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ABSTRACT

THE INFLUENCE OF PREGNANCY COMPLICATIONS ON
FETAL AND NEONATAL CARDIOVASCULAR
DEVELOPMENT

THESIS PRESENTED FOR THE DEGREE OF DOCTOR OF PHILOSOPHY IN
CARDIOVASCULAR MEDICINE AT THE UNIVERSITY OF OXFORD

Christina YL Aye
St John’s College
Michaelmas Term 2016

It is becoming increasingly clear that exposure to pregnancy complications such as
hypertensive disorders of pregnancy and premature birth (birth before 37 weeks
gestation) have a long term and specific effect on future cardiovascular disease
development and risk in the offspring. Those born to a preeclamptic pregnancy have
been shown to have double the risk of stroke in adulthood and studies have
consistently shown an increase in blood pressure in these individuals. Higher blood
pressure has also been observed in those born preterm in addition to specific cardiac
modifications in young adulthood.

Through detailed cardiovascular phenotyping, this thesis investigates the effects of
exposure to in utero maternal hypertension and/or a preterm birth on offspring
cardiovascular development in the antenatal and early postnatal period in a newly
established cohort of infants. A stratified recruitment strategy was employed in order
to recruit similar numbers of mother and infant dyads from hypertensive and
normotensive pregnancies across a range of gestations.



Nomograms for fetal ventricular volume and mass using two dimensional
echocardiography were created. These were then used, along with postnatal
normative data, to create trajectories of offspring cardiovascular development from 15
weeks postmenstrual age through to three months post birth in order to overlay
datasets from babies born preterm. It was demonstrated that premature infants have
similar in utero cardiac development to controls but post birth they undergo
disproportionate cardiac hypertrophy which is associated with a degree of diastolic
impairment. Preterm infants at birth had a unique ventricular shape, but these
changes had attenuated by three months of age. Exposure to in utero maternal
hypertension also appeared to have a deleterious effect and on further investigation,
postnatal ventricular hypertrophy was also observed when analysis was restricted to
term born infants exposed to this pregnancy complication.

Additionally, offspring born to a hypertensive pregnancy demonstrated an increased
microvascular density loss over the first three months of life. This was associated with
a reduction in vasculogenic potential in their human umbilical vein endothelial cells
and also increased levels of maternal anti-angiogenic biomarkers at birth. Again, there
was a trend to suggest maternal hypertension and prematurity may have an additive
effect. These microvascular changes were not, however, correlated with cardiac
hypertrophy in the whole cohort over the same period, but, intriguingly, when
subgroup analysis was performed, increased microvascular density loss was correlated
with increased left ventricular mass indexed to body size at three months of age in
term born infants but not in the preterm group.

It was then shown that preterm offspring had reduced heart rate variability measures
at birth suggesting autonomic dysfunction. This was, however, not correlated with any
previously demonstrated cardiovascular developmental changes in the early postnatal
period. Offspring exposed to maternal hypertension and those born small for
gestational age did not demonstrate any difference in heart rate variability at birth
compared to controls.

The results from my thesis point towards the perinatal and early postnatal period as
being a critical window for cardiovascular development. As up to 8% of pregnancies
are affected by hypertensive disorders of pregnancy and approximately 10% of all
births are preterm, understanding the mechanisms behind these findings and their
relevance to long term cardiovascular disease in this population is of great public
health interest. Modification of clinical care and discovery of novel targets for disease
prevention during this potentially tractable period will be of future interest.
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1: INTRODUCTION

1.1 Cardiovascular disease and the perinatal period

Cardiovascular disease continues to be a huge public health burden. It remains the
number one cause of death worldwide, with an estimated 17.5 million people dying in
2012, accounting for almost one in three global deaths.' Although in the United
Kingdom mortality from this disease is decreasing due to early identification,
treatment and management of risk factors, in 2014 it was still the second largest cause
of death behind cancer, responsible for more than a quarter of all deaths.’ Morbidity is
also high, with almost 1.7 million episodes related to cardiovascular disease in NHS
hospitals in the same year.2 The financial cost is substantial, with an estimated £4.3
billion spent on treating cardiovascular disease through Clinical Commissioning Groups

within the NHS in England in 2013-2014.2

Traditionally, the cause of cardiovascular disease has been thought to be a
combination of an interaction between lifestyle and genetic predisposition, with

prevention and treatment focussing on modifying these classical risk factors. However,
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in recent years, there is a growing body of evidence that exposures and interventions

in the perinatal period can result in long term cardiovascular sequelae in individuals.

There has been interest in how cardiovascular development during early life impacts
on later risk of disease since the 1980s. An interesting historical example was the
suggestion that low birth weight infants had a higher risk of coronary heart disease in
later life.> * Research trying to understand the developmental origins of cardiovascular
disease is important for two reasons. Firstly, it will help to identify populations who are
at higher risk of developing cardiovascular disease in later life. This will enable targeted
education schemes and primary prevention strategies in addition to rigorous
monitoring pathways which will result in earlier diagnosis and treatment. Secondly, it
raises the possibility of an early critical period of cardiovascular development which
may serve as a novel target for prevention of cardiovascular disease. However, the
underlying mechanisms and pathophysiological pathways leading to disease firstly

need to be fully understood.

Two common pregnancy complications that have been identified as being relevant to
long term cardiovascular health are preterm birth and hypertensive disorders of
pregnancy which includes preeclampsia. They are also the two major causes of
perinatal mortality, morbidity and long-range neurological disability.> Maternal
hypertension and preterm delivery are often linked, with preeclampsia being identified
as the primary pregnancy complication responsible for medically indicated preterm
births at all gestations® ’ and also recognised as an antecedent factor for 20% of all

preterm deliveries.®®
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1.2 Preterm birth

The World Health Organisation defines preterm birth as any birth before 37 completed
weeks of gestation or fewer than 259 days since the first day of the woman’s last
menstrual period.9 Although this definition is arbitrary10 as infants born prior to 39
weeks have higher risks of morbidity and mortality than those born after this

113 it the most widely accepted definition in the literature and the one that

gestation,
will be used for the remainder of the thesis. In 2010, it was estimated that just under
15 million babies (11.1% of all births) were born preterm and despite the introduction

of public health initiatives and medical interventions,* the number is continually

rising.15

Birth rates vary widely depending on geographical region with a rate of 5% in several
northern European countries compared to 18% in Malawi in 2010.7 Globally, it is

% and the

responsible for 35% of the world’s 3.1 million annual neonatal deaths,
second most common cause of death in under 5s behind pneumonia.’® In almost all
high and middle-income countries it is the leading cause of child death® and also
contributes to other causes of mortality such as infection.'” In 2012, premature birth
was also the single biggest cause of neonatal mortality and morbidity in the UK and
accounted for 7.3% of live births in this year.'® Although there has been a recent

improved survival in infants that are born extremely preterm, the rates of disability

. .1 . . .
have remained static™® carrying huge economic and social costs.
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1.2.1 Aetiology of preterm birth

Preterm birth is a syndrome and is defined by time and not a clinical phenotype. The
causes of preterm birth are multifactorial and many risk factors have been identified

(Table 1.1). 2%

Table 1.1: Major risk factors for preterm birth

Maternal demographics Ethnicity
Low or high maternal age

Low or high BMI

Social history Low socioeconomic & educational status
Single marital status

Occupation

Nutritional intake

Smoking, heavy alcohol intake or illicit
drug use

Obstetric/medical history Previous preterm birth
Thyroid disease

Asthma

Diabetes

Hypertension
Depression/stress

Cervical trauma/surgery/abnormalities
Pregnancy factors Assisted reproduction

Short inter-pregnancy interval
Infection/inflammation
Multiple pregnancy

Oligo or polyhydramnios
Vaginal bleeding

Fetal anomaly

Fetal growth restriction

Genetics Family history
Fetal and maternal genotype
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It can be subdivided in a number of different ways. The first is by classification based
on gestational age: extremely preterm (<28 weeks gestation), very preterm (28 to <32
weeks gestation) and moderate or late preterm (32 to <37 weeks gestation).9
Approximately 5.2% of preterm births are extremely preterm with the vast majority
(84.3%) being born after 32 weeks gestation." Increasing gestational age is associated
with improved morbidity and mortality and therefore this classification is useful when
counselling parents. It may also give some indication as to the cause as early preterm
births are more frequently associated with infection or inflammation.*>*’

Another method classically used is division based on clinical presentation: spontaneous
preterm labour with intact membranes, preterm premature rupture of the membranes
(PPROM) and iatrogenic or indicated preterm birth.”® Approximately 40-45% of
preterm deliveries follow spontaneous preterm labour and 25-30% are the result of
PPROM. Together these constitute “spontaneous” preterm births.* The remaining 30-
35% are medically indicated,” a category which is aetiologically and prognostically
heterogenous.” There have been large differences found between demographic and
pregnancy characteristics and gestational age at delivery between the two groups.®
The recent increase in medically indicated preterm births has been seen as a major
factor in the continuing rise in preterm birth rate’ as intervention in obstetric care

becomes more COI‘TII'TIOI’].SO-52

However, there have been associated decreases in
perinatal mortality in this cohort, suggesting that intervention may be beneficial.”
Increasing medically indicated preterm deliveries also prevents study of the natural

phenotype surrounding the pregnancy which is likely to complicate research in this

field in future. Interestingly, studies looking at the risk of recurrence after a preterm
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deliveries are higher than controls regardless of the type i.e. women who have a
medically indicated preterm delivery are at higher risk of another medically indicated
or a spontaneous preterm delivery next time and vice versa.” In addition, the most
common conditions prompting an iatrogenic preterm birth such as preeclampsia,
placental abruption, intrauterine growth restriction and fetal distress also predispose

53-55

to spontaneous preterm labour. These observations point to an overlap between

these two subtypes of preterm birth perhaps through a common pathophysiological

mechanism.>® >’

A novel method for the classification of preterm birth has also been proposed
following the Global Alliance to Prevent Prematurity and Stillbirth Meeting in 2009.>®
As the cause of any preterm birth is rarely known,> the authors aimed to identify
aetiologic factors and phenotypic characteristics that may coexist and be independent
of each other. Components of this classification system included significant maternal,
fetal and placental conditions, signs of initiation of parturition and pathway to delivery
(caregiver initiated or spontaneous).”® In this way, the majority of preterm births could
be accurately and consistently be described. However, due to the large number of

subdivisions, there would be major implications for sample size and statistical power

which the authors acknowledged.58

1.2.2 Cardiovascular risk in preterm-born infants

The link between preterm birth, irrespective of their birthweight, and increased risk of
cardiovascular disease later in life has emerged in recent decades due to the improving

survival of these infants and their progression into adulthood. Infants born at 24, 28

35



and 32 weeks now have a 62%, 94% and almost 100% chance of survival to hospital

60, 61

discharge respectively. It is estimated that in Europe alone, there are 9 million

children and adolescents that are survivors of preterm birth.%

There is growing evidence for a link between hypertension and preterm birth.
However, studies in pre-pubertal infants have so far been inconsistent showing either

63-66

no difference or a mildly elevated systolic blood pressure (0-4mmHg). Follow up

studies in adolescents up to the age of 19 years have suggested a more demonstrable

67-72

increase in blood pressure of around 2 to 11mmHg with only two failing to find a

difference in preterm-born offspring.”* 7

The largest study was in a Swedish birth
cohort comprising of 329,477 men. An increase in peripheral systolic blood pressure of
between 2 and 3mmHg was observed in preterm born offspring at 18 years old which
was inversely related to gestational age at birth and independent of fetal growth
restriction.®” A more worrying finding was in another cohort from the Netherlands
which reported a 10.5% prevalence of clinical hypertension and 45.9% of
prehypertension in 19 year old adults born preterm.’”® The lack of consistency is not a

surprise as adolescence and puberty is a time of huge growth and development which

does not always occur at the same time or at the same rate in individuals.

Studies in young adults up to the age of 30 years have reported increases in systolic

782 These differences may be of direct

blood pressure of between 2.4-15mmHg.
clinical relevance in later life as blood pressure is known to track throughout life.® In

addition, a modest increase of 5mmHg in peripheral systolic blood pressure confers a

21% increase in cardiovascular death and 34% increased incidence of stroke at a
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population level.®* However, there is evidence to suggest that even in young
adulthood, prevalence of clinical hypertension is increased in preterm born individuals.
In a Swedish national cohort study of over 630,000 individuals, those born preterm
(28,220) had an increased relative rate of requiring antihypertensive medication.® This
was inversely associated with decreasing gestational age at birth and was independent
of fetal growth. Those born between 23 and 27 weeks were more than twice as likely
to be prescribed one or more antihypertensive medications per year and even those

born after 35 weeks gestation had an increased risk.%

There is limited long term epidemiological data on the effect of preterm birth on
offspring who have reached middle or old age. Preterm birth has in the past been

associated with increased risk of stroke in two birth cohorts,® &’

although a
relationship with later hypertension or ischaemic heart disease is not always
consistently shown.®®**° However, there have been two large birth cohort studies
which have been published in the last few years which seem to provide stronger
evidence of a link between preterm birth and long term disease. In a birth cohort from
Helsinki comprising of 19,015 subjects born between 1924 and 1944, preterm women,
but not men, were found to have a 1.98 fold increase in lifetime risk of coronary heart
disease if born before 34 weeks gestation.91 The other study, this time from Sweden,
which included all 1,306,943 young adults aged between 18 and 30 vyears,
demonstrated a two-fold increase in cerebrovascular disease in those born prior to 32
weeks.?? It is important to note, however, that results from older birth cohorts are not

necessarily translatable to those from the modern times due to huge advances in

perinatal care and more accurate records on gestational age at birth. Some evidence is
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also emerging of increased insulin resistance in those born preterm’> ’® 78 7% 93 which

may be a precursor to later development of the metabolic syndrome94 or type 2

diabetes,” both of which will further influence cardiovascular risk.

1.2.3 Cardiovascular changes in preterm-born infants

It has been postulated that cardiovascular changes occurring as a result of preterm
birth may lead to long term cardiovascular sequelae. The last trimester is a critical time
for cardiovascular development and it may therefore be that early exposure to the ex
utero environment results in pathological changes to the cardiovascular phenotype of

the individual predisposing to disease later in life.

Cardiac development

Two significant events occur at the time of preterm birth that may have long term
implications on cardiac development. At birth, there is a switch in the myocardial cells
from a fetal hyperplastic phenotype to one of hypertrophy which is completed after
the first few weeks of postnatal life.> Animal models have demonstrated that this
switch also happens at the time of preterm birth.’® %’ In addition, significant flow
changes take place in the fetal circulation during its transition into the ex utero
environment going from a low resistance placental circulation to a high resistance
arterial system”® which is relatively hyperoxic.”®> The immature preterm heart is not
able to easily deal with the increased preload that occurs after birth'® or the higher
oxygen concentrations which result in increased oxidative stress and related

101, 102

damage through the generation of free reactive oxygen species.'® These all

result in cardiac remodelling which has been demonstrated in animal models.
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Bensley et al. demonstrated that preterm born sheep examined at term equivalent age
had a six to seven fold increase in collagen deposition and cardiomyocytic hypertrophy
in both ventricles and the interventricular septum. In addition, there was a greater
proportion of mononucleated cells which showed an increase in ploidy, suggesting
abnormal maturation.”® This is important as polyploidy is associated with irreversible

104108 Thare were localised areas

changes in DNA and is linked to cardiac dysfunction.
of lymphocyte and mast cell infiltration in some of the preterm hearts®® suggesting
inflammation and injury and similar findings have been shown in human heart failure
patients.’”” A preterm rat model exposed to transient neonatal high O, to replicate
preterm birth related complications showed similar cardiac remodelling. At 16 weeks
old these rats showed left ventricular hypertrophy and enhanced fibrosis but more

worryingly, after exposure to pressure overload using an angiotensin Il infusion,

developed severe heart failure.”’

Recent human studies in our group have also demonstrated a hypertrophic pattern in
young adults born preterm using cardiovascular magnetic resonance imaging.'%® 1%
Those born preterm had an increased left ventricular mass which was inversely related
to gestational age at birth.’*® The average increase in left ventricular mass was
equivalent to a 9kg/m2 increase in body mass index'® and which would also confer a
greater than 50% increased risk of cardiovascular clinical events in later life based on

111, 112

longitudinal studies. Using computational modelling in order to create a

statistical cardiac atlas, Lewandowski et al. reported that these individuals had a
distinct left ventricular shape with shorter ventricles, small internal diameters and a

109

displaced apex. Proportionately greater differences were also demonstrated in the
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right ventricle!® with preterm born young adults also showing left and right systolic

108,109 oft ventricular diastolic dysfunction displayed a similar

and diastolic dysfunction.
pattern to that seen in a cohort of individuals a decade older, suggesting premature

ageing of the myocardium.109 A coexisting diagnosis of preeclampsia in the pregnancy

had an additional deleterious effect on left ventricular systolic function.'®

Macrovascular development

The third trimester is an important time for arterial development with 60% of aortic
growth occurring within this period.*” In animal models, the loss of the placental

circulation results in a reduction in abdominal aortic blood velocity which is associated

114
d.

with a reduction in aortic growth in the postnatal perio In addition, the placenta

produces vascular growth factors such as IGF-1 which is required for normal vascular

115

development.”™> Therefore, the exposure of the immature macrovascular system to

the ex utero environment may have long lasting effects on the arterial tree.
In support of this hypothesis, Schubert et al. demonstrated an aortic and carotid artery
growth arrest in preterm infants at term equivalent age and three months later

113

compared to controls.”™ Several studies have also reported that large arteries are

68, 116-118

significantly smaller in children and adolescents born preterm, and our group

have also recently demonstrated that adults born preterm had 20% smaller thoracic

119 These findings suggest that any changes seen may

and abdominal aortic lumens.
track into later life.
Preterm birth may have an additional impact on large vessel function. The third

trimester is also when the rates of elastin synthesis are the greatest, falling rapidly

after the perinatal period.'?® Elastin, together with collagen, is a structural matrix
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protein which is essential to the mechanical properties of the extracellular matrix in

121-123

vessel walls, acting as an elastic reservaoir. In animal models, accumulation of

elastin has been shown to be sensitive to changes in blood flow during the perinatal

124-126
d,

perio and therefore it is plausible that the haemodynamic insult on the poorly

developed vascular tree may result to changes in its functional ability.

A few previous studies have shown increased arterial stiffness in in children born

127-131

before 34 weeks gestation although this is not always consistent.’*?> Some studies

have also demonstrated that preterm individuals as young adults display higher levels

133-135

of arterial stiffness, although our group have found only small differences which

are unlikely to be of clinical relevance.'® In other populations, increased arterial

136, 137

stiffness is a predictor of cardiovascular events with increased arterial stiffness

139, 140 35-37 141, 142

being associated with atherosclerosis,138 diabetes, obesity, smoking,

® and the metabolic syndrome.144 However, the links between

hyperlipidaemia14
macrovascular development and later cardiovascular disease in preterm individuals is

yet to be clarified.

Microvascular development

Abnormalities in the microvascular system have been demonstrated with a reduction

14 - 146-14 _ ..
83,19 and retinal vascular**®**® beds in individuals born preterm

in cutaneous capillary
having been previously described. Capillary rarefaction is thought to play an important
role in the increased peripheral vascular resistance found in patients with

hypertension”g'151

and it has been hypothesized to play a causative role in this disease
as it is also observed in normotensive at-risk populations.152 In addition, arteriolar

narrowing in the retina has been shown to be an accurate predictor of hypertension.153
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Several mechanisms have been put forward including the hypothesis that preterm
birth causes a shift towards a more anti-angiogenic profile in the offspring which may
then have an effect on microvascular development. Cord sera from preterm infants

4

has been shown to impair vasculogenesis in vitro™* and the genetic profile of

endothelial colony-forming cells isolated from cord blood demonstrates an increased

expression of anti-angiogenic functions.™>

In addition, young adults born preterm
exhibited an enhanced anti-angiogenic state with elevations in soluble endoglin (SENG)
and soluble fms-like tyrosine kinase-1 (sFlt-1) and it was found that there were
associations with elevations in blood pressure mediated through capillary rarefaction

145

in this cohort.” ™ Endothelial colony-forming cells from preterm babies were also found

to be more sensitive to hyperoxic stress, > **/

which is known to occur in the postnatal
environment. This may be another pathophysiological pathway through which capillary

rarefaction develops in these individuals.

1.2.4 Other factors contributing to cardiovascular risk

Perinatal interventions

There are, of course, a huge number of perinatal exposures and interventions that the
preterm infant is exposed to which may have an effect on long term health, not all of
which will be discussed here.

Nutrition in early life has been shown to play an important role in cardiovascular
development. Intravenous lipids, which, in the past, were widely given in the neonatal
period to preterm infants have been shown to increase aortic stiffness in early
adulthood and cause subclinical systolic dysfunction, potentially through elevations in

158

neonatal cholesterol levels.” In addition, a previous randomised control feeding trial
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in preterm infants found on average a 4mmHg lower mean arterial pressure in those
that were breastfed compared to those given formula in adolescence.” A further
follow up of a subset of this cohort demonstrated a beneficial association between

160

breast milk and cardiac morphology and function in adult life.”> Rate of weight gain or

postnatal catch-up growth has also been implicated in long term cardiovascular

72, 161

disease risk in preterm offspring and may underlie the relationship between body

mass index and blood pressure in this group.’®’% 77,80, 162

Antenatal glucocorticoids have been shown to prevent neonatal respiratory distress in
the preterm infant'®® and are widely given as standard practice to mothers at risk of
preterm delivery.’® Our group have previously demonstrated that exposure to
glucocorticoids in the antenatal period is associated with increased aortic arch stiffness
equivalent to that of term adults a decade older. Changes in glucose metabolism were
also noted.'®®

Mechanical ventilation is often required to support the respiratory system in the

186 Whilst the benefit to survival is unquestionable, changes to

preterm neonate.
pulmonary physiology may result in detrimental effects on cardiac function. This may,
in turn, result in cardiac remodelling with Lewandowski et al. showing that increases in

right ventricular mass in preterm born young adults were partly accounted for by

postnatal ventilation.'®

Perinatal exposures

Various conditions that are commonly seen in cases of preterm birth may also have a
negative effect on cardiovascular development. Infection is one of the most common

risk factors for preterm birth and is present in most cases when delivery occurs before
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30 weeks gestation.”” In a sheep model of chorioamnionitis, exposed lambs showed

marked differences in cardiac function and growth.*®’

Intrauterine growth restriction (IUGR), another major risk factor for preterm birth,*®®

has also been shown to have a relationship with long term cardiovascular risk. 6% 170
Animal models have demonstrated a significant reduction in cardiomyocyte number*’*
with the number being proportional to weight at birth.'”> As in preterm sheep

173, 17% in addition to

models,”® the cardiomyocytes were in a more immature form,
there being a heightened vasoconstrictor response in the coronary arteries.!”
Furthermore, IUGR has also been show to result in fetal cardiac remodelling and

associated systolic and diastolic dysfunction'’> *7°

which persists into infancy and
childhood.'””*"
Hypertensive disorders of pregnancy are also often linked to preterm birth as

previously described earlier in the chapter and will be discussed in detail in the

following section.

1.3 Hypertensive disorders of pregnancy

De novo hypertension in pregnancy, which encompasses preeclampsia and pregnancy
induced or gestational hypertension, presents after 20 weeks gestation in up to 8% of
pregnancies'® with 3-5% being affected by preeclampsia alone.'®! There are various
definitions in the literature, but the International Society for the Study of Hypertension
in Pregnancy (ISSHP) defines preeclampsia as new onset hypertension (brachial systolic
blood pressure >140mmHg and/or diastolic blood pressure 290mmHg) after 20 weeks

gestation, returning to normal postnatally in addition to new onset proteinuria
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(>300mg/day or a protein/creatinine ratio of =30mg/mmol).*®? Pregnancy induced
hypertension refers to isolated new onset hypertension without proteinuria. The
difference between preeclampsia and pregnancy induced hypertension is
controversial. Some believe pregnancy induced hypertension to be a distinct

183, 184

pathophysiological condition. Others suggest that they both belong to the same

disease spectrum with both preeclampsia and gestational hypertension sharing similar

185-187

risk factors, anti-angiogenic associations,'® genetic factors **° and cardiovascular

190-192

changes. Pregnancy induced hypertension can also evolve into preeclampsia in

15-20% of cases,'”® and women with previous episodes of preeclampsia or gestational
hypertension are at increased risk of both conditions in subsequent pregnancies.’** %
Chronic hypertension which predates the pregnancy and superimposed preeclampsia
(the development of preeclampsia on the background of chronic hypertension) can
also occur, but their effect on the cardiovascular system of the offspring will not be

investigated in this thesis.

Hypertensive disorders of pregnancy are remains a major cause of maternal and

8 19, 197 |5 Latin America and the

perinatal mortality and morbidity worldwide.
Caribbean it is responsible for more than one in four maternal deaths,™® although in
the United Kingdom, mortality rates have fallen to their lowest ever in recent years,
with less than one in a million women dying due to improvements in care from the
introduction of evidence-based guidelines.'®® Preeclampsia is estimated to account for

20% of all antenatal admissions and, as discussed earlier, is thought to be an

antecedent for 20% of those born preterm but also for 12% born small for gestational
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age.? In its severe form, it is also associated with adverse perinatal outcomes with one
in four stillbirths and neonatal deaths in developing countries being associated with
this condition.® The majority of the work in this field concentrates on preeclampsia
rather than gestational hypertension and therefore this will be the focus for the

remainder of the chapter.

1.3.1 Aetiology of preeclampsia

Observational studies have identified many risk factors associated with the
development of preeclampsia although many also predispose to pregnancy induced
hypertension. Table 1.2 summarises the main risk factors that have been previously

identified.
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Table 1.2: Main risk factors for preeclampsia®® 2%

Maternal demographics Ethnicity (black race)
Increased maternal age
High BMI
Social history Low socioeconomic status
Obstetric History Nulliparity
Previous preeclampsia
Medical History Chronic hypertension

Diabetes/increased insulin resistance
Inherited thrombophilia
Renal disease

Antiphospholipid syndrome/autoimmune
disease

Pregnancy factors Long inter-pregnancy interval
Multiple pregnancy
Hydatidiform mole

Genetics Family history of preeclampsia

1.3.2 Pathophysiology of preeclampsia

The cause of preeclampsia is not yet completely understood, but impaired remodelling
of the spiral arteries has traditionally been implicated.’® It is then thought that this
leads to chronic placental ischaemia or intermittent flow resulting in an ischaemia-
reperfusion phenomenon.202 The ischaemic placenta releases reactive oxygen species
and inflammatory cytokines in addition to over-expression of anti-angiogenic factors
which, in combination, is thought to lead to widespread maternal endothelial

dysfu nction.?0%2%

However, in recent years some have proposed that there are two distinct categories of

preeclampsia with placental disease only featuring in the early-onset phenotype

47



56, 205

(presentation before 34 weeks gestation). Late-onset preeclampsia is more

common, accounting for 80% of cases,’® and is usually seen in association with long

206

standing maternal co-morbidities.” As placental dysfunction is not thought to be a

key factor, preterm delivery and fetal growth restriction are not usually observed.

Most women are asymptomatic at presentation, although preeclampsia can involve
multiple organs and systems including the heart, kidney, coagulation system, liver and

the central nervous system.207

Serious complications include HELLP syndrome
(Haemolysis, Elevated Liver enzymes and Low Platelets), stroke, cortical blindness,
placental abruption, pulmonary oedema, ascites, renal failure, disseminated
intravascular coagulation, liver capsule rupture and eclampsia (tonic clonic seizures)

which in low and middle income countries, can have a fatality rate can be as high as 3-

5%. 208

1.3.3 Prevention and treatment of preeclampsia

The only interventions that have been shown to reduce the risk of developing
preeclampsia are low-dose aspirin, which is associated with a 10% reduction in
preeclampsia and preterm birth,’® and calcium supplementation which halves the

relative risk but with no obvious benefit in infant outcome.?*°

56, 196

The only definitive treatment for preeclampsia is delivery, although this is not

always in the best interest of the fetus. Current therapies have not been shown to

207

reverse the underlying disorder.”" The aims of management are to prolong the

pregnancy until such time as the risks to the mother outweigh the risks to the fetus
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and to monitor for any complications resulting from the condition.'®® 2%

Antihypertensive medication such as methyldopa, labetalol (a mixed alpha and beta
blocker) and nifedipine (a calcium channel blocker) are commonly used to control
blood pressure in order to minimise the risk of complications and allow prolongation of
the pregnancy. There is currently no evidence to suggest that one agent is better than

another.?'!

It has been recommended that all women with the condition be considered for
delivery before 40 weeks gestation and after 32 to 34 weeks gestation if severe

°% 297 Expectant management may be an option before this

preeclampsia is present.
time,”® with a recent systematic review suggesting that prolonging the pregnancy until
34 weeks reduced neonatal complications without significantly increasing the risk to
the mother.?*? Delivery at any gestation is indicated if there are worsening of maternal

symptoms, development of complications, end-organ dysfunction or deterioration in

the fetal condition.?"’

1.3.4 Cardiovascular risk in infants exposed to maternal hypertension

In addition to the increased mortality and morbidity during pregnancy and the
puerperium, a preeclamptic pregnancy is an independent risk factor for maternal

cardiovascular disease with an increased risk of developing hypertension, coronary

213, 214

artery disease and stroke in the 10 to 15 years following the pregnancy. Of note,

a graded relationship between the risk of cardiac disease and the severity of

preeclampsia has been demonstrated.*'*
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Furthermore, there is also growing evidence that there are long term offspring
cardiovascular sequelae from in utero exposure to hypertensive disorders of pregnancy
which are independent from other co-existing pregnancy complications. Our group
have previously conducted a meta-analysis using data from over 45,000 individuals
which reported a 2.39mmHg higher systolic and 1.35mmHg higher diastolic blood
pressure in children and young adults who had been born to preeclamptic
pregnancies.’’ If this difference tracked into adult life, it would be associated with an
8% increased risk of mortality from ischaemic heart disease and a 12% increased risk of

stroke.’?”

These findings are supported by our 20 year prospective follow up birth cohort study
of 2,868 young adults which reported that clinical incidence of hypertension were
increased in those exposed to hypertensive disorders of pregnancy in utero. These
young adults were 2.5 times more likely to have global lifetime risk (QRISK) scores
above the 75" centile and 30% of 20 year olds with hypertensive blood pressures were
born following a hypertensive pregnancy. The exposure to in utero hypertension in
addition to a preterm birth resulted in a threefold greater risk of being clinically
hypertensive as a young adult. Intriguingly, the phenotype between offspring exposed
to preeclampsia and pregnancy induced hypertension appeared to be different with
those born following isolated high blood pressure demonstrating a smaller blood

pressure rise but a significantly increased body mass index.?'®

These increases in blood pressure are evident in later life, with one study showing that

offspring of preeclamptic pregnancies were more likely to be prescribed
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antihypertensive medication by the age of 50 years old.?!” Interestingly, a 60 year
follow up of the Helsinki birth cohort also demonstrated that individuals born following
severe preeclampsia have a 1.5 relative risk of hypertension although this was not
seen in milder cases. However, this study also reported that offspring exposed to
preeclampsia had double the risk of stroke in adult life even after adjusting for
birthweight or gestational age*'® which could not be explained by increases in blood
pressure suggesting that this alone cannot fully explain the cardiovascular risk

associated with exposure to this pregnancy complication.

1.3.5 Cardiovascular changes in infants exposed to maternal

hypertension

There is growing evidence to suggest that the offspring of preeclamptic pregnancies
have a distinct vascular phenotype. Our group have previously shown that preterm
born young adults demonstrated impaired flow mediated endothelial responses only if
they were exposed to maternal hypertension.®’ An increased intima-media thickness
was also found®! suggesting an early atherogenic phenotype consistent with aortic
arterial thickening which has been shown in preeclamptic offspring at birth.**
Endothelial dysfunction has also been demonstrated in childhood*° and

221 - . 222
adolescence,” " although this is not always consistent.

A recent study has also found that there are differences in offspring cardiac structure
in adolescent offspring exposed to hypertensive disorders of pregnancy suggesting
cardiac remodelling. Exposure to maternal hypertension was associated with a greater

relative wall thickness compared to controls and those exposed to preeclampsia also
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23 \Whether these

demonstrated a reduced left ventricular end-diastolic volume.
changes are present earlier on in life and whether they are of relevance to future

cardiovascular disease risk in population will be of interest.

1.4 Thesis Hypotheses and Objectives

The aim of this thesis is to characterise the cardiovascular phenotype of offspring born
to pregnancy complications in the early postnatal period. It is predicted that being
exposed to maternal hypertension in utero and/or being born preterm will result in
distinct cardiovascular changes in the first three months of life. More specifically, |

hypothesise that:

1. Preterm birth will be associated with disproportionate cardiac hypertrophy and
diastolic dysfunction which is proportional to the degree of prematurity in the

early postnatal period;

2. Exposure to maternal hypertension will result in capillary rarefaction in the

offspring in the early postnatal period which is related to in vitro vasculogenic

potential and maternal angiogenic profile;

3. Preterm born individuals will demonstrate reduced heart rate variability at

birth compared to their term-born counterparts;
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4. There will be an interaction between preterm birth and maternal hypertension
resulting in an additional deleterious effect on offspring cardiovascular
phenotype compared to if the infant was only exposed to one pregnancy

complication.

In order to investigate these hypotheses, my objectives are therefore to:

1. Create nomograms of fetal cardiac structure using two dimensional
echocardiography in order to create trajectories of cardiac development with

which to compare data from preterm infants;

2. Quantify changes in left and right ventricular structure, function and shape
between preterm and term born offspring and investigate how perinatal

factors including exposure to maternal hypertension relate to these changes;

3. Establish changes in in vivo microvascular structure between birth and three
months of age in offspring exposed to maternal hypertension and their
association with in vitro vasculogenic potential, maternal angiogenic profile and

preterm birth;

4. Quantify changes in heart rate variability parameters at birth in babies born to

pregnancy complications and investigate their relationship with any

cardiovascular changes observed in these individuals;
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5. Discuss the findings from this thesis including possible mechanisms,

implications and future work.
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2: STUDY POPULATION

The work in this thesis is based on a study (Effect of Prematurity and hypertensive
disorders of pregnancy on Offspring Cardiovascular Health (EPOCH),South Central
Berkshire Research Ethics Committee ref. 11/SC/0006, UKCRN/clinical trials ref.
NCT01888770), the pilot of which was designed by a previous DPhil candidate (Dr
Esther Davis) and one of my supervisors, Professor Paul Leeson. The original study was
designed to assess the impact of severe preeclampsia (PET) on cardiovascular
development of the offspring by comparing preterm babies who had and had not been
exposed to PET at birth and three months postnatal age. It also aimed to assess the

feasibility of recruiting in a neonatal intensive care environment.

Professor Leeson and | made several modifications to the original study and
incorporated it into a larger programme of work. | continued recruitment and data

collection for this “neonatal” cohort and also expanded the selection criteria to include
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several groups of term born infants in order to investigate the effect of less severe
forms of hypertensive disorders of pregnancy i.e term PET and term pregnancy
induced hypertension (PIH). Recruiting term born infants allowed me to investigate the
effect of prematurity on infant cardiovascular development and its interaction with
maternal hypertension. In addition, novel measures of heart rate variability were
undertaken as well as umbilical cord collection in order to compare in vivo and in vitro

microvascular measures.

Furthermore, through antenatal recruitment in a subgroup of mothers, | performed
fetal cardiac measures in addition to the postnatal assessments in order to establish a
second “fetal” cohort. Normative fetal data for this cohort was supplemented by using
cardiac datasets that were taken from women from the same population who were
taking part in a longitudinal fetal surveillance study called INTERBIO-21*" (South
Central — Oxford C Research Ethics Committee ref. 08/H0606/139) using the same
protocol for image acquisition. The purpose of this fetal cohort was to investigate
whether any cardiovascular structural differences observed were present prior to
birth. Figure 2.1 summarises the recruitment and assessments for the two cohorts. As
the neonatal cohort was established first, | will describe this before going on to give

details about the fetal cohort.
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Figure 2.1: Overview of fetal and neonatal cohorts, recruitment and assessments
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2.1 Neonatal cohort

The study population included in this thesis incorporates 47 infants (15 preterm
offspring born to a normotensive pregnancy, 27 preterm born to a hypertensive
pregnancy, 4 term born to a preeclamptic pregnancy and 1 term born to a
normotensive pregnancy) who were recruited between 2012 to 2014 by a previous
DPhil candidate (Dr Esther Davis) in addition to a further 208 infants (255 in total) who

| subsequently recruited.

2.1.1 Patient selection

Potential participants were identified by their clinical care team from infants delivered
at or admitted to the Oxford University Hospitals NHS Foundation Trust. Mothers of

the infants formed a further study cohort.

CASES

These constituted infants born to mothers with preeclampsia or pregnancy induced
hypertension and/or born preterm. They were divided into four subgroups: Infants
borntoa

a) preterm, normotensive pregnancy (PT-NT);

b) preterm, preeclamptic pregnancy (PT-PET);

c) term, pregnancy induced hypertension pregnancy (T-PIH);

d) term, preeclamptic pregnancy (T-PET).
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CONTROLS
These were defined as term infants born to mothers that had been normotensive

throughout pregnancy (T-NT).

A stratified recruitment strategy was employed to recruit similar numbers of mother
and infants dyads from hypertensive and normotensive pregnancies across a range of

gestations.

2.1.2 Diagnostic definitions

A hypertensive pregnancy was defined according to ISSHP guidelines182 as a diastolic
blood pressure > 90mmHg on two separate occasions within a 24 hour period more
than three hours apart presenting after 20 weeks of pregnancy. A diagnosis of
preeclampsia was also noted if there was new onset hypertension plus evidence of
gestational proteinuria (300mg per 24 hours or more in a 24 hour urine collection, or
at least 2+ protein at least twice on consecutive dipstick testing, or protein/creatinine
ratio of 230mg protein/mmol creatinine).

A preterm birth was defined as birth before 37 weeks gestation with gestational age

calculated based on first trimester ultrasound.
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2.1.3

Inclusion criteria

Singletons and multiplets were included.

Infants

The subject must have satisfied all the following criteria to be considered eligible for

the study:

Infants delivered at, or admitted to the Oxford University Hospitals NHS
Foundation Trust ;

Available for assessment within the neonatal period and at 3 months of age;
Parent is willing and able to give informed consent for participation in the
study;

Physical condition is suitable to allow non-invasive cardiovascular testing;
Mother meets criteria for inclusion in the study and is willing to participate in

the study.

Mothers

Mothers must have satisfied all the following criteria to be considered eligible for the

study:

Given birth to an infant admitted to the Oxford University Hospitals NHS Trust ;
Aged > 16 years old;

Is able and willing to give informed consent for participation in the study, and is
able and willing to give informed consent for her infant’s participation in the

study.
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2.1.4 Exclusion criteria

Infants

The subject was not recruited into the study if ANY of the following applied:

e Parent is unwilling to give consent;

e Unavailable for assessment within the neonatal period and at 3 months of age;

e Physical condition unsuitable to allow for non-invasive testing of cardiovascular
system;

e Evidence of congenital cardiovascular disease (with the exception of PDA and
ASD) or known genetic or chromosomal disorder or any severe malformation;

e Cardiorespiratory instability at time of proposed measures;

e Active infection at time of proposed study measures;

e Mother of infant is excluded from the study.

Mothers

Mothers were not asked to enter the study if ANY of the following applied:

e Unable or unwilling to give informed consent;
e Aged less than 16 years;
e Physical condition post-delivery such that it would preclude participation in the

study.
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2.1.3 Subject recruitment

A stratified recruitment approach to ensure balanced representation of preterm and
term birth as well as hypertensive and normotensive pregnancies was employed. On
designated days of the week, consecutive women who had delivered preterm and/or
who had experienced a hypertensive pregnancy were approached to take part in the
study. A subgroup of women who had experienced a term, normotensive pregnancy
delivering on the same day were also approached to serve as a control group.
Identification of eligible infants and mothers was carried out by their clinical care team
on the neonatal unit or inpatient wards. Following identification, the mothers were
provided with an invitation letter under the direction of the medical team. All
invitation letters were followed up by a member of the research team and if they were
interested, the research team then provided full information detailing the potential
involvement of both infant and mother. Following this, if they were happy to proceed,
separate written informed consent was taken from the mother for herself and on

behalf of their infant for participation in the study.

A copy of the signed informed consent forms was given to the appropriate
parent/guardian and also filed in the notes. The original signed form was retained at

the study site.
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2.2 Fetal cohort

2.2.1 Patient selection

The fetal cohort comprised of offspring from pregnant mothers receiving antenatal
care in the Oxford University NHS Hospitals Foundation Trust who were taking part in

one of two longitudinal studies.

The first study was EPOCH from which the neonatal cohort was derived (Section 2.1),
whereby a subset of 55 mothers were identified, recruited and scanned prior to birth.
The pregnancies were then followed through to delivery and postnatal measurements
were acquired i.e. the infant was part of the fetal and neonatal cohort. The allocation
of the offspring into the case or control group was determined postnatally depending
on whether the infant had been born preterm and/or been exposed to a maternal
hypertension (Section 2.1.1. and 2.1.2). These mothers were also approached as to
whether they would be happy to donate their umbilical cords to the Oxford
Cardiovascular Tissue Bioresource in order to link studies and compare in vitro and in

vivo microvascular measures in the same infant.

Normative fetal cardiac data was supplemented by women taking part in InterBIO-21%,
a longitudinal fetal surveillance study, on designated days. These offspring only

contributed antenatal data and were only part of the fetal cohort.
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2.2.2 Inclusion criteria

Mothers must have satisfied all the following criteria to be considered eligible:

e Receiving antenatal care in the Oxford University Hospitals NHS Trust;
e Aged > 16 years old;

e |s able and willing to give informed consent for participation in the study.

2.2.3 Exclusion criteria

Mothers were not asked to enter the study if ANY of the following applied:
e Unable or unwilling to give informed consent;
e Aged less than 16 years;
e Evidence of fetal congenital cardiovascular disease (with the exception of ASD)

or known genetic or chromosomal disorder.

2.2.4 Subject recruitment

Identification of eligible mothers for the EPOCH arm of the fetal cohort was carried out
by their clinical care team in outpatient clinics or inpatient wards. Following
identification, the mothers were provided with an invitation letter under the direction
of the medical team. All invitation letters were followed up by a member of the
research team and if they were interested, the research team then provided full
information detailing the potential involvement of both offspring and mother. A
separate invitation letter was also provided for the Oxford Cardiovascular Tissue
Bioresource. Following this, if they were happy to proceed, written informed consent
was taken from the mother for herself for participation in the study or studies. Post-

delivery, consent for the mother was reaffirmed and consent taken from the mother
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on behalf of the infant for participation in the postnatal part of the study (neonatal
cohort). All consent forms included permission to access maternal and offspring clinical

records and link data between studies.

Identification and consent of eligible mothers for the InterBIO-21" arm of the fetal
cohort was carried out by the InterBIO-21"" research team. Cardiac measures used in
my thesis were in addition to the InterBIO-21"" fetal surveillance protocol but were
covered by their research ethics and consent forms so further consent was not

required.

A copy of all the signed informed consent forms were given to the mother and also

filed in the notes. The original signed form was retained at the study site.
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3: GENERAL METHODS

The following chapter describes the methods that were used to investigate the
cardiovascular system of the offspring. Firstly, | will present an overview of the study
visits. | will then describe the investigations used and how the data was collected and
analysed along with their respective intra and inter-observer variability based on 10
randomly selected datasets. Finally, | describe the statistical methods employed in my
thesis. Additional methods for investigations or analysis that came about as part of a
specific collaboration with other researchers will be described in the corresponding

results chapter.

3.1 Study visit outline

3.1.1 Fetal Cohort

Antenatal fetal echocardiograms for those mothers taking part in EPOCH were

performed after recruitment and repeated every 4-6 weeks until delivery. Fetal
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echocardiography was also performed in a group of women taking part in the InterBIO-
21" study. This was a longitudinal study in which women attended every 4 weeks
during pregnancy for an obstetric ultrasound scan. On designated days, all mothers
attending an assessment had fetal echocardiography performed as part of their scan.
Therefore, some fetuses underwent multiple echocardiograms whereas others only
had measurements at a single time point. All scans were carried out in the Nuffield

Department of Obstetrics and Gynaecology in the John Radcliffe Hospital.

Umbilical cords were collected at birth and human umbilical vein endothelial cells
(HUVECs) were isolated and stored according to standard operating procedures (See

Section 7.3.2.1 and Appendix).

The data collected was anonymised and coded with study/bioresource specific IDs (e.g.

InterBIO 07-00001) to ensure confidentiality and blinded analysis.

3.1.2 Neonatal Cohort

The infants attended two identical assessments (Figure 3.1) at two different time
points:

VISIT 1: First week of life (Birth assessment);

VISIT 2: Three months of age (Follow up assessment).

In a proportion of participants, their clinical status, timing of discharge from hospital or
patient preference would not allow measurements within this time period. Therefore,
the upper limit for the birth assessment was 4 weeks (28 days) for birth assessment

and 24 weeks (168 days) for the follow up assessment.
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Birth assessments were carried out either in the postnatal wards or neonatal units in
the Oxford University Hospital NHS Foundation Trust (John Radcliffe Hospital, Oxford
or Horton General Hospital, Banbury) or in the Cardiovascular Clinical Research Facility
(CCRF) in the John Radcliffe Hospital. Follow up visits were conducted in CCRF or in the
Day Assessment Unit in the Horton Hospital. All were performed in a temperature-
controlled room, with the infant at rest, either in their mother’s arms, in a crib or a

pushchair.

Details of the study procedure and what to expect were described to the mothers
allowing them time to ask any further questions. Informed consent was then gained or

re-affirmed.

Following consent, offspring underwent anthropometric measurements,
echocardiography, microvascular structural imaging and blood pressure and pulse
wave velocity measurements. A subgroup of infants also underwent a 5 minute ECG
recording in order to calculate heart rate variability measures. Mothers of the infants
also underwent venepuncture and completed detailed lifestyle and medical history

questionnaires.

3.2 Ethical standard

The clinical studies were approved by the South Central Berkshire Research Ethics
Committee ref. 11/SC/0006 (EPOCH) and the South Central Oxford C Research Ethics

Committee ref. 08/H0606/139 (InterBlO-21st). The in vitro studies were covered by
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ethical approval from the Oxford Cardiovascular Tissue Bioresource (ref. 09/H0606/68,

07/H0606/148 and 11/SC/0230).

Figure 3.1: Overview of investigations and methods of data collection utilised for the
neonatal cohort.

Anthropometry ;
L Cardiac
Phenotyping
Microvascular
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Macrovascular
Phenotyping
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3.3 Anthropometry

3.3.1 Fetal cohort

During fetal life head circumference, abdominal circumference and fetal length were

224

measured according to previously published protocols®™” and the average of three

measurements used.

Briefly, a cross-sectional view of the fetal head at the level of the thalami was taken as

close as possible to the horizontal to measure head circumference (Figure 3.2).

Figure 3.2: Representative image of measurement of fetal head circumference in a
fetus of 32 weeks.

Abdominal circumference was taken in a cross-sectional view of the fetal abdomen as
close as possible to circular, with the umbilical vein in the anterior third of the

abdomen (at the level of the portal sinus), with the stomach bubble visible (Figure 3.3).
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Figure 3.3: Representative image of measurement of fetal abdominal circumference in

a fetus of 22 weeks.

Finally, the femur length was measured in the longitudinal view using the fetal thigh

closest to the probe as close as possible to the horizontal plane (Figure 3.4).

Figure 3.4: Representative image of measurement of fetal femur length in a fetus of 20

weeks.

Estimated fetal weight (EFW) was calculated using the Hadlock formula®®>:

EFW = In(1.326 — (0.00326 x AC x FL) + (0.0107 x HC) + (0.0438 x AC) +

(0.158 x FL))

EFW indicates estimated fetal weight; abdominal circumference AC; FL femur length;
HC head circumference.
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3.3.2 Neonatal cohort

Weight was measured using digital scales (Charder Model MS4200) to the nearest
0.01kg with the infant fully naked. Head circumference was measured from the

supraorbital ridges around to the occiput with a tape measure to nearest mm.

Birth length was not measured as crown-heel length measurements are known to be

226, 227

stressful for neonates and have a low accuracy with methodological variability

227

affecting both clinical decisions and research findings.””" In addition, many of the

preterm infants were in incubators, making measurements impractical. Therefore,

body surface area (BSA) was calculated using the Boyd formula®?:

BSA (mz) = 4.688 x Welght (kg) (0.8168-0.0154 x log Weight (kg))

This method, based on weight alone, has been validated in the paediatric population

with deviations of less than 10% from formulas using both height and weight.229

Z-scores for weight were calculated using the International Standard size at birth
reference charts from the INTERGROWTH-21st Project™® 2*' using their online
application (https://intergrowth21.tghn.org/global-perinatal-package/intergrowth-

21st-comparison-application/).
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3.4 Cardiac Phenotyping

3.4.1 Echocardiography

Fetal echocardiography was performed using a Philips HD9 ultrasound system (Philips
Healthcare, Guildford, Surrey, UK) with a C6-3 curved-array transducer. Postnatally,
infants were scanned on a Phillips CX50 ultrasound system (Philips Healthcare,
Guildford, Surrey, UK) and at three month follow up on a Philips iE33 system (Philips

Healthcare, Guildford, Surrey, UK) with an S12-4 transducer.

3.4.1.1Image Acqusition
Fetal Cohort

Multiple apical or basal four chamber cine loops were acquired with the septum or
free wall aligned parallel to the Doppler beam (<10degrees without further angle
correction). In order to obtain the highest frame rate, the scan area was kept as small
as possible with the heart taking up >1/3rd of the screen. Gains and depth were
optimised to aid post-processing analysis. The cine loops were taken during a period of
fetal quiescence in the absence of maternal or fetal breathing movements. They were
then retrospectively gated offline using TomTec Image Arena 4.6 (TomTec Imaging
Systems GMBH, Unterschleissheim, Bavaria, Germany) where end diastole was defined

at the point of mitral valve closure.

Neonatal Cohort

A detailed 2D transthoracic echocardiography protocol was followed that included

acquisition of a four chamber view optimised for the left ventricle (LV). For the
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duration of the echocardiogram, the infants were placed in a semi-recumbent position
at a 45 degree angle. To enhance image resolution for post processing analysis, the
frame rate was increased by minimizing the sector width, the gains and depth were
optimised and multiple images of the same view were acquired to enable offline

selection of the highest quality loop (Figure 3.5).

Figure 3.5: An example of a three month old infant undergoing echocardiography

3.4.1.2 Cardiac structure

Ventricular end diastolic volume (EDV) and mass were obtained by manual contouring
of the endo and epicardium using TomTec Image Arena 4.6 from the apical four
chamber view for fetal and infant echocardiography. The end diastolic frame was
manually selected using the point of mitral valve closure as the marker and contours
manually set at the inner endocardial and outer epicardial edge. To maximise
reproducibility, the entirety of the septum was contoured for both LV and right

ventricular (RV) measurements (Figure 3.6).
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Figure 3.6: Images taken from a fetus at 39+2 weeks gestation demonstrating the
technique used to estimate (A) left and (B) right ventricular mass by contouring the

endo and epicardial border in the four chamber view using TomTec Image Arena 4.6.

In addition, LV septal (intraventricular septum, IVS) and posterior wall thicknesses
(PWd) and left ventricular internal diameter in diastole (LVIDd) were measured in the
neonatal cohort from the parasternal long axis view in 2D using Philips Xcelera 3.3
(Philips Healthcare, Guildford, Surrey, UK). The measurements were made at the base

of the LV perpendicular to the mitral annulus through the leaflet tips.

This enabled a second method of calculating postnatal left ventricular mass using the

232

current American Society of Cardiology’s recommended formula®“ in in order to

corroborate any findings.

LV mass = 0.8 x (1.04 x (LVIDd+PWd+IVS)® — LVIDd?) + 0.6

LVIDd indicates left ventricular internal diameter in diastole; PWd posterior wall
thickness in diastole; IVS intraventricular septum in diastole.

Body size correction for measures during fetal life and in analysis from fetal through
early postnatal life was based on adjustment for head circumference, as this provided

a directly quantified indicator of growth known to be accurate in the antenatal and
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233
d.

postnatal perio In addition, for neonatal measures, ventricular mass and volumes

was adjusted for body size based on estimated body surface area, using the Boyd

228

formula®*® (Section 3.3.2), and these values are reported as mass, or volume, index.

3.4.1.3 Cardiac function

In the neonatal cohort, LV systolic parameters including ejection fraction and stroke
volume were captured from automated tracking of the contours of the endocardium

using TomTec Image Arena 4.6 (Section 3.4.1.1) and the following equations:

Stroke volume (ml) = EDV — ESV

Ejection fraction (%) = ((EDV — ESV)/EDV) x 100

EDV indicates end diastolic volume; ESV end systolic volume.

Manual adjustments of the contours were made, as required, throughout the cardiac
cycle to ensure appropriate tracking of all segments and excluded if this was not

possible due to image quality.

RV systolic function was quantified by taking an M-mode slice through the tricuspid
annulus using the cursor in real time to measure the tricuspid annular plane systolic

excursion (TAPSE), analysed offline using Philips Xcelera 3.3.
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Figure 3.7: Example of TAPSE measurement from a term infant at follow up
assessment

Routine diastolic functional parameters were also assessed. Pulsed wave doppler was
measured from the mitral valve tips to assess early and late diastolic inflow and the
ratio of these flows were characterised as E/A ratio using Philips Xcelera 3.3. Further
Doppler interrogation of the lateral mitral valve annulus using Tissue Doppler Imaging
was measured in early diastole (E’) and was utilised in the ratio of early diastolic flow
to early diastolic tissue velocity (E/E’) to assess myocardial relaxation in relation to the

filling velocities.

Ten datasets were selected at random to assess the inter and intra-observer variability
in measurement of LV and RV in both fetal and neonatal cohorts using TomTec Image
arena 4.6 (Table 3.1). Intraclass correlation coefficients (ICCs), the standard method
used for reporting variability in echocardiography measures, for diastolic parameters

and TAPSE are also reported in Table 3.1.
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Table 3.1: Intra and interobserver intraclass correlation coefficients for
echocardiography assessment of cardiac structure and function using the same set of
cardiac cycles

Intraclass Correlation Coefficients (ICC)

Measurement

Intra-observer

Inter-observer

TomTec Image Arena

Fetal

LV mass 0.97 (0.87-0.99) 0.81 (0.41-0.95)
RV mass 0.99 (0.95-1.00) 0.78 (0.35-0.94)
Neonatal

LV mass 1.00 (0.93-1.00) 0.97 (0.83-0.99)
RV mass 0.96 (0.84-0.99) 0.81 (0.41-0.95)
XCelera

E/A 0.99 (0.95-1.00) 0.98 (0.94-1.00)

Lateral wall E’

TAPSE

1.00 (1.00-1.00)

0.97 (0.87-0.99)

0.99 (0.97-1.00)

0.90 (0.64-0.97)

ICCs for single measures and associated 95% confidence intervals are displayed.
LV left ventricle; RV right ventricle;

E early; A atrial; TAPSE Tricuspid annular plane systolic excursion.
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3.4.1.4 Cardiac shape analysis

Cardiac atlases derived from the four chamber view in 2D echo were developed in
collaboration with Dr Pablo Lamata at the Department of Biomedical Engineering,
King’s College London. The aim was to explore if there were any subtle differences in
cardiac shape in those exposed to pregnancy complications, which were not identified
using traditional volumes and dimensions and would aid the characterisation of
offspring cardiovascular phenotype and remodelling. Methods for cardiac shape

analysis are described in (Section 5.3.2.3).

3.5 Microvascular Phenotyping

3.5.1 In vivo microvascular imaging

It is possible to measure dermal capillary density non-invasively and it has been shown
to be representative of systemic capillary density.234 Capillary rarefaction is a major
determinant of increased vascular resistance and is associated with the development

of hypertension (Chapter 1).

Imaging of the axillary small vessel network was performed postnatally with Side
Stream Dark Field (SSDF) imaging (Microscan, Microvision Medical, Amsterdam, The
Netherlands), as previously reported for neonates®” (Figure 3.8). This device emits LED
light at a frequency of 530nM, which is absorbed by haemoglobin in the
microvasculature to produce a dark blood image against a white/grey background for
later off-line analysis. Measurements were performed on the same upper inner arm as
in previous studies which identified this location as the optimal site for images235

(Figure 3.8). Three one-minute video clips of adjacent areas, showing a region of
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1mm?, were recorded while the image was monitored to ensure a stable position and

steady skin pressure.

Analysis was performed off-line using dedicated quantitative software developed for
the Microscan (AVA 3.0, MicroVision Medical, Amsterdam, The Netherlands).236
Sections of video clip lasting approximately five seconds long during which there was
minimal motion artefact and good image quality were selected for analysis. Capillaries
were manually delineated and the dedicated software calculated total vessel density
(TVD) and De Backer (DB) score with the average for the three clips used for analysis®*’
(Figure 3.9). The De Backer score is another measure of capillary density which is based
on the principle that the density of vessels is proportional to the number of vessels
crossing arbitrary lines. The screen is divided into nine equal areas by three horizontal

and three vertical lines. The DB is calculated using the following formula®’:

De Backer Score = No of vessels crossing lines/Total length of lines

Inter and intraobserver variability are shown in Table 3.2

Figure 3.8: Example of an infant undergoing microvascular imaging at birth
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Figure 3.9: An example of Microscan image on the upper inner arm of a 3 month old
infant (A) before and (B) after analysis.

Ten datasets at random were selected in order to calculate intra and inter-observer
variability using Coefficient of Variance (CoV), the parameter standardly used to report
variability in microvascular measures. 238

Table 3.2: Intra and interobserver coefficients of variation for in vivo microvascular
structure.

Measurement Intraobserver CoV Interobserver CoV
(%) (%)

Total Vessel Density (mm/mm?) 4.35 6.54

De Backer Score 4.46 6.10

CoV indicates coefficient of variance

3.5.2 In vitro vasculogenic capacity

In order to link microvascular in vivo and in vitro measures, | worked in collaboration

with Dr Grace Yu, a postdoctoral research fellow in Professor Leeson’s research group.
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| collected umbilical cords at birth from a subgroup of mothers within the study. These
were then processed by Dr Yu and human umbilical vein endothelial cells (HUVECs)
were isolated for investigation. Methods for the in vitro work are described in Section

7.3.2.1 and the Appendix.

3.6 Macrovascular Phenotyping

3.6.1 Peripheral blood pressure

Offspring of mothers with preeclampsia and those born preterm have elevated blood
pressure in later life (Chapter 1) although there have been few neonatal studies. At
birth and three months, blood pressure measurements were recorded with the baby
supine on the right calf which has been shown to be comparable to arm

measurements in neonates,**

with an automated non-invasive digital monitor
Carescape V100 Dinamap technology® (GE Healthcare, Chicago, lllinois, USA) using
appropriately sized neonatal CRITIKON blood pressure cuffs (GE Healthcare, Chicago,
Illinois, USA). Three readings were taken and were averaged for analysis. This monitor
has been validated against invasive blood pressures in a neonatal population with

mean differences of 3.35mmHg for systolic blood pressure and -0.92mmHg for

diastolic blood pressure.240

3.6.2 Pulse Wave Velocity

Pulse Wave Velocity (PWV) is seen as the gold standard measurement of arterial

stiffness in adults and is described as the forward propagated arterial pressure

241

wave.” "~ It is a predictor of cardiovascular events®3® %7

with increased arterial stiffness
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also being associated with traditional cardiovascular risk factors (Chapter 1). There
have been reports of increased maternal arterial stiffness following a hypertensive

pregnancy, although these have been inconsistent.?** 24

In offspring, increases in
pulse wave velocity has been associated with pregnancy complications such as being
born small for gestational age ** and maternal alcohol consumption during pregnancy

24> and also with other cardiovascular risk factors such as diabetes**® and obesity.?*” %8

In this study, brachial-femoral PWV was measured postnatally by applying brachial and
femoral oscillometric cuffs a known distance apart with the infant supine and at rest
and connecting them to a Vicorder (Skidmore Medical, Gloucestershire, UK) device.
The cuffs were automatically, partially inflated to diastolic blood pressure and the
corresponding oscillometric signal from each cuff was digitally analysed for the pulse
time delay between the cuffs and the PWV calculated by using the distance between
the two cuffs (Figure 3.10). The feasibility of using this non-invasive technique to
assess infant arterial stiffness in population studies has been previously

demonstrated.?*
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Figure 3.10: Example of Vicorder reading from an infant at birth

Prowmal (VO

3.7 Autonomic Function

3.7.1 Heart rate variability

Heart rate variability (HRV) analysis is an important indirect and non-invasive measure
of cardiac autonomic function. It attempts to derive information from the study of the
QRS to QRS (RR or normal to normal NN interval) interval sequence of the
electrocardiogram (ECG) in order to study the balance between the sympathetic and
parasympathetic arms of the autonomic nervous system (ANS) and gives an indication

of the sinoatrial node’s ability to adapt to extrinsic signals.

There are two broad categories of HRV parameters: time domain and frequency
domain (power spectrum) measures. Time domain analyses are calculated using simple
equations directly from the RR intervals. They are less influenced by the quality of the
recording but provide little information on HRV at lower frequencies. Frequency

domain measures use more complex algorithms to describe a time-averaged estimate
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of power across a range of frequencies (high frequency (HF), low frequency (LF) and
very low frequency(VLF)) and are thought to provide information on the intrinsic
oscillators that control the underlying rhythm of heart rate, namely respiration,

baroreceptor reflex and thermoregulation respectively.”°

Decreased HRV has been demonstrated in various pathological states in the neonate

253, 257

such as respiratory distress syndrome,”*>® birth asphyxia, intraventricular

253, 258

haemorrhage, small-for gestational age”® and sudden infant death syndrome ***

264 as well as correlating with clinical illness scales.?®> A few studies have shown that

infants born preterm also have attenuated HRV.?** %’

3.7.1.1 Data acquisition

At the birth assessment all babies had a short 5-10 minute ECG taken between feeds,
lying down without use of a pacifier. The Shimmer’ device (Shimmer, Glasnevin,
Dublin, Ireland) was used to acquire the data which was connected via Bluetooth to an

Android mobile smartphone.268

The ECG collected consisted of two-lead signals with a
256Hz sampling frequency and 12bit quantization levels. Data was collected through
an Android app,”®® processed and stored on the phone before being transferred to a

server (Figure 3.11). Details of whether the baby was asleep or awake were noted and

the recording was stopped if there was excessive restlessness or crying.

85



Figure 3.11: Example of ECG recording on an infant at 3 months of age on the
Shimmer’ device connected to Android mobile smartphone.268

sql HR in bpm hyth
0.9524 142.2222 NSR

3.7.1.2 Data processing and analysis

This was performed in collaboration with Dr Julien Oster in the Institute of Biomedical

Engineering. Methods are described in (Section 8.3.2.1).

3.8 Maternal Biomarkers

Mothers had venepuncture performed at the postnatal assessments whilst fasted for
at least 4 hours using a sterile technique at the same time as the birth assessment. 20
mls of blood was collected into blood collection tubes (EDTA, fluoride, serum, heparin
and citrate) and the samples were centrifuged at 3000xg for 15 minutes at 4°c,

separated into cryovials and stored at -80°C.
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3.8.1 Enzyme-linked immunosorbent assays

We quantified plasma circulating VEGFy¢s, sFlt-1, PIGF, and sENG concentrations in
maternal blood with commercial enzyme-linked immunosorbent assays (ELISAs)

(Quantikine, R&D Systems Europe, Abingdon, UK).

Standard solutions of known concentrations were created by mixing analyte with
deionized water to produce a stock solution. This was left for 15 minutes before
further agitation prior to making dilutions. From this stock solution, increasing
amounts of calibrator diluent was then mixed in to create a series of known and
reducing concentrations to be used as standards. Eppendorf tubes were mixed

thoroughly before each subsequent dilution.

Maternal blood samples were then thawed on ice and gently agitated to ensure
homogeneity. A set volume of the thawed sample was pipetted into each well of a 96
well plate. Assay diluent was used as the control. All samples, standards, and controls
were plated in duplicate and incubated at room temperature on an automatic plate

shaker for 2 hours.

Next, each well was aspirated and washed using 400uL of an automatic plate washer
Hydroflex (Tecan, Mannedorf, Switzerland). After washing, a standard volume of
conjugate solution depending on the assay was added to each well and the plate was
incubated at room temperature for a further 2 hours. The wash cycle was repeated as
before followed by the addition of a further 200uL of substrate solution but this time
the plate was incubated at room temperature for 30 minutes in darkness. 50uL of stop

solution was then added to each well and the plates shaken gently on an automatic
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plate shaker at low speed for 5 minutes to ensure thorough mixing of the substrate

and stop solution.

Optical density of each well was measured at 450nm using a FLUOstar Omega
microplate reader (BMG Labtech, KBioScience, Cary, North Carolina, USA) within 30
minutes. Data was analyzed using Omega Data Analysis software. 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 variance between duplicates <15% was

considered acceptable.

3.9 Medical history

Medical and pregnancy history was collected both from medical records of the mother

and offspring and a questionnaire at each postnatal assessment.

3.9.1 Maternity records

Maternal demographics at booking were extracted from clinical records including
weight, height, BMI, blood pressure and smoking status. Previous obstetric history was
also noted. Clinical data from the whole duration of the pregnancy was recorded
including haemodynamic changes, development of maternal hypertension,
administration of antenatal steroids and delivery details including mode of birth, infant
APGAR scores, birthweight and gestation. Diagnostic details for maternal hypertension

were confirmed as corresponding with international guidelines. 270
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3.9.2 Infant records

Infants who required additional observation or treatment or who were admitted to the
neonatal unit had additional medical records relating to their immediate postnatal
course. These records were reviewed and information collected including length and
nature of oxygen support, cardiac abnormalities such as persistent patent ductus

arteriosus and postnatal infections.

3.9.3 Questionnaires

Validated questionnaires were given to the mothers at both birth and follow up
assessments. At birth, data was collected on demographic details, medical, family and
pregnancy history relevant to preeclampsia and cardiovascular disease and lifestyle
information such as diet, smoking and alcohol intake for both the mother and father of
the infant (see Appendix). At three month follow up, data on lifestyle in the postnatal
period was collected in addition to information on infant growth, development and

feeding (see Appendix).

3.10 Statistical analysis

Statistical analysis was performed using SPSS Version 22 (IBM, Armonk, NY, USA) and
GraphPad Prism 6.0 (GraphPad Software Inc, La Jolla, CA, USA). Normality of data for
continuous variables was assessed visually and also by using the Shapiro-Wilk test.
Comparison between groups for continuous variables was carried out using a two-

tailed, independent samples t-test for normally distributed variables using Bonferroni
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post hoc corrections where appropriate and Mann Whitney U test for non-normally
distributed data. Comparison of categorical variables was performed using a Chi-
Square test. Bivariate regression models were performed using a forced entry method
and unstandardized B Coefficients and 95% confidence intervals are reported. Any
variables from bivariate regression analysis with a p-value <0.10 were then included in
a multivariable regression analysis. P-values less than 0.05 were considered statistically
significant. Whiskers on Tukey boxplots demonstrate 75t percentile plus

1.5*interquartile range and 25" percentile minus 1.5*interquartile range.

Additional power calculations and statistical techniques are described in the relevant

chapter.
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4: ESTABLISHING FETAL
NoMOGRAMS OF CARDIAC
STRUCTURE

In this thesis | will be exploring the effect of pregnancy complications on offspring
cardiovascular phenotype including ventricular mass pre and post birth. | will be using
2D echocardiography and TomTec Image Arena 4.6 in order to quantify measures of
cardiac structure. However at present, no nomograms of fetal cardiac mass using 2D
echo exist. Therefore, this chapter sets out to develop fetal nomograms of cardiac
structure to which datasets from offspring born to pregnancy complications can be
later compared. | have then compared my results to other published nomograms using

more novel technologies.
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4.1 Abstract

Background- Changes in cardiac dimensions have been demonstrated in offspring born
to pregnancy complications. Quantification of cardiac dimensions, in addition to its use
in the research field, is also important for screening and monitoring of cardiac and
extra-cardiac fetal conditions. 2D ultrasound image quality and automated
quantification methods have improved in recent years and | therefore assessed their
feasibility and reproducibility for fetal ventricular measures from 15 to 42 weeks
gestation, developed nomograms and compared measures to reports from other

modalities.

Methods- Fetal hearts were scanned using 2D echocardiography (Philips HD-9 and C6-3
curved-array transducer) and cineloops of apical or basal four chamber views were
acquired. Left and right ventricular (LV and RV) mass and end-diastolic volumes (EDV)
were estimated by manual contouring of the endo and epicardium using TomTec
Image Arena 4.6 in end-diastole. Intraclass Correlation Coefficients (ICC) were used to
estimate intra- and inter-observer agreement. Nomograms were created from
smoothed centiles of mass and volume measurements and constructed using
fractional polynomials after log-transformation. Results were compared to those from

previous studies using other modalities identified from literature review.

Results- 294 scans from 146 fetuses were included with data ranging from 15+0 to
41+6 weeks gestation. Only 7% of scans were unanalysable and intraobserver
variability was good (ICC for LV and RV mass 0.97 (0.87-0.99) and 0.99 (0.95-1.0)

respectively). Mass and volume increased exponentially throughout pregnancy
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demonstrating good agreement with 3D estimates of mass up to 28 weeks gestation,
after which the 2D measurements were in better agreement with previous results
from neonatal cardiac magnetic resonance imaging. There was good agreement with

4D volume estimates for the left ventricle.

Conclusions- Current state-of-the-art 2D echocardiography platforms appear to
provide accurate, feasible and reproducible fetal ventricular mass and volume
measures across a wide range of gestations. In certain circumstances such as extremes

of gestation, 2D ultrasound may be the modality of choice.

4.2 Introduction

Two dimensional (2D) echocardiography has for a long time been considered the

"1 |n addition to developing nomograms for

modality of choice in the clinical setting.
research purposes, assessment of the fetal heart forms an important part of screening
for fetal malformations. Congenital heart disease has a reported incidence of 6 per
1000 live births for moderate to severe forms which rises to 75 per 1000 if more mild

d.?”? Structural and functional defects can often have an impact on

defects are include
fetal cardiac dimensions including ventricular mass. Furthermore, extra-cardiac factors,
such as diaphragmatic hernias, and maternal conditions, for example diabetes, may
also have an effect on fetal cardiac structure. Therefore, estimation of ventricular mass

for screening and monitoring purposes can aid in assessing the severity and clinical

course of the condition in order to guide management.
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In recent years, newer modalities such as 3D and 4D sonography have emerged as

"1 However, the technologies for delivery

potentially more accurate, optional adjuncts.
of 3 and 4D sonography have also led to parallel improvements in 2D technology which
has resulted in better image quality and development of off-line quantification
packages that offer a variety of automated measures. As no 2D echocardiography
references ranges exist for fetal left and right ventricular mass and volumes, the
purpose of this chapter was to use the acquired data to produce nomograms from 15
to 42 weeks gestation. | also used the results to evaluate state-of-art 2D
echocardiography and quantification approaches for fetal echocardiography to assess

their feasibility and reproducibility. Finally, | compared the values obtained against

other published results using different modalities.

4.3 Methods

4.3.1 Study population

This chapter includes data from 146 eligible fetuses that underwent cardiac imaging.
Inclusion and exclusion criteria are detailed in Section 2.2. Clinical records were also
used to ensure that, for the purposes of development of fetal normal ranges, datasets
from fetuses who went on to be delivered following any pregnancy complications
including intrauterine growth restriction, preterm birth (before 37 weeks gestation)
and/or exposure to chronic or new-onset maternal hypertension182 (Section 2.1.2)

were excluded from analysis.

Details of this cohort and how they were recruited are set out in Chapter 2.
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4.3.2 Study visit

All mothers attended the research department and had the following assessments and

analysis, which are described in detail in Chapter 3:

e Fetal anthropometry (Section 3.3.1)
o Head circumference
o Abdominal circumference
o Femur length
e Fetal echocardiography (Section 3.4.1)
o Cardiac image acquisition using cineloop
o Cardiac structure
* LV mass and volumes
= RV mass and volumes

e Medical notes data extraction (Section 3.9)

4.3.3 Statistics

Statistical analysis is described in detail in Section 3.10.

4.3.3.1 Additional statistics - Growth trajectories

For the creation of the nomograms, | collaborated with Dr Eric Ohuma, a post-doctoral
statistician working on the InterBIO-21% Project who has expertise in modelling fetal
and neonatal growth parameters. STATA, version 11.2, software (StataCorp LP, College

Station, Texas, USA) was used in order to create smoothed centiles of left ventricular
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(LV) and right ventricular (RV) mass, left and right end diastolic volume (EDV), ratio of
LV to RV mass and ventricular mass as a function of estimated fetal weight (EFW) (i.e.
ventricular mass/EFW) using fractional polynomials according to gestational age.
Where appropriate, a multi-level, linear regression analysis was applied to account for
repeated measures®’> but there were insignificant differences when compared to
analyses that did not account for the hierarchy of the data. LV and RV mass, LV and RV
EDV, ratio of LV to RV mass and ventricular mass as a function of EFW exhibited a non-
normal distribution; therefore, the data were log-transformed (natural log) to stabilise
variance and transform the data to normality. Goodness-of-fit assessment
incorporated a visual inspection of the quantile-quantile (g-q) plot of the residuals and

a plot of fitted z-scores across gestational ages.

| also performed a literature review of published normative values for fetal LV and RV
mass and EDV to identify papers that reported on PubMed between 2000 and 2015

using different modalities in order to compare our results to those previously reported.

4.4 Results

4.4.1 Study population characteristics

317 fetal echocardiograms from 146 eligible fetuses without pregnancy complications
who were born at term were analysed. 23 scans were unanalysable due to image
quality, fetal position or movement (7%), which left data from 294 scans to be used to
build the nomograms. 91 (63%) of the fetuses had one analysable echocardiogram, 44

(30%) had two, 18 (12%) had three, 10 (7%) had four, 3 (2%) had five and one (0.6%)
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fetus had six. The range of gestational age at scan was 15+0 to 41+5 weeks. The cohort
characteristics of the fetuses contributing to the nomograms are presented in Table
4.1. Intraclass Correlation Coefficients (ICC) with 95% confidence intervals for intra and
inter-observer variability for measures of cardiac dimensions using TomTec Image
Arena yielded 0.97 (0.87-0.99) and 0.81 (0.41-0.95) for the left ventricular mass and

0.99 (0.95-1.0) and 0.78 (0.35-0.94) for the right, respectively.

Table 4.1: Fetal cohort characteristics

n=146

Maternal Demographics & Anthropometrics

Age at delivery, years 31.3%4.5

BMI at booking, kg/m? 23.8+3.8

Smokers, n (%) 16 (11)
Offspring Demographics & Anthropometrics

Gestational age, weeks 39.9+1.3

Males, n (%) 80 (55)

Birth order? 1+1

Caesarean section, n (%) 23 (16)

Birthweight, grams 34231445

Birthweight z-score 0.29+0.9

Values as MeanzStandard Deviation unless stated otherwise
v Medianztinterquartile range
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4.4.2 Cardiac mass and volume

Normal ranges for left and right ventricular mass and end-diastolic volume are
displayed in Tables 4.2a and 4.2b with 3™, 50" and 97" centiles displayed. The
nomograms for these measures are presented in Figure 4.1 and show that both left
and right ventricular mass and EDV increase exponentially from 15 weeks through

gestation.

Table 4.2a: Normal ranges for fetal ventricular mass

LV Mass (g) RV Mass (g)

Week P3 Pso Pyy P3 Pso Pyy

16 0.07 0.15 0.34 0.06 0.11 0.23
18 0.13 0.29 0.65 0.12 0.23 0.46
20 0.22 0.49 1.07 0.21 0.41 0.82
22 0.35 0.75 1.62 0.33 0.66 1.31
24 0.51 1.08 2.27 0.49 0.97 1.93
26 0.70 1.46 3.02 0.68 1.35 2.68
28 0.93 1.89 3.84 0.90 1.79 3.56
30 1.19 2.37 4,71 1.16 2.29 4.55
32 1.48 2.89 5.63 1.43 2.84 5.63
34 1.80 3.44 6.56 1.73 3.43 6.80
36 2.14 4.01 7.51 2.04 4.06 8.05
38 2.51 4.61 8.45 2.38 4,71 9.35
40 2.90 5.22 9.38 2.72 5.39 10.70
42 3.31 5.84 10.30 3.07 6.10 12.10

LV mass:

Ps = exp(4.020472 + (-9.473844 x (GA/10)'1) +(-1.88 x (0.526187 + (-0.0053485x(GA)))))
Pso = exp(4.020472 + (-9.473844 x (GA/lO)'l))

Pgy7 = exp(4.020472 + (-9.473844 x (GA/1O)'1) +(1.88 x (0.526187 + (-0.0053485x%(GA)))))

RV mass:

P; = exp(4.253648 + (-10.2729 x (GA/10)™) + (-1.88 x (0.3644328)))
Pso = exp(4.253648 +(-10.2729 x (GA/10)}))

Pg; = exp(4.253648 +(-10.2729 x (GA /10)™) + (1.88 x (0.3644328)))
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Table 4.2b: Normal ranges for fetal ventricular volume

LV EDV (ml) RV EDV (ml)

Week P3 Pso Py P3 Pso Py
16 0.04 0.08 0.16 0.03 0.07 0.20
18 0.09 0.17 0.33 0.06 0.16 0.40
20 0.15 0.30 0.59 0.12 0.29 0.71
22 0.24 0.47 0.94 0.21 0.49 1.12
24 0.35 0.70 1.38 0.34 0.75 1.66
26 0.49 0.97 1.92 0.50 1.08 2.31
28 0.65 1.29 2.54 0.70 1.46 3.08
30 0.83 1.65 3.25 0.93 1.91 3.95
32 1.03 2.04 4.02 1.19 2.42 4.92
34 1.25 2.46 4.86 1.48 2.97 5.97
36 1.47 2.91 5.74 1.79 3.57 7.10
38 1.71 3.38 6.67 2.13 4.21 8.30
40 1.96 3.87 7.64 2.49 4.88 9.55
42 2.21 4.37 8.63 2.87 5.58 10.85
LV EDV:

P; = exp(3.917406 + (-10.25886 x (GA/10)") + (-1.88 x (0.3618528)))
Pso = exp(3.917406 + (-10.25886 x (GA/10)™))
Pss = exp(3.917406 + (-10.25886 x (GA/10) ) + (1.88*(0.3618528)))

RV EDV:
P3 = exp(4.39255 + (-11.23125 x (GA/10)™) + (-1.88 x (0.3213458 + 0.5765573 X
(GA/10))))

Pso = exp(4.39255 + (-11.23125 x (GA /10)}))
Pg; = exp(4.39255 + (-11.23125 x (GA /10)™) + (1.88 x (0.3213458 + 0.5765573 x
(GA /10)%)))

LV indicates left ventricular; RV right ventricular; EDV end-diastolic volume;

P percentile; GA gestational age in weeks at scan.
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Figure 4.1: Trajectories of (A)(i) left and (ii) right ventricular mass and (B)(i) left and (ii)
right end-diastolic volume. Dashed lines indicate the 3™, 50" and 97" percentile.
Equations shown are for the 50" percentile. LV indicates left ventricular; RV right

ventricular; EDV end-diastolic volume.
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4.4.3 Patterns of mass change

To investigate whether mass changes in proportion to cardiac volume in the fetal
circulation trajectories for mass to end diastolic volume ratios were calculated for both
ventricles. Left and right mass/EDV ratios decreased slightly as pregnancy progressed
from 1.7g/ml and 1.7g/ml at 16 weeks to 1.3g/ml and 1.1g/ml at 40 weeks for left and
right ventricles respectively (Figure 4.2A). | also studied ventricular dominance in
utero, and plotted RV to LV mass ratio, which increased through gestation from 0.81
at 16 weeks until term when masses in the two ventricles were equal (ratio of 1.0)
(Figure 4.2B). Development of the fetal myocardium seemed to stayed in line with
overall body growth, with the ratio of left ventricular mass to estimated fetal weight
being 1x10> at both 16 and 40 weeks and 0.8x10° and 1.2x10° for the right

respectively (Figure 4.2C).
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Figure 4.2: (A)(i) left and (ii) right mass/end-diastolic volume ratio and (B) right/left
ventricular mass ratio from 15 to 42 weeks gestation. (C) Trajectories of (i) left and (ii)
right ventricular mass to estimated fetal weight ratios from 15 to 42 weeks. Dashed
lines indicate the 3™, 50" and 97" percentile. Equations shown are for the 50"
percentile. LV indicates left ventricular; RV right ventricular; EDV end-diastolic volume;
EFW estimated fetal weight.
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4.4.4 Comparison to previous studies

Previous ultrasound studies which have published normal values and/or equations for
human fetal ventricular mass are displayed in Table 4.3. Figure 4.3A shows trajectories

reported in these papers for ventricular mass using novel technologies (3D echo and

274, 275

real-time 3D echo) overlaid on my 2D echo data. This shows good to excellent

agreement between 2D and 3D echo for both the left and right ventricle mass up until

28 weeks gestation. Beyond this point the estimates from 3D appear unrealistic.

Comparison could not be made with Messing et al. for 4D ultrasound using spatio-
temporal image correlation (STIC) with Virtual Organ Computer-aided Analysis

(VOCAL)?’® as equations were not provided for mass.

Ventricular mass estimates are derived from subtracting intraventricular from total

volume and multiplying the remainder by estimated fetal myocardial density (1.050

277

g/cm3). | therefore compared volume estimates from my 2D data to those available

276, 278

using 4D echo from two other studies (Figure 4.3B). These figures show excellent

agreement between 2D and 4D estimates for the left ventricle. Unfortunately, the

published equation for the RV EDV in the Messing et al. study was incorrect and could

276
d.

not be plotte The results from Hamill et al. indicate an over-estimation of right

ventricular volume by 2D methods compared to 4D.*’®
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Table 4.3: Comparison of the present study to previously published studies

Authors Year  Modality No. of Range of Structural ventricular  Unanalysable
datasets  gestation parameters datasets,
(weeks) measured n (%)
Current study 2D 317 15.0-41.7 LV and RV mass 23 (7%)
LV and RV EDV
St John Sutton et | 1983 M-mode 78 20.0-38.0 LV mass 2 (2.6%)
al. 288 LV and RV diastolic
& systolic diameters
Septal & free wall
thicknesses
Bhat et al.””* 2004 3D 90 15.5-37.0 LV and RV mass 15 (17%)
Messing et al.”’’* | 2011 3D STIC+ 121 21.0-38.0 LV and RV mass 15 (12%)
VOCAL
Zheng et al.””® 2013  Real-time 59 16.7-34.6 LV and RV mass 7 (12%)
3D LV and RV EDV

LV and RV ESV

LV indicates left ventricular; RV right ventricular; 3D three dimensional;

STIC spatiotemporal image correlation; VOCAL Virtual Organ Computer-aided Analysis;

EDV end-diastolic volume; ESV end-systolic volume; 2D two dimensional.

Top line reports results from current study

*No equation/table of normal values provided by study
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Figure 4.3: Trajectories of (A)(i) left and (ii) right ventricular mass in the present study
from 15 to 42 weeks gestation compared to previous studies using 3D?"* (blue) and
real-time 3D (RT-3D)*”” (green) echo. Trajectories of (B)(i) left and (ii) right ventricular
end-diastolic volume compared to previous studies using 4D ultrasound using spatio-
temporal image correlation (STIC) with virtual organ computer-aided analysis
(VOCAL)?’® (blue) and 4D STIC with VOCAL and inversion mode (IM)*’® (green). Dashed
red lines indicate the 3™, 50™ and 97™ percentile from the present study. 50"
Percentile from previous studies shown.
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4.5 Discussion

The work in this chapter has developed, for the first time, fetal nomograms of mass
and volume in both the left and the right ventricle in a large cohort using 2D echo.
Over the past decade, there has been a huge improvement in 2D technology, with
better image quality and automated algorithms for measurements. This study
demonstrates 2D ultrasound is feasible in the majority of fetuses, with an image
quality that allows reproducible measures of mass across a wide range of gestations.
As 2D echocardiography is relatively simple and fast, using widely available equipment,
these nomograms are likely to be of value across a range of healthcare settings. My
results demonstrate that 2D measures of mass and volume are consistent with other

274, 275, 279, 280 .
with

studies and that mass increases exponentially as gestation progresses
right and left ventricular masses becomes roughly equal as term approaches.281 This
study has also shown that total heart weight increases linearly with total body

weight®® consistent with the finding that left and right ventricular mass to estimated

fetal weight ratios stay relatively stable throughout gestation.”®

4.5.1 Previous studies

Nomograms of fetal heart volumetry have been published in the past using 2D, 3D and
4D methods.?’* 276 278 282287 Thay 3|l demonstrate an increase in volume over gestation
but with wide variation between studies, probably as a result of the use of different
methods for estimation. There has been very little published in the literature regarding

estimates of ventricular mass. Previous post-mortem and imaging studies using M-
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mode have demonstrated that total left ventricular weight increases with gestational

281,288 Another study evaluated the use of 2D echo using area-

age and body weight.
length calculations methods and found that LV mass was significantly greater in the

third than in the second trimester, although no equations were produced in order to

calculate normal ranges.”®

The other published studies on estimation of fetal ventricular mass with

echocardiography have used more novel technologies such as 3D and 4D echo.?’* 27>

279 Zheng et al.*” used real-time 3D and generated values consistently greater than
those from a study using 3D echo by Bhat et al.,’”* which were closer to values from
my 2D method. Indeed, there was good to excellent agreement between my 2D
measures and those reported for 3D echo for both the left and right ventricle up until
28 weeks gestation. After this time the 3D estimates appear to generate values that
are strikingly unrealistic, becoming increasingly higher than that generated by my 2D
study, so that by 40 weeks the values are substantially greater than would be expected
based on what is known about cardiac size after birth based on neonatal
echocardiography from my cohort (Chapter 5). This may be because estimated
trajectories from Zheng et al. are based on data from fetuses only up to 35 weeks
gestation, at which point the estimate for left ventricular mass was 9.15g compared to
6.07g for 3D echo and my 2D estimate of 3.72g.275 Interestingly, my 2D estimates from
this time point are most consistent with a previous study looking at left ventricular
mass in preterm infants using cardiovascular resonance imaging.289 This is considered a

gold standard imaging modality for quantification of ventricular mass in adults*®* and

based on imaging of infants at a mean corrected gestational age of 34+6 weeks, they
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found that mean LV mass normalized to weight at scan was around 1.39 g/kg. Bhat et
al. also only included fetuses up to 37 weeks gestation by which time estimated LV
mass was lower at 8.24g but still substantially larger than the 4.31g estimated by 2D

echo.?’*

Ventricular mass is usually calculated by subtracting intraventricular from total volume
and multiplying the remainder by estimated fetal myocardial density (1.050 g/cma).277
Therefore | extracted estimates of EDV from these studies in order to investigate
correlation between my 2D method for volumes and 4D values. Comparing my results
to those derived from 4D ultrasound | demonstrated an excellent agreement between

276,278 The results seem to

2D and 4D estimates for left ventricular end diastolic volume.
suggest an over-estimation of right ventricular volume by my 2D method compared to
4D.”"® Intriguingly, my fetal estimates for RV EDV at 27 weeks and 37 weeks were in
good agreement with previously published measurements in preterm and term infants
of similar gestations (1.26ml vs 1.8ml at 27 weeks and 3.88ml vs 3.7ml at 37 weeks for
fetal and neonatal values respectively)®® so it may be that 4D methods underestimate
ventricular volume. It has been reported, though, that in some cases of pathology, the
use of 2D echocardiography for volume measurements can underestimate the severity

of the diagnosis.276 However, this does not preclude using 2D ultrasound as a screening

tool where newer technologies are available.
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4.5.2 Benefits of 2D ultrasound

The benefits of using 2D ultrasound over more novel technologies are that it is faster,
cheaper and more widely accessible, although the Tomtec automated software may
not be widely available especially in low income settings. 2D ultrasound is still seen as

the primary imaging modality for fetal cardiac imaging with other techniques seen as

1

an optional adjunct.”’* In addition, newer techniques such as 3D ultrasound or 4D

ultrasound using STIC require a significant learning period both for acquisition and

274, 276, 278

analysis. They also involve either manually defining the contours serially at

276

each plane as in the case with 4D with STIC*"® or tracing along endo and epicardial

surfaces in 3D*’* both of which are significantly more time consuming than extraction
of data from 2D echocardiograms. There are limitations to newer methods, such as

276, 287

inability to perform measurements at extremes of gestation and reliance on the

fetus being in an optimum position with a significant period of quiescencem' 278, 287 5

. . 278, 287
well as acoustic shadowing and dropout.?’® %

This results in a high proportion of
scans being unsuitable for analysis; for example in a previous study using 3D
ultrasound to estimate mass, a sixth were found to be of insufficient quality for
analysis®’* and in another investigating cardiac volumes, acquisition using STIC was
only possible in 71% of examinations.’®’ However, this is not an isolated problem with
newer technologies; a previous study using M-mode to describe ventricular geometry
and function reported a rejection rate of 21% which is much higher than the 7% in this

study.292

Finally, even though my acquisition was not gated, measurements could be
timed for end diastole by offline gating using mitral valve closure unlike 3D ultrasound

where the four chamber view can often only be analysed in mid-diastole.?’*
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4.5.3 Limitations

2D methods have been criticized in the past as they have been shown to have a high
level of interobserver variability compared to 3D and 4D methods especially for the

fetal right ventricle.”’* 27

However, | found that using newer quantification packages
for analysis, both inter and particularly intraobserver variability was low. In addition,
there was some variability in what was considered normal mass and volume from my
2D assessment throughout gestation and it has been reported that in some cases of
pathology, the use of 2D for volume measurements can underestimate the severity of
the diagnosis.276 However, this does not preclude using this modality as a screening

tool where newer technologies are available, especially if serial measurements are

taken by the same operator.

Another potential limitation of my study was that | did not provide validation against
an inanimate or animal model for my measures of mass. This may have been useful as |
was using a 2D single-plane method which may have resulted in inaccuracies due to
geometrical assumptions. Single-plane methods using 2D ultrasound have previously
been used in studies where estimation of volumes and mass have been technically
challenging. One study compared single-plane to biplane measures of left atrial
volumes in adults which are notoriously hard to visualise.”® In this large study of 527
patients, estimates from the two methods were strongly correlated, but agreement for
categorical classification was suboptimal due to over-estimation with the single-plane
method. This method was also used in a study measuring right ventricular mass and
volumes in neonates at birth and at one month old, again due to the difficult

anatomical location and complex anatomy of the right ventricle.®* Again, estimates of
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volume using this method correlated well with angiography, but this time there was a

trend of under-estimation.?*®

It is important to note that fetal echocardiography is
known to be technically challenging and biplane views are not always feasible.
Therefore using only the four chamber view, which is usually easily obtained and can

296, 297

be adequately visualised in 100% of fetuses by 13 weeks gestation, makes this

method for determination of mass widely applicable.

4.6 Conclusions

This study has created, for the first time, fetal nomograms of ventricular mass and
volume using 2D echo from 15 to 42 weeks gestation. My results suggest that current
state-of-the-art 2D echocardiography ultrasound platforms and off-line analysis
software provides accurate, feasible and reproducible measures that allow estimation
of fetal ventricular mass in a wide range of gestations. In certain circumstances such as
extremes of gestation, 2D ultrasound may be a modality of choice, and at other times
provide a screening or monitoring test, after which other novel modalities may be used
as an adjunct. The application and further validation of these nomograms within future

clinical and research studies will be of value to fully evaluate their potential utility.
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5: PRETERM BIRTH & OFFSPRING
CARDIAC PHENOTYPE

In this chapter | will be exploring the effect of preterm birth on offspring cardiovascular
phenotype. | will primarily be exploring differences in cardiac structure in preterm
infants building on previous work from Professor Leeson’s group which described
unique changes in young adults born preterm. | will be investigating whether these
changes are present at birth or whether they become apparent over the first three
months of life. The work will also include studying whether there is a fetal component
to any structural changes seen and finally if there are any related changes in cardiac

function or ventricular shape.

5.1 Abstract

Background- Hearts of adults who were born preterm have an increased mass and

reduced function. Premature exposure of the immature heart to ex utero physiological
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stresses induces a similar phenotype in experimental models during early postnatal
life. Therefore | studied whether babies born preterm exhibit a similar

disproportionate cardiac hypertrophy.

Methods- Cardiac ultrasound imaging was performed on 392 infants (128 born
preterm and 264 born at term) at different time points between 15 weeks gestation to
three months of postnatal age to establish trajectories of in utero and postnatal
cardiac structural and functional development. Left and right ventricular mass, size and
function were quantified and geometric ventricular computational models created to
identify shape changes. Differences were related to changes in body size as well as

maternal, pregnancy and postnatal history.

Results- At birth, preterm offspring had a lower cardiac mass and volume, relative to
body size, compared to those born at term, with a more globular heart. However, by
three months, ventricular shape was similar between groups and both left and right
ventricular mass indexed to body surface area were significantly higher than expected
for post-menstrual age, exceeding values in three month old term born offspring (left
p=0.001, right p=0.03). Increase in mass relative to body size was two-fold greater in
preterm offspring (left 57.8+41.9% vs 27.3+29.4 %, p<0.001; right 39.3%+38.1 vs
16.6+40.8 %, p=0.002), with greater changes associated with lower gestational age at
birth (left p<0.001; right p=0.001). Greater mass increase associated with reduced

diastolic function (lateral E/E’) by three months of age (p=0.01).

Conclusions- Preterm offspring have a disproportionate increase in left and right

ventricular mass during the first three months of life consistent with cardiac
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phenotypes seen in adults born preterm and experimental models. Postnatal life may
provide an important window for interventions relevant to long term cardiovascular

health.

5.2 Introduction

As adults, individuals born preterm have reduced left ventricular volumes and function

298

with increased left ventricular mass.” Similar changes are observed in the right

ventricle, but are significantly more pronounced, with preterm born adults having

smaller right ventricular volumes, greater myocardial mass and significant impairment

108

in right ventricular systolic function.”™" These cardiac changes may develop because

preterm birth disrupts proper organogenesis through interruption of normal in utero

development. Birth triggers phenotypic and functional changes in cardiomyocytes,

96, 299

which transition from a fetal hyperplastic to hypertrophic growth pattern. In

experimental preterm models, exposure of these immature, hypertrophic-pattern
cardiomyocytes to the high-resistance, postnatal, arterial circulation, in combination
with the relative hyperoxia of the ex utero environment®® results in disproportionate

96, 299

cardiac hypertrophy and fibrosis. Consistent with this hypothesis, the cardiac

changes in both ventricles in adult life are proportional to the degree of

. 1 1
prematurity. 08, 109

Therefore, to study whether there is evidence in humans for an
early cardiac hypertrophic response to the ex utero environment in those born
preterm, | performed fetal and neonatal echocardiography at different time points
between early pregnancy and three months of postnatal life. The phenotypic switch in

cardiomyocytes is thought to take place in the first two weeks of postnatal life.>® |
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therefore chose three months of age as the timing for the follow up assessment as at
this point, even the most preterm in my cohort would be a few weeks post term
equivalent age. | used this data to compare trajectories for change in cardiac mass,
volumes and shape in preterm and term infants taking into account variation in growth

and other perinatal factors.

5.3 Methods

5.3.1 Study population

This chapter includes data from infants in whom echocardiography was performed at
birth and three months of age. In addition, results from echocardiographic datasets
from fetuses which were acquired prior to birth are reported (Figure 5.1), including a
subset who also had postnatal measures performed. Inclusion and exclusion criteria
are detailed in Section 2.1 and 2.2 and diagnostic definitions in Section 2.1.2. Details of

these cohorts and how they were recruited are set out in Chapter 2.

5.3.2 Study visit

5.3.2.1 Fetal Cohort

Mothers attended the research department and underwent the following assessments

and analysis (Figure 5.1), which are described in detail in Chapter 3:

e Fetal anthropometry (Section 3.3.1)
o Head circumference

o Abdominal circumference
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o Femur length
e Fetal echocardiography (Section 3.4.1)
o Cardiac image acquisition using cineloop
o Cardiac structure
* LV mass and volumes
* RV mass and volumes

e Maedical notes data extraction (Section 3.9)

5.3.2.2 Neonatal Cohort

Mother and infants underwent the following assessments and analysis at birth and

three months (Figure 5.1), which are described in detail in Methods (Chapter 3):

e Anthropometry (Section 3.3.2)
o Weight
o Head circumference
e Echocardiography (Section 3.4.1)
o Cardiac structure
* LV mass and volumes
= RV mass and volumes
o Cardiac function
= LV systolic and diastolic function
= RV systolic function
o Cardiac shape analysis

= LV shape
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e Blood pressure (Section 3.6.1)

e Medical Records and Questionnaires (Section 3.9 and Appendix)

Figure 5.1: Overview of fetal and neonatal research programme performed between
2011 and 2015 within Oxford with specific data collections used for cardiac analysis
identified in the right column.

Structure
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+ Clinical data collection
+ Fetal anthropometry \
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+ Clinical data collection
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5.3.2.3 Additional methods - Cardiac shape analysis

Cardiac shape analysis was performed in collaboration with Dr Pablo Lamata,
Department of Biochemical Engineering, King’s College London. The morphology of the
left ventricle in the four chamber view was analysed through the construction of a
computational statistical shape model, through adaptation of a technical approach we
have previously described for three dimensional medical images. The endocardial and
epicardial contours were exported from TomTec Image Arena 4.6 as text files that

encode these contours and were fitted to a parametric description of a line. As a

117



result, each contour was described with 52 coefficients, with each ventricle in the four
chamber view therefore being reported using 104 coefficients (two contours,
endocardium and epicardium). The left ventricles were aligned to their centre of mass
and set in vertical direction by the line that joins the centre of the base and the apex.
The mean shape in the population was calculated, and a Principal Component Analysis
(PCA) of all cases was performed, finding the main modes of anatomical variation. The
analysis was performed using a set of functions developed in Matlab for this purpose

(Mathworks, Natick, Massachusetts, U.S.A.).

Although this was using a two dimensional view to produce information on shape, we
had previously performed an analysis on a subset of my data where two, three and
four chamber views of the same ventricle were available. We found that the vast
majority of shape variation was captured by using the four chamber view alone. As two
and three chamber views are not always easily acquired in the infant population, in
order to minimise data loss due to incomplete datasets, we decided to proceed with

shape analysis using only the four chamber view.

5.3.3 Statistics

Statistical analysis is described in detail in Section 3.10.

5.3.3.1 Additional statistics - Growth trajectories

To further explore the timing of mass and volume changes in preterm infants, | studied
trajectories of cardiac development using the combined dataset of echocardiographic

measures of LV and RV mass at different time points during fetal and neonatal life
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again in collaboration with the statistician Dr Eric Ohuma. As volumes pre and
postnatally would not be comparable due to circulatory changes at birth, | limited
analysis to mass. STATA, version 11.2, software (StataCorp LP, College Station, Texas,
USA) was used to create smoothed centiles of right and left ventricular mass, left and
right EDV and ratio of mass as a function of head circumference (HC) using fractional
polynomials according to gestational age. To account for body size differences
between preterm and term infants at different time points, we adjusted the left and
right ventricular mass for head circumference (i.e. left ventricular mass / HC) on the
basis that this measure would be the most consistently accurately, quantifiable body
measure throughout fetal and neonatal life unlike weight or body surface area which
are more standard measures used in the literature. This is because weight cannot be
directly or accurately measured in fetal life and therefore pre and postnatal values
cannot be directly compared. In addition, equations for body surface area have not
been validated for fetuses. Where appropriate, we applied a multi-level, linear
regression analysis to account for repeated measures®’> but there were insignificant
differences when compared to analyses that did not account for the hierarchy of the
data. Left and right mass, volume and ratio of mass as a function of HC exhibited a
non-normal distribution; therefore, the data were log-transformed (natural log) to
stabilise variance and transform the data to normality. Goodness-of-fit assessment
incorporated a visual inspection of the quantile-quantile (g-q) plot of the residuals and

a plot of fitted z-scores across gestational ages.
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5.3.3.2 Additional statistics - Cardiac shape analysis

Analysis of shape variation between preterm and term infants was performed by a
non-paired t-test. Shape differences were first tested in each PCA mode under three
conditions (1) at birth, (2) at follow up or (3) by their growth. Then, the PCA modes,
which accounted for the most variation within the experimental sample, were
combined through a linear discriminant analysis (LDA) in an attempt to identify the
morphological signature of a premature birth. Cross-validation (leave-1 out) was used
to test the generality of differences found in the LDA, and to select the optimal set of

PCA modes to be combined to differentiate groups.

5.3.3.3 Power calculation

The sample size n=134 for term offspring and n=121 preterm offspring provided me
with 80% power at a significance level of a=0.05 to detect a difference of at least 0.38

standard deviations (SDs) between groups in left ventricular mass index at 3 months.

5.4 Results

5.4.1 Study population characteristics

Maternal and offspring demographic and anthropometric characteristics in the
preterm and term groups are presented in Table 5.1. The mothers who had preterm
deliveries had a similar body mass index (BMI) at pregnancy booking and prevalence of
smoking but were on average a year older and were more likely to have had a
hypertensive pregnancy disorder and a caesarean delivery (p<0.001). There was no

bias by gender and birth order for term and preterm deliveries. Gestational age in the
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preterm group was six weeks younger than the term group (34.0+2.2 vs 39.7+1.3
weeks) and they were significantly lighter at birth, with a lower birthweight z-score.
Those with postnatal measures had similar characteristics to the full study group at
birth  (Table 5.2) and still had significantly lower weight and smaller head
circumference at three months. Their blood pressure was also lower at birth but by

three months only diastolic blood pressure was lower.
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Table 5.1: Maternal, fetal and postnatal characteristics

Preterm Term
(n=128) (n=264)
Maternal Demographics & Anthropometrics
Maternal age at delivery, years 32.745.7 31.745.2*
BMI at booking, kg/m? 25.445.1 24.9+4.5
Smokers, n (%) 11 (9) 22 (8)
Maternal hypertension during pregnancy, n (%) 70 (55) 99 (38)***
Offspring Birth Characteristics
Gestational age at delivery, weeks 34.0£2.2 39.7+1.3
Males, n (%) 65 (51) 124 (47)
Birth order” 1(1) 1(1)
Caesarean section, n (%) 78 (61) 59 (22)***
Birthweight, grams 20741578 3360+507***
Birthweight z-score -0.38+1.1 0.20+1.0***
Persistent patent ductus arteriosus, n (%) 2(2) 0(0)
Offspring Physiological Measures at Birth (n=106) (n=121)
Age at assessment, days 6.615.4 4.045.5%%**
Weight, grams 20531587 33154+563***
Head circumference, cms 30.7+2.4 34.5+1.6*
sBP, mmHg 74.1+14.7 81.6£13.4%**
dBP, mmHg 40.949.9 45,149 .4***
Offspring Physiological Measures at 3 months (n=106) (n=123)
Age at assessment, days 99.1+15.1 98.0+13.8
Weight, grams 49601967 6051+894***
Head circumference, cms 39.1+2.1 40.8+1.7***
sBP, mmHg 93.7+12.2 96.8+12.4
dBP, mmHg 50.0t12.4 54.4+12.2**

"Median#Interquartile range

p values that are statistically significant are asterisked. * p<0.05; ** p<0.01; *** p<0.001

BMI indicates Body Mass Index
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Table 5.2: Comparison of full and neonatal cohort characteristics

Full Cohort Neonatal Cohort
Preterm Term Preterm Term
(n=128) (n=264) (n=121) (n=134)
Maternal Demographics & Anthropometrics
Maternal age at delivery, years 32.745.7 31.7+5.2 33.045.7 32.3+5.3
BMI at booking, kg/m2 25.415.1 24.9+4.5 25.5¢5.1 25.7+6.8
Smokers, n (%) 11 (9) 22 (8) 7 (6) 4 (3)
Maternal hypertension during pregnancy, n (%) 70 (55) 99 (38) 70 (58) 81 (60)
Offspring Birth Characteristics
Gestational age at delivery, weeks 34.0£2.2 39.7£1.3 33.9+2.2 39.4+1.3
Males, n (%) 65 (51) 124 (47) 60 (50) 59 (44)
Birth order, n (%) 1(1) 1(1) 1(1) 1(12)
Caesarean section, n (%) 78 (61) 59 (22) 77 (64) 36 (27)
Birthweight, grams 2074578 3360507 2053587 33154563
Birthweight z-score -0.38+1.1 0.20%1.0 -0.38+1.1 0.16+1.1
Persistent Patent ductus arteriosus, n (%) 2(2) 0 (0) 2(2) 0 (0)

337 echocardiographic datasets were acquired during fetal life of which images were
suitable for measurement of LV mass in 318 and RV mass in 323. Of 229 infants in
whom echocardiography was performed at birth, 211 had LV measures included in
analysis (17 unanalysable due to infant movement, 1 excluded due to subsequent
diagnosis of Turner’s syndrome). 227 attended for scan at three months of age of
which 213 had analysable images, with 183 babies having LV mass estimations at both
time points. Image acquisition was optimised for LV assessment but of the available

scans at birth, 127 had analysable RV views with 81 infants having measures at both
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time points. To investigate change in mass over the first three months of life analysis
was restricted to the group with measures at both time points. For trajectory changes,
all analysable echocardiographic data were included and statistical approaches used as

appropriate to allow for missing values in longitudinal datasets.

5.4.2 Postnatal increase in ventricular mass in preterm born infants

Infants born preterm had a smaller LV mass at birth compared to term born infants.
This difference persisted even when indexed to body surface area (Table 5.3) and they
also had smaller end diastolic volume (EDV) and EDV index at birth. This meant there
was no significant difference in mass/EDV ratio compared to the term group,
consistent with a small but proportional cardiac structure at birth (Table 5.3). By 3
months of age, preterm infants still had smaller LV EDV but this was no longer different
indexed to body surface area. Furthermore, there was no significant difference in
absolute LV mass and, as a result, left ventricular mass index (based on either body
surface area or EDV) was now significantly greater in the preterm group (Table 5.3).
The percentage postnatal mass change in the preterm group was more than double
that in the term group (change in LV mass index 57.8+41.9 vs 27.3+29.4 %, p<0.001).
Disproportionate myocardial changes were also evident in the linear measures of wall
thickness. Preterm offspring had smaller interventricular septal (IVS) thickness at birth
but similar thickness at 3 months, compared to term born infants, with a significantly
greater posterior wall thickness (PWd) (Table 5.3). These findings were also supported
by the subgroup analysis of 136 infants who had measurements of LV mass at birth

301
d.

and three months estimated by the ASE-recommended metho The preterm group
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(n=73), again showed an LV mass change double that of their term counterparts (n=63)

(170.2495.1 vs 88.9+60.9%, p<0.001).

Similar results were found for the RV, with the preterm group having a lower mass and
EDV when compared to term born infants at birth but significantly increased RV mass
indices by three months of age. Interestingly, preterm neonates already had an
increased RV mass/EDV ratio at birth (Table 5.3) but there was still a significant two-
fold greater change in RV mass over the first three months of life (39.3+38.1 vs

16.6+40.8 %, p=0.002).

The percentage change in both LV and RV mass index during the first three months of
postnatal life varied with gestational age at birth (LV mass index change r= -0.49,
p<0.001; RV mass index change r=-0.37, p=0.001 and Figure 5.2A). Gestational age was
the main predictor of mass change in multivariate models, which took account of
maternal pregnancy hypertension, birthweight z-score, 5 minute APGAR score and
mode of delivery (Tables 5.4 and 5.5). In addition, although birthweight z-score was
significantly, positively correlated with gestational age (r=0.23, p<0.001), it was an
independent predictor of left ventricular mass change (Tables 5.4 and 5.5).
Interestingly, babies born by caesarean sections had lower AGPAR scores across
gestation (p<0.001) and for the preterm group alone (p=0.003). Both parameters were
associated with mass change, although neither were significant in multivariable
models (Tables 5.4 and 5.5). Similar patterns of mass change were seen in both
genders. There were insufficient numbers of infants with persistent patent ductus

arteriosus to investigate any additional impact on mass change.
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5.4.3 Mass change relative to normal cardiac growth trajectories

| additionally studied whether there was a fetal component to the differential cardiac
development in preterm offspring based on the combined dataset of
echocardiographic measures of LV and RV mass at different time points from 15 weeks
of fetal life to 3 months postnatal life. The growth trajectory for preterm offspring
datasets was overlaid onto the fetal and neonatal cardiac growth pattern of term born
infants (Figure 5.2B). All preterm measures at birth fell below the 95th centile for
expected cardiac mass based on gestational age with mean z-scores within the group
modelled from the expected cardiac fetal mass being -0.16+£0.53 for the LV and -
0.13+0.50 for the RV. By follow up, however, several of the preterm infants were
exceeding the 97% centile for expected cardiac mass with an absolute difference in the
50th centile at 49 weeks postmenstrual age (3 months of postnatal age for a baby born
at term) between preterm and term LV mass being 1.61g. To allow for change in body
size during this period, trajectories were created based on LV and RV mass indexed to
head circumference,” and these showed similar patterns to the absolute measures of

mass (Figure 5.2C).
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Table 5.3: Cardiac structure and function at birth and 3 months

Birth Follow Up
Preterm Term p value Preterm Term p value
Left Ventricle
Volumes n=93 n=118 n=101 n=111
EDV (ml) 2.7£1.0 4.2+1.2 <0.001 8.3+2.1 9.2+2.0 0.001
EDV Index (ml/m?) 16.845.5 18.5%4.3 0.002 27.615.8 26.8+5.0 0.32
ESV (ml) 1.1+0.4 1.6%0.7 <0.001 3.5%1.0 3.7£1.0 0.19
ESV Index (ml/m?) 7.0£2.4 6.812.6 0.40 11.743.3 10.942.7 0.12
Mass
IVS diameter (cms) 0.33+0.08  0.39%0.08 <0.001 0.44+0.08  0.43%0.08 0.29
PWd (cms) 0.29+0.06  0.30%0.07 0.41 0.38+0.07  0.35%0.06 0.007
Mass (g) 3.1+1.0 4.7+1.2 <0.001 8.6+1.7 8.9+1.8 0.25
Mass Index (g/m?) 18.8+3.9 20.7¢3.9 0.001 29.2+6.5 26.0+4.8 <0.001
Mass/EDV 1.2+0.3 1.2+0.2 0.38 1.1+0.3 1.0+0.2 0.005
Function
Systolic Function n=72 n=95 n=62 n=66
Ejection fraction (%) 59+8 64+8 <0.001 5817 60+8 0.39
Stroke Volume (ml) 1.7+0.7 2.7+0.7 <0.001 4.8+1.2 5.7£1.5 0.001
Diastolic Function n=95 n=122 n=90 n=109
EA 1.0+0.2 1.0+0.3 0.45 1.1+0.2 1.0+0.2 0.31
Lateral E’ 6.1+1.8 6.6+1.7 0.02 9.4+2.3 10.2+2.2 0.01
Lateral E/E’ ratio 8.5+2.5 7.9+2.5 0.06 10.1+2.7 9.4+2.7 0.03
Right Ventricle
Volumes n=51 n=76 n=67 n=75
EDV (ml) 1.9+0.9 3.4%1.5 <0.001 4.7£2.0 5.3+1.8 0.09
EDV Index (ml/m?) 11.1+4.4 14.745.7 <0.001 15.445.7 15.2+4.4 0.59
Mass
Mass (g) 2.8+1.2 4.1+1.2 <0.001 6.5+2.2 6.8+1.8 0.24
Mass Index (g/m?) 16.315.6 17.944.3 0.08 21.5+6.2 19.31+4.5 0.03
Mass/EDV 1.6+0.6 1.4+0.5 0.03 1.5+0.5 1.4+0.6 0.04
Function n=83 n=118 n=92 n=117
TAPSE 0.7+0.2 0.9+0.2 <0.001 1.4+0.3 1.5+0.3 0.007

EDV indicates end-diastolic volume; ESV end-systolic volume; LVIDd left ventricular internal diameter in diastole; IVS

intraventricular septum; PWd posterior wall in diastole



Figure 5.2: (A) Tukey boxplots showing (i) left and (ii) right ventricular mass index change between birth
and three months is significantly greater with increasing prematurity using a one-way ANOVA. (B)
Trajectories of (i) left and (ii) right ventricular mass from 15 weeks gestation through to 3 months postnatal
life for term (red with grey points) and preterm (blue with blue points) infants demonstrating a relative
cardiac hypertrophy of the preterm group in postnatal life. (C) Trajectories of (i) left and (ii) right
ventricular mass from 15 weeks gestation through to 3 months postnatal life indexed to head
circumference for term (red with grey points) and preterm (blue with blue points) infants demonstrating a
similar increase in mass in the preterms ex utero despite the correction for size. Dashed lines indicate the
3" 50" and 97" centiles. LV indicates left ventricular; RV right ventricular; HC head circumference.
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Table 5.4: Bivariate regression coefficients for maternal and perinatal characteristics

and change in ventricular mass

Change in LVMI Change in RVMI
(%) (%)
B 95% ClI p-value B 95% ClI p-value

Maternal Factors

Age at delivery 0.70 -0.37-1.76 0.20 -0.15 -1.79-1.49 0.86

BMI at booking 0.03 -1.07-1.14 0.95 0.57 -1.09-2.22 0.50

Smoking 16.87 -17.60-51.34 0.34 -4.89 -39.78 - 30.00 0.78

Maternal hypertension 10.93 -0.42 - 22.27 0.06 18.72 0.85-36.59 0.04
Perinatal Factors

Gestational age, weeks -6.02 -7.62 --4.43 <0.001 -5.23 -8.22 --2.25 0.001

Caesarean section 19.56 8.53 -30.59 0.001 25.67 7.64-43.71 0.006

Birthweight z-score -9.53 -14.26--4.80 <0.001 2.34 -6.49 - 11.16 0.60

Sex -3.11 -14.41-8.19 0.59 8.01 -10.20 - 26.22 0.38

APGAR score (5mins) -7.49 -14.95 - -0.04 0.05 -7.46 -18.53-3.61 0.18

Antenatal steroid exposure 32.07 21.17-42.97 <0.001 33.45 13.98 - 52.92 0.001

Patent ductus arteriosus * * * * * *

Days of ventilation 12.24 -6.31-30.79 0.19 * * *

*Not enough cases to compute coefficients

BMI indicates Body Mass Index; HTN hypertension
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Table 5.5: Multivariable regression coefficients for maternal and perinatal
characteristics and change in ventricular mass

B 95% Cl p-value
Change in LVMI (%)
Maternal hypertension 6.46 -3.77 - 16.69 0.21
Gestational age, weeks -5.14 -6.93 --3.35 <0.001
Caesarean section -5.90 -16.60 - 4.81 0.28
Birthweight z-score -4.66 -9.17--0.14 0.04
APGAR score (5mins) -0.40 -7.27 -6.47 091
Change in RVMI (%)
Maternal hypertension 14.01 -3.08 - 31.09 0.11
Gestational age, weeks -4.41 -7.43 --1.40 0.005
Caesarean section 14.96 -3.36-33.28 0.11

LVMI indicates left ventricular mass index; RVMI right ventricular mass index;

5.4.4 Altered left and right ventricular systolic and diastolic function

| then evaluated whether there were changes in function related to preterm birth. In
the LV, there was reduced stroke volume and ejection fraction at birth in the preterm
group related to both the reduction in EDV index and an increase in end systolic
volume (ESV) index. LV stroke volume, but not ejection fraction, remained reduced at
three months of age (Table 5.3 and Figure 5.3A). In the right ventricle, tricuspid
annular plane systolic excursion (TAPSE), a measure of RV systolic function, was
reduced at both birth and three months in the preterm group (Table 5.3 and Figure
5.3B). For diastolic function parameters at birth there was a significant reduction in

lateral E” but, although lateral E/E’ ratio was greater, the difference was not significant.
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By three months this difference had increased so that the lateral E/E’ ratio was
significantly higher in the preterm group (Table 5.3 and Figure 5.3C). Interestingly, the
increase in lateral E/E’ was proportional to the increase in LV mass index change

between birth and three months in this group (r=0.21 p=0.01).

5.4.5 Shape changes during postnatal life

| then studied whether there were changes in ventricular shape during the postnatal
period to suggest a unique preterm abnormality in cardiac development. The major
mode that differentiated between groups was, as expected, a general size mode,
(mode 1). Analysis confirmed the significant difference in size at birth with
convergence to a similar size by three months (Figure 5.4A). To study specific shape
changes, this size mode was removed from analysis and a linear discriminant analysis
used to identify the optimum number of further modes which accounted for the
majority of the rest of the shape variation between groups. Modes from 2 onwards
were combined in an increasing fashion. Further modes beyond mode 6 did not
increase the area under the curve for differentiation of preterm and term groups and
the five modes (2-6) all persisted in the cross-validation test (Figure 5.4B). Collectively,
these described variation between a ‘globular’ and a ‘conical’ heart (Figure 5.4C). At
birth, the preterm heart tended to be more globular with a slightly narrower mitral
annulus relative to mid-ventricular width (p<0.001) but this difference between groups

had disappeared by three months of age (p=0.24).
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Figure 5.3: (A) Image demonstrating the technique used to measure ejection fraction by contouring the
endo and epicardial border in the four chamber view using TomTec Image Arena 4.6 Ejection fraction is
significantly higher in the term (green) compared to the preterm (blue) infant at birth, but there is no
significant difference by 3 months of age. (B) Examples of M-mode measurements of tricuspid annular
plane systolic excursion (TAPSE) in term (left) and preterm (right) infants at 3 months of age. TAPSE is
significantly reduced in the preterm group both at birth and at 3 months old. (C) Examples of doppler
interrogation of the lateral mitral valve annular using Tissue Doppler Imaging in early diastole (E’) in term
(left) and preterm (right) infants and their corresponding Pulsed wave Doppler from the mitral valve tips
to assess early and late diastolic inflow (E/A ratio) at 3 months of age. This demonstrates a decreased
lateral E’ in the preterm infant which contributes to a significantly increased lateral E/E’ ratio at 3 months
in the preterm group. Error bars represent the standard error of the mean. *p<0.05; **p<0.01; ***p<0.001
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Figure 5.4: (A) Significant shape differences between term (green) and preterm (blue) infants at birth are mainly accounted for by size with convergence by
three months. (B) Area Under the Curve using Linear Discriminant Analysis from mode 2 onwards including a cross-validation test. (C) Shape variations using
modes 2-6 in a linear discriminant analysis. Brown and purple contours demonstrate -3 and +3 standard deviations away from the mean. Boxplots indicate
where groups lie on this scale with dots, whiskers and circles indicating the median, range and outliers respectively; term in green and preterm in blue. AUC
indicates Area Under the Curve; PCA Principal Component Analysis; LDA Linear Discriminant Analysis. ***p<0.001
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5.5 Discussion

This study shows infants born preterm have a greater increase in both left and right
ventricular mass over the first three months of life, disproportionate to increases in
body and total cardiac size. The average mass change in our cohort was double that of
their term-born counterparts, with the degree of change proportional to their degree
of prematurity. A reduction in left ventricular diastolic function also emerged during
these three months with a persistent reduction in right ventricular systolic function.
Our study included a high proportion of late preterm infants which account for 75% of

preterm births, suggesting the findings are of relevance to a large cohort of individuals.

5.5.1 Previous studies

The increase in ventricular mass at three months of age is strikingly similar to our
previous reports of increased left and right ventricular mass in adults born preterm.los'
199 |ncreased intraventricular septal thickness compared to expected reference values
has been reported in children born preterm65 and my current findings extend
observations back to the neonatal period. Based on prospective measures |
demonstrate that patterns of cardiac hypertrophy, similar to those observed in adult
life, are not evident at birth but emerge during the early postnatal period. Some
studies report ‘term equivalent’ comparisons rather than post-delivery age but as | was
able to develop term data, chose to model preterm trajectories instead which
confirmed the postnatal pattern of increased mass. In fact, the 0.3g difference in left

ventricular mass between groups at three months of age was substantially smaller

than the 1.6g difference between the two modelled 50th centiles at 49 postmenstrual
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weeks, suggesting that if | had used prematurity-corrected ages, greater differences
may have been seen between groups. However, longitudinal follow up is required to

confirm this.

The importance of the postnatal period for cardiac hypertrophy in preterm offspring is
also seen in experimental models. A preterm-born sheep model had a five- to seven-
fold increase in cardiomyocyte hypertrophy during postnatal life, with increased
interstitial myocardial fibrosis and altered cardiac maturation, demonstrated by an
increase in nuclear ploidy and increased number of bi- and tri-nucleated cells.”®
Similarly, a rat model of preterm birth conditions demonstrated increased left
ventricular hypertrophy during the postnatal period and, furthermore, that these

changes progressed to heart failure in later life when challenged with low dose

angiotensin Il infusion and exposure to hypertension.”’

5.5.2 Cardiac structural differences in preterm infants

274
h

Cardiac growth in utero is relatively proportional to fetal growt and an M-mode

echocardiography study of healthy newborns found body size at birth correlated with

302-304

cardiac dimensions. The absolute measures of cardiac size at birth in my cohort

were similar to those previously reported in babies of similar size, born at similar and

303,304 | also found that variation in cardiac mass in my preterm

different gestations.
cohort was proportional to ventricular size and that these measures fell within normal
ranges for postmenstrual age on my fetal nomograms. Therefore, if there were

significant fetal influences on preterm cardiac development, they appear to be subtle.

Although mass was increased at three months, at birth the preterm infants in my
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cohort tended to have slightly lower left ventricular mass index compared to term
infants. One explanation may be the use of the Boyd formula, which is thought to
overestimate body surface area® and would tend to lead to overcorrection of indexed
measures in smaller infants, although use of this formula, based on weight alone,
removed methodological inaccuracies in measurement of length in a baby.
Alternatively, the difference may reflect the different developmental stage of the
preterm infant compared to the term infant, in particular, the variation in dominance
of right and left circulations that may mean the left heart is relatively less developed.
In utero, the fetus is exposed to a right ventricular dominant circulation and fetuses up
to 2.7kg in estimated body weight have a right ventricular wall thickness greater than

the left ventricle.>%

This association changes as fetal bodyweight increases and there is
a trend towards a reduction in right ventricular mass compared to left ventricular mass
toward term?’* with further falls in right ventricular mass index postnatally in term

neonates.294’ 307

At birth my preterm group had an average weight of 2.1kg and
therefore would be at an earlier stage, with a more prominent right compared to left

dominance. This fits with the observation of similar right ventricular mass index at

birth in my cohort compared to a significant reduction in left ventricular mass index.

This right ventricular dominance at birth might also be expected to impact on cardiac
shape. Left ventricular shape was analysed in my cohort using a novel adaptation of a
computational atlas approach we have previously used for three-dimensional
images.109 Application of this technique to ultrasound images proved highly effective
as it was able to identify that those born preterm had a more globular shape left

ventricle at birth but that these differences were lost by three months of age. Globular
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shaped left ventricles are seen in those with significant growth restriction'’® but this
was not evident in my preterm cohort. The more likely explanation is that the
difference reflects their cardiac developmental stage and relative right ventricular
dominance at birth leading to altered left ventricular shape, which resolves following

the switch to the systemic dominant circulation in postnatal life.

Preterm birth is associated with a degree of postnatal catch up growth in body size®%
and change in cardiac volumes over the first few weeks of life in very preterm infants,
as also seen in my cohort, has been shown to relate to size at birth.3% Therefore, for
my neonatal analysis | indexed for individual growth trajectories across my cohort of
early and late preterm babies. Neither indexing for body surface area in my neonatal
comparisons nor indexing for head circumference, a good marker of skeletal growth,?*?

in my fetal to neonatal comparisons attenuated the large change in both LV and RV

mass seen in the preterm group related to gestational age.

5.5.3 Influence of other perinatal factors

Other perinatal factors linked with preterm birth might have influenced the
disproportionate increase in cardiac mass. The use of antenatal steroids was not
included in the multivariable model due to the significant co-linearity between the two
variables. However, | cannot be sure that steroid use does not have an effect on LV and
RV mass. Multivariable analyses highlighted a small independent influence of
birthweight z-score on the left ventricle, consistent with a previous finding of mass

309

increase proportional to birth-size in very preterm infants.™ Maternal hypertension

was associated with right ventricular mass, which requires further investigation, but
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this effect was not significant once gestational age and mode of delivery were put in
the model. The associations between birth by caesarean section, a low APGAR score
and a greater increase in mass are intriguing. Although, again, these variables were not
significant in multivariable analyses, it might be hypothesized that these babies might
have been exposed to in utero hypoxia which has been shown to cause cardiac

310

remodelling in animal models.”™" Blood pressures in the cohort were appropriate for

gestational age®!! and with diastolic blood pressure still lower at three months in the

preterm group as expected®"?

and therefore could not explain the hypertrophy. The
mass change was also independent of a range of other key potential perinatal factors

and was similar in both males and females.

5.5.4 Functional differences in preterm infants

A finding of potential relevance to the cardiac hypertrophy was that both right
ventricular global function, as measured by TAPSE, and left ventricular volumetric
measures of function, were reduced at birth in my preterm group. My values match
those previously reported for the first few days of life for preterm and term infants,*

313 with the majority of the variance in right ventricular function being explained by

313

gestational age alone in a previous study.” This may reflect a relative immaturity of

the myocardium in preterm infants rather than birthweight, as groups of term

newborn infants of differing birthweights have been demonstrated to have similar left

304

ventricular function.™" Content of contractile elements is known to be reduced in the

myocardium in preterm models and myofibril shortening is less efficient due to

314-316

differences in calcium homeostasis. Previous studies have shown improvements
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by 28 days®*’ and, by three months, left ventricular ejection fraction was similar to
term born infants in my cohort. This normalisation of left ventricular systolic function
may partly be explained by the disproportionate cardiac hypertrophy observed in
preterm offspring during postnatal life, which could reflect a compensatory response
of the impaired myocardium to maintain cardiac output. However, this would appear
to be at the expense of a reduction in left ventricular diastolic function due to the

314, 318

associated structural changes and is not mirrored by improvements in RV

function, which remains reduced up to three months of age.

5.5.5 Future work

Longitudinal follow up of my cohort will be important to understand whether the
changes in cardiac structure and function in these individuals persist into later
childhood and adolescence. If so, then the changes observed may be of direct
relevance to the increased cardiac mass present in adults born preterm and highlight a
critical postnatal window that could be targeted to prevent later disease. Our group
have recently shown extreme nutritional variations during this period, including
exclusive human milk consumption and intravenous lipids, can predict adult cardiac

outcomes.160’158

However, although these interventions modified cardiac chamber size
and function, our group have not identified one that influences the cardiac
hypertrophy in adults born preterm. In experimental models, pharmacological
interventions during the postnatal period have been shown to normalise some
features of the cardiac phenotype.”” As those born preterm display a specific limitation

319, 320

in exercise capacity as well as significantly higher blood pressures in later life,
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early postnatal interventions to improve myocardial development and health may be

warranted.

5.5.6 Limitations

In the neonatal cohort alone, due to stratified recruitment, the incidence of maternal
hypertension was similar between groups which meant my term “control” group does
not represent normative data from uncomplicated pregnancies. However, it does limit
the extent to which hypertension is acting as a confounding factor in my study. Also,
due to the addition of datasets from uncomplicated pregnancies in the fetal cohort
there was a greater proportion of hypertensive pregnancies in the preterm group
when modelling cardiac growth trajectories this therefore needs to be taken into

account during interpretation.

Other limitations of the study include the fact that | used an automated computer
software package to derive left and right mass and volume measurements based on a
single plane 4 chamber view which would result in significant geometrical
assumptions. Neonatal and especially fetal echocardiography is technically challenging
and biplane views are not always feasible. Therefore using only the four chamber
view, which is usually easily obtained and can be adequately visualised in 100% of

fetuses by 13 weeks gestation,z'%’ 297

allowed me to collect a large number of datasets
using the same method from early fetal life through to 3 month postnatal age. In
addition, in my previous chapter, | have shown that fetal estimates of mass and

volume are in good agreement with more 3D and 4D methods up to 28 weeks

gestation and may even be more accurate than these more novel methodologies
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(Chapter 4). | also managed to replicate our findings using linear measurements of wall
thickness and a subgroup analysis using the ASE-recommended method for mass

determination.

| also used this same algorithm, which is designed for the left ventricle, to compute
mass and volume estimations for the right ventricle. There are currently no clear
recommendations regarding the optimal method for calculating mass measurements
in the right ventricle due to its complex shape. Therefore, absolute values of RV mass
and volume in our study need to be interpreted with caution and validated with future
studies using for example magnetic resonance imaging. However, | used the same
technique to produce estimates throughout my study with good reproducibility (Table
3.1) so the difference in growth patterns observed is most likely a true finding. A
similar single-plane method has also been used in a small, previous study measuring
right ventricular mass and volumes in neonates at birth and at one month old due to
its complex shape and anatomy, with estimates very similar to those from my

294
cohort.”

Another limitation was that longitudinal echocardiographic measurements were not
possible in my entire cohort, with some loss to follow up. This is unfortunately a
problem with recruiting from a tertiary centre, with many babies being transferred to
local hospitals and living too far away to return for reassessment. However, a high
percentage of the scans that | did acquire were analysable (94% and 93% for fetal and
neonatal cohorts respectively) and the number of babies with longitudinal neonatal

follow up was high. Finally, only 55 infants had both antenatal and postnatal
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measurements performed when ideally each fetus should have been tracked across
gestation and into postnatal life. However, data comparing the full and neonatal
cohorts suggest minimal differences between them and all mothers were selected

from the same population setting.

5.6 Conclusions

Preterm infants undergo a disproportionate increase in left and right ventricular mass
in the postnatal period, over and above what would be expected in utero, which is
associated with diastolic dysfunction and a persistent reduction in right ventricular
function. These changes reflect those observed in experimental models of preterm
delivery and those that have been seen in adults who were born preterm. The
postnatal period appears to be a critical period of cardiac hypertrophy in preterm
infants and may offer a window for interventions to prevent long term cardiovascular

consequences of preterm birth.
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6: MATERNAL HYPERTENSION &
OFFSPRING CARDIAC PHENOTYPE

In the previous chapter, | identified maternal hypertension as a predictor of increased
ventricular mass change over the first three months of life in preterm born offspring. In
this chapter, | am now exploring the effect of maternal hypertension in the absence of
prematurity in order to investigate its effect on cardiac development. For the purposes
of this chapter, | therefore excluded any infants born before 37 weeks gestation from

my cohort from analysis.

6.1 Abstract

Background- Exposure to in utero maternal hypertension imparts a greater risk of
cardiovascular disease in the offspring. Increases in cardiac ventricular mass are

associated with the development of hypertension and have been demonstrated in
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offspring born to hypertensive pregnancies in adolescence and in infants in the context
of preterm birth. | sought to identify whether offspring born at term to hypertensive
pregnancies demonstrated an increase in left or right ventricular mass over the first

three months of postnatal life.

Methods— 134 infants born at term (54 normotensive pregnancy, 80 hypertensive
pregnancy) were recruited to undergo cardiac ultrasound at birth and three months of
age. Left ventricular (LV) and right ventricular (RV) structure and function were

quantified.

Results- There were no differences in left and right ventricular mass indexed to body
surface  area at birth  (left  20.9+3.7vs20.6+4.0g/m?  p=0.64, right
17.51r3.7vsl8.1i4.7g/m2, p=0.57). By three months, however, LV and RV mass index
were significantly increased in the hypertensive group (left 24.9i4.6v526.8i4.9g/m2,
p=0.04; right 17.1% 4.2vs21.1+3.9g/m? p<0.001). There was no difference in
ventricular function or in blood pressure between groups at either time points.
Increased LV mass index at three months was significantly associated with
microvascular density loss over the first three months of life (total vessel density
change (%) B -0.06, p=0.04) and RV mass index was correlated with markers of the
severity of the hypertensive disorder including maximum maternal systolic blood
pressure (mmHg) (B=0.09, p<0.001), mode of delivery (B=4.33 p<0.001), diastolic blood
pressure of the infants at three months (mmHg) (B=0.09, p=0.04) and maternal

smoking (B=4.4, p=0.10).
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Conclusions- | have demonstrated, for the first time, a disproportionate increase in
mass over the first three months of life in infants born to a hypertensive pregnancy
without differences in blood pressure. The relationship of these changes to long term

cardiac phenotype and clinical cardiovascular disease remains to be seen.

6.2 Introduction

There is a growing body of evidence that infants exposed in utero to maternal
hypertensive disorders of pregnancy have increased blood pressure later in life. 21> 216
A recently published study has shown that exposure to hypertensive disorders of
pregnancy is associated with greater relative wall thickness and reduced left
ventricular end-diastolic volume in adolescent offspring.223 Intriguingly, | have also
demonstrated in Chapter 5 that exposure to hypertension in utero is a predictor of
increased ventricular mass change over the first three months of life in preterm-born
individuals. In this study, | aimed to explore the effect of maternal hypertension on
postnatal cardiac development in term-born individuals without any other pregnancy
complications. | also explored whether any particular clinical features of the maternal

hypertensive disorder associated with changes in ventricular mass and if changes in

cardiac mass were linked to other measures of cardiovascular development.

6.3 Methods

6.3.1 Study population

This chapter includes data from term infants in whom echocardiography was

performed at birth and three months of age. Inclusion and exclusion criteria and
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diagnostic definitions are detailed in Section 2.1. Details of these cohorts and how they

were recruited are set out Chapter 2.

6.3.2 Study visit

An overview of the study design is shown in Figure 6.1. Mother and infants underwent
the following assessments and analysis at birth and three months, which are described

in detail in Methods (Chapter 3):

e Anthropometry (Section 3.3.2)
o Weight
o Head circumference
e Echocardiography (Section 3.4.1)
o Cardiac structure
* LV mass and volumes
= RV mass and volumes
o Cardiac function
= LV systolic and diastolic function
= RV systolic function
e Blood pressure (Section 3.6.1)

e Medical Records and Questionnaires (Section 3.9 and Appendix)
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Figure 6.1: An overview of the study design. Postnatal echocardiography was
performed in a cohort of term infants at birth and three months of age in order to
investigate the effects of maternal hypertension on cardiac structure and function and
their association with other maternal, offspring and perinatal characteristics.
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6.3.3 Statistics

Statistical analysis is described in detail in Section 3.10.

6.3.3.1 Power calculation

The sample size n=54 for offspring exposed to a normotensive pregnancy and n=80
offspring exposed to a hypertensive pregnancy provided me with 80% power at a
significance level of a=0.05 to detect a difference of at least 0.5 standard deviations

(SDs) between groups in left ventricular mass index at 3 months.
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6.4 Results

6.4.1 Study population characteristics

Maternal and offspring demographic and anthropometric characteristics in the
normotensive and hypertensive groups are presented in Table 6.1. Mothers who
experienced a hypertensive pregnancy had a higher BMI and a higher systolic and
diastolic blood pressure at booking. Babies born to hypertensive pregnancies were
born earlier and had smaller head circumferences at birth. However, on subgroup
analysis, this was only true for those babies born to preeclamptic pregnancies and not
those exposed to pregnancy induced hypertension (Table 6.2). Infants from a
preeclamptic pregnancy were also found to be lighter and had a lower birthweight z-
score than those born to pregnancy induced hypertension or normotensive
pregnancies. Of note, there were no differences in blood pressure between groups

either at birth or three months of age (Table 6.1 and Table 6.2).

Of the 122 infants in whom echocardiography was performed at birth, 117 had LV
measures included in analysis (4 unanalysable due to infant movement, 1 excluded due
to subsequent diagnosis of Turner’s syndrome). 120 attended for scan at three months
of age of which 110 had analysable images. Image acquisition was optimised for LV
assessment but of the available scans at birth, 76 had analysable RV views with 75

infants having measures at follow up.

148



6.4.2 Disproportionate increase in mass in offspring born to

hypertensive pregnancies

Infants born to a hypertensive pregnancy had a similar LV and RV mass indexed to
body surface area at birth (Figure 6.2, Table 6.3). There was also no difference in the
ratio of mass/end diastolic volume between groups in the LV, although RV mass/EDV
was increased at birth due to a significantly smaller ventricular volume in the
hypertensive group (Figure 6.2B, Table 6.3). By three months, however, LV mass when
indexed to both body size and ventricular volume was significantly increased in the
hypertensive group (Figure 6.2A, Table 6.3). In the RV, mass indexed to body surface
area was also now increased and the RV mass/EDV stayed significantly greater and
ventricular volume remained reduced (Figure 6.2B, Table 6.3). There was no difference

in left or right ventricular function between groups (Table 6.3).
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Table 6.1: Cohort characteristics

Normotensive  Hypertensive
(n=54) (n=80)
Maternal Demographics & Anthropometrics
Maternal age at delivery, years 32.744.0 32.046.0
Body Mass Index at booking, kg/m’ 23.1+3.5 26.745.1%**
Booking sBP, mmHg 107.949.0 120.0+12.0***
Booking dBP, mmHg 64.818.0 73.5£10.3***
Smokers, n (%) 2(4) 2(3)
Offspring Demographics & Anthropometrics
Birth
Gestational age at delivery, weeks 39.8+1.3 39.3+1.3%*
Males, n (%) 29(54) 30(38)
Birth order ' 1(1) 1(1)
Caesarean section, n (%) 14(26) 22(28)
Age at assessment, days 5.317.6 3.213.1
Birthweight, grams 3433+529 32504568
Birthweight z-score 0.28+1.0 0.10+1.2
Head circumference, cms 35.0+1.5 34.2+1.7**
sBP, mmHg 82.6113.8 81.1+13.1
dBP, mmHg 44.7+9.3 45.3+9.6
3 Months
Age at assessment, days 99.6+14.8 96.7+13.1
Weight, grams 61801816 59741937
Head circumference, cms 41.1+1.6 40.7+1.7
sBP, mmHg 96.31£11.7 97.6112.6
dBP, mmHg 52.7+12.0 55.9+12.4

"MedianzInterquartile range. *p<0.05; **p<0.01; ***p<0.001
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Table 6.2: Subgroup cohort characteristics

Normotensive PIH PET
(n=34) (n=23) (n=18)
Maternal Demographics & Anthropometrics
Maternal age at delivery, years 32.6+4.6 32.745.1 32.5+6.7
Body Mass Index at booking, kg/m” 23.0+3.1 27.646.1° 25.8+4.9°
Booking sBP, mmHg 107+9 123+11° 117+13°
Booking dBP, mmHg 6518 76+8° 7213
Smokers, n (%) 2(6) 0(0) 1(6)
Offspring Demographics & Anthropometrics
Birth
Gestational age at delivery, weeks 39.9+1.3 39.7+#1.1 38.9+1.4°
Males, n (%) 20(59) 6(26) 8(44)
Birth order ’ 1(0) 1(1) 1(0)
Caesarean section, n (%) 7(21) 6(26) 8(44)
Age at assessment, days 619 415 312
Birthweight, grams 34481558 3541+492 3042+502**°
Birthweight z-score 0.26+1.0 0.65+1.0 -0.29+1.0*
Head circumference, cms 35.0+1.5 35.2+1.5 33.6+1.5%*°
sBP, mmHg 82+14 83+14 79+11
dBP, mmHg 4519 46+10 44+10
3 Months
Age at assessment, days 10115 95111 97115
Weight, grams 6235813 6207830 5913867
Head circumference, cms 41.1+£1.7 41.1+£1.6 40.7£1.9
sBP, mmHg 96111 97412 99114
dBP, mmHg 52+12 57+11 57+13

Comparison of PIH and PET group *p<0.05; **p<0.01; ***p<0.001
Comparison to NT group p<0.05; °p<0.01; °p<0.001
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Figure 6.2: (A) Tukey boxplots demonstrating i) left ventricular mass index and ii) left ventricular mass/end
diastolic volume at birth and iii) left ventricular mass index and iv) left ventricular mass/end diastolic
volume at three months in term offspring born to normotensive and hypertensive pregnancies. (B) Tukey
boxplots demonstrating i) right ventricular mass index and ii) right ventricular mass/end diastolic volume at
birth and iii) right ventricular mass index and iv) right ventricular mass/end diastolic volume at three
months in term offspring born to normotensive and hypertensive pregnancies. NT indicates normotensive
pregnancy; HTN hypertensive pregnancy; LVMI left ventricular mass index; LV left ventricle; RVMI right
ventricular mass index; RV right ventricle; EDV end diastolic volume.
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Table 6.3: Cardiac structure and function

Birth Follow Up
NT HTN p-value NT HTN p-value
Left Ventricle n=48 n=69 n=48 n=62
Volumes
EDV (ml) 4.6+1.2 4.041.2 0.02 9.6+2.0 9.0+2.0 0.11
EDV Index (ml/m?) 19.4+4.5 17.9+4.1 0.06 27.5+4.6 26.445.2 0.25
Mass
Mass (g) 49+1.2 4.611.2 0.18 8.7t1.6 9.1+1.9 0.17
Mass Index (g/mz) 20.9%+3.7 20.61:4.0 0.64 24.914.6 26.8%4.9 0.04
Mass/EDV 1.110.2 1.240.3 0.11 0.9+0.2 1.0£0.2 0.003
Function
Systolic Function
Ejection fraction (%) 62.219.4 64.817.6 0.13 59.1+7.2 60.018.8 0.65
Stroke Volume (ml) 2.8+0.7 2.610.7 0.27 5.8+1.3 6.918.0 0.49
Diastolic Function
EA 1.0+0.3 1.1+0.3 0.83 1.0+0.2 1.0+0.2 0.40
Lateral E’ 6.811.5 6.5£1.8 0.49 10.2+2.0 10.3+2.2 0.77
Lateral E/E’ ratio 8.0+2.3 7.8%2.7 0.69 8.3+3.0 8.0+2.3 0.84
Right Ventricle n=32 n=44 n=34 n=41
Volumes
EDV (ml) 3.9+1.5 2.9+1.2 0.001 5.8+1.4 5.1+1.9 0.06
EDV Index (ml/m?) 16.8+5.3 12.7+4.7 0.001 16.4+3.2 14.4+4.8 0.04
Mass
Mass (g) 4.1+1.0 4.1+1.3 0.86 6.1+1.6 7.4+1.7 0.001
Mass Index (g/m?) 17.5+3.7 18.1+4.7 0.57 17.1+4.2 21.143.9 <0.001
Mass/EDV 1.11+0.5 1.5+0.4 <0.001 1.1+0.3 1.610.7 <0.001
Function
TAPSE 0.89+0.2 0.8610.2 0.36 1.540.3 1.54+0.3 0.65
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6.4.3 Predictors of mass increase

Left ventricular mass index at three months was significantly associated with loss in
microvascular density over the first three months of life (TVD change %, B -0.06, p=0.04).
However there were no other maternal, offspring, perinatal or pregnancy factors that were
found to predict left ventricular mass (Table 6.4). Increased right ventricular mass indexed
to body size in the offspring at follow up was, however, associated with a number of factors
related to the severity of hypertensive disease including higher booking blood pressure,
higher maximum blood pressure, longer duration of hypertension, treatment with
antihypertensives and higher levels of SENG in the maternal circulation at birth (Table 6.4).
Delivery by caesarean section and a higher diastolic blood pressure in the offspring at three
months was also correlated with increased RV mass, with a borderline association for
maternal smoking (Table 6.4). In a multivariable model, maximum maternal systolic blood
pressure during the pregnancy, mode of delivery and smoking were all independent

predictors of right ventricular mass index and accounting for 55% of the variance (Table 6.5).
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Table 6.4: Bivariate regression coefficients for maternal, offspring and pregnancy characteristics and

ventricular mass at 3 months

LVMI 3months

RVMI 3 months

B 95% ClI p-value B 95% ClI p-value
Maternal factors
Maternal BMI, kg/m’ 0.06 -0.13-0.26 0.53 0.17 -0.04-0.38 0.11
Smoking 5.32 -0.23-10.87 0.06 4.4 -0.85-9.6 0.10
Severity of HTN
Booking sBP, mmHg 0.004 -0.08-0.08 0.92 0.12 -0.04-0.20 0.005
Booking dBP, mmHg 0.06 -0.03-0.15 0.19 0.15 0.05-0.24 0.003
Maximum sBP, mmHg 0.04 -0.001-0.09 0.06 0.09 0.04-0.13 <0.001
Maximum dBP, mmHg 0.05 -0.02-0.11 0.17 0.12 0.05-0.20 0.001
Duration of HTN, weeks 0.27 -0.12-0.66 0.18 0.64 0.10-1.17 0.02
Treatment with anti-hypertensives 1.57 -0.29-3.43 0.10 2.23 0.15-4.30 0.04
sFlt-1 levels, pg/mL -9.84E-005 -0.001-0.001 0.83 0.001 0.00-0.002 0.12
SENG levels, ng/mL 0.07 -0.11-0.24 0.43 0.30 0.17-0.43 <0.001
PIGF levels, pg/mL 0.003 -0.08-0.09 0.94 0.05 -0.02-0.11 0.15
VEGF levels, pg/mL 0.008 -0.02-0.04 0.63 -0.003 -0.03-0.03 0.83
Perinatal factors
Caesarean section 1.36 0.63-3.35 0.18 4.33 2.25-6.42 <0.001
Sex -0.56 -2.41-1.29 0.55 1.38 -0.69-3.44 0.19
Birthweight z-score -0.37 -1.17-0.43 0.37 -0.09 -1.08-0.90 0.85
APGARS at 5 mins -1.96 -5.08-1.16 0.22 -1.17 -4.14-1.80 0.43
Postnatal infections -1.26 -6.17-3.64 0.61 2.58 -3.85-9.01 0.43
Need for oxygen 1.52 -1.40-4.44 0.31 -0.81 -7.26-5.65 0.80
TVD change, % -0.06 -0.12--0.003 0.04 -0.04 -0.10-0.02 0.22
Vascular measures
sBP at birth, mmHg 0.002 -0.07-0.07 0.96 -0.01 -0.09-0.07 0.76
dBP at birth, mmHg 0.02 -0.08-0.11 0.72 -0.01 -0.12-0.10 0.86
sBP at 3 months, mmHg 0.009 -0.07-0.09 0.82 0.07 -0.02-0.16 0.13
dBP at 3 months, mmHg -0.03 -0.11-0.05 0.44 0.09 0.007-0.18 0.04
PWV at birth, m/s 0.06 -0.39-0.51 0.79 -0.18 -0.64-0.29 0.45
PWYV at 3 months, m/s -0.21 -0.76-0.33 0.44 0.24 -0.31-0.79 0.39
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Table 6.5: Multivariable regression coefficients for maternal, offspring and pregnancy
characteristics and right ventricular mass index at 3 months

RVMI 3 months
B 95% ClI p-value
Smoking 10.62 4.36-16.88 0.002
Booking sBP, mmHg -0.05 -0.14-0.04 0.25
Maximum sBP, mmHg 0.09 0.01-0.18 0.03
Duration of HTN, weeks 0.33 -0.17-0.83 0.19
Treatment with anti-hypertensives -0.39 -3.28-2.51 0.79
SENG levels, ng/mL 0.08 -0.08 -0.24 0.31
Caesarean section 2.59 -4.72 - -0.46 0.02

| then performed a subgroup analysis on the hypertensive group to investigate if there were
any features of the hypertensive disorder that had an influence on right ventricular mass.
There was no difference in offspring RV mass index at 3 months between hypertensive
subgroups that had or had not received antihypertensive medication during pregnancy,
although both were significantly higher than the normotensive group (Figure 6.3A).
Intriguingly, there was also no difference between subgroups exposed to pregnancy induced
hypertension and preeclampsia, although, again, both had an increased RV mass index

compared to the control group (Figure 6.3B).
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Figure 6.3: (A) Bar charts to show increased right ventricular mass index at three months in offspring born
to untreated hypertensive and treated hypertensive pregnancies compared to those from normotensive
pregnancies. (B) Bar charts to show increased right ventricular mass index at three months in offspring
born to a pregnancy complicated by pregnancy induced hypertension and preeclamptic pregnancies
compared to those from normotensive pregnancies. Bar charts are presented as MeanzStandard Error of
the Mean. RVMI indicates right ventricular mass index; NT normotensive pregnancy; HTN no meds
untreated hypertensive; HTN Meds hypertensive treated pregnancy; PIH pregnancy induced hypertension;
PET preeclamptic. ** p<0.01.
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6.4.4 Decreased right ventricular end diastolic volume in offspring born

to hypertensive pregnancies

| went on to investigate the reduction in right ventricular end diastolic volume in
offspring born to hypertensive pregnancies which | had demonstrated in Table 6.3.
There was a significant association between a smaller right ventricular index at birth
and severity of hypertensive disorder when the groups were subdivided based on need
for antihypertensive treatment and classification of the hypertensive disorder (Figure
6.4A). However, these differences had attenuated by three months of age (Figure

6.4B).

Next, | performed bivariate regression analyses to study possible predictors of right
ventricular volume in my cohort at birth. A smaller right EDV indexed to body surface
area was significantly associated with markers of maternal hypertensive severity such
as a higher maximum maternal blood pressure, treatment with antihypertensives,
higher maternal sENG levels at birth and a lower birthweight z-score (Table 6.6).
Intriguingly a smaller EDV index was also associated with capillary rarefaction over the
first three months of life, which is also seen in offspring exposed to in utero
hypertension (Chapter 7). In a multivariable model, only maternal maximum systolic
blood pressure was an independent predictor of a smaller right ventricular volume

(Table 6.7).
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Figure 6.4: (A) Bar charts to show a significant association between a reduction in right ventricular end
diastolic volumes at birth and (i) severity or (ii) classification of the hypertensive disorder in the mother. (B)
Bar charts to show that differences in right ventricular end diastolic volume index have attenuated by
three months in offspring born to a hypertensive pregnancy when divided into (i) severity or (ii)
classification of the hypertensive disorder. Bar charts are presented as MeanzStandard Error of the Mean.
P values are presented as one-way ANOVA test between groups. RVEDVI indicates right ventricular end
diastolic volume index; NT normotensive; HTN no meds untreated hypertensive; HTN Meds hypertensive
treated pregnancy. PIH pregnancy induced hypertension; PET preeclamptic.
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Table 6.6: Bivariate regression coefficients for maternal, offspring and pregnancy characteristics and right
ventricular volume at birth

RVEDVI Birth

B 95% ClI p-value
Maternal factors
Maternal BMI, g/m2 -0.07 -0.35-0.22 0.64
Smoking -3.62 -10.07-2.82 0.26
Severity of HTN
Booking sBP, mmHg -0.07 -0.20-0.05 0.25
Booking dBP, mmHg -0.04 -0.19-0.10 0.53
Maximum sBP, mmHg -0.09 -0.15--0.02 0.009
Maximum dBP, mmHg -0.20 -0.30- -0.09 <0.001
Duration of HTN, weeks -0.60 -1.38-0.19 0.13
Treatment with anti-hypertensives -4.94 -7.74- -2.15 0.001
sFlt-1 levels, pg/mL 0.00 -0.002-0.001 0.83
SENG levels, ng/mL -0.30 -0.55- -0.05 0.02
PIGF levels, pg/mL 0.11 -0.24-0.46 0.52
VEGF levels, pg/mL -0.009 -0.05-0.04 0.68
Perinatal factors
Caesarean section -0.97 -4.47-2.53 0.58
Sex -0.71 -3.74-2.33 0.64
Birthweight z-score 1.92 0.58-3.27 0.006
APGARS at 5 mins 0.24 -3.82-4.30 0.91
Postnatal infections 4.51 -3.30-12.32 0.25
Need for oxygen 0.08 -11.00-11.17 0.99
TVD change, % 0.11 0.02-0.19 0.02
Vascular measures
sBP at birth, mmHg 0.004 -0.11-0.12 0.94
dBP at birth, mmHg -0.04 -0.21-0.12 0.60
sBP at 3 months, mmHg -0.02 -0.13-0.10 0.80
dBP at 3 months, mmHg -0.02 -0.15-0.11 0.76
PWV at birth, m/s -0.30 -0.97-0.36 0.36
PWV at 3 months, m/s -0.42 -1.23-0.38 0.29
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Table 6.7: Multivariable regression coefficients for maternal, offspring and pregnancy
characteristics and right ventricular end diastolic volume index at birth

RVEDVI Birth
B 95% ClI p-value
Maximum sBP, mmHg -0.15 -0.28 --0.02 0.03
Treatment with anti-hypertensives -1.60 -7.54 -4.34 0.59
SENG levels, ng/mL -0.006 -0.30-0.28 0.97
Birthweight z-score 0.26 -1.46 -1.97 0.76
TVD change, % 0.02 -0.10-0.13 0.79

6.5 Discussion

In this study | have demonstrated, for the first time, a disproportionate increase in left
and right ventricular mass in infants exposed to maternal hypertensive disorders of
pregnancy in the early postnatal period prior to the appearance of any blood pressure
changes. There were no significant differences in mass indexed to body size between
groups at birth, which suggests a postnatal phenomenon. In the left ventricle, the
increase in mass was associated with capillary rarefaction over the same time period,
whereas in the right, there were correlations with the severity of hypertension as well
as mode of delivery, maternal smoking and higher diastolic blood pressure in the
offspring at 3 months suggesting different pathological mechanisms. Exposure to
maternal hypertension was also associated with a smaller right ventricular volume
index at birth and three months with a graded relationship between severity and

classification of the hypertensive disorder and right ventricular volume seen at birth.
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6.5.1 Previous studies

Increases in cardiac mass are seen in early primary hypertension®*! and it is also

322, 323

associated with the development of high blood pressure. Cardiac hypertrophy

has also been observed in normotensive at-risk groups, including children, with a

324-327

family history of hypertension. Preeclampsia also increases the risk of later

215,216, 218, 328 44 animal models have demonstrated

hypertension in the offspring
adverse changes to left ventricular structure and function after exposure to gestational
hypertension.329 This is the first study to demonstrate a difference in cardiac mass in
infants born to hypertensive pregnancies and although there were no differences in
blood pressures between groups at birth or at three months of age, a greater right

ventricular mass index at three months was associated with a higher diastolic blood

pressure in the infants at follow up.

A previous research group has studied ventricular mass in offspring of hypertensive
pregnancies. In one study they found children born to a hypertensive pregnancy had a
higher blood pressure at age 12 years and a significant correlation between systolic
blood pressure and left ventricular mass, although no significant difference in mass
between groups were observed. 330 |n another, no differences in left ventricular mass
in children born to hypertensive pregnancies compared to normotensive pregnancies
at average age 12 and 18 years of age were found although numbers were small**! and
early increased left ventricular mass was sustained throughout adolescence.**? The
failure to find any differences between groups may be because these children were

studied in adolescence which could give rise to large variation due to puberty.
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However, a recently published study using a large prospective birth cohort study has
demonstrated that offspring exposed to hypertensive disorders of pregnancy who
underwent echocardiography at a mean age of 17.7 years old have an increased
relative wall thickness and lower mean left ventricular end diastolic volumes

223

suggesting concentric remodelling.”” No differences were demonstrated in cardiac

function,??* consistent with my findings.

Hypertensive pregnancies have also been shown to have similar cardiac effects in the
mother. Maternal left ventricular hypertrophy and systolic and diastolic dysfunction
have been reported to be more prevalent in pregnancies complicated by hypertension,

333-335

with a dose response found according to disease onset and severity some of

3% Few studies have investigated right

which are still present a few years postpartum.
ventricular changes, but increased rates of hypertrophy and reduced function are
reported.336 Intriguingly, strong maternal-offspring but not paternal-offspring
correlations in left ventricular mass have been reported,®’ suggesting that pregnancy
history may be of importance to cardiac phenotype. Preeclampsia is associated with

202 203 and this shared pathological state may be key to the cardiac

inflammation
sequelae seen in both the mother and infant. Certainly, prenatal exposure to
inflammatory stimulants has been shown to induce offspring cardiac hypertrophy in

animal models.3

6.5.2 Possible mechanisms

The association of increased left ventricular mass with increased capillary rarefaction

over the first three months of life is fascinating. If there is similar reduction in capillary
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density in the myocardium as seen peripherally, it could hypothesised that this may
lead to a relatively ischaemic environment which may cause fibrosis and an increase in
mass. Our group have recently demonstrated a similar association in a maternal cohort
5 to 10 years after preeclampsia.339 These results are consistent with animal models in
which rats with induced myocardial hypertrophy have associated capillary

340

rarefaction.”™ Furthermore, commonly prescribed antihypertensive agents, such as

calcium channel antagonists, ACE inhibitors and angiotensin receptor blockers have all

341

been shown to increase capillary density™" and have been shown to reverse

myocardial hypertrophy in animals.®** 3%

Critically, there was no such association
between mass and capillary loss in my preterm cohort, suggesting that the mechanism

behind the relative hypertrophy caused by prematurity and maternal hypertension

may be quite different.

Interestingly, it was right and not left ventricular mass that seemed to be associated
with disease onset and levels of hypertension in my offspring cohort. Associations with
mode of delivery may have been an additional marker of the severity of the
hypertensive disease. The similar increases in right ventricular mass in those exposed
to pregnancy induced hypertension and preeclampsia is consistent with previous
studies looking at the adolescent left ventricle.”” There was no significant difference in
ventricular mass at three months between hypertensive groups that did or did not
require treatment, although use of medication was correlated with increased mass
change in the cohort as a whole, suggesting that in that analysis it was purely a marker
for the presence of hypertension. It would be interesting to further investigate the

effect of antihypertensive treatment on cardiovascular development of the offspring
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as in my study, numbers were small and there is a possibility that some

antihypertensives may exert a protective effect as seen in animals3*% 3%

although this
may be offset by the high level of hypertension seen in mothers who require

treatment.

The differences in ventricular volume seen in the right ventricle may be due to the
increased afterload in a poorly invaded preeclamptic placenta in a right ventricular
dominant in utero circulation. This may have also had an effect on right ventricular
mass although there were no increases in mass seen at birth, with increased right
ventricular mass/EDV ratios due to volumetric changes. It therefore could be that
increased afterload causes ventricular fibrosis prior to the development of
hypertrophy although right ventricular volumes had started to normalise by three
months of age in the hypertensive group and there was no difference in right

ventricular systolic function at either time point.

A more plausible explanation linking postnatal right ventricular mass changes to a
hypertensive pregnancy could be the effects on the pulmonary vasculature. The late
fetal and perinatal period is a critical window for the development of the pulmonary
circulation making it vulnerable to insults.>** Studies have shown the long lasting
detrimental effects of perinatal insults on the pulmonary vasculature in animal and

345, 346

human models, potentially mediated by epigenetics.>*’ One previous study has

demonstrated pulmonary vascular dysfunction in adolescent offspring of preeclamptic
1

pregnancies living at high altitudes with 30% higher pulmonary artery pressures.?

These adolescents also had increased markers for oxidative stress and their siblings
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born to normotensive pregnancies had normal vascular function, suggesting that these
differences were caused by exposure to preeclampsia. Maternal smoking may act as an
additional insult by contributing to fetoplacental insufficiency and explain its

association with right ventricular mass change.

6.5.3 Limitations

A potential limitation is again my use of automated software to derive measures from
single 4-chamber views as discussed in Section 5.5.6. Another limitation is that as the
images were optimised for the left ventricle, | was not able to acquire right ventricular
measurements in the whole cohort which may have introduced some bias. However,
the findings of significantly increased mass were consistent in both the left and the
right ventricle. In addition, although predictors for increased mass were different
between the left and the right ventricle, markers of hypertensive disease severity were
consistently significantly associated with RV mass index, suggesting that my findings

are likely to be robust.

| also did not have access to data on markers of placental resistance in the fetal
circulation during pregnancy for our infants. This would have been useful in order to
investigate whether the cardiovascular system of the offspring has been exposed to
increased afterload which could have contributed to the increase in ventricular mass.
What is interesting, however, is that changes in mass only became apparent after
birth, suggesting a postnatal phenomenon. Nonetheless, in future studies, it would be
interesting to relate cardiovascular data on the offspring prior to birth to subsequent

ex utero changes. Other future work would include follow up of this cohort to establish
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whether these changes track into later life and their relationship with peripheral blood

pressure.

6.6 Conclusions

| have demonstrated, for the first time, a disproportionate increase in ventricular mass
over the first three months of life in infants born to a hypertensive pregnancy without
differences in blood pressure. Left ventricular mass indexed to body size at three
months was associated with microvascular density loss and right ventricular mass
index was correlated with the severity of the hypertensive disease in addition to mode
of delivery, diastolic blood pressure in the offspring at follow up and maternal
smoking. The relationship of these changes to long term cardiac phenotype and clinical

cardiovascular disease remains to be seen.
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7: MIATERNAL BIOMARKERS,
PREGNANCY COMPLICATIONS &
OFFSPRING MICROVASCULAR
PHENOTYPE

In this chapter | will be investigating the effect of maternal hypertension on offspring
microvascular phenotype and its interaction with preterm birth. | will then explore the
relationship between in vivo measures of capillary density and in vitro measures of
angiogenic capacity at birth through a collaboration with Dr Grace Yu, postdoctoral
fellow from Professor Leeson’s group. Finally, | will relate my findings to circulating

maternal biomarkers.
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7.1 Abstract

Background- Offspring born to hypertensive pregnancies have increased blood
pressure in later life. | tested the hypothesis that this is because an impact of
hypertensive pregnancy on fetal vasculogenic capacity leads to abnormal postnatal

microvascular remodelling.

Methods and Results- 255 infants born following either complicated (hypertension
and/or preterm) or normal pregnancy were recruited for quantification of postnatal
microvascular structure at birth and three months of age. Vasculogenic cell potential
was assessed in umbilical vein endothelial cells from 55 offspring based on in vitro
microtubule formation (matrigel and co-culture) and proliferation. Maternal
angiogenic profile (sFlt-1, sENG, VEGF, PIGF) was measured from post-partum plasma
samples. At birth, offspring born after both hypertensive and normotensive
pregnancies had similar microvessel density but during the first three postnatal
months there was an almost two-fold greater reduction in total vessel density (TVD)
after hypertensive pregnancy (%change -17.7%+16.4 vs -9.9%+18.7, p=0.002). This in
vivo postnatal change was predicted by the vasculogenic capacity of the endothelial
cells of the infant at birth (Total tubule length, r=0.49, p=0.02, branching r=0.57,
p=0.004). Reduced in vivo and in vitro vascular development was related to increased
sFlt-1 levels in the maternal circulation at birth in both hypertensive and normotensive

pregnancies.

Conclusions - Offspring born to hypertensive pregnancies have reduced vasculogenic

capacity at birth that predicts microvessel density loss over the first three postnatal
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months. Degree of microvessel reduction is proportional to levels of anti-angiogenic

factors in the maternal circulation at birth.

7.2 Introduction

A hypertensive pregnancy identifies both a mother and offspring with an increased risk

213, 215, 216, 218 P
P T AT As this is a

of later hypertension, cardiovascular diseases and stroke.
common pregnancy complication,’®® a mechanistic understanding of why the offspring

carry this risk is of interest to a large proportion of the population.

Hypertensive pregnancies are characterised by placental dysfunction, which leads to
an adverse cardiovascular maternal circulating milieu, including deranged angiogenic

348

factors, inflammation and oxidative stress. Pathophysiologically, this leads to

reduced microvascular density, increased peripheral resistance and hypertension in

349-352 353, 354 355

the mother. The fetus experiences the same circulating stressors and,
plausibly, these could have similar disruptive impacts on the rapidly developing
offspring vasculature, with long term relevance to later risk of cardiovascular diseases.
Consistent with this pathogenic pathway, offspring of experimental hypertensive
pregnancy models have altered vascular structure®® and childhood retinal vascular
size can be predicted by levels of circulating maternal angiogenic factors during
pregnancy.‘:‘57 However, at birth, microvascular density was, unexpectedly, found to be

increased in babies after more severe, preterm, hypertensive pregnancies.?** 3% 3>

A critical phase of microvascular development occurs during the first three months of

postnatal life when the disorderly fetal microvascular plexus remodels into the mature
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ex utero horizontal papillary loop structure.*®® Therefore | hypothesised that, although
fetal vascular development may be protected in some offspring in utero, the impact of
an adverse circulating milieu during pregnancy on fetal vascular cell potential may alter

the ability of the neonate to develop their postnatal microvasculature > 3°% 361

7.3 Methods

7.3.1 Study population

This chapter includes data from infants in whom microvascular assessments were
performed at birth and three months of age. In addition, a subset of these infants had
in vitro assessments performed on endothelial cells isolated from their umbilical cords
and information on maternal angiogenic factor levels (Figure 7.1). Inclusion and
exclusion criteria and diagnostic definitions can be found in Section 2.1. Details of

these cohorts and how they were recruited are set out in Chapter 2.

7.3.2 Study visit

Mother and infants underwent the following assessments and analysis at birth and

three months (Figure 7.1), which are described in detail in Methods (Chapter 3):

e Anthropometry (Section 3.3.2)
o Weight
o Head circumference
e Invivo microvascular imaging (Section 3.5.1)

o Total vessel density
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o De Backer score
e Invitro vasculogenic capacity — birth only (Sections 3.5.2, 7.3.2.1 and Appendix)
e Blood pressure (Section 3.6.1)
e Maternal biochemistry (Section 3.8)

e Medical records and questionnaires (Section 3.9)

In addition, in a subgroup of mothers, maternal biochemistry taken at 34 weeks
gestation was also available through a collaboration with the OXWATCH study
(South Central Portsmouth ref. 12/SC/0492). This was in order to confirm that

measures taken at the birth assessment reflected levels during late pregnancy.
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Figure 7.1: Overview of study design using clinical and experimental assessments in
offspring born to hypertensive pregnancies. HUVEC indicates human umbilical
endothelial cell.

Offspring

FETAL
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+ Fetal anthropometry
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. ECG - Placental growth factor (PIGF)

i ) ) - Vascular endothelial growth factor (VEGF)
+ Microvascular imaging
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7.3.2.1 Additional methods - in vitro vasculogenic capacity
Umbilical cords were collected immediately after delivery and placed in Hanks
Balanced Salt Solution (HBSS; with phenol red; PAA with 1% Penicillin/Streptomycin) to

be stored at 4°C until processing for cell isolation.

Human umbilical vein endothelial cells (HUVECs) were isolated and stored according to
standard operating procedures by a dedicated team managed by Dr Grace Yu,
postdoctoral research fellow (see Appendix). Angiogenic capacity was then assessed by
two complementary approaches: microtubule formation assays, including matrigel and
co-culture with human bone marrow stromal mesenchymal stem cells (BMMSC); and

CyQUANT® NF Cell Proliferation assay (see Appendix).
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7.3.3 Statistics

Statistical analysis is described in detail in Section 3.10.

7.3.3.1 Power calculation

The sample size n=104 for offspring exposed to a normotensive pregnancy and n=151
offspring exposed to a hypertensive pregnancy provided me with 80% power at a
significance level of a=0.05 to detect a difference of at least 0.35 standard deviations
(SDs) between groups in total vessel density percentage change between birth and

three months.

7.4 Results

7.4.1 Study population characteristics

Maternal and offspring demographic and anthropometric characteristics in the
normotensive and hypertensive groups are presented in Table 7.1 and 7.2 with
characteristics of predefined subgroups in Table 7.3. Hypertensive and normotensive
pregnancy groups were well matched for maternal age, incidence of maternal
smoking, sex ratio, birth order, gestational age and age at birth and follow up
assessments. BMI and blood pressure (booking, highest and discharge) were higher in
mothers from the hypertensive group (p<0.001) and the infants had a lower
birthweight z-score (p=0.002) and were more likely to have iatrogenic delivery
(p=0.02). Pulse Wave Velocity measures were similar between groups (data not

shown).
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Microvascular measures were available for 227 infants at birth (four unsuitable due to
clinical condition, one abandoned due to non-compliance of infant, 18 equipment
unavailable/equipment failure, four unanalysable, one excluded due to Turner’s
syndrome), 216 infants at three months (29 lost to follow up, one abandoned due to
non-compliance of infant, six equipment unavailable/failure, two unanalysable, one

excluded due to Turner’s syndrome) and for 197 infants at both time points.
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Table 7.1: Characteristics of maternal cohort

Neonatal

in vivo/in vitro Comparison

Normotensive

Hypertensive

Normotensive

Hypertensive

Maternal Biomarkers

sFlt-1, pg/mL
SENG, ng/mL
VEGF, pg/mL
PIGF, pg/mL

971.4+1162.3
7.315.6
61.2+102.4
12.1+7.7

1297.1+1341.6
11.346.7***
54.5+80.3
17.2+27.0

(n=104) (n=151) (n=18) (n=10)
Maternal Demographics &
Anthropometrics
Maternal age, years 32.624.6 32.716.0 32.8+3.3 34.2+3.8
BMI at booking, kg/m” 23.7#4.0 26.916.9%** 23.1+2.7 29.8+8.3**
Smokers, n (%) 6 (6) 5(3) 0(0) 0 (0)
Booking sBP, mmHg 107.619.8 118.4+20.6*** 108.6£10.8 127.94£26.7*
Booking dBP, mmHg 65.2+8.5 72.9+14.9%** 64.8+8.9 78.0+13.9**
Highest sBP, mmHg 123.2+10.5 162.2+16.8*** 123.4+11.6 166.5£20.2***
Highest dBP, mmHg 76.48.5 100.8+10.5*** 75.616.8 103.2+14.9***
Discharge sBP, mmHg 113.7+11.4 129.8+12.3*** 114.2+12.3 128.1+11.3**
Discharge dBP, mmHg 67.318.2 79.8£9.9%** 67.9+8.5 76.5£4.9%**

sBP indicates systolic blood pressure; dBP diastolic blood pressure.
* p<0.05; ** p<0.01; *** p<0.001.
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Table 7.2: Characteristics of offspring cohort

Neonatal in vivo/in vitro Comparison
Normotensive  Hypertensive Normotensive Hypertensive
(n=104) (n=151) (n=18) (n=10)
Offspring Demographics &
Anthropometrics
Birth
Gestational age, weeks 36.8+3.5 36.8+3.2 39.3+2.2 36.6+2.5**
Males, n (%) 52 (50) 67 (44) 10 (56) 5 (50)
Birth order” 11 11 1+1 1+1
Caesarean section, n (%) 37 (36) 76 (50)* 13 (72) 4 (40)
Age at birth assessment, days 5.7410.7 4.85+0.4 2.3+2.8 5.2+5.6
Birthweight, grams 27961854 26704851 3321+684 2686+839*
Birthweight z-score 0.14+1.00 -0.26+£1.19** 0.35+1.06 -0.14+1.47
Head circumference, cms 32.812.8 32.7+2.7 34.4+1.69 33.2+2.39
sBP, mmHg 78.6114.6 78.3+14.5 78.9+17.1 84.3+13.9
dBP, mmHg 42.8+9.8 43.7+10.0 41.8+8.2 50.2+7.8*
Follow up
Age at follow up, days 99.9+15.4 97.4+13.6 101.949.6 108.2+11.1
Weight, grams 564041051 5468+1092 62021748 6058+823
Head circumference, cms 40.1+2.0 40.0+2.1 40.8%+1.6 41.3%1.5
sBP, mmHg 95.6+11.7 95.2+12.9 99.9+12.2 92.9+11.6
dBP, mmHg 53.0+12.7 51.9+12.4 54.2+14.1 48.319.9

"MediantInterquartile range.

sBP indicates systolic blood pressure; dBP diastolic blood pressure.
* p<0.05; ** p<0.01; *** p<0.001.
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Table 7.3: Characteristics of cohort subgroups

Preterm-born  Preterm-born Term-born Term-born Term-born
NT PET PIH PET NT
(n=50) (n=71) (n=43) (n=37) (n=54)
Maternal Demographics &
Anthropometrics
Age at delivery, years 32.4453 33.746.1 32.6+5.3 31.0+6.3 32.743.9
BMI at booking, kg/m’ 24.3%¥4.3 26.4+5.4 28.619.6 25.9+3.9 23.2#3.5
Smokers, n (%) 4(8.2) 3(4.2) 1(2.3) 1(2.8) 2 (3.6)
Booking sBP, mmHg 107.31£10.8 116.7+£27.1 122.0+11.0 117.4+12.9 107.849.0
Booking dBP, mmHg 65.6+9.0 72.3+18.8 74.0£9.4 72.8+11.5 64.9+8.0
Highest sBP, mmHg 124.2+10.6 166.9£19.6 156.2+11.9 160.2£12.9 122.4+10.4
Highest dBP, mmHg 77.249.1 103.3+12.9 98.616.2 98.5+8.5 75.7+£7.9
Discharge sBP, mmHg 113.1+12.6 130.4115.3 128.819.2 129.8+8.9 114.2+10.4
Discharge dBP, mmHg 66.418.2 81.1+10.3 79.6+10.1 77.818.7 68.0£8.1
Offspring Demographics &
Anthropometrics
Birth
Gestational age, weeks 33.61£2.09 34.21+2.32 39.7£1.05 38.811.32 39.7+£1.37
Males, n (%) 22 (45) 37 (52) 12 (28) 18 (50) 30 (55)
Birth order | 1%(1) 1%(1) 1%(1) 1%(1) 1%(1)
Caesarean section, n (%) 22 (45) 55 (76) 11 (26) 10 (28) 15 (27)
Age at birth assessment, days 6.5+6.1 7.216.0 3.1+£3.6 2.7+1.3 5.1+7.5
Birthweight, grams 2104+552 2018+606 34431554 30504457 34131544
Birthweight z-score -0.02+1.02 -0.65+1.07 0.43+1.19 -0.29£1.03 0.28+0.98
Head circumference, cms 30.5£2.0 30.9+2.6 34.9+1.6 33.5¢1.4 34.911.5
sBP, mmHg 73.4114.3 74.3114.9 82.4+13.7 80.5+13.2 82.6+13.7
dBP, mmHg 40.5+10.2 41.249.8 45.2+9.9 46.319.6 44.619.3
Follow up
Age at follow up, days 100.41+16.4 98.2£14.0 95.3+13.9 98.4+12.3 99.5+14.7
Weight, grams 50391947 49131971 60641958 5907+913 6139+860
Head circumference, cms 39.0+1.9 39.3+2.3 40.9%+1.6 40.5+1.7 41.0+1.7
sBP, mmHg 94.5+11.7 92.4412.7 95.6+12.5 100.44£12.3 96.4+11.7
dBP, mmHg 52.9+13.7 47.4£10.9 54.4+12.9 58.3+11.2 53.0+12.1

"MedianzInterquartile range.
NT indicates normotensive; PET preeclampsia; PIH pregnancy induced hypertension;
sBP systolic blood pressure; dBP diastolic blood pressure
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7.4.2 Reduction in microvascular density in offspring of hypertensive

pregnancies

There were no differences in TVD or DB score between the offspring born to
normotensive and hypertensive pregnancies at birth (Figure 7.2A). However, there was
a significantly greater reduction in TVD as well as DB score between birth and three
months of age in those born to hypertensive pregnancy compared to normotensive
pregnancy (Figure 7.2B). The reduction in TVD and DB score between birth and three
months was almost double in the hypertensive group compared to the normotensive
group (TVD change -9.9%+-18.7 versus -17.7%-16.4, p=0.002; DB change -9.6+-17.2

versus -17.31-17.7, p=0.002).

Figure 7.2: (A) Total vessel density (i) and De Backer scores (ii) are similar in offspring
born to normotensive and hypertensive pregnancies at birth. (B) Reduction in total
vessel density (i) and De Backer scores (iv) between birth and three months is greater
in the hypertensive group. Bar plots are presented as MeantStandard Deviation. TVD
indicates total vessel density; NT normotensive pregnancy; HTN hypertensive

pregnancy. ** p<0.01.
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There was a trend towards a graded reduction between birth and three months
depending on the degree of hypertensive disorder of pregnancy, with offspring born to
a pregnancy-induced hypertensive pregnancy (PIH) showing the smallest change and
the preterm preeclamptic group (PT-PET) exhibiting the greatest reduction, although

this did not reach statistical significance (PIH versus PT-PET, p=0.18; Figure 7.3).

Figure 7.3: Trend towards an increased offspring microvascular reduction over the first
three months of life and severity of hypertensive disorder of pregnancy with preterm
normotensive pregnancy group shown for comparison. Bar plots are presented as
MeanzStandard Error of the Mean. TVD indicates total vessel density; PIH offspring
exposed to pregnancy-induced hypertension; T-PET term preeclamptic pregnancy; PT-
PET preterm preeclamptic pregnancy; PT-NT preterm normotensive pregnancy.

0 7 7

: Z
eal %
-20 T J_

7.4.3 Correlation of in vivo and in vitro measures

Umbilical-derived cell samples and in vivo microvascular measures were available in
the same individuals for 28 participants (10 following hypertensive and 18
normotensive pregnancies) and sample characteristics are presented in Table 7.1. In
vitro tubule length and branching was not associated with in vivo measures at birth but
there was a graded positive association between in vitro total tubule length and the

loss of in vivo microvascular density over the first three months of life (r=0.49, p=0.02,
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Figure 7.4A). Similarly, there was a graded positive association between in vitro
branching and change in in vivo TVD over the first three months of life (r=0.57,

p=0.004, Figure 7.4B).

Figure 7.4: In vitro tubule network measurements (total tubule length (A) and
branching (B)) correlate with change in vivo microvasculature over the first three
months using matching samples from the same infant (n=28). TVD indicates total
vessel density.
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7.4.4 Preterm birth and microvascular density

In view of the close association between preterm birth and severe hypertensive
pregnancy disorders | specifically studied the impact of preterm birth on vascular
measures. In hypertensive pregnancies, babies born preterm (<37 weeks gestation)
had a higher TVD at birth than those born at term (p=0.02) and this association was
also evident in normotensive pregnancies (preterm hypertensive versus preterm
normotensive p=0.47, Figure 7.5A). There was a graded relationship between
gestational age and TVD at birth, with earlier birth related to greater vessel density

loss (r=-0.19, p=0.005, Figure 7.5B).
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Figure 7.5: Total vessel density is higher in offspring born preterm to both
hypertensive and normotensive pregnancies compared to term pregnancies (A) and
there is a graded relationship between gestational age and microvessel density at birth
(B). Bar plots are presented as MeanzStandard Error of the Mean. P-value represents
the result of a one-way ANOVA test between groups. TVD indicates total vessel
density; NT normotensive pregnancy; HTN hypertensive pregnancy; T term; PT

preterm.
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However, the offspring groups exposed to preterm birth and/or maternal hypertension
were all associated with significantly greater reductions in microvessel density over the
first three months compared to term offspring born to a normotensive pregnancy

(Figure 7.6).

7.4.5 Other clinical predictors of microvascular density

To study the role of other potentially relevant factors such as growth restriction, mode
of delivery and offspring blood pressure on these associations, | initially performed

bivariate regression analyses to identify factors that associated with in vivo vascular
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measures (Table 7.4). For total vessel density change, there were associations with
maternal age at delivery, smoking, exposure to maternal hypertension, gestational
age, birthweight z-score, blood pressure at birth and age at follow up. However, there

was significant co-linearity between antenatal steroid exposure and preterm birth.

Figure 7.6: Both hypertensive and normotensive preterm offspring show a significant
reduction in microvessel density during the first three months of life similar to that
seen in term hypertensive pregnancies. Bar plots are presented as MeantStandard
Error of the Mean. P-values between each pregnancy complication group and the
normotensive group are displayed. TVD indicates total vessel density; T-NT term-
normotensive pregnancies; T-HTN term-hypertensive pregnancies; PT-HTN preterm-
hypertensive pregnancies; PT-NT preterm-normotensive pregnancies. ** p<0.01; ***
p<0.001.

T-NT T-HTN

=10=

-15-

TVD change (%)

* &

-20=

* k% *k*

-25=

In order to investigate whether antenatal steroids had an effect on the
microvasculature independent of gestational age, | compared vessel density loss in a
subgroup born late preterm who had received antenatal steroids to those who had not
in order to compare like-sized groups (gestational age 35.940.5 vs 36.1+0.5 weeks,
p=0.14; n= 20 vs 19 respectively). There were no significant differences between

groups (p=0.22). | therefore took forward offspring blood pressure at birth, birthweight
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z-score and gestational age into the multivariable model (Table 7.5). In this model,
maternal hypertension remained a significant independent predictor of greater total
vessel density reduction between birth and three months with more preterm birth also

appearing to be associated independently with vessel density change.
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Table 7.4: Bivariate regression coefficients for maternal and perinatal risk factors and
reduction in total vessel density

Change in TVD (%)

B 95% CI p-
value
Maternal Factors

Age at delivery, years 0.45 0.01-0.88 0.04
BMI at booking, kg/m? -0.009 -0.49-0.47 0.97
Maternal smoking during pregnancy -9.51 -20.70-1.69 0.10
Booking sBP, mmHg -0.02 -0.15-0.11 0.74
Booking dBP, mmHg 0.04 -0.13-0.22 0.62
Maternal hypertension during -6.74 -11.40--2.07 0.005

pregnancy

Perinatal Factors

Gestational age, weeks 1.38 0.61-2.14 <0.001
Caesarean section -2.05 -6.82-2.73 0.40
Age at birth assessment, days 0.25 -0.17 -0.67 0.24
Birthweight z-score 3.05 1.01-5.09 0.004
Sex 0.41 -430-5.11 0.87
Apgar score (5mins) -0.53 -3.56-2.50 0.73
Antenatal steroid exposure -9.48 -14.33--4.64 <0.001
Birth sBP, mmHg 0.21 0.05-0.37 0.01
Birth dBP, mmHg 0.22 -0.03-0.46 0.08
Postnatal infections -0.48 -8.65-7.69 0.91
Days of oxygen -0.17 -0.70-0.37 0.55
Age at follow up, days 0.14 -0.02-0.31 0.09
Three month sBP, mmHg 0.01 -0.18-0.21 0.91
Three month dBP, mmHg 0.04 -0.15-0.23 0.70

sBP indicates systolic blood pressure; dBP diastolic blood pressure.
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Table 7.5: Multivariable regression coefficient for maternal and perinatal
characteristics and reduction in total vessel density between birth and 3 months

Change in TVD (%)
B 95% ClI p-value
Maternal age at delivery 0.43 -0.03-0.88 0.07
Smoking -3.73 -15.30-7.85 0.53
Maternal hypertension -6.46 -11.03--1.88 0.006
during pregnancy
Gestational Age, weeks 1.07 0.28-1.86 0.008
Birthweight z-score 1.61 -0.45-3.67 0.13
Birth sBP , mmHg 0.11 -0.05-0.27 0.19
Age at follow up, days 0.13 -0.03-0.29 0.12

sBP indicates systolic blood pressure.

7.4.6 Maternal angiogenic profile and offspring microvascular

development

Maternal postnatal blood samples were available for 107 mother and offspring dyads.
Samples were collected on average five days after birth, at which point, maternal sENG
levels were still significantly higher in hypertensive mothers compared to
normotensive mothers with a trend for higher sFlt-1 and lower VEGF (Table 7.1). In a
subgroup of women, sFlt-1 measures in the last trimester were compared to early
postnatal and three month postnatal values in the same patient. Measures at five days
postnatally strongly correlate to late gestation values (r=0.85, p=0.007; Figure 7.7A). By
three months, levels had fallen to very low values and no longer reflected either late
gestation or early postnatal values (Figure 7.7B). Therefore associations identified with

measures at 5 days are likely to relate to variation during pregnancy.
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Figure 7.7: (A) Maternal sFit-1 level is reduced from pre-delivery (34 weeks gestation,
dots in blue) to post-delivery (average of five days, dots in red); and there is a
significant correlation of maternal sFlt-1 measured at the two time points. (B) Change
of maternal sFlt-1 levels from pre-delivery (at 34 weeks gestation), post-delivery
(average of five days) and three months post-partum (average of 98 days). Each data
point represents individual ELISA measurements. Dots with connection lines on Panel
A and matching colour on B indicate paired maternal sample collected at each time
point. sFlt-1 indicates soluble fms-like tyrosine kinase-1.
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There was a graded relation between the level of sFlt-1 in the maternal blood sample
and the loss of microvasculature in the offspring between birth and three months of
age (Figure 7.8) with higher levels of sFlt-1, a predictor of greater vessel density loss
(p=0.05). Although similar patterns were seen with levels of sSENG and total vessel
density reduction, the association was not significant. PIGF and VEGF levels were not

related to microvascular loss.
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Figure 7.8: Association between maternal sFlt-1 after delivery with total vessel density
percentage change from birth to three months. Maternal sFlt-1 is presented in ten
percentile groups. sFlt-1 indicates soluble fms-like tyrosine kinase-1.
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To study whether this may represent a co-association with other clinical factors
associated with hypertensive pregnancy, | performed a sensitivity analysis in
normotensive pregnancies. Interestingly, significant differences across the tertiles of
sFlt-1 were evident in offspring of normotensive mothers for TVD change (p=0.01;
Figure 7.9A) and trends with respect to in vitro tube formation were also seen,
although not all reached statistical significance (total tubule length p=0.07; branching
p=0.02; proliferation p=0.25; Figure 7.9B, C and D). However, offspring of hypertensive
pregnancies appeared to have increased microvessel density loss at all levels of

angiogenic factors in their mother.
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Figure 7.9: Comparison of maternal sFlt-1 tertiles with total vessel density percentage
loss (A), total tubule length (B), branching (C) and proliferation (D) in normotensive
pregnancies. Bar plots are presented as MeantStandard Error of the Mean. P-values
represent the result of a one-way ANOVA test between groups. TVD indicates total
vessel density; sFlt-1 soluble fms-like tyrosine kinase-1.
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7.5 Discussion

This study provides the first evidence of an almost two fold greater postnatal reduction
in microvascular density in neonates born following a pregnancy complicated by
hypertension compared to a normotensive pregnancy. The degree of postnatal
microvessel loss in the infant is predicted by the vasculogenic capacity of their
endothelial cells at birth, which, in turn, relates to levels of angiogenic factors in the
maternal circulation around the time of birth. This phenomenon was evident across
the spectrum of hypertensive pregnancy disorders and degree of growth restriction,
and not attenuated by the increased vascular density seen at birth in those born
preterm. Intriguingly, the associations were present in clinically normal pregnancies
but in which anti-angiogenic factors were higher in the maternal circulation around the

time of delivery. These findings identify a critical postnatal microvascular
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developmental window and provide a potential explanation for how pregnancy

pathophysiology links with later microvascular rarefaction in the offspring.

7.5.1 Previous studies

A reduction in total vessel density during the first three months of postnatal life 362 363

30 occurs as the disorderly fetal capillary network remodels into a horizontal
subpapillary plexus and papillary loops structure. This postnatal phenomenon was
demonstrated in my study and results from my normotensive cohort were in good
agreement with previously reported findings.*®* *** However, despite equivalent vessel
density at birth, those born to a hypertensive pregnancy had a much greater change in
the first three months of life. A previous study of infants born at term after
preeclampsia found subtle reductions in vessel density measured with capillaroscopy
soon after delivery and it is possible the process starts very early in some.?* My
recruitment strategy, sample size and perinatal data allowed me to include the full
range of severities of hypertensive pregnancy and also a range of gestational ages
within our normotensive group. The increased vessel density in those born preterm
was a feature of prematurity, independent of the hypertensive disorder, with similar
density at birth between hypertensive and normotensive pregnancies across the range
of gestations. This is consistent with a previous study which demonstrated that
offspring born preterm had higher skin capillary density at birth but which the authors
put down to low birthweight rather than preterm birth per se.>*® However, although

birthweight z-score was related to microvessel change in my study, this was accounted

for by co-association with hypertensive pregnancy and preterm birth.
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In modelling, gestational age was an independent predictor of a postnatal microvessel
loss, along with maternal hypertension, consistent with our previous observation of
capillary rarefaction in adults born preterm.145 Low systolic blood pressure at birth was
also a predictor and other complications that result in a low cardiac output or
peripheral vasodilataion, for example in response to hypoxia or infection, may be

worth investigation as influences on postnatal microvascular development.

7.5.2 Angiogenic profile and offspring microvasculature

Postnatal loss of vessel density was seen in hypertensive pregnancies across the
spectrum of hypertensive pregnancies when severity was defined by clinical markers,
such as gestation of diagnosis. | hypothesised that circulating biomarkers which reflect
the maternal biological response to reduced placental perfusion®®** may more closely
reflect the real potential impact of hypertensive pregnancy on fetal development.
Strikingly, maternal levels of sFit-1 predicted the postnatal offspring vascular postnatal
changes across the range of pregnancy syndromes and still associated with vascular
phenotype when analysis was restricted to normotensive, full term and appropriate for
gestational age pregnancy groups. It may be that these mothers would have gone on
to develop hypertension were it not for delivery as sFlt-1 levels have been shown to

348

rise two to three months before clinical onset™" although they did not correlate with

risk factors for preeclampsia in my normotensive cohort. It may be that clinically
diagnosed hypertensive pregnancy syndromes may sit at one end of a spectrum,®

with subclinical endothelial activation, low grade inflammation and cardiovascular

6 348

dysfunction®®® evident in a broader group of apparently normal pregnancies.?*® In
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mothers with risk factors for hypertension, but who have normotensive pregnancies, a
tendency towards an anti-angiogenic profile during pregnancy has been noted.*®” 3%
Therefore, my findings of links between the maternal biological response to pregnancy

and offspring postnatal vascular development may have relevance to hypertensive risk

in a broader group of the population than is defined by hypertensive pregnancy alone.

Similar, but non-significant, patterns were observed with sENG despite it being the
only biomarker that was significantly different between normotensive and
hypertensive groups. However, sENG levels have been shown to fall more rapidly in

9

preeclamptic women post—delivery,36 which may explain the lack of significant

associations.

VEGF levels were not associated with microvascular loss, although our group have
demonstrated a positive correlation between VEGF levels and in vitro proliferation in
this cohort.?*® Placental growth factor was also not associated with vascular phenotype
in contrast to previous reports of associations with childhood vascular structure.>>” 3%
These earlier findings were based on measures in mid pregnancy, when differences in
PIGF are most evident’”® and, around the time of birth, levels have been shown to

370

have decreased rapidly”"” so other factors may better reflect severity of the pregnancy

348, 364, 367, 370-372
syndrome.

After birth, the profile starts to normalise and my maternal samples had been
collected at the postnatal infant assessment on average a week postpartum. The
timing of measurement meant acute fluctuations related to labour and delivery were

avoided but also means other biological reasons for persistent elevation of anti-
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angiogenic markers in the mother post-delivery may need to be taken into
consideration to understand why the offspring have these postnatal vascular changes.
In addition, adults born to hypertensive pregnancies have differences in circulating
levels of sIFlt-1 in later life'* and persistent elevations in anti-angiogenic factors in the
infant may be of relevance to their postnatal vascular remodelling. | did not have
infant blood samples to test this hypothesis but studies have shown that, at birth, the

offspring has changes in circulating factors that reflect those in the mother.>”?

7.5.3 Vasculogenic potential and offspring microvasculature

In my study | was also able to link for the first time multiple quantitative measures of in
vitro cellular behaviour with in vivo vascular responses and maternal measures in the
same cohort. Studies have shown that serum from preeclamptic women inhibits
normal HUVEC microtubule formation, which can be rescued by exogenous VEGF and
PIGF*”* and microtubule inhibition has been observed after the addition of

recombinant sENG.>®°

My results have demonstrated that there is not only a graded
association between endothelial cell phenotype and maternal circulating factors but
also that the vasculogenic capacity predicts subsequent loss of microvessels over the
first three postnatal months. However, our group have previously demonstrated
reduced microtubule formation ability in offspring-derived HUVECs taken from

hypertensive pregnancies in control media?*® suggesting a specific persistent alteration

in cellular phenotype seems more plausible.

Collectively, these findings raise the possibility that hypertensive pregnancies result in

an impairment of vasculogenic potential of fetal endothelial cells resulting in an
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endothelial cell dysfunctional phenotype. Similar changes have been shown in cord

blood endothelial colony forming cells, which account for a proportion of HUVECs,*”

h.">> Therefore, changes in the vasculogenic potential of

harvested after a preterm birt
endothelial cells may underlie a common pathological pathway through which
pregnancy complications result in capillary rarefaction. As a result, although
microvascular density may be maintained in the offspring in utero, for example as a
compensatory response to the relative hypoxia of the hypertensive pregnancy or
through normal development in the run up to a preterm birth, on transition to the ex
utero environment the infant may fail to remodel their vasculature. These changes
may have long term relevance as those born preterm or to a hypertensive pregnancy

have microvascular rarefaction throughout childhood and into adult life 8% 14> 21> 216

373,376 By adulthood the offspring also have higher blood pressure and it has been
suggested the microvascular changes may be secondary to the hypertension. In my
neonatal cohort, blood pressures were similar at three months of age despite
reductions in vessel density, consistent with microvascular changes being a primary
event, similar to the pathophysiological pathways described in animal hypertensive

models and other at risk populations.>* 3"’

7.5.4 Limitations

My study is associative and | did not aim to prove causality in this clinical observational
study between the pregnancy maternal biomarkers, offspring vascular cell potential
and postnatal vascular development. The total sample size is also relatively modest but

| was able to undertake very detailed clinical, physiological and sample data collection
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along with repeated measures over short time frames in order to investigate maternal
hypertension and prematurity due to my stratified recruitment strategy. As such, the
phenomenon | describe of a postnatal vascular loss in offspring of hypertensive
pregnancies is striking, particularly in view of the links with multiple in vitro cellular
assays and maternal blood samples. | feel these findings provide a robust basis for
future intervention and experimental studies. It will be of interest to investigate
whether the changes in dermal microvasculature reflect a generalised phenomenon

involving other organ-specific vascular beds such as cardiac and pulmonary systems.

7.6 Conclusions

In conclusion, | have found offspring born to hypertensive pregnancies have reduced
endothelial capacity for microtubulogenesis in vitro at birth. The degree of impairment
predicts the degree of reduction in vascular density during the first three months of
postnatal life, as the fetal microvasculature remodels into its postnatal ex utero
structure. Intriguingly, these changes can also be predicted by the circulating
biomarker profile of the mother around the time of birth, which suggests an
association between the maternal biological state during pregnancy and offspring
vascular development. Future studies will help define the mechanisms underlying the
altered vasculogenic capacity and understand whether these changes are tractable to
reduce the long term cardiovascular risk of the offspring evident in early life including

hypertension and metabolic disease.
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8: CARDIAC AUTONOMIC
FUNCTION, PREGNANCY
COMPLICATIONS & OFFSPRING
CARDIOVASCULAR DEVELOPMENT

In this chapter | will be investigating the effect of pregnancy complications on offspring
heart rate variability at birth which provides a non-invasive measure of autonomic
function. | will then explore the relationship between autonomic function at birth and
cardiovascular development by looking for associations between changes in heart rate
variability and the differences that | have found in cardiovascular structure and
function that | have identified in previous chapters in infants exposed to pregnancy

complications at birth and three months of age.
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8.1 Abstract

Background — Heart rate variability (HRV) provides a non-invasive measure of
autonomic function. | tested the hypothesis that pregnancy complications associate
with HRV at birth and that disordered autonomic function identifies offspring with
abnormal fetal and postnatal cardiovascular development.

Methods- 98 sleeping neonates had 5-minute electrocardiogram recordings at birth
using a Shimmer~ device connected via Bluetooth to an Android smartphone. Standard
time (rMSSD, SDNN) and frequency (HF, LF, LF/HF ratio) domain parameters were
calculated and associations with pregnancy complications identified. Autonomic
function was then related to blood pressure, heart rate and cardiac structure and
function, as well as microvascular and macrovascular measures at birth, to understand
relevance to in utero development, and with measures at three months of age, to
determine whether HRV parameters predicted abnormal postnatal developmental
patterns.

Results- Increasing prematurity, but not maternal hypertension or growth restriction,
associated with more deranged autonomic function at birth characterised by
decreased HRV (B coefficient for gestational age at birth and rMSSD 0.99 week™, 95%Cl
0.43 to 1.54, p<0.001; LF 23.50 week™, 95% Cl 6.02 to 40.98, p=0.009; HF 19.25 week™,
95%Cl 5.51 to 33.00, p=0.007) and a relative imbalance between sympathetic and
parasympathetic tone (B coefficient for gestational age at birth and LF/HF ratio -0.20
week™, 95%Cl -0.34 to -0.06, p=0.005). However, autonomic dysfunction did not
predict differences in cardiovascular structural and functional measures at birth or

three months.
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Conclusions- Altered cardiac autonomic function at birth relates to gestational age
rather than other pregnancy complications and does not predict cardiovascular
developmental patterns. Longer term studies will be needed to understand relevance

to cardiovascular risk.

8.2 Introduction

Heart rate variability (HRV) analysis provides a non-invasive measure of cardiac
autonomic function based on variation in the QRS to QRS (RR or normal to normal NN
interval) interval sequence of the electrocardiogram (ECG). The derived metrics of HRV
allow evaluation of sympathetic and parasympathetic balance within the autonomic
nervous system (ANS) and the ability of the sinoatrial node to adapt to extrinsic
signals. In a multitude of well-designed studies decreased HRV has emerged as a strong

predictor of cardiac risk in adults and death in patients at increased cardiovascular risk.

378-384 266, 267

Interestingly, attenuation in HRV is also evident in infants born preterm
with dysfunction being greater in those with higher clinical illness scales®® or

pathological problems such as respiratory distress syndrome,251'256 birth asphyxia,253'

253, 258

27 intraventricular haemorrhage, small-for gestational age259 and sudden infant

260-264

death syndrome. Pregnancy complications, in particular, preterm birth and

maternal hypertension, have been found to associate with an increased risk of

145

cardiovascular disease in later life"™ and the offspring display a distinct cardiovascular

phenotype characterised by microvascular rarefaction and cardiac hypertrophy. % 1%

238
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These cardiac and vascular patterns become evident during the first three months of

life when differences in autonomic function have been identified in preterm infants.*'®

238,376 Therefore, | investigated, for the first time, using short ECG recordings in a large
cohort of newborn infants, whether differences in neonatal HRV relates just to
prematurity or are found in other pregnancy complications linked with later

cardiovascular disease. Furthermore, | studied whether altered HRV may be a marker

of abnormal in utero or postnatal cardiac and vascular development in these infants.

8.3 Methods

8.3.1 Study population

This chapter includes data from infants in whom heart rate variability measures were
performed at birth. These infants also underwent detailed cardiovascular phenotyping
at birth and three months of age. Inclusion and exclusion criteria and diagnostic

definitions are detailed in Section 2.1. Details of these cohorts and how they were

recruited are set out in Chapter 2.

8.3.2 Study visit

Infants underwent the following assessments and analysis at birth and three months

(Figure 8.1), which are described in detail in Chapter 3:

e Anthropometry (Section 3.3.2)

o Weight
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o Head circumference
e Echocardiography (Section 3.4.1)
o Cardiac structure
= LV mass
o Cardiac function

= LV systolic and diastolic function

In vivo microvascular imaging (Section 3.5.1)
o Total vessel density

e Macrovascular measures

o Blood pressure (Section 3.6.1)

o Pulse Wave Velocity (Section 3.6.2)

Autonomic function — at birth only (Section 3.7.1)

o Heart rate variability

Medical Records and Questionnaires (Section 3.9 and Appendix)
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Figure 8.1: Overview of study design investigating whether (1) pregnancy
complications had an effect on heart rate variability at birth and (2) if heart rate
variability at birth predicted cardiovascular development at birth or at 3 months of age
as measured by macrovascular, microvascular and cardiac assessments in the
offspring. HRV indicates heart rate variability.
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8.3.2.1 Additional methods - ECG processing and analysis

After the ECG recordings were acquired (Section 3.7.1), the data was processed and
analysed by Dr Julien Oster in the Institute of Biomedical Engineering and the acquired
HRV measures returned for further interpretation.

Data processing — The ECG signals were processed in order to extract the RR interval

time-series, but also a Signal Quality Index (SQl). These features were extracted using
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385 The SQI was used in order to select the “best” five

previously published techniques.
minute segment, and the RR interval time-series from this segment was kept for heart
rate variability (HRV) analysis.

Heart Rate Variability analysis — The five minute RR interval segment was used to
extract Heart Rate Variability (HRV) features. These features were extracted using the

HRV toolkit which has been validated and is freely available online.*®® 3’

Processing
included detection and extraction of the normal to normal (NN) interval time-series
and automated outlier removal for rejection of artefactual RR points. Calculated HRV
features were based on basic time-domain HRV statistics used in the literature,
specifically, the standard deviation of the NN intervals (SDNN) and root mean square
of the difference between adjacent NN intervals (rMSSD). The frequency-domain
features were extracted using the Lomb periodogram, eliminating the need for evenly
sampled data in contrast to the traditional Fast Fourier Transformation. The benefit of
this is that sections of the recordings in which there are gaps or extreme noise in the
data can be omitted. Parameters included the total spectral power of all NN intervals
between 0.05 and 0.2 Hz (low frequency, LF), the total spectral power of all NN
intervals between 0.2 and 1 Hz (high frequency, HF) and the ratio of low to high
frequency power (LF/HF ratio) using cut offs previously suggested in the literature for

388-391

the neonatal population. In order to be able to standardise these measures, only

recordings during which the babies were asleep throughout were included in analysis.

8.3.3 Statistics

Statistical analysis is described in detail in Section 3.10.
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8.3.3.1 Power calculation

The sample size n=33 preterm and n=65 term offspring provided me with 80% power
at a significance level of a=0.05 to detect a difference of at least 0.85 standard

deviations (SDs) between groups in rMSSD.

8.4 Results

8.4.1 Study population characteristics

The technology for assessment of HRV became available during the course of
recruitment to the EPOCH study and therefore, out of the 255 infants in the full
neonatal cohort, 140 had an ECG taken at birth. Of these, 3 were unanalysable due to
poor signal quality and 40 were excluded as the infant was awake or restless during
acquisition. Maternal and offspring demographic and anthropometric characteristics in
the cohort are presented in Table 8.1 with subgroup characteristics available in Table

8.2.

203



Table 8.1: Cohort characteristics

n =98
Maternal Demographics & Anthropometrics
Maternal age at delivery, years 33.0+4.6
BMI at booking, kg/m” 25.4+5.1
Smokers, n (%) 2(2)
Maternal hypertension during pregnancy, n (%) 46 (47)
Offspring Birth Characteristics
Gestational age at delivery, weeks 37.9+2.9
Males, n (%) 48 (49)
Birth order” 1+1
Caesarean section, n (%) 36 (37)
Antenatal steroids, n (%) 28 (29)
Offspring Physiological Measures at Birth
Head circumference, cms 33.5%+2.2
Birthweight, grams 29641754
Birthweight z-score 0.10+1.0
sBP, mmHg 81115
dBP, mmHg 44410
Pulse Wave Velocity, (m/sec) 5.5+1.5
Offspring Physiological Measures at 3 months
Weight, grams 57631950
Head circumference, cms 40.5+1.6
sBP, mmHg 97412
dBP, mmHg 53+13
Pulse Wave Velocity, m/sec 6.5+1.7

Values as Mean#Standard Deviation unless stated otherwise

v MedianzInterquartile range
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Table 8.2: Subgroup cohort characteristics

Preterm-NT Preterm-HTN  Term-NT Term-HTN
(n=14) (n=19) (n=32) (n=33)
Maternal Demographics &
Anthropometrics
Maternal age at delivery, years 32.4£2.9 35.0£5.5 33.1+3.3 31.9+5.0
BMI at booking, kg/m? 24.1+4.2 27.77.1 23.613.5 26.5+4.8
Smokers, n (%) 0(0) 1(5) 0(0) 1(3)
Offspring Birth Characteristics
Gestational age at delivery, weeks 34.4+1.1 34.4+1.8 40.0+1.3 39.6x1.4
Males, n (%) 7(50) 9(47) 19(59) 13(39)
Birth order” 1(1) 1(0) 1(1) 1(0)
Caesarean section, n (%) 4(29) 13(68) 8(25) 11(33)
Patent ductus arteriosus, n (%) 0 0 0 0
Antenatal steroids, n (%) 11(79) 17(89) 0 0
Offspring Physiological Measures at
Birth
Age at assessment, days 4.8+3.8 5.1+34 3.4+4.2 3.2+3.7
Head circumference, cms 31.0+1.3 31.6%1.6 35.1+1.4 34.4+1.7
Birthweight, grams 2245+372 22274640 35621477  3283+585
Birthweight z-score -0.051£0.83 -0.15£1.25 0.55+0.91 0.08%1.16
sBP, mmHg 79+18 81+17 82+13 81+12
dBP, mmHg 42+13 45+10 4419 4449

205



8.4.2 Pregnancy complications and heart rate variability

Those born preterm had a higher heart rate and lower heart rate variability than those
born term (Figure 8.2A). There was a positive association between SDNN, rMSSD, LF
and HF and gestational age at birth; although the association with SDNN failed to reach
significance after adjusting for postnatal age at assessment and offspring sex (Table
8.3). There was a negative correlation between LF/HF ratio and gestational age at birth
even after adjustment. There was no significant difference in heart rate or heart rate
variability parameters between those born to mothers with or without maternal
hypertension (Figure 8.2B and Table 8.3). | separately analysed those whose mothers
had a more severe hypertensive disorder of pregnancy, classified as preeclampsia, and
found no differences in neonatal heart rate variability in this group (Figure 8.2C).
Furthermore, there were no significant associations between birthweight z-score and
any HRV parameter (Table 8.3), or any difference between those classified as small or
appropriate for gestational age (Figure 8.2D). | additionally studied whether particular
perinatal clinical features, including days of oxygen or APGAR score, predicted
autonomic dysfunction in those born preterm but were not able to identify specific
markers of more deranged function except for a borderline association between

caesarean delivery and a greater rMSSD (Table 8.4).

206



Figure 8.2: Boxplots demonstrating (A) a significantly decreased rMSSD and increased
heart rate in offspring born preterm but no significant difference in those exposed to
maternal hypertension (B), preeclamspia (C) or those born small for gestational age
(D). rMSSD indicates root mean squares of successive NN differences; HTN exposure to
maternal hypertension; PET preeclamptic pregnancy; SGA small for gestational age;
AGA appropriate for gestational age.
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Table 8.3: Bivariate regression coefficients for heart rate variability parameters at birth
and pregnancy complications

Gestational age at birth Maternal Hypertension Birthweight z-score
(weeks)
B 95% CI p- B 95% ClI p- B 95% ClI p-
value value value
SDNN 0.76 -0.13-1.66 0.09 2.30 -2.92-7.53 0.38 -1.92 -4.32-0.47 0.11
rMSSD 0.99 0.43-1.54 0.001 0.24 -3.17-3.65 0.89 -0.41 -1.98-1.17 0.61
LF 23.50 6.02-40.98 0.009 61.16 -42.84- 0.25 -41.59  -89.25-6.07 0.09
165.16
HF 19.25 5.51-33.00 0.007 9.28 -73.32-91.87 0.82 -10.85 -48.96- 0.57
27.27
LF/HF ratio | -0.20 -0.34--0.06 0.005  0.34 -0.49-1.17 0.42 0.15  -0.23-0.53  0.44

B unstandardized coefficient presented with 95% confidence intervals after correcting for postnatal age
at assessment and offspring sex
SDNN standard deviation of NN interval; rMSSD root mean squares of successive NN differences;
LF low frequency spectral power; HF high frequency spectral power.

Table 8.4: Bivariate regression coefficients for perinatal clinical features and rMSSD at
birth

rMSSD
B 95% Cl p-
value
Maternal smoking -3.29  -14.98-8.39  0.58
Antenatal steroids 0.11 -0.02-0.24 0.58
Caesarean section 3.63 -7.16--0.10  0.04

APGAR score at 5 mins 0.20 -2.06-2.46 0.86
Days of oxygen 0.16  -1.04-1.36 0.80

Postnatal infection -1.28 -7.69-5.13 0.69

B unstandardized coefficient presented with 95% confidence intervals after correcting for postmenstrual
age at assessment and offspring sex
rMSSD indicates root mean squares of successive NN differences.
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8.4.3 Relationship with cardiovascular structure and function at birth

and three months of age

| studied whether heart rate variability was a predictor of other cardiovascular

developmental differences at birth or related to those known to be found in preterm

offspring, specifically postnatal cardiac hypertrophy and microvascular rarefaction. |

based analysis on associations with rMSSD at birth, as the HRV parameter with the

strongest association with gestational age. However, there were no association with

these parameters (Table 8.5) even when the cohort was split into preterm and term

groups (data not shown).

Table 8.5: Bivariate regression coefficients for cardiovascular development in early

postnatal life and rMSSD at birth

Birth 3 Months
B 95% ClI p-value B 95% ClI p-value

Macrovascular

sBP, mmHg -0.11 -0.47-0.25 0.55 0.07 -0.23-0.38 0.63

dBP, mmHg -0.03 -0.27-0.20 0.78 -0.03 -0.34-0.28 0.85

PWV, m/s -0.01 -0.05-0.03 0.63 0.01 -0.03-0.05 0.60
Microvascular

TVD, mm/mm2 -0.04 -0.17-0.09 0.56 0.02 -0.08-0.11 0.75
Cardiac

LVMI, g/m2 0.00 -0.09-0.09 1.00 -0.04 -0.18-0.12 0.60

Ejection fraction, % 0.06 -0.23-0.34 0.69 0.20 -0.05-0.46 0.11

Lateral E/E’ ratio 0.002 -0.07-0.07 0.96 -0.06 -0.11-0.01 0.07

B unstandardized coefficient presented with 95% confidence intervals after correcting for postnatal age

at assessment and offspring sex

sBP indicates systolic blood pressure; dBP diastolic blood pressure; PWV pulse wave velocity; TVD total
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8.5 Discussion

In this study | have demonstrated that heart rate variability parameters derived from
short length ECG recordings in the first week of life are significantly associated with
gestational age at birth. HRV is decreased in preterm infants compared to term

392-394

counterparts with reduced parasympathetic activity and a relative imbalance

20 1 contrast, | found no association

between sympathetic and parasympathetic tone.
between HRV and exposure to maternal hypertension or fetal growth restriction within
our cohort. | have also found no evidence that HRV at birth associates with patterns of
cardiovascular development in the early postnatal period that | have previously

reported in those born preterm in Chapters 5 and 7.2*®

8.5.1 Heart rate variability measurements

HRV is controlled by the autonomic nervous system and information on the
functionality of the homeostatic mechanisms of the heart via the vagus and
sympathetic nerves may be derived by measuring HRV indices. HF power, like the time-
domain parameter rMSSD, is thought to be dependent on vagal tone, whereas LF is
influenced by both sympathetic and parasympathetic arms of the autonomic system.
392394 Consequently, LF/HF ratio reflects the balance between the two arms of the ANS
and is an indicator of sympathetic influences on heart rate. In general, the lower the
frequency of interest, the longer the duration of recording 20 and therefore the very

low frequency (VLF) component of the spectrum (<0.05Hz in this study) was not

analysed due to the short length of my ECG recordings.
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8.5.2 Heart rate variability and pregnancy complications

Preterm birth has been associated with altered autonomic control characterised by an

395, 396

increased sympathoadrenal activity. My findings are consistent with several

previous studies that have also observed reduced HRV at birth in those born

266,267,397 The changes observed could have been established in response to

preterm.
specific in utero stressors linked with the preterm birth. Alterations in maternal heart
rate variability are seen in pathological pregnancies; with preeclampsia having been
associated with reduced maternal heart rate variability, which worsens as the
pregnancy progresses.ggo'382 Interestingly, there is evidence that this is of relevance to
the child as maternal autonomic heart rate modulation relates to fetal heart rate

380,398 However, my data suggests that any links

patterns in hypertensive pregnancies.
between maternal and fetal heart rate do not persist after delivery in those born to
hypertensive pregnancies, irrespective of the severity or classification of the
hypertensive disorder. Furthermore, even when there is evidence of fetal compromise,
with a reduced birthweight z-score or classification as small for gestational age, if there
are any in utero differences in autonomic function, they are not evident after birth
although, interestingly, adults born small for gestational age have been shown to have

sympathetic nerve hyperactivity.*>®

8.5.3 HRV abnormalities in preterm infants

An alternative explanation for my, and others, findings in those born preterm is that

they merely reflect a relative functional immaturity in autonomic system (ANS) activity.

400-404

The fetal ANS develops progressively throughout pregnancy, with more rapid
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405, 406
h,

development of the parasympathetic branc and therefore differences in ANS

function at birth would be expected, proportional to gestational age.

Nevertheless, this functional immaturity at birth could still have pathological
significance. Previous studies have demonstrated deficits in HRV parameters in the
preterm population may persist after birth up to term equivalent age,‘m'412 which

suggests normal development may require the fetus to remain in utero until term.”%

405,408 |y one longer term study of preterm offspring HRV, any differences observed

seem to have attenuated by two years of age and the two groups were still similar at

410
d.

six to seven years ol Another potential hypothesis for this delayed or arrested

maturation is disordered anatomical and cellular development of the nervous
system®™ or disruption of neuropeptide synthesis caused by inflammatory events***
which are more common in the preterm population. HRV has been shown to be

altered in conditions such as intraventricular haemorrhage®® and sudden infant death

261-264

syndrome as well as being an indicator of the severity of clinical conditions such

253, 255, 256

. . 252 P . 2
as respiratory distress syndrome,**” and clinical illness scales.”®

|416, 417 418-422

Nutritional,*”> environmenta or iatrogenic stress in the ex utero
environment has also been potentially linked with abnormal ANS development,
although it is unclear as to whether ANS immaturity is actually the primary insult which
results in inappropriate adaptation to these stressors causing decreased HRV.
However, previous studies looking at the beneficial effect of skin-to-skin contact on

423, 424

preterm HRV seem to suggest the former explanation. In addition, emotional

stress and anxiety in adults has also been shown to inhibit parasympathetic activity.425
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In my cohort, perinatal conditions were not related to HRV and measures at birth were
not predictive of cardiac and vascular structure and function at birth or the postnatal
changes in these parameters | have reported in this preterm group. Therefore, altered
ANS function is unlikely to explain these cardiovascular developmental differences in
those born preterm. The lack of association between HRV measures and cardiovascular
development may be because my preterm subgroup had an average gestational age of
34.4 weeks which is later than some of the other studies that show a residual deficit at

term equivalent age®® 4%

and the frequency of severe clinical postnatal conditions
was low. In addition, another study only showed differences in HRV in babies born
between 27-33 weeks with no difference in their late preterm group (34-36 weeks)

compared to term infants in the first week of life which implies that the ANS in my

cohort may already be mature.*®’

An alternative explanation might be that HRV, although being a sensitive measure of
overall autonomic imbalance which also allows evaluation of cardiovagal function to a
certain degree, does not allow sufficient assessment of sympathetic function and
therefore predominance of pathology in one of the ANS branches might have been
obscured by compensatory interactions with the other ANS branch that were not

captured by HRV analysis.426' 427

8.5.4 Future work

Since my data demonstrate that overall cardiac autonomic dysfunction relates to
increasing prematurity but appear not to associate with altered cardiovascular

development it clearly highlights the necessity of follow up research to elucidate
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whether separate assessment of sympathetic and parasympathetic functional integrity
(including non-cardiac measures) might provide additional insights into the
mechanisms whereby birth complications such as preterm birth affect the

development of the cardiovascular system.

411
h

The ANS of late preterm infants matures more quickly after birt and previous

studies that showed continued reduction in HRV at term equivalent age or later have
tended to be in the more extreme preterm infants born prior to 32 weeks, 08 409 428

Therefore it remains possible a functional immaturity of the ANS has a greater impact

on cardiovascular development for the more extreme preterm infant.

Whether the autonomic dysfunction | have observed at birth in those born preterm

could be of relevance to the increased risk of hypertension in adulthood, independent

429-431

of changes in cardiac and vascular phenotype, remains to be seen in future

studies. HRV attenuation has long been implicated in adult cardiovascular disease
states such as acute myocardial infarction®”® and congestive heart failure.?” Changes

3

. .. . . 432 . 4 .
are also seen in other conditions in adults such as depression, 3 sepsis, 3 chronic

. . 434 . 4
obstructive pulmonary disease™* and diabetes.**”

However, one longer term study of
preterm offspring HRV found early differences were attenuated by two years of age

and equivalent to term born offspring by six to seven years of age,*'° suggesting there

would need to be a re-emergence of HRV differences in adult life.
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8.5.5 Limitations

Studies of ANS function in neonatal populations need to confront several challenges. |
used state-of-the art, small, remote monitoring technology to capture data but the
analysis needed to be based on short length recordings of between 2 and 15 minutes.
However, the measures that were derived from these short recordings have previously
been shown to correlate well with parameters measured from longer recordings in

adults.**®

Measurement of HRV is also only an indirect measurement of autonomic
function but structural measures of the ANS, such as skin nerve biopsies, are not
feasible in the neonatal population. In addition, specific measurements of sympathetic
function such as by measuring muscle sympathetic nerve activity by

microneurography®’

would be technically challenging in this age group which might
constitute one of the major challenges in future studies of the specific role of the
integrity of both ANS branches in cardiovascular development. | used data on sleeping
infants so as to control external conditions and stimulation to make it easier to
interpret differences in HRV parameters between groups of subjects. However, | did
not differentiate between active and quiet sleep states using a simultaneous
electroencephalogram but instead stopped recordings during periods of observed
unrest. Nevertheless, a previous study has suggested in healthy term neonates that
there is no difference in HRV measures between groups when divided into behavioural
states during sleep®®* with a close agreement between low mean heart rate and quiet
sleep and high mean heart rate and active sleep in infants.”*® Mean respiration rate

during the recording was also not recorded although, again, a previous study has

suggested this may not correlate with HRV indices.***
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There was also a significant difference in the postnatal age at which the ECG recordings
were taken with the term infants being on average younger by two days. However,
time and frequency domain HRV indices have been shown to increase over the first

401, 439

week of postnatal life in both in heathy term newborns and either increase %

235,390,440 o stay the same®®® in preterm infants during this time period and therefore
differences between groups may again have been underestimated. | also did not adjust

for confounding factors such as maternal medication or diseases other than

cardiovascular which may have affected their offspring.

8.5.6 Conclusions

In summary, heart rate variability at birth is significantly associated with gestational
age at birth with increasing prematurity resulting in increased autonomic dysfunction
as suggested by reduced time and frequency domain heart rate variability parameters.
No associations between HRV and maternal hypertension or fetal growth restriction
were found. In addition, | found no evidence that autonomic function at birth had an
impact on cardiovascular development in the early postnatal period, but whether it in
part explains the long-term risk of hypertension in offspring exposed to pregnancy

complications remains to be seen.
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9: CONCLUSIONS

In conclusion, this thesis aimed to characterise the cardiovascular phenotype of infants
born to complicated pregnancies over the first three months of postnatal life. The
objective was to identify differences in development that may be of relevance to long-
term cardiovascular sequelae associated with pregnancy complications in these
cohorts. This body of work has provided a better understanding of the effects of
preterm birth and hypertensive disorders of pregnancy on cardiac, macrovascular and
microvascular structure and function. Key perinatal factors were identified and
potential mechanisms for these changes were explored, such as changes in

vasculogenic potential, maternal angiogenic profile and autonomic dysfunction.

This was achieved through conducting detailed cardiovascular investigations at birth
and again at three months of life on a cohort of babies born preterm and/or to
hypertensive pregnancies with comparison to a control group born term to a
normotensive pregnancy. The three month time point was specifically selected as the
phenotypic switch in cardiomyocytes from hyperplastic to hypertrophic pattern and

the restructuring of the microvascular system which is known to take place after birth
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would have been completed. Fetal echocardiography was also performed in a cohort
of infants in order to explore in utero cardiac changes. Information was collected from
medical and obstetric records in addition to patient questionnaires. Maternal
biomarkers and umbilical cords were also collected to give further insights into

potential mechanisms underlying any differences observed.

The first objective was to create nomograms of fetal cardiac structure using two
dimensional echocardiography as none currently exist in the literature. This was so |
could, in subsequent chapters, create trajectories of cardiac development from fetal
through to postnatal life with which to compare data from infants born to complicated
pregnancies. Therefore, in Chapter 4, | used a state-of-the art automated software to
derive off-line measurements of cardiac mass and volume from a single-plane four
chamber view in a cohort of fetuses from 15 weeks through to 42 weeks gestation.
These measurements were found to be feasible and reproducible and when compared
to previously published results using more novel techniques, were in good agreement
especially up to 28 weeks gestation. In late third trimester, my estimates were in
better agreement with previous neonatal studies, suggesting that, at extremes of

gestation, the two dimensional technique may actually be the method of choice.

In Chapter 5, | then went on to quantify changes in left and right ventricular structure,
function and shape between preterm and term born offspring using two dimensional
echocardiography. Infants born preterm had a structurally normal but smaller heart at
birth. Fetal to neonatal cardiac structure trajectories confirmed similar in utero cardiac

development in the preterm group compared to term born counterparts. Over the first
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three months of life, there was a disproportionate ventricular hypertrophy in infants
born preterm, graded with the degree of prematurity, associated with diastolic
dysfunction. Maternal hypertension was a predictor of right ventricular mass change
but was not significant in multivariable models. Shape differences in the left ventricle
in the preterm group had normalised by three months of age. This pattern of
ventricular hypertrophy was similar to one that has been observed in preterm born

108, 109

young adults in previous studies published by our group and supports the

hypothesis of a premature switch in cardiomyocytic phenotype in this cohort.

| then wanted to further explore the effect of maternal hypertension in the absence of
preterm birth. In Chapter 6, | excluded all of the preterm born infants in my cohort and
compared the ventricular structure and function of those born to hypertensive and
normotensive pregnancies. At three months, left ventricular mass indexed to body
surface area and ventricular volume was increased in those born to hypertensive
pregnancies, which was correlated with capillary rarefaction over the first three
months of life. Intriguingly, this relationship was not seen in the preterm hypertensive
cohort, supporting the idea that the two pregnancy complications may cause
ventricular hypertrophy by different mechanisms and that prematurity may outweigh
any effects from maternal hypertension. Right ventricular mass indexed to body size at
three months was correlated with markers of hypertensive disease severity and may
be linked to pulmonary vascular dysfunction observed in offspring of preeclamptic

pregnancies. No differences in cardiac function were observed.

In Chapter 7, | then sought to establish changes in in vivo microvascular structure

between birth and three months of age in offspring exposed to maternal hypertension
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and their association with in vitro vasculogenic potential, maternal angiogenic profile
and preterm birth. | found that infants exposed to a hypertensive pregnancy had an
increased capillary density loss which was correlated with maternal anti-angiogenic
profile at birth and with vasculogenic potential in their human umbilical vein

endothelial cells.?3®

Interestingly, the preterm normotensive group also had an
increased capillary density loss which was not significantly different to the preterm

hypertensive group suggesting that prematurity also has an effect on microvascular

structure which needs to be further explored.

My final results chapter (Chapter 8) aimed to quantify changes in heart rate variability
parameters at birth in babies born to pregnancy complications and investigate their
relationship with any cardiovascular changes observed in these individuals from
previous chapters. At birth, infants born preterm showed signs of autonomic
dysfunction which was graded with degree of prematurity, but these were not related
to cardiovascular changes seen over the first three months of life despite increased
long term risk of hypertension in this population. Infants exposed to hypertensive
disorders of pregnancy and those born small for gestational age did not demonstrate

any differences in heart rate variability compared to controls.

The results from my thesis (Figure 9.1) have strengthened our understanding of the
cardiovascular changes that occur in the early postnatal period in infants born either
preterm or to a hypertensive pregnancy. As 10% of infants are born preterm and 8% of
pregnancies are affected by hypertensive disorders of pregnancy, any findings are
relevant to a growing population of individuals. My findings point towards a distinct

cardiovascular phenotype in those born to a complicated pregnancy which is not
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present at birth, but emerges over the early postnatal period. It is not yet possible to
attribute the changes seen to the increased risk of hypertension and cardiovascular
disease observed in these individuals in later life. However, as my findings of increased
ventricular mass, decreased capillary density and autonomic dysfunction are in other
populations related to increased cardiovascular risk, one can only postulate that the
differences found are likely relevant to long term sequelae. It is interesting to note
that these differences occur in the absence of blood pressure differences between
groups, suggesting that developmental changes are likely to be the primary event
rather than a downstream effect of hypertension. As such, those born to complicated
pregnancies require counselling to reduce modifiable risks and close monitoring and
follow up throughout life for early diagnosis and treatment of cardiovascular disease.

Figure 9.1: Summary of findings from the thesis. Dashed lines indicate results that
require further investigation.
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9.1 Future questions

This work has enabled the identification of key differences in cardiovascular
development in infants born preterm and/or to a hypertensive pregnancy, potentially
leading to an increased risk of cardiovascular disease in later life. Future work needs to

address three questions:

1) What is the driving force behind these cardiovascular changes?

Although this body of work has identified differences in cardiovascular development in
infants born to complicated pregnancies with some hypotheses and associations put
forward, further work needs to be carried out in order to elucidate the underlying key
pathophysiological mechanisms behind these changes. In addition, it would be
interesting to investigate other perinatal exposures and interventions that may be

relevant.

Firstly, it would be fascinating to further study the effects on cardiovascular
development in the fetal period. Although | created preterm trajectories of
cardiovascular development, numbers were small and it would have also been of value
to create similar trajectories of babies exposed to hypertensive pregnancies. In
addition, gathering information on indices of placental resistance such as umbilical
artery doppler measurements may have given insights into the mechanism behind
ventricular hypertrophy in hypertensive pregnancy offspring. Collecting cord blood at
birth would have also given more information on circulating angiogenic factors in the

fetus rather than sampling maternal blood which is not in direct contact with the fetal
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circulation. It may also be interesting to look at blood markers which are elevated in
both preterm birth and hypertensive disorders of pregnancy such as corticotropin-

releasing hormone (CRH). %% 442

As the mean gestational age of the preterm group was 34 weeks, most of the babies
did not spend a prolonged amount of time in the neonatal unit and did not require
therapeutic interventions during the postnatal period. It was therefore not possible to
investigate effects of many postnatal exposures on cardiovascular development such
as ventilation which has been shown to account for some of the variation in right
ventricular mass in young adults born preterm.’® It is also difficult to ascertain
whether my findings can be extrapolated to infants born very preterm, although

previous studies suggest that similar patterns exist™®® '

and the results from my
thesis are relevant to a large population given that 80% of preterm births occur
between 32 and 36 weeks gestation.7 Collection of detailed data on nutrition during
the postnatal period may also have been of interest as previous studies have shown
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that intravenous lipids and breast milk'®® have a long-term effect on the

cardiovascular system of the offspring.

In addition, it would be of great interest to investigate the effects of preterm birth
based on its aetiology. Does a baby that is born spontaneously preterm due to cervical
incompetence have the same cardiovascular changes as one that is induced early due
to being small for gestational age? Some of my results addressed the interaction
between prematurity and maternal hypertension, although this could be explored
further with greater numbers. In addition, it would be fascinating to further

characterise infants born to preeclampsia versus those born to pregnancy induced

223



hypertension. Clinical data on these subgroups from my cohort suggest that they have

distinct phenotypes and long term data from other cohorts support this.**°

However,
any differences in the cardiovascular development were not significant, although this

could be due to insufficient numbers or reflect the difficulty in clinically distinguishing

between the two conditions.

2) What is the long-term relevance of these changes seen in the early postnatal

period?

In order to understand the long term relevance of my findings, tracking this cohort into
later life is required. Currently, | am collaborating with Dr Adam Lewandowski, a
postdoctoral research fellow in our group, to design a study to follow up my cohort.
We are aiming to perform echocardiography in order to investigate whether the
disproportionate increase in left and right ventricular mass continues into childhood.
This will allow for the extension of cardiac growth trajectories which | created in
collaboration with Dr Eric Ohuma. Measures of function and shape will also be
performed using the same methods as in this thesis. Furthermore, more detailed
cardiac imaging using cardiac magnetic resonance imaging will be performed in order
to investigate whether the altered cardiac morphology relates to altered cardiac flow
changes and dynamics. We are also proposing to take blood samples from this cohort
in order to measure the anti-angiogenic profile in the children and performing retinal

vascular imaging in order to study whether microvascular structural changes persist.
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3) Are there any therapeutic strategies that can be employed to prevent the
progression of cardiovascular disease in individuals born to complicated

pregnancies?

There are three ways in which therapeutic strategies may prevent cardiovascular
disease in the offspring. The first is through prevention of the complication itself. A
huge body of work is currently taking place in order to try and prevent preterm birth.
However, most of the focus is in preventing extremely or very preterm births. My
thesis has identified potential long term effects on the cardiovascular system of being
born late preterm. These births, therefore, also need to be prevented if possible. For
example, traditionally, women who have spontaneously ruptured their membranes
prematurely are induced at 34 weeks gestation as at this point it is felt that the risk of
infection outweighs the risk of prematurity. However, if it is known that at 34 weeks
there are may be long term cardiovascular implications for the baby, would this alter
decision making? Education of women hoping to conceive may also help prevent
pregnancy complications. For example lifestyle factors such as optimising BMI and
smoking cessation may help in addition to the use of low dose aspirin to minimise the

risk of hypertensive disorders of pregnancy.

Where complications cannot be prevented, the second therapeutic strategy is to
optimise the management of pregnancy complications in order to help to reduce long
term sequelae in the offspring. Strict and early treatment of hypertension during
pregnancy may be warranted as blood pressure levels were found to be correlated
with right ventricular mass at three months in the offspring. The choice of

antihypertensive agents may also have an effect. First line treatment for hypertension
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in pregnancy is traditionally either a beta blocker such as labetalol or a calcium channel
antagonist such as nifedipine. As calcium channel antagonists have been shown to

341

increase capillary density,”™" it may be that this is the treatment of choice in order to

try to minimise microvascular density loss in the offspring.

The third and final strategy is the treatment of individuals born to pregnancy
complications. My thesis has identified the early postnatal period as a critical time for
cardiovascular development and one that can be targeted in future interventional
studies. Therapeutic interventions such as ACE-inhibitors which have been shown to
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reverse cardiovascular changes in preterm animal models™ and also be beneficial in

left ventricular hypertrophy and heart failure*® 4

may be worth considering. Further
work in elucidating the effects of perinatal interventions on offspring cardiovascular

development may also help optimise the care of babies born to complicated

pregnancies.

Longer term, it is important to monitor individuals born to a complicated pregnancy.
Education in order to optimise lifestyle and regular monitoring for the early
identification and treatment of cardiovascular disease is essential. Other therapeutic
interventions such as the modification of cardiovascular physiology for example
through exercise training programmes are currently being evaluated by our research

group in the form of a randomised control trial.

226



References

1. World Health Organisation Fact Sheet - Cardiovascular diseases 2016.
2. British Heart Foundation. Cardiovascular Disease Statistics. 2015.
3. Barker DJ and Osmond C. Infant mortality, childhood nutrition, and ischaemic heart

disease in England and Wales. Lancet. 1986;1:1077-81.

4, Barker DJ, Winter PD, Osmond C, Margetts B and Simmonds SJ. Weight in infancy and
death from ischaemic heart disease. Lancet. 1989;2:577-80.

5. Roberts JM and Lain KY. Obstetrics. Preterm birth and pre-eclampsia--bad news and
good news. Lancet. 1998;352 Suppl 4:SIV22.

6. Henderson JJ, McWilliam OA, Newnham JP and Pennell CE. Preterm birth aetiology
2004-2008. Maternal factors associated with three phenotypes: spontaneous preterm labour,
preterm pre-labour rupture of membranes and medically indicated preterm birth. J Matern
Fetal Neonatal Med. 2012;25:642-7.

7. Ananth CV and Vintzileos AM. Epidemiology of preterm birth and its clinical subtypes. J
Matern Fetal Neonatal Med. 2006;19:773-82.

8. Duley L. The global impact of pre-eclampsia and eclampsia. Seminars in perinatology.
2009;33:130-7.

9. WHO: recommended definitions, terminology and format for statistical tables related
to the perinatal period and use of a new certificate for cause of perinatal deaths. Modifications
recommended by FIGO as amended October 14, 1976. Acta obstetricia et gynecologica
Scandinavica. 1977;56:247-53.

10. American Academy of Pediatrics. Committee on fetus and newborn. Nomenclature for
duration of gestation, birth weight and intra-uterine growth. Pediatrics. 1967;39:935-9.

11. Madar J, Richmond S and Hey E. Surfactant-deficient respiratory distress after elective
delivery at 'term'. Acta paediatrica. 1999;88:1244-8.

12. Zhang X and Kramer MS. Variations in mortality and morbidity by gestational age
among infants born at term. The Journal of pediatrics. 2009;154:358-62, 362 el.

13. Donovan EF, Besl J, Paulson J, Rose B, lams J and Ohio Perinatal Quality C. Infant death
among Ohio resident infants born at 32 to 41 weeks of gestation. Am J Obstet Gynecol.
2010;203:58 el1-5.

14. Goldenberg RL and Rouse DJ. Prevention of premature birth. The New England journal
of medicine. 1998;339:313-20.

15. Blencowe H, Cousens S, Oestergaard MZ, Chou D, Moller AB, Narwal R, Adler A, Vera
Garcia C, Rohde S, Say L and Lawn JE. National, regional, and worldwide estimates of preterm
birth rates in the year 2010 with time trends since 1990 for selected countries: a systematic
analysis and implications. Lancet. 2012;379:2162-72.

227



16. Liu L, Johnson HL, Cousens S, Perin J, Scott S, Lawn JE, Rudan I, Campbell H, Cibulskis R,
Li M, Mathers C, Black RE, Child Health Epidemiology Reference Group of WHO and Unicef.
Global, regional, and national causes of child mortality: an updated systematic analysis for
2010 with time trends since 2000. Lancet. 2012;379:2151-61.

17. Lawn JE, Kerber K, Enweronu-Laryea C and Cousens S. 3.6 million neonatal deaths--
what is progressing and what is not? Seminars in perinatology. 2010;34:371-86.

18. National Institute for Health and Care Excellence Guidance No. 25. Preterm labour and
birth. 2015.

19. Costeloe KL, Hennessy EM, Haider S, Stacey F, Marlow N and Draper ES. Short term
outcomes after extreme preterm birth in England: comparison of two birth cohorts in 1995
and 2006 (the EPICure studies). BMJ. 2012;345:e7976.

20. Crider KS, Whitehead N and Buus RM. Genetic variation associated with preterm birth:
a HuGE review. Genetics in medicine : official journal of the American College of Medical
Genetics. 2005;7:593-604.

21. Porter TF, Fraser AM, Hunter CY, Ward RH and Varner MW. The risk of preterm birth
across generations. Obstetrics and gynecology. 1997;90:63-7.

22. Winkvist A, Mogren | and Hogberg U. Familial patterns in birth characteristics: impact
on individual and population risks. International journal of epidemiology. 1998;27:248-54.

23. Hoffman S and Hatch MC. Stress, social support and pregnancy outcome: a
reassessment based on recent research. Paediatric and perinatal epidemiology. 1996;10:380-
405.

24, Orr ST and Miller CA. Maternal depressive symptoms and the risk of poor pregnancy
outcome. Review of the literature and preliminary findings. Epidemiologic reviews.
1995;17:165-71.

25. Lobel M, Dunkel-Schetter C and Scrimshaw SC. Prenatal maternal stress and
prematurity: a prospective study of socioeconomically disadvantaged women. Health
psychology : official journal of the Division of Health Psychology, American Psychological
Association. 1992;11:32-40.

26. Copper RL, Goldenberg RL, Das A, Elder N, Swain M, Norman G, Ramsey R, Cotroneo P,
Collins BA, Johnson F, Jones P and Meier AM. The preterm prediction study: maternal stress is
associated with spontaneous preterm birth at less than thirty-five weeks' gestation. National
Institute of Child Health and Human Development Maternal-Fetal Medicine Units Network. Am
J Obstet Gynecol. 1996;175:1286-92.

27. Jakobsson M, Gissler M, Sainio S, Paavonen J and Tapper AM. Preterm delivery after
surgical treatment for cervical intraepithelial neoplasia. Obstetrics and gynecology.
2007;109:309-13.

28. Tamura T, Goldenberg RL, Freeberg LE, Cliver SP, Cutter GR and Hoffman HJ. Maternal
serum folate and zinc concentrations and their relationships to pregnancy outcome. The
American journal of clinical nutrition. 1992;56:365-70.

228



29. Jackson RA, Gibson KA, Wu YW and Croughan MS. Perinatal outcomes in singletons
following in vitro fertilization: a meta-analysis. Obstetrics and gynecology. 2004;103:551-63.

30. Mercer BM, Goldenberg RL, Meis PJ, Moawad AH, Shellhaas C, Das A, Menard MK,
Caritis SN, Thurnau GR, Dombrowski MP, Miodovnik M, Roberts JM and McNellis D. The
Preterm Prediction Study: prediction of preterm premature rupture of membranes through
clinical findings and ancillary testing. The National Institute of Child Health and Human
Development Maternal-Fetal Medicine Units Network. Am J Obstet Gynecol. 2000;183:738-45.

31. Goldenberg RL, Cliver SP, Mulvihill FX, Hickey CA, Hoffman HJ, Klerman LV and Johnson
MJ. Medical, psychosocial, and behavioral risk factors do not explain the increased risk for low
birth weight among black women. Am J Obstet Gynecol. 1996;175:1317-24.

32. Smith LK, Draper ES, Manktelow BN, Dorling JS and Field DJ. Socioeconomic
inequalities in very preterm birth rates. Archives of disease in childhood Fetal and neonatal
edition. 2007;92:F11-4.

33. Brett KM, Strogatz DS and Savitz DA. Employment, job strain, and preterm delivery
among women in North Carolina. American journal of public health. 1997;87:199-204.

34. Thompson JM, Irgens LM, Rasmussen S and Daltveit AK. Secular trends in socio-
economic status and the implications for preterm birth. Paediatric and perinatal epidemiology.
2006;20:182-7.

35. Saurel-Cubizolles MJ, Zeitlin J, Lelong N, Papiernik E, Di Renzo GC, Breart G and
Europop G. Employment, working conditions, and preterm birth: results from the Europop
case-control survey. Journal of epidemiology and community health. 2004;58:395-401.

36. Launer LJ, Villar J, Kestler E and de Onis M. The effect of maternal work on fetal growth
and duration of pregnancy: a prospective study. Br J Obstet Gynaecol. 1990;97:62-70.

37. Pompeii LA, Savitz DA, Evenson KR, Rogers B and McMahon M. Physical exertion at
work and the risk of preterm delivery and small-for-gestational-age birth. Obstetrics and
gynecology. 2005;106:1279-88.

38. Hendler I, Goldenberg RL, Mercer BM, lams JD, Meis PJ, Moawad AH, MacPherson CA,
Caritis SN, Miodovnik M, Menard KM, Thurnau GR and Sorokin Y. The Preterm Prediction
Study: association between maternal body mass index and spontaneous and indicated preterm
birth. Am J Obstet Gynecol. 2005;192:882-6.

39. Goldenberg RL and Tamura T. Prepregnancy weight and pregnancy outcome. Jama.
1996;275:1127-8.

40. Neggers Y and Goldenberg RL. Some thoughts on body mass index, micronutrient
intakes and pregnancy outcome. The Journal of nutrition. 2003;133:17375-1740S.

41. Mercer BM, Goldenberg RL, Moawad AH, Meis PJ, lams JD, Das AF, Caritis SN,
Miodovnik M, Menard MK, Thurnau GR, Dombrowski MP, Roberts JM and McNellis D. The
preterm prediction study: effect of gestational age and cause of preterm birth on subsequent
obstetric outcome. National Institute of Child Health and Human Development Maternal-Fetal
Medicine Units Network. Am J Obstet Gynecol. 1999;181:1216-21.

229



42. Romero R, Espinoza J, Kusanovic JP, Gotsch F, Hassan S, Erez O, Chaiworapongsa T and
Mazor M. The preterm parturition syndrome. BJOG : an international journal of obstetrics and
gynaecology. 2006;113 Suppl 3:17-42.

43. Smith GC, Pell JP and Dobbie R. Interpregnancy interval and risk of preterm birth and
neonatal death: retrospective cohort study. BMJ. 2003;327:313.

44, Krupa FG, Faltin D, Cecatti JG, Surita FG and Souza JP. Predictors of preterm birth.
International journal of gynaecology and obstetrics: the official organ of the International
Federation of Gynaecology and Obstetrics. 2006;94:5-11.

45. Russell SM, Davey J and Mayer RJ. Immunochemical characterization of monoamine
oxidase from human liver, placenta, platelets and brain cortex. The Biochemical journal.
1979;181:15-20.

46. Mueller-Heubach E, Rubinstein DN and Schwarz SS. Histologic chorioamnionitis and
preterm delivery in different patient populations. Obstetrics and gynecology. 1990;75:622-6.

47. Goldenberg RL, Hauth JC and Andrews WW. Intrauterine infection and preterm
delivery. The New England journal of medicine. 2000;342:1500-7.

48. Savitz DA, Blackmore CA and Thorp JM. Epidemiologic characteristics of preterm
delivery: etiologic heterogeneity. Am J Obstet Gynecol. 1991;164:467-71.

49. Goldenberg RL, Culhane JF, lams JD and Romero R. Epidemiology and causes of
preterm birth. Lancet. 2008;371:75-84.

50. Ananth CV, Joseph KS, Oyelese Y, Demissie K and Vintzileos AM. Trends in preterm
birth and perinatal mortality among singletons: United States, 1989 through 2000. Obstetrics
and gynecology. 2005;105:1084-91.

51. Fuchs K and Wapner R. Elective cesarean section and induction and their impact on
late preterm births. Clinics in perinatology. 2006;33:793-801; abstract viii.

52. Bettegowda VR, Dias T, Davidoff MJ, Damus K, Callaghan WM and Petrini JR. The
relationship between cesarean delivery and gestational age among US singleton births. Clinics
in perinatology. 2008;35:309-23, v-vi.

53. Meis PJ, Goldenberg RL, Mercer BM, lams JD, Moawad AH, Miodovnik M, Menard MK,
Caritis SN, Thurnau GR, Bottoms SF, Das A, Roberts JM and McNellis D. The preterm prediction
study: risk factors for indicated preterm births. Maternal-Fetal Medicine Units Network of the
National Institute of Child Health and Human Development. Am J Obstet Gynecol.
1998;178:562-7.

54. Ananth CV, Savitz DA, Luther ER and Bowes WA, Jr. Preeclampsia and preterm birth
subtypes in Nova Scotia, 1986 to 1992. American journal of perinatology. 1997;14:17-23.

55. Meis PJ, Michielutte R, Peters TJ, Wells HB, Sands RE, Coles EC and Johns KA. Factors
associated with preterm birth in Cardiff, Wales. Il. Indicated and spontaneous preterm birth.
Am J Obstet Gynecol. 1995;173:597-602.

56. Sibai B, Dekker G and Kupferminc M. Pre-eclampsia. Lancet. 2005;365:785-99.

230



57. Lockwood CJ and Kuczynski E. Risk stratification and pathological mechanisms in
preterm delivery. Paediatric and perinatal epidemiology. 2001;15 Suppl 2:78-89.

58. Villar J, Papageorghiou AT, Knight HE, Gravett MG, lams J, Waller SA, Kramer M,
Culhane JF, Barros FC, Conde-Agudelo A, Bhutta ZA and Goldenberg RL. The preterm birth
syndrome: a prototype phenotypic classification. Am J Obstet Gynecol. 2012;206:119-23.

59. Goldenberg RL, Gravett MG, lams J, Papageorghiou AT, Waller SA, Kramer M, Culhane
J, Barros F, Conde-Agudelo A, Bhutta ZA, Knight HE and Villar J. The preterm birth syndrome:
issues to consider in creating a classification system. Am J Obstet Gynecol. 2012;206:113-8.

60. Mclintire DD and Leveno KJ. Neonatal mortality and morbidity rates in late preterm
births compared with births at term. Obstetrics and gynecology. 2008;111:35-41.

61. Stoll BJ, Hansen NI, Bell EF, Walsh MC, Carlo WA, Shankaran S, Laptook AR, Sanchez PJ,
Van Meurs KP, Wyckoff M, Das A, Hale EC, Ball MB, Newman NS, Schibler K, Poindexter BB,
Kennedy KA, Cotten CM, Watterberg KL, D'Angio CT, DeMauro SB, Truog WE, Devaskar U,
Higgins RD, Eunice Kennedy Shriver National Institute of Child H and Human Development
Neonatal Research N. Trends in Care Practices, Morbidity, and Mortality of Extremely Preterm
Neonates, 1993-2012. Jama. 2015;314:1039-51.

62. Group E, Fellman V, Hellstrom-Westas L, Norman M, Westgren M, Kallen K,
Lagercrantz H, Marsal K, Serenius F and Wennergren M. One-year survival of extremely
preterm infants after active perinatal care in Sweden. Jama. 2009;301:2225-33.

63. Bonamy AK, Martin H, Jorneskog G and Norman M. Lower skin capillary density,
normal endothelial function and higher blood pressure in children born preterm. J Intern Med.
2007;262:635-42.

64. Bracewell MA, Hennessy EM, Wolke D and Marlow N. The EPICure study: growth and
blood pressure at 6 years of age following extremely preterm birth. Archives of disease in
childhood Fetal and neonatal edition. 2008;93:F108-14.

65. Mikkola K, Leipala J, Boldt T and Fellman V. Fetal growth restriction in preterm infants
and cardiovascular function at five years of age. The Journal of pediatrics. 2007;151:494-9, 499
el-2.

66. Bayrakci US, Schaefer F, Duzova A, Yigit S and Bakkaloglu A. Abnormal circadian blood
pressure regulation in children born preterm. The Journal of pediatrics. 2007;151:399-403.

67. Johansson S, lliadou A, Bergvall N, Tuvemo T, Norman M and Cnattingius S. Risk of high
blood pressure among young men increases with the degree of immaturity at birth.
Circulation. 2005;112:3430-6.

68. Bonamy AK, Bendito A, Martin H, Andolf E, Sedin G and Norman M. Preterm birth
contributes to increased vascular resistance and higher blood pressure in adolescent girls.
Pediatr Res. 2005;58:845-9.

69. Evensen KA, Steinshamn S, Tjonna AE, Stolen T, Hoydal MA, Wisloff U, Brubakk AM and

Vik T. Effects of preterm birth and fetal growth retardation on cardiovascular risk factors in
young adulthood. Early Hum Dev. 2009;85:239-45.

231



70. Keijzer-Veen MG, Finken MJ, Nauta J, Dekker FW, Hille ET, Frolich M, Wit JM, van der
Heijden AJ and Dutch P-CSG. Is blood pressure increased 19 years after intrauterine growth
restriction and preterm birth? A prospective follow-up study in The Netherlands. Pediatrics.
2005;116:725-31.

71. Pharoah PO, Stevenson CJ and West CR. Association of blood pressure in adolescence
with birthweight. Archives of disease in childhood Fetal and neonatal edition. 1998;79:F114-8.

72. Vohr BR, Allan W, Katz KH, Schneider KC and Ment LR. Early predictors of hypertension
in prematurely born adolescents. Acta paediatrica. 2010;99:1812-8.

73. Barros FC and Victora CG. Increased blood pressure in adolescents who were small for
gestational age at birth: a cohort study in Brazil. International journal of epidemiology.
1999;28:676-81.

74. Chan PY, Morris JM, Leslie GI, Kelly PJ and Gallery ED. The long-term effects of
prematurity and intrauterine growth restriction on cardiovascular, renal, and metabolic
function. International journal of pediatrics. 2010;2010:280402.

75. Dalziel SR, Parag V, Rodgers A and Harding JE. Cardiovascular risk factors at age 30
following pre-term birth. International journal of epidemiology. 2007;36:907-15.

76. Irving RJ, Belton NR, Elton RA and Walker BR. Adult cardiovascular risk factors in
premature babies. Lancet. 2000;355:2135-6.

77. Kistner A, Celsi G, Vanpee M and Jacobson SH. Increased systolic daily ambulatory
blood pressure in adult women born preterm. Pediatric nephrology. 2005;20:232-3.

78. Rotteveel J, van Weissenbruch MM, Twisk JW and Delemarre-Van de Waal HA. Infant
and childhood growth patterns, insulin sensitivity, and blood pressure in prematurely born
young adults. Pediatrics. 2008;122:313-21.

79. Hovi P, Andersson S, Eriksson JG, Jarvenpaa AL, Strang-Karlsson S, Makitie O and
Kajantie E. Glucose regulation in young adults with very low birth weight. The New England
journal of medicine. 2007;356:2053-63.

80. Hack M, Schluchter M, Cartar L and Rahman M. Blood pressure among very low birth
weight (<1.5 kg) young adults. Pediatr Res. 2005;58:677-84.

81. Lazdam M, De La Horra A, Pitcher A, Mannie Z, Diesch J, Trevitt C, Kylintireas |,
Contractor H, Singhal A, Lucas A, Neubauer S, Kharbanda R, Alp N, Kelly B and Leeson P.
Elevated blood pressure in offspring born premature to hypertensive pregnancy: Is endothelial
dysfunction the underlying vascular mechanism? Hypertension. 2010;56:159-165.

82. Hovi P, Andersson S, Raikkonen K, Strang-Karlsson S, Jarvenpaa AL, Eriksson JG,
Pesonen AK, Heinonen K, Pyhala R and Kajantie E. Ambulatory blood pressure in young adults
with very low birth weight. The Journal of pediatrics. 2010;156:54-59 el.

83. Chen X and Wang Y. Tracking of blood pressure from childhood to adulthood: a
systematic review and meta-regression analysis. Circulation. 2008;117:3171-80.

84. Law M, Wald N and Morris J. Lowering blood pressure to prevent myocardial infarction
and stroke: a new preventive strategy. Health technology assessment. 2003;7:1-94.

232



85. Crump C, Winkleby MA, Sundquist K and Sundquist J. Risk of hypertension among
young adults who were born preterm: a Swedish national study of 636,000 births. American
journal of epidemiology. 2011;173:797-803.

86. Lawlor DA, Ronalds G, Clark H, Smith GD and Leon DA. Birth weight is inversely
associated with incident coronary heart disease and stroke among individuals born in the
1950s: findings from the Aberdeen Children of the 1950s prospective cohort study. Circulation.
2005;112:1414-8.

87. Koupil I, Leon DA and Lithell HO. Length of gestation is associated with mortality from
cerebrovascular disease. Journal of epidemiology and community health. 2005;59:473-4.

88. Bonamy AK, Norman M and Kaijser M. Being born too small, too early, or both: does it
matter for risk of hypertension in the elderly? Am J Hypertens. 2008;21:1107-10.

89. Kaijser M, Bonamy AK, Akre O, Cnattingius S, Granath F, Norman M and Ekbom A.
Perinatal risk factors for ischemic heart disease: disentangling the roles of birth weight and
preterm birth. Circulation. 2008;117:405-10.

90. Siewert-Delle A and Ljungman S. The impact of birth weight and gestational age on
blood pressure in adult life: a population-based study of 49-year-old men. Am J Hypertens.
1998;11:946-53.

91. Kajantie E, Osmond C and Eriksson JG. Coronary Heart Disease and Stroke in Adults
Born Preterm - The Helsinki Birth Cohort Study. Paediatric and perinatal epidemiology.
2015;29:515-9.

92. Ueda P, Cnattingius S, Stephansson O, Ingelsson E, Ludvigsson JF and Bonamy AK.
Cerebrovascular and ischemic heart disease in young adults born preterm: a population-based
Swedish cohort study. European journal of epidemiology. 2014;29:253-60.

93. Hofman PL, Regan F, Jackson WE, Jefferies C, Knight DB, Robinson EM and Cutfield WS.
Premature birth and later insulin resistance. The New England journal of medicine.
2004;351:2179-86.

94. Alberti KG, Eckel RH, Grundy SM, Zimmet PZ, Cleeman JI, Donato KA, Fruchart JC,
James WP, Loria CM, Smith SC, Jr., International Diabetes Federation Task Force on E,
Prevention, Hational Heart L, Blood |, American Heart A, World Heart F, International
Atherosclerosis S and International Association for the Study of O. Harmonizing the metabolic
syndrome: a joint interim statement of the International Diabetes Federation Task Force on
Epidemiology and Prevention; National Heart, Lung, and Blood Institute; American Heart
Association; World Heart Federation; International Atherosclerosis Society; and International
Association for the Study of Obesity. Circulation. 2009;120:1640-5.

95. Rudolph AM. Myocardial growth before and after birth: clinical implications. Acta
Pzdiatrica. 2000;89:129-133.

96. Bensley JG, Stacy VK, De Matteo R, Harding R and Black MJ. Cardiac remodelling as a
result of pre-term birth: implications for future cardiovascular disease. European heart journal.

2010;31:2058-66.

97. Bertagnolli M, Huyard F, Cloutier A, Anstey Z, Huot-Marchand JE, Fallaha C, Paradis P,
Schiffrin EL, deBlois D and Nuyt AM. Transient neonatal high oxygen exposure leads to early

233



adult cardiac dysfunction, remodeling, and activation of the renin-angiotensin system.
Hypertension. 2014;63:143-150.

98. Gessner |, Krovetz LJ, Benson RW, Prystowky H, Stenger V and Eitzman DV.
Hemodynamic adaptations in the newborn infant. Pediatrics. 1965;36:752-762.

99. Kamlin CO, O'Donnell CP, Davis PG and Morley CJ. Oxygen saturation in healthy infants
immediately after birth. The Journal of pediatrics. 2006;148:585-9.

100. Kluckow M. Low systemic blood flow and pathophysiology of the preterm transitional
circulation. Early Human Development. 2005;81:429-437.

101. Georgeson GD, Szony BJ, Streitman K, Varga IS, Kovacs A, Kovacs L and Laszlo A.
Antioxidant enzyme activities are decreased in preterm infants and in neonates born via
caesarean section. European journal of obstetrics, gynecology, and reproductive biology.
2002;103:136-9.

102.  Kuster A, Tea |, Ferchaud-Roucher V, Le Borgne S, Plouzennec C, Winer N, Roze JC,
Robins RJ and Darmaun D. Cord blood glutathione depletion in preterm infants: correlation
with maternal cysteine depletion. PLoS One. 2011;6:€27626.

103. Tataranno ML, Oei JL, Perrone S, Wright IM, Smyth JP, Lui K, Tarnow-Mordi WO,
Longini M, Proietti F, Negro S, Saugstad OD and Buonocore G. Resuscitating preterm infants
with 100% oxygen is associated with higher oxidative stress than room air. Acta paediatrica.
2015;104:759-65.

104. Adler CP and Friedburg H. Myocardial DNA content, ploidy level and cell number in
geriatric hearts: post-mortem examinations of human myocardium in old age. Journal of
molecular and cellular cardiology. 1986;18:39-53.

105. Brodsky V, Sarkisov DS, Arefyeva AM and Panova NW. DNA and protein relations in
cardiomyocytes. Growth reserve in cardiac muscle. European journal of histochemistry : EJH.
1993;37:199-206.

106.  Brodsky V, Sarkisov DS, Arefyeva AM, Panova NW and Gvasava IG. Polyploidy in cardiac
myocytes of normal and hypertrophic human hearts; range of values. Virchows Archiv : an
international journal of pathology. 1994;424:429-35.

107.  Akgul A, Skrabal CA, Thompson LO, Loebe M, Lafuente JA, Noon GP and Youker KA.
Role of mast cells and their mediators in failing myocardium under mechanical ventricular
support. The Journal of heart and lung transplantation : the official publication of the
International Society for Heart Transplantation. 2004;23:709-15.

108. Lewandowski AJ, Bradlow WM, Augustine D, Davis EF, Francis J, Singhal A, Lucas A,
Neubauer S, McCormick K and Leeson P. Right ventricular systolic dysfunction in young adults
born preterm. Circulation. 2013;128:713-20.

109. Lewandowski AJ, Augustine D, Lamata P, Davis EF, Lazdam M, Francis J, McCormick K,
Wilkinson AR, Singhal A, Lucas A, Smith NP, Neubauer S and Leeson P. Preterm heart in adult
life: cardiovascular magnetic resonance reveals distinct differences in left ventricular mass,
geometry, and function. Circulation. 2013;127:197-206.

234



110. Rider 0J, Lewandowski A, Nethononda R, Petersen SE, Francis JM, Pitcher A, Holloway
CJ, Dass S, Banerjee R, Byrne JP, Leeson P and Neubauer S. Gender-specific differences in left
ventricular remodelling in obesity: insights from cardiovascular magnetic resonance imaging.
European heart journal. 2013;34:292-9.

111. Levy D, Garrison RJ, Savage DD, Kannel WB and Castelli WP. Prognostic implications of
echocardiographically determined left ventricular mass in the Framingham Heart Study. The
New England journal of medicine. 1990;322:1561-6.

112.  Krittayaphong R, Boonyasirinant T, Saiviroonporn P, Thanapiboonpol P, Nakyen S,
Ruksakul K and Udompunturak S. Prognostic significance of left ventricular mass by magnetic
resonance imaging study in patients with known or suspected coronary artery disease. Journal
of hypertension. 2009;27:2249-56.

113.  Schubert U, Muller M, Edstedt Bonamy AK, Abdul-Khalig H and Norman M. Aortic
growth arrest after preterm birth: a lasting structural change of the vascular tree. Journal of
developmental origins of health and disease. 2011;2:218-25.

114. Langille BL, Brownlee RD and Adamson SL. Perinatal aortic growth in lambs: relation to
blood flow changes at birth. The American journal of physiology. 1990;259:H1247-53.

115. Colao A. The GH-IGF-I axis and the cardiovascular system: clinical implications. Clinical
endocrinology. 2008;69:347-58.

116. Edstedt Bonamy AK, Bengtsson J, Nagy Z, De Keyzer H and Norman M. Preterm birth
and maternal smoking in pregnancy are strong risk factors for aortic narrowing in adolescence.
Acta paediatrica. 2008;97:1080-5.

117. Singhal A, Kattenhorn M, Cole TJ, Deanfield J and Lucas A. Preterm birth, vascular
function, and risk factors for atherosclerosis. Lancet. 2001;358:1159-60.

118. Hovi P, Turanlahti M, Strang-Karlsson S, Wehkalampi K, Jarvenpaa AL, Eriksson JG,
Kajantie E and Andersson S. Intima-media thickness and flow-mediated dilatation in the
Helsinki study of very low birth weight adults. Pediatrics. 2011;127:e304-11.

119. Boardman H, Birse K, Davis EF, Whitworth P, Aggarwal V, Lewandowski AJ and Leeson
P. Comprehensive multi-modality assessment of regional and global arterial structure and
function in adults born preterm. Hypertension research : official journal of the Japanese Society
of Hypertension. 2016;39:39-45.

120. Berry CL, Looker T and Germain J. Nucleic acid and scleroprotein content of the
developing human aorta. The Journal of pathology. 1972;108:265-74.

121.  Cliff WJ. The aortic tunica media in growing rats studied with the electron microscope.
Laboratory investigation; a journal of technical methods and pathology. 1967;17:599-615.

122.  Berry CL, Looker T and Germain J. The growth and development of the rat aorta. I.
Morphological aspects. Journal of anatomy. 1972;113:1-16.

123. Wolinsky H and Glagov S. A lamellar unit of aortic medial structure and function in
mammals. Circulation research. 1967;20:99-111.

235



124. Bendeck MP, Keeley FW and Langille BL. Perinatal accumulation of arterial wall
constituents: relation to hemodynamic changes at birth. The American journal of physiology.
1994;267:H2268-79.

125. Leung DY, Glagov S and Mathews MB. Elastin and collagen accumulation in rabbit
ascending aorta and pulmonary trunk during postnatal growth. Correlation of cellular synthetic
response with medial tension. Circulation research. 1977;41:316-23.

126. Greenwald SE, Berry CL and Haworth SG. Changes in the distensibility of the
intrapulmonary arteries in the normal newborn and growing pig. Cardiovascular research.
1982;16:716-25.

127.  Bolton CE, Stocks J, Hennessy E, Cockcroft JR, Fawke J, Lum S, McEniery CM, Wilkinson
IB and Marlow N. The EPICure study: association between hemodynamics and lung function at
11 years after extremely preterm birth. The Journal of pediatrics. 2012;161:595-601 e2.

128.  Rossi P, Tauzin L, Marchand E, Boussuges A, Gaudart J and Frances Y. Respective roles
of preterm birth and fetal growth restriction in blood pressure and arterial stiffness in
adolescence. The Journal of adolescent health : official publication of the Society for Adolescent
Medicine. 2011;48:520-2.

129. Rossi P, Tauzin L, Marchand E, Simeoni U and Frances Y. [Arterial blood pressure and
arterial stiffness in adolescents are related to gestational age]. Archives des maladies du coeur
et des vaisseaux. 2006;99:748-51.

130. McEniery CM, Bolton CE, Fawke J, Hennessy E, Stocks J, Wilkinson IB, Cockcroft JR and
Marlow N. Cardiovascular consequences of extreme prematurity: the EPICure study. Journal of
hypertension. 2011;29:1367-73.

131. Tauzin L, Rossi P, Giusano B, Gaudart J, Boussuges A, Fraisse A and Simeoni U.
Characteristics of arterial stiffness in very low birth weight premature infants. Pediatr Res.
2006;60:592-6.

132. Edwards MO, Watkins WJ, Kotecha SJ, Halcox JP, Dunstan FD, Henderson AJ and
Kotecha S. Higher systolic blood pressure with normal vascular function measurements in
preterm-born children. Acta paediatrica. 2014;103:904-12.

133. Oren A, Vos LE, Bos WJ, Safar ME, Uiterwaal CS, Gorissen WH, Grobbee DE and Bots
ML. Gestational age and birth weight in relation to aortic stiffness in healthy young adults: two
separate mechanisms? Am J Hypertens. 2003;16:76-9.

134. Cheung YF, Wong KY, Lam BC and Tsoi NS. Relation of arterial stiffness with gestational
age and birth weight. Archives of disease in childhood. 2004;89:217-21.

135. Tauzin L, Rossi P, Grosse C, Boussuges A, Frances Y, Tsimaratos M and Simeoni U.
Increased systemic blood pressure and arterial stiffness in young adults born prematurely.
Journal of developmental origins of health and disease. 2014;5:448-52.

136.  Vlachopoulos C, Aznaouridis K and Stefanadis C. Prediction of cardiovascular events
and all-cause mortality with arterial stiffness: a systematic review and meta-analysis. Journal of
the American College of Cardiology. 2010;55:1318-27.

236



137.  Sutton-Tyrrell K, Najjar SS, Boudreau RM, Venkitachalam L, Kupelian V, Simonsick EM,
Havlik R, Lakatta EG, Spurgeon H, Kritchevsky S, Pahor M, Bauer D, Newman A and for the
Health ABC Study. Elevated Aortic Pulse Wave Velocity, a Marker of Arterial Stiffness, Predicts
Cardiovascular Events in Well-Functioning Older Adults. Circulation. 2005;111:3384-3390.

138. van Popele NM, Grobbee DE, Bots ML, Asmar R, Topouchian J, Reneman RS, Hoeks
APG, van der Kuip DAM, Hofman A and Witteman JCM. Association Between Arterial Stiffness
and Atherosclerosis : The Rotterdam Study. Stroke; a journal of cerebral circulation.
2001;32:454-460.

139. Gomez-Marcos MA, Recio-Rodriguez JI, Patino-Alonso MC, Agudo-Conde C, Gomez-
Sanchez L, Rodriguez-Sanchez E, Martin-Cantera C and Garcia-Ortiz L. Relationship between
intima-media thickness of the common carotid artery and arterial stiffness in subjects with and
without type 2 diabetes: a case-series report. Cardiovasc Diabetol. 2011;10:3.

140. van der Meer RW, Diamant M, Westenberg JJ, Doornbos J, Bax JJ, de Roos A and Lamb
HJ. Magnetic resonance assessment of aortic pulse wave velocity, aortic distensibility, and
cardiac function in uncomplicated type 2 diabetes mellitus. Journal of cardiovascular magnetic
resonance : official journal of the Society for Cardiovascular Magnetic Resonance. 2007;9:645-
51.

141. Kubozono T, Miyata M, Ueyama K, Hamasaki S, Kusano K, Kubozono O and Tei C. Acute
and chronic effects of smoking on arterial stiffness. Circ J. 2011;75:698-702.

142.  Jatoi NA, Jerrard-Dunne P, Feely J and Mahmud A. Impact of Smoking and Smoking
Cessation on Arterial Stiffness and Aortic Wave Reflection in Hypertension. Hypertension.
2007;49:981-985.

143.  ter Avest E, Holewijn S, Bredie SJH, van Tits LJH, Stalenhoef AFH and de Graaf J. Pulse
Wave Velocity in Familial Combined Hyperlipidemia. Am J Hypertens. 2007;20:263-269.

144. Kim YJ, Cho BM and Lee S. Metabolic syndrome and arterial pulse wave velocity. Acta
Cardiol. 2010;65:315-21.

145. Lewandowski AJ, Davis EF, Yu G, Digby JE, Boardman H, Whitworth P, Singhal A, Lucas
A, McCormick K, Shore AC and Leeson P. Elevated blood pressure in preterm-born offspring
associates with a distinct antiangiogenic state and microvascular abnormalities in adult life.
Hypertension. 2015;65:607-14.

146.  Gishti O, Jaddoe VW, Duijts L, Steegers E, Reiss |, Hofman A, Wong TY, lkram MK and
Gaillard R. Impact of birth parameters and early life growth patterns on retinal microvascular
structure in children: The Generation R Study. Journal of hypertension. 2015;33:1429-37.

147.  Kistner A, Jacobson L, Jacobson SH, Svensson E and Hellstrom A. Low gestational age
associated with abnormal retinal vascularization and increased blood pressure in adult women.

Pediatr Res. 2002;51:675-80.

148. Hellstrom A, Hard AL, Niklasson A, Svensson E and Jacobsson B. Abnormal retinal
vascularisation in preterm children as a general vascular phenomenon. Lancet. 1998;352:1827.

149.  Montagna W and Carlisle K. Structural changes in aging human skin. J Invest Dermatol.
1979;73:47-53.

237



150. Shore AC and Tooke JE. Microvascular function in human essential hypertension.
Journal of hypertension. 1994;12:717-28.

151. Feihl F, Liaudet L, Waeber B and Levy BIl. Hypertension: a disease of the
microcirculation? Hypertension. 2006;48:1012-7.

152.  Antonios TF, Rattray FM, Singer DR, Markandu ND, Mortimer PS and MacGregor GA.
Rarefaction of skin capillaries in normotensive offspring of individuals with essential
hypertension. Heart. 2003;89:175-8.

153.  Mitchell P, Cheung N, de Haseth K, Taylor B, Rochtchina E, Islam FM, Wang JJ, Saw SM
and Wong TY. Blood pressure and retinal arteriolar narrowing in children. Hypertension.
2007;49:1156-62.

154.  Ligi I, Simoncini S, Tellier E, Grandvuillemin I, Marcelli M, Bikfalvi A, Buffat C, Dignat-
George F, Anfosso F and Simeoni U. Altered angiogenesis in low birth weight individuals: a role
for anti-angiogenic circulating factors. J/ Matern Fetal Neonatal Med. 2014;27:233-8.

155.  Ligi I, Simoncini S, Tellier E, Vassallo PF, Sabatier F, Guillet B, Lamy E, Sarlon G,
Quemener C, Bikfalvi A, Marcelli M, Pascal A, Dizier B, Simeoni U, Dignat-George F and Anfosso
F. A switch toward angiostatic gene expression impairs the angiogenic properties of
endothelial progenitor cells in low birth weight preterm infants. Blood. 2011;118:1699-709.

156. Baker CD, Ryan SL, Ingram DA, Seedorf GJ, Abman SH and Balasubramaniam V.
Endothelial colony-forming cells from preterm infants are increased and more susceptible to
hyperoxia. American journal of respiratory and critical care medicine. 2009;180:454-61.

157.  Fujinaga H, Baker CD, Ryan SL, Markham NE, Seedorf GJ, Balasubramaniam V and
Abman SH. Hyperoxia disrupts vascular endothelial growth factor-nitric oxide signaling and
decreases growth of endothelial colony-forming cells from preterm infants. American journal
of physiology Lung cellular and molecular physiology. 2009;297:0L1160-9.

158. Lewandowski AJ, Lazdam M, Davis E, Kylintireas I, Diesch J, Francis J, Neubauer S,
Singhal A, Lucas A, Kelly B and Leeson P. Short-term exposure to exogenous lipids in premature
infants and long-term changes in aortic and cardiac function. Arteriosclerosis, thrombosis, and
vascular biology. 2011;31:2125-35.

159. Singhal A, Cole TJ and Lucas A. Early nutrition in preterm infants and later blood
pressure: two cohorts after randomised trials. Lancet. 2001;357:413-9.

160. Lewandowski AJ, Lamata P, Francis J, Piechnik S, Ferreira V, Boardman H, Neubauer S,
Singhal A, Leeson P and Lucas A. Breast milk consumption in preterm neonates and cardiac
shape in adulthood. Pediatrics. 2016;In Press.

161. Regan FM, Cutfield WS, Jefferies C, Robinson E and Hofman PL. The impact of early
nutrition in premature infants on later childhood insulin sensitivity and growth. Pediatrics.
2006;118:1943-9.

162. Doyle LW, Faber B, Callanan C and Morley R. Blood pressure in late adolescence and
very low birth weight. Pediatrics. 2003;111:252-7.

238



163.  Effect of corticosteroids for fetal maturation on perinatal outcomes. NIH Consensus
Development Panel on the Effect of Corticosteroids for Fetal Maturation on Perinatal
Outcomes. Jama. 1995;273:413-8.

164. Green-top Guideline No.7. Antenatal Corticosteroids to Reduce Neonatal Morbidity
and Mortality. 2010.

165. Kelly BA, Lewandowski AJ, Worton SA, Davis EF, Lazdam M, Francis J, Neubauer S,
Lucas A, Singhal A and Leeson P. Antenatal glucocorticoid exposure and long-term alterations
in aortic function and glucose metabolism. Pediatrics. 2012;129:e1282-90.

166. Brown MK and DiBlasi RM. Mechanical ventilation of the premature neonate.
Respiratory care. 2011;56:1298-311; discussion 1311-3.

167. Tare M, Bensley JG, Moss TJ, Lingwood BE, Kim MY, Barton SK, Kluckow M, Gill AW, De
Matteo R, Harding R, Black MJ, Parkington HC and Polglase GR. Exposure to intrauterine
inflammation leads to impaired function and altered structure in the preterm heart of fetal
sheep. Clin Sci (Lond). 2014;127:559-69.

168. Zhang J, Sundaram R, Sun W and Troendle J. Fetal growth and timing of parturition in
humans. American journal of epidemiology. 2008;168:946-51.

169. Barker DJ. Fetal nutrition and cardiovascular disease in later life. British medical
bulletin. 1997;53:96-108.

170. Barker DJ, Gluckman PD, Godfrey KM, Harding JE, Owens JA and Robinson JS. Fetal
nutrition and cardiovascular disease in adult life. Lancet. 1993;341:938-41.

171.  Corstius HB, Zimanyi MA, Maka N, Herath T, Thomas W, van der Laarse A, Wreford NG
and Black MJ. Effect of intrauterine growth restriction on the number of cardiomyocytes in rat
hearts. Pediatr Res. 2005;57:796-800.

172.  Stacy V, De Matteo R, Brew N, Sozo F, Probyn ME, Harding R and Black MJ. The
influence of naturally occurring differences in birthweight on ventricular cardiomyocyte
number in sheep. Anatomical record. 2009;292:29-37.

173.  Bubb KJ, Cock ML, Black MJ, Dodic M, Boon WM, Parkington HC, Harding R and Tare
M. Intrauterine growth restriction delays cardiomyocyte maturation and alters coronary artery
function in the fetal sheep. The Journal of physiology. 2007;578:871-81.

174.  Morrison JL, Botting KJ, Dyer JL, Williams SJ, Thornburg KL and McMillen IC. Restriction
of placental function alters heart development in the sheep fetus. Am J Physiol Regul Integr
Comp Physiol. 2007;293:R306-13.

175. Perez-Cruz M, Cruz-Lemini M, Fernandez MT, Parra JA, Bartrons J, Gomez-Roig MD,
Crispi F and Gratacos E. Fetal cardiac function in late-onset intrauterine growth restriction vs
small-for-gestational age, as defined by estimated fetal weight, cerebroplacental ratio and
uterine artery Doppler. Ultrasound in obstetrics & gynecology : the official journal of the
International Society of Ultrasound in Obstetrics and Gynecology. 2015;46:465-71.

176. Rodriguez-Lopez M, Cruz-Lemini M, Valenzuela-Alcaraz B, Garcia-Otero L, Sitges M,
Bijnens B, Gratacos E and Crispi F. Descriptive analysis of the different phenotypes of cardiac

239



remodeling in fetal growth restriction. Ultrasound in obstetrics & gynecology : the official
journal of the International Society of Ultrasound in Obstetrics and Gynecology. 2016.

177.  Crispi F, Figueras F, Cruz-Lemini M, Bartrons J, Bijnens B and Gratacos E. Cardiovascular
programming in children born small for gestational age and relationship with prenatal signs of
severity. Am J Obstet Gynecol. 2012;207:121 e1-9.

178.  Crispi F, Bijnens B, Figueras F, Bartrons J, Eixarch E, Le Noble F, Ahmed A and Gratacos
E. Fetal growth restriction results in remodeled and less efficient hearts in children. Circulation.
2010;121:2427-36.

179.  Cruz-Lemini M, Crispi F, Valenzuela-Alcaraz B, Figueras F, Sitges M, Bijnens B and
Gratacos E. Fetal cardiovascular remodeling persists at 6 months in infants with intrauterine
growth restriction. Ultrasound in obstetrics & gynecology : the official journal of the
International Society of Ultrasound in Obstetrics and Gynecology. 2016;48:349-56.

180. Roberts JM, Pearson G, Cutler J, Lindheimer M and Pregnancy NWGoRoHD. Summary
of the NHLBI Working Group on Research on Hypertension During Pregnancy. Hypertension.
2003;41:437-45.

181. Villar J SL, Gulmezoglu AM, Meraldi M, Lindheimer MD, Betran AP, Piaggio G.
Eclampsia and pre-eclampsia: a health problem for 2000 years. London: RCOG Press; 2003.

182. Brown MA, Lindheimer MD, de Swiet M, Van Assche A and Moutquin JM. The
classification and diagnosis of the hypertensive disorders of pregnancy: statement from the
International Society for the Study of Hypertension in Pregnancy (ISSHP). Hypertension in
pregnancy. 2001;20:IX-XIV.

183. Roberts JM and Redman CW. Pre-eclampsia: more than pregnancy-induced
hypertension. Lancet. 1993;341:1447-51.

184. Valensise H, Vasapollo B, Gagliardi G and Novelli GP. Early and late preeclampsia: two
different maternal hemodynamic states in the latent phase of the disease. Hypertension.
2008;52:873-80.

185. Li X, Tan H, Huang X, Zhou S, Hu S, Wang X, Xu X, Liu Q and Wen SW. Similarities and
differences between the risk factors for gestational hypertension and preeclampsia: A
population based cohort study in south China. Pregnancy hypertension. 2016;6:66-71.

186.  Villar J, Carroli G, Wojdyla D, Abalos E, Giordano D, Ba'aqgeel H, Farnot U, Bergsjo P,
Bakketeig L, Lumbiganon P, Campodonico L, Al-Mazrou Y, Lindheimer M, Kramer M and World
Health Organization Antenatal Care Trial Research G. Preeclampsia, gestational hypertension
and intrauterine growth restriction, related or independent conditions? Am J Obstet Gynecol.
2006;194:921-31.

187. Ros HS, Cnattingius S and Lipworth L. Comparison of risk factors for preeclampsia and
gestational hypertension in a population-based cohort study. American journal of
epidemiology. 1998;147:1062-70.

188.  Hirashima C, Ohkuchi A, Takahashi K, Suzuki H, Yoshida M, Ohmaru T, Eguchi K, Ariga
H, Matsubara S and Suzuki M. Gestational hypertension as a subclinical preeclampsia in view of
serum levels of angiogenesis-related factors. Hypertension research : official journal of the
Japanese Society of Hypertension. 2011;34:212-7.

240



189. Nilsson E, Salonen Ros H, Cnattingius S and Lichtenstein P. The importance of genetic
and environmental effects for pre-eclampsia and gestational hypertension: a family study.
BJOG : an international journal of obstetrics and gynaecology. 2004;111:200-6.

190. Avni B, Frenkel G, Shahar L, Golik A, Sherman D and Dishy V. Aortic stiffness in normal
and hypertensive pregnancy. Blood pressure. 2010;19:11-5.

191. Robb AO, Mills NL, Din JN, Smith IB, Paterson F, Newby DE and Denison FC. Influence
of the menstrual cycle, pregnancy, and preeclampsia on arterial stiffness. Hypertension.
2009;53:952-8.

192.  Kaihura C, Savvidou MD, Anderson JM, McEniery CM and Nicolaides KH. Maternal
arterial stiffness in pregnancies affected by preeclampsia. American journal of physiology Heart
and circulatory physiology. 2009;297:H759-64.

193. Romero-Arauz JF, Ortiz-Diaz CB, Leanos-Miranda A and Martinez-Rodriguez OA.
[Progression of gestational hypertension to preeclampsia)l. Ginecologia y obstetricia de Mexico.
2014;82:229-35.

194. van Oostwaard MF, Langenveld J, Schuit E, Papatsonis DN, Brown MA, Byaruhanga RN,
Bhattacharya S, Campbell DM, Chappell LC, Chiaffarino F, Crippa |, Facchinetti F, Ferrazzani S,
Ferrazzi E, Figueiro-Filho EA, Gaugler-Senden IP, Haavaldsen C, Lykke JA, Mbah AK, Oliveira
VM, Poston L, Redman CW, Salim R, Thilaganathan B, Vergani P, Zhang J, Steegers EA, Mol BW
and Ganzevoort W. Recurrence of hypertensive disorders of pregnancy: an individual patient
data metaanalysis. Am J Obstet Gynecol. 2015;212:624 e1-17.

195. Quinton AE, Cook CM and Peek MJ. A longitudinal study using ultrasound to assess
flow-mediated dilatation in normal human pregnancy. Hypertension in pregnancy.
2007;26:273-81.

196.  Steegers EA, von Dadelszen P, Duvekot JJ and Pijnenborg R. Pre-eclampsia. Lancet.
2010;376:631-44.

197. Khan KS, Wojdyla D, Say L, Gulmezoglu AM and Van Look PF. WHO analysis of causes
of maternal death: a systematic review. Lancet. 2006;367:1066-74.

198.  Knight M, Nair M, Tuffnell D, Kenyon S, Shakespeare J, Brocklehurst P, Kurinczuk JJE
and MBRRACE-UK obo. Saving Lives, Improving Mothers' Care - Surveillance of maternal deaths
in the UK 2012-2014 and lessons learned to inform maternity care from the UK and Ireland
Confidential Enquiries into Maternal Deaths and Morbidity 2009-2014.: Oxford: Oxford
National Perinatal Epidemiology Unit, University of Oxford.; 2016.

199. National Institute for Health and Care Excellence Guidance No. 107. Hypertension in
pregnancy: diagnosis and management. 2010.

200. James PR and Nelson-Piercy C. Management of hypertension before, during, and after
pregnancy. Heart. 2004;90:1499-504.

201. Brosens IA, Robertson WB and Dixon HG. The role of the spiral arteries in the
pathogenesis of preeclampsia. Obstetrics and gynecology annual. 1972;1:177-91.

202. Redman CWG and Sargent IL. Placental Stress and Pre-eclampsia: A Revised View.
Placenta. 2009;30:38-42.

241



203. Poston L. Endothelial dysfunction in pre-eclampsia. Pharmacological Reports. 2006;58
Suppl:69-74.

204. Furuya M, Kurasawa K, Nagahama K, Kawachi K, Nozawa A, Takahashi T and Aoki I.
Disrupted balance of angiogenic and antiangiogenic signalings in preeclampsia. Journal of
pregnancy. 2011;2011:123717.

205. Huppertz B. Placental origins of preeclampsia: challenging the current hypothesis.
Hypertension. 2008;51:970-5.

206. Foo L, Tay J, Lees CC, McEniery CM and Wilkinson IB. Hypertension in pregnancy:
natural history and treatment options. Current hypertension reports. 2015;17:36.

207. Report of the National High Blood Pressure Education Program Working Group on High
Blood Pressure in Pregnancy. Am J Obstet Gynecol. 2000;183:51-522.

208.  Which anticonvulsant for women with eclampsia? Evidence from the Collaborative
Eclampsia Trial. Lancet. 1995;345:1455-63.

209. Askie LM, Duley L, Henderson-Smart DJ, Stewart LA and Group PC. Antiplatelet agents
for prevention of pre-eclampsia: a meta-analysis of individual patient data. Lancet.
2007;369:1791-8.

210. Hofmeyr GJ, Atallah AN and Duley L. Calcium supplementation during pregnancy for
preventing hypertensive disorders and related problems. The Cochrane database of systematic
reviews. 2006:CD001059.

211. Duley L, Meher S and Jones L. Drugs for treatment of very high blood pressure during
pregnancy. The Cochrane database of systematic reviews. 2013:CD001449.

212. Magee LA, Yong PJ, Espinosa V, Cote AM, Chen | and von Dadelszen P. Expectant
management of severe preeclampsia remote from term: a structured systematic review.
Hypertension in pregnancy. 2009;28:312-47.

213. Bellamy L, Casas JP, Hingorani AD and Williams DJ. Pre-eclampsia and risk of
cardiovascular disease and cancer in later life: systematic review and meta-analysis. BMJ.
2007;335:974.

214. McDonald SD, Malinowski A, Zhou Q, Yusuf S and Devereaux PJ. Cardiovascular
sequelae of preeclampsia/eclampsia: a systematic review and meta-analyses. American heart
journal. 2008;156:918-30.

215.  Davis EF, Lazdam M, Lewandowski AJ, Worton SA, Kelly B, Kenworthy Y, Adwani S,
Wilkinson AR, McCormick K, Sargent |, Redman C and Leeson P. Cardiovascular risk factors in
children and young adults born to preeclamptic pregnancies: a systematic review. Pediatrics.
2012;129:e1552-61.

216. Davis EF, Lewandowski AJ, Aye C, Williamson W, Boardman H, Huang RC, Mori TA,
Newnham J, Beilin LJ and Leeson P. Clinical cardiovascular risk during young adulthood in
offspring of hypertensive pregnancies: insights from a 20-year prospective follow-up birth
cohort. BMJ open. 2015;5:e008136.

242



217.  Ferreira |, Peeters LL and Stehouwer CD. Preeclampsia and increased blood pressure in
the offspring: meta-analysis and critical review of the evidence. Journal of hypertension.
2009;27:1955-9.

218. Kajantie E, Eriksson JG, Osmond C, Thornburg K and Barker DJ. Pre-eclampsia is
associated with increased risk of stroke in the adult offspring: the Helsinki birth cohort study.
Stroke; a journal of cerebral circulation. 2009;40:1176-80.

219.  Akcakus M, Altunay L, Yikilmaz A, Yazici C and Koklu E. The relationship between
abdominal aortic intima-media thickness and lipid profile in neonates born to mothers with
preeclampsia. Journal of pediatric endocrinology & metabolism : JPEM. 2010;23:1143-9.

220. Kvehaugen AS, Dechend R, Ramstad HB, Troisi R, Fugelseth D and Staff AC. Endothelial
function and circulating biomarkers are disturbed in women and children after preeclampsia.
Hypertension. 2011;58:63-9.

221. Jayet PY, Rimoldi SF, Stuber T, Salmon CS, Hutter D, Rexhaj E, Thalmann S, Schwab M,
Turini P, Sartori-Cucchia C, Nicod P, Villena M, Allemann Y, Scherrer U and Sartori C. Pulmonary
and systemic vascular dysfunction in young offspring of mothers with preeclampsia.
Circulation. 2010;122:488-94.

222. Lawlor DA, Macdonald-Wallis C, Fraser A, Nelson SM, Hingorani A, Davey Smith G,
Sattar N and Deanfield J. Cardiovascular biomarkers and vascular function during childhood in
the offspring of mothers with hypertensive disorders of pregnancy: findings from the Avon
Longitudinal Study of Parents and Children. European heart journal. 2012;33:335-45.

223. Timpka S, Macdonald-Wallis C, Hughes AD, Chaturvedi N, Franks PW, Lawlor DA and
Fraser A. Hypertensive Disorders of Pregnancy and Offspring Cardiac Structure and Function in
Adolescence. Journal of the American Heart Association. 2016;5.

224. Campbell S and Thoms A. Ultrasound Measurement of Fetal Head to Abdomen
Circumference Ratio in Assessment of Growth Retardation. Brit J Obstet Gynaec. 1977;84:165-
174.

225.  Hadlock FP, Harrist RB, Sharman RS, Deter RL and Park SK. Estimation of fetal weight
with the use of head, body, and femur measurements--a prospective study. Am J Obstet
Gynecol. 1985;151:333-7.

226.  Pereira-Da-Silva L, Bergmans Kl, van Kerkhoven LA, Leal F, Virella D and Videira-Amaral
JM. Reducing discomfort while measuring crown-heel length in neonates. Acta paediatrica.
2006;95:742-6.

227. Johnson TS, Engstrom JL, Warda JA, Kabat M and Peters B. Reliability of Length
Measurements in Full-Term Neonates. Journal of Obstetric, Gynecologic, & Neonatal Nursing.
1998;27:270-276.

228. Boyd E. The growth of the surface area of the human body. Minneapolis: University of
Minnesota Press; 1935.

229. Sharkey |, Boddy AV, Wallace H, Mycroft J, Hollis R, Picton S and Chemotherapy
Standardisation group of the United Kingdom Children's Cancer Study G. Body surface area
estimation in children using weight alone: application in paediatric oncology. British journal of
cancer. 2001;85:23-8.

243



230. Villar J, Ismail LC, Victora CG, Ohuma EO, Bertino E, Altman DG, Lambert A,
Papageorghiou AT, Carvalho M, Jaffer YA, Gravett MG, Purwar M, Frederick 10, Noble AJ, Pang
RY, Barros FC, Chumlea C, Bhutta ZA, Kennedy SH and Growth IFN. International standards for
newborn weight, length, and head circumference by gestational age and sex: the Newborn
Cross-Sectional Study of the INTERGROWTH-21st Project. Lancet. 2014;384:857-868.

231.  Villar J, Giuliani F, Fenton TR, Ohuma EO, Ismail LC, Kennedy SH and Consortium I-s.
INTERGROWTH-21st very preterm size at birth reference charts. Lancet. 2016;387:844-845.

232. Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A, Ernande L, Flachskampf FA,
Foster E, Goldstein SA, Kuznetsova T, Lancellotti P, Muraru D, Picard MH, Rietzschel ER, Rudski
L, Spencer KT, Tsang W and Voigt JU. Recommendations for cardiac chamber quantification by
echocardiography in adults: an update from the American Society of Echocardiography and the
European Association of Cardiovascular Imaging. European heart journal cardiovascular
Imaging. 2015;16:233-70.

233. Hadlock FP, Deter RL, Harrist RB and Park SK. Fetal head circumference: relation to
menstrual age. AJR American journal of roentgenology. 1982;138:649-53.

234. Holowatz LA, Thompson-Torgerson CS and Kenney WL. The human cutaneous
circulation as a model of generalized microvascular function. Journal of applied physiology.
2008;105:370-2.

235. Genzel-Boroviczeny O, Strotgen J, Harris AG, Messmer K and Christ F. Orthogonal
Polarization Spectral Imaging (OPS): A Novel Method to Measure the Microcirculation in Term
and Preterm Infants Transcutaneously. Pediatr Res. 2002;51:386-391.

236. Goedhart PT, Khalilzada M, Bezemer R, Merza J and Ince C. Sidestream Dark Field (SDF)
imaging: a novel stroboscopic LED ring-based imaging modality for clinical assessment of the
microcirculation. Opt Express. 2007;15:15101-15114.

237.  De Backer D, Hollenberg S, Boerma C, Goedhart P, Buchele G, Ospina-Tascon G, Dobbe
I and Ince C. How to evaluate the microcirculation: report of a round table conference. Crit
Care. 2007;11:R101.

238.  Yu GZ, Aye CY, Lewandowski AJ, Davis EF, Khoo CP, Newton L, Yang CT, Al Haj Zen A,
Simpson LJ, O'Brien K, Cook DA, Granne |, Kyriakou T, Channon KM, Watt SM and Leeson P.
Association of Maternal Antiangiogenic Profile at Birth With Early Postnatal Loss of
Microvascular Density in Offspring of Hypertensive Pregnancies. Hypertension. 2016.

239. Park MK and Lee DH. Normative arm and calf blood pressure values in the newborn.
Pediatrics. 1989;83:240-3.

240. Lozano D SA, Mikhail R. An Accuracy Study for the DINAMAP SuperSTAT Non-invasive
Blood Pressure (NIBP) Technology - Neonatal/Infant Population. 2007.

241. Urbina EM, Williams RV, Alpert BS, Collins RT, Daniels SR, Hayman L, Jacobson M,
Mahoney L, Mietus-Snyder M, Rocchini A, Steinberger J, McCrindle B, on behalf of the
American Heart Association Atherosclerosis H and Obesity in Youth Committee of the Council
on Cardiovascular Disease in the Young. Noninvasive Assessment of Subclinical Atherosclerosis
in Children and Adolescents: Recommendations for Standard Assessment for Clinical Research:
A Scientific Statement From the American Heart Association. Hypertension. 2009;54:919-950.

244



242. Polonia J, Olival C, Ribeiro S, Silva JA and Barbosa L. [Assessment of central
hemodynamic properties of the arterial wall in women with previous preeclampsia]. Rev Port
Cardiol. 2014;33:345-51.

243.  Al-Nashi M, Eriksson MJ, Ostlund E, Bremme K and Kahan T. Cardiac structure and
function, and ventricular-arterial interaction 11 years following a pregnancy with
preeclampsia.J Am Soc Hypertens. 2016.

244,  Bradley TJ, Potts JE, Lee SK, Potts MT, De Souza AM and Sandor GG. Early changes in
the biophysical properties of the aorta in pre-adolescent children born small for gestational
age. The Journal of pediatrics. 2010;156:388-92.

245.  Morley R, Dwyer T, Hynes KL, Cochrane J, Ponsonby AL, Parkington HC and Carlin JB.
Maternal alcohol intake and offspring pulse wave velocity. Neonatology. 2010;97:204-11.

246. Wadwa RP, Urbina EM, Anderson AM, Hamman RF, Dolan LM, Rodriguez BL, Daniels
SR, Dabelea D and Group ftSS. Measures of Arterial Stiffness in Youth With Type 1 and Type 2
Diabetes. Diabetes care. 2010;33:881-886.

247. Urbina EM, Kimball TR, Khoury PR, Daniels SR and Dolan LM. Increased arterial
stiffness is found in adolescents with obesity or obesity-related type 2 diabetes mellitus.
Journal of hypertension. 2010;28:1692-8.

248. Miyai N, Arita M, Miyashita K, Morioka | and Takeda S. The influence of obesity and
metabolic risk variables on brachial-ankle pulse wave velocity in healthy adolescents. Journal
of human hypertension. 2008;23:444-450.

249.  Alwan NA, Cade JE, McArdle HJ, Greenwood DC, Hayes HE, Ciantar E and Simpson NA.
Infant Arterial Stiffness and Maternal Iron Status in Pregnancy: A UK Birth Cohort (Baby VIP
Study). Neonatology. 2015;107:297-303.

250.  Electrophysiology TFotESoCatNASoPa. Heart rate variability. Circulation. 1996;93:1043-
1065.

251. Aarimaa T, Oja R, Antila K and Valimaki I. Interaction of heart rate and respiration in
newborn babies. Pediatr Res. 1988;24:745-50.

252.  van Ravenswaaij-Arts CM, Hopman JC, Kollee LA, van Amen JP, Stoelinga GB and van
Geijn HP. The influence of respiratory distress syndrome on heart rate variability in very
preterm infants. Early Hum Dev. 1991;27:207-21.

253.  Prietsch V, Knoepke U and Obladen M. Continuous monitoring of heart rate variability
in preterm infants. Early Hum Dev. 1994;37:117-31.

254.  van Ravenswaaij-Arts CM, Hopman JC, Kollee LA, Stoelinga GB and van Geijn HP. The
influence of artificial ventilation on heart rate variability in very preterm infants. Pediatr Res.
1995;37:124-30.

255.  Cabal LA, Siassi B, Zanini B, Hodgman JE and Hon EE. Factors affecting heart rate
variability in preterm infants. Pediatrics. 1980;65:50-6.

256. Jenkins JG, Reid MM and McClure BG. Study of heart rate variability in sick newborn
infants. Acta paediatrica Scandinavica. 1980;69:393-6.

245



257. Divon MY, Winkler H, Yeh SY, Platt LD, Langer O and Merkatz IR. Diminished
respiratory sinus arrhythmia in asphyxiated term infants. Am J Obstet Gynecol. 1986;155:1263-
6.

258.  Watkins TW, Horns KM, Harvadi DG, Sohacy R, Woodward PJ and Milley JR. Heart rate
variability: relationship to IVH in VLBW neonates (abstract). Pediatr Res. 1996;39:251A.

259.  Spassov L, Curzi-Dascalova L, Clairambault J, Kauffmann F, Eiselt M, Medigue C and
Peirano P. Heart rate and heart rate variability during sleep in small-for-gestational age
newborns. Pediatr Res. 1994;35:500-5.

260. Leistner HL, Haddad GG, Epstein RA, Lai TL, Epstein MA and Mellins RB. Heart rate and
heart rate variability during sleep in aborted sudden infant death syndrome. The Journal of
pediatrics. 1980;97:51-5.

261. Ledwidge M, Fox G and Matthews T. Neurocardiogenic syncope: a model for SIDS.
Archives of disease in childhood. 1998;78:481-3.

262.  Schechtman VL, Raetz SL, Harper RK, Garfinkel A, Wilson AJ, Southall DP and Harper
RM. Dynamic analysis of cardiac R-R intervals in normal infants and in infants who
subsequently succumbed to the sudden infant death syndrome. Pediatr Res. 1992;31:606-12.

263. Kluge KA, Harper RM, Schechtman VL, Wilson AJ, Hoffman HJ and Southall DP. Spectral
analysis assessment of respiratory sinus arrhythmia in normal infants and infants who
subsequently died of sudden infant death syndrome. Pediatr Res. 1988;24:677-82.

264. Gordon D, Cohen RJ, Kelly D, Akselrod S and Shannon DC. Sudden infant death
syndrome: abnormalities in short term fluctuations in heart rate and respiratory activity.
Pediatr Res. 1984;18:921-6.

265.  Goldstein B, Fiser DH, Kelly MM, Mickelsen D, Ruttimann U and Pollack MM.
Decomplexification in critical illness and injury: relationship between heart rate variability,
severity of illness, and outcome. Critical care medicine. 1998;26:352-7.

266.  Patural H, Pichot V, Jaziri F, Teyssier G, Gaspoz JM, Roche F and Barthelemy JC.
Autonomic cardiac control of very preterm newborns: a prolonged dysfunction. Early Hum
Dev. 2008;84:681-7.

267. Longin E, Gerstner T, Schaible T, Lenz T and Konig S. Maturation of the autonomic
nervous system: differences in heart rate variability in premature vs. term infants. Journal of
perinatal medicine. 2006;34:303-8.

268. Burns A GB, McGrath MJ, O'Shea TJ, Kuris B, Ayer SM, Stroiescu F, Cionca V.
SHIMMER™-A wireless sensor platform for noninvasive biomedical research. Sensors Journal.
2010;10:1527-34.

269.  Oster J, Behar J, Colloca R, Li Q and Clifford GD. Open source Java-based ECG analysis
software and Android app for atrial fibrillation screening. Computing in Cardiology. 2013:731-
734.

270.  Tranquilli AL, Dekker G, Magee L, Roberts J, Sibai BM, Steyn W, Zeeman GG and Brown
MA. The classification, diagnosis and management of the hypertensive disorders of pregnancy:
A revised statement from the ISSHP. Pregnancy hypertension. 2014;4:97-104.

246



271.  American Institute of Ultrasound in M. AIUM practice guideline for the performance of
fetal echocardiography. Journal of ultrasound in medicine : official journal of the American
Institute of Ultrasound in Medicine. 2013;32:1067-82.

272. Hoffman JI and Kaplan S. The incidence of congenital heart disease. Journal of the
American College of Cardiology. 2002;39:1890-900.

273.  Group WMGRS. Assessment of differences in linear growth among populations in the
WHO Multicentre Growth Reference Study. Acta paediatrica (Oslo, Norway : 1992)
Supplement. 2006;450:56-65.

274.  Bhat AH, Corbett V, Carpenter N, Liu N, Liu R, Wu A, Hopkins G, Sohaey R, Winkler C,
Sahn CS, Sovinsky V, Li X and Sahn DJ. Fetal ventricular mass determination on three-
dimensional echocardiography: studies in normal fetuses and validation experiments.
Circulation. 2004;110:1054-60.

275.  Zheng M, Schaal M, Chen Y, Li X, Shentu W, Zhang P, Ashraf M, Ge S and Sahn DJ. Real-
time 3-dimensional echocardiographic assessment of ventricular volume, mass, and function in
human fetuses. PLoS One. 2013;8:e58494.

276.  Messing B, Cohen SM, Valsky DV, Rosenak D, Hochner-Celnikier D, Savchev S and Yagel
S. Fetal cardiac ventricle volumetry in the second half of gestation assessed by 4D ultrasound
using STIC combined with inversion mode. Ultrasound in obstetrics & gynecology : the official
journal of the International Society of Ultrasound in Obstetrics and Gynecology. 2007;30:142-
51.

277. Myerson SG, Montgomery HE, World MJ and Pennell DJ. Left ventricular mass:
reliability of M-mode and 2-dimensional echocardiographic formulas. Hypertension.
2002;40:673-8.

278. Hamill N, Yeo L, Romero R, Hassan SS, Myers SA, Mittal P, Kusanovic JP,
Balasubramaniam M, Chaiworapongsa T, Vaisbuch E, Espinoza J, Gotsch F, Goncalves LF and
Lee W. Fetal cardiac ventricular volume, cardiac output, and ejection fraction determined with
4-dimensional ultrasound using spatiotemporal image correlation and virtual organ computer-
aided analysis. Am J Obstet Gynecol. 2011;205:76 e1-10.

279. Messing B, Cohen SM, Valsky DV, Shen O, Rosenak D, Lipschuetz M and Yagel S. Fetal
heart ventricular mass obtained by STIC acquisition combined with inversion mode and VOCAL.
Ultrasound in obstetrics & gynecology : the official journal of the International Society of
Ultrasound in Obstetrics and Gynecology. 2011;38:191-7.

280. Zheng XZ, Yang B and Wu J. Fetal left ventricular mass determination on 2-dimensional
echocardiography using area-length calculation methods. Journal of ultrasound in medicine :
official journal of the American Institute of Ultrasound in Medicine. 2014;33:349-54.

281. St John Sutton MG, Raichlen JS, Reichek N and Huff DS. Quantitative assessment of
right and left ventricular growth in the human fetal heart: a pathoanatomic study. Circulation.
1984;70:935-41.

282.  Schmidt KG, Silverman NH and Hoffman JI. Determination of ventricular volumes in

human fetal hearts by two-dimensional echocardiography. The American journal of cardiology.
1995;76:1313-16.

247



283. Chang FM, Hsu KF, Ko HC, Yao BL, Chang CH, Yu CH, Liang Rl and Chen HY. Fetal heart
volume assessment by three-dimensional ultrasound. Ultrasound in obstetrics & gynecology :
the official journal of the International Society of Ultrasound in Obstetrics and Gynecology.
1997;9:42-8.

284. Meyer-Wittkopf M, Cole A, Cooper SG, Schmidt S and Sholler GF. Three-dimensional
quantitative echocardiographic assessment of ventricular volume in healthy human fetuses
and in fetuses with congenital heart disease. Journal of ultrasound in medicine : official journal
of the American Institute of Ultrasound in Medicine. 2001;20:317-27.

285. Mielke G and Benda N. Cardiac output and central distribution of blood flow in the
human fetus. Circulation. 2001;103:1662-8.

286. Esh-Broder E, Ushakov FB, Imbar T and Yagel S. Application of free-hand three-
dimensional echocardiography in the evaluation of fetal cardiac ejection fraction: a preliminary
study. Ultrasound in obstetrics & gynecology : the official journal of the International Society of
Ultrasound in Obstetrics and Gynecology. 2004;23:546-51.

287. Uittenbogaard LB, Haak MC, Spreeuwenberg MD and van Vugt JM. Fetal cardiac
function assessed with four-dimensional ultrasound imaging using spatiotemporal image
correlation. Ultrasound in obstetrics & gynecology : the official journal of the International
Society of Ultrasound in Obstetrics and Gynecology. 2009;33:272-81.

288. St John Sutton MG, Gewitz MH, Shah B, Cohen A, Reichek N, Gabbe S and Huff DS.
Quantitative assessment of growth and function of the cardiac chambers in the normal human
fetus: a prospective longitudinal echocardiographic study. Circulation. 1984;69:645-54.

289. Broadhouse KM, Finnemore AE, Price AN, Durighel G, Cox DJ, Edwards AD, Hajnal JV
and Groves AM. Cardiovascular magnetic resonance of cardiac function and myocardial mass
in preterm infants: a preliminary study of the impact of patent ductus arteriosus. Journal of
cardiovascular magnetic resonance : official journal of the Society for Cardiovascular Magnetic
Resonance. 2014;16:54.

290. Grothues F, Smith GC, Moon JC, Bellenger NG, Collins P, Klein HU and Pennell DJ.
Comparison of interstudy reproducibility of cardiovascular magnetic resonance with two-
dimensional echocardiography in normal subjects and in patients with heart failure or left
ventricular hypertrophy. The American journal of cardiology. 2002;90:29-34.

291. Levy PT, Dioneda B, Holland MR, Sekarski TJ, Lee CK, Mathur A, Cade WT, Cahill AG,
Hamvas A and Singh GK. Right ventricular function in preterm and term neonates: reference
values for right ventricle areas and fractional area of change. Journal of the American Society of
Echocardiography : official publication of the American Society of Echocardiography.
2015;28:559-69.

292.  Wiladimiroff JW, Vosters R and McGhie JS. Normal cardiac ventricular geometry and
function during the last trimester of pregnancy and early neonatal period. Br J Obstet
Gynaecol. 1982;89:839-44.

293. Russo C, Hahn RT, Jin Z, Homma S, Sacco RL and Di Tullio MR. Comparison of
echocardiographic single-plane versus biplane method in the assessment of left atrial volume
and validation by real time three-dimensional echocardiography. Journal of the American
Society of Echocardiography : official publication of the American Society of Echocardiography.
2010;23:954-60.

248



294. Ichihashi K, Ewert P, Welmitz G and Lange P. Changes in ventricular and muscle
volumes of neonates. Pediatrics international : official journal of the Japan Pediatric Society.
1999;41:8-12.

295. Jin Z SH, Kampmann C et al. Echocardiographic right ventricular volumes and mass in
normal children and those with atrial setpal deects pre and post closure. Cardiol Young. 1993;3
(Suppl. 1):141.

296. Gembruch U, Shi C and Smrcek JM. Biometry of the fetal heart between 10 and 17
weeks of gestation. Fetal diagnosis and therapy. 2000;15:20-31.

297. Levental M, Pretorius DH, Sklansky MS, Budorick NE, Nelson TR and Lou K. Three-
dimensional ultrasonography of normal fetal heart: comparison with two-dimensional imaging.
Journal of ultrasound in medicine : official journal of the American Institute of Ultrasound in
Medicine. 1998;17:341-8.

298. Beck S, Wojdyla D, Say L, Betran AP, Merialdi M, Requejo JH, Rubens C, Menon R
and Look PFV. The worldwide incidence of preterm birth: a systematic review of maternal
mortality and morbidity. Bulletin of the World Health Organization. 2010;88:31-38.

299. Bertagnolli M, Huyard F, Cloutier A, Anstey Z, Huot-Marchand JE, Fallaha C, Paradis P,
Schiffrin EL, Deblois D and Nuyt AM. Transient neonatal high oxygen exposure leads to early
adult cardiac dysfunction, remodeling, and activation of the renin-angiotensin system.
Hypertension. 2014;63:143-50.

300. Li F, Wang X, Capasso JM and Gerdes AM. Rapid transition of cardiac myocytes from
hyperplasia to hypertrophy during postnatal development. Journal of molecular and cellular
cardiology. 1996;28:1737-46.

301. Lang RM, Bierig M, Devereux RB, Flachskampf FA, Foster E, Pellikka PA, Picard MH,
Roman MJ, Seward J, Shanewise JS, Solomon SD, Spencer KT, Sutton MS, Stewart WJ, Chamber
Quantification Writing G, American Society of Echocardiography's G, Standards C and
European Association of E. Recommendations for chamber quantification: a report from the
American Society of Echocardiography's Guidelines and Standards Committee and the
Chamber Quantification Writing Group, developed in conjunction with the European
Association of Echocardiography, a branch of the European Society of Cardiology. Journal of
the American Society of Echocardiography : official publication of the American Society of
Echocardiography. 2005;18:1440-63.

302. Walther FJ, Siassi B, King J and Wu PY. Echocardiographic measurements in normal
preterm and term neonates. Acta paediatrica Scandinavica. 1986;75:563-8.

303. Ciccone MM, Scicchitano P, Zito A, Gesualdo M, Sassara M, Calderoni G, Di Mauro F,
Ladisa G, Di Mauro A and Laforgia N. Different functional cardiac characteristics observed in
term/preterm neonates by echocardiography and tissue doppler imaging. Early Hum Dev.
2011;87:555-8.

304. Guzeltas A and Eroglu AG. Reference values for echocardiographic measurements of
healthy newborns. Cardiology in the young. 2012;22:152-7.

305. Ahn Y and Garruto RM. Estimations of body surface area in newborns. Acta
paediatrica. 2008;97:366-70.

249



306. Alvarez L, Aranega A, Saucedo R and Contreras JA. The quantitative anatomy of the
normal human heart in fetal and perinatal life. International journal of cardiology. 1987;17:57-
72.

307. Joyce JJ, Dickson PI, Qi N, Noble JE, Raj JU and Baylen BG. Normal right and left
ventricular mass development during early infancy. The American journal of cardiology.
2004;93:797-801.

308. Villar J, Giuliani F, Bhutta ZA, Bertino E, Ohuma EO, Ismail LC, Barros FC, Altman DG,
Victora C, Noble JA, Gravett MG, Purwar M, Pang R, Lambert A, Papageorghiou AT, Ochieng R,
Jaffer YA, Kennedy SH, International F and Newborn Growth Consortium for the C. Postnatal
growth standards for preterm infants: the Preterm Postnatal Follow-up Study of the
INTERGROWTH-21(st) Project. The Lancet Global health. 2015;3:e681-91.

309. Zecca E, Romagnoli C, Vento G, De Carolis MP, De Rosa G and Tortorolo G. Left
ventricle dimensions in preterm infants during the first month of life. European journal of
pediatrics. 2001;160:227-30.

310. Tong W, Xue Q, Li Y and Zhang L. Maternal hypoxia alters matrix metalloproteinase
expression patterns and causes cardiac remodeling in fetal and neonatal rats. American journal
of physiology Heart and circulatory physiology. 2011;301:H2113-21.

311.  Zubrow AB, Hulman S, Kushner H and Falkner B. Determinants of blood pressure in
infants admitted to neonatal intensive care units: a prospective multicenter study. Philadelphia
Neonatal Blood Pressure Study Group. Journal of perinatology : official journal of the California
Perinatal Association. 1995;15:470-9.

312. Report of the Second Task Force on Blood Pressure Control in Children--1987. Task
Force on Blood Pressure Control in Children. National Heart, Lung, and Blood Institute,
Bethesda, Maryland. Pediatrics. 1987;79:1-25.

313. Koestenberger M, Nagel B, Ravekes W, Gamillscheg A, Pichler G, Avian A, Heinzl B,
Binder C, Cvirn G and Urlesberger B. Right ventricular performance in preterm and term
neonates: reference values of the tricuspid annular peak systolic velocity measured by tissue
Doppler imaging. Neonatology. 2013;103:281-6.

314. Kaufman TM, Horton JW, White DJ and Mahony L. Age-related changes in myocardial
relaxation and sarcoplasmic reticulum function. The American journal of physiology.
1990;259:H309-16.

315. Mahony L. Regulation of intracellular calcium concentration in the developing heart.
Cardiovascular research. 1996;31 Spec No:E61-7.

316. Mahony L. Calcium homeostasis and control of contractility in the developing heart.
Seminars in perinatology. 1996;20:510-9.

317. Hirose A, Khoo NS, Aziz K, Al-Rajaa N, van den Boom J, Savard W, Brooks P and
Hornberger LK. Evolution of left ventricular function in the preterm infant. Journal of the
American Society of Echocardiography : official publication of the American Society of
Echocardiography. 2015;28:302-8.

318. Anderson PA. The heart and development. Seminars in perinatology. 1996;20:482-509.

250



319. Smith LJ, van Asperen PP, McKay KO, Selvadurai H and Fitzgerald DA. Reduced Exercise
Capacity in Children Born Very Preterm. Pediatrics. 2008;122:e287-e293.

320. Svedenkrans J, Henckel E, Kowalski J, Norman M and Bohlin K. Long-Term Impact of
Preterm Birth on Exercise Capacity in Healthy Young Men: A National Population-Based Cohort
Study. PLoS ONE. 2013;8:e80869.

321. van Hooft IM, Grobbee DE, Waal-Manning HJ and Hofman A. Hemodynamic
characteristics of the early phase of primary hypertension. The Dutch Hypertension and
Offspring Study. Circulation. 1993;87:1100-6.

322. Post WS, Larson MG and Levy D. Impact of left ventricular structure on the incidence
of hypertension. The Framingham Heart Study. Circulation. 1994;90:179-85.

323. Devereux RB, de Simone G, Koren MJ, Roman MJ and Laragh JH. Left ventricular mass
as a predictor of development of hypertension. Am J Hypertens. 1991;4:603S-607S.

324.  Zizek B and Poredos P. Increased left ventricular mass and diastolic dysfunction are
associated with endothelial dysfunction in normotensive offspring of subjects with essential
hypertension. Blood pressure. 2007;16:36-44.

325. Mo R, Nordrehaug JE, Omvik P and Lund-Johansen P. The Bergen Blood Pressure
Study: prehypertensive changes in cardiac structure and function in offspring of hypertensive
families. Blood pressure. 1995;4:16-22.

326. Kolo P, Sanya E, Ogunmodede J, Omotoso A and Soladoye A. Normotensive offspring
of hypertensive Nigerians have increased left ventricular mass and abnormal geometric
patterns. The Pan African medical journal. 2012;11:6.

327. Jalal S, Rauoof MA, Khan KA, Hamid S, Waheed A, Jan VM, Lone NA, Rather HA, Habib
K, Alai SM, Kumar D and Singh C. Left ventricular mass and functions in normotensive offspring
of hypertensive parents: an echocardiographic study. The Journal of the Association of
Physicians of India. 2009;57:389-92.

328. Palmsten K, Buka SL and Michels KB. Maternal pregnancy-related hypertension and
risk for hypertension in offspring later in life. Obstetrics and gynecology. 2010;116:858-64.

329. Armstrong DW, Tse MY, Wong PG, Ventura NM, Meens JA, Johri AM, Matangi MF and
Pang SC. Gestational hypertension and the developmental origins of cardiac hypertrophy and
diastolic dysfunction. Molecular and cellular biochemistry. 2014;391:201-9.

330. Himmelmann A, Svensson A and Hansson L. Blood pressure and left ventricular mass in
children with different maternal histories of hypertension: the Hypertension in Pregnancy
Offspring Study. Journal of hypertension. 1993;11:263-8.

331. Himmelmann A, Svensson A and Hansson L. Five-year follow-up of blood pressure and
left ventricular mass in children with different maternal histories of hypertension: the
Hypertension in Pregnancy Offspring Study. Journal of hypertension. 1994;12:89-95.

332. Himmelmann A, Svensson A, Sigstrom L and Hansson L. Predictors of blood pressure
and left ventricular mass in the young: the Hypertension in Pregnancy Offspring Study. Am J
Hypertens. 1994;7:381-9.

251



333. Melchiorre K and Thilaganathan B. Maternal cardiac function in preeclampsia. Current
opinion in obstetrics & gynecology. 2011;23:440-7.

334. Cho Kl, Kim SM, Shin MS, Kim EJ, Cho EJ, Seo HS, Shin SH, Yoon SJ and Choi JH. Impact
of gestational hypertension on left ventricular function and geometric pattern. Circ J.
2011;75:1170-6.

335.  Melchiorre K, Sutherland GR, Watt-Coote |, Liberati M and Thilaganathan B. Severe
myocardial impairment and chamber dysfunction in preterm preeclampsia. Hypertension in
pregnancy. 2012;31:454-71.

336. Melchiorre K, Sutherland GR, Liberati M and Thilaganathan B. Preeclampsia is
associated with persistent postpartum cardiovascular impairment. Hypertension. 2011;58:709-
15.

337. Kuznetsova T, Staessen JA, Olszanecka A, Ryabikov A, Stolarz K, Malyutina S, Fagard R,
Kawecka-Jaszcz K, Nikitin Y and European Project On Genes in Hypertension |I. Maternal and
paternal influences on left ventricular mass of offspring. Hypertension. 2003;41:69-74.

338. Wei Y, Du W, Xiong X, He X, Ping Y, Deng Y, Chen D and Li X. Prenatal exposure to
lipopolysaccharide results in myocardial remodelling in adult murine offspring. Journal of
inflammation. 2013;10:35.

339. Boardman H. Hypertensive pregnancy and future maternal cardiovascular phenotype.
2016.

340. Lund DD and Tomanek RJ. Myocardial Morphology in Spontaneously Hypertensive and
Aortic-Constricted Rats. Am J Anat. 1978;152:141-151.

341. Levy BI, Schiffrin EL, Mourad JJ, Agostini D, Vicaut E, Safar ME and Struijker-Boudier
HA. Impaired tissue perfusion: a pathology common to hypertension, obesity, and diabetes
mellitus. Circulation. 2008;118:968-76.

342. Bertagnolli M, Dios A, Beland-Bonenfant S, Gascon G, Sutherland M, Lukaszewski MA,
Cloutier A, Paradis P, Schiffrin EL and Nuyt AM. Activation of the Cardiac Renin-Angiotensin
System in High Oxygen-Exposed Newborn Rats: Angiotensin Receptor Blockade Prevents the
Developmental Programming of Cardiac Dysfunction. Hypertension. 2016;67:774-82.

343. Ruskoaho HJ and Savolainen ER. Effects of long-term verapamil treatment on blood
pressure, cardiac hypertrophy and collagen metabolism in spontaneously hypertensive rats.
Cardiovascular research. 1985;19:355-62.

344. Friedman AH and Fahey JT. The transition from fetal to neonatal circulation: normal
responses and implications for infants with heart disease. Seminars in perinatology.
1993;17:106-21.

345. Sartori C, Allemann Y, Trueb L, Delabays A, Nicod P and Scherrer U. Augmented
vasoreactivity in adult life associated with perinatal vascular insult. Lancet. 1999;353:2205-7.

346. Hampl V and Herget J. Perinatal hypoxia increases hypoxic pulmonary vasoconstriction

in adult rats recovering from chronic exposure to hypoxia. The American review of respiratory
disease. 1990;142:619-24.

252



347. Rexhaj E, Bloch J, Jayet PY, Rimoldi SF, Dessen P, Mathieu C, Tolsa JF, Nicod P, Scherrer
U and Sartori C. Fetal programming of pulmonary vascular dysfunction in mice: role of
epigenetic mechanisms. American journal of physiology Heart and circulatory physiology.
2011;301:H247-52.

348. Levine RJ, Maynard SE, Qian C, Lim KH, England LJ, Yu KF, Schisterman EF, Thadhani R,
Sachs BP, Epstein FH, Sibai BM, Sukhatme VP and Karumanchi SA. Circulating angiogenic
factors and the risk of preeclampsia. The New England journal of medicine. 2004;350:672-83.

349. Antonios TF, Raghuraman RP, D'Souza R, Nathan P, Wang D and Manyonda IT.
Capillary remodeling in infants born to hypertensive pregnancy: pilot study. Am J Hypertens.
2012;25:848-53.

350. Hasan KM, Manyonda IT, Ng FS, Singer DR and Antonios TF. Skin capillary density
changes in normal pregnancy and pre-eclampsia. Journal of hypertension. 2002;20:2439-43.

351. Nama V, Manyonda IT, Onwude J and Antonios TF. Structural capillary rarefaction and
the onset of preeclampsia. Obstetrics and gynecology. 2012;119:967-74.

352. Noori M, Donald AE, Angelakopoulou A, Hingorani AD and Williams DJ. Prospective
study of placental angiogenic factors and maternal vascular function before and after
preeclampsia and gestational hypertension. Circulation. 2010;122:478-87.

353.  Staff AC, Braekke K, Harsem NK, Lyberg T and Holthe MR. Circulating concentrations of
sFItl (soluble fms-like tyrosine kinase 1) in fetal and maternal serum during pre-eclampsia.
European journal of obstetrics, gynecology, and reproductive biology. 2005;122:33-9.

354. Staff AC, Braekke K, Johnsen GM, Karumanchi SA and Harsem NK. Circulating
concentrations of soluble endoglin (CD105) in fetal and maternal serum and in amniotic fluid in
preeclampsia. Am J Obstet Gynecol. 2007;197:176 el-6.

355. Munoz-Hernandez R, Miranda ML, Stiefel P, Lin RZ, Praena-Fernandez JM, Dominguez-
Simeon MJ, Villar J, Moreno-Luna R and Melero-Martin JM. Decreased level of cord blood
circulating endothelial colony-forming cells in preeclampsia. Hypertension. 2014;64:165-71.

356. Davis EF, Newton L, Lewandowski AJ, Lazdam M, Kelly BA, Kyriakou T and Leeson P.
Pre-eclampsia and offspring cardiovascular health: mechanistic insights from experimental
studies. Clin Sci (Lond). 2012;123:53-72.

357. Gishti O, Jaddoe VW, Felix JF, Reiss I, Hofman A, lkram MK, Steegers EA and Gaillard R.
Influence of maternal angiogenic factors during pregnancy on microvascular structure in
school-age children. Hypertension. 2015;65:722-8.

358. D'Souza R, Raghuraman RP, Nathan P, Manyonda IT and Antonios TF. Low birth weight
infants do not have capillary rarefaction at birth: implications for early life influence on
microcirculation. Hypertension. 2011;58:847-51.

359. Raghuraman RP, D'Souza R, Nathan P, Wang D, Manyonda IT and Antonios TF. Skin
capillary density in infants born to normotensive mothers: a comparison between singleton
and twin infants. Microcirculation. 2014;21:67-73.

360. Perera P KA, Ryan TJ. The development of the cutaneous microvascular system in the
newborn. Br J Derm 1970;82:86-90

253



361. Moyes AlJ, Maldonado-Perez D, Gray GA and Denison FC. Enhanced angiogenic capacity
of human umbilical vein endothelial cells from women with preeclampsia. Reprod Sci.
2011;18:374-82.

362. Kroth J, Weidlich K, Hiedl S, Nussbaum C, Christ F and Genzel-boroviczeny O.
Functional vessel density in the first month of life in preterm neonates. Pediatr Res.
2008;64:567-71.

363. Top AP, van Dijk M, van Velzen JE, Ince C and Tibboel D. Functional capillary density
decreases after the first week of life in term neonates. Neonatology. 2011;99:73-7.

364. Levine RJ, Lam C, Qian C, Yu KF, Maynard SE, Sachs BP, Sibai BM, Epstein FH, Romero R,
Thadhani R, Karumanchi SA and Group CS. Soluble endoglin and other circulating
antiangiogenic factors in preeclampsia. The New England journal of medicine. 2006;355:992-
1005.

365. Redman CW and Sargent IL. Pre-eclampsia, the placenta and the maternal systemic
inflammatory response--a review. Placenta. 2003;24 Suppl A:S21-7.

366. Melchiorre K, Sharma R and Thilaganathan B. Cardiac structure and function in normal
pregnancy. Current opinion in obstetrics & gynecology. 2012;24:413-21.

367.  Staff AC, Harsem NK, Braekke K, Hyer M, Hoover RN and Troisi R. Maternal, gestational
and neonatal characteristics and maternal angiogenic factors in normotensive pregnancies.
European journal of obstetrics, gynecology, and reproductive biology. 2009;143:29-33.

368. Troisi R, Braekke K, Harsem NK, Hyer M, Hoover RN and Staff AC. Blood pressure
augmentation and maternal circulating concentrations of angiogenic factors at delivery in
preeclamptic and uncomplicated pregnancies. Am J Obstet Gynecol. 2008;199:653 e1-10.

369. Venkatesha S, Toporsian M, Lam C, Hanai J, Mammoto T, Kim YM, Bdolah Y, Lim KH,
Yuan HT, Libermann TA, Stillman IE, Roberts D, D'Amore PA, Epstein FH, Sellke FW, Romero R,
Sukhatme VP, Letarte M and Karumanchi SA. Soluble endoglin contributes to the pathogenesis
of preeclampsia. Nature medicine. 2006;12:642-9.

370. Sahay AS, Patil VV, Sundrani DP, Joshi AA, Wagh GN, Gupte SA and Joshi SR. A
longitudinal study of circulating angiogenic and antiangiogenic factors and AT1-AA levels in
preeclampsia. Hypertension research : official journal of the Japanese Society of Hypertension.
2014;37:753-8.

371. Kim YN, Lee DS, Jeong DH, Sung MS and Kim KT. The relationship of the level of
circulating antiangiogenic factors to the clinical manifestations of preeclampsia. Prenatal
diagnosis. 2009;29:464-70.

372. Ratsep MT, Carmeliet P, Adams MA and Croy BA. Impact of placental growth factor
deficiency on early mouse implant site angiogenesis. Placenta. 2014;35:772-5.

373. Tsao PN, Wei SC, Su YN, Chou HC, Chen CY and Hsieh WS. Excess soluble fms-like
tyrosine kinase 1 and low platelet counts in premature neonates of preeclamptic mothers.
Pediatrics. 2005;116:468-72.

254



374. Livingston JC, Chin R, Haddad B, McKinney ET, Ahokas R and Sibai BM. Reductions of
vascular endothelial growth factor and placental growth factor concentrations in severe
preeclampsia. Am J Obstet Gynecol. 2000;183:1554-7.

375. Ingram DA, Mead LE, Moore DB, Woodard W, Fenoglio A and Yoder MC. Vessel wall-
derived endothelial cells rapidly proliferate because they contain a complete hierarchy of
endothelial progenitor cells. Blood. 2005;105:2783-6.

376. Lazdam M, de la Horra A, Diesch J, Kenworthy Y, Davis E, Lewandowski AJ, Szmigielski
C, Shore A, Mackillop L, Kharbanda R, Alp N, Redman C, Kelly B and Leeson P. Unique blood
pressure characteristics in mother and offspring after early onset preeclampsia. Hypertension.
2012;60:1338-45.

377. Pladys P, Sennlaub F, Brault S, Checchin D, Lahaie I, Le NL, Bibeau K, Cambonie G,
Abran D, Brochu M, Thibault G, Hardy P, Chemtob S and Nuyt AM. Microvascular rarefaction
and decreased angiogenesis in rats with fetal programming of hypertension associated with
exposure to a low-protein diet in utero. Am J Physiol Regul Integr Comp Physiol.
2005;289:R1580-8.

378. Lombardi F, Sandrone G, Pernpruner S, Sala R, Garimoldi M, Cerutti S, Baselli G, Pagani
M and Malliani A. Heart rate variability as an index of sympathovagal interaction after acute
myocardial infarction. The American journal of cardiology. 1987;60:1239-45.

379. Casolo G, Balli E, Fazi A, Gori C, Freni A and Gensini G. Twenty-four-hour spectral
analysis of heart rate variability in congestive heart failure secondary to coronary artery
disease. The American journal of cardiology. 1991;67:1154-8.

380. Swansburg ML, Brown CA, Hains SM, Smith GN and Kisilevsky BS. Maternal cardiac
autonomic function and fetal heart rate in preeclamptic compared to normotensive
pregnancies. Canadian journal of cardiovascular nursing = Journal canadien en soins infirmiers
cardio-vasculaires. 2005;15:42-52.

381. Yang CC, Chao TC, Kuo TB, Yin CS and Chen HI. Preeclamptic pregnancy is associated
with increased sympathetic and decreased parasympathetic control of HR. American journal of
physiology Heart and circulatory physiology. 2000;278:H1269-73.

382. Musa SM, Adam | and Lutfi MF. Heart Rate Variability and Autonomic Modulations in
Preeclampsia. PLoS One. 2016;11:e0152704.

383. Astrup AS, Tarnow L, Rossing P, Hansen BV, Hilsted J and Parving HH. Cardiac
autonomic neuropathy predicts cardiovascular morbidity and mortality in type 1 diabetic
patients with diabetic nephropathy. Diabetes care. 2006;29:334-9.

384. Nolan J, Batin PD, Andrews R, Lindsay SJ, Brooksby P, Mullen M, Baig W, Flapan AD,
Cowley A, Prescott RJ, Neilson JM and Fox KA. Prospective study of heart rate variability and
mortality in chronic heart failure: results of the United Kingdom heart failure evaluation and
assessment of risk trial (UK-heart). Circulation. 1998;98:1510-6.

385. Johnson AE, Behar J, Andreotti F, Clifford GD and Oster J. Multimodal heart beat
detection using signal quality indices. Physiological measurement. 2015;36:1665.

255



386. Goldberger AL, Amaral LA, Glass L, Hausdorff JM, Ivanov PC, Mark RG, Mietus JE,
Moody GB, Peng CK and Stanley HE. PhysioBank, PhysioToolkit, and PhysioNet: components of
a new research resource for complex physiologic signals. Circulation. 2000;101:E215-20.

387. Mietus JE GA. Heart Rate Variability Analysis with the HRV Toolkit.

388. Giddens DP and Kitney RIl. Neonatal heart rate variability and its relation to respiration.
Journal of theoretical biology. 1985;113:759-80.

389. Rosenstock EG, Cassuto Y and Zmora E. Heart rate variability in the neonate and infant:
analytical methods, physiological and clinical observations. Acta paediatrica. 1999;88:477-82.

390. van Ravenswaaij-Arts CM, Hopman JC, Kollee LA and Stoelinga GB. The influence of
physiological parameters on long term heart rate variability in healthy preterm infants. Journal
of perinatal medicine. 1990;18:131-8.

391. van Ravenswaaij-Arts CM, Kollee LA, Hopman JC, Stoelinga GB and van Geijn HP. Heart
rate variability. Annals of internal medicine. 1993;118:436-47.

392. Akselrod S, Gordon D, Ubel FA, Shannon DC, Berger AC and Cohen RJ. Power spectrum
analysis of heart rate fluctuation: a quantitative probe of beat-to-beat cardiovascular control.
Science. 1981;213:220-2.

393. Pagani M, Lombardi F, Guzzetti S, Rimoldi O, Furlan R, Pizzinelli P, Sandrone G,
Malfatto G, Dell'Orto S, Piccaluga E and et al. Power spectral analysis of heart rate and arterial
pressure variabilities as a marker of sympatho-vagal interaction in man and conscious dog.
Circulation research. 1986;59:178-93.

394, Pomeranz B, Macaulay RJ, Caudill MA, Kutz I, Adam D, Gordon D, Kilborn KM, Barger
AC, Shannon DC, Cohen RJ and et al. Assessment of autonomic function in humans by heart
rate spectral analysis. The American journal of physiology. 1985;248:H151-3.

395. Johansson S, Norman M, Legnevall L, Dalmaz Y, Lagercrantz H and Vanpee M.
Increased catecholamines and heart rate in children with low birth weight: perinatal
contributions to sympathoadrenal overactivity. J Intern Med. 2007;261:480-7.

396. Cohen G, Vella S, Jeffery H, Lagercrantz H and Katz-Salamon M. Cardiovascular stress
hyperreactivity in babies of smokers and in babies born preterm. Circulation. 2008;118:1848-
53.

397. Siassi B, Hodgman JE, Cabal L and Hon EH. Cardiac and respiratory activity in relation to
gestation and sleep states in newborn infants. Pediatr Res. 1979;13:1163-6.

398. Brown CA, Lee CT, Hains SM and Kisilevsky BS. Maternal heart rate variability and fetal
behavior in hypertensive and normotensive pregnancies. Biological research for nursing.
2008;10:134-44.

399. Boguszewski MC, Johannsson G, Fortes LC and Sverrisdottir YB. Low birth size and final

height predict high sympathetic nerve activity in adulthood. Journal of hypertension.
2004;22:1157-63.

256



400. David M, Hirsch M, Karin J, Toledo E and Akselrod S. An estimate of fetal autonomic
state by time-frequency analysis of fetal heart rate variability. Journal of applied physiology.
2007;102:1057-64.

401. Longin E, Schaible T, Lenz T and Konig S. Short term heart rate variability in healthy
neonates: normative data and physiological observations. Early Hum Dev. 2005;81:663-71.

402. Sahni R, Schulze KF, Kashyap S, Ohira-Kist K, Fifer WP and Myers MM. Maturational
changes in heart rate and heart rate variability in low birth weight infants. Developmental
psychobiology. 2000;37:73-81.

403. Ferrazzi E, Pardi G, Setti PL, Rodolfi M, Civardi S and Cerutti S. Power spectral analysis
of the heart rate of the human fetus at 26 and 36 weeks of gestation. Clinical physics and
physiological measurement : an official journal of the Hospital Physicists' Association, Deutsche
Gesellschaft fur Medizinische Physik and the European Federation of Organisations for Medical
Physics. 1989;10 Suppl B:57-60.

404. Ribbert LS, Fidler V and Visser GH. Computer-assisted analysis of normal second
trimester fetal heart rate patterns. Journal of perinatal medicine. 1991;19:53-9.

405. Gagnon R, Campbell K, Hunse C and Patrick J. Patterns of human fetal heart rate
accelerations from 26 weeks to term. Am J Obstet Gynecol. 1987;157:743-8.

406. Karin J, Hirsch M and Akselrod S. An estimate of fetal autonomic state by spectral
analysis of fetal heart rate fluctuations. Pediatr Res. 1993;34:134-8.

407. Eiselt M, Curzi-Dascalova L, Clairambault J, Kauffmann F, Medigue C and Peirano P.
Heart-rate variability in low-risk prematurely born infants reaching normal term: a comparison
with full-term newborns. Early Hum Dev. 1993;32:183-95.

408. Scher MS, Steppe DA, Dokianakis SG, Sun M, Guthrie RD and Sclabassi RJ.
Cardiorespiratory behavior during sleep in full-term and preterm neonates at comparable
postconceptional term ages. Pediatr Res. 1994;36:738-44.

409. Patural H, Barthelemy JC, Pichot V, Mazzocchi C, Teyssier G, Damon G and Roche F.
Birth prematurity determines prolonged autonomic nervous system immaturity. Clinical
autonomic research : official journal of the Clinical Autonomic Research Society. 2004;14:391-5.

410. De Rogalski Landrot I, Roche F, Pichot V, Teyssier G, Gaspoz JM, Barthelemy JC and
Patural H. Autonomic nervous system activity in premature and full-term infants from
theoretical term to 7 years. Autonomic neuroscience : basic & clinical. 2007;136:105-9.

411. Henslee JA, Schechtman VL, Lee MY and Harper RM. Developmental patterns of heart
rate and variability in prematurely-born infants with apnea of prematurity. Early Hum Dev.
1997;47:35-50.

412. Chatow U, Davidson S, Reichman BL and Akselrod S. Development and maturation of
the autonomic nervous system in premature and full-term infants using spectral analysis of
heart rate fluctuations. Pediatr Res. 1995;37:294-302.

413.  Horner SM, Murphy CF, Coen B, Dick DJ, Harrison FG, Vespalcova Z and Lab MJ.

Contribution to heart rate variability by mechanoelectric feedback. Stretch of the sinoatrial
node reduces heart rate variability. Circulation. 1996;94:1762-7.

257



414.  Tracey KJ. The inflammatory reflex. Nature. 2002;420:853-9.

415. Lonsdale D. Sudden infant death syndrome requires genetic predisposition, some form
of stress and marginal malnutrition. Medical hypotheses. 2001;57:382-6.

416. Goto K, Mirmiran M, Adams MM, Longford RV, Baldwin RB, Boeddiker MA and Ariagno
RL. More awakenings and heart rate variability during supine sleep in preterm infants.
Pediatrics. 1999;103:603-9.

417. Mannix PA, Inwald DP, Hathorn MK and Costeloe K. Thermal entrainment of heart rate
in the preterm infant. Pediatr Res. 1997;42:282-6.

418. Thiriez G, Bouhaddi M, Mourot L, Nobili F, Fortrat JO, Menget A, Franco P and Regnard
J. Heart rate variability in preterm infants and maternal smoking during pregnancy. Clinical
autonomic research : official journal of the Clinical Autonomic Research Society. 2009;19:149-
56.

419. Browne CA, Colditz PB and Dunster KR. Infant autonomic function is altered by
maternal smoking during pregnancy. Early Hum Dev. 2000;59:209-18.

420. Nachmanoff DB, Panigrahy A, Filiano JJ, Mandell F, Sleeper LA, Valdes-Dapena M,
Krous HF, White WF and Kinney HC. Brainstem 3H-nicotine receptor binding in the sudden
infant death syndrome. Journal of neuropathology and experimental neurology. 1998;57:1018-
25.

421. Wisborg K, Kesmodel U, Henriksen TB, Olsen SF and Secher NJ. A prospective study of
smoking during pregnancy and SIDS. Archives of disease in childhood. 2000;83:203-6.

422.  Andres RL and Day MC. Perinatal complications associated with maternal tobacco use.
Seminars in neonatology : SN. 2000;5:231-41.

423. Feldman R and Eidelman Al. Skin-to-skin contact (Kangaroo Care) accelerates
autonomic and neurobehavioural maturation in preterm infants. Developmental medicine and
child neurology. 2003;45:274-81.

424. McCain GC, Ludington-Hoe SM, Swinth JY and Hadeed AJ. Heart rate variability
responses of a preterm infant to kangaroo care. Journal of obstetric, gynecologic, and neonatal
nursing : JOGNN / NAACOG. 2005;34:689-94.

425. Zhong Y, Jan KM, Ju KH and Chon KH. Quantifying cardiac sympathetic and
parasympathetic nervous activities using principal dynamic modes analysis of heart rate
variability. American journal of physiology Heart and circulatory physiology. 2006;291:H1475-
83.

426. Houle MS and Billman GE. Low-frequency component of the heart rate variability
spectrum: a poor marker of sympathetic activity. The American journal of physiology.

1999;276:H215-23.

427. Billman GE. Heart rate variability - a historical perspective. Frontiers in physiology.
2011;2:86.

428. Yiallourou SR, Witcombe NB, Sands SA, Walker AM and Horne RS. The development of
autonomic cardiovascular control is altered by preterm birth. Early Hum Dev. 2013;89:145-52.

258



429. Law CM and Shiell AW. Is blood pressure inversely related to birth weight? The
strength of evidence from a systematic review of the literature. Journal of hypertension.
1996;14:935-41.

430. Huxley RR, Shiell AW and Law CM. The role of size at birth and postnatal catch-up
growth in determining systolic blood pressure: a systematic review of the literature. Journal of
hypertension. 2000;18:815-31.

431. de Jong F, Monuteaux MC, van Elburg RM, Gillman MW and Belfort MB. Systematic
review and meta-analysis of preterm birth and later systolic blood pressure. Hypertension.
2012;59:226-34.

432. Carney RM, Saunders RD, Freedland KE, Stein P, Rich MW and Jaffe AS. Association of
depression with reduced heart rate variability in coronary artery disease. The American journal
of cardiology. 1995;76:562-4.

433.  Korach M, Sharshar T, Jarrin |, Fouillot JP, Raphael JC, Gajdos P and Annane D. Cardiac
variability in critically ill adults: influence of sepsis. Critical care medicine. 2001;29:1380-5.

434. Takabatake N, Nakamura H, Minamihaba O, Inage M, Inoue S, Kagaya S, Yamaki M and
Tomoike H. A novel pathophysiologic phenomenon in cachexic patients with chronic
obstructive pulmonary disease: the relationship between the circadian rhythm of circulating
leptin and the very low-frequency component of heart rate variability. American journal of
respiratory and critical care medicine. 2001;163:1314-9.

435, Duvnjak L, Tomic M, Blaslov K and Vuckovic Rebrina S. Autonomic nervous system
function assessed by conventional and spectral analysis might be useful in terms of predicting
retinal deterioration in persons with type 1 diabetes mellitus. Diabetes research and clinical
practice. 2016;116:111-6.

436. Bigger JT, Fleiss JL, Rolnitzky LM and Steinman RC. The ability of several short-term
measures of RR variability to predict mortality after myocardial infarction. Circulation.
1993;88:927-34.

437. Grassi G, Spaziani D, Seravalle G, Bertinieri G, Dell'Oro R, Cuspidi C and Mancia G.
Effects of amlodipine on sympathetic nerve traffic and baroreflex control of circulation in heart
failure. Hypertension. 1999;33:671-5.

438. Nugent ST FJ. Spectral analysis of heart rate variability in children and young adults
during sleep and awake states. Proc 14th International Conf IEEE/EMBS. 1992:2640-2641.

439. Patzak A, Schluter B, Mrowka R, Unbehaun A, Gerhardt D, Persson PB, Barschdorff D
and Trowitzsch E. Rhythms and complexity of respiration during sleep in pre-term infants.
Clinical physiology. 1999;19:458-66.

440. Van Ravenswaaij-Arts C, Hopman J, Kollee L, Stoelinga G and Van Geijn H. Spectral
analysis of heart rate variability in spontaneously breathing very preterm infants. Acta
paediatrica. 1994;83:473-80.

441. Leung TN, Chung TK, Madsen G, McLean M, Chang AM and Smith R. Elevated mid-

trimester maternal corticotrophin-releasing hormone levels in pregnancies that delivered
before 34 weeks. Br J Obstet Gynaecol. 1999;106:1041-6.

259



442. Leung TN, Chung TK, Madsen G, Lam CW, Lam PK, Walters WA and Smith R. Analysis of
mid-trimester corticotrophin-releasing hormone and alpha-fetoprotein concentrations for
predicting pre-eclampsia. Hum Reprod. 2000;15:1813-8.

443, Flather MD, Yusuf S, Kober L, Pfeffer M, Hall A, Murray G, Torp-Pedersen C, Ball S,
Pogue J, Moye L and Braunwald E. Long-term ACE-inhibitor therapy in patients with heart
failure or left-ventricular dysfunction: a systematic overview of data from individual patients.
ACE-Inhibitor Myocardial Infarction Collaborative Group. Lancet. 2000;355:1575-81.

444. Dahlof B, Pennert K and Hansson L. Reversal of left ventricular hypertrophy in

hypertensive patients. A metaanalysis of 109 treatment studies. Am J Hypertens. 1992;5:95-
110.

260



Appendices

Participant invitation letter and information sheet
Participant questionnaires

Endothelial cell isolation, processing and analysis

261
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DEPARTMENT OF MEDICINE OXFORD

University of Oxford
Cardiovascular Clinical Research Facility
Level 1 Oxford Heart Centre, John Radcliffe Hospital, Oxford OX3 9DU

ANTENATAL Invitation Letter- Prematurity/Hypertension

Effect of Prematurity and hypertensive disorders of pregnancy
on Offspring Cardiovascular Health (EPOCH) Study

Dear Parent

The University of Oxford Division of Cardiovascular Medicine and Departments of Obstetrics
and Paediatrics are doing a joint research project to understand the potential long term
effects of complications during pregnancy such as raised blood pressure and premature birth
on the health of infants. You and your baby are eligible to participate in this study because
you have developed high blood pressure or preeclampsia (high blood pressure and protein in
the urine) during your pregnancy and/or will give birth prematurely. We would like to provide
you with some brief information about the study to see if you would be interested in
participating.

What is the EPOCH Study? The purpose of the EPOCH study is to find out whether babies
born to a mother who had complications during pregnancy, in particular raised blood
pressure and premature delivery, have differences in how their heart and blood vessels look
and work before birth or immediately after they are born.

Why is this being studied? Previous research suggests that children have slightly higher
blood pressure if their mothers had preeclampsia or they were born prematurely. Although
the children’s increase in blood pressure is not high enough to need treatment during
childhood, it is possible that these babies have changes in the way their heart and blood
vessels function after birth and we want to investigate if this is the case. We are specifically
looking at changes in the few days before and after birth because this is known to be a time
of rapid changes and development in the blood vessels of infants. We also want to find out
whether this process is different in infants after one of these complications. This knowledge
could help to develop ways to help prevent heart disease later in life in these children.

Do we have to participate? It is completely up to you whether or not you and your baby
want to participate.

262



What will happen if we do participate? Participating in our study involves having an extra
ultrasound scan of your baby’s heart before it is born (Visit 0) and then taking measurements
at birth (Visit 1) and when your baby is 3 months old (Visit 2).

Visit 1 will happen in the first few days after your baby is born usually whilst you are still in
hospital.

For you it involves a blood test and a questionnaire asking questions about your
pregnancy and some lifestyle factors

For your baby it involves taking special scans of the heart, blood vessels and arm,
taking blood pressure readings and measuring their size and weight. An additional
blood sample will be taken at the same time (and by the same person) as blood
samples being taken as requested by your baby’s doctor — if your baby does not need
a blood test as part of their medical care they will NOT receive one as part of this
study.

We will also review you and your baby’s medical notes for detailed information about
the pregnancy, delivery and medical treatment your baby has received since birth.

Visit 2 will be when your baby is 3 months old, and involves exactly the same tests for you
and your baby — except that there will be NO further blood tests for your baby. All of the
scans on your baby’s heart and blood vessels are safe and non-invasive and have been
performed before on infants the same age as your baby.

Are there any benefits for me and my baby? There is no direct benefit for you or your baby
as individuals taking part in this study. We hope that this information may one day help to
identify babies who are at higher risk of developing heart disease later in life and
subsequently develop ways to prevent or reduce the risk of heart disease in these infants.

What happens now? If you are interested in learning more about the study let one of the
medical team looking after you know and we will organise for you to meet one of the
researchers and receive some more detailed information on this study and what it would
involve for you and your baby.

Thank you for taking the time to read this.

Yours Sincerely

Professor Paul Leeson Dr Brenda Kelly

Honorary Consultant Cardiologist Consultant Obstetrician
Department of Cardiovascular Medicine Department of Obstetrics and
Clinical Cardiovascular Research Facility Gynaecology

University of Oxford John Radcliffe Hospital

Dr Kenny McCormick
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Consultant Neonatologist UNIVERSITY OF
Department of Paediatrics OXFORD
John Radcliffe Hospital

DIVISION OF CARDIOVASCULAR MEDICINE
UNIVERSITY OF OXFORD
LEVEL 6 WEST WING, JOHN RADCLIFFE HOSPITAL, OXFORD OX3 9DU

Tel: 01865 234679 Fax: 01865 221111

PARTICIPANT INFORMATION SHEET

Effect of Prematurity and hypertensive disorders of pregnancy
on Offspring Cardiovascular Health (EPOCH) Study

ANTENATAL - Prematurity/Hypertension

You are being invited to take part in a research study. Before you decide, it is important for
you to understand why the research is being done and what it will involve. Please take time
to read the following information carefully and discuss it with friends, relatives and your GP if
you wish. Part 1 tells you the purpose of this study and what will happen to you if you take
part. Part 2 gives you more detailed information about the conduct of the study.

Feel free to ask any question if there is anything that is not clear or if you would like more
information. Thank you for reading this.

PART 1

What is the purpose of the study?

The purpose of the study is to find out whether babies of mothers who had complications
during pregnancy, in particular raised blood pressure (hypertension) during pregnancy or a
preterm delivery (before 37 weeks), have any differences in the structure and function of their
heart and surrounding vessels immediately before or after they are born.

Studies have shown that children whose mothers had these complications during their
pregnancy tend to have slightly higher blood pressure in childhood and early adult life.
Although the increase in blood pressure is not sufficient to need treatment during childhood
we wish to establish why this may be the case. In the future, this information may allow us to
develop better ways to prevent heart disease risk in later life.

To do this, we need to compare the way the heart and blood vessels look and function in

babies whose mothers had these problems to babies whose mothers did not. We also want
to compare babies born prematurely to those born at term.
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Why have | been invited?

You and your baby are being invited to take part in the study because you have either
experienced high blood pressure during your pregnancy (isolated or in the form of
preeclampsia) or you will give birth to your baby prematurely.

Do we have to take part?

It is up to you to decide whether or not you are happy to take part. If you decide to take part,
you are free to change your mind at any time without giving a reason. This would not affect
the standard of care you or your baby receive. If you decide that you and your baby no
longer wish to continue with the study, we would still retain any data already obtained unless
you request otherwise

What would happen if we take part?

If you agree to take part there will be three assessments. The first will involve an ultrasound
scan of your baby’s heart before it is born, just like at your 20 week scan, which will take
about 30 minutes (VISIT 0). This will happen just before your baby is born, usually at the
same time as your last antenatal clinic appointment or after you have been admitted to
hospital for the delivery of your baby. The next assessment will happen in the few days after
your baby’s birth usually while you and your baby are still in hospital which should take less
than an hour and can be divided into two, shorter visits if that is more convenient for you.
This visit includes two non-invasive scans of your baby’s heart and blood vessels. These
scans are all safe and suitable for infants from birth onwards, including those cared for in
Neonatal Units. The final visit (VISIT 2) will occur when your baby is around 3 months old.

VISIT 0 (before birth)

1. Obstetric ultrasound scan (30 minutes)
We will look at the structure and function of your baby’s heart and big blood vessels.

VISIT 1 (after birth, usually during hospital stay)
Information from you:

1. Questionnaire (10 minutes):
Ask you gquestions related to the current and (any) previous pregnancies and your and
your family’s medical history.

2. Blood tests (10 minutes):
Take a blood sample from your arm (about 20mls), to check levels of glucose and
cholesterol as well as measure substances released by blood vessels that may tell us
about their function. These can be done at the same time as any tests that your doctors
may want you to have.

Information about your baby:

265



. Scan of the Small Vessels in the skin (10 minutes)
We will take a movie of the blood vessels under the baby’s arm to see how fast the blood

cells are flowing and how many small blood vessels there are.

. Ultrasound Scan including heart beat recording (echocardiogram and electrocardiogram)
(30 minutes)
We will look at the structure and function of your baby’s heart and big blood vessels as

well as looking your baby’s body composition by measuring the fat on your baby’s arm
using an ultrasound scan. We will also record your baby’s heart beat.

. Measurements of weight and length (5 minutes)
We will measure your baby’s weight and length (just like they were measured and

weighed after birth).

. Blood Pressure: (5 minutes)
Your baby’s blood pressure will be measured using a special cuff designed for infants.

. Blood Tests (5 minutes)
A small additional sample (2-3 ml) to test for substances released by blood vessels that

may tell us about their function will be taken by staff specially trained in taking blood from
your baby. This will be done at the same time as routine clinical blood tests requested by
your doctor. If your baby does not need any blood tests then we will NOT take any
samples.

All of these measurements would be undertaken while you are still in hospital. Neither you,
nor your baby would need to stay in hospital for any longer because of the study. You will be
present with your baby at all times, and if your baby becomes distressed for any reason we
can stop at any point.

We will also review the medical records of both you and your baby to gather information about
your health, pregnancy, labour and delivery and any treatment that your baby has received since

birth.

VISIT 2 (follow up visit)

After you are discharged from hospital we will ask you and your baby to come back to a follow
up appointment about 3 months later. This follow up will take place at the Cardiovascular Clinical
Research Facility at the John Radcliffe Hospital or the Day Assessment Unit at the Horton
General Hospital. You will need to arrive to the appointment fasted (nothing to eat or drink) for 4-
6 hours — your baby can feed normally right up to the appointment. Travel expenses will be

reimbursed by filling a claim form. At this appointment we will:

. Ask you to complete another questionnaire related to your lifestyle and your baby’s
feeding and growth.

. Again look at your baby’s medical records to record any medical treatment they have
received since the last time we saw them.

. Take a second blood sample from you but NOT from your baby
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Repeat the measurements of small blood vessels, the ultrasound scan, blood pressure
readings and the measurements of weight and length on your baby in exactly the same

way as Visit 1.
After this your participation in our study will be finished. We do however ask whether you

would mind us contacting you in the future about similar studies relating to cardiovascular
health.
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What is being tested?
We are testing the structure and function of the heart and blood vessels which may help
understand how and why certain groups of babies develop higher blood pressure later in life.

Are there any other possible risks from taking part?

It is not felt that there are any significant disadvantages or risks for you or your baby in taking
part. Some people find drawing the blood samples (venepuncture) transiently uncomfortable
and may develop slight bruising at the site of needle entry. Our staff are highly competent in
venepuncture and will make sure you are as comfortable as possible. All of the other tests
are non-invasive and all of them have been used before on young children and newborns.

What are the possible benefits?

There is no benefit for you or your baby as individuals taking part in this study. We hope that
by studying the impact of high blood pressure in pregnancy and premature delivery, it may
help to improve the understanding of the development of heart disease risk in certain babies
later in life. Eventually, we hope this information will identify ways of detecting the babies at
greatest risk in order to develop ways of monitoring, preventing and treating heart disease
early. If we did identify that you or your baby has any evidence that you are at greater risk of
heart disease, such as very high blood pressure, with your permission, we would inform your
GP who could undertake appropriate follow up and treatment.

What happens when the research study stops?
You will officially end participation in the study. Copies of any publications connected to this

study  will be available on request  from Professor Paul Leeson
(paul.leeson@cardiov.ox.ac.uk).

Will my taking part in the study be kept confidential?

Yes. We will follow ethical and legal practice and all information about you will be handled in
confidence.

If the information in Part 1 has interested you and you are considering participation,
please read the additional information in Part 2 before making any decision.
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PART 2

Will my/my baby’s taking part in the study be kept confidential?
If you take part in the study, this will be indicated on your hospital medical records [and your
GP would also be informed]. Your baby’s medical records would also include that they have
participated in this study. Some parts of your medical records and the data collected from the
study would only be looked at by authorised persons from the University of Oxford, to check
that the study is being carried out correctly. They may also be looked at by representatives of
the regulatory authority or authorised persons from the NHS Trust. All investigators have a
duty of confidentiality to you and your baby as research participants and nothing that could
reveal your identity would be disclosed outside the research site. The data collected from the
study will be recorded anonymously and you would not be identifiable from this.

What will happen to any samples I/ my baby give?

All samples will be retained in a secure environment for future analysis and will be stored in
an anonymous format at the John Radcliffe Hospital and Wellcome Trust Centre for Human
Genetics, University of Oxford under the custodianship of the Department of Cardiovascular
Medicine. The samples of serum and DNA will be stored for up to 10 years and may be used
in future research as our understanding of blood vessel function grows. Future research may
include genetic research (see below). Any other samples will be destroyed at the end of the
study period.

Will any genetic tests be done?

It is possible that some samples will be used for genetic research. This research may be
conducted by the study research team or collaborating research teams. The samples will be
stored in an anonymous format but a record of who donated the samples will be kept so that
we can relate any findings to your medical history. Keeping these records ensures that if you
decide to withdraw your consent for us to keep your or your baby’s data, we will be able to
destroy your samples. The genetic tests would involve looking at common variations in
genes that affect how blood vessels work. We do not propose to test for inherited genetic
diseases, or for conditions that will involve any other members of your family. There is no
evidence to suggest that the results of these genetic studies are likely to have significant
implications for you personally.

What will happen to the results of the research study?

We anticipate that the results will be published in a scientific journal for the benefit of the
wider medical community. However, individual patients will not be identified in any publication
and your personal and clinical details will remain strictly confidential. Any scientific
publications arising from the study will be available on request to all participants. You would
have no legal right to a share of any profits that may arise from the research.

Who is organising and funding the research and who has reviewed the study?

The research is funded by the British Heart Foundation. It has been organised by
researchers at the University of Oxford, and the University of Oxford will act as research
sponsor for this study.
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This study was given a favourable ethical opinion for conduct by the Berkshire Research
Ethics Committee.

Participation in future research

We will ask if we can contact you about future studies. If you consent, we will keep your
contact details separately from research data you have provided. Both your details and data
will carry the same unique ID. This means your data is anonymised but that we can “link”
details to data. In this way we can approach subjects about studies relevant to their particular
history. You can withdraw your consent for future contact at any time.

Unexpected findings on your/ or your baby’s tests

In the unlikely event the blood tests or scans show any significant abnormality, a designated
clinical specialist will discuss the implications with you, your GP or treating Doctor and may
arrange for further investigations as necessary. However, it is important to note that we do
not carry out tests for diagnostic purposes, and therefore these tests are not a substitute for a
clinical appointment. Rather, our tests are intended for research purposes only. So if we find
anything unusual, it would be appropriate for us to contact your GP so that they can arrange
ongoing clinical care for you. But we would only do this after we and the specialist had
discussed your options and gained your permission.

Involvement of the general practitioner
Your general practitioner (GP) will be informed of your participation in the study.

What will happen if | don’t want my baby to carry on with the study?
You are free to withdraw your baby from the study at any time. If you wish, we can then just

make use of the information we already have. Alternatively, we can ensure if your samples
and information are used for future research it is entirely anonymously, or we can destroy
any identifiable samples or information.

What if something goes wrong or | have a complaint?

Any problems would be dealt with initially by the researchers conducting the study. For
complaints that have not been resolved by this, the departmental manager for cardiovascular
medicine, Mrs. Lynn Clee, can be contacted (lynn.clee@cardiov.ox.ac.uk). The University
has arrangements in place to provide for harm arising from participation in the study for
which the University is the Research Sponsor. NHS indemnity operates in respect of the
clinical treatment with which you are provided. Regardless of this, if you wish to complain
about any aspect of the way you have been approached or treated during the course of this
study, the normal National Health Service complaints mechanisms are available to you in
addition to those of the University of Oxford detailed above.

If you have a concern about any aspect of this study, you should ask to speak to the
researchers who will do their best to answer your questions (contact Professor Paul Leeson)
or you may contact the University of Oxford Clinical Trials and Research Governance
(CTRG) office on 01865 572224 or the head of CTRG, email ctrg@admin.ox.ac.uk .
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Further information and contact details
If you wish to know more about any aspect of the study, please contact the Cardiovascular

Clinical Research Facility on (01865) 572 832, Dr  Christina  Aye
(christina.aye@cardiov.ox.ac.uk) or Professor Paul Leeson (paul.leeson@cardiov.ox.ac.uk).
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272



Questions about medical history

1 Have you ever been told that you have/had any of the following and year of diagnosis:

High blood pressure
Diabetes
High cholesterol

Other long term illness

YES
YES
YES
YES

NO
NO
NO
NO

COIMUMIEIIES . . e ettt e e e e e e e e e e e e e e e e e e

2 Current medication list and duration of treatment
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3. Medications taken prior to pregnancy (and duration of treatment)

4 Were you born prematurely? YES NO Don’t Know

If so how prematurely (Weeks) .........cooeveiiiiiiiiiiiiiiiiiinninn

5 Did your mother have preeclampsia or problems with blood pressure when she was pregnant with you?
YES NO Don’t Know

6 What was your weight at birth (Iif KNOWN) ... ..o e
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Questions about pregnancy (please circle as appropriate)

1 Total number of pregnancies

4

more

1* pregnancy

2" pregnancy

3" pregnancy

4™ pregnancy

Year of Pregnancy and
Month of LMP

Diagnosis of preeclampsia

What stage of pregnancy
was this diagnosed (weeks)

What treatment was
received?

Diagnosis of High Blood
pressure during pregnancy

What stage of pregnancy
was this diagnosed

Other  problems  during
pregnancy
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What stage of pregnancy

Treatment?

Length of pregnancy
(weeks)

Mode of delivery

Did the baby have medical
complications? Comment

Any speacial baby care or
treatment
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5th pregnancy

6th pregnancy

7th pregnancy

8th pregnancy

Year of Pregnancy and
Month of LMP

Diagnosis of preeclampsia

What stage of pregnancy
was this diagnosed (weeks)

What treatment was
received?

Diagnosis of High Blood
pressure during pregnancy

What stage of pregnancy
was this diagnosed

Other  problems  during
pregnancy

What stage of pregnancy

Treatment?

Length of pregnancy
(weeks)
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Mode of delivery

Did the baby have medical
complications? Comment

Any speacial baby care or
treatment

(011015l 00611111115 1 L TR
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Questions about your 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 mage ofonset  father  fage of onset siblingl sl ageofonset sibling2 s2 age of onset

1 Angina

2 Heart attack

3 High blood pressure

4 Stroke

5 Diabetes

6 High blood cholesterol
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7 Pre-eclampsia

8 Restricted growth at birth

9 Is there an illness which runs in your family? YES NO Don’t know

O 1 YES, WNAL IS TNE TIINESS ...t ettt e et e e e s e e reeneesreente e
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Questions about the baby’s father’s health and family history

1 Has he ever been told that he has/had any of the following and year of diagnosis:

High blood pressure
Diabetes
High cholesterol

Other long term illness

YES
YES
YES
YES

NO
NO
NO
NO

COIMUMIEIIES . . e ettt e e e e e e e e e e e e e e

2 Current medication list and duration of treatment
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3. Was he born prematurely? YES NO Don’t Know

If so how prematurely (Weeks) .........ccoovviiiiiiiiiiiin.

5 Did his mother have preeclampsia or problems with blood pressure when she was pregnant with him?
YES NO Don’t Know

6 What was his weight at birth (If KnOWN) ... e

Have any members of his family ever suffered from (if more than 2 affected siblings continue on blank paper): Please tick all that apply

mother mage ofonset  father  fage of onset siblingl sl ageofonset sibling2 s2 age of onset

1 Angina

2 Heart attack

3 High blood pressure
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4 Stroke

5 Diabetes

6 High blood cholesterol

7 Pre-eclampsia

8 Restricted growth at birth

9 Is there an illness which runs in his family? YES NO Don’t know

Ob 1T yes, What 18 the 11INESS. . ..... ittt
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Questions on sociodemographics

1 Are you currently....
Married / in a stable relationship

single, divorced, widowed, separated

2 What is the highest educational qualification/training you have obtained?

None GCSE or equivalent A-levels or equivalent Degree or higher

3 Are you ...caring for the home or children full time?
...In full-time paid employment?
...In part-time paid employment?

...a student/apprentice
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4 What is/was the name of your most recent JOD/OCCUPALION? ..o i e e

5 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?

6. Are there currently other wage earners in the home? YES NO

If so what is the name of their most recent JOD/OCCUPALION? .. ...ttt e
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Questions about Alcohol intake and Diet During Pregnancy

1 During your pregnancy, what was your normal weekly intake of?

1a Beer, lager or cider: Peri-conception pints

1b Red Wine Peri-conception ............... wineglasses
1c White Wine Peri-conception ............... wineglasses
1d Sherry, Port and aperitifs Peri-conception ............... glasses

le Spirits Peri-conception ............... pub measures
1f Tea Peri-conception ............... cups
1g Coffee Peri-conception ............... cups

286

During Pregnancy ........... pints
During Pregnancy ........... wineglasses
During Pregnancy ........... wineglasses
During Pregnancy ........... glasses

During Pregnancy pub measures
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2. How often do you eat the following foods? (tick)

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

Never

Never

Less than One or two
once aweek days a week

Less than One or two
once aweek days a week
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Most days

Most days

Once a day

Once a day

More than
once a day

More than
once a day



Questions about Exercise During Pregnancy
1a During your pregnancy did you participate in any regular activity designed to improve or maintain your physical fitness?
YES NO

1b For how many hours a week did you take part in these aCtiVItIES? .........viririiir ittt e e

2a Prior to your pregnancy did you participate in any regular activity designed to improve or maintain your physical fitness?
YES NO

2b For how many hours a week did you take part in these activities? .............veiuiiiiiiitii i
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Questions about Supplements During Pregnancy

1a During your pregnancy did you take any dietary, nutritional or vitamin supplements?
YES NO

1b. What supplements Were these .........c.oeiniiiiii e

1c If you took folic acid during pregnancy
What Brand of Folic Acid was it? ...,
What dose of Folic Acid did youtake ...............ooooiiiiit.

1d When during Pregnancy did you take supplements

Supplement Peri-conception 1% Trimester

2" Trimester

3" Trimester

Folic Acid
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Iron

Other (Please Specify)
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Questions about smoking

At present:
Do you currently smoke cigarettes, cigars or a pipe regularly YES NO
If yes, how many cigarettes do you smoke per day? ............oeviiiiiiiiiiiiiiiiiiiiiienannn, cigarettes
how many cigars do you smoke per day? ...........oooiiiiiiiiiii cigars
how many ounces of tobacco do you smoke per day? ..............ooiiiiiiiiiiiiinn ounces
At what age did you start smoking? ...................... years
If no, have you ever smoked? YES NO
from what age did you smoke? .....................oenll years
at what age did you stop sSmoKing?..........ccccceevvvrivnnninn years

how much did you smoke on average per day? ...........cocoieiiiiiiiiiiiiiiiiini.n.

During pregnancy:

Did you smoke when pregnant? YES NO

If yes, at what stages of pregnancy did you smoke? ~ Peri-conception 1% Trimester 2" Trimester 3™ Trimester
(please circle to indicate which stages and how many cigarettes

a day per stage)
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Did you quit smoking for any length of time during the pregnancy? YES NO
If yes, was nicotine replacement therapy used? YES NO
Did smoking take place inside or outside of the home? YES NO
Smoking of a partner
Does your partner smoke currently? YES NO
If yes, how many cigarettes are smoked per day? .............coooiiiiiiiiiiiiiiiiiiiiii cigarettes
how many cigars are smoked per day? ... cigars
how many ounces of tobacco are smoked per day? .............c.ocooiiiiiii ounces

At what age did they start smoking? ...................... Years
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If no, has your partner ever smoked? YES NO
from what age did your partner smoke? ............................ years
at what age did they stop SmoKing?..........ccocevvvvvriinnnnns years
how much was smoked on average per day? .............ccoiviiiiiiiiiiiiiininn.n.

During pregnancy:

Did your partner smoke at all during the pregnancy? YES NO

If yes, at what stages of pregnancy did your partner smoke? ) Peri-conception 1% Trimester 2" Trimester 3" Trimester
(please circle to indicate which stages and how many cigarettes

a day per stage)

Did smoking take place inside or outside of the home? ......................ocl.
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Other family members?

Does any other family member smoke within the home at present? YES NO

If yes, at what stages of pregnancy was a smoker present in the home? “Peri-conception 1% Trimester 2" Trimester 3" Trimester
(please circle to indicate which stages and how many cigarettes

a day per stage)
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Subject’s Study Number .....c.ceeieiiiiiecrrccrccecreeeeeeneees

(DY (=30 ) -1 1 o o IR

Study Date......ceeeeiverereceererc e e e
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Questions about your health since the birth of your baby

1. Since your baby was born have you developed any of the following
High Blood Pressure
Diabetes
High Cholesterol
Other IlIness

YES NO
YES NO
YES NO
YES NO

Are your currently on any medications for any of the above conditions
DS 7 3

2. Since your baby was born have you been on any NEW medications (including hormonal contraception)
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3. At present:

Do you currently smoke cigarettes, cigars or a pipe regularly? YES NO

If yes, how many cigarettes do you smoke per day? ...........cccovviiiiiiiiiiiiiiiiiiiiinennn cigarettes
how many cigars do you smoke per day? ..........ccooiiiiiiiiiiiii Cigars
how many ounces of tobacco do you smoke perday? ...........coevviiiiiiiiiiiiiiinn ounces
If no, have your smoked at all since the birth of your baby? YES NO

what age was your baby when you were smoking ? ...........................

how much did you smoke on average perday? .............ccoviiiiiiiiiiini...

If you have stopped smoking since the birth of your baby was nicotine replacement therapy used?
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4. At present what is your normal weekly intake of?

Beer, 1ager OF CIAEN ........oooieiie e pints

Red Wine .................c..e. wineglasses White Wine .................. wineglasses
Sherry, Port and aperitifs..........cccoiveiiiiici e glasses

SIS ettt are s pub measures

LT T ST SUP R PPPPPUPRPOURIN cups

COTTRE o cups
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5. At present how often do you eat the following foods? (tick)

Never  Lessthan Oneortwo Mostdays Once aday More than
once a week days a week once a day

Fresh fruit INthe SUMMEr s s s v v e
Fresh fruit INthe WINTEr s s i e e e
Salads INSUMMEr s it vt e e areeseeaee
SaladsS INWINTEr it i e e e e
Green VegetableS i v v e e
Fish (@l KINS) s i i e e e
Poultry (Chicken, tUFKEY) s it v e e e

Red meat (beef, lamb, pOrk, o s i i e e
ham, bacon)
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Processed Meat it i e s e e
(burgers, sausages, pies,
pasties, tinned meat, pate)

CheBSE s s s e e

6. At present are you participate in any regular activity designed to improve or maintain your physical fitness?
YES NO

For how many hours a week do you take part in these activities? ..........coviiiiiiiiii i,

7. At present are you taking any dietary, nutritional or vitamin supplements?
YES NO

What supplements were these ..........c.oviiiiiiiiiii e
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Questions about your Baby’s growth and health since the last study visit?

1. How long was your baby a patient in the neonatal unit .............. (days)

2. Did they have any operations while they were an inpatient? YES NO

3. Has your baby had any health issues since discharge YES NO
(070311101153 111 S

4. Where they discharged home on any medications (if so which medications and for what duration)

5. What was your Baby’s weight when they were discharged home ........ kg/ 1bs
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7. What is your Baby’s diet...... breast milk/ formula/ combination/other (please specity)

If your baby has transitioned from breast milk to formula what age did this occur........ days/weeks
If your baby is on formula, what brand of formulaisit?.................coii
How many times a day does your baby feed on average ..........................
How many times at night does your baby feed on average? .........................
If your baby recives a combination of breast milk and formula:

How many bottles of formula do they have per day (over 24 hours)? ...............
How many times does your baby breast feed in 24 hours? ..........................

Has your baby had any difficulties with feeding YES NO

Comments
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8. Has your baby received their

2 month old Vaccines YES

3 month old Vaccines YES

9. Has your baby/ at what age did your baby

Turn Head while lying on their back

Hold Head erect and lift head

Prop themselves on forarms while lying on front

Turn from side to back

Bring an object to his/her mouth

Hold Hands together

Bat at objects
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NO

NO

YES

YES

YES

YES

YES

YES

YES

NO

NO

NO

NO

NO

NO

NO

.................

.................

.................

.................



Follow an object with his/her eyes

Recognises You/ Your Partner

Reaches for faces

Startle at loud noise

Become alert in reponse to voices

Vocalise

Smile
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YES

YES

YES

YES

YES

YES

YES

NO

NO

NO

NO

NO

NO

NO

.................



Questions about other people in your family

1. At present:

Does your Partner currently smoke cigarettes, cigars or a pipe regularly? YES NO
If yes, how many cigarettes per day? ...........cooviviiiiiiiiiiiiiiieiaeennn cigarettes

how many cigars per day? .........c.cooiiiiiiiiiiiiii e Cigars

how many ounces of tobacco per day? ............coooiiiiiiiiiiiiiiinn... ounces

Has your partners smoking pattern changed since the birth of your baby...

increased smoking/ decreased smoking / no change

Do they smoke inside or outside the house ..................cooiiiiiineL.
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If no, has your partner smoked at all since the birth of your baby?

what age was your baby when they were smoking ? ...........................

how much did they smoke on average perday? .............c.coevviiiiiiniinnn...

2. Does any other member of your family smoke at home at present? YES

Approximately how many cigarettes are smoked per day?...........cccceveviveiiveiieenn,

Do they smoke inside or outside the house ...,
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YES

NO

NO



Questions about your reasons for participating in Research

1. Have you ever previously participated in a research study YES NO
2. Have other members of your family ever participated in a research study YES NO
3. Do you or your partner work in a medical/ health care related field YES NO
4. Do you or your partner work in a research related field YES NO

5. Which of the following best describes your reasons for participating in this research study (Please circle)
a) Percieved benefit for self/baby
b) Interest in understanding more about preeclampsia
c) Desire to help others
d) Previous positive experience with participation in research
e) Other (Please Describe below)

..................................................................................................................................................
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Endothelial cell isolation, processing and analysis

All cords were processed within 12 hours of delivery by a dedicated team managed by
Dr Grace Yu. A photograph was taken to record the physical state of the cord and then
any damaged or clamped areas removed. Blood clots were removed by gentle
massage. One end of the vein was cannulated and secured with surgical clamping
scissors to allow perfusion of 20 mL of Hanks’ Balanced Salt Solution (HBSS) to wash
out any remaining blood. To detach the endothelial cells, the other end of the vein was
cannulated and secured to allow the vein to be perfused with 20 mL of CollagenaseA
(Sigma; C9722) solution (1mg/mL in HBSS with Calcium and Magnesium) and the whole
cord to be incubated at 37°C for 10 minutes. After incubation, one cannulated end of
the vein was opened and the solution was collected. To improve endothelial cell yield,
the vein was then perfused with an additional 30 mL HBSS, and was pooled with the
previously collected 20ml of CollagenaseA solution. Cells were pelleted by
centrifugation of the solution at 1,250 rpm for five minutes before seeding into a T75
culture flask in EGM-2 (Lonza) and incubated at 37°C with 5% CO2. After 24 hours,
fresh medium was replaced to remove any remaining non-adherent cells. EGM-2
medium was changed every two to three days until cell growth reached 70-80%
confluence. Isolated cells were harvested using Accutase (PAA; L11-007) at 37°C for
five minutes and pelleted at 1,250 rpm for ten minutes. A proportion of samples were
used for flow cytometry to demonstrate purity and the remainder transferred into
aliquots containing 1x106 cells per well and transferred for storage in liquid nitrogen.

Flow cytometry was used to characterise cell surface markers. Isolated cells were

washed by fluorescence-activated cell sorting (FACS) buffer (1% BSA in DPBS, Sigma)
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mixing with FcR blocking buffer (BD Biosciences). Conjugated monoclonal antibodies or
isotype-matched negative-controls were used for staining at a 1:10 dilution. The
following monoclonal antibodies were used: PE-CD31 (mlgG1, BD; 555446), FITC-CD90
(BD; 555595), PE-Cy7-CD45 (mlgG1, BD; 345809) PE-mlgG1 isotype control, FITC-mlgG1
isotype control and PE-Cy7mlgG1 isotype control. Flow cytometry was performed
using a BD LSRIl flow cytometer with FACSDiva software (BD Biosciences). An

unstained sample was included in each flow cytometry analysis as a negative control.

Matrigel assay - To assess microtubule formation ability of HUVECs, a 96-well plate
was evenly coated with 50ul of growth factor-reduced Matrigel (BD Biosciences, UK)
and HUVECs placed with EGM-2 (Lonza) at a density of 1x10” cells per well. The plate
was incubated at 37°C for 16 hours before photomicroscopy. Each sample was
replicated in triplicate and the image of each well was taken at x4 magnification using

a Nikon Eclipse TE2000-U microscope (Nikon Ltd, London, UK).

Co-culture assay for detecting microtubule formation - To validate the Matrigel results
we also co-cultured HUVECs with bone marrow stromal mesenchymal stem cells
(MSCs) as a support for vessel maturation. Primary extracted bone marrow
mesenchymal stem cells (BMMSCs) (Lonza, Cat. No. PT-2501) were cultured using
mesenchymal growth media (Lonza) until reaching a sufficient number of cells for
seeding a 48-well collagen coated plate, at a concentration of 2x10* cells per well. The
BMMSC-seeded plate was incubated at 37°C for 24 hours before seeding HUVECs.

HUVECs (either isolated from normotensive or hypertensive pregnancies) were then
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co-cultured on top of the BMMSCs monolayer at a ratio of 1:5. Each sample was
replicated in triplicate. The cells were gently swirled to ensure an even distribution on
top of the BMMSCs monolayer. Cells were cultured in EGM-2 (Lonza) media for 14
days, and the media was replaced every two days. After 14 days incubation, the media
was removed and cells were washed in PBS and fixed with ice cold 70% ethanol for one
hour. BSA (5%) was used to block the cells for 30 minutes. The buffer was removed
before adding mouse anti-hCD31 primary antibody (1:4000) in blocking buffer (AbD
Serotec; Cat No. MCA1738) before incubation overnight at 4°C on a rocker. The
antibody was completely removed by washing the cells three times with PBS.
Biotinylated-goat anti-Mouse IgG (1:200) was added to each well (Vector Laboratories,
Cat. No. BA-9200) and incubated at room temperature for one hour. The secondary
antibody was removed and washed three times with PBS followed by incubation with
Vectastain Elite ABC reagent (Vector Labs Cat. No. PK-6100 series). After tertiary
antibody incubation, DAB Peroxidase Substrate working solution (Vector Labs Cat. No.
SK-4100) was added and incubated for ten minutes. Subsequently the cells were
washed three times with dH,0 for five minutes. The plate was air dried before images

were taken using a Nikon Eclipse TS2000-U microscope.

Image processing and microtubule measurements - Images obtained from Matrigel and
co-culture assays were adjusted for mean brightness using acquisition software to
control the bright field illumination of the microscope (Simple PCl version 6.6.0.0;
Hamamatsu corporation, Sewickley, PA). Images were saved as TIFF files, and
microtubule formation analysed using AngioSys 1.0 (TCS Cell Works, UK). Image

threshold was adjusted based on the intensity values of the monochrome image and
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each image then skeletonized to reduce to one pixel wide. A line was drawn over each
tubule and each branch point marked with a dot. The total length of lines was

quantified in pixels and total number of branch points were recorded.

Proliferation assay- To assess the proliferation ability of HUVECs of hypertensive and
normotensive cords, CyQUANT® NF Cell Proliferation Assay (Life Technologies, USA)
was performed, based on measurements of cellular DNA content via fluorescent dye
binding. Cells were plated in black 96-well plates (BD Biosciences, UK) at a density of
500 cells per well, and incubated in EGM-2 medium at 37°C in 5% CO, overnight for
cellular attachment. A separate plate was prepared simultaneously as a baseline
control. Fluorescence intensity values were obtained following the CyQUANT Cell
Proliferation Assay kit protocol for attached cells. In brief, cells were incubated with 1x
CyQUANT® NF dye binding solution for 60 minutes at 37°C. Fluorescence intensity was
measured at excitation of ~485nm and emission of ~530nm using VICTORTM
fluorescence microplate reader (Perkin Elmer, Vienna, Austria). Proliferation index was
reported as fold change of averages of quadruplicate samples with baseline

subtraction. Cells were used for the CyQUANT assay at passage two.
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