults have altered cardiac geo-

metric shapes and function compared to term-born young adults of equivalent age and sex,

as well as older term-born adults with increased cardiovascular risk factors [161]. This is a

particular area that I have focused on taking forward given its potential clinical implications.

Perinatal modification may be ideal, but development of targeted prevention in early adult-

hood is of equal or even greater importance given the millions of individuals worldwide who

are already at this stage of life. I have now designed a new study to build on these observa-

tions and to test the hypothesis that altered cardiac structure in preterm-born adults leads

to proportional reductions in exercise capacity. Furthermore, advanced cardiovascular mag-

netic resonance imaging techniques will be used to identify myocardial tissue characteristics

underlying the increased myocardial size, as well as to determine whether changes deteri-

orate over time. I have received ethical approval for the study and the project has recently

been submitted for a project grant that my supervisor and I wrote.

10.1.1 Further Questions Regarding Cardiac Changes

Preterm-born young adults have previously been noted to have a reduced exercise capacity,

which could not be explained by variation in pulmonary structure or function [275]. Why this

occurs has remained unclear. It is of further interest to test the hypothesis that the changes

observed in preterm-born young adults in left and right ventricular structure and function

lead to proportional changes in maximal exercise capacity [276; 277]; an independent pre-

dictor of cardiovascular morbidity and mortality [278; 279; 280].

In addition, further imaging will be undertaken, in combination with sample collection,

to try to identify the key structural differences that contribute to the increase in myocardial

mass and reduced cardiac function. Experimental animal data would suggest the cardiac

changes in individuals born preterm may predominantly relate to myocardial hypertrophy

during the first days of life. However, further possible pathways have been implicated, that

may be amenable to alternative preventive interventions. Preterm-born infants are known

to have abnormal ectopic fat deposition [69] and, using proton spectroscopy in adults and
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children, techniques have recently been established in Oxford for quantification of myocar-

dial liposis that would allow for the determination of whether offspring born preterm have

alterations in myocardial lipid deposition. Furthermore, experimental data highlight that

tissue from preterm-born offspring have altered mitochondrial energetics [110]. This could

lead to changes in exercise capacity independent of structural changes, and may be rele-

vant to myocardial hypertrophy in those born preterm. Therefore, magnetic resonance spec-

troscopy will also be used to determine whether preterm-born adults exhibit alterations in

myocardial energetics. Additionally, some characteristics of the diastolic functional impair-

ment observed in the preterm-born young adults are characteristic of ageing related changes

seen with increased fibrosis. It is now possible to quantify degree of diffuse fibrosis using T1-

mapping cardiovascular magnetic resonance [281].

Finally, the current cardiovascular data on the preterm-born individuals come from a

single time point. It is possible the proportional increase in right and left ventricular mass

observed is fixed during the neonatal period. Alternatively, preterm-born individuals may

be predisposed to disproportionately increase their left ventricular mass over time. As such,

prospective measures of left and right ventricular structure will be of value.

10.1.1.1 Original Hypotheses

This study will address three specific hypotheses (Figure 10.2):

• Hypothesis 1 - Reduced exercise capacity in preterm-born adults is proportional to

baseline differences in cardiac structure and function, which relate to abnormalities

in myocardial metabolism;

• Hypothesis 2 - Increased cardiac mass in preterm-born adults relates to increased my-

ocyte mass rather than increased fibrosis or lipid deposition;

• Hypothesis 3 - Preterm-born adults have a disproportionate increase in ventricular

mass over time.
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10.1.1.2 Expected Value of Results

A better understanding of the mechanisms underlying changes in left ventricular and right

ventricular structure and function, relevant to later cardiac disease development, will help

determine possible pathways to prevent future disease. Changes in functional exercise ca-

pacity are known to be a strong independent predictor of cardiovascular outcomes and have

already been noted to be reduced in preterm-born individuals. This study will provide a

better understanding of how baseline cardiovascular structure and function influence the

response to physiological stress in these young individuals, as well as how these differences

relate to underlying myocardial structure. The results are expected to highlight novel path-

ways relevant to cardiovascular disease progression, of particular relevance to those born

preterm. Ultimately, these can then be translated into the design of interventions to modify

cardiovascular physiology and prevent development of disease in a growing subgroup of the

population.
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A
LIFESTYLE AND MEDICAL HISTORY

QUESTIONNAIRE

The following questionnaire was completed by all participants to provide information on

their medical history, their parental medical history, their normal lifestyle, their early life

history, and their sociodemographic characteristics.
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EVS ID:                            
  

 
 
 
 

Early Vascular Study 
 
 
 

Subject’s Initials ..................................................................  
 

Date of Birth ........................................................................  
 

Study Number  .....................................................................  



     EVS ID:                            

2 

Questions about the subject’s medical history 

1a Have you ever been told that you have high blood pressure?   No  Yes     
1b Have you ever been treated for high blood pressure? No Yes Don’t know  

1c If yes, how were you treated (including the name of any medication) ..........................................................................................................................    

1d If female, were you pregnant when you had high blood pressure? No Yes    
 
2a Have you ever been told that you have diabetes?     No  Yes   

2b Have you ever been treated for diabetes? No Yes Don’t know   

2c If yes, how were you treated (including the name of any medication) ..........................................................................................................................   

2d If female, were you pregnant when you developed diabetes? No Yes   
 
3a Have you ever been told that you have high cholesterol?     No  Yes   

3b Have you ever been treated for high cholesterol? No Yes Don’t know  

3c If yes, how were you treated (including the name of any medication) ..........................................................................................................................   

4a Has any long term illness been diagnosed?    No  Yes   

4b If yes, what is the illness? ...............................................................................................................................................................................................   

4c Have you been treated for this condition? No Yes Don’t know    

4d If yes, how were you treated (including the name of any medication) ..........................................................................................................................   

5a Are you taking any other medicines, tablets or pills regularly?  No  Yes  

5b If yes,what are they (if female, include oral contraceptive if normally taken) 
 
 ...............................................................................................................................   for how long .......................................  
 
 ...............................................................................................................................   for how long .......................................   
 
 ...............................................................................................................................   for how long .......................................   

 
 
 
 



     EVS ID:                            

3 

 
Questions about the subject’s family medical history 

Have any members of your family ever suffered from (if more than 2 affected siblings continue on blank paper):  Please tick all that apply 

 mother m age of onset father f age of onset sibling1 s1 age of onset sibling2 s2 age of onset 

6 angina         

7 heart attack         

8 high blood pressure           

9 stroke          

10 diabetes          

11 high blood cholesterol           

 

12a Is there a illness which runs in your family? No Yes   Don’t know  

12b If yes, what is the illness ..........................................................................................................................................................   

 

 

 
 
 
 
 
 
 
 
 



     EVS ID:                            

4 

 
 
Questions about the subject’s smoking, alcohol and diet 
 
 
14 What is your normal weekly intake of.. 

 
14a Beer, lager or cider .............................................................. pints  
 
14b Red Wine .............................................. wineglasses  White Wine ................................... wineglasses  
 
14c Sherry, Port and aperitifs ..................................................... glasses  
 
14d Spirits .................................................................................. pub measures  

 
 
15a Do you currently smoke cigarettes, cigars or a pipe regularly? (e.g. at least 1 cigarette a day for the last 6 months)  No    Yes  
 
15b If yes, how many cigarettes do you smoke each day at present? ............................................................................................. cigarettes   
 
 how many cigars do you smoke each day at present? .................................................................................... cigars   
 
 how many ounces of tobacco do you smoke each day at present? ................................................................. ounces   
 
15c Have you in the past smoked cigarettes, cigars or a pipe regularly? No Yes     
 
 (e.g. at least 1 cigarette per day for a period of 6 months)    
 
15d If yes, how long did you smoke for?  ......................................................... months   
 
15e If yes, how many cigarettes did you smoke each day? .............................................................................................................. cigarettes   
 
 how many cigars did you smoke each day? .................................................................................................... cigars   
 
 how many ounces of tobacco in a pipe did you smoke each day? .................................................................. ounces   
 
15f If you are a smoker or have ever smoked, how old were you when you started smoking? ......................... years ..................................   



     EVS ID:                            

5 

 
16 How often do you eat the following foods? 
 
 Never Less than One or two Most days  Once a day More than 
  once a week days a week   once a day 
     

Fresh fruit in the summer  .....................  ........................ .....................  ....................   .....................  ......................  

Fresh fruit in the winter  .....................  ........................ .....................  ....................   .....................  ......................  

Salads in summer  .....................  ........................ .....................  ....................   .....................  ......................  

Salads in winter  .....................  ........................ .....................  ....................   .....................  ......................  

Green vegetables  .....................  ........................ .....................  ....................   .....................  ......................  

Fish (all kinds)  .....................  ........................ .....................  ....................   .....................  ......................  

Poultry (chicken, turkey)  .....................  ........................ .....................  ....................   .....................  ......................  

Red meat (beef, lamb, pork,  .....................  ........................ .....................  ....................   .....................  ......................  
 ham, bacon) 

Processed meat   .....................  ........................ .....................  ....................   .....................  ......................  
(burgers, sausages, pies,   
pasties, tinned meat, pate) 

Cheese  .....................  ........................ .....................  ....................   .....................  ......................  
 
Questions about the subject’s exercise 
 

17a Do you currently participate in any regular activity or program designed to improve or maintain your physical fitness?       No Yes  

 

17b For how many hours a week do you take part in these activities? …………………………………………………………. 

 

 



     EVS ID:                            

6 

 
Questions to ensure a balanced sociodemographic group 
 
18 Are you currently.... 

 
married, in a stable relationship   
 
single, divorced, widowed, separated  

 

19a What is the highest educational qualification/training you have obtained?  
 
None           GCSE or equivalent           A-levels or equivalent           Degree or higher 

 
 
19b Are you  ...in full-time paid employment?   
 ...in part-time paid employment?    

 ...caring for the home or children full time?     
 ...a student/apprentice   

 

20a What is/was the name of your most recent job/occupation?  

 ..............................................................................................................................................................................................  

20b What job did or do you actually do?  

 ..............................................................................................................................................................................................   
 
20c Are you ...a manager working for an employer?      

 ...a foreman or supervisor working for an employer?      
 ...working for an employer/apprentice/student?      
 ...self employed with employees?     
 ...self employed without employees?  
 
 
 
 
 
 

 



     EVS ID:                            

7 

 
Early Life History 
 
13 Where were you born? ...............................................................................................................................................................  

 

14a Were you born prematurely?                           Yes                               No 

 

14b What was your gestational age at birth? ...................................................................................................................................  

 

15 How heavy were you when you were born? ..............................................................................................................................  

 

16 How were you fed in early life?                     Breast-fed                    Bottle-fed                              Mixture of both                           Don’t know 
 
 
16b If breast-fed, for how many months? ………………………………………………………………………………………… 
 
 
17 Did your mother have pre-eclampsia when having you?                          Yes                               No  
 
 
17b Or did she have gestational hypertension while pregnant with you?                  Yes                               No 



B
PARENTAL SMOKING QUESTIONNAIRE

The following questionnaire was completed by all participants to provide additional infor-

mation on maternal and paternal smoking prior to, during, and after the pregnancy of inter-

est.
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Early Vascular Study ID:    
 

 1 

Questions about smoking 
 
 
 
Please fill out the following questions as accurately as you can.  
 
Please answer questions based on who was in your household when you were growing up. For instance, if instead of a ‘father’ and ‘mother’ your 
household was your ‘mother’ and a ‘stepfather’, or a ‘main carer’ and ‘their partner’, then please answer the questions titled ‘Smoking and your 
Mother’ based on the smoking patterns of your main carer and the questions titled ‘Smoking and your Father’ based on the secondary care giver 
in the household. 
 
 
 
 
 
Smoking and your Mother 
 
Does your mother currently smoke? 
 
 If yes,  how many cigarettes does she smoke per day? ……………………………………….. cigarettes 

At what age did she start smoking? …………………. years 
 
 
  

If no,   has she ever smoked?  
  from what age did she smoke? ………………………..years 
  at what age did she stop smoking?.................................years 
  how much did she smoke on average per day? ……………………………………  
 
 
 
 

Yes  No 

Yes  No 



Early Vascular Study ID:    
 

 2 

 
 
During pregnancy: 
 
Did she smoke when they were pregnant with you?  
 
 
  
 
If yes, at what stages of pregnancy did she smoke?  
(please tick boxes to indicate which stages) 
 
 
How many cigarettes did she smoke per day at  
each stage? 
 
 
 
Did she quit smoking for any length of time during the pregnancy? ………………………………….. 
 

If yes, was nicotine replacement therapy used?  
 
 
 
During your childhood: 
 
Did she smoke when you were a child or teenager?  

 
 
If yes, how old were you when she started (if she has always smoked put 0) 
 how old were you when she stopped (if she is still smoking put your current age) 
           how many cigarettes did/does she smoke on average per day? ……………………..cigarettes 
           did she smoke inside or outside the home?............................... 

Peri-
conception 

1st trimester 2nd trimester 3rd trimester First year 

 
 
 

    

 
 
      ..……. 

 
 
    …….. 

 
 
   ……… 

 
 
     …….. 

 
 
     …….. 

Yes  No 

Yes  No 

Yes  No 



Early Vascular Study ID:    
 

 3 

 
 
 
Smoking and your Father 
 
 
Does your father smoke currently?  
 

If yes,  how many cigarettes are smoked per day? ……………………………………….. cigarettes 
how many cigars are smoked per day? ……………………………………………. cigars 

             how many ounces of tobacco are smoked per day? ……………………………….. ounces 
At what age did they start smoking? …………………. Years 

 
 
 
During pregnancy: 
 
Did your father smoke when your mother was pregnant with you? 
 
  
 
If yes, at what stages of pregnancy did he 
smoke? (please tick boxes to indicate which stages) 
 
 
How many cigarettes were smoked per day at  
each stage? 
 
Did smoking take place INSIDE or OUTSIDE of the home? (circle one please)  
 
 
 
 

Peri-
conception 

1st trimester 2nd trimester 3rd trimester First year 

 
 
 

    

 
 
      ..……. 

 
 
    …….. 

 
 
   ……… 

 
 
     …….. 

 
 
     …….. 

Yes  No 

Yes  No 



Early Vascular Study ID:    
 

 4 

 
 
 
During childhood: 
Did your father smoke in the years following the pregnancy?  

 
If yes, between what ages of your child did he smoke? ……………………………………………years  
           how many cigarettes were smoked on average per day? ……………………..cigarettes 
           did smoking take place inside or outside of the home?............................... 

 
 
Other household members? 
 
Did any other members of the household (living in your house) smoke? 
 
If yes, what relation were they to you e.g. brother, aunt etc. 
 
 
………………………………………………………………………………………………………………………………………………. 
 
 
 
 
 
Was a smoker present in the home during any 
stage of pregnancy or your childhood?  
 
 
Approximately how many cigarettes were smoked 
per day?   

Peri-
conception 

1st trimester 2nd trimester 3rd trimester First year First year 
until present 

 
 
 

     

 
 
      ..……. 

 
 
    …….. 

 
 
   ……… 

 
 
     …….. 

 
 
     …….. 

 
 
    ……… 

Yes  No 

Yes  No 
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