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Studies have shown that low birth weight is associated with raised blood pressure both in
childhood and adult fife. The mechanisms responsible for this relationship are unknown. The
work in this thesis investigates the idea that diminished elastin synthesis during fetal and early
postnatal life leads to modifications in arterial structure resulting in a reduction in the elastic
properties of the arteries and a rise in blood pressure.

The work falls into two parts. The first concerns epidemiological studies in humans. The aim
was to examine relationships between indicators of poor fetal growth and arterial compliance in
three groups: elderly men and women, young adults and children. Detailed birth records were
available for all.

Arterial compliance was estimated by measuring pulse wave velocity. The technique depends
on the principle that the speed at which pulse waves travel through a liquid filled tube is inversely
proportional to the square root of the compliance of the tube’s wall.

The results of the studies in humans showed that people who were born with indicators of fetal
growth restriction in mid to late pregnancy tended to have faster pulse wave velocities in the aorta
to femoral, aorta o radial and aorta to foot arterial segments. Although the actual birth
measurements that were related to pulse wave velocity were not the same across the studies, the
likely timing of the growth restricting factors was consistent. For example, in elderly men and
women, for each unit decrease in ponderal index (oz/in3x 1000), aorta to femoral pulse wave
velocity increased by 16% (p=0.05). In elderly men and women, for each gram increase in
placental weight, aorta to radial pulse wave velocity increased by 0.033 m/sec (p=0.02). For each
day decrease in gestational age, aorta to foot pulse wave velocity increased by 0.5% (p=0.01) in
young adults and by 0.013 m/sec (p=0.04) in children.

The second part of this thesis concerns experiments on animals. The aim was to quantify aortic
scleroproteins in two established animal models of intrauterine growth restriction. In the first
model, pregnant rats were fed either a low protein diet (9% casein) or a control diet (18% casein)
throughout gestation. In the second model, pregnant rats were fed either a calorie restricted diet
(70% of control diet) or a control diet throughout gestation. The offspring of nutritionally restricted
mothers are born lighter in weight and have reliably higher blood pressure than control group
offspring.

The animal experiments showed that alkali soluble + alkali insoluble elastin levels were 9.66%
(p=0.086) lower in the thoracic aortas and 15.55% (p=0.12) lower in the abdominal aortas of the
offspring of mothers who were fed a low protein diet compared to the offspring of mothers who
were fed a control diet during pregnancy. Similarly the alkali soluble + alkali insoluble elastin
levels were 7.49% (p=0.04) lower in the aortas of 200 day old rat pups whose mothers were fed a
calorie restricted diet compared to rat pups born to mothers who were fed a control diet during
pregnancy. Aortic collagen concentrations did not differ significantly between the offspring of
nutritionally restricted or control diet fed mothers.

These studies provide evidence that indicators of fetal growth restriction are associated with
permanent reductions in the elastic properties of the aorta. In the offspring of maternal dietary
restricted rats, impaired fetal growth led to a deficit in aortic elastin. It is concluded that a
reduction in synthesis of aortic elastin at a critical stage in early development is one mechanism by
which subsequent risk of cardiovascular disease may be programmed.
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Chapter 1
Introduction

1.1 Fetal origins of cardiovascular disease

Epidemiological studies have shown that individuals who were light or who had had a smail body
size at birth are at greater risk of cardiovascular diseases such as coronary heart disease and
stroke in adult life." In the earliest of these investigations, 5 654 men born in Hertfordshire, UK
between 1911 and 1930 were studied. A two-fold increase in the risk of developing coronary
heart disease was found in the men in the lowest of six birth weight categories compared to those
in the highest.” Further studies throughout Europe,?® India ” and the USA 2 have reported similar
associations between lighter birth weight and increased risk of coronary heart disease. Where it
was also possible to study body dimensions at birth in relation to later cardiovascular disease, it
was found that risk of coronary heart disease rose as head circumference, length and ponderal
index at birth fell.*”° These findings suggest that restriction of growth during fetal life is
associated with increased risk of cardiovascular disease and has led to the hypothesis that

susceptibility to cardiovascular disease is influenced by events in utero.™

The question that follows is by what process could poor fetal growth lead to an increased risk of
cardiovascular disease in adult life. The answer is still unclear although a number of possible
mechanisms have been suggested. Theories for mechanisms have arisen from studies which
show that associations between cardiovascular disease and small birth size are mirrored by similar
trends with known independent cardiovascular risk factors. For example, low birth weight has
been shown to be related to raised blood pressure, """ non-insulin dependent diabetes mellitus, "

high levels of low density lipoprotein cholesterol *® and raised fibrinogen ' and factor VII levels."”

1.2 Fetal origins of raised blood pressure

Repeatedly, epidemiological studies have shown that as blood pressure levels rise, the risk of
cardiovascular diseases such as stroke and coronary heart disease also increases.”® Raised
blood pressure has therefore, been suggested as a possible link between the intrauterine
environment and adult cardiovascular disease.” Indeed, of the mechanisms that might relate poor
fetal growth to cardiovascular disease, raised blood pressure has been the most extensively
examined. Many studies investigating the relationships between blood pressure and birth weight
have been carried out in different countries across a wide range of age groups.'® The recurrent
finding of these studies has been that blood pressure levels fall progressively as weight at birth
increases, although this relationship is not consistent in adolescent life.">** Animal studies have
shown the same inverse relationship between blood pressure and birth weight in for example,

guinea pigs * and rats.**



in humans, abnormal body proportions at birth are also associated with raised blocd pressure. For
example, several studies have shown that babies born with a low ponderal index, 2’ a short
crown-heel length,?® or a small head circumference ***' tend to have higher blood pressure in
childhood and adult life. This evidence suggests that the tendency to develop raised blood

pressure in later life is present at birth and originates in the uterine environment.

A fetal origin for raised blood pressure is further supported by studies which show that when
individuals are ranked in order of their blood pressure level, they tend to maintain their rank on
subsequent blood pressure recordings.”>* The magnitude of the correlation between successive
blood pressure measurements rises from low and variable values in children (for example,
r=0.17),% to high values in adults (for example, r=0.7).*° The finding that hypertensive adults tend
to have had higher blood pressure as children when compared to normotensive adults suggests
that an individual's blood pressure pattern is already established in childhood. Such tracking of
blood pressure has been demonstrated from as early as 4 to 6 days after birth.>* Therefore, an
individual's blood pressure pattern and their tendency to develop hypertension is already in

existence in the days proceding birth and may have been established earlier, in fetal life.

1.3 Intrauterine growth
How could small size at birth predispose individuals to raised blood pressure in later life? To
answer this question it is necessary to look at what happens to the fetus when normal intrauterine

growth is constrained.

Three phases of normal fetal growth have been described.*” The first phase takes place from
conception to 16 weeks and involves a rapid increase in cell number (hyperplasia). Phase two
occurs from 16 to 32 weeks gestation where cells both multiply in number and increase in size
(hypertrophy). The third phase of fetal growth takes place from 32 weeks gestation to term and
during this time cell size rapidly increases and the majority of glycogen and fat deposition occurs.

Intrauterine growth constraint leads to several different patterns of atypical growth. These altered
growth patterns result in infants with either abnormally small body dimensions, marked
disproportion between head size and either body length or abdominal circumference, or unusually
small accumulations of soft tissue mass.*® The occurrence of each of these different patterns of
growth are thought to depend on the nature, the timing and the duration of the growth restricting
factor (figure 1.1).

Growth restriction during the early phase of fetal growth impairs cellular hyperplasia and all fetal
organs are proportionately reduced in size.*® Fetal weight is low and there is a uniform reduction
in all external body dimensions.*® This type of proportionate growth restriction has been
associated with factors such as maternal smoking and genetic abnormalities in the fetus, for

example congenital malformations or chromosomal irregularities.“



Growth restricting factors acting in the [atter stages of the second phase and in the third phase of
fetal growth have a greater effect on cellular hypertrophy and fetal organ size is disproportionately
reduced. The disproportionate pattern of growth is thought to occur because the fetus is able to
redistribute its cardiac output in favour of the brain.** There is an unequal reduction in external
fetal body dimensions with head growth being less affected than crown-heel length or abdominal
grow‘th.38 This type of disproportionate growth restriction is thought to result from placental
abnormalities or inadequate maternal oxygen or nutrient supplies. Growth restriction during the
second phase of fetal growth leads to a mixture or intermediate pattern of atypical growth
depending on whether the insult occurs during the earlier (proportionate) or latter half

(disproportionate) of the second phase.

Growth restricting factors acting after the 34" week of gestation cause a reduction in fat deposition
but have little effect on the growth of body dimensions such as crown-heel Iength.40 The result will
be an infant who is long and thin, a pattern which can be recognised through measurement of

ponderal index (weight/length®).

Figure 1.1 Summary of the effects of growth restricting factors on fetal body dimension
according to the timing of the insult.
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Disproportionate 4 ory placental size
<
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\
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The placenta provides nutrition and respiratory support to sustain growth and development during
fetal life.*® From the 13" day of gestation to the end of the 4" month the placenta undergoes
active proliferation. Thereafter, there is a period of slow placental enlargement which spans from
the fifth month of gestation to term.* Animal and human studies have provided evidence that
alterations in the growth rate of the placenta occur as an adaptive response to lower maternal
nutrient or oxygen supplies. For example, maternal undernutrition during mid pregnancy led to a

44; 45

reduction in placental weight in two animal studies, and an increase in placental weight in



another two studies.*®*’ Further investigations have shown that the placenta enlarges in

response to hypoxia in rats “® or to anaemia or low haemoglobin levels in humans.** *

1.4 Programming of raised blood pressure

The question that follows is how is it possible that reduced fetal or placental development could
predispose individuals to have high blood pressure in later life. One suggestion is that poor intra-
uterine growth could lead to alterations in the structure of blood vessels leading to changes in their

ability to function efficiently within the cardiovascular system.

There is some evidence that vascular structure is altered by poor fetal growth. Animal studies
have shown that factors which restrict fetal growth may permanently alter the structure and
physiology of a range of the body’s organs and systems such as the pancreas, liver, kidney and
indeed the blood vessels.*"* This is thought to occur because in fetal life the tissues and organs
of the body develop in periods of rapid cell division during which maturation must be achieved.”
The timing of these periods of growth is dependent on the particular organ or tissue. A growth
restricting stimulus may slow cell division and in doing so permanently alters the structure and
function (DNA content and cell size) of the particular organ or tissue undergoing rapid

development at that time.*

Blood vessels grow and develop rapidly in fetal life and may therefore be particularly susceptible to
growth restricting stimuli. As a result, growth restricted babies may develop blood vessels with an
altered structure. This could be deleterious because the physical properties of the arterial walls in

particular have a major impact on circulatory function and efficiency.

1.5 Elastic requirements of the aorta

The aorta and the large arteries carry out two main functions within the circulatory system. One of
these functions is to act as conduit vessels supplying blood from the left ventricle to the organs
and tissues of the body with minimum f{oss of perfusion pressure. The other is a cushioning

function to smooth the pulsations from the heart.”*

During systole, the left ventricular blood is ejected into the thoracic aorta. To accommodate the
left ventricular load, the aorta stretches and as much as two thirds of the stroke volume is stored.”
As the left ventricle relaxes, elastic recoil of the aorta causes forward propulsion of the blood
against a closed aortic valve and pressure within the aorta falls. The next ventricular contraction
occurs before pressure has declined by about a third of the peak systolic pressure. In this way a
pressure head is established which is maintained through the arterial system. The pressure head

drives blood through the sites of controlled resistance to the capillary networks. >

As the arteries stretch and accommodate the volume changes of the heartbeat, this allows storage

of the stroke volume during systole and minimises the rise in systolic pressure. Elastic recoil of



the arterial wall enables continued blood flow during diastole. In this way the pulsations from the
heart become smoothed. Dampened pulsatile biood flow is present in the small arteries, arterioles

and capillaries, but near continuous flow is achieved at the venous level. >

1.6 Importance of the elastic properties of the arterial system

An elastic arterial system is necessary to minimise systolic pressure and dampen pulsatile flow.
The adverse effects of a non-compliant system can be demonstrated when the elasticity of the
aorta is decreased. Systolic blood pressure rises and diastolic blood pressure falls. Therefore,
pulse pressure is increased and the heart must work harder to maintain the same level of blood
flow to the periphery.®® Coronary blood flow occurs mainly during diastole. The elastic recoil of
the aorta produces the energy necessary for the flow of blood through the coronary arteries.

Reduced arterial elasticity can therefore, also lead to a fall in coronary driving pressure.

1.7 Arterial compliance
The term arterial compliance is used to describe the elastic properties of an artery.”® Estimates of

arterial compliance can be made by determining the pressure strain elastic modulus (Peterson’s
modulus). The pressure strain elastic modulus describes the relationship between the pressure
applied to the arterial wall (stress) and the distension (strain) that this pressure achieves.” Strain
is measured in the circumferential direction as the relative increase in vessel diameter (D) for a
given change in pressure (P). Therefore, the pressure strain elastic modulus is calculated by

AP x D/ AD (detailed in chapter 2).

1.8 Measurement of arterial compliance

Direct in vivo measurements of arterial compliance are not easy in humans. They require a
system in which changes in pressure, wall thickness and luminal volume can be made along the
length of the artery.®® Volume change measurements are possible using methods such as pulsed

ultrasound or magnetic resonance imaging.w'208 However, aortic pressure can only be measured

accurately by catheterisation.*

Indirect in vivo measurements of arterial compliance can be made more easily. The methods used
are based on the fact that the speed at which a pulse wave travels through a liquid filled tube is
inversely proportional to the square root of the compliance of the tube’s wall. Applied to the
circulatory system, ejection of blood into the aorta foliowing contraction of the left ventricle creates
a pulse wave that is propagated along the arterial tree at a speed that varies according to the
stiffness of the artery (detailed in chapter 2). As arterial elasticity decreases, the speed at which
the pulse wave travels increases proportionally.*® The elastic modulus of an artery can thus be
calculated from measuring pulise wave velocity and applying the following equation: - E=2p (¢ +
u )2 where E is the pressure strain elastic modulus, p is the density of blood, ¢ is the pulse wave

velocity and u is the mean velocity of blood flow ® (detailed in chapter 2).



Measurement of pulse wave velocity has been used since the beginning of the last century to
estimate the elasticity of the arterial system.”” The pressure wave generated by contraction of the
left ventricle gives rise to a diameter and a flow wave, both of which can be detected along the
path of an artery.®® The diameter wave can be measured using photoplethysmographic
techniques and the flow wave using Doppler ultrasound methods. Pulse wave velocity is
estimated by dividing the distance between the two consecutive sensors that are used to detect
the pulse wave by the time taken for the pulse wave to travel between these two points (detailed in

chapter 2).

1.9 Arterial compliance is a risk factor for cardiovascular disease

Recently, improvements in non-invasive methods for measuring pulse wave velocity have lead to
renewed interest in reduced arterial compliance as a risk factor for cardiovascular disease.”’
Arterial compliance is an important determinant of systolic biood pressure, left ventricular load and
coronary blood flow (section 1.6) so its measurement provides an indication of how efficiently the

cardiovascular system is functioning.

Several studies have shown that reduced arterial compliance is associated with cardiovascular
diseases such as atherosclerosis, cerebrovascular disease and coronary heart disease.®™® For
example, one study showed a strong relationship between arterial stiffness measured 60 to 370
days before death and the severity of atherosclerosis assessed at necropsy.®® Other studies have
found that patients with cerebrovascular disease, coronary heart disease and myocardial infarction
had lower arterial compliance measurements compared to healthy age and sex matched
controls.®*° A number of cardiovascular risk factors are also associated with increased arterial
stiffness. These include, age, male gender, lipid status, 07 hon-insulin dependant diabetes
mellitus "7 and raised blood pressure.” This evidence has led to the recognition that reduced

arterial compliance may serve as a marker for cardiovascular disease.”

1.10 Arterial compliance and hypertension

As far back as 1880 it was demonstrated that arterial compliance decreases as blood pressure
levels increase.” Whether reduced arterial compliance plays a role in the aetiology of
hypertension is less clear. Animal studies have shown that experimentally reducing arterial
compliance increases systolic blood pressure levels.” In humans, reduced arterial compliance
has been demonstrated in hypertensive people compared to normotensive individuals, at different
stages of the disease and in a wide range of age groups.”®”"'® However, increasing blood
pressure causes arteries to stretch which in turn lowers their compliance. Reduced arterial
compliance, may therefore be a mechanical consequence of blood pressure levels rather than the

cause of raised blood pressure through structural alterations in the vessel wall.”® ™®

Several forms of evidence suggest that raised blood pressure can not solely account for the

decrease in arterial compliance seen with hypertension. For example, one study found that



arterial compliance was abnormal in hypertensive individuals before significant elevations in their
blood pressure.®® This same study showed that in patients with borderline hypertension the
observed decrease in arterial compliance could not be accounted for by the marginal increase in
blood pressure.80 In another study, forearm arterial compliance measurements were similar in
people with established hypertension irrespective of how high their blood pressure had risen
above the diagnostic criteria for identifying hypertension (=160mmHg for systolic pressure and >
90mmHg for diastolic pressure).®" Other studies, which compared arterial compliance at isobaric
pressure by mathematically modelling arterial compliance as a function of blood pressure, have
found reduced arterial compliance in hypertensive patients compared to normotensive
individuals.”®#? It has also been shown that antihypertensive drugs exert different effects on
arterial compliance despite similar reductions in blood pressure. For example, for the same blood
pressure reducing effect, angiotensin converting enzyme inhibitors, nitrates and calcium channel
blockers increase brachial artery compliance, but beta-blockers and dihydralazine and its

derivatives do not.®®

Two important lines of evidence emerge from these studies. Firstly, the fact that arterial
compliance remains lower in hypertensive people compared to normotensive individuals when
blood pressure levels are reduced suggests that raised blood pressure alone is not wholly
responsible for the decrease in arterial elasticity seen in hypertension. Other structural and
functional changes that lower arterial compliance must therefore, be involved.®* The second
important point is that reduced arterial compliance is already detectable in people with borderline
hypertension. This indicates that the structural changes in the arteries are already present before
blood pressure levels are elevated. This raises the question of when such structural changes
might take place. Is it possible that alterations in the development of blood vessels in utero
following fetal growth restriction could provide the starting point? In order to investigate this idea
further it is necessary to recognise how the structure of the arterial wall enables the vessel to

stretch and recoil and how these properties develop during fetal growth.

1.11 Elastic properties of vertebrate mammalian tissues are due to elastin

Biological elasticity is required so that tissues are able to stretch, allowing movement and other
specialised functions to take place. Several natural elastomers have evolved. These include
octopus etastomer from octopus aorta, resilin in the cuticle and hinges of insect wings, abductin in
the hinges of molluscs and elastin from different tissues in vertebrates.®* % Indeed it is elastin in
the walls of the arteries that is primarily responsible for the elasticity of the human arterial system.

Elastin is a scleroprotein that is found in all vertebrates with the exception of hagfish and lampreys.
It first arose in cartilaginous fish in the Devonian era 400 million years ago just after the divergence
of the cyclostome (jawless fish) and gnathastome (vertebrates with distinct jaws) lines.®* The

appearance of elastin coincided with the achievement of a fully closed circulatory system. #%



The elastic properties of elastin result from its molecular structure. Each elastin molecule is made
up of covalent cross-links and is rich in hydrophobic amino acids, such as glycine (30%), valine
(15%), and proline (11%), but poor in hydrophilic amino acids.®* The ability of elastin to stretch
and recoil results from this combination of hydrophobicity and the high degree of cross-linking.
When the elastin molecule is stretched, water is forced to associate with its non-polar side chains
and this disrupts the hydrophobic interactions. Aggregation of the non-polar groups causes the

water to be expelled and this gives rise to elastic recoil.*®

Positive selection for increased hydrophobicity of elastin molecules appears to have taken place
during the evolution of more complex circulatory systems.®* This corresponds to comparative
changes in systolic blood pressure, which has risen from 30 mmHg in fish to 120 to 150 mmHg in
mammals.?® Whatever the selective pressures were for increasing the hydrophobicity of elastin
molecules, the result is that elastin has become more elastic with evolutionary time. The
advantage of greater elasticity within circulatory systems has been the maintenance of higher

blood pressure levels.

1.12 Structure of the arterial wall

The elastic behaviour of the arterial wall at normal physiological pressure is almost entirely
determined by the structure of the tunica media. The tunica media forms the largest part of the
vessel wall and its elastic properties depend on the amount and relative proportion of the elastin
and collagen that it contains.”® Elastin and collagen account for 50-80% of the dry weight of the
aorta and are essential for maintaining tensile strength and allowing elastic recoil. Elastin is
characterised by a high extensibility and a low elastic modulus.®® Indeed, elastin can be extended
to 100-150% of its original length before breaking. Collagen fibres are much stiffer; they have an
elastic modulus 100 to 1000 times greater than elastin and break at about 5-8% extension.®

Elastin and collagen function together in a biphasic manner.”® At normal physiological blood
pressures (systolic blood pressure less than 200 mmHg) elastin mediates an elastic response to
increased blood pressure. As blood pressure rises further, the stress is borne more and more by
the stiffer collagen component of the arterial wall. Finally all the stress is transferred to the
collagen fibres which become wholly responsible for resistance to stretch.® As blood pressure
increases arteries therefore become functionally stiffer. This is an important relationship because
it enables the arteries to remain stable over a wide range of pressures and helps prevent vessel

rupture.

1.13 Elastin distribution and function

The structural arrangement of elastin within the arterial wall is central to its function. Elastin makes
up the major amorphous component (80%) of elastic fibres and microfibrillar proteins, present as
small fibrils, constitute the rest (10%).% Elastic fibres are arranged in laminae in the intima media

of the vessel wall concentric to the blood vessel lumen. Interspersed with each of the elastic



laminae are collagen fibres and smooth muscle cells which are arranged circumferentially and
make up the lamellar unit (figure 1.2). At normal physiological pressures the elastic fibres,

collagen and smooth muscle cells are precisely aligned and form distinct Iayers.59

Figure 1.2 lllustration of the lamellar un
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The nature of the relationship between arterial structure and elasticity is not clearly understood.
Various models have been proposed to explain why an artery becomes stiffer as it is stretched.
For example, one theory suggests that when the artery is unstretched the elastin and collagen
fibres within the lamellar units are arranged in parallel with the elastin fibres largely straight and
the collagen fibres kinked and bent.®? At low pressures stress is borne by the elastin fibres which
do not strongly resist stretch. As pressure increases the arterial wall stretches further and
collagen fibres begin to reach their normal resting lengths. With further pressure the collagen
fibres resist further stress strongly and the load becomes transferred to collagen. From this model
however, a rapid transition would be expected from the low elastic modulus that is characteristic of
elastin to the high elastic modulus of collagen as the collagen fibres become taut. This is not what
happens in vivo, the elastic modulus of an artery increases gradually as it is distended. Other
models have suggested that elastin and collagen may exist in a combination of parallel elements
that are connected in series (Greenwald, personal communication). However, no connections

between elastin and collagen have yet been demonstrated.*

Collagen and elastin are differentially distributed along the arterial system in accordance with
distance from the heart. Elastin predominates in the thoracic aorta and decreases in concentration
along the arterial tree. Collagen increases in concentration distally from the heart and prevails in
the abdominal aorta.®® This distribution gradient is reflected in the spatial arrangement of elastic
laminae.®® The laminae are most clearly defined in the large vessels near the heart, whereas in
the muscular arteries they are fewer and more fragmented. A comparative study of 10 mammalian
species found that the number of lamellar units at any section in the thoracic aorta was
proportional to the thickness of the vessel wall and closely correlated to transmural pressure.g'5



This evidence suggests that the lamellar unit is the structural element responsible for the elastic

function of the arterial wall.

The question that follows in how and when during growth and development are these elastic

laminae laid down.

1.14 Elastin synthesis

The synthesis of elastin occurs during fetal and early postnatal life. Elastic fibres first appear in
the extracellular space as bundles of microfibrils arranged parallel to one another. Elastin is
synthesised as a soluble precursor called tropoelastin, which is deposited onto the extracellular
microfibril scaffold. The enzyme lysyl oxidase mediates cross-linking of the tropoelastin molecules
through oxidation of selective lysine residues. The cross-linking results in the production of mature
elastin which has a highly stable structure.®® Fragments of mature elastin form in this way and
merge together to form continuous elastic membranes. In human fetuses, elastic fragments have
been identified from as early as 8 weeks gestation. By the third gestational month continuous
elastic membranes are detectable.** Throughout the remainder of fetal growth these elastic
membranes continue to increase in thickness and number.?” Elastin production increases rapidly
in the days just before birth and synthesis continues during early postnatal life (figure 1.3).98

Figure 1.3 Scleroprotein content of the human aorta during fetal and early postnatal life.%®

50

40+
C —~
o.F
) J
g 5 30
< 3
ez ]
5¢ 20
' s
10 E o Elastin
J bi(th o Collagen
0~ T — T
0 20 40 2 4 6 8 10 12
P e >
Gestational age Time after birth
(weeks) (months)

After the postnatal period of growth is completed elastin production ceases in healthy vessels. In
the porcine aorta, elastin synthesis is negligible 3 months after birth. Similarly, elastin synthesis
ceases 12 weeks after hatching in chickens and 4 weeks after birth in rats.** ' n vivo studies
and various cell models have shown that tropoelastin mRNA levels are undetectable in aduit blood
vessels. The loss of ability to synthesise elastin in early postnatal life and the suppression of
elastin production in adult tissue appears to be controlled by a post-transcriptional mechanism.
This precise mechanism involved is unclear, although it is mediated at least in part by selective

destabilisation of elastin specific mMRNA, %% 1
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1.15 Regulation of elastin synthesis

Synthesis of arterial elastin is closely regulated during development by distinct mechanisms that
act at different stages of growth. Elastin production begins with transcription of the tropoelastin
gene, which appears to be controlled at both the transcriptional and post-transcriptional level. 0"
192 Cell culture experiments have shown that several modulators are able to up-regulate
expression of the tropoelastin gene. Moduiators include for example, Insulin-like Growth Factor-1,
interluekin-1p and glucocorticoids.'™ However, only Insulin-like Growth Factor-1 has so far been
shown to increase tropoelastin MRNA transcription in vivo. Another modulator, Transforming
Growth Factor-B has also been found to increase tropoelastin production, which it achieves

through stabilisation of tropoelastin mRNA. "%

1.16 Longevity of elastin

Once elastin has been laid down it is remarkably stable. Indeed, elastin is one of the most long-

104
I

lived proteins in the bedy along with lens crystallins and tooth dentine and ename Turnover

rates of proteins range from minutes to years.'® Animal studies have shown that the half life of
metabolically labelled elastin is measurable in periods of years, for example, 27 years in the

mouse aorta and 40 years in the rat aorta.'®

In humans, elastin longevity has been studied by measuring racemisation of aspartic acid where
the prevalence of d-aspartate correlates with the time elapsed since protein synthesis. Studies
have shown that d-aspartate levels in the human lung and aorta increase linearly with age, which
indicates that the age of the elastin correlates with the age of the subject.’® This is consistent
with elastin being laid down during fetal and early postnatal life with little or no new elastin
synthesis thereafter. Further evidence of elastin longevity in humans comes from a study that
measured nuclear weapons related "C deposition in lung tissue. The study showed data

consistent with elastin being metabolically stable over the human life span.’®

1.17 Elastin formation is critical

in summary, the majority of elastin is deposited in the aorta within a short period of its overall
growth time. Synthesis is regulated during fetal and early postnatal life after which production
ceases. The elastin laid down in the aorta is metabolically stable over the human lifetime and
there is no appreciable elastin synthesis in the healthy adult acrta. Any imperfections in elastin
deposition during early development therefore, can not be rectified in later life. The elastic
properties of arteries are dependent on the structure, arrangement and proportion of elastin in their
walls. Arterial elasticity is necessary to smooth the pulsations from the heart into near continuous
blood flow to the periphery and to minimise the systolic pressure rise and reduce cardiac load.
The circulatory system therefore relies on the elastin accumulated during early development to
remain intact and function throughout life. The correct formation of elastin during fetal and early
postnatal life is of critical importance to the efficient functioning of the circulatory system.
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The question that follows is whether it is possible that poor fetal growth leads to a reduction in

elastin synthesis in the artery walls and causes a decrease in arterial compliance that can not be

rectified later.

1.18 Evidence for altered elastin synthesis in utero

One animal study has provided evidence that elastin synthesis is affected by factors acting in
utero. The study showed that the DNA content of rat aortas was altered by growth restriction
during fetal development. Inhibition of DNA synthesis through maternal administration of
methotrexate during pregnancy led to chemical alterations in the cellular characteristics of the
aortic wall in the rat pups. The number of lamellar units remained the same, but there was an

increase in elastic tissue intersects and a transient increase in interlamellar elastin deposits.'”

There is also evidence that fetal elastin synthesis may become impaired in humans. This
evidence comes from studies of children born with a single umbilical artery. In these children
blood flow to the placenta is transported by the iliac vessels och only one side of the body so the
intrauterine blood flow pattern is altered. In a group of these children aged 5 to 8 years old, the
common iliac artery was found to be much less compliant on the side of the missing umbilical
ar’tery.108 Histological examination showed that the iliac vessels on the side of the absent umbilical
artery were small and muscular compared to the iliac arteries of the opposite side which were

large and elastic.'®

If the amount of arterial elastin is reduced by adverse factors during fetal development as
suggested by these studies, this could be translated into pathology in adult life through

acceleration of the normal ageing process.

1.19 Elastin and ageing

During the normal ageing process elastin fibres undergo progressive characteristic changes. Over
the human lifetime the elastic laminae lose their orderly arrangement, become thinner, split, fray
and fragment °* '° and there is an associated increase in collagen and ground substance.' As
the elastic laminae fracture, stress is transferred from elastin to the collagen fibres which are about
100 times stiffer than elastin and therefore, arterial compliance decreases. Several studies have
shown that pulse wave velocity of the acrta and large arteries increases progressively with age
indicating that the arteries become stiffer over time.”"*""® This relationship has been

demonstrated both within populations (figure 1.4) and within individuals.""’
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Figure 1.4 Aortic pulse wave velocity in a population ranging in age from 3 fo 89 years.118
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The characteristic changes in the elastic laminae associated with age become histologically
apparent in the second decade of human life. However, it has been suggested that degeneration
begins in childhood '** and may start at birth.""" Indeed figure 1.4 suggests that pulse wave
velocity increases progressively from birth onwards indicating a reduction in arterial elasticity and

deterioration of arterial function from this point forward throughout life.

1.20 Elastin and hypertension

Animal studies have shown that in response to raised blood pressure restructuring of the arterial
walll takes place. The restructuring process involves hyperplasia and hypertrophy of the smooth
muscle cells, thickening of the lamellar units and accumulation of elastin, collagen and other matrix
proteins.™* ' As a result vessel wall geometry changes, but the absolute amounts of elastin and
collagen increase in relative proportion to one another and so reflect the normal composition at
any site in the arterial tree.™® The additional elastin that accumulates does not result in the
thickening of the elastic lamellae nor in the formation of new ones, instead it is deposited as
irregular islands in the interlamellar tracts.™’ Therefore, the elastic properties of the arterial wall
are reduced despite the unchanged proportions of elastin and collagen.'® Several of the changes
that take place in the arterial wall in response to raised blood pressure are similar to those that
occur during the ageing process. Hypertension may therefore, be caused by an accelerated form

of ageing.'®

Thickening of the arterial wall during hypertension protects the vessel wall from the elevated blood

pressure. Protection is achieved because vascular stress is inversely proportional to wall
thickness according to Lamés equation (chapter 2). However, elastin is unusually stable and its
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accumulation over a period of hypertension is not reversible. Therefore, the elastin persists long

;122 . . .
120122 Arterial compliance is reduced as a result of

after blood pressure levels have been lowered.
the increased wall thickness and this causes puise pressure to rise. The increase in pulse
pressure causes the vessel wall to stretch and this stimulates synthesis of matrix proteins and
further vessel wall hypertrophy. However, as vessel wall thickness increases and arterial
compliance decreases, the degree of stretch for a particular pulse pressure falls. Even so, the
process becomes self-perpetuating and a feedback mechanism is set up which helps to maintain

the hypertensive state (figure 1.5).%

Figure 1.5 Inter-relationships between arterial compliance, collagen synthesis and pulse

pressure.*
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If the elasticity of the arterial system is reduced at birth because of poor elastin synthesis in utero,
an acceleration of the normal degenerative effects of ageing could lead to raised blood pressure in
later life. Through a feedback mechanism, the raised blood pressure levels then become self-

perpetuating.

1.21 Hypothesis

People who were light or small at birth tend to have higher blood pressure later in life. The
mechanisms that mediate this relationship are unknown. The hypothesis is that persistent
structural changes in blood vessels are involved. Formation of elastin, the scleroprotein primarily
responsible for the elastic properties of the arteries, is adversely influenced by poor intrauterine
conditions. A reduction in arterial elastin content leads to persistently stiffer arteries and the

genesis of high blood pressure through acceleration of the normal ageing process.

Elastin is produced maximally in late gestation and early postnatal life. Therefore, the growth
restricting factors that reduce elastin synthesis will be those acting in the latter stages of fetal
growth. It is predicted that people who were either disproportionately growth restricted or thin at

birth will have lower arterial compliance.
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1.22 Evidence

There is already some evidence to support this hypothesis aithough it comes from only one study.
Arterial compliance was recorded in 194 men and women aged between 50 and 53 years who had
been measured in detail at birth.?® The aorto-iliac and femoro-popliteal-tibial segments were
investigated. On average, aorto-iliac pulse wave velocity was faster in men and women who were
light, short or who had had a smaller abdominal circumference at birth (figure 1.6). However,
these relationships were weak. Consistent and stronger relationships were found in the femoro-
popliteal-tibial segment. Femoro-popliteal-tibial pulse wave velocity tended to be faster in men
and women who were light at birth, or who were shorter in length, or who had had a smaller head
or abdominal circumference at birth. No relationships were found between pulse wave velocity

and ponderal index or placental weight in either of the arterial segments studied.

Figure 1.6 Results of the previous published study.®
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1.23 Aims and objectives
The aims of the present studies are twofold:

1. To explore whether measures of fetal growth influence the elastic properties of arteries by
measuring pulse wave velocity in three populations at different ages. The first population was
a group of elderly people in whom raised blood pressure and its consequences are likely to be
high. The second population was a group of young aduits. The third population was a group
of children in whom the degenerative effects of age are likely to be minimal.

Pulse wave velocity was measured in up to four different arterial segments in these

populations. These were the aorta to femoral segment (elastic artery), the aorta to radial
segment (muscular artery with a high elastin content), the femoral to foot segment (muscular
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artery with a low elastin content) and the aorta to foot segment (includes elastic and muscular
arteries).

To explore whether the scleroprotein content of the aorta is altered in two different animal
models of intrauterine growth restriction.
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Chapter 2

Arterial compliance measurement method

2.1 Background

Elasticity describes the relationship between the force applied (stress) to a material and its
consequent deformation (strain).® The relationship between stress and strain is expressed as the
elastic modulus. For most non-biological elastic materials applying a given force causes a
proportional increase in length, this is known as Hookes law. The force divided by the extension

in the longitudinal direction is called Young's modulus.

For a cylindrical tube, the applied force will be the circumferential tension (T) in the wall due to the
lengthening caused by pressure {figure 2.1). Circumferential tension can be calculated from
Laplace’s law where tension in the wall is the product of pressure (P) and the radius (R).

Figure 2.1 Law of Laplace applied to a cylindrical tube such as a blood vessel.'™

Where the wall of the cylinder has a thickness h, the circumferential tension is calculated by PR/h

(Lamés equation).”

When a material is stretched in a longitudinal direction, as it extends it will also get thinner in the
transverse direction. The ratio of transverse to longitudinal strain is called the Poisson ratio ().
This ratio is a characteristic property of the material and for small strains is constant. For arteries

the Poisson ratio is approximately 0.5.%°

2.2 Structural stiffness
Arteries have non-linear elastic properties and do not obey Hooke's law because they become

stiffer the more they are stretched. In order to quantify arterial stiffness, the distension of the
radius (AR) over small increases in pressure (A P) is calculated. This is called the incremental
elastic modulus (Ei,), and it is calculated using the following equation, where o is the Poisson ratio

for arteries,—lfz is the mean radius over the pressure increment and h is the wall thickness.

Incremental elastic modulus (E;,c) = (1- 02) APR?
AR h
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2.3 Functional stiffness
The incremental elastic modulus provides a measure of stiffness of the material within the arterial

wall. However, it does not give a measure of functional stiffness, that is the actual vessel
distension that would occur in response to a known pressure change.®® Functional stiffness can
be quantified using the pressure strain elastic modulus (E,), which is calculated using the following
equation.
Pressure strain elastic modulus (E,) = APR

AR

The pressure strain elastic modulus is related to the incremental elastic modulus by the expression
E, = Einch/(1- o°)R. Therefore, functional stiffness depends not only on the structural stiffness

{Eine) but also the vessel geometry (ratio of wall thickness to radius).

2.4 Pulse wave velocity
The pressure strain elastic modulus can be estimated by measuring the velocity of the pulse wave

that is generated through contraction of the left ventricle. During systole the left ventricle expels
blood at high pressure into the aorta. The aorta expands to accommodate much of the stroke
volume. The expansion stretches the walls at the root of the aorta and the wall tension of this
section increases. This pulls on the adjacent section of arterial wall so that a wave of pressure is
created that propagates throughout the arterial sys’tem.55 Waves of diameter and flow are aiso
created and the speed at which these pulse waves travel along the arteries increases in proportion

to their wall stiffness.®”

The Moens Korteweg equation describes the relationship between the puise wave velocity and the
pressure strain elastic modulus assuming that the artery is perfectly elastic, that it has a thin wall

and that it is filled with an incompressible fluid.*

Moens Korteweg equation c=VE, +u
2p

Where c is the pulse wave velocity, p the density of blood and u the velocity of blood.

2.5 Validity of Moens Korteweg equation

The Moens Korteweg equation was derived from theoretical work investigating the velocity of a
pressure wave travelling through water in a rubber tube.”® When applied experimentally in animal
studies to the speed of the pulse wave propagating along the arterial wall, the equation has been
shown to work well. For example, in anaesthetised dogs, values of the elastic modulus measured

directly from the pressure diameter relationship are comparable to those calculated from the
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Moens Korteweg equation following simultaneous intra-arterial measurements of the pressure and

flow wave velocities.'?® 1%

2.6 Measurement of pulse wave velocity

Pulse wave velocity is calculated by measuring the time delay between detection of the flow,
pressure or diameter wave as it travels past two sites a known distance apart. Previous studies
have used Doppler ultrasound methods to determine the flow wave velocity '’ or sphygmographic
methods to determine the pressure wave propagation speed.”” In the present studies an optical
technique based on the principle of photoplethysmography was used to detect the diameter

wave.®°

2.7 Apparatus

A two-lead electrocardiogram was used to provide the first signal. A probe consisting of an infra
red emitter and detector was positioned on the skin above a large artery, such as the radial artery
(figure 2.2) to provide the second signal. Infra red radiation from the probe’s emitter passes into
the skin, vascular tissue and blood where it is absorbed and scattered.'”® As the arterial wave of
dilatation passes the probe, the volume of blood in the artery increases. Blood absorbs infra red
radiation more strongly than dermal and vascular tissue so the magnitude of the detected signal
decreases in proportion to the increase in vessel diameter.*® This is the basis of the technique of
photoplethysmography. Variations in the probe detector signal pass through an integral amplifier,
an analogue to digital converter sampling at a rate of 1kHz and a variable gain amplifier, which are
interfaced to a computer. The computer runs software that allows the signals from the detectors to

be captured, displayed on screen and then saved for later analysis.129

Figure 2.2 Apparatus for measuring pulse wave velocity.
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2.8 Trace Analysis

The pulse wave traces are analysed using a customised computer program that plots the
electrocardiogram and diameter wave signals on screen. The data are smoothed using an
unweighted moving average technique. The program then automatically identifies the peak of the
R wave (@) on the electrocardiogram signal and the position of the foot, the geometric minimum
value, of the pulse waveform @ ). It does this by using an algorithm described by Kontis, which
identifies the point before the fall of the R wave or the upswing of the pulse waveform.'® The time
delay (horizontal distance (At) in milliseconds) between these two points is then measured, beat by
beat, for the duration of the trace (figure 2.3). From these points a mean average transit time is

calculated.

Figure 2.3 Method for beat by beat determination of the pulse wave transit time.
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Pulse wave velocity can then be calculated from the following equation: -

Pulse wave velocity = skin surface approximation of the distance between electrocardiogram and probe

mean transit time

2.9 Use of the foot of the pulse waveform

When the pulse propagation velocity is measured from the phase difference between
corresponding Fourrier components, regular fluctuations have been shown to occur at low
frequencies.™" These fluctuations are due to reflected waves.'?® At higher frequencies the
attenuation of reflected waves is large so their net effect is minimal and measured velocities
approximate the true propagation speed."™" The high frequency components of the wave are
represented by the part of the wave at which the rate of change in the gradient is greatest. This
corresponds to the foot of the main peak of the pulse wave, therefore this point is used to

determine pulse wave velocity.

2.10 Quality of measurement procedure

The quality of the optical measurement technique has been evaluated through assessment of its

validity and reproducibility.
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2.11 Validation of the measurement technique

Several studies have been carried out to verify that the sighals from the infra red probe do indeed
measure changes in the arterial diameter wave, and that the diameter wave reproduces the
characteristics of the pressure wave. For example, comparisons with high precision echo tracking
pulsed ultrasound measurements have confirmed that the infra red signal reproduces changes in
arterial diameter.®® Also signals from the infra red probe measured transcutaneously in humans
and over an exposed artery in sheep have been found to be similar in shape and timing to

simultaneous intra arterial measurements of the pressure wave.®% 1%

2.12 Reproducibility of the measurement technique

Two studies have been carried out to assess the reproducibility of pulse wave velocities measured
using the optical measurement technique in the short-term.™ |n these studies no significant
differences were found between repeat measurements recorded either beat by beat or after 3
hourly intervals. No long term reproducibility studies have been carried out, therefore repeat pulse
wave velocity measurements were made on a group of men and women (n=30) after a period of 2

to 14 months from first measurement.

2.13 Subjects and method

Repeat pulse wave velocity recordings were made using the optical measurement technigue on 23
men and 7 women ranging in age from 69 to 72 years. First measurements were made between
the months of July 1996 and February 1997 during clinics at the Northern General Hospital,
Sheffield. Subjects were asked to lie supine whilst an electrocardiograph was attached via a chest
strap. An infra red probe was then placed over the radial artery and the computer was activated to
capture the output of the electrocardiograph and the pulse waveform over a 20 second
measurement period. Systolic and diastolic blood pressures were recorded at the brachial artery
directly after completion of the capture period using an automated Omron HEM 711
sphygmomanometer. Heart rate was aiso recorded. The distance from the sternal notch to the
central position of the probe was then measured using a tape measure to follow the approximate
path of the artery over the skin. This measurement procedure was then repeated with the infra red
probe placed over the femoral artery, and then over the dorsalis pedis or posterior tibial artery.
Repeat measurements were made using the same procedure during a second clinic attendance
that took place between the months of April and September 1997.

2.14 Results

Table 2.1 shows the mean values and standard deviations of the repeat pulse wave velocity, blood

pressure and heart rate measurements.
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Table 2.1 Mean and standard deviation (SD) of pulse wave velocity (m/sec), blood
pressure (mmHg) and heart rate (beats per minute) at first and second

measurement (n=30).

Pulse wave Systolic Pressure  Diastolic Pressure Heart rate
velocity (m/sec) {(mmHg) {mmHg) (bpm)
Segment Mean SD Mean sSD Mean SD Mean 8D
Aorta to Femoral )
Measurement 1 4.2 0.7 147.3 19.4 81.3 11.5 646 131
Measurement 2 3.7 0.5 141.8 8.3 80.8 10.6 662 10.9
Aorta to Radial
Measurement 1 4.4 0.6 147.8 6.5 82.6 13.9 666 123
Measurement 2 4.1 0.6 147.6 24.4 84.8 11.9 669 10.8
Aorta to Foot
Measurement 1 6.2 0.8 144.2 23.1 79.6 12.0 66.3 136
Measurement 2 5.9 0.7 141.9 17.8 80.8 9.3 65.0 11.2

The mean pulse wave velocity of the second measurement was 0.5 m/sec slower in the aorta to
femoral segment and 0.3 m/sec slower in the aorta to radial and aorta to foot segments when
compared to the first measurement. Mean systolic blood pressure tended to be [ower on the

second measurement compared to the first.

Bland-Altman plots were produced for each arterial segment (figures 2.4 to 2.6) where the
differences between the first and second pulse wave velocity measurements were plotted against
the mean of the two measurements. Correlation coefficients were not used because when repeat
measurements are plotted against each other they will only be perfectly reproducible if the points
lie along the line of equality, but perfect correlation will occur if the data points lie across any
straight line on the graph.132 Similarly rank correlations were not used because rank order can be

preserved but still give a poor measurement of reproducibility. ">

22



Figure 2.4 Bland-Altman plot of aorta to femoral pulse wave velocity measurements.

First - Second Measurement
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p value of t statistic = < 0.01

Figure 2.5 Bland-Altman plot of aorta to radial pulse wave velocity measurements.
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Figure 2.6 Bland-Altman plot of aorta to foot pulse wave velocity measurements.
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The Bland-Altman plots show that the first pulse wave velocity measurements tended to be faster
than the second in all the arterial segments and that these differences, although small, were
statistically significant in the aorta to femoral (p= <0.01) and aorta to foot (p= 0.02) segments.

Coefficients of variation (standard deviation + mean) between the first and second pulse wave
velocity measurements were calculated with systolic and diastolic blood pressure included as

covariates. Table 2.2 shows the results.

Table 2.2 Coefficients of variation for pulse wave velocities adjusting for the effects of

systolic and diastolic blood pressure.

Arterial segment Coefficient of variation
Aorta to femoral 16.0%
Aorta to radial 15.0%

Aorta to foot 9.6%

After taking into account the effects of systolic and diastolic blood pressure, aorta to femoral pulse
wave velocity varied by 16% between first and second measurements. Similarly, aorta to radial
pulse wave velocity varied by 15% and aorta to foot pulse wave velocity varied by 9.6% between

first and second measurements.
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2.15 Discussion

Bland-Altman graphs of the repeat pulse wave velocity measurements were plotted in order to
assess the reproducibility of the measurement technique. The mean difference between the first
and second measurements should be zero if the measurement technique is perfectly
reproducible,132 However, a statistically significant difference from zero was found between the
repeat measurements made in the aorta to femoral and aorta to foot segments where the second
measurement was systematically lower than the first. There are two main sources of
measurement error that may provide an explanation for these differences. They are observer

variation and subject variation.

2.16 Observer Variation
Observer variation can occur either between or within each observer's measurements. In the

present studies pulse wave velocities were measured by the same observer therefore, only within-

observer variation was relevant.

Within observer variations, if present, are likely to be random and therefore would not be expected
to influence the mean pulse wave velocity values.”™ However, possible sources of within-
observer variation were examined by investigating the differences between the first and second
pulse wave velocity measurements according to (a) the month (over an 8 month period) that the
first measurement was made and (b) the period of time between the first and second
measurements. This was carried out in order to investigate whether there had been any learning
effects as the observer became more experienced with the measurement technique. No

statistically significant differences were found.

2.17 Subject variation

A variety of biological factors could be responsible for the variations in the pulse wave velocity that
were found between repeat measurements. These might include for example, differences in blood
pressure level, heart rate, peripheral resistance or smooth muscie ac’tivity.130 All of these factors

can influence the propagation speed of the pulse wave and may vary daily.

In the present study repeat data was collected on systolic and diastolic blood pressure and heart
rate, so it was possible to investigate whether variation in these biological parameters could
account for the differences between the repeat puise wave velocity measurements. No statistically
significant differences in either diastolic blood pressure or heart rate were found between first and
second measurements. However, after producing Bland-Altman plots for repeat systolic blood
pressure readings, a systematic difference was revealed between the recordings made after the
aorta to femoral and the aorta to foot pulse wave velocity measurements. The systolic blood
pressure recordings that were made following the aorta to femoral pulse wave velocity
measurements tended to be 5.5 mmHg higher on the first recording compared to the second and
this difference was statistically significant (p=0.04). Simifarly, systolic blood pressure recorded
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after the first aorta to foot pulse wave velocity measurement also tended to be higher than the
second, although the difference was smaller (2.3 mmHg) and was not statistically significant
(p=0.38). Systolic blood pressure may have been lower in the subjects on their second pulse
wave velocity recording because they were more familiar with the measurement techniques.

The variation in systolic blood pressure reading between the first and second measurements might
explain why the pulse wave velocities also differed. This is possible because the velocity of the
pulse wave is related to blood pressure levels.”** The stress-strain relationship exhibited by
arteries is curvilinear, so as blood pressure levels rise the arteries become less extensible and the
velocity of the pulse wave increases.® In accordance with this relationship in the present study,
mean systolic blood pressure was higher and pulse wave velocity was faster at the first
measurement compared to the second. Therefore, the subsequent mean decrease in systolic
blood pressure level on the second measurement could account for the mean reduction in pulse

wave velocity that was also found.

Coefficients of variation adjusted for systolic and diastolic pressure were calculated to explore the
data further. These showed that even after the effects of blood pressure had been taken into
account a variation in pulse wave velocity of between 9.6 to 16% still existed between first and

second measurements (Table 2.2).

Adjusting for blood pressure level during statistical analysis assumes that the increase in pulse
wave velocity with rising blood pressure levels is the same for everybody within the population,
which might not be the case (figure 5.9). Therefore, mathematical adjustment may not be an
adequate means of controlling for the relationship between blood pressure and pulse wave
velocity. However, in the present study the blood pressure adjusted coefficients of variation for
repeat pulse wave velocity measurements are consistent with those of a previous study. inthe
previous study, aortic pulse wave velocity measured by Doppler ultrasonography was found fo
vary by factors of up to 18% over the course of a day.130 Therefore, the differences in repeat
measurements in the present study appear to be within the normal variations for pulse wave

velocity that might be expected due to biological variations alone.

2.18 Changes in pulse wave velocity over time

Studies in humans have shown that the pulse wave velocity of the aorta and large arteries
increases progressively with age both within populations '*® and within individuals.””” Therefore,
pulse wave velocity might have been expected to increase over the time period (ranging from 2
and 14 months) between the first and second measurements. However, no statistically significant
difference in pulse wave velocity was found with time between measurements whether the time
difference was explored either as a continuous variable or when categorised into < 6 months, 6-12

months and >12 month periods.
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2.19 Conclusions

Estimates of pulse wave velocity in 30 subjects were found to be systematically lower on second
measurement after a period of 2 to 14 months. However, the differences between measurements,
although statistically significant, were small, and can probably be accounted for by variations in
systolic blood pressure. This was indicated by a similar systematic difference between systolic
blood pressure measurements. However, pulse wave velocity still varied by a factor of up to 16%
after systolic and diastolic blood pressure had been taken into account in the statistical analysis,
although the adequacy of statistical adjustment for blood pressure level is uncertain. The method
appears to be reproducible in long term, but the importance of the effects of systolic blood

pressure on pulse wave velocity readings should be emphasised.
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Chapter 3
Arterial compliance in elderly men and women

This chapter describes a study of a group elderly men and women who were born in the Jessop
hospital for Women, Sheffield between 1922 and 1930 where they were measured in detail at birth

and in whom recent arterial compliance measurements were made.

3.1 Subjects
The study population consists of men and women who took part in a follow up study in 1996 and

also subjects who participated in an extension study, which began in 1997.

3.1.1. Follow up study population

There are 2 232 complete birth records of singletons that were born to married mothers in the
Jessop Hospital for Women in Sheffield, UK between the years of 1922 and 1926. Each record
consists of a standard form that was used to enter details of each mother and child. Information
on the form included the date of the mother’s last menstrual period, the child’s birth weight, length,
chest, head and abdominal circumference (figure 3.1) and the weight of the placenta.

Figure 3.1 Excerpts from the Jessop Hospital Labour Ward Records showing details of infant

weight and size at birth.
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From each birth record, the subject's name and their date of birth were sent to the Office for
National Statistics who performed a search of the UK National Health Service Central Register in
order to try and trace each individual. it was found that 829 of the 2 232 people, for whom Jessop

Hospital birth records were available were currently registered with a General Practitioner in the
UK and 442 of these people were registered with a General Practitioner in the Sheffield area.

For 47 of the 442 people who still lived in Sheffield, either General Practitioner permission to
contact them was denied, they were no longer living in the Sheffield area or they were deceased.
The remaining 395 subjects were invited to participate in a study of cardiovascular risk factors and
322 (82%) agreed to take part. These 322 men and women formed the study population for the

present follow up study.

After ethical approval had been gained from the Northern General Hospital Ethics Committee, a
letter was sent to each of the 322 subject’s General Practitioners to verify the subjects address
and to request permission to approach their patient. 295 of the subjects were still registered with a
General Practitioner in the Sheffield area. General Practitioner permission was denied for 5 of

these people leaving a total of 290 men and women.

3.1.2 Extension study population
The extension study population consisted of 1480 singleton men and women who were born to

married mothers in the Jessop Hospital for Women between the years of 1922 to 1930 and who
were thought to be registered with a General Practitioner in Sheffield in January 1997. This group
of people also included all the men and women from the study population detailed in section 3.1.1,
although those who had refused to take part in either the original study or the follow up study were
excluded, leaving a fotal of 1289 people. The 1289 people were divided into 5 categories
according to their weight at birth (<5.51b, 55t06.51b, 6.5t0 7.5 Ib, 7.5t0 8.5 Ib and >8.5 Ib). The
study sample was then selected by including all of the subjects in the highest (n= 159) and lowest
(n=77) birth weight groups, and randomly selecting 85 males and 85 females from the remaining 3
groups. The total number of subjects in the group was 746 and included 100 men and women

who had taken part in the original study of cardiovascular risk factors (detailed in section 3.1.1).

The names, and NHS numbers of the 746 men and women were sent to Sheffield Family Health
Services Authority who were asked to search their records to identify each subject’'s General
Practitioner. 711 of the men and women were still registered with a General Practitioner in
Sheffield.
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After ethical approval had been gained from the Northern General Hospital Ethics committee,
letters were sent to each General Practitioner requesting permission to contact their patient.
General Practitioner approval was granted for 660 of the subjects. For the other 51 subjects,
either General Practitioner permission was denied, the subject was no longer living in the Sheffield

area or the subject was deceased.

3.2 Methods
Once General Practitioner approval had been given, a letter was sent to the subject inviting them

to participate in the study. A nurse then contacted those who had agreed to take part and

arrangements were made to visit each subject in their own home.

During the home visit a questionnaire was administered which enquired about recent ilinesses,
symptoms of coronary heart disease (Rose chest pain questionnaire), stroke and peripheral
vascular disease and current medication. At the end of the interview the subjects were invited to

the Northern General Hospital, Sheffield to attend a clinic for further investigations.

At the clinic, height was measured using a portable stadiometer and weight using a portable digital
Seca scale. Resting 12 lead electrocardiograms were recorded and arterial compliance and blood

pressure measurements were made using the methods detailed in chapter 2.

Pulse waveforms were recorded with the infra red probe placed firstly over the radial artery of the
left wrist, then over the femoral artery just below the inguinal ligament on the left hand side and
finally over the posterior tibial artery immediately posterior to the medial malleolus or the dorsalis
pedis artery of the left foot. This enabled pulse wave velocity to be estimated in the aorto-iliac,
aorto-brachial and aorto-femoro-popliteal-tibial arterial segments. Systolic and diastolic blood
pressure measurements were recorded at the brachial artery using an automated Omron HEM

711 sphygmomanometer directly after each pulse waveform measurement period.

3.2.1 Derivations from the data

The presence of ischaemic heart disease was determined from a resting 12 lead
electrocardiogram and answers to the Rose chest pain questionnaire. The variable ‘Rose chest
pain questionnaire identification of ischaemic heart disease’ was defined according to the Rose
chest pain questionnaires diagnostic criteria for angina pectoris.”®® The electrocardiograms were
coded according to the Minnesota protocol by a trained coder.’*® The variable ‘electrocardiogram

identification of ischaemic heart disease’ was defined as follows (table 3.1).
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Table 3.1 Minnesota code definitions for the variable ‘electrocardiogram identification of

ischaemic heart disease.

Ischaemic heart disease Minnesota codes
Definite 1-1,1-2, 7-1
possible 1-3, 4-1, 4-2, 4-3, 5-1, 5-2, 5-3
absent all other codes

The variable ‘ischaemic heart disease’ was determined as presence of one or more of the
following: - angina pectoris according to the Rose chest pain questionnaire; Minnesota codes as

outlined in table 3.1; self reported history of stroke, heart attack, coronary artery angiopiasty,

coronary artery bypass grafting or carotid endarterectomy.

An estimate of pulse wave velocity in the femoro-popliteal-posterior tibial segment, although not
measured directly, was calculated from the values obtained in the aorta to femoral and aorta to

foot segments using the following equation: -

probe separation in the probe separation in the
femoral to foot = aorta to foot segment - aorta to femoral segment
pulse wave velocity
transit time in the _ transit time in the ]
( aorta to foot segment aorta to femoral segment

3.3 Analysis

Tabulation of means, univariate and multivariate linear regression analysis was used to examine
the relationships between measurements of body size at birth, adult blood pressure and pulse
wave velocity. Where the frequency distribution of pulse wave velocities were skewed, log

transformations were used. Scatterplots were produced to display the data.

3.4 Results

3.4.1 Follow up study

Of the 290 men and women who were invited to take part in this study, 211 agreed to participate
and were visited at home by a nurse. 146 of these people then attended a clinic where blood

pressure and arterial compliance measurements were made.

3.4.2 Extension study

419 of the 660 subjects who were invited to participate in this study agreed to take part and home
visits were carried out. 393 men and women also agreed to attend a clinic. Of the 393 people, 58
had already taken part in the follow up study. Arterial compliance and blood pressure was not re-

measured in these 58 men and women, leaving a total of 335 subjects.

The data from the follow up study (n=146) and the extension study (n=335) was then combined
resulting in a total study sample of 481 men and women. The distribution of birth size, blood
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pressure and pulse wave velocities of the elderly men and women are presented as histograms in

appendix A.

Mean current body size and birth measurements of the elderly men and women are summarised in
table 3.2

Table 3.2 Mean current body size and birth measurements in the 65 to 75 year old men and

women.
Men SD Women SD p value of All
(n=276) (n=205) difference (n=481)
Current measurements
Height (cm) 170.1 8.77 157.2 6.01 <0.001 164.6
Weight (kg) 77.6 12.4 67.6 12.6 <0.001 73.4
Body Mass Index (kg/mz) 26.8 3.90 27.4 498 0.129 27.0
Age at clinic attendance (years) 69.0 1.6 69.7 2.0 <0.001 69.3
Birth measurements
Birth weight (Ib) 7.47 1.26 7.15 1.19 0.004 7.34
Head circumference (in) 13.7 0.734 13.5 0.660 <0.001 13.6
Chest circumference (in) 13.1 0.863 12.9 0.803 0.002 13.0
Abdominal circumference (in) 12.4 0.998 12.2 0.927 0.010 12.3
Length (in) 202 1.12 20.0 1.086 0.062 20.1
Head:abdominal circumference 1.1 0.084 1.1 0.070 0.865 1.1
Head:length 0.679 0.039 0.673 0.032 0.063 0.676
Ponderal index (oz/in® x 1000) 144.7 20.8 142.4 18.8 0.239 143.8
Placental weight (0z) 22.4 4.64 21.8 4,93 0.236 222
Placenta:birth weight 0.189 0.034 0.195 0.036 0.119 0.192
Gestational age (days) 280 15 278 16 0.244 279

1lb=0454kg;, 1in=254cm SD = standard deviation

The men who participated in this study were on average 12.9 ¢cm tailer, 10 kg heavier and 8.4
months younger than the women and these differences were statistically significant. Women
tended to have a larger body mass index than the men, although the difference was not

statistically significant.
Men tended to be heavier, larger babies at birth. For example, men tended to be 0.32 Ib heavier,

with head, chest and abdominal circumferences that were 0.2 in larger at birth than those of the

women and all these differences were statistically significant.
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3.5 Blood pressure
The mean blood pressure measurements of the 481 men and women who took part in the study

are summarised in table 3.3

Table 3.3 Mean systolic and diastolic pressure (mmHg) in the 65 to 75 year oids.

Men SD Women SD p value of All

(n=276) (n=205) difference (n=481)
Systolic blood pressure 146.0 20.7 141.0 21.7 0.010 143.9
Diastolic blood pressure 81.6 10.1 78.4 9.65 0.001 80.2

Men had systolic blood pressure that was on average 5.0 mmHg higher and diastolic blood
pressure that was 3.2 mmHg higher than the women. Both these differences were statistically

significant.

Linear regression analysis was used to investigate the relationships between blood pressure and
current and birth size measurements. The results are summarised in table 3.4.

Table 3.4 Univariate analysis of blood pressure measurements with current and

birth size measurements.

Systolic Pressure Diastolic Pressure

Regression (p value) Regression (p value)

coefficient Coefficient

Current measurements

Height (cm) 0.026 (0.809) 0.108 (0.035)
Weight (kg) 0.049 (0.501) 0.952 (0.008)
Body Mass Index (kg/m?) 0.183 (0.414) 0.187 (0.076)
Age (years) 0.478 (0.387) -0.403 (0.119)
Birth measurements

Birth weight (Ib) -0.108 (0.891) 0.086 (0.817)

Head circumference (in)

Chest circumference (in)
Abdominal circumference (in)
Length (in)

Head:abdominal circumference
Head:length

Ponderal index (oz/in® x 1000)
Placental weight (0z)
Placenta:birth weight
Gestational age (days)

0.268 (0.845)
0.967 (0.416)
1.003 (0.333)
0.652 (0.484)
-12.044 (0.458)
0.193 (0.995)
-5.175 (0.482)
-0.051 (0.826)
-19.743 (0.527)
0.104 (0.155)

1.319 (0.042)
1.033 (0.068)
0.919 (0.062)
0.369 (0.402)
4,695 (0.516)
19.881 (0.136)
2,444 (0.481)
-0.005 (0.963)
7.730 (0.599)
0.078 (0.027)
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In the 65 to 75 year old men and women, systolic blood pressure tended to be higher in people
with a larger current body size, although none of the relationships were statistically significant.
There were no relationships between systolic blood pressure and birth measurements. Diastolic
blood pressure tended to be higher in people who were taller or heavier as adults. Diastolic blood
pressure also tended to be higher in men and women who had had a larger head circumference at
birth or who were born after a longer length of gestation. All of these relationships were

statistically significant.

Multiple linear regression models were produced to investigate the relationships between systolic
and diastolic blood pressure and birth size measurements after adjusting for the potential

confounding effects of age, sex and body mass index. The results are summarised in tables 3.5

and 3.6.
3.5.1 Systolic blood pressure

Table 3.5 Mulitivariate analysis of systolic blood pressure and birth measurements
adjusted for : -

i age, sex and body mass index.

i age, sex, body mass index and gestational age.

Birth measurements | i
Regression (p value) Regression (p value)

coefficient coefficient
Birth weight (Ib) -0.836 (0.305) -1.069 (0.303)
Head circumference (in) -0.721 (0.616) -1.580 (0.374)
Chest circumference (in) 0.354 (0.774) 0.017 (0.991)
Abdominal circumference (in) 0.420 (0.697) -0.244 (0.851)
Length (in) 0.241 (0.825) 0.885 (0.438)
Head:abdominal circumference -9.573 (0.549) 0.493 (0.979)
Head:length -5.549 (0.850) -39.046 (0.250)
Ponderal index (oz/in® x 1000) -9.828 (0.203) -16.395 (0.076)
Placental weight (0z) -0.150 (0.523 -0.159 (0.561)
Placenta:birth weight -36.148 (0.335)

Gestational age (days)

( )
-13.092 (0.682)
0.099 (0.189)

Systolic blood pressure was not strongly related to any of the birth measurements after adjusting
for age, sex and body mass index. After gestational age had been added into model (ii), a
relationship between raised systolic blood pressure and a smaller ponderal index at birth became
apparent {figure 3.2). However, it was not statistically significant at conventional levels (p=0.05).
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Figure 3.2 Scatterplot of systolic blood pressure against ponderal index at birth after adjusting for

age, sex, body mass index and gestational age.
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3.5.2 Diastolic blood pressure

Table 3.6 Multivariate analysis of diastolic blood pressure and birth measurements adjusted for : -
i age, sex and body mass index.
i age, sex, body mass index and gestational age.

Birth measurements i i
Regression (p value) Regression (p value)

coefficient coefficient

Birth weight (Ib) -0.309 (0.417) 0.002 (0.997)
Head circumference (in) 0.662 (0.321) 1.048 (0.217)
Chest circumference (in) 0.573 (0.320) 0.992 (0.201)
Abdominal circumference (in) 0.545 (0.280) 0.678 (0.277)
Length (in) -0.059 (0.896) 0.341 (0.531)
Head:abdominal circumference -3.955 (0.597) -1.619 (0.856)
Head:length 20.234 (0.137) 12.797 (0.430)
Ponderal index (0z/in® x 1000) -3.160 (0.378) -2.973 (0.502)
Placental weight (0z) -0.057 (0.620) -0.016 (0.901)
Placenta:birth weight -3.172 (0.830) -14.346 (0.424)
Gestational age (days) 0.058 (0.108)

There were no relationships between birth size measurements and diastolic blood pressure in the

65 to 75 year old men and women in either of the multivariate models.
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3.6 Pulse wave velocity
The mean pulse wave velocities of the men and women that took part in the study are summarised

in table 3.7.

Table 3.7 Mean pulse wave velocity (m/sec) in the 65 to 75 year old men and women.

Arterial segment Men SD Women SD p value of All
(n=276) (n=205) difference  (n=481)
Aorta to femoral 5.31* 1.24 4.83* 0.99 < 0.001 5.11
Aorta to radial 4.99 1.07 4.58 1.03 < 0.001 4.81
Aorta to foot 6.98 1.07 6.56 1.08 < 0.001 6.80
Femoral to foot 10.20* 3.24 11.08* 5.70 0.034 10.57

* geometric mean

Pulse wave velocity tended to be faster in men than women in all of the arterial segments except
for the femoral to foot segment. On average, aorta to femoral pulse wave velocity was 0.48 m/sec
faster, aorta to radial pulse wave velocity was 0.41 m/sec faster, aorta to posterior tibial artery was
0.42 m/sec faster and femoral {o posterior tibial artery pulse wave velocity was 0.88 m/sec slower

in men compared to women. All these differences were statistically significant.

The frequency distribution of pulse wave velocities in the aorta to femoral and femoral to foot
segments were skewed. Transformation using logarithms produced approximately normal
distributions. Linear regression analysis was then used to investigate the relationship between
pulse wave velocity and current and birth size measurements and blood pressure levels (table
3.8).
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Table 3.8 Univariate analysis of pulse wave velocity with current body size measurements, biood

pressure and birth measurements adjusted for: -

i(Logged) Aorta to femoral pulse wave velocity.

ii Aorta to radial pulse wave velocity.

iii Aorta to foot pulse wave velocity.

iv (Logged) Femoral to foot pulse wave velocity.

i ii iiii iv
Regression Regression Regression Regression
coefficient coefficient coefficient coefficient
(p value) (p value) (p value) (p value)

" Current measurements
Height (cm)
Weight (kg)
Body Mass Index (kg/m?)
Age (years)
Blood pressure

0.006 (<0.001)
0.000 (0.629)
-0.007 (0.005)
0.020 (<0.001)

0.018 (0.001)
0.002 (0.581)
-0.018 (0.116)
0.049 (0.078)

0.021 (<0.001)
0.001 (0.697)
-0.025 (0.025)
0.051 (0.067)

-0.003 (0.101)
0.000 (0.752)
0.003 (0.401)

-0.001 (0.987)

Systolic pressure 0.002 (<0.001) 0.017 (<0.001) 0.018 (<0.001) 0.003 (<0.001)
Diastolic pressure 0.004 (<0.001) 0.024 (<0.001) 0.034 (<0.001) 0.006 (<0.001)
Heart rate 0.004 (<0.001) 0.020 (<0.001) 0.023 (<0.001) 0.002 (0.157)
Birth measurements

Birth weight (Ib) 0.006 (0.486) 0.047 (0.234) 0.025 (0.530) -0.003 (0.804)
Head circumference (in) 0.018 (0.233) 0.043 (0.532) 0.081 (0.254) -0.007 (0.737)
Chest circumference (in) 0.033 (0.009) 0.102 (0.093) 0.155 (0.011) 0.010 (0.588)
Abdominal circumference (in) 0.036 (0.001) 0.105 (0.046) 0.152 (0.004) 0.007 (0.677)
Length (in) 0.015(0.151) 0.111 (0.020) 0.078 (0.109) -0.002 (0.897)
Head:abdominal circumference  -0.550 (0.001) -1.621 (0.035) -2.160 (0.005) -0.201 (0.406)
Head:length -0.096 (0.755) -2.193 (0.130) -0.371 (0.800) 0.054 (0.903)
Ponderal index (oz/in® x 1000) -0.081 (0.310) -0.429 (0.253) -0.393 (0.302) 0.023 (0.838)
Placental weight (0z) 0.002 (0.521) 0.026 (0.020) -0.000 (0.984) -0.005 (0.171)
Placenta:birth weight 0.026 (0.934) 2.686 (0.071) -0.833 (0.580) -0.547 (0.264)
Gestational age (days) 0.000 (0.969) 0.005 (0.169) 0.005 (0.198) 0.003 (0.025)

Aorta to femoral, aorta to radial and aorta to foot pulse wave velocities tended to be higher in men
and women who were taller, or who had a smaller body mass index or who were older. However,
not all of these relationships were statistically significant at conventional levels (p=0.05). Femorali

to foot pulse wave velocity was not related to any of the current body size measurements.
In each arterial segment, pulse wave velocity tended to be faster in men and women with higher
systolic or diastolic blood pressure, or a faster heart rate. These relationships were all statistically

significant except for that between femoral to foot pulse wave velocity and heart rate.

Aorta to femoral and aorta to foot pulse wave velocity tended to be faster in people who had had a
larger chest circumference at birth. Aorta to femoral, aorta to radial and aorta to foot pulse wave
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velocities tended to be faster in people who had had a larger abdominal circumference and a
smaller head to abdominal circumference ratio at birth. Aorta to radial pulse wave velocity tended
to be faster in men and women who were born longer in length, or who had had a heavier
placenta. Femoral to foot pulse velocity was not related to any birth size measurement. However,
femoral to foot pulse wave velocity did tend to be faster in men and women who were born after a

longer period of gestation, and this relationship was statistically significant.

The relationship between pulse wave velocity and evidence of cardiovascular disease or taking of
antihypertensive medication was investigated using tabulation of means. The results are

displayed in table 3.9.

Table 3.9 Tabulation of means for pulse wave velocity (m/sec) according to presence of
ischaemic heart disease and taking of antihypertensive medication.
Aorta to femoral  Aorta to radial Aorta to foot  Femoral to foot
pulse wave pulse wave pulse wave pulse wave
velocity* velocity velocity velocity*

Ischaemic heart disease

Absent  n=277 5.21 4.94 6.97 9.97
Possible n=84 4.95 4.83 6.81 9.97

Definite n=118 4.57 (<0.001) 452 (0.003) 6.41 (<0.001) 9.78 (0.954)
Rose chest pain questionnaire identification of ischaemic heart disease

Absent n=312 5.05 4.89 6.93 10.18

Present n=150 4,66 (<0.001) 453 (0.002) 6.32 (<0.001) 9.21 (0.011)

Electrocardiogram identification of ischaemic heart disease

Absent n=328 5.16 4.93 6.96 9.97
Possible n=101 4.85 473 6.72 9.87
Definite n=49 4.14 (<0.001) 430 (<0.001) 6.02 (<0.001) 939 (0.506)
Antihypertensive medication

Not taking n=287 5.10 4.85 6.89 9.97

Taking n=194 4.81 (0.082) 476 (0.391) 6.66 (0.094) 9.87 (0.890)

* geometric mean  values in parentheses are the p values of the difference in the mean

In all arterial segments, pulse wave velocity tended to be slower in men and women with possible
or definite ischaemic heart disease compared to those without. This was found to be the case
whether ischaemic heart disease was identified through the Rose chest pain questionnaire, or
through Minnesota coding of the electrocardiogram. Each of the differences were statistically
significant, except in the femoral to foot segment where only the change in mean pulse wave
velocity according to Rose chest pain questionnaire identification of ischaemic heart disease was
statistically significant. Mean pulse wave velocity was slower in men and women who were taking

antihypertensive medication, although these differences were not statistically significant.
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Multiple linear regression analysis was used to investigate the simultaneous relationships between

pulse wave velocity and birth size measurements after adjusting for the potential confounding

effects of age, sex, height, electrocardiogram identification of ischaemic heart disease (referred to

as electrocardiogram finding), systolic blood pressure and gestational age. The results are

summarised in tables 3.10 to 3.13.

3.6.1 Elastic arteries : aorta to femoral segment

Table 3.10 Multivariate analysis for logged aorta to femoral pulse wave velocity with birth size

measurements adjusted for: -

i age, sex and height.

ii age, sex, height and electrocardiogram finding.

iii age, sex, height, electrocardiogram finding and systolic blood pressure.

iv age, sex, height, electrocardiogram finding and gestational age.

Birth measurement i ii ii iv
Regression Regression Regression Regression
coefficient coefficient coefficient coefficient
(p value) (p value) (p value) (p value)

Birth weight (Ib)
Head circumference (in)

Chest circumference (in)
Abdominal circumference (in)
Length (in)

Head:abdominal circumference
Head:length

Ponderal index (0z/in® x 1000)
Placental weight (0z)
Placenta:birth weight

Gestational age (days)

-0.007 (0.403)
-0.004 (0.978)
0.019 (0.152)
0.026 (0.024)
0.004 (0.650)
-0.494 (0.002)
-0.126 (0.681)
-0.120 (0.128)
-0.003 (0.884)
0.102 (0.747)
-0.002 (0.756)

-0.012 (0.146)
-0.005 (0.742)
0.007 (0.543)
0.015 (0.165)
0.008 (0.550)
-0.354 (0.024)
-0.233 (0.420)
-0.188 (0.014)
-0.001 (0.605)
0.134 (0.656)
0.000 (0.624)

-0.014 (0.089)
-0.006 (0.668)
0.003 (0.825)
0.010 (0.353)
0.002 (0.842)
-0.276 (0.067)
-0.189 (0.498)
-0.175 (0.017)
-0.002 (0.438)
0.126 (0.662)
0.000 (0.323)

-0.018 (0.094)
-0.008 (0.629)
0.001 (0.949)
0.016 (0.204)
-0.002 (0.886)
-0.382 (0.028)
-0.145 (0.660)
-0.173 (0.050)
0.000 (0.924)
0.357 (0.295)
/

After adjusting for the effects of age, sex and height, aorta to femoral pulse wave velocity tended
to be faster in men and women who had had a larger abdominal circumference or a larger

abdominal circumference in relation to their head circumference at birth. Adding

electrocardiogram identification of ischaemic heart disease into the model weakened these

relationships. After electrocardiogram identification of ischaemic heart disease had been added

into the model, aorta to femoral pulse wave velocity tended to be faster in men and women who

had had a larger abdominal circumference in relation to their head circumference (figure 3.3) or a
smaller ponderal index at birth (figure 3.4). Adding systolic blood pressure into the model slightly
weakened these relationships. Adding gestational age into the model strengthened the
relationship between a faster aorta to femoral pulse wave velocity and a larger abdominal
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circumference in relation to head circumference at birth. However, the relationship between a

faster aorta to femoral pulse wave velocity and a smaller ponderal index at birth was changed little

in model iv.

Figure 3.3 Scatterplot of logged aorta to femoral pulse wave velocity against head to abdominal
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Figure 3.4 Scatterplot of logged aorta to femoral pulse wave velocity against ponderal index
at birth after adjusting for age, sex, current height and electrocardiogram finding.
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3.6.2 Muscular arteries with high elastin content : aorta to radial segment

Table 3.11 Multivariate analysis for aorta to radial pulse wave velocity with birth size

measurements adjusted for: -

i age, sex and height.

ii age, sex, height and electrocardiogram finding.

ill age, sex, height, electrocardiogram finding and systolic blood pressure.

iv age, sex, height, electrocardiogram finding and gestational age.

Birth measurement i i iii iv
Regression Regression Regression Regression
coefficient coefficient coefficient coefficient
(p value) (p value) (p value) (p value)
Birth weight (Ib) 0.024 (0.566) 0.013 (0.764) 0.022 (0.591) 0.008 (0.889)
Head circumference (in) -0.021 (0.774)  -0.035 (0.631) -0.029 (0.664) -0.146 (0.103)

Chest circumference (in)
Abdominal circumference (in)
Length (in)

Head:abdominal circumference
Head:length

Ponderal index (oz/in® x 1000)
Placental weight (0z)
Placenta:birth weight
Gestational age (days)

0.052 (0.415)
0.077 (0.170)
0.092 (0.068)
-1.580 (0.051)
-2.584 (0.081)
-0.448 (0.250)
0.027 (0.020)
3.515 (0.020)
0.005 (0.209)

0.030 (0.641)
0.054 (0.332)
0.094 (0.059)
-1.326 (0.103)
-2.918 (0.046)
-0.617 (0.115)
0.025 (0.028)
0.549 (0.018)
0.004 (0.251)

0.014 (0.810)
0.036 (0.496)
0.085 (0.070)
-0.996 (0.191)
-2.827 (0.040)
-0.466 (0.207)
0.029 (0.008)
3.956 (0.005)
0.002 (0.505)

-0.049 (0.538)
0.015 (0.823)
0.072 (0.223)

-1.419 (0.126)

-4.111 (0.015)

-0.450 (0.335)
0.033 (0.015)
4.072 (0.021)

After adjusting for the effects of age, sex and height, aorta to radial pulse wave velocity tended to
be faster in men and women who had had a larger abdominal circumference in relation to their
head circumference, a heavier placenta (figure 3.5) or a lighter birth weight in relation to their
placental weight at birth. When electrocardiogram identification of ischaemic heart disease was
added into the model (ii), these relationships were weakened. However, the relationships between
a faster aorta to radial pulse wave velocity and a heavier placenta or a lighter birth weight in
relation to placental weight at birth remained statistically significant. A relationship between faster
aorta to radial pulse wave velocity and longer length in relation to head circumference also
became apparent. When head circumference and length at birth were added into model ii together,
the relationship between aorta to radial pulse wave velocity and longer length at birth was stronger
(regression coefficient =0.118, p=0.003) than that between aorta to radial pulse wave velocity and
a small head circumference at birth (regression coefficient = 0.079, p=0.21). Similarly, after
adding placental weight and birth weight into model ii together, the relationship between aorta o
radial pulse wave velocity and placental weight (regression coefficient = 0.040, p=0.007) was
stronger than that between aorta to radial pulse wave velocity and birth weight (regression
coefficient = -0.008, p=0.115). Adding systolic pressure into model iii had little effect on the
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relationships between aorta to radial pulse wave velocity and size at birth, except for the
relationship with placenta to birth weight ratio, which was strengthened. Adding gestational age
into the regression models also strengthened the relationships between a faster aorta to radial
pulse wave velocity and a smaller head to length ratio, a heavier placenta and a larger placenta to

birth weight ratio.

Figure 3.5 Scatterplot of aorta to radial pulse wave velocity against placental weight at birth
after adjusting for age, sex, current height and electrocardiogram finding.
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3.6.3 Elastic and muscular arteries : aorta to foot segment

Table 3.12 Multivariate analysis for aorta to foot pulse wave velocity with birth size

measurements adjusted for: -

i age, sex and height.

i age, sex, height and electrocardiogram finding.

ili age, sex, height, electrocardiogram finding and systolic blood pressure.

iv age, sex, height, electrocardiogram finding and gestational age.

Birth measurement i il iii iv
Regression Regression Regression Regression
coefficient coefficient coefficient coefficient

(p value) (p value) (p value) (p value)

Birth weight (Ib) -0.020 (0.644) -0.041(0.337)  -0.039 (0.420) -0.046 (0.421)

Head circumference (in) 0.011 (0.886) -0.010(0.887) -0.018 (0.972) -0.059 (0.531)

Chest circumference (in)
Abdominal circumference (in)
Length (in)

Head:abdominal circumference
Head:length

Ponderal index (0z/in° x 1000)
Placental weight (oz)
Placenta:birth weight
Gestational age (days)

0.099 (0.124)
0.104 (0.065)
0.034 (0.506)

-1.695 (0.037)
-0.237 (0.873)

-0.407 (0.297)

-0.006 (0.576)

-0.422 (0.780)
0.004 (0.261)

0.062 (0.330)
0.068 (0.221)
0.037 (0.461)
-1.281 (0.110)
-0.707 (0.625)
-0.679 (0.078)
-0.010 (0.389)
-0.362 (0.807)
0.004 (0.308)

-0.041 (0.508)
0.053 (0.392)
-0.019 (0.459)
-1.153 (0.284)
-0.550 (0.617)
-0.522 (0.102)
-0.010 (0.616)
-0.075 (0.851)
0.001 (0.700)

0.055 (0.498)
0.070(0.317)

-0.051 (0.400)
-1.534 (0.107)
-1.554 (0.371)
-0.748 (0.116)
-0.001 (0.959)
0.358 (0.841)

After adjusting for the effects of age, sex and height, aorta to foot pulse wave velocity tended to be

faster in men and women who had had a large abdominal circumference in relation to their head

circumference at birth. When electrocardiogram identification of ischaemic heart disease was

added into the model, this relationship was weakened and was no longer statistically significant.

There were no relationships between aorta to foot pulse wave velocity and birth measurements in

the other models.
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3.6.4 Muscular artery with low elastin content: femoral to foot segment

Table 3.13 Multivariate analysis for logged femoral to foot pulse wave velocity with birth

size measurements adjusted for: -

i age, sex and height.

ii age, sex, height and electrocardicgram finding.

iii age, sex, height, electrocardiogram finding and systolic blood pressure.

iv age, sex, height, electrocardiogram finding and gestational age.

Birth measurement

v

Regression Regression Regression Regression
coefficient coefficient coefficient coefficient
(p value) (p value) (p value) (p value)
Birth weight (Ib) 0.006 (0.655)  0.005 (0.720) 0.007 (0.633) 0.003 (0.876)

Head circumference (in)

Chest circumference (in)
Abdominal circumference (in)
Length (in)

Head:abdominal circumference
Head:length

Ponderal index (oz/in® x 1000)
Placental weight (0z)
Placenta:birth weight
Gestational age (days)

0.005 (0.830)
0.025 (0.224)
0.016 (0.366)
0.005 (0.770)
-0.223 (0.392)
0.125 (0.787)
0.704 (0.543)
-0.004 (0.332)
-0.568 (0.259)

0.003 (0.033)

0.004 (0.869)
0.023 (0.270)
0.014 (0.433)
0.005 (0.759)
-0.227 (0.447)
0.121 (0.828)
0.706 (0.621)
-0.004 (0.315)
-0.564 (0.266)
0.003 (0.034)

0.007 (0.758)
0.017 (0.398)
0.009 (0.627)
0.005 (0.719)
-0.080 (0.753)
0.097 (0.827)
0.067 (0.572)
-0.030 (0.426)
-0.424 (0.383)
0.002 (0.071)

0.010 (0.728)
0.024 (0.357)
0.092 (0.676)
0.017 (0.3686)
-0.222 (0.460)
-0.332 (0.534)
-0.023 (0.874)
-0.004 (0.390)
-0.451 (0.445)

Femoral to foot pulse wave velocity was not related to any of the birth measurements. However,

after adjusting for age, sex and height, femoral to foot pulse wave velocity tended to be faster in

men and women who were born after a longer period of gestation. However, this relationship was

weakened and was not statistically significant after systolic blood pressure had been added into

the regression model.
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3.7 Discussion

On average systolic blood pressure was higher in people with a larger current body size although
none of the relationships were statisticaily significant. Diastolic blood pressure tended to be higher
in men and women who were taller or heavier, and these relationships were statistically significant.
These results are consistent with other studies which have reported that people with a larger

current body size tend to have raised blood pressure.”" '

In order to investigate the effects of potential confounding variables, information about known
factors that may confuse the relationships between birth size and raised blood pressure was
collected during the study. Lifestyle factors such as social class, alcohol consumption and

smoking were examined and were found to be unrelated to blood pressure level.

3.8 Blood pressure and birth weight

After adjusting for the effects of age, sex, current weight and gestational age, systolic blood
pressure tended to be higher in people who were lighter at birth. Multiple linear regression
analysis showed that for each pound increase in birth weight, systolic blood pressure tended to fall
by 1.1 mmHg (95% C.1. -3.13 to 0.93), although the relationship was not statistically significant.

A relationship between blood pressure and birth weight may have been obscured in subjects who
were taking antihypertensive medication. If men and women with a lower birth weight were more
likely to be taking antihypertensive medication, the biood pressure lowering effect of the
medication could obscure any relationship with low birth weight. The mean birth weight of people
who were taking antihypertensive medication was indeed lower (7.28 Ib) than those who were not
(7.41 Ib), but the difference was not statistically significant (p=0.2). Including a term for
antihypertensive medication in multiple linear regression analysis had no statistically significant

effect on the relationship between systolic blood pressure and birth weight.

A systematic review which included 34 studies that describe the relationship between fetal growth
and blood pressure in more than 66 000 children, adolescents and adults, showed that systolic
blood pressure tended to be higher in individuals who had been light as babies.™ The review also
suggested that the magnitude of the relationship between weight at birth and raised blood
pressure tended to increase with age (figure 3.6). Therefore, the results of the present analysis
were compared with studies that investigated similar elderly age groups. Only one such study was
found and this showed that in 64 to 71 year old men and women, systolic blood pressure tended to
increase by 5.2 mmHg (95% C.1. -1.8 to -8.6) with each kilogram decrease in birth weight.11
Conversion of the birth weight values from pounds to kilograms (1 Ib = 0.454 kg) in the present
study revealed that systolic blood pressure tended to increase by 2.4 mmHg (95% C.I. -6.910 2.1)

for each kilogram decrease in birth weight.
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Figure 3.6 Difference in systolic blood pressure per kilogram increase in birth weight.”
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The results of the present study have been superimposed onto figure 3.6 (shown in red) in order
to compare them with those of the previous studies. The regression coefficient of the present
study is within the 95% confidence intervals of all of the studies of both middle aged and elderly
adults. Therefore, the results of the present study although not statistically significant are
consistent with previously published findings.

3.9 Blood pressure and birth size

Birth weight is a summary measure of fetal growth, which includes for example head size, length
and fatness. Birth weight alone does not distinguish between babies who were born
proportionately small, disproportionate or thin. Therefore, investigating birth size measurements
provides more information about fetal growth.'® In the present study, after taking into account the
effects of age, sex and current body mass index, systolic pressure tended to be higher in men and
women who had had a lower ponderal index at birth. However the relationship was not
statistically significant (table 3.5). People who were born after a shorter length of gestation may
have had smaller body dimensions at birth because they were delivered prematurely rather than
because they were growth restricted in utero. However, adding of gestational age into the model
in table 3.5 strengthened the relationship between raised systolic blood pressure and a low
ponderal index. This finding suggests that men and women tended to have raised systolic blood

46



pressure because they had had a smaller ponderal index at birth, not because they had been

delivered prematurely.

Ponderal index describes soft tissue mass in relation to skeletal growth. A low ponderal index
indicates thinness. In the present study systolic blood pressure tended to be higher in men and
women who had been lfonger in length at birth. If these people were long in length but had a
normal birth weight their ponderal index would be low and this may explain the relationship
between raised systolic blood pressure and a low ponderal index rather than actual thinness at
birth. To investigate this, weight and length at birth were added into the regression model together
(model i, table 3.5). The strength of the relationship between systolic blood pressure and longer
length at birth (regression coefficient = 2.66, p=0.07) was similar to that between systolic blood
pressure and a lighter birth weight (regression coefficient = -2.64, p=0.06). This suggests that
thinness, not longer length at birth is responsible for the relationship between systolic blood

pressure and ponderal index.

The results of the present study are consistent with several other studies that have investigated
blood pressure in relation to fetal size. For example, a study of 4 year old children in Salisbury
and an investigation of 45 year old men and women in China both found that systolic and diastolic
blood pressure fell progressively as ponderal index at birth increased.’®*® Similarly a study of 46
to 54 year olds in Preston showed a strong relationship between thinness at birth and raised blood
pressure after taking into account placental weight." However, these findings are not universal.
For example, two studies of 8 to 11 year old children have shown no relationship between raised

systolic blood pressure and ponderal index at birth. %>’

The process that links a low ponderal index to raised systolic blood pressure in later life is not
known. However, it has been suggested the impaired blood vessel growth resulting in reduced
vessel compliance could be responsible. In the present study, arterial compliance data was
collected through measurement of pulse wave velocity to investigate arterial stiffness as a possible

mechanism linking poor fetal growth to raised blood pressure.

3.10 Pulse wave velocity
The average puise wave velocities in the 65 to 75 year old men and women in the present study
were 5.1 m/sec in the aorta to femoral segment, 4.8 m/sec in the aorta to radial segment, 6.8

m/sec in the aorta to foot segment and 10.6 m/sec in the femoral to foot segment.

Pulse wave velocity has been shown to increase with age.'™ Therefore, the pulse wave velocity
values found in the present study were compared with other estimates of puise wave velocity in
similar age groups. Two previous studies, which report pulse wave velocity in elderly subjects
were identified and the results are summarised in table 3.14. In the first of the studies "*° an
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optical technique similar to that of the present study was used, the other study used Doppler

methodology.'*®

Table 3.14 Mean pulse wave velocities measured in elderly populations.

1" Author and Age Arterial Pulse wave velocity
year of publication (years) Segment (m/sec)
Eliakim 1971 >60  Heart to dorsalis pedis 7.2
Present study 6510 75 Aorta to foot 6.8
Avolio 1985 70 Aorta to femoral 12.5
Avolio 1985 70 Aorta to femoral 8.7
Present study 65 to 75 Aorta to femoral 5.1

The study by Eliakim et al. showed that in men aged over 60 years, mean heart to dorsalis pedis
pulse wave velocity was 7.2 m/sec.”®® This finding is comparable with the results of the present
study where mean pulse wave velocity of the aorta to foot segment was 6.8 m/sec. The study by
Avolio et al. reported aorta to femoral pulse wave velocities of 8.7 m/sec in inhabitants of rural
Guangzhou at age 70 years, and of 12.5 m/sec in residents of urban Beijing also at 70 years
old."® Inthe present study the mean aorta to femoral pulse wave velocity was 5.1 m/sec, which is
much slower than both these findings. A difference between the optical and the Doppler methods
used in each of the studies can explain much of the variation between these pulse wave velocity
estimates. Each of the studies calculated pulse wave velocity by measuring the transit time of the
pulse waveform detected between two sites a known distance apart. However, the position of the
first of the two sites that were used differed between studies. In the current study the R wave of
the electrocardiogram was used as the first site, whereas in the study by Avolio et al. the aortic
arch provided the first site. The transit time in the current study therefore included left ventricular
contraction time whereas the transit times measured by Avolio et al. did not. An estimate of
average left ventricular contraction time (from aortic catheterisation traces of elderly subjects) was
subtracted from the aorta to femoral transit times in the present study. The resulting aorta to
femoral pulse wave velocity was 11.9 m/sec, which is similar to the estimates measured by Avolio

et al. for urban Beijing (12.5 m/sec).""®

The results of the present study are consistent with previous studies which have shown that pulse
wave velocity is associated with several known cardiovascular risk factors including male sex,
current height, a faster heart rate and raised systolic and diastolic blood pressure.”® "'"'** For
example, studies have shown that pulse wave velocity tends to be faster in males ranging from the
ages of 4 to 70 years compared to females of the same age.'* ' '*! This apparent gender effect
is thought to be due either to a protective effect of oestrogens in females,'? atherosclerotic
involvement, or differences in vessel structure.'" Recently, a study has reported a relationship
between shorter stature and faster pulse wave velocity.”® The findings of the present study were

not consistent with this because pulse wave velocity tended to be faster in taller subjects. This
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relationship with tailer height was not explained by the fact that males, who were on average taller
than females, also tended to have faster pulse wave velocities. When sex and height were added
into a regression model with aorta to femoral pulse wave velocity for example, the effect of height
(regression coefficient 0.43, p=0.007) was stronger than that of sex (regression coefficient -0.03,
p=0.255). Another recent study found that a faster aortic pulse wave velocity was related to a
faster heart rate." Similar associations were shown in the present study. A faster heart rate may
be associated with faster pulse wave velocity through poorer physical fitness.'* The findings that
a faster pulse wave velocity was related to higher systolic and diastolic blood pressure is also
consistent with other studies which have shown that pulse wave velocities tend to be higher in
hypertensive and borderline hypertensive individuals compared to normotensives, although the

findings are not universal.®®'

The finding that pulse wave velocity tends to be faster in people with both raised systolic and
diastolic blood pressure suggests that an association with antihypertensive medication and pulse
wave velocity should have been found. Pulse wave velocity did tend to be slower in people taking
antihypertensive medication in all arterial segments, however, none of the relationships were
statistically significant (table 3.9). This may be explained by the fact that the various classes of
antihypertensive drugs exert different effects on arterial compliance. For example, calcium
channel blockers and ACE inhibitors have been shown to decrease pulse wave velocity for an
equivalent fall in blood pressure. However, dihydralazine-like drugs, propranolol and diuretics

have no effect on pulse wave velocity as blood pressure is lowered.® *°

3.11 Pulse wave velocity and ischaemic heart disease

In the present study, pulse wave velocity was slower in men and women with evidence of
ischaemic heart disease. Several previous studies have also reported an association between
pulse wave velocity and ischaemic heart disease. For example, one study showed that pulse
wave velocity was faster in people with ischaemic heart disease compared to those without.*®
Another study reported no difference in pulse wave velocity between people with ischaemic heart
disease and healthy age and sex matched controls.*® A further study reported that pulse wave
velocity was slower in people with ischaemic heart disease, compared to control subjects,

although the relationship was not statistically significant.’*

The finding that pulse wave velocity was slower in people with ischaemic heart disease was
unexpected because low arterial compliance has been suggested as a risk factor for
cardiovascular disease (detailed in section 1.9). One explanation for these results might be a
lowering of blocd pressure following myocardial infarction, which has been reported in several
epidemiological studies.”*” **® Due to the curvilinear relationship between arterial compliance and
blood pressure, a fall in blood pressure following myocardial infarction would also cause pulse
wave velocity to fall. However, systolic blood pressure tended to be higher in people with possible

(148 mmHg) or definite (146 mmHg) ischaemic heart disease in the present study compared to
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men and women with absent (143 mmHg) ischaemic heart disease, although the difference was
not statistically significant at conventional levels (p=0.07). There was no difference in diastolic

blood pressure with presence or absence of ischaemic heart disease.

Another possible explanation for the finding that pulse wave velocity was slower in people with
ischaemic heart disease lies within the methodology. The pulse wave velocity measurement
method used in the present study measured the length of time between the peak of the R wave of
the electrocardiogram and the arrival of the wave of dilatation generated from contraction of the
left ventricle at a probe placed on a peripheral artery. if the aortic ejection time is longer in people
with ischaemic heart disease this would increase the transit time of the pulse wave between the
detection sites and result in a slower calculated pulse wave velocity. There is some evidence to
suggest that aortic ejection time is indeed longer in people with ischaemic heart disease. For
example, male coronary patients aged 60 years and over had a longer mean aortic ejection time
(0.127 seconds) measured from the earliest onset of the QRS complex to the foot of the pulse
wave form measured at the aortic origin, compared to healthy age matched male controls (0.109
seconds). The difference in mean aortic ejection times was statistically significant (p=<().01).66 In
order to overcome this methodological problem in the present study, electrocardiogram
identification of ischaemic heart disease was added intc multivariate models (tables 3.10 to 3.13).
Adding electrocardiogram identification of ischaemic heart disease into the models affected the
regression coefficients in all the segments, except for the femoral o foot segment where aortic

ejection time was not included in the transit time.
3.12 Pulse wave velocity and birth size

3.12.1. Proportionately small

in all of the regression modeils (tables 3.10 to 3.13), pulse wave velocity in the aorta to femoral,
aorta to radial and aorta to foot segments tended to be faster in men and women who had been
light at birth although none of these relationships were statistically significant. Aorta to femoral,
aorta to radial and aorta to foot pulse wave velocities also tended to be faster in people who had
had smaller head circumferences, or larger chest or abdominal circumferences or who were longer
in length at birth. Again none of these relationships were statistically significant. In the femoral to
foot segment, pulse wave velocity tended to be faster in men and women who were heavier at
birth, or in people who had had a larger head, chest or abdominal circumference, or who were
longer in length at birth. However, none of these relationships were statistically significant.
Therefore, there was little evidence to suggest that pulse wave velocity was related to
proportiocnate growth restriction in any of the arterial segments studied.

3.12.2. Disproportionately small abdominal circumference or length in relation to head size

There were no relationships between aorta to femoral, aorta to foot or femoral to foot pulse wave
velocities and head to length ratio at birth in any of the multivariate models. Aorta to radial pulse
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wave velocity tended be faster in men and women who were long in relation to their head
circumference at birth after adjusting for the effects of age, sex, height, and electrocardiogram
identification of ischaemic heart disease and this relationship was statistically significant.
However, this relationship was explained by a tendency for men and women to be longer in length
at birth rather than being disproportionate in body size (detailed in section 3.6.2). Aorta to femoral
pulse wave velocity tended to be faster in men and women whose abdominal circumference was
large in relation to their head circumference at birth. However, this relationship was no longer
statistically significant when systolic blood pressure was added into the regression modei (model
iii, table 3.10). Neither aorta to radial, aorta to foot or femoral to foot pulse wave velocities were
related to head to abdominal circumference ratio at birth. Pulse wave velocity in the segments
studied was therefore, not related to disproportionate fetal growth restriction as identified through

head to abdominal or head to length ratios at birth.

3.12.3 Low ponderal index

After adjusting for the effects of age, sex, height and electrocardiogram identification of ischaemic
heart disease, aorta to femoral pulse wave velocity tended to be faster in men and women who
had had a low ponderal index at birth. Adding gestational age into the regression models had little
effect on this relationship. Aorta to radial, aorta to foot and femoral to foot pulse wave velocities
were not related to ponderal index at birth. This provides evidence to suggest that pulse wave

velocity in the elastic arterial segment was related to a lower ponderal index at birth.

3.12.4 Placental size
There were no relationships between pulse wave velocity in the aorta to femoral, aorta to foot or

femoral to foot segments with either placental weight or birth weight in relation to placental weight.
In all of the multivariate modeis (table 3.11) aorta to radial pulse wave velocity tended to be faster
in people who had had a heavier placenta and in men and women who were born light in relation

to their placental weight. Both of these relationships were statistically significant although the latter
finding was explained by a tendency for a heavier placenta rather than disproportion between birth

weight and placental weight (detailed in section 3.6.2).

3.12.5 Gestational age

Pulse wave velocity was not related to gestational age in any of the segments, except for the
femoral to foot segment. After adjusting for age, sex and height, femoral to foot pulse wave
velocity tended to be faster in men and women who were born after a longer périod of gestation.
The relationship was no longer statistically significant after systolic blood pressure had been
added into the model (table 3.13).

3.13 Birth size in relation to ‘type’ of artery
The results of the present study showed that faster puise wave velocities in an elastic arterial

segment {aorta to femoral) and a muscular arterial segment with high elastin content (aorta to
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radial) were related to a low ponderal index (aorta to femoral segment) and a heavier placenta
(aorta to radial segment) at birth. Both these birth size measurements indicate fetal growth
restriction in the mid to late stages of pregnancy (detailed in section 1.3). Pulse wave velocity in
the muscular arterial segment with low elastin content (femoral to foot) was unrelated to any birth

size measurements.

These results are consistent with the hypothesis that intrauterine growth restriction in mid to late
pregnancy leads to a permanent reduction in arterial elasticity through a reduction in the content of
elastin in the arteries. The elastin content of the aortic wall increases linearly through the latter
half of pregnancy (figure 1.3}, therefore, growth restricting factors would have the greatest effect
on elastin production during this time. In the femoral to foot segment, intrauterine growth restriction
might not lead to a reduction in pulse wave velocity because the elastin content is too low to be
affected. Alternatively the majority of elastin in this segment may have been laid down after the
period of intrauterine growth restriction. Indeed elastin synthesis in the femorai to foot segment
may have taken place in early postnatal life. Studies on the aortas of pigs have suggested that a
temporal gradient of elastin synthesis occurs with distance from the heart.’* In the days
surrounding birth elastin synthesis was found to be maximal in the thoracic aorta and this maximal

level of synthesis became progressively distal in the days following pirth.%

How could being thin or having a heavier placenta at birth reduce arterial compliance? One
possibility could be altered activity of trophins or mitogens causing changes in the vessel wall

constituents.

3.14 Trophins and mitogens

During fetal growth restriction metabolic adaptations take place that result in changes in the
concentration of fetal and placental hormones and growth factors.**® '*' These include Insulin like
Growth Factors, fibroblast growth factor and cortisol. For example, Insulin like Growth Factor 1
levels in blood taken at delivery from the umbilical cords of growth restricted babies who were born
at term are lower than those of non-growth restricted infants. Among growth restricted babies,
those with a low ponderal index at birth have also been shown to have lower Insulin like Growth
Factor 1 levels at delivery.” ' Another study showed that cord serum fibroblast growth factor-2
concentrations at delivery decreased as the birth weights of babies who were born to mothers with
diabetes mellitus fell. " The change in cortisol in intrauterine growth restricted infants is less
clear. For example, an animal study reported lower levels of cortisol in guinea pigs who were
growth restricted following unilateral uterine artery ligation.”® A study in humans found slightly
raised levels of cortisol in umbilical cord plasma samples in intrauterine growth restricted babies at
delivery compared to controls.'®® Another study found that cord blood plasma cortisol levels were
higher in growth restricted babies at delivery compared to controls. These metabolic changes that

oceur in intrauterine growth restriction may provide the basis for altered fetal programming and
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could lead to alterations in the structure of the vasculature through interference with the

biosynthesis of vessel wall structural proteins, such as elastin.

Vascular elastin content could be reduced if the hormones whose concentrations are altered
during fetal growth restriction are also involved in elastin biosynthesis. For example,
developmental regulation of elastin gene expression occurs at the transcriptional level and several
modulators have been proposed to control its activation. These include Insulin-like Growth Factor
1, and cortisol.'%%1%%5” Animal experiments have shown that in rat neonatal aortic smooth muscle
cells, increasing the concentration of Insulin-like Growth Factor 1 results in higher levels of both
tropoelastin mRNA and soluble elastin.’®® Similarly, cortisol and glucocorticoids have also been
shown to stimulate elastin synthesis in fetal abdominal aortas.’®® Elastin synthesis could also be

modified through alterations in the expression of the enzyme lysyl oxidase, which is involved in
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elastin crosslinking. Effectors such as Fibroblast Growth Factor ™ upregulate expression of this

enzyme.

Vascular elastin content could therefore be reduced if the levels of any of these modulators are
decreased during periods of fetal growth restriction because elastin biosynthesis would slow. The
reduced vascular elastin levels may persist and lead to permanently stiffer arteries. During early

postnatal life elastin synthesis ceases so any deficit in elastin content would not be rectifiable.

3.15 Comparison with other studies

There has been one published study that investigated the effects of reduced fetal growth on
arterial compliance.® A group of 50 year old men and women living in Sheffield, UK were studied.
Pulse wave velocity in the aorto-iliac segment tended to be faster in people who had been light or
short or who had had a smaller abdominal circumference at birth.”® The reported trends were
weak and not statistically significant. Consistent and stronger relationships were found in the

femoro-popliteal-tibial arterial segment (figure 1.6).

The results of the present study are not consistent with those of the previous study. In the
present study, although aorta to femoral pulse wave velocity tended to faster in men and women
who were lighter at birth, the relationship was not statistically significant. Aorta to femoral pulse
wave velocity was not related to shorter length or smaller abdominal circumference at birth in the
elderly men and women. No relationships were found between femoral to foot pulse wave velocity

and birth measurements in the present study.

3.16 Conclusions

In the present study, after adjusting for sex and current weight, it was found that babies who were
thin at birth tended to have higher systolic blood pressure at the age of 65 to 75 years old,
although the relationship was of borderline statistical significance. Pulse wave velocity was

measured to investigate whether reduced arterial compliance could be a mechanism linking poor
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fetal growth and raised blood pressure in adult life. The results showed that men and women who
were thin at birth tended to have faster pulse wave velocities in the aorta to femoral segment, and
people with heavier placentas at birth tended to have faster pulse wave velocities in their aorta to
radial segments. This suggests that reduced arterial compliance could indeed be a mechanism
linking reduced fetal growth in mid to late pregnancy to raised blood pressure in adult life.
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Chapter 4
Arterial compliance in young adults

This chapter describes a study of young adults who were born in the Farnborough hospital, Kent
between 1975 and 1977 where they were measured in detail at birth and in whom recent arterial

compliance measurements were made.

4.1 Subjects
The study population consists of a group of men and women who took part in the Brompton study,

which was established to investigate the development of children’s blood pressure.’® 1895
babies from 2088 consecutive births at the Farnborough hospital Kent between April 1975 and
May 1977 entered the study. All of the infants were born after 37 completed weeks of gestation.
Systolic blood pressure was measured in these infants at 4 days and then again at 6 weeks, 6
months, 1 year and then annually until the age of 10 years. Information about each infant’s size at
birth (birth weight, length and head circumference) was abstracted from the routine obstetric

records.

It was not possible to make a full set of blood pressure measurements in each of the 1895
children. The present study is a follow up of those subjects whose blood pressure was measured
at 4 days, 6 weeks, 6 months and at least once between 1 and 6 years and at least once between

6 and 10 years of age. 1 188 subjects fulfilled these criteria.

4.2 Methods
Approval was gained from the South and West Multi-centre Research Ethics Committee and the

ethics committees of Surrey, Hampshire, Sussex and Kent (detailed in appendix B). The name
and date of birth of each of the subjects was then sent to the Office for National Statistics who
performed a search of the National Health Service Central Register to trace each individual still
living in the defined geographical area (Bromiey, Kent, Hampshire, Surrey, East and West
Sussex). 765 subjects were identified. The name and NHS number of each subject was sent to
the local Family Health Services Authority who were asked to search their records and identify
each subjects General Practitioner. Each General Practitioner was then written to and asked to

send a letter to their patient inviting them to take part in the study.

731 letters were sent out to General Practitioners to forward to their patients. 21 letters were
returned either because the patients were no longer registered with the General Practitioner or
because the subject had moved from the address on the General Practitioners records. 402
subjects replied to their letters by returning a slip detailing their address and a contact telephone
number. Of the 402 subjects who replied, 360 agreed to participate in the study. 33 of the 42

people who declined gave no reason for their decision, 6 were abroad, 2 were unable to spare
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time due to work commitments and 1 subject was pregnant. A field worker then contacted each of
the subjects who had agreed to participate and arranged to visit them at home. During the home
visit a questionnaire was administered which enquired about factors that may affect blood
pressure. These factors included for example, alcohol consumption, taking of therapeutic or
recreational drugs and smoking habits. Height was measured with a portable stadiometer and
weight was measured using a digital Seca scale. Arterial compliance and blood pressure

measurements were made using the methods detailed in chapter 2.

Puise waveforms were recorded with the infra red probe placed firstly over the radial artery of the
left wrist, and then over the posterior tibial artery immediately posterior to the medial malleolus or
on the dorsalis pedis of the left foot. This enabled pulse wave velocity to be estimated in the
aorto-brachial and aorto-femoro-popliteal-tibial arterial segments. Systolic and diastolic blood
pressure was measured using an Omron HEM711 automated sphygmomanometer before the first
pulse wave measurement and then directly after each pulse wave recording. Pulse waveforms
were not recorded in the aorta to femoral segment in this study because it was felt that
measurement at the femoral artery in young adults in their own homes could pose a risk to the

personal safety of the fieldworker.

4.3 Analysis
Tabulation of means, univariate and multiple linear regression analysis were used to examine the

relationships between measurements of body size at birth, blood pressure and pulse wave
velocity. Where frequency distributions of the variables were skewed logarithmic transformations

were used.

4.4 Results

347 of the subjects were visited at home by a fieldworker. It was not possible to visit 13 of the 360
subjects who had agreed to participate because 10 were unable to find suitable times for a home
visit, 1 had moved away after having agreed to participate and 2 subjects returned their consent

forms after the study had finished.

The distribution of birth size measurements, blood pressure and pulse wave velocities of the

young adults are presented as histograms in appendix C.

The mean birth measurements and current body size of the 347 men and women who took part in

the study are summarised in table 4.1.
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Table 4.1 Mean birth measurements and current body size of the young aduilts.

Males SD Females SD p value All

(n=162) (n=185) of difference (n=347)
Current measurements A
Age (years) 22.4 0.67 22.4 072 0.836 22.4
Height (cm) 177.09 664 16454 646 <0.001 170.41
Weight (kg) 7502 1176 6260 10.93 <0.001 68.40
Body mass index (kg/m?) 2410 4.07 23.08 3.84 0.013 23.56
Birth measurements
Birth weight (kg) 3.43 0.46 3.31 0.42 0.011 3.36
Head circumference (cm) 35.04 1.25 34.57 1.33 0.002 34.80
Length (cm) 50.90 2.93 50.39 2.54 0.089 50.63
Head circumference:length 0.69 0.04 0.69 0.04 0.618 0.69
Ponderal index (kg/m®) 26.27 4.26 26.04 3.37 0.662 26.15
Placental weight (g) 628.31 13235 621.32 116.06 0.441 624.63
Placental:birth weight 0.18 0.03 0.19 0.03 0.190 0.19
Gestational age (days) 278 7 279 8 0.111 279

There was no difference in the average age of the men and women who took part in the present
study. Men were on average 12.55 cm taller, 12.95 kg heavier and had a body mass index that

was 1.02 kg/m? greater. All these differences were statistically significant.

On average the men in the present study were larger as babies compared to the women. [nmen,
mean birth weight was 0.12 kg heavier and mean head circumference at birth was 0.47 c¢m larger
than in the women and these differences were statistically significant. On average men were
longer in length at birth and had heavier placentas, although neither of these differences were

statistically significant.

4.5 Blood pressure
The mean systolic and diastolic blood pressure measurements of the 347 men and women are

summarised in table 4.2.

Table 4.2 Mean systolic and diastolic blood pressure measurements (mmHg).

Blood pressure Males SD Females SD P value All
(n=162) (n=18%5) of difference  (n=347)

Systolic blood pressure 125.52 10.75 110.26 8.74 <0.001 117.38

Diastolic blcod pressure 72.98 7.18 70.25 6.11 <0.001 71.52
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On average, men had systolic blood pressure that was 15.26 mmHg higher and diastolic blood
pressure that was 2.73 mmHg higher than the women. Both these differences were statistically

significant.

Univariate analysis of systolic and diastolic blood pressure with current body and birth size

measurements is summarised in table 4.3

Table 4.3 Univariate analysis of systolic and diastolic blood pressure (mmHg) with current body

size and birth measurements.

Systolic pressure Diastolic pressure
Regression (p value) Regression {p value)
coefficient coefficient
Current body size
Age (years) 0.969 (0.311) 1.535 (0.003)
Height (cm) 0.595 (<0.001) 0.098 (0.015)
Weight (kg) 0.468 (<0.001) 0.123 (<0.001)
Body mass index (kg/m?) 0.912 (<0.001) 0.297 (0.002)
Birth measurements
Birth weight (kg) 0.103 (0.945) -1.142 (0.166)
Head circumference (cm) 0.038 (0.945) -0.233 (0.456)
Length (cm) 0.093 (0.721) -0.084 (0.559)
Head circumference:length -5.103 (0.781) -0.469 (0.963)
Ponderal index (kg/m®) -1.086 (0.945) 0.346 (0.973)
Placental weight (g} -0.100 (0.713) 0.022 (0.877)
Placental:birth weight -0.011 (0.604) 0.012 (0.285)
Gestational age (days) -0.267 (0.002) -0.060 (0.210)

Systolic blood pressure tended to be higher in men and in women who were older, or taller, or
heavier or who had a larger body mass index. The relationships between systolic blood pressure
and current height, weight and body mass index were statistically significant. Systolic blood
pressure was not related to birth size measurements in univariate analysis. However, systolic
pressure did tend to be higher in men and women who were born after a shorter length of

gestation and this relationship was statistically significant.

Diastolic blood pressure tended to be higher in men and women who were older, or taller, or
heavier or who had a larger body mass index. All of these relationships were statistically
significant. Diastolic blood pressure was not related to birth size measurements in univariate

analysis.
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Systolic and diastolic blood pressures were related to age, sex and current body mass index,

therefore, these variables were adjusted for in multivariate analysis.

Mean blood pressures of men and women who were taking antihypertensive medication compared
to those who were not are summarised in table 4.4. The mean blood pressure of women who
were taking the contraceptive pill compared to those who were not is also displayed in this table.

Table 4.4 Tabulation of means for blood pressure (mmHg) according to antihypertensive

medication and taking of the contraceptive pill.

Systolic blood pressure Diastolic blood pressure
Antihypertensive medication
Taking medication n=3 117.45 68.33
Not taking medication n=344 109.67 (0.278) 71.55 (0.412)
Contraceptive pill
Taking the pill n=115 11248 71.05
Not taking the pill n=70 106.61 (<0.001) 68.95 (0.023)

(values in parentheses show p value of the difference of the mean)

Only 3 men and women were taking antihypertensive medication. Although mean systolic blood
pressure was higher in people who were taking antihypertensive medication compared to those
who were not, the difference was not statistically significant. VWomen who were taking the
contraceptive pill tended to have systolic blood pressure that was 5.9 mmHg higher and diastolic
blood pressure that was 2.1 mmHg higher than women who were not taking the contraceptive pill
and both these differences were statistically significant. Therefore, taking of the contraceptive pill

was also adjusted for in multivariate analysis.

4.5.1 Systolic blood pressure
The results of the multivariate analysis for systolic pressure are summarised in table 4.5.
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Table 4.5 Multivariate analysis of systolic blood pressure (mmHg) with birth size adjusted for: -
i age, sex, current body mass index and taking of the contraceptive pill.
ii age, sex, current body mass index , taking of the contraceptive pill and gestational age.

Birth measurement ) i ii

Regression  (p value) Regression (p value)

coefficient coefficient
Birth weight (kg) -2.750 (0.016) -2.003 (0.092)
Head circumference (cm) -1.168 (0.004) -0.948 (0.020)
Length (cm) -0.242 (0.216) -0.087 (0.664)
Head circumference:length -11.190 (0.409) -15.913 (0.235)
Ponderal index (kg/m®) -2.289 (0.596) -6.881 (0.611)
Placental weight (g) -0.241 (0.214) -0.218 (0.256)
Placenta:birth weight 0.002 (0.893) -0.006 (0.699)
Gestational age (days) -0.178 (0.007)

After adjusting for the effects of age, sex, current body mass index and taking of the contraceptive
pill, systolic blood pressure tended to be higher in men and women who were light (figure 4.1) or
who had had a smaller head circumference at birth (figure 4.2) or who were born after a shorter
length of gestation (figure 4.3). Each of these relationships was statistically significant. These
relationships were weakened after adding gestational age into the model (ii) and only the
relationship between raised systolic blood pressure and a smaller head circumference at birth

remained statistically significant.

Figure 4.1 Scatterplot of systolic blood pressure adjusted for age, sex, current body mass index
and taking the contraceptive pill against weight at birth.
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Figure 4.2 Scatterplot of systolic blood pressure adjusted for age, sex, current body mass index
and taking the contraceptive pill against head circumference at birth.
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Figure 4.3 Scatterplot of systolic blood pressure adjust for sex, current body mass index and
taking the contraceptive pill against gestational age at birth.
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4.5.2 Diastolic blood pressure
The results of the multivariate analysis for diastolic blood pressure are summarised in table 4.6.
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Table 4.6 Multivariate analysis of diastolic blood pressure (mmHg) with birth size adjusted for: -
i age, sex, current body mass index and taking of the contraceptive pill.
ii age, sex, current body mass index, taking of the contraceptive pill and gestational age.

Birth measurement i ii

Regression  (p value) Regression (p value)

coefficient coefficient
Birth weight (kg) -1.643 (0.040) -1.604 (0.057)
Head circumference (cm) -0.476 (0.099) -0.424 (0.150)
Length (cm) -0.144 (0.300) -0.109 (0.451)
Head circumference:length -1.474 (0.879) -2.717 (0.780)
Ponderal index (kg/m®) -0.963 (0.922) -0.854 (0.931)
Placental weight (g) -0.041 (0.763) -0.036 (0.792)
Placenta:birth weight 0.011 (0.310) 0.010 (0.383)
Gestational age (days) -0.036 (0.443)

After adjusting for the effects of age, sex, current body mass index and taking of the contraceptive
pill, diastolic blood pressure tended to be higher in men and women who were lighter at birth and
this relationship was statistically significant (figure 4.4). Adding gestational age into the model (ii)

weakened this relationship, which was of borderline statistical significance.

Figure 4.4 Scatterplot of diastolic blood pressure adjusted for age, sex, current body mass index
and taking the contraceptive pill against weight at birth.
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4.6 Pulse wave velocity
Mean pulse wave velocities in the aorta to radial and aorta to foot segments of the 347 men and

women are summarised in table 4.7.

Table 4.7 Mean puise wave velocities (m/sec) in young adults.

Arterial Males SD Females SD P value All
segment (n=162) (n=185) of difference (n=347)
Aorta to radial 4.88 0.68 4.49 0.59 <0.001 4.67
Aorta to foot 5.66* 0.68 5.36* 0.69 <0.001 550

* geometric mean
On average, pulse wave velocity was 0.39 m/sec faster in the aorta to radial segment and 0.30

m/sec faster in the aorta to foot segment in the men compared to the women. Both of these

differences were statistically significant.

Univariate analysis of pulse wave velocity with current body size, current blood pressure and size

at birth are summarised in table 4.8.

Table 4.8 Univariate analysis of pulse wave velocity (m/sec) with current body size and birth

measurements.
Aorta to radial (Logged) Aorta to foot
Regression (p value) Regression (p value)
coefficient coefficient
Current body size
Age (years) -0.077 (0.129) -0.026 (0.007)
Height (cm) 0.019 (<0.001) 0.002 (0.004)
Weight (kg) 0.008 (0.004) 0.009 (0.002)
Body mass index (kg/m?) -0.002 (0.813) 0.013 (0.171)
Blood pressure
Systolic pressure (mmHg) 0.019 (0.003) 0.004 (<0.001)
Diastolic pressure (mmHg) 0.024 (<0.001) 0.005 (<0.001)
Heart rate (beats per minute) 0.017 (<0.001) 0.002 (0.007)
Birth measurements
Birth weight (kg) 0.071 (0.376) -0.006 (0.695)
Head circumference (cm) 0.049 (0.086) 0.004 (0.484)
Length {cm) 0.005 (0.734) -0.002 (0.439)
Head circumference:length 0.830 (0.388) 0.230 (0.202)
Ponderal index (kg/m°) 0.631 (0.519) 0.112 (0.542)
Placental weight (g) 0.015 (0.304) 0.001 (0.780)
Placenta:birth weight 0.001 (0.593) 0.001 (0.670)
Gestational age (days) -0.008 (0.069) -0.002 (0.014)
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Pulse wave velocity in the aorta to radial segment tended to be faster in men and women who
were younger, or taller, or heavier or who had a smaller body mass index. Only the relationships
with height and weight were statistically significant. Pulse wave velocity in the aorta to radial
segment tended to be faster in people with higher systolic and diastolic blood pressure and in men
and women with a faster heart rate. All of these relationships were statistically significant. Pulse
wave velocity in the aorta to radial segment also tended to be faster in men and women who had
had a larger head circumference at birth and in people who were born after a shorter length of

gestation although neither of these relationships were statistically significant at conventional levels.

Pulse wave velocity in the aorta to foot segment tended to faster in people who were younger, or
taller or heavier and these relationships were statistically significant. On average, pulse wave
velocity in the aorta to foot segment was also faster in men and women with higher systolic and
diastolic pressure and in people with a faster heart rate. These relationships were all statistically
significant. Aorta fo foot pulse wave velocity was not related to any of the birth size
measurements. However, aorta to foot pulse wave velocity tended to be faster in people who
were born after a shorter length of gestation and this relationship was statistically significant.

Mean pulse wave velocities of men and women who were taking antihypertensive medication or
women who were taking the contraceptive pill compared to people who were not are summarised

in table 4.9.

Table 4.9 Tabulation of means for pulse wave velocity (m/sec) according to antihypertensive

medication and taking of the contraceptive pill.

Aorta to radial Aorta to foot
Pulse wave velocity pulse wave velocity*
(m/sec) (m/sec)
Antihypertensive medication
Taking medication n=3 4.84 5.43
Not taking medication n=344  4.67 (0.656) 5.50 (0.910)
Contraceptive pill
Taking the pill n=115 4,58 5.68
Not taking the pill n=70 4.35 (0.030) 5.65 (0.093)

* geometric mean  values in parentheses show p value of the difference of the mean

There were no statistically significant differences in pulse wave velocity between men and women
taking antihypertensive medication and those who were no, although the statistical power was
insufficient for comparison. On average pulse wave velocity was faster in both the aorta to radial
and aorta to foot segments of women who were taking the contraceptive pill, however, the

difference was small.
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Aorta to radial and aorta to foot pulse wave velocities were related to age, sex, height and taking
the contraceptive pill. Therefore, these variables were adjusted for in multivariate analysis.

4.6.1 Muscular arteries with high elastin content : aorta to radial segment
Multivariate analysis of aorta to radial pulse wave velocity and birth size is summarised in table

4.10.

Table 4.10 Multivariate analysis of aorta to radial pulse wave velocity (m/sec) and birth
measurements adjusted for the following variables:

i age, sex, height and taking the contraceptive pill.

ii age, sex, height, taking the contraceptive pill and systolic blood pressure.

ill age, sex, height, taking the contraceptive pill and gestational age.

Birth measurements i ii iii
Regression (p value) Regression (p value) Regression (p value)

coefficient coefficient coefficient

Birth weight (kg) -0.012 (0.878) 0.023 (0.764) 0.056 (0.489)
Head circumference (cm) 0.020 (0.456) 0.037 (0.169) 0.046 (0.089)
Length (cm) -0.002 (0.875) -0.003 (0.981) 0.006 (0.680)
Head circumference:length 0.581 (0.525) 0.833 (0.351) 0.671 (0.455)
Ponderal index (kg/m°) 0.338 (0.714) 0.497 (0.580) 0.497 (0.580)
Placenta:birth weight 0.011 (0.419) 0.014 (0.275) 0.015 (0.255)
Placental weight (g) 0.001 (0.356) 0.001 (0.327) 0.001 {0.423)
Gestational age (days) -0.007 (0.097) -0.005 (0.250)

After adjusting for the effects of age, sex, current height and taking the contraceptive pill, aorta to
radial pulse wave velocity tended to be faster in men and women who were born after a shorter
period of gestation, although this relationship was not statistically significant. Adding systolic blood
pressure into the model (ii) weakened this relationship. When gestational age was added into the
model (iii} a relationship between a faster aorta to radial pulse wave velocity and a larger head
circumference became apparent, although this was not statistically significant at conventional

levels (p=0.05).
4.6.2 Elastic and muscular arteries : aorta to foot segment
The frequency distribution of aorta to foot pulse wave velocity was skewed. Transformation using

logarithms produced approximately normal distributions.

Multivariate analysis of logged aorta to foot pulse wave velocity and birth size measurements are

summarised in table 4.11
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Table 4.11 Multivariate analysis of logged pulse wave velocity (m/sec) in the aorta to foot
segment and birth measurements adjusted for the following variables :

i age, sex, height and taking the contraceptive pill.
ii age, sex, height, taking the contraceptive pill and systolic blood pressure.

iii. age, sex, height, taking the contraceptive pill and gestational age.

Birth measurements

Regression (p value) Regression (pvalue) Regression (p value)

coefficient coefficient coefficient
Birth weight (kg) -0.019 (0.218) -0.011 (0.458) -0.003 (0.857)
Head circumference (cm) 0.001 (0.990) -0.004 (0.459) -0.006 (0.229)
Length (cm) -0.003 (0.258) -0.003 (0.276) -0.001 (0.631)
Head circumference:length 0.180 (0.302) 0.262 (0.132) 0.206 (0.218)
Ponderal index (kg/m°) 0.055 (0.755) 0.098 (0.559) 0.099 (0.559)
Placental weight (g) 0.001 (0.815) 0.001 (0.546) 0.002 (0.503)
Placenta:birth weight 0.0002 (0.388) 0.0002 (0.319) 0.0001 (0.482)
-0.002 (0.061)

Gestational age (days)

-0.002 (0.011)

After adjusting for age, sex, current height and taking the contraceptive pill, aorta to foot pulse
wave velocity was faster in men and women who were born after a shorter period of gestation

(figure 4.5). This relationship was statistically significant. When systolic blood pressure was
added into the model (ii) the relationship was weakened and was no longer statistically significant

at conventional levels (p=0.05).

Figure 4.5 Scatterplot of aorta to foot pulse wave velocity after adjusting for the effects of
age, sex, current height and taking the contraceptive pill against gestational age.
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4.7 Discussion
Systolic and diastolic blood pressure tended to be higher in men and women with a larger current

body size, whether measured as height, weight or body mass index. These findings are consistent
with previous studies, which have reported that people with a larger current body size tend to have
raised blood pressure.'*" Therefore, current body mass index was adjusted for in multivariate

analysis. Lifestyle factors such as alcohol consumption, smoking and social class were not related

to systolic or diastolic blood pressure levels.

Three of the young adults were taking anti-hypertensive medication (table 4.4). The relationships
between systolic and diastolic blood pressure and birth measurements and between pulse wave
velocity and birth size measurements were unchanged whether these individuals were included or

excluded from the analysis.

4.8 Blood pressure and birth weight

After adjusting for the effects of age, sex, current body mass index and taking the contraceptive
pill, for each 1 kg increase in birth weight systolic blood pressure tended to fall by 2.75 mmHg
(95% confidence intervals -5.16 to -0.16), and diastolic blood pressure tended to fall by 1.60
mmHg ( 95% confidence intervals -3.26 to -0.10). Both these relationships were statistically

significant.

The results of the present study have been plotted onto figure 4.6 along with those of other studies
that have investigated the associations between systolic blood pressure and birth weight in similar

age groups.

Figure 4.6 Studies investigating the association between systolic blood pressure and birth weight
in young adults (adapted from reference ').
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From figure 4.6 it can be seen that the regression coefficient of the present study (-2.75) is within
the 95% confidence intervals of all the previous studies with the exception of that by Kolacek et al.
162 Therefore, the results of the present study are consistent with most of the previous studies
investigating the relationship between birth weight and blood pressure in young adults. ¥ 1%

4.9 Blood pressure and birth measurements

In the present study it was found that men and women who had had a smaller head circumference
at birth tended to have raised systolic and diastolic blood pressure at 20 to 24 years old, although
only the relationship with systolic blood pressure was statistically significant. People who were
born after a shorter period of gestation also tended to have raised systolic blood pressure and this

relationship was statistically significant.

The results of the present study show some consistency with previous studies that have
investigated blood pressure in relation to size at birth. For example, 6 other studies of both adults
and children have shown that people who had had a smaller head circumference at birth tended to
have higher systolic blood pressure in later life. 2> 2%2% 3% 199197 The finding that a shorter
gestational age at birth was related to raised blood pressure is not consistent with most of the
previous studies.”® '® However, one other study has reported a similar inverse relationship

between length of gestation and systolic blood pressure.169

4.10 Pulse wave velocity
The average pulse wave velocities in the 20 to 24 year old men and women were 4.67 m/sec in
the aorta to radial segment and 5.50 m/sec in the aorta to foot segment. Previous studies that

have reported mean pulse wave velocities in people of a similar age are summarised in table 4.12.

Table 4.12 Mean pulse wave velocities (m/sec) in young adults.

“First author and Age Pulse wave velocity Segment
Year of publication (years) (m/sec)
Eliakim 1971 2110 30 - 57 Aorta to foot
Present study 20 to 24 5.5 Aorta to foot
Avolio 1985 22 8.5 Arm
Avolio 1985 22 11.0 Arm
Present study 20to 24 4.7 Aorta to radial

" Arm = brachial artery to radial attery

In the study by Eliakim et al., mean aorta to foot pulse wave velocity in healthy 21 to 30 year old
men was 5.7 m/sec.’*® The mean pulse wave velocity in the aorta to foot segment in the present
study was 5.5 m/sec which is consistent with this previous study. In the present study, the mean
pulse wave velocity in the aorta to radial segment (4.7 m/sec) is much slower than in the study by
Avolio et al (11.0 m/sec).’® Much of this difference is likely to result from variations in the
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methodologies used (detailed in chapter 3, section 3.10). After an estimate of left ventricular
contraction time had been subtracted from the pulse wave transit times in the present study, mean
aorta to radial pulse wave velocity was 10.8 m/sec, which is comparable with the findings of Avolio

etal’®

In the present study, pulse wave velocity tended to be faster in men, in people who were heavy, or
in men and women who had raised systolic or diastolic blood pressure or g faster heart rate.
These findings are consistent with previous studies (detailed in chapter 3, section 3.10).”%"""* |n
the present study pulse wave velocity was faster in women who were taking the contraceptive pill.
Systolic blood pressure was also higher in women taking the contraceptive pill. Therefore,
because pulse wave velocity increases as systolic blood pressure rises, women taking the
contraceptive pill may have had faster pulse wave velocities because their systolic blood pressure

tended to be higher.
4.11 Pulse wave velocity and birth size

4.11.1 Proportionately small

After adjusting for age, sex, current height and taking of the contraceptive pill, aorta to radial and
aorta to foot pulse wave velocities tended to be faster in men and women who had been lighter or
who were shorter in length or who had had a larger head circumference at birth. However, none of
these relationships were statistically significant. Therefore, there was little evidence to suggest that
pulse wave velocity was related to proportionate growth restriction in these 20 to 24 year old men

and women.

4.11.2 Disproportionately small length in relation to head size
Pulse wave velocity was not related to head circumference to iength ratio at birth in either the

aorta to radial or aorta to foot segment in any of the multivariate models.

4.11.3 Low ponderal index
Pulse wave velocity was not related to ponderal index at birth in the aorta to radial segment or the

aorta to foot segment in any of the multivariate models.

4.11.4 Placental size

Aithough aorta to radial and aorta to femoral pulse wave velocity tended to be faster in men and
women who had had a heavier placenta, the relationships were not statistically significant.
Therefore, there is littie evidence to suggest that pulse wave velocity was related to placental

weight in the 20 to 24 year old men and women.
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4.11.5 Gestational age

After adjusting for age, sex, current height and taking of the contraceptive pill, pulse wave velocity
in the aorta to foot segment tended to be faster in men and women who were born after a shorter
length of gestation and this relationship was statistically significant. Adding systolic blood pressure
into the regression model weakened the relationship, which was of borderiine statistical
significance. Therefore, there is evidence to suggest that pulse wave velocity in a segment
containing both elastic and muscular arteries is related to gestational age at birth.

4.12 Birth size in relation to ‘type’ of artery
In the segment containing muscular arteries with high elastin content (aorta to radial), pulse wave

velocity was not related to size at birth. In the segment containing both elastic and muscular
arteries (aorta to foot), pulse wave velocity was related to a shorter length of gestation. The
results provide weak support for the hypothesis that indicators of restricted fetal growth in the latter
stages of pregnancy may lead to permanent reductions in arterial elasticity, although this was only

shown in the aorta to foot segment.

4.13 Length of gestation

The relationship between a faster pulse wave velocity in the aorta to foot segment and gestational
age at birth was unexpected because previous studies of cardiovascular risk factors, such as
raised blood pressure and non-insulin dependant diabetes mellitus, have shown relationships with
size at birth that are independent of gestational age.* '*"" However, the findings of the present

study can be interpreted.

Major alterations take place in the cardiovascular system at birth. The umbilical circulation ceases
and pulmonary blood flow increases on ventilation of the lungs.””® In the perinatal period
physiological changes occur in order to adapt the fetus for the haemodynamic changes that take
place at birth. Levels of metabolic, endocrine and neurogenic factors and locally controlled growth
modulators alter "’" and these alterations may influence vascular tissue growth, and in particular
effect elastin synthesis. Indeed, it has been shown that there is a rapid accumulation of elastin in
the days prior to birth. It was previously suggested that this increase in elastin synthesis is related
to blood flow changes that occur at birth.*® However, a recent study of fetal sheep suggested that
other physiological factors, such as the late gestational surge in cortisol levels, are instead
responsible.”™® A previous study has shown that cortisol can stimulate embryonic and day old
chick aortic smooth muscle cells to synthesise elastin.™ Another study has shown that cortisol
levels increase with gestational age of the fetus.'’> Therefore, babies born at a younger
gestational age could have stiffer arteries because their lower levels of cortisol, or any other
gestational age related factors, may result in a reduced rate of elastin synthesis in the perinatal

period that is not rectifiable later.
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4,14 Comparison with the published study

The results of the present study were not consistent with those of the previous published study.”®
In the present study there were no statistically significant relationships with lighter birth weight or
smaller head circumference or shorter length at birth as were found in the previous study.
However, the arterial segments being compared were not the same. In the previous study the
aorta to femoral and femoral to foot segments were studied. in the present study the aorta to
femoral and femoral to foot segments were studied as one segment (aorta to foot). The aortato
foot segment contains a section of elastic artery (aorta to femoral) and a section of muscular artery
with low elastin content (femoral to foot). Therefore, by studying these sections together as one
segment, any relationships that exist in one section but not the other may have been obscured.

This might account for some of the difference.

4.15 Conclusions
In the present study, after adjusting for the effects of age, sex, current body mass index and taking

the contraceptive pill, men and women who were light, or who had had a smaller head
circumference at birth or who were born after a shorter length of gestation tended to have raised
systolic blood pressure. People who were light at birth also tended to have raised diastolic blood

pressure.

In the present study, young adults who were born after a shorter length of gestation tended to
have faster pulse wave velocities in the aorta to foot segment. These results provide little support
for the hypothesis that fetal growth restraint in the latter stages of pregnancy may lead to a
permanent reduction in arterial elasticity and the genesis of raised blood pressure in later life.
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Chapter 5

Arterial compliance in ten year old children

This chapter describes a study of ten year old children who were born in the Princess Anne
Hospital, Southampton in 1987 where they were measured in detail at birth, and in whom recent

arterial compliance measurements were made.

5.1 Subjects and methods
The study subjects consist of a group of children who were selected from a cohort of 380

singletons born consecutively on weekdays during the first four months of 1987 at the Princess
Anne Hospital, Southampton. Detailed anthropometric measurements, which were made within
three days of delivery under the supervision of Mr T Wheeler (consultant obstetrician) are available
for each child. The measurements made included birth weight, length, chest, head and abdominal

circumference at birth, placental weight and gestational age.

In 19986, 323 of the children were traced from the details provided in their mothers hospital records.
Each child was invited to participate in an echocardiography study. 182 of the children agreed.
Due to time and money constraints only 70 of these children could be studied. In order to select
70 subjects, the 182 children were divided in to 5 groups according to their birth weights. 24
children were randomly selected from the lowest birth weight group and 23 from the middle and
highest birth weight groups. 4 of the 70 children had congenital heart defects that were not known
of at the time of subject selection. These 4 children were excluded from the study leaving a total

of 66 children.

Ethical approval was received from the South and West Local Research Ethics Committee. Mr T
Wheeler then supplied a database containing the children’s names and addresses along with their
mothers name and the details of their General Practitioner. A letter was sent to each General
Practitioner requesting approval to approach their patient. Once General Practitioner approval had
been given, a letter was sent to the mother of each subject. The letter outlined the purpose of the
study, described the measurements that would be made and requested permission for their child
to participate. A couple of days after anticipated receipt of the letter, a follow up telephone call

was made to each mother and a home visit was arranged.

At the home visit written consent was requested from both the mother and child. The child’s height
was then measured using a portable stadiometer and their weight was measured using a portable

digital scale. Arterial compliance and blood pressure measurements were made.

Arterial compliance was measured using the technique outlined in chapter 2. Pulse waveforms
were recorded over a 20 second measurement period. The infra red probe was placed firstly over
the radial artery of the left wrist, then over the femoral artery below the inguinal ligament on the left

hand side and finally over the posterior tibial artery or the dorsalis pedis of the left foot. From
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these measurements the arterial segments investigated were the aorto-iliac, aorto-brachial and
aorto-femoro-popliteal-tibial segments. An estimate of pulse wave velocity in the femoro-politeal-
posterior tibial segment was also possible using the equation detailed in chapter 3, section 3.2.1.

Following each 20 second trace, blood pressure measurements were made at the brachial artery

on the left hand side using an Omron HEM711 automated sphygmomanometer.

5.2 Analysis

Tabulation of means and univariate and multivariate linear regression analysis were used to

examine the relationships between measurements of size at birth, current body size, blocd

pressure and pulse wave velocity.

5.3 Results

1 of the 66 children in the original study had moved from the study area (30 mile radius of

Southampton General Hospital). Of the remaining 65 children, 64 (98%) agreed to take part in the
follow up study. 29 (45.3%) were male and 35 (54.7%) were female. Mean birth and current body

size measurements of the 64 children are summarised in table 5.1.

Table 5.1 Mean birth and current body size measurements of the 10 year old children.

Boys SD Girls SD P value All

(n=29) (n=35) of difference  (n=64)
Current measurements
Height (cm) 14297 629 14336 5.63 0.818 143.18
Weight (kg) 37.19 5.63 38.45 8.25 0.488 37.88
Body mass index (kg/m°) 18.14 213 18.57 295 0.521 18.38
Birth measurements
Birth weight (kg) 3.56 0.56 3.42 0.66 0.385 3.48
Head circumference (cm) 35.76 1.50 35.07 1.67 0.090 35.38
Chest circumference (cm) 33.85 1.82 33.51 2.36 0.527 33.67
Abdominal circumference (cm) 37.81 2.15 36.76 2.28 0.066 37.24
Length (cm) 50.19 2.18 49.60 2.23 0.291 49.87
Head:abdominal circumference  105.75  3.86 104.8 4.84 0.438 105.28
Head circumference:length 0.71 0.02 0.77 0.02 0.338 0.71
Ponderal index (kg/cm®) 28.01 2.68 27.79 3.27 0.770 27.89
Placental weight (g) 667.31 157.44 61427 154.90 0.197 637.25
Placental:birth weight 0.18 0.03 0.18 0.03 0.713 0.18
Gestational age (days) 278 12.93 279 9.84 0.402 279

Current body size was similar in boys and girls in the present study. On average, girls were taller,
heavier and had a higher body mass index than the boys. However, these differences were very
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small and did not reach statistical significance. Boys tended to be larger as babies and weighed
on average 0.14 kg more at birth than girls. However, none of the differences in birth

measurements were statistically significant.

5.4 Blood pressure
The mean systolic and diastolic blood pressure measurements of the 10 year old children are

summarised in table 5.2.

Table 5.2 Mean systolic and diastolic blood pressure measurements (mmHg).

Blood pressure Boys SD Girls sSD P value All
(n=29) (n=35) of difference  (n=64)

Systolic blood pressure 99.61 7.77 98.58 8.40 0.616 99.05

Diastolic blood pressure 60.16 5.23 60.74 5.86 0.680 60.48

Systolic and diastolic blood pressure levels were similar in the boys and girls. Boys had an
average systolic blood pressure that was 1.03 mmHg higher and an average diastolic blood
pressure that was 0.58 mmHg lower than that of the girls. Neither of these differences were

statistically significant.

Linear regression analysis was used to investigate the relationships between blood pressure and

current and birth size measurements. The results are summarised in table 5.3.
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Table 5.3 Univariate analysis of systolic and diastolic blood pressure (mmHg) with current body

size and birth measurements.

Systolic pressure Diastolic pressure

Regression (p value) Regression (p value)

coefficient coefficient
‘Current body size
Height (cm) 0.287 (0.022) 0.147 (0.154)
Weight (kg) 0.495 (<0.001) 0.239 (0.013)
Body mass index (kg/m?) 0.454 (<0.001) 0.734 (0.011)
Birth measurements
Birth weight (kg) 0.467 (0.781) -0.277 {(0.810)
Head circumference (cm) -0.004 (0.995) -0.283 (0.517)
Chest circumference {cm) 0.084 (0.862) 0.210 (0.527)
Abdominal circumference (cm) -0.113 (0.834) -0.194 (0.744)
Length (cm) 0.148 (0.751) 0.039 (0.903)
Head:abdominal circumference -0.078 (0.738) 0.036 (0.822)
Head circumference:length -20.953  (0.640) -31.082 (0.312)
Ponderal index (kg/cm®) 0.058 (0.867) -0.080 {0.736)
Placental weight (g) -0.005 (0.430) -0.004 (0.418)
Placental: birth weight -50.297  (0.181) -23.402  (0.362)
Gestational age (days) 0.022 (0.806) -0.020 (0.750)

In univariate analysis systolic and diastolic blood pressure tended to be higher in boys and girls
who were taller in height, heavier in weight and who had a larger body mass index. All of these
relationships were statistically significant, except for that between diastolic pressure and height.
There were no statistically significant relationships between systolic or diastolic blood pressure

and birth measurements.

In multivariate analysis the potential confounding effect of current weight was adjusted for.
Gestational age was added into a second model along with current weight.

5.4.1 Systolic blood pressure
The resuits of the multivariate analysis for systolic blood pressure are summarised in table 5.4.
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Table 5.4 Multivariate analysis of systolic blood pressure (mmHg) and birth size adjusted for: -
i current weight.
ii current weight and gestational age.

Birth measurement i ii

Regression (p value) Regression (p value)

coefficient coefficient
Birth weight (kg) 2.051  (0.188) 1746 (0.308)
Head circumference (cm) -0.693 (0.227) -0.567 {0.375)
Chest circumference (cm) -0.703 (0.120) -0.642 (0.207)
Abdominal circumference (cm)  -0.749 (0.807) -0.675 (0.950)
Length (cm) -0.406  (0.339) -0.288  (0.542)
Head:abdominal circumference 0.186 (0.379) 0.154 (0.476)
Head circumference:length -0.052 (0.683) -15.419  (0.695)
Ponderal index (kg/cm®) -16.062 (0.412) -0.214 (0.494)
Placental weight (g) -0.011 (0.064) -0.012 (0.067)
Placenta:birth weight -43.615 (0.188) -42.755 (0.200)
Gestational age (days) -0.077 (0.350)

After adjusting for the effects of current weight, systolic blood pressure tended to be higher in
children who had had a lighter placenta at birth, although this relationship was not statistically
significant at conventional levels (p=0.05). Adding gestational age into the model had little effect

on this relationship.

5.4.2 Diastolic blood pressure
The results of the multivariate analysis for diastolic blood pressure are summarised in table 5.5.

76



Table 5.5 Multivariate analysis of diastolic blood pressure (mmHg) with birth size adjusted for: -

i current weight.
ii current weight and gestational age.

Birth measurement i ii

Regression (p value) Regression (p value)

coefficient coefficient
Birth weight (kg) -1.419 (0.227) -1.103  (0.391)
Head circumference (cm) -0.598 {0.166) -0.495 (0.302)
Chest circumference (cm) -0.586 (0.085) -0.533  (0.163)
Abdominal circumference (cm) -0.600 (0.720) -0.531 (0.875)
Length {(cm) -0.200 (0.533) -0.069 (0.847)
Head:abdominal circumference 0.155 (0.331) 0.128  (0.431)
Head circumference:length -29.010 (0.325) -28.475 (0.334)
Ponderal index (kg/m®) -0.218 (0.347) -0.185  (0.430)
Placental weight (g) -0.006 (0.161) -0.006 (0.209)
Placenta:birth weight -20.539 {0.405) -19.708 (0.200)
Gestational age (days) -0.065 (0.297)

After adjusting for weight (model i) and then weight and gestational age (model ii), children who
were lighter and smaller at birth tended to have higher diastolic blood pressure. However, none of

the relationships were statistically significant.

5.5 Pulse wave velocity
Mean pulse wave velocities for the ten year old boys and girls are summarised in table 5.6.

Table 5.6 Mean pulse wave velocities (m/sec) in ten year olds.

Arterial Segment Boys SD Girls SD P value All
(n=29) (n=35) of difference (n=64)
Aorta to femoral 272 0.37 2.82 0.44 0.157 2.78
Aorta to radial 3.95 0.46 419 0.57 0.014 4.08
Aorta to foot 4.60 0.45 4.82 0.61 0.027 4.72
Femoral to foot 11.14 0.85 11.84 0.92 0.249 11.52

On average, pulse wave velocity was 0.10 m/sec faster in the aorta to femoral, 0.24 m/sec faster in the
aorta to radial, 0.22 m/sec faster in the aorta to foot and 0.7 m/sec faster in the femoral to foot
segments in girls compared to boys. These relationships were statistically significant in the aorta to

radial and aorta to foot segments.
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The univariate analysis of pulse wave velocity and current body size, blood pressure and birth

size measurements is summarised in table 5.7

Table 5.7 Univariate analysis of pulse wave velocity (m/sec) with current body size and birth

measurements.

Aorta to femorai  Aorta to radial Aorta to foot Femoral to foot

Regression Regression Regression Regression

coefficient coefficient coefficient coefficient

(p value) (p value (p value) (p value)
"Current body size
Height (cm) 0.000 (0.998) 0.005 (0.604) 0.011 (0.302) -0.015 (0.747)
Weight (kg) 0.011  (0.123) 0.004 (0.645) 0.014 (0.148) -0.028 {(0.503)
Body mass index (kg/m?) 0.038 (0.058) 0.003 (0.920) 0.031 (0.259) -0.075 (0.522)
Blood pressure
Systolic pressure (mmHg) 0.012 (0.013) 0.002 (0.819) 0.0003 (0.959) -0.024 (0.361)
Diastolic pressure (mmHg) 0.004 (0.568) 0.022 (0.019) -0.003 (0.729) 0.006 (0.878)

Heart rate (beats per minute) 0.011 (0.038) 0.014 (0.022) 0.012 (0.062) -0.018 (0.536)

Birth measurements

Birth weight (kg) -0.044 (0.482) -0.077 (0.342) 0020 (0.866) 0.388 (0.432)
Head circumference (cm) -0.049 (0.132) -0.092 (0.029) -0.012 (0.779) 0.200 (0.285)
Chest circumference (cm) -0.028 (0.266) -0.044 (0.175) -0.020 (0.543) 0.050 (0.698)
Abdominal circumference (cm) 0.001 (0.277) -0.001 (0.066) 0.001 (0.847) 0.002 (0.239)
Length (cm) -0.020 (0.398) -0.013 (0.675) 0.020 (0.527) 0.170 (0.195)
Head:abdominal circumference 0.001 (0.924) -0.004 (0.821) 0.010 (0.532) 0.038 (0.582)
Head circumference:length -2.240 (0.328) -7.268 (0.014) -3.877 (0.210) -2.705 (0.838)
Ponderal index (kgfem®) 0.004 (0.853) -0.026 (0.259) -0.014 (0.567) -0.023 (0.819)
Placental weight (g) -0.001 (0.221) -0.0002 (0.643) 0.0001 (0.412) 0.004 (0.080)
Placenta:birth weight -0.856  (0.639) 2.910 (0.243) 4.903 (0.048) 22.741(0.037)
Gestational age (days) 0.007 (0.107) -0.003 (0.636) -0.008 (0.192) -0.007 (0.790)

Children with a larger current body size tended to have faster pulse wave velocities in all arterial
segments except for the femoral to foot segment. In particular boys and girls who were heavier
tended to have faster aorta to femoral and aorta to foot pulse wave velocities, although neither of
these relationships were statistically significant. Children with a faster heart rate tended to have a
faster pulse wave velocity in all arterial segments with the exception of the femoral to foot
segment. Boys and girls with higher systolic blood pressure tended to have a faster aorta to
femoral pulse wave velocity and children with higher diastolic blood pressure levels tended to have
a faster aorta to radial pulse wave velocity. Both these relationships were statistically significant.

In general, children who were smaller as babies tended to have faster pulse wave velocities in the

aorta to femoral, aorta to radial and aorta to foot segments. In particular, boys and girls who had
had a smaller head circumference at birth tended to have faster pulse wave velocities in their aorta
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to femoral and aorta to radial segments. Children who were born with a heavier placenta tended
to have faster femorali to foot pulse wave velocities. On average, boys and girls with a heavier
placenta in relation to their birth weight had faster pulse wave velocities in the aorta to foot and
femoral to foot segments. Boys and girls who were born after a shorter length of gestation tended
to have faster aorta to femoral and aorta to foot pulse wave velocities. However, not all of these

relationships were statistically significant at conventional levels {p=0.05).

Linear regression was used to investigate the simultaneous relationship between pulse wave
velocity, birth size measurements and potential confounding factors. Sex and current body weight
were related to pulse wave velocity in univariate analysis, therefore, these variables were added
into the multivariate model. Sex, current weight and systolic blood pressure were added into a
second model. Gestational age was then added into a third mode! with sex and current weight.

5.5.1 Elastic arteries : aorta to femoral segment
Multivariate analysis of pulse wave velocity in the aorta to femoral segment and birth

measurements of the ten year old children are summarised in table 5.8.

Table 5.8 Multivariate analysis of pulse wave velocity (m/sec) in the aorta to femoral
segment and birth measurements adjusted for the following variables: -

i sex and weight.

ii sex, weight and systolic blood pressure.

iii sex, weight and gestational age.

Birth measurements i Ii ili

Regression (p value) Regression (p value)  Regression (p value)

coefficient coefficient coefficient
Birth weight (kg) -0.076 (0.245) -0.042  (0.524) -0.008 (0.810)
Head circumference (cm) -0.059 (0.081) -0.040  (0.247) -0.030  (0.425)
Chest circumference (cm) -0.044 (0.089) -0.031 (0.238) -0.022 (0.4571)
Abdominal circumference (cm) -0.002 (0.403) -0.001 (0.626) -0.001 (0.721)
Length (cm) -0.029 (0.243) -0.017  (0.482) -0.005 (0.864)
Head:abdominal circumference 0.008 (0.515) 0.006 (0.602) 0.003  (0.800)
Head circumference:length -1.818 (0.424) -1.313  (0.554) -1.676  (0.445)
Ponderal index (kglom®) -0.010 (0.588) -0.005 (0.784) -0.003  (0.846)
Placenta:birth weight -0.671 (0.713) -0.171 (0.924) -0.441  (0.804)
Placental weight (g) -0.0004 (0.189) -0.0003 (0.431) -0.0002 (0.541)
Gestational age (days) -0.011 (0.023) -0.010 (0.0586)

After adjusting for the effects of sex and current weight, children who were born with a smaller
chest or head circumference at birth tended to have a faster pulse wave velocity in the aorta to
femoral segment. However, neither of these relationships were statistically significant. Boys and
girls who were born after a shorter length of gestation tended to have faster aorta to radial pulse
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wave velocities (figure 5.1) and this relationship was statistically significant. This relationship was
changed little when systolic blood pressure was added into the model. Replacing systolic blood
pressure with either diastolic blood pressure or heart rate had little effect on the relationship. After
adding gestational age into the model, no relationships with pulse wave velocity and birth

measurements were present.

Figure 5.1 Scatterplot of aorta to femoral pulse wave velocity adjusted for sex and current

weight according to gestational age.
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5.5.2 Muscular arteries with high elastin content : aorta to radial segment
The results of the multivariate analysis of aorta to radial pulse wave velocity with birth
measurements are summarised in table 5.9.
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Table 5.9 Multivariate analysis of aorta to radial pulse wave velocity (m/sec) and birth
measurements adjusted for the following variables: -

i sex and weight.

ii sex, weight and systolic blood pressure.

iii sex, weight and gestational age.

Birth measurements i il

Regression (p value) Regression (p value) Regression (p value)

coefficient coefficient coefficient
Birth weight (kg) ~-0.073 (0.389)  -0.037  (0.395) -0.023 (0.584)
Head circumference (cm) -0.083  (0.058) -0.083 (0.062) -0.084  (0.063)
Chest circumference (cm) -0.048 (0.160) -0.048 (0.165) -0.044  (0.258)
Abdominal circumference (cm) -0.004 (0.176) -0.004 (0.184) -0.003 (0.236)
Length (cm) -0.006  (0.852) -0.005 (0.867) 0.008 (0.822)
Head:abdominal circumference 0.001 (0.934) 0.001 (0.929) -0.001 (0.941)
Head circumference:length -6.463  (0.026) -6.470 (0.027) -6.396  (0.028)
Ponderal index (kg/cm®) -0.027  (0.244) -0.027 (0.240) -0.024  (0.300)
Placenta:birth weight 3.163  (0.197) 3.443 (0.175) 3.456 (0.149)
Placental weight (g) -0.0001 (0.910) -0.000 (0.934) 0.0003 (0.539)

Gestational age (days) -0.005 (0.392) -0.005 (0.395)

After adjusting for the effects of sex and current weight, children who were small as babies tended
to have faster pulse wave velocities in the aorta to radial segment. In particular, boys and girls
who had had a small head circumference at birth (figure 5.2), or who had been long in relation to
the size of their head circumference (figure 5.3) tended to have faster aorta to radial pulse wave
velocities. However, the relationship between head circumference at birth and aorta to radial
pulse wave velocity was not statistically significant at conventional levels (p=0.05). Adding systolic

pressure or gestational age into the model had little effect on these relationships.

Figure 5.2 Scatterplot of aorta to radial pulse wave velocity adjusted for sex and
current weight according to head circumference at birth.
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Figure 5.3 Scatterplot of aorta to radial pulse wave velocity adjusted fro sex and current weight

according to head circumference to length ratio
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5.5.3 Elastic and muscular arteries : aorta to foot segment
The results of the multivariate analysis of aorta to foot pulse wave velocity and birth

measurements are summarised in table 5.10.

Table 5.10 Multivariate analysis of pulse wave velocity (m/sec) in the aorta to foot
segment and birth measurements adjusted for the following variables :

i sex and weight.

ii sex, weight and systolic blood pressure.

iii sex, weight and gestational age.

Birth measurements Regression (p value) Regression (p value) Regression (p value)
coefficient coefficient coefficient
Birth weight (kg) ~0.013 (0.964) -0.011  (0.926) 0.113  (0.362)
Head circumference (cm) -0.008 (0.854) -0.009 (0.841) 0.044 (0.381)
Chest circumference (cm) -0.036  (0.307) -0.039 (0.278) -0.004 (0.919)
Abdominal circumference (cm) 0.002 (0.480) 0.002 (0.463) 0.004 (0.223)
Length (cm) 0.020 (0.547) 0.020 (0.555) 0.063 (0.078)
Head:abdominal circumference 0.021  (0.200) 0.022 (0.177) 0.015  (0.344)
Head circumference:length -3.035 (0.313) -3.088 (0.309) -2.866  (0.328)
Ponderal index (kg/cm®) -0.107  (0.408) -0.022 (0.369) -0.012  (0.598)
Placental weight (g) 0.0005 (0.281) 0.0005 (0.3086) 0.001  (0.027)
Placenta:birth weight 5254 (0.030) 5.207 (0.033) 5.633 (0.015)

Gestational age (days)

0.013  (0.042)

-0.013  (0.043)
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After adjusting for the effects of sex and current weight, children who were smaller in size at birth

tended to have faster pulse wave velocities in the aorta to foot segment. In particular children who

born light in relation to their placental weight tended to have faster aorta to foot pulse wave
velocities (figure 5.4). Children born after a shorter period of gestation also tended to have faster

pulse wave velocities in the aorta to foot segment (figure 5.5). Both these relationships were
statistically significant. Adding systolic blood pressure into the model had little effect on these
relationships. Adding gestational age into the model strengthened the relationship between faster

aorta to foot pulse wave velocity and placenta to birth weight ratio and a relationship with a heavier

placental weight also became apparent.

Figure 5.4 Scatterplot of aorta to foot pulse wave velocity adjusted for sex, current
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Figure 5.5 Scatterplot of aorta to foot pulse wave velocity adjusted for sex and current weight
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5.5.4 Muscular arteries with low elastin content: femoral to foot segment
The results of the multivariate analysis of femoral to foot pulse wave velocity and birth

measurements are summarised in table 5.11.

Table 5.11 Multivariate analysis of pulse wave velocity (m/sec) in the femoral to foot
segment with birth measurements adjusted for the following variables :

i sex and weight.

ii sex, weight and systolic blood pressure.

iii sex, weight and gestational age.

Birth measurements Regression (p value) Regression (p value) Regression (p value)
coefficient coefficient coefficient

Birth weight (kg) 0.385  (0.197) 0661  (0.220) 0.865 (0.149)
Head circumference (cm) 0.034 (0.634) 0.041  (0.571) 0.033 (0.657)
Chest circumference (cm) 0.129  (0.402) 0.120 (0.448) 0.183 (0.297)
Abdominal circumference (cm) 0.001 (0.197) 0.001  (0.220) 0.001 (0.131)
Length (cm) -1.052  (0.937) -1.348  (0.920) -0.978 (0.942)
Head:abdominal circumference 0.002  (0.131) 0.002 (0.121) -0.002 (0.113)
Head circumference:length -223.992  (0.287) -214.435 (0.315) -297.063  (0.205)
Ponderal index (kg/lcm®) 23.125  (0.033) 22.894 (0.037) 23779 (0.029)
Placental weight (g) 0.005 (0.022) 0.005 (0.026) 0.006 (0.005)
Placenta:birth weight -0.001  (0.992) -0.011  (0.921) 0.002 (0.983)
Gestational age (days) -0.006 (0.844) -0.006 (0.835)

After adjusting for the effects of sex and weight, children who had had a larger ponderal index
(figure 5.6) or a heavier placenta at birth (figure 5.7) tended to have a faster pulse wave velocity in
the femoral to foot segment. These relationships were changed little when systolic blood pressure
was added into the model. When gestational age was added into the model, these relationships

were strengthened and both were statistically significant.
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Figure 5.6 Scatterplot of femoral to foot pulse wave velocity adjusted for sex and current weight

according to ponderal index at birth.
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Figure 5.7 Scatterplot of femoral to foot pulse wave velocity adjusted for sex and current weight

according to placental weight (g).

7.5

7.0+ .

6.5

6.0 B

554 = - = female

Femoral to foot pulse wave velocity (m/sec)

= male

50
200 400 600 800 1000 1200

Placental weight (g}

85



5.6 Discussion
Systolic and diastolic blood pressures were higher in children with a larger current body size. In

particular, systolic and diastolic blood pressure tended to be higher in boys and girls who were
heavy or who had a large body mass index (weight/height?). These findings are consistent with
previous studies which have reported that children with a larger current body size, and in particular
a heavier current weight tend to have raised blood pressure levels.? 2% 1% Therefore, in order
to take account of the effect of current weight, this variable was added into all multivariate models.

5.7 Blood pressure and birth weight

Children who were light at birth tended to have higher systolic and diastolic blood pressure in the
present study, although the relationships were not statistically significant. Linear regression
analysis showed that after adjusting for the effects of sex and current weight, for each kilogram
decrease in birth weight there was a 2.3 mmHg increase in systolic blood pressure (95% c.i. -5.44
to 0.77).

The results of published studies that have investigated associations between systolic blood
pressure and birth weight in children of a similar age to those in the present study are presented in

figure 5.8.

Figure 5.8 Studies investigating the association between systolic blood pressure and birth weight
in children (adapted from ).

First author and Age

year of publication (ears)
Present study | u | 10
Taylor 1997 —a— 8to 11
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Godfrey 1994 } [ ] { 10to 12
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Figure 5.8 shows that the results of the present study are consistent with most of the previously
published findings in children. The regression coefficient of the present study (-2.3) is within the
95% confidence intervals of all the studies, with the exception of that by Godfrey etal.” A
systematic review which assessed the evidence for an inverse relationship between blood
pressure and birth weight suggested that in children systolic blood pressure tended to rise by 2 to
3 mmHg for each kilogram decrease in birth weight.® The findings of the present study are also

consistent with this.

5.8 Blood pressure and birth size
After adjusting for the effects of current weight, children who had had a lighter placenta at birth
tended to have higher systolic blood pressure at ten years of age. However, this relationship was

of borderline statistical significance (p=0.067).

Body size proportions differ between infants born pre-term (<37 weeks gestation) and those born
at term (37 to 42 weeks gestation). Therefore, relationships between size at birth and raised blood
pressure may be distorted if pre-term babies are included in the analysis. In the present study
there were two subjects who were born before 37 weeks gestation. However, the trends between
birth size and raised blood pressure were unchanged whether these two subjects were included or
excluded from the analysis. When gestational age was added into the multivariate analysis, the
relationship between raised blood pressure and a lighter placenta changed little. This indicates
that reduced placental growth, and not premature delivery was responsible for this relationship.

The results of the present study are consistent with some of the previous reports that have
investigated childhood blood pressure in relation to size at birth. In 3 studies of 6 to 11 year olds,
children born with a lighter placenta also tended to have raised systolic blood pressure.?® " "
However, 2 other studies of 4 and 8 year olds showed that systolic blood pressure tended to be
higher in children with a heavier placenta.®*" A further study of 8 to 11 year olds showed that
girls born with a lighter placenta tended to have raised systolic blood pressure whereas boys born

with a heavier placenta tended to have higher systolic blood pressure.®

The mechanism that links a lighter placenta at birth to raised blood pressure in later life is
unknown. Could impaired blood vessel growth resulting in reduced arterial compliance be
responsible? Pulse wave velocity was measured in the children to investigate this possibility.

5.9 Pulse wave velocity
In the 10 year old children, mean aorta to femoral pulse wave velocity was 2.78 m/sec. Mean

aorta to radial pulse wave velocity was 4.08 m/sec. Mean aorta to foot pulse wave velocity was
4.72 m/sec and mean femoral to foot puise wave velocity was 11.52 m/sec. Table 5.12 shows the
results of the previous published studies that have reported pulse wave velocity values in healthy

children of a similar age to those in the present study.
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Table 5.12 Mean pulse wave velocities (m/sec) in children.

First author and year of publication Age Pulse wave velocity Segment
(years) (m/sec)

“Eliakim 1971 - 11-20 55 Aorta to foot
Present study 10 47 Aorta to foot
Avolio 1985 10 5.6 Aorta to femoral
Avolio 1985 10 6.2 Aorta to femoral
Present study 10 238 Aorta to femoral

Pulse wave velocity in the aorta to foot segment was slower in the 10 year olds in the present
study (4.7 m/sec) compared to the group of 11 to 20 year olds (5.5 m/sec) in the study by Eliakim
etal.™ |t has previously been shown that pulse wave velocity increases with age.”"® Therefore,
the mean aorta to foot pulse wave velocity may have been faster in the subjects in the study by
Eliakim et al. because they were older than the people in the present study. The mean pulse wave
velocity in the aorta to femoral segment was much slower in the children in the present study
compared to those of the two previous studies by Avolio et al.""® Much of the variation is likely to
result from methodological differences (detailed in chapter 3, section 3.10). After an estimate of
mean left ventricular contraction time (76.5 miliseconds) had been subtracted from the pulse wave

transit times in the present study, the aorta to femoral pulse wave velocity was 5.7 m/sec, which is

comparable to the findings of Avolio et al.'*®

In the present study, pulse wave velocity tended to be faster in girls, in children with a larger
current body size and in boys and girls with a higher systolic and diastolic blood pressure and a
faster heart rate. Previous studies have also shown that pulse wave velocity tends to be faster in
adults who are taller, who have a faster heart rate and who have raised blood pressure (detailed in
section 3.10).”% "% |n the present study, the relationship found between a faster pulse wave
velocity and female sex is not consistent with previous findings which have shown that males tend
to have stiffer arteries than females.'® However, the faster pulse wave velocities recorded in
females in the present study could reflect their tendency to have a larger body size, which is also

related to reduced arterial elasticity. "

5.10 Pulse wave velocity and birth size

5.10.1 Proportionately small

Only pulse wave velocity in the femoral to foot segment was related to birth weight and children
who had been heavier at birth tended to have faster pulse wave velocities in this segment. In the
aorta to femoral and aorta to radial segments pulse wave velocity did tend to be faster in children
who had had small head, chest or abdominal circumferences or who had been shorter in length at
birth. However, the relationships were weak and none were statistically significant. In the aorta to
foot and femoral to foot segments pulse wave velocity tended to be faster in children who had had
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a larger abdominal circumference at birth, although these relationships were not statistically
significant. Therefore, there appears to be little evidence that puise wave velocity is related to

proportional growth restriction in the arterial segments that were studied.

5.10.2 Disproportionately small abdominal circumference or length in relation to head size
There were no relationships between pulse wave velocity and head to abdominal circumference
ratio at birth in any of the arterial segments studied. There were no relationships between aorta to
femoral, aorta to foot or femoral to foot pulse wave velocity and head circumference to length ratio
at birth either. However, aorta to radial pulse wave velocity did tend to be faster in children who
were born long in relation to their head circumference and this relationship was statistically

significant.

5.10.3 Low ponderal index
There were no relationships between aorta to femoral, aorta to radial or aorta to foot pulse wave

velocities and ponderal index at birth. However, pulse wave velocity in the femoral to foot
segment was related to ponderal index, although children with a larger ponderal index at birth
tended to have faster pulse wave velocities in this segment. When birth weight and length at birth
were added into the regression model together, the relationship between femoral to foot pulse
wave velocity and birth weight (regression coefficient =0.28, p=0.21) was stronger than the
relationship between femoral to foot pulse wave velocity and length at birth (regression

coefficient =0.01, p=0.89). Therefore, the relationship between a faster femoral to foot pulse wave
velocity and a larger ponderal index at birth may be explained by the greater birth weight of these
children, rather than fatness at birth. Therefore, there was little evidence to suggest that pulse

wave velocity was related to a low ponderal index in any of the arterial segments studied.

5.10.4 Placental size

After adjusting for the effects of sex, current weight and gestational age, children who had had a
heavier placenta at birth tended to have faster pulse wave velocities in their aorta to foot and
femoral to foot arterial segments. These relationships were statistically significant. In both these
segments pulse wave velocity also tended to be faster in children who had been light in relation to

their placentas.

5.10.5 Gestational age

After adjusting for sex and current weight, children who were born after a shorter length of
gestation tended to have a faster pulse wave velocities in the aorta to femoral and aorta to foot
segments. Both these relationships were statisticaily significant. Pulse wave velocities in the

aorta to radial and femoral to foot segments were not related to gestational age at birth.
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5.11 Birth size in relation to ‘type’ of artery

The results of the present study showed that pulse wave velocity in the elastic arterial segment
(aorta to femoral) tended to be faster in children who were born after a shorter length of gestation.
Pulse wave velocity in the segment containing muscular arteries with a high elastin content (aorta
to radial) was related to disproportionate fetal growth indicating alterations in the fetal growth rate
in the latter half of pregnancy. Pulse wave velocity in the segment containing muscular arteries
with a low elastin content (femoral to foot) was related to a heavier placenta, which might indicate
changes in the fetal growth pattern in mid pregnancy. These results appear to be consistent with
the hypothesis that indicators of intrauterine growth restriction in the mid to latter half of pregnancy

may reduce elastin synthesis and lead to permanently stiffer arteries.

The question that follows is how could a shorter length of gestation, or alterations in the fetal and

placental growth rate lead to stiffer arteries in childhood.

5.12 Length of gestation

As detailed in section 4.13, major alterations occur in the circulatory system at birth. These
alterations adapt the fetus to the haemodynamic changes that take place at birth. Changes in
metabolic and endocrine factors, such as cortisol alter '’" and could lead to a reduction in elastin

synthesis.

A pulse wave velocity value was calculated for the femoral to foot segment using the equation
cited in chapter 3 (section 3.2.1). No relationship was found between a faster pulse wave velocity
and a shorter gestational age in the femoral to foot segment. Therefore it would appear a shorter
length of gestation only led to increased pulse wave velocity in the aorta to femoral segment. A
similar relationship was only present in the aorta to foot segment because it includes the aorta to

femoral section.

In a study of pig aortas, a temporal gradient of elastin synthesis was found in accordance with
distance from the heart.”® In the days surrounding birth elastin production was greatest in the
thoracic aorta. This maximal level of synthesis became progressively distal in the weeks following
birth.%® If the rapid increase in elastin synthesis just prior to birth is reduced by a shorter length of
gestation, it is the elastin content of the thoracic aorta that is most likely to be affected at this time.
The more distal arteries which have probably not yet reached their maximal synthesis rates may

be less affected or unaffected.

5.13 Placenta and blood flow redistribution

The enlargement of the placenta in intrauterine growth restricted pregnancies may represent a
response to an adverse intrauterine environment caused by factors such as maternal
hypertension, anaemia or undernutrition (section 1.3).“*"® As a result there may be adaptive
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changes in the distribution of blood flow or in the concentration of fetal and placental hormones

and in the sensitivity of different tissues to the hormones. %7

The placenta may enlarge during pregnancy in response, for example, to hypoxia to maintain
oxygen supplies.48 Studies have suggested that the fetus responds to a reduced oxygen supply

by redistributing blood flow to the brain at the expense of the trunk."® " Indeed Doppler blood
flow waveforms have demonstrated increased blood flow to the head in growth restricted
fetuses.' ¥ The adaptive response of the growth restricted fetus in reducing its blood flow could
have long term effects through irreversibly altering arterial structure. The structure of the artery
wall is sensitive to blood flow. Animal studies have shown that reduction in local biood flow in for
example, immature rabbits, results in a decrease in vessel elastin content.'®' Elastin is largely
responsible for the elastic properties of the arterial wall. Therefore, the reduction of blood flow
could lead to stiffer arteries through reduced elastin synthesis. There is some evidence that
reduction in blood flow does affect arterial structure in humans. This comes from a study of infants
who were born with a single umbilical artery. In a group of these infants, the iliac artery on the
side of the present umbilical artery was found to be elastic, whereas the iliac artery on the side of
the missing umbilical artery, which had lower blood flow, was thin walled and muscular.'® A
redistribution of blood flow in favour of the brain would result in a reduction of blood flow to the
legs. Therefore, the finding that children with a heavier placenta tended to have faster pulse wave
velocities in their femoral to foot segments only is consistent with this idea, although there was no

evidence of disproportionate growth restriction.

Studies in rats have shown that the activity of the placental hormone 11-8 hydroxysteroid
dehydrogenase correlates positively with birth weight and negatively with placental size.'® This
hormone acts as a barrier to protect the fetus from the harmful effects of maternal glucocorticoids
by converting them to inactive cortisones.'’® Therefore, rats born light in relation to their placental
weight are likely to have had a greater exposure to maternal glucocorticoids through reduced 11-B
hydroxysteroid dehydrogenase activity. It is possible that fetal exposure to maternal
glucocorticoids could lead to alterations in the structure of the vasculature,"‘8 which may result in

the development of stiffer arteries.

5.14 Comparison with the previous published study

The results of the present study were not consistent with those of the earlier published study.
the present study there were no relationships between lighter birth weight, smaller abdominal or
head circumference or shorter length at birth in either the aorta to femoral or femoral to foot

28 In

segments as were found in the previous published study.
5.15 Arterial compliance and blood pressure

In the adult populations in chapters 3 and 4 it was difficult to determine whether people with

indicators of intrauterine growth restriction in mid to late pregnancy had faster puise wave
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velocities due to poor fetal growth, or due to their tendency to have higher blood pressure. In
order to control for the effects of adult blood pressure, systolic and diastolic blood pressure were
added into multivariate models in these studies. However, this is not an entirely satisfactory thing
to do because it assumes that the increase in pulse wave velocity with rising blood pressure is the
same for everyone in the study population (figure 5.9 line C), which may not be the case. The
relationship may be different for each individual (for example, figure 5.9 lines A and B).

Figure 5.9 Example of the differences that might exist in the arterial pulse wave velocity/blood
pressure relationship between individuals (A and B) compared to the whole

population (C).
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In the children in the present study, the relationships between a faster pulse wave velocity and
smaller birth size were changed little whether or not systolic and diastolic blood pressure were
added into multivariate analysis. This suggests that the relationships in children are independent
of blood pressure, and therefore it is poor fetal growth that is responsible for the trends seen with
faster pulse wave velocity and smaller birth measurements and not a tendency to have higher

blood pressure. However, this interpretation is speculative.

5.16 Strength of the results

A number of statistically significant results were found in the present study. However, careful
interpretation is necessary because the analysis was based on data from a small number of
subjects and there were a large number of test variables. Analysis of multiple variables increases

the probability that statistically significant results can occur by chance.

There is some evidence to suggest that caution is necessary in interpreting the results of the
present study. For example, the analysis of pulse wave velocity and birth measurements showed
an opposing association with the results from the systolic blood pressure and birth size analysis.
Children born with a lighter placenta tended to have higher systolic blood pressure, whereas boys
and girls with a heavier placenta at birth tended to have faster aorta to foot and femoral to foot

pulse wave velocities. As systolic blood pressure rises, pulse wave velocity increases. Therefore,
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the relationships between systolic blood pressure and placental weight and pulse wave velocity

and placental weight might have been expected to be in the same direction.

5.17 Conclusions
The results of the present study showed that children who were light at birth or who had a lighter

placenta tended to have higher systolic blood pressure at ten years of age. However, these

results were not statistically significant at conventional levels.

Pulse wave velocity was measured to investigate whether reduced arterial compliance might be a
mechanism linking small size at birth to raised blood pressure. The results of the present study,
although not conclusive, showed that children who were born after a shorter length of gestation
tended to have faster aorta to femoral pulse wave velocities. Boys and girls with a small head
circumference to length ratic at birth tended to have faster aorta to radial pulse wave velocities.
Children with a heavier placenta tended to have faster aorta to foot and femoral to foot pulse wave
velocities at ten years old. All these relationships were independent of current blood pressure
levels. This adds weak support to the hypothesis that intrauterine growth restriction in mid to late
pregnancy is important in the programming of arterial compliance and may provide a mechanism

linking reduced fetal growth to raised blood pressure in adult life.

93



Chapter 6
Quantification of aortic scleroprotein in two animal models of intrauterine growth restriction

6.1 Introduction
The results of the studies detailed in chapters 3 to 5 show that decreased arterial compliance is

related to indicators of intrauterine growth restriction in mid to late gestation in humans. This
suggests that the uterine environment is important in determining arterial elasticity. Estimates of
arterial compliance from measurements of pulse wave velocity provide an indirect estimate of the
elastin content of the arteries. The aim of the present study was to make a direct quantification of
the aortic scleroprotein content. It was not possible to estimate elastin concentrations in samples
of human aorta therefore, the aortas of rats from two established animal models of intrauterine

growth restriction were used.

In both the animal models, rat pups born to nutritionally restricted mothers are born lighter in
weight and have reliably higher blood pressure compared to rat pups born to mothers fed a control
diet.>* '® The same process that causes blood pressure to rise in the maternal dietary restricted
rat pups may also lead to raised blood pressure in intrauterine growth restricted humans.
Therefore, these animal models provide a good basis for studying the mechanisms involved in
fetal programming of raised blood pressure. Examples of mechanisms that have been
investigated using these models include reduced nephron number, '8 tetal exposure to maternal

glucocorticoids, "® altered hypothalamic-pituitary-adrenal axis function'® and in this study, reduced

aortic scleroprotein synthesis.

6.2 Animal models

6.2.1 Maternal low protein model

In the first of the animal models, rats were fed either a low protein diet (9% casein) or a control
(18% casein) diet during pregnancy. Previous studies have shown that offspring of the low protein
mothers were lighter at birth and had significantly higher systolic blood pressure measured at 9

weeks of age compared to the offspring of control diet fed mothers.*

Eight female virgin Wistar rats were housed individually and maintained at 24°C on a 12-12 hour
light-dark cycle. The rats were divided into two equal groups. The first group were designated the
low protein group and were habituated to a diet containing 9% protein. The second group were
habituated to an isocaloric diet containing 18% protein. The protein source was casein and all
diets contained 5 g/kg methionine to avoid sulphur deficiency. All animals were given free access
to water. After 14 days the animals were mated by caging them with virgin males until a vaginal
plug was observed. Low protein or control diets were continued during the mating period until birth
of the pups. Following birth the dams were fed a standard rat chow diet (20% protein). Litters of 9
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or more were culled to 8 pups (4 male, 4 female where possible). The birth weight of each rat pup

was measured. At 21 days of age the litters were weaned onto the standard rat chow.

At 28 days of age, Dr S Langley Evans, of the Department of Human Nutrition, Southampton
University, recorded systolic blood pressure in each rat pup. Systolic blood pressure was
measured in the caudal artery using an IITC model 229 tail cuff system. The animals were
habituated to the blood pressure measurement every day for 7 days prior to measurement at 28
days so that blood pressure readings could be made in conscious animals with minimal restraint.

Following systolic blood pressure measurement, the rat pups were killed by asphyxiation with CO,.
The thoracic and abdominal segments of the aorta were then removed. The diaphragm defined
the boundary between the thoracic and abdominal aortic segment. After cutting through the aorta
while it was still in-situ, the separate segments were removed by dissecting them free from the
surrounding tissues and cutting all visible side branches. Each segment was then stored

separately at -80 °C until scleroprotein analysis could be carried out.

6.2.2 Maternal calorie restricted diet model

In the second animal model, rats were fed either a calorie restricted diet (70% of control diet) or a
control diet (standard rat chow) during pregnancy. Previous studies have shown that the rat pups
born to calorie restricted mothers were smaller in birth size and had systolic blood pressure that
was significantly elevated at 30 weeks of age compared to rat pups born to the control diet fed

mothers.'®

Nineteen 12-14 week old Wistar rats were maintained under standard conditions (room
temperature 24 °C, humidity 55% and 12-12 hour light-dark cycle) with free access to water and
standard rat chow (crude oil 2.6%, protein 14.7%, and fibre 5.3%). After mating, female rats were
randomly divided into two groups, a control group (n=9) fed standard rat chow and a nutritionally
restricted group (n=10) fed 70% of the gestation matched dietary intake. Animals were housed
individually and fed the prescribed diet daily. Litter size was standardised to 10 pups at day 1.

The birth weights of the rat pups were not measured in this animal model.

Two rat pups from each litter were randomly chosen at 60 days, 100 days and 200 days. After an
overnight fast systolic blood pressure was measured in the chosen rat pups by Dr Takashi Ozaki
at the Department of Obstetrics and Gynaecology, University College, London. Each rat pup was
anaesthetised with 60 mg of sodium pentobarbitone. A polythene catheter was inserted into the
iliac artery via the left femoral artery. The catheter was tunnelled under the abdominal skin,
exteriorised and connected to a pressure transducer. The animals were then placed in a dark box
to allow free movement. 3 hours after recovery, systolic blood pressure was recorded in the

conscious unrestrained animals.
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At 20 days, two rats from each litter were randomly chosen. Each rat pup was killed by overdose
of sodium pentobarbitone (200 mg/kg) and aortas were removed from each animal and stored at -
80 °C until scleroprotein analysis could be carried out. The same procedure was carried out
directly after blood pressure had been measured in the rats who had been selected at 60, 100 and

200 days.

6.3 Methods

6.3.1 Gravimetric scleroprotein measurement

The gravimetric method used to estimate aortic elastin was adapted from the procedure originally
described by Neuman and Logan.’® This method relies on the insolubility of mature cross-linked
elastin and the solubility of all the other components of the aorta, such as collagen and ground
substance. Samples were boiled long enough to solubilise all the components of the aorta apart

from elastin. The remaining solid material that was left was then assumed to be elastin.

The aortas were freeze dried and then weighed. Each aorta sample was then boiled at 126 °C for
8 hours. The solid material that was left from each aorta was freeze dried and then weighed. The

proportion of the original aortic weight attributable to elastin was then calculated.

Each sample was placed in an Eppendorf tube of known weight and the sample was weighed in
the tube giving the initial wet weight. Holes were pierced into the lid of each tube and the samples
were placed in a freeze dryer for 24 hours. Each sample was then reweighed in its tube to
determine its dry weight. In order to isolate the elastin, each sample was placed in a separate
glass tube and 1 ml of distilled water was added. The tubes were then autoclaved at 20 psi
pressure (126°C) for 6 hours to solubilise all the tissue in each sample that was not elastin. After
autoclaving, the solid remains of each aorta were removed from the glass tubes and returned fo
their original eppendorf tubes. Each sample was then placed in a freeze dryer for 24 hours. The
samples were then reweighed in their tubes to determine the dry weight of alkali soluble + alkali

insoluble elastin.

Each of the samples (low protein model only) was then placed in a separate tube and 1 mi of 0.1
M sodium hydroxide was added. The samples were heated to 80 °C for one hour. The aortas
were then removed from the solution, washed twice in distilled water and placed back into their
original eppendorf tubes. All the samples were then placed in a freeze dryer for 24 hours. Each

aorta was reweighed in its tube to determine the dry weight of alkali insoluble elastin.

6.3.2 Hydroxyproline analysis

The collagen content of the aortas was estimated by quantifying hydroxyproline. After boiling the
aorta samples to isolate elastin as described in section 6.3.1, the supernatant contains all the
collagen and ground substance. By evaporating the supernatant to dryness and hydrolysing in 6M
hydrochloric acid, the hydroxyproline content can be quantified using colourimetric techniques.
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Assuming that 13.5% of the weight of collagen is attributable to hydroxyproline,'® the collagen

content of each aorta sample can then be calculated.

Following the autoclaving of each aorta sample in step 6.3.1, the supernatant from each glass tube
was decanted into a separate eppendorf tube. The glass tube was then washed twice with 0.5 ml
distilled water and this was added to the eppendorf tube. These samples were sent to Caroline
Clifford at the laboratories of the Institute of Orthopaedics, Stanmore, Middlesex where she

supervised hydroxyproline analysis for collagen content determination.

The hydroxyproline in each sample was measured using the method of Ho et al.¥®  According to
this technigue hydroxyproline was oxidised by chioramine-T (sodium N-cholor-p-
toluenesulphonamine) in near neutral buffer (pH 6.0). The chromogens (pyrrole and pyr-2-
carboxylic acid) formed are coupled with p-dimethylaminobenzaldehyde in strong perchloric acid

(60%) to produce a chromophore whose absorbance was measured at 570 nm.

Collagen consists of 13.5% hydroxyproline.'®® Therefore, the hydroxyproline concentration in the
2 ml of solution from each aorta sample was multiplied by 6.75 to give the collagen concentration.

6.3.3 Fastin Elastin assay (produced by Biocolor Limited)
The Fastin elastin assay is a quantitative colourimetric dye-binding method. The dye reagent
binds to a specific non-polar amino acid sequence found in mammalian elastins. Its absorbance is

then measured at 513nm.

Due to time and money constraints only the low protein model samples were analysed using this
assay. 500 pl of 0.25 M oxalic acid was added to each aorta in its tube and all the samples were
heated at 90°C overnight to generate alpha elastin, a solubilised form of elastin. 0, 20, 40, 60 and
80 pl of alpha elastin standard and 50 pl of each sample were added to separate tubes. 600 ul of
Fastin elastin precipitating reagent was then added to each tube and was left overnight at 4°C.
The samples were then centrifuged at 5 500 rpm for 10 minutes. Each tube was opened and the
liquid was poured to waste leaving the precipitated elastin pellet in the bottom of the tube. 500 pl
of elastin dye reagent (5,10,15,20-tetraphenyl-21,23-porphrine) and 100 pl of saturated
ammonium sulphate was added and the tubes were shaken gently for one hour. The samples
were then centrifuged at 5 500 rpm for 10 minutes. Each tube was opened and the unbound dye
was drained off. 500 pl of elastin destain reagent (methanol-ammonia solution) was then added
and the samples were shaken gently for 10 minutes to solubilise the dye bound to the elastin
pellet. The tubes were then centrifuged at 6 000 rpm for 5 minutes. The recovered elastin dye
concentration in each sample was measured using a spectrophotometer set at a wavelength of
513 nm. The concentration of elastin in ug was read from the calibration curve, which was

produced from the absorbance values measured from the alpha elastin standards.
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6.4 Analysis
Tabulation of means was used to compare the difference in the scleroprotein content of the aortas

of protein or calorie restricted rat pups and control rat pups. Multilevel linear regression modelling
was then carried out to take into account the fact that rat pups from the same litters may have
elastin concentrations that are more similar than randomly selected rats from different litters.
Adijusting for genetic similarity is necessary because the variation in the data might be smaller than
that expected in a totally random sample. Multilevel modelling partitions between-rat variation into
between-family variation and between-rat within-family variation and uses the ratio of these to

adjust the estimate of the standard error from the regression slope.

6.5 Results
6.6 Low protein model
Mean weights at birth and systolic blood pressure levels of the rat pups born to mothers fed a low

protein or a control diet during pregnancy are summarised in table 6.1.

Table 6.1 Mean weight at birth and systolic blood pressure of the caudal artery measured
at 28 days in rat pups born to mothers fed either a low protein or a control diet

throughout pregnancy.

Control Low Protein P value
Mean (SD) Mean (SD) of the
(n=13) (n=26) difference
Birth weight (g) 5.33 (0.15) 4.96 (0.10) <0.050
Systolic blood pressure (mmHg) 96.5 (10.0) 116.5 (14.5) <0.001

SD = standard deviation

Rat pups born to mothers fed a low protein diet during pregnancy were on average 0.37 g lighter
at birth and had systolic blood pressure that was 20 mmHg higher than rat pups born to mothers
fed a control diet during pregnancy. Both these differences were statistically significant.

6.6.1 Alkali soluble + alkali insoluble elastin using the gravimetric method
The mean alkali soluble + alkali insoluble elastin content of the abdominal and thoracic aorta

segments is summarised in table 6.2 and figure 6.1.

Table 6.2 Mean alkali soluble + alkali insoluble elastin content (%) of tissue samples in 28 day old

rat pups whose mothers were fed either a low protein or a control diet during

pregnancy.

Control Low Protein P value of

Tissue Mean SD n mean SD n difference
‘Thoracic aorta ~ 55.33  16.21 13 45.68 13.36 26 0.04
Abdominal aorta 68.68 14.28 10 54.81 18.41 26 0.06
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On average the thoracic aortas of the maternal low protein rat pups contained 9.6% less alkali
soluble + alkali insoluble elastin than those of the control pups and this difference was statistically
significant. Similarly, the abdominal aortas of the maternal low protein rat pups contained on
average 13.9% less alkali soluble + alkali insoluble elastin than those of the control rat pups and
this difference was of borderline statistical significance. These resuits are summarised in figure

6.1.

Figure 6.1 Percent alkali soluble + insoluble elastin content of the aortas of rats whose

mothers were fed either a low protein or a control diet during pregnancy.
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A multilevel model was used to investigate the effect of a low protein diet on the arterial alkali
soluble + alkali insoluble elastin content after adjusting for genetic similarities between rat pups of

the same litter. The results are summarised in table 6.3.

Table 6.3 Multilevel linear regression models of the effect of a low protein diet compared to

control diet on percentage aortic alkali soluble + insoluble elastin content.

Tissue Regression coefficient 95% ci P value
Thoracic aorta 9.66 -0.35t0 19.68 0.059
Abdominal aorta 15.55 -4.151035.25 0.122

ci = confidence intervals

Rat pups born to mothers who were fed a low protein diet during pregnancy had on average
9.66% less alkali soluble + alkali insoluble elastin in their thoracic aorta compared to those of the
rat pups whose mothers were fed a control diet. This relationship was of borderline statistical
significance. On average, the abdominal aortas of the maternal low protein rat pups contained
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15.55% less alkali soluble + alkali insoluble elastin than those of maternal control diet rat pups,

although this difference was not statistically significant.

6.6.2. Alkali insoluble elastin using the gravimetric method
The mean alkali insoluble elastin content of the rat thoracic and abdominal aortas is summarised

in table 6.4 and figure 6.2.

Table 6.4 Mean alkali insoluble elastin content of tissue samples in 28 day old rat pups whose

mothers were fed either a low protein or a control diet during pregnancy.

Control Low Protein P value of
Tissue Mean SD n Mean SD n difference
Thoracic aorta 54.20 13.43 13 41.33 10.25 26 0.003
Abdominal aorta 43.04 12.96 10 38.89 12.12 26 0.189

On average the thoracic aortas of the maternal low protein diet rat pups contained 12.9% less
alkali insoluble elastin than those of the maternal control diet rat pups. This difference was
statistically significant. The abdominal aortas of the maternal low protein diet rat pups contained
4.1% less alkali insoluble elastin on average than maternal control diet rat pups, although this

difference was not statistically significant.

Figure 6.2 Percentage alkali insoluble elastin content of the aortas of rats whose mothers
were fed either a low protein or a control diet during pregnancy.
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To investigate the effect of a low protein diet on arterial alkali insoluble elastin content, multilevel
modelling was used to adjust for genetic similarities between rat pups of the same litter. The

results are summarised in table 6.5.

Table 6.5 Multilevel linear regression models of the effect of a low protein diet
compared to control diet on percentage aortic alkali insoluble elastin content.

Tissue Regression coefficient 95% ci P value
Thoracic aorta 13.34 2.37 10 24.31 0.017
Abdominal aorta 9.06 -7.19 10 25.32 0.275

After controlling for the genetic similarities of litter mates, on average the thoracic aortas of the
maternal low protein diet rat pups contained 13.34% less alkali insoluble elastin than those of the
maternal control diet group. This difference was statistically significant. in the maternal low
protein diet rat pups, on average the abdominal aorta contained 9.06% less alkali insoluble elastin
than in the maternal control diet rat pups, however, the relationship was not statistically significant.

6.6.3 Alkali insoluble elastin using the Fastin elastin assay

The mean percentage alkali insoluble elastin content of the thoracic and abdominal aortas of low
protein and control group rat pups measured using the Fastin elastin assay is summarised in table
6.6 and figure 6.3.

Table 6.6 Mean alkali insoluble elastin content (%) of aorta samples in 28 day old rat pups

whose mothers were fed either a low protein or a control diet during pregnancy.

Control Low Protein P value of
Tissue Mean SD n mean SD n difference
Thoracic aorta 49.77 14.26 13 37.73 9.57 26 0.008
Abdominal aorta 53.29 13.24 10 46.69 15.11 26 0.231

The mean alkali insoluble elastin content of the thoracic aorta was 12.04% lower in the maternal
low protein diet rat pups compared to the maternal controi diet rat pups. In the abdominal aorta
the maternal low protein group rat pups had on average 6.6% less alkali insoluble elastin than the
maternal control diet group. The difference in the thoracic aorta was statistically significant.
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Figure 6.3 Alkali insoluble elastin content (%) of the aortas of rats whose mothers
were fed either a low protein on a control diet during pregnancy.
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Multilevel modelling was used to investigate the effect of a maternal low protein diet on the arterial

alkali insoluble elastin content after adjusting for genetic similarities between rat pups of the same

litter. The results are summarised in table 6.7.

Table 6.7 Multilevel linear regression models of the effect of a low protein diet compared
to control diet on the percentage alkali insoluble elastin content of the aorta.

Tissue Regression coefficient 95% ci P value
Thoracic aorta 1445 0.67 to 22.15 <0.001
Abdominal aorta 9.45 0.37 to 18.54 0.042

The alkali insoluble elastin content of the thoracic aorta was on average 14.45% lower in maternal
low protein group rat pups compared to control diet rat pups and this difference was statistically
significant. In the abdominal aorta, the mean alkali insoluble elastin content was 9.45% lower in
the maternal low protein rat pups compared to the maternal control diet rat pups and this
difference was statistically significant.
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6.6.4 Collagen
The mean collagen content of the aortas of rat pups whose mothers were fed either a low protein

or a control diet during pregnancy are summarised in table 6.8 and figure 6.4.

Table 6.8 Mean collagen content (ug/mg) of tissue samples in 28 day old rat pups whose

mothers were fed either a low protein or a control diet during pregnancy.

Control Low Protein P value of
Tissue Mean SD n mean SD n difference
Thoracic aorta 1.30 0.43 13 1.18 0.44 26 0.36
Abdominal aorta 2.20 0.61 10 1.97 0.76 26 0.37

There were no statistically significant differences in the collagen content of either the thoracic or
abdominal aortas of maternal low protein diet rat pups compared to the maternal control diet rat

pups.

Figure 6.4 Collagen content of the aortas of rats whose mothers were fed either a low protein

or a control diet during pregnancy.
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Multilevel modelling was used to investigate the effect of a maternal low protein diet on the arterial
collagen content after adjusting for genetic similarities between rat pups of the same litter. The

results are summarised in table 6.9.
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Table 6.9 Multilevel linear regression modeis of the effect of a low protein diet

compared to control diet on tissue collagen content (ug/mg).

Tissue Regression coefficient 95% ci P value
“Thoracic aorta 0.14 -0.27t0 056 0.500
Abdominal aorta 0.16 -0.76 to 1.07 0.736

There were no statistically significant relationships between the collagen content of the thoracic or
abdominal aorta between maternal low protein or maternal control diet rat pups in either the

multilevel models.

6.7 Calorie restricted model
Birth weight data was not available for the rat pups born to either calorie restricted or conirol diet
mothers. Mean systolic blood pressure levels measured at 60, 100 and 200 days are summarised

in table 6.10.

Table 6.10 Mean systolic blood pressure (mmHg) measured by aortic catheterisation
according to age in rat pups born to mothers fed either a calorie restricted

or a control diet throughout pregnancy.

Age (days) Control Calorie Restricted P value of the
Mean (SD) Mean (SD) difference
60 111.8 (5.5) 123.0 (6.0) <0.001
100 122.0 (5.1) 136.1 (9.4) <0.001
200 131.6 (7.6) 148.7 (7.7) <0.001

On average, systolic blood pressure was 11.2 mmHg higher at 60 days, 14.1 mmHg higher at 100
days and 17.7 mmHg higher at 200 days in rats born to mothers fed a calorie restricted diet
compared to rat pups born to mothers fed a control diet during pregnancy. All these differences

were statistically significant.

6.7.1 Alkali soluble +alkali insoluble elastin using the gravimetric method
The mean alkali soluble + alkali insoluble elastin content of the rat aortas according to age at

death is summarised in table 6.11 and figure 6.5.
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Table 6.11 Mean percentage alkali soluble + alkali insoluble elastin content of the aortas of rat
pups aged between 20 and 200 days whose mothers were fed either a calorie

restricted or a control diet during pregnancy.

Age (days) Control Calorie Restricted P value of
Mean SD n mean SD n difference

20 45.75 15.94 20 4342 11.45 12 0.66

60 47.33 19.33 12 57.25 10.26 12 0.13

100 44.21 17.35 13 32.42 16.91 9 0.13

200 53.34 8.99 11 45.85 9.73 19 0.05

On average the alkali soluble + alkali insoluble elastin content of the aortas of rats whose mothers
were fed a calorie restricted diet during pregnancy was 2.3% lower in 20 day old animals, 9.9%
higher in 60 day old animals, 11.8% lower in 100 day old animals and 7.5% lower in 200 day old
animals compared to those whose mothers had been fed a control diet. Only the difference at 200

days was statistically significant.

Figure 6.5 Percentage alkali soluble + insoluble elastin content of the aortas of rats whose
mothers were fed either a calorie restricted or a control diet during pregnancy.
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Multilevel modelling was used to investigate the effect of a maternal calorie restricted diet on the
arterial alkali soluble + alkali insoluble elastin content after adjusting for genetic similarities

between rat pups of the same litter. The results are summarised in table 6.12.
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Table 6.12 Multilevel linear regression models of the effect of a calorie restricted
diet compared to a control diet on the percentage vessel alkali soluble + alkali

insoluble elastin content.

Age (days)

Regression coefficient 95% ci P value
20 2.33 -8.01t0 12.68 0.659
60 -3.93 -25.78 10 17.83 0.725
100 10.25 -6.28 10 26.77 0.224
200 7.49 0.46to 14,53 0.037

The alkali soluble + alkali insoluble elastin content of the aortas of the maternal calorie restricted
diet rat pup group was on average 2.33% lower at 20 days, 3.93% higher at 60 days, 10.25%
lower at 100 days and 7.49% lower at 200 days compared to maternal control diet group rat pups.

The difference at 200 days was statistically significant.

6.7.2 Collagen
The mean collagen content of the aortas of rat pups born to mothers fed either a calorie restricted
or a control diet during pregnancy is summarised in table 6.13 and figure 6.6 according to age at

death.

Table 6.13 Mean collagen content (ug/mg) of the aortas of rat pups aged between 20 and
200 days whose mothers were fed either a calorie restricted or a control diet during

pregnancy.

Age (days) Control Calorie Restricted P value of

Mean SD n mean SD n difference
20 0.63 0.37 20 0.84 0.31 12 0.11
60 1.73 0.22 12 1.79 1.05 12 0.81
100 2.59 0.25 13 2.20 0.59 9 0.18
200 1.51 0.16 11 1.61 0.23 19 0.80

On average the collagen content of the aortas of the maternal calorie restricted diet rat pup group
was 0.21pg/mg higher at 20 days, 0.06 ug/mg higher at 60 days, 0.39 pg/mg lower at 100 days
and 0.10 pg/mg higher at 200 days than maternal control diet rat pups. None of these differences

were statistically significant.
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Figure 6.6 Collagen content of the aortas of rats whose mothers were fed either
a calorie restricted or a control diet during pregnancy.
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Multilevel modelling was used to investigate the effect of a maternal calorie restricted diet on the
collagen content of the aorta after adjusting for genetic similarities between rat pups of the same

litter. The results are summarised in table 6.14.

Table 6.14 Multilevel linear regression models of the effect of a calorie restricted
diet compared to a control diet on the vessel collagen content (ng/mg).

Age (days)

Regression coefficient 95% ci P value
20 -0.21 -0.45t0 0.04 0.103
60 -0.12 -1.18t0 0.95 0.832
100 0.35 -1.1410 1.85 0.641
200 -0.31 -0.94 10 0.32 0.337

There were no statistically significant relationships between the collagen content of the aortas of
maternal calorie restricted or maternal control diet rat pups at any of the ages studied.
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6.8 Discussion

The mean birth weight of the rat pups born to mothers fed a low protein diet was statistically
significantly lower than the mean birth weight of control group rat pups. Systolic blood pressure
was higher in the rat pups born to nutritionaily restricted mothers compared to rat pups born to
control diet mothers in both models. These differences were statistically significant in each model

at all ages studied.

In the maternal low protein model, the gravimetric method showed that the percentage of alkali
soluble + alkali insoluble elastin and alkali insoluble elastin were lower in both the abdominal and
thoracic aortas of maternal low protein group rat pups compared to controls. After muiltilevel
modelling to take into account genetic similarities between littermates, these differences remained,
although they were only statistically significant for alkali insoluble elastin in the thoracic aorta.
Using the elastin assay to detect alkali insoluble elastin also showed that elastin concentrations
were lower in both the abdominal and thoracic aortas of maternal low protein group rat pups
compared to controls, and these differences were statistically significant in multilevel modelling.
There was little difference in the collagen levels between maternal low protein and maternal

control diet rat pup aortas.

In the calorie restricted model the percentage of alkali soluble + alkali insoluble elastin in the whole
aorta sections was lower in the maternal calorie restricted group compared to controls at the ages
of 20, 100 and 200 days. Only the difference at 200 days was statistically significant. In the 60
day old animals the percentage elastin content was higher in the maternal control diet group
compared to the maternal calorie restricted group, however, the difference was not statistically
significant. There was little difference in the collagen levels between maternal calorie restricted

and control group rat pup aortas at any of the ages studied.

The results of the present study have shown that in two different models of intrauterine growth
restriction and using two different methods of quantifying elastin (in the low protein model) that
elastin levels are lower and collagen concentrations are changed little in the aortas of growth
restricted rat pups. However, the gravimetric method of elastin determination has been criticised
because the collagen content of rat aortas may not be adequately solubilised by aqueous
hydrolysis. Therefore, in the present study the hydroxyproline content of the supernatant may not
have been exact and the determination of elastin would have been inaccurate because the solid
material would also have contained collagen. However, unless collagen solubility differs between
the maternal low protein or maternal calorie restricted group aortas and the control group aortas
the results should not be affected. This is because the proportion of elastin will be overestimated
and the proportion of collagen will be underestimated to the same degree in both the test and
control group. Therefore, the mean difference in the proportion of elastin and collagen between

groups should be unchanged.
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Another less crude method, the Fastin elastin assay was therefore also used to quantify alkali
insoluble elastin in the low protein model study. In this method the aortas were treated with oxalic
acid to generate alpha elastin, a solubilised form of elastin. A dye reagent was then bound to the
alpha elastin in each sample and colourimetric analysis was used to quantify the elastin content.
The alkali insoluble elastin measurements were on average 4% lower in the thoracic aorta and 9%
lower in the abdominal aorta using the Fastin elastin assay compared to the gravimetric method.
These differences could reflect incomplete solubility of collagen in the gravimetric samples. This is
suggested by the fact that the mean difference in elastin concentration between the two methods
was greater in the abdominal segment (9%) where the collagen concentration is higher compared
to the thoracic aorta (4%) where the collagen concentration is lower. Also in the multilevel models,
the average percentage reduction in alkali insoluble elastin in maternal low protein group rats was
similar in the gravimetric (13.34% thoracic, 9.06% abdominal) and Fastin elastin assay (14.45%
thoracic, 9.45% abdominal) methods. This supports the argument that the proportion of elastin is
overestimated and the proportion of collagen is underestimated to the same degree in the
gravimetric method so the mean difference in the proportion of elastin and collagen between

experimental groups is changed little (<1%).

The Fastin elastin assay however, has ailso been criticised because the dye binding properties of
alpha elastin can vary greatly. Variability was controlled for in the present study through the use of
a control sample each time the assay was run. An inter-assay coefficient of variation was
calculated, which was <10%. Even though both methods used in the present study have
limitations, they both yielded similar results. Elastin levels were lower in the maternal low protein
group compared to the control group in both the thoracic and abdominal aorta, which suggests that

the results are reliable despite the methodological weaknesses.

The number of rats used in the present study was small and therefore the statistical power was
low. Also a large number of rats were used from the same litters compared to the total number of
litters. Therefore, it was difficult to decipher genetic interactions from the effects of the test diet
using comparisons of means and linear regression analysis alone. However, multilevel modelling
takes into account genetic similarity between litters. The results of the multilevel modelling still
showed aortic elastin to be lower in the low protein or calorie restricted groups (except at age 60
days) compared to controls, although not all of the differences were statistically significant.

There are no other known published studies that have investigated elastin and collagen levels in
the aorta in models of intrauterine growth restriction. There are however, several studies that have
measured lung elastin and collagen content after maternal protein or calorie restriction in the
perinatal period, and in adulthood in rats."*®'®* These studies show that lung elastin content is
also reduced in rats born to mother whose diets were nutritionally restricted in the immediate
postnatal period compared to controls. In adult life however, dietary restriction had no effect on
lung elastin content. Lung collagen content was found to be more resistant to dietary manipulation
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both in the perinatal period and during adult life."*> "> These studies, together with the results of
the present study provide evidence that elastin synthesis in two different rat tissues is sensitive to

dietary manipulation during fetal and early postnatal life.

How then could a reduction in maternal nutrition during pregnancy result in lower elastin
production in rat aortas? One possibility is that a reduction in insulin like Growth Factor 1 levels
cause a fall in aortic elastin production. Several animal models have shown that serum Insulin like
Growth Factor 1 levels fall with maternal undernutrition. For example, lambs born to ewes fed
50% of their recommended energy requirements from mid pregnancy (80 days after conception)
had significantly lower Insulin like Growth Factor 1 levels compared to lambs born to non-nutrient
restricted ewes.'®® Similarly, the offspring of pregnant rats fed a low protein diet (5%) throughout
gestation had serum Insulin like Growth Factor 1 levels that were 30% lower than those born to
mothers fed a control diet (20% protein) throughout pregnancy.®* Insulin like Growth Factor 1
upregulates expression of the tropoelastin gene. ' ™*® Therefore, reductions in Insulin like Growth
Factor 1 concentrations as a result of maternal undernutrition could slow elastin synthesis through

decreasing tropoelastin mRNA transcription.

6.9 Conclusions

The results of the present study showed that in two different models of intrauterine growth
restriction, maternal nutritional deficiency in rats during pregnancy results in a reduction in the
content of elastin and little change in the content of collagen in the aortas of the offspring

compared to controls.

Although based on small numbers of rats these findings are supporting evidence that the uterine

environment influences programming of elastin synthesis in the aorta.
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Chapter 7

Discussion and Conclusions

7.1 Summary of the main findings
The work in this thesis describes the relationship between indicators of fetal growth restriction and

arterial compliance in three different groups of people who were measured in detail at birth.

The first group of people consisted of elderly men and women who were born in the Jessop
Hospital for Women, Sheffield between 1922 and 1930. After adjusting for age, sex and current
body mass index, people who were born thin tended to have raised blood pressure, although the
relationship was of borderline statistical significance. Diastolic blood pressure level was not
related to any of the measures of size at birth. Men and women who were born thin also tended
to have faster pulse wave velocities in the aorta to femoral segment and people born long in
relation to their head circumference, or with a heavier placenta tended to have faster pulse wave
velocities in the aorta to radial segment. There were no relationships between birth measurements

and pulse wave velocity in either the aorta to foot or femoral to foot segments.

The second study population was made up of a group of young men and women who were born in
the Farnborough Hospital, Kent between 1875 and 1977. Men and women who were light, or who
had had a smaller head circumference at birth or who were born after a shorter length of gestation
tended to have raised systolic blood pressure after adjusting for the effects of age, sex, current
body mass index and taking the contraceptive pill. People who were light at birth also tended to
have raised diastolic blood pressure. Young adults who were born after a shorter length of
gestation tended to have faster pulse wave velocities in the aorta to foot segment. There were no

relationships between birth measurements and pulse wave velocity in the aorta to radial segment.

The third group consisted of a cohort of children born in the Princess Anne hospital, Southampton
in 1987. After adjusting for current weight and gestational age at birth, children who were born
with a lighter placenta tended to have raised systolic blood pressure, although the relationship was
not statistically significant. There were no relationships between diastolic blood pressure and any
of the birth measurements. Boys and girls who were born after a shorter length of gestation
tended to have faster pulse wave velocities in the aorta to femoral segment. Children who were
born long in relation to their head circumference tended to have faster aorta to radial pulse wave
velocities. In boys and girls who had had a heavier placenta, a larger ponderal index at birth or
who were born after a shorter iength of gestation, aorta to foot pulse wave velocity also tended to
be faster. In children who had had a heavier placenta at birth, pulse wave velocity in the femoral to

foot segment tended to be faster.
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7.2 Comparison of the results of the published and present studies
The birth measurements that were associated with faster pulse wave velocities in the studies of
elderly people, young adults and children and the previous published study of 50 year old men and

women are summarised in table 7.1.

Table 7.1 Summary of the birth measurements that were related to a faster pulse wave

velocity in the published and present studies.

Study Aorta to femoral Aorta to radial Aorta to Foot Femoral to foot
segment Segment segment Segment
Published v Birth weight Not measured Not measured ¥ Birth weight
study % ¥ Abdominal circumference ¥ Abdominal circumference
50 to 53 ¥ Length v Length
year olds + Head circumference
Chapter 3 v Ponderal index v Head:length ratio None None
Elderly 4 Placental weight
people
Chapter 4 Not measured None + Gestational age Not measured
Young
adults

Chapter 5§ ¥ Gestational age v Head:length ratio 4 Placental weight 4 Placental weight
Children v Gestational age

* = smaller/shorter f = greater green text indicates trends that were statistically significant (p=<0.05)

The results of the present studies were not consistent with those of the published study.?® Pulse
wave velocity was not related to smaller birth weight, abdominal or head circumference or length
at birth in any of the segments studied in the elderly men and women, in the young adults or in the
children. These inconsistencies could not be explained by differences in the mean birth size

between the published and present study populations.

There were similarities between the results of the present studies. For example, in elderly men
and women and in ten year old children, pulse wave velocity in the aorta to radial segment tended
to be faster in people who were born long in relation to their head circumference. In the young
adults and in children, aorta to foot pulse wave velocity tended to be faster in people who were
born after a shorter period of gestation. In the elderly people and in the children, pulse wave
velocity tended to be faster in those who had had a heavier placenta at birth. However, the arterial
segments in which these relationships were found differed (aorta to radial segment in the elderly

men and women, aorta to foot and femoral to foot segments in the children).
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However, there were also inconsistencies between the present studies. For example, in the study
of elderly men and women, aorta to femoral pulse wave velocity was related to a lower ponderal
index, this was not found in the children’s study. In the study of young adults, no relationships
were found between size at birth and pulse wave velocity in the aorta to radial segment. In the
elderly and children’s studies, a faster aorta to radial pulse wave velocity was related to a low head
circumference to length ratio and a heavier placenta (elderly men and women only). In the elderly
men and women's study there were no relationships between size at birth and pulse wave velocity
in the aorta to foot or femoral to foot segments. In the young adults and children’s studies, a faster
aorta to foot pulse wave velocity was related to a shorter length of gestation, and also to a heavier
placenta in the children’s study. These inconsistencies could not be explained by differences in
the mean birth sizes between study populations. Instead they may reflect different growth

restricting factors acting at different stages during pregnancy in each of the study populations.

If the birth measurements that were related to pulse wave velocity are considered according to the
likely timing of the causal growth-restricting factor during pregnancy, rather than the actual body
dimensijons at birth, a slightly more consistent picture appears across the present studies. Pulse
wave velocity in the elastic arteries (aorta to femoral segment) was faster in people born after a
shorter length of gestation in the children’s study, and also in men and women who had a smaller
ponderal index at birth in the elderly men and women's study. Both these are indicators of fetal
growth restraint in the latter stages of pregnancy (figure 1.1), a time when elastin is being
produced maximally in the aorta.*® Pulse wave velocity in the muscular arteries (aorta to radial,
aorta to foot and femoral to foot) was faster in people who were born with a heavier placenta
(elderly and children’s study), or who were born disproportionately long in relation to their head
circumference (elderly and children’s study). Both of these are indicators of growth restriction in

mid to late pregnancy (figure 1.1).

7.3 Weaknesses and limitations

In summary, the results of the present studies indicate that people born with indicators of fetal
growth restriction in mid to late pregnancy tend to have faster pulse wave velocities in later life.
The question that arises is whether these relationships might be explained by reasons other than
poor fetal growth causing the aorta and large arteries to be stiffer. Alternative explanations might

include biases in the study design, confounding effects or chance associations.

7.4 Bias

Bias is defined as any systematic error that results in an incorrect estimate of the relationship
between a disease and the exposure of interest.’® There are two main sources of bias. The first
source is information bias, which occurs from errors in measuring the disease or exposure. The
second source is selection bias, where the subjects in the study are not representative of the

population from which the sample was derived.
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Measurement error can be minimised by using techniques that have been validated. In chapter 2,
several validation studies were outlined which show that the optical technique for measuring pulse
wave velocity reproduces the characteristics of the pressure wave. |n each of the present studies
pulse wave velocity traces were analysed blind to subjects’ birth measurements, therefore
systematic error is unlikely. Random error was examined by making repeat pulse wave velocity
measurements after a period of 2 to 14 months (chapter 2) and the technique was shown to be

reproducible.

In the study of elderly men and women, the final follow up study sample consisted of only 6.8% of
the original cohort of singletons born in the Jessop Hospital between 1922 and 1930 for whom
birth records had been kept (n=7118). Therefore, there is potential for selection bias because of
the great loss to follow up. The participants in the elderly men and women’s study are not
representative of all the people born in Sheffield during 1922 to 1930 because they were born in a
maternity hospital at a time when many births took place at home. Also these people continued to
live in the city in which they were born. However, in the statistical analysis comparisons were only
made within the group who participated so selection bias would only arise if the associations
between fetal growth and pulse wave velocity were different between those who took part in the
study and those who did not. There was less than 2% difference in the mean birth weights of the
481 elderly men and women who participated in the follow up study and those of the original
cohort of people who were born in the Jessop Hospital, so it is unlikely that selection bias can

account for the findings.

In the young adults and children’s study the losses to follow up were lower and 29% and 48% of
the original cohorts (respectively) were willing to take part, although the figure was reduced to 16%
in the children’s study by a stratification sampling method (chapter 5, section 5.1). Again, the
mean birth measurements of the 347 young aduits and 64 children who participated in these
studies were both within 1% of those of the original cohorts so selection bias is not a likely

explanation for the results.

7.5 Confounding

Another explanation for the relationships found in the present studies might be confounding by
factors that are associated with poor fetal growth and which independently determine arterial
compliance. Confounding may cause associations to be confused or spurious relationships to
appear. Information on known confounding factors was collected during the studies, and included
for example, sex and current blood pressure. It was then possible to use multiple regression
analysis to examine the association between birth size and pulse wave velocity whilst controlling

for these variables.

Controlling for confounding is limited by the fact that there may be unknown confounding factors,

or excessive adjustment in statistical modelling may dilute any real effects or bias the data in the
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favoured direction. Several variables were controlled for in the linear regression models in the
study of elderly men and women and young adults. However, the children’s study had the
advantage of fewer known confounding variables because many of the factors that are associated
with poor fetal growth and which also determine arterial compliance are related to ageing, for

example raised blood pressure and ischaemic heart disease.

7.6 Random error
Even after potential biases and confounding have been considered the results of the present

studies may still be subject to errors through chance alone. However, the likelihood of random

error is quantified by the p value in hypothesis testing during statistical analysis.

Analysis of multiple variables was carried out in the present studies, which increases the likelihood
of finding statistically significant results by chance. For example, in table 3.8 there were 18 tests in
each of 4 groups giving a total of 72 tests. Assigning the statistical significance level at a p value
of 0.05 means that 1 time in 20 a result may be found to be statistically significant through chance
alone. Therefore, 3 to 4 of the tests in table 3.8 might be expected {o be statistically significant
due to chance. One solution to the problem of multiple comparisons is to use the bonferroni

correction.

According to the Bonferroni correction, to achieve an overall type 1 error rate of 0.05 when
conducting n significance tests, only results where the p value was less than 0.05/n would be
classed as statistically significant. Thus to test the 72 hypotheses in table 3.8, the resuits would
only be considered statistically significant when the p value for any one of the tests was less than
0.007 (0.5/72). Therefore, applying the Bonferroni correction to the data presented in chapters 3,
4 and 5 would have resulting in fewer of the relationships between blood pressure or pulse wave

velocity and birth measurements being considered statistically significant.

7.7 Interpretation

Bias, confounding and chance are not likely explanations for the association between indicators of
fetal growth restriction during mid to late pregnancy and a faster pulse wave velocity in the present
studies. Therefore, poor fetal growth may well have lead to reduced arterial compliance in the
elderly men and women, the young adults and the ten year old children. There is a biologically
plausible explanation that can demonstrate how the fetal environment might influence arterial
compliance and lead to raised blood pressure and increased risk of cardiovascular disease in adult

life.

115



7.7.1 Critical period during which elastin synthesis must take place

The elastic properties of arteries are largely dependent upon the amount and organisation of the
scleroprotein elastin in their vessel walls. Synthesis of elastin begins during fetal life and reaches
a maximum during the early postnatal period, then slows thereafter (4 to 6 months postnatal).
During postnatal life elastin production ceases and no more elastin is produced in healthy vessels.
There appears to be a critical period of time during fetal and early postnatal life when elastin must
be synthesised. Failure to produce adequate quantities of elastin during this period would result in

the elastic properties of the arterial walls being permanently reduced.

7.7.2 How the fetal environment might affect elastin synthesis
An adverse fetal environment during a critical period of arterial development could alter elastin
synthesis levels through reductions in elastin gene expression or by altering local haemodynamic

conditions.

Elastin production is regulated at the transcriptional level. Expression of the elastin gene is
modulated by a number of factors, such as cortisol, Transforming Growth Factor-f and Insulin like
Growth Factor-1, which upregulate tropoelastin production. Levels of these elastin gene
modulators are modified by cytokines such as Fibroblast Growth Factor. The enzyme lysyl
oxidase catalyses cross-linking of the tropoelastin molecules to form mature elastin. Lysyl oxidase
expression is upregulated by effectors such as Fibroblast Growth Factor. An adverse uterine
environment might lead to a reduction in elastin synthesis rates if levels of any of these factors are
altered as a result of fetal growth restriction. Indeed, Insulin like Growth Factor 1 levels have been
shown to be lower in the umbilical cord blood of growth restricted babies compared to non-growth
restricted infants ' and one study has shown that cord serum Fibroblast Growth Factor-2 levels

decrease as birth weight falls.”*

There is evidence to suggest that elastin production is influenced by local haemodynamic
conditions. For example, lower elastin contents have been observed in the carotid arteries of
immature rabbits after experimentally reducing blood flow."®! Generation and biological activation
of one of the elastin gene modulators, Transforming Growth Factor-, has been shown to increase
in human vascular smooth muscle cells in proportion to the intensity of shear stress, which is the
frictional force due to fluid flow.”™ Redistribution of fetal blood flow occurs in disproportionately
growth-restricted fetuses where there is a preferential flow of blood to the brain."® The resulting
reduction in blood flow to the periphery might reduce elastin synthesis through diminished rates of

Transforming Growth Factor-f modulated elastin tropoelastin mRNA stabilisation.

7.7.3 Elastin in the aortas of intrauterine growth restricted rats

The resuits of the studies detailed in chapter 6 showed that the elastin content of the rat aorta was
reduced in the growth restricted offspring in two different models of intrauterine growth restriction.
Elastin levels were lower in the rat pups of mothers fed either a low protein diet during pregnancy
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or mothers who were calorie restricted throughout pregnancy. Although the resuilts can not be
directly related to humans, they do provide strong evidence to suggest that elastin is susceptible to

nutritional factors that restrict intrauterine growth in rats.

7.7.4 Reduced arterial compliance leads to raised blood pressure

If the arterial elastin content is also lower in growth restricted humans at birth this could lead to the
genesis of raised blood pressure in adult life through acceleration of the normal ageing process.
During ageing, elastin laminae in the arterial walls fragment and stress is transferred to the less
extensible collagen fibres and the arteries become stiffer. Because the arteries are stiffer, pulse
pressure rises and the vessel walls are stressed further. The vascular smooth muscle cells
respond to greater stretch by synthesising collagen. The increase in collagen results in thickening
of the vessel wall and a further loss of elasticity. Pulse pressure increases and a feedback

mechanism is set up whereby raised blood pressure levels are maintained (figure 1.5).

7.7.5 Reduced arterial compliance leads to cardiovascular disease

Arterial compliance is an important factor in maintaining the efficient functioning of the circulatory
system. Reducing elasticity of the aorta and large arteries impairs their buffering function and has
adverse cardiovascular consequences. Systolic blood pressure rises, diastolic blood pressure
falls, and pulse pressure increases. The rise in systolic blood pressure is a major contributor to left
ventricular hypertrophy, and the increase in pulse pressure promotes development of vascular

damage and atherosclerosis.

7.7.6 Left ventricular hypertrophy

Pulse pressure is determined by the interaction of the pressure wave generated by left ventricular
ejection and the reflected waves created within the arterial sys‘[em_198 In a compliant arterial
system reflected waves return to the heart during diastole after the aortic valve has shut and do
not contribute to ventricular load.’ A reduction in arterial compliance causes the pulse waves to
propagate along the arterial wall at a faster rate. The increased pulse wave velocity means that
reflected waves return to the heart sooner, which augments systolic pressure. The left ventricle
responds to a rise in systolic pressure by increasing its mass. Initially this acts as a compensatory
mechanism to maintain wall tension. According to the law of Laplace, left ventricular wall tension
is directly proportional to ventricular pressure and the cavitary radius, and is inversely proportional
to wall thickness {(Lamés equation). Therefore, the wall tension remains normal despite elevated
ventricular systolic pressure because the thickness of the wall is increased. However, when the
rise in systolic pressure persists, the cardiac muscle hypertrophies. Despite the adaptive benefit
of left ventricular hypertrophy in maintaining wall tension, if the process continues it confers
cardiovascular risk. The increased tissue mass results in a greater myocardial oxygen demand.
Failure to meet this demand leads to fibrosis of the myocardium and eventually results in left

ventricular failure 2%
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Several studies in humans have shown that reduced arterial compliance is related to left
ventricular hypertrophy.?% 2% An animal study has also shown that increasing aortic stiffness in
dogs aggravated myocardial ischaemia when coronary blood flow was impaired.”® These studies
emphasise the importance of the elastic properties of the arteries in moderating the systolic
pressure rise, reducing left ventricular afterload and aiding coronary blood flow.”’

7.7.7 Vascular damage and atherosclerosis

Physical materials will rupture or tear when stresses they cannot withstand are applied. Pulsatile
stresses are more likely to cause tears than steady stresses. As the pulsatility of the stress
becomes greater, the rate at which the damage will occur also increases. These mechanical
concepts can be applied to the arterial system, which undergoes repetitive cyclic stress as it
dampens the pulsations from the heart. Indeed, these principles might explain why the
degeneration that leads to arterial damage and the initiation of atherosclerotic disease occurs.

A reduction in arterial compliance leads to a rise in pulse pressure (figure 1.5). This will amplify the
arterial diastolic-systolic expansion and increase the blood velocity at the vessel wall.*” Therefore,
the likelihood of vascular injury and intimal tears will rise. The arterial walll is stretched to a greater
extent in response to the raised pulse pressure and so the endothelial surface area is increased.
This may heighten endothelial permeability to albumin and lipoproteins and adherence of
leukocytes and as a result atherosclerotic plague formation is initiated.®’ Indeed, animal studies
have shown that arterial compliance is reduced in the aortas of monkeys fed on atherosclerotic
diets.”® In humans, a post-mortem study showed that the degree of atherosclerosis correlated

with arterial compliance measured between 60 and 370 days before death.®

The atherosclerotic process may begin in the large arteries and progressively involve the smalier
vessels including the coronary arteries and thus lead to coronary heart disease. Several
epidemiological studies have shown that arterial compliance is reduced in patients with coronary
heart disease compared to healthy controls.**® However, these studies only provide evidence of
coexistence of reduced arterial compliance with atherosclerosis and coronary heart disease, they
do not demonstrate the direction of the cause effect relationship. Atherosclerotic lesions in the

vessel wall could lead to a reduction in arterial elasticity rather than resulting from it.

7.8 Evidence from the studies to support the hypothesis

The theoretical explanation outlined above in section 7.7 demonstrates how the fetal environment
might influence arterial compliance through reduced elastin synthesis and lead to raised blood
pressure and increased risk of cardiovascular disease in adult life. However, do the results of the
present studies support the theory? In order to answer this question, the hypothesis on which the
work was based (section 1.21) has been split into three sections. Firstly, the synthesis of arterial
elastin is influenced by poor intrauterine growth. Secondly, fetal growth restriction results in lower

arterial elastin concentrations leading to persistently stiffer arterial walls and the genesis of raised
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blood pressure. Thirdly, growth-restricting factors acting in the latter stages of pregnancy have the

greatest effect on reducing arterial elastin synthesis. The strengths and weaknesses of the study

results will be discussed for each section separately.

7.8.1 The synthesis of arterial elastin is influenced by poor intrauterine conditions

The studies carried out on the two rat models of intrauterine growth restriction (chapter 6) showed
that elastin levels were lower in the aortas of rat pups born to mothers fed either a low protein or a
calorie restricted diet compared to rat pups born to mothers fed a control diet. This provides
evidence that intrauterine growth restriction can reduce arterial elastin concentrations as the
hypothesis predicts. However, the resuits of these studies need to be confirmed in another study
with a larger number of animals from different litters to increase the statistical power and to reduce
the likelihood of genetic similarity. The methodological problems involved in the elastin
quantification techniques (detailed in section 6.7) also need to be addressed. To overcome the
methodological problems it is hoped that a Western Blot method for quantifying the elastin content

of the rat aortas will be developed.

in the Western Blot method an antibody specific to elastins, and one specific to alpha elastin will
be bound to separate aliquots of the solubilised aortic elastin sample from each of the rats that
were used in the study detailed in chapter 6. A secondary antibody with a marker will then be
bound to the primary antibody. Using an immunodetection system the bands of elastin will be
visualised onto x-ray film and quantified using densitometry. The advantage of this technique will
be that different isoforms of elastin and tropoelastin will be identifiable, so it should provide a
qualitative as well as a quantitative estimate of the elastin content in the aortas of the maternal

dietary restricted and control rat groups.

The results of the animal studies cannot be directly related to humans. If the Western Blot method
for quantifying elastin confirms that aortic elastin levels are lower in growth restricted rat pups
compared to controls, then the next step would be to measure arterial compliance in human
babies to investigate whether pulse wave velocity is faster in infants who are small in size at birth.
The difficulty with this study would be deciding at what age to make the pulse wave velocity
measurements. At birth elastin is still being synthesised in the arteries and the postnatal age at
which elastin synthesis ceases in humans is unknown. One solution to this problem would be to
make a series of pulse wave velocity measurements starting at birth, and then at 6 month intervals
thereafter in a group of babies whose birth size had been measured in detail. Then it would be
possible to see if and how the relationships between birth size and pulse wave velocity differ over
time during infancy and childhood. Alternatively the umbilical cord artery elastin concentrations
could be measured from babies whose size was measured in detail at birth. First, a validation
study would be necessary to investigate whether umbilical cord artery elastin concentrations

correlate with gortic elastin levels.
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7.8.2 Fetal growth restriction results in lower arterial elastin concentrations and leads to
persistently stiffer artery walls and the genesis of high blood pressure through
acceleration of the normal ageing process
The studies detailed in chapters 3 to 5 have provided some interesting results lending support,
although weak, to the idea that fetal growth restriction leads to persistently stiffer artery walls and
the genesis of high blood pressure in later life. The data suggest that pulse wave velocity of the
elastic arteries may provide a link between small birth size and raised blood pressure. The data
also suggest that a reduction arterial compliance in the muscular arterial segment with high elastin
content (aorta to radial) and in the segment containing elastic and muscular arteries (aorta to foot)
may be a cardiovascular risk factor in its own right. An important finding in the children’s study
was that the relationships between birth size and pulse wave velocity were independent of current

blood pressure levels. These results are discussed below.

In the study of elderly men and women (chapter 3), people who were thin at birth tended to have
raised blood pressure, although the relationship was not statistically significant at conventional
levels. Pulse wave velocity also tended to be faster in elderly men and women who were thin at
birth, but only in the aorta to femoral segment. These results suggest that reduced compliance of
the elastic arteries could provide a mechanism linking small size at birth to raised blood pressure
in adult life. There is supporting evidence for this theory in the study of young adults (chapter 4).
Systolic blood pressure tended to be higher in men and women who were born after a shorter
length of gestation. Pulse wave velocity in the aorta to foot segment, which includes an elastic
artery segment (aorta to femoral) and a muscular artery segment (femoral to foot) also tended to
be faster in the young adults born at a younger gestational age. However, the results of the
children’s study (chapter 5) did not support this theory. Children who were born with a lighter
placenta tended to have raised blood pressure at ten years old, whereas aorta to femoral pulse
wave velocity tended to be faster in boys and girls who were born with a heavier placenta.
Therefore, the evidence for this section of the hypothesis is unclear from the human studies.

In the studies detailed in chapters 3 and 5, puise wave velocity in the segments containing
muscular artery with a high elastin content (aorta to radial) and in the segment containing elastic
and muscular arteries (aorta to foot segments) was related to birth dimensions that did not show
strong relationships with systolic blood pressure. For example, aorta to radial pulse wave velocity
was faster in elderly men and women and children who were born long in relation to their head
circumference. Relationships with systolic blood pressure and head circumference to length ratio
were in the same direction in both these study populations, however, they were weak and not
statistically significant. Aorta to radial (elderly men and women) and aorta to foot (children) pulse
wave velocities were faster in people who were born with heavier placentas. However, systolic
blood pressure was higher in elderly men and women and in children who were born with lighter

placentas. This could indicate that faster pulse wave velocity in the muscular arterial segments is
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a cardiovascular risk factor independently of raised blood pressure. Indeed, this has been
suggested by studies, which have shown that men and women with coronary heart disease,
myocardial infarction, left ventricular hypertrophy and stroke have stiffer arteries compared to
healthy controls.®® Another study has suggested that an increase in the pulsatile component of
blood pressure, which is determined by arterial elasticity for a given left ventricular ejection is
related to cardiovascular disease independently of the steady component, which is influenced by
peripheral resistance and cardiac output.*® Alternatively these results may demonstrate that there

is in fact little consistency in the relationship between blood pressure, pulse wave velocity and size

at birth.

The direction of the cause effect relationship between poor fetal growth, reduced arterial
compliance and raised blood pressure is not straightforward. Arterial compliance is related to
blood pressure levels and as blood pressure rises arterial comptiance will fall. Therefore, the
relationship between indicators of fetal growth restriction in mid to late pregnancy and reduced
arterial compliance in each of the studies could reflect these peoples’ tendencies to have higher
blood pressure rather than changes in arterial wall composition. In order to take into account the
effects of current blood pressure levels on arterial compliance, systolic and diastolic blood
pressure were added into the multivariate analysis in the studies of elderly men and women and
young adults. However, this is not an entirely satisfactory procedure (detailed in chapter 5, section
5.15). In the children's study the relationships between size at birth and reduced arterial
compliance were independent of blood pressure level. This suggests that pulse wave velocity was
faster in ten year old children because they had been smaller at birth. However, the number of
subjects in the children’s study was low, particularly in relation to the number of hypothesis tests
carried out. Therefore, firm conclusions could not be drawn from the results of this study. The
results need to be verified in further children’s studies that have greater statistical power, but the
present results indicate that poor fetal growth results in a reduction in the elastic properties of the

arteries and is not just a consequence of blood pressure level.

There were also some surprising findings in the studies detailed in chapters 3 to 5. For example,
the strength of the relationships between pulse wave velocity and size at birth were weak. The
method for measuring pulse wave velocity proved unsatisfactory in the elderly men and women
with ischaemic heart disease. In the study of young adults pulse wave velocity was not strongly
related to any of the birth size measurements and in the children’s study the numbers were too

small to draw firm conclusions. These findings are discussed below.

The relationships between pulse wave velocity and birth size measurements were weak in each of
the studies. However, it is difficult to assess the significance of the changes that the regression

coefficients describe in terms of cardiovascular risk. For example, in the study of elderly men and
women what does a 0.17 m/sec increase in logged aorta to femoral pulse wave velocity per oz/in®

x 1000 increase in ponderal index actually mean?
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To explore this, regression coefficients from each multivariate analysis were divided by the
standard deviation of the study population mean for systolic blood pressure or pulse wave velocity
to produce z scores. This enabled comparison of the size of the effect that a one-unit reduction in
each birth measurement would have on the population standard deviation of systolic blood
pressure and pulse wave velocity. The strength of the z scores for pulse wave velocity could then
be compared with those of systolic blood pressure. Z scores for the systolic blood pressure and
pulse wave velocity measurements with each birth measurement in the study of elderly men and

women are summarised in table 7.2.

Table 7.2 Z scores for systolic blood pressure (mmHg )and pulse wave velocity {(m/sec) in

the study of elderly men and women.

Systolic Arterial Segment
blood Aortato Aortato  Aortato Femoral
pressure femoral radial foot {o foot
Birth weight (Ib) 0.052 0.018 0.008 0.043 0.001
Head circumference (in) 0.076 0.008 0.142 0.546 0.002
Chest circumference (in) 0.001 0.001 0.048 0.051 0.004
Abdominal circumference (in) 0.012 0.016 0.015 0.065 0.016
Length at birth (in) 0.041 0.002 0.070 0.047 0.003
Head:abdominal circumference 0.024 0.386 1.378 1.420 0.039
Head:length 1.886 0.146 3.991 1.439 0.058
Ponderal index (oz/in® x 1000) 0.792 0.175 0.437 0.693 0.004
Placental weight (oz) 0.008 0.000 0.032 0.001 0.001
Placenta:birth weight 1.746 0.361 3.953 0.331 0.079
Gestational age (days) 0.005 0.000 0.002 0.001 0.000

The z scores for pulse wave velocities are similar to, or greater than those for systolic blood

pressure and birth measurements in at least one of the arterial segments in all but the femoral to
foot segment. Therefore, the relationships between aorta to femoral, aorta to radial and aorta to
foot pulse wave velocities and size at birth may well represent a significant cardiovascular risk. Z

scores for the study of young adults and children showed similar patterns.

In the study of elderly men and women (chapter 3) the method used to determine pulse wave
velocity was probably inaccurate in people with ischaemic heart disease (detailed in 3.11). In fact
the methodology, which incorporated left ventricular contraction times may have been flawed in all
the studies because the method assumes that there is a standard aortic ejection time, which may
not be the case. Indeed, one study showed that gortic ejection time increased with normal ageing
and with presence of ischaemic heart disease.®® In the elderly men and women'’s study this

problem was taken into account in the analysis by including a term for ischaemic heart disease in
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the regression models. However, in future studies of age groups where ischaemic heart disease is
likely to be present, the foot of the pulse waveform detected by an infra red probe placed over
another large artery, such as the carotid artery could be used to provide the first signal instead of
the R wave of the electrocardiogram. However, signals originating from the carotid artery are not
easy to measure or interpret as reversal of flow may occur, particularly in the elderly. Measuring
the time between the aortic valve opening (visualised using ultrasound techniques) to the arrival of

the pulse at a peripheral artery may provide a more satisfactory alternative.

in the study of young adults, pulse wave velocity was not strongly related to any measures of size
at birth. Indeed the only relationship that was found was a tendency for men and women born
after a shorter period of gestation to have faster aorta to foot pulse wave velocities. However, it
was suggested earlier that it is reduced compliance of the elastic arteries that might link raised
blood pressure to small size at birth. Pulse wave velocity in the aorta to femoral segment was not
measured in these adults. Young adults who were born light, or with a small head circumference
or who had been born after a shorter period of gestation tended to have higher systolic blood
pressure, after adjusting for age, sex, current weight and taking the contraceptive pill. Men and
women who were born after a shorter length of gestation did tend to have faster aorta to foot pulse
wave velocities, and this relationship was statistically significant. Also, people who were born light
or with a small head circumference tended to have faster aorta to foot pulse wave velocities (which
includes the elastic aorta to femoral segment as well as the muscular femoral to foot segment).
However, the relationships were weak (table 4.11, model iii: log B = - 0.003 and log B = -0.006
respectively) and not statistically significant (p=0.857 and p= 0.229 respectively). The
relationships with birth measurements in the aorta to foot segment may not refiect those in the
aorta to femoral segment alone. Indeed this was found to be the case in the study of elderly men
and women. Therefore, it would be interesting to visit the subjects who took part in the young
adults study again and make aorta to femoral pulse wave velocity measurements in them. It would
then be possible to investigate whether pulse wave velocity in the aorta to femoral segment is
faster in those people who were born light or with a smaller head circumference or after a shorter

length of gestation.

The data from the children’s study showed that relationships between birth measurements and
pulse wave velocity of the elastic and muscular arteries were present at ten years old before adult
blood pressure levels have been reached. However, firm conclusions could not be drawn from the
data because of the small number of subjects (n=64). A larger scale study would be necessary to
confirm these relationships. Indeed, the way forward with the elastin hypothesis might be to carry
out another large scale study of children who were measured in detail at birth and to concentrate
on determining pulse wave velocity in the aorta to femoral segment. The methodological and study
size problems could be overcome by using an alternative method for measure pulse wave velocity,
for example timing the aortic valve opening and the subsequent arrival of the pulse at a peripheral
artery, and the study sample size should be derived using power calculations. The hypothesis
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would be that elastin formation is adversely affected by poor intrauterine conditions and this leads
to permanent structural changes in the elastic arteries leading to persistently stiffer vessel walls
and the genesis of raised blood pressure. An extension of the children’s study would also be
important to confirm that the relationships between size at birth and puise wave velocity are
independent of blood pressure levels. This would provide evidence as to the direction of the
cause effect relationship, that is children with indicators of fetal growth restriction have stiffer
arteries because they were small at birth and not because they tend to have higher blood

pressure.

7.8.3 Growth restricting factors acting in the latter stages of pregnancy will have the
greatest effect in reducing arterial elastin synthesis and lead to permanently stiffer
arteries

The results of the studies detailed in chapters 3 to 5 showed that all relationships found between

measures of birth size and a faster pulse wave velocity (summarised in table 7.1) indicated

intrauterine growth restriction in the mid to late pregnancy (figure 1.1), although the relationships
were weak and inconsistent. There was no evidence that pulse wave velocity was related to
proportionate growth restriction, which is indicative of poor fetal growth in the early stages of
pregnancy. Inthe published study showed that 50 year old men and women with faster aorto-iliac

or femoro-popliteal-tibial pulse wave velocities tended to be those who were born light, or with a

smaller head or abdominal circumference or who were short in length at birth, which indicates

proportionate growth restriction. Therefore, the evidence for this section of the hypothesis is not

clear.
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7.9 Conclusions

Elderly men and women, young adults and ten year old children whose size at birth suggested
growth restriction in mid to late pregnancy tended to have faster pulse wave velocities in the aorta
to femoral, aorta to radial and aorta to foot arterial segments which indicates that their arteries
were stiffer. However, many of these results were trends rather than statistically significant
findings. In view of the serious flaws in the human studies, which include the inadequacy of the
method for measuring pulse wave velocity, particularly in elderly men and women with ischaemic
heart disease, the small number of subjects in the children’s study and the inconsistency of the
findings and the borderline and sometimes unexpected directions of the trends, it is concluded that
the results of the human studies do not support the starting hypothesis. It is uncertain whether the
lack of support for the hypothesis was due to the methodological problems in the study designs or

due to no real relationship existing between arterial compliance and intrauterine growth restriction.

The results of the animal studies showed that aortic elastin concentrations, and hence aortic
compliance was reduced in rat pups born to mothers who were protein or calorie restricted during
pregnancy compared to control group rat pups. These findings do support the starting hypothesis.
However, the rat models of intrauterine growth restriction induced by dietary manipulation do not
necessarily mimic human intrauterine growth restriction, which is unlikely to be caused by protein
or severe calorie reduction. Although the results of the animal studies are not directly comparable
to humans, they do provide evidence that arterial elastin concentrations are reduced by

intrauterine growth restriction.

The results of the human studies were not entirely negative. The results of the children’s study
provided some interesting findings. For example, measurement of blood pressure in the children
was not elevated and therefore it is proposed that the arterial changes are primary and may result
in elevated blood pressure in later life. Also, the relationships that were found between arterial
compliance and fetal growth restriction were independent of blood pressure, which suggests a
reduction in arterial compliance causes blood pressure rise rather than being a results of

increased blood pressure. Further studies in children are required to verify these findings.

In summary, although it was not possible to verify that persistent structural changes in blood
vessels provide a mechanism linking small size at birth to raised blood pressure in later life in the
human studies, the animal studies did show that formation of elastin, the scleroprotein primarily
responsible for the elastic properties of the arteries, is adversely influenced by poor intrauterine
conditions. Whether a similar reduction in arterial elastin also occurs in intrauterine growth

restricted humans which is then translated in pathology in later life remains unclear.
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Appendix A  Raw data from the elderly men and women’s study

Figure A1 Distribution of height (cm) in the elderly men and women
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Figure A2 Distribution of weight (kg) in the elderly men and women
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Figure A3 Distribution of body mass index (kg/m?) in the elderly men and women
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Figure A4 Distribution of age (years) in the elderly men and women
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Figure A5 Distribution of weight at birth (Ib) in the elderly men and women
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Figure A6 Distribution of head circumference at birth (in) in the elderly men and women
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Figure A7 Distribution of chest circumference at birth (in) in the elderly men and women
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Figure A8 Distribution of abdominal circumference at birth (in) in the elderly men and

women
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Figure A9 Distribution of length at birth (in) in the elderly men and women
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Figure A10 Distribution of head to abdominal circumference ratio at birth in the elderly men

and women
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Figure A11 Distribution of head circumference to length ratio at birth in the elderly men and

women
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Figure A12 Distribution of ponderal index at birth (0z/in® x 10000 ) in the elderly men and

women
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Figure A13 Distribution of placental weight at birth (g) in the elderly men and women
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Figure A14 Distribution of placenta to birth weight ratio in the elderly men and women
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Figure A15 Distribution of gestational age at birth (days) in the elderly men and women
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Figure A16 Distribution of systolic blood pressure (mmHg) in the elderly men and women
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Figure A17 Distribution of diastolic blood pressure (mmHg) in the elderly men and women
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Figure A18 Distribution of aorta to femoral pulse wave velocity (m/sec) in the elderly men

and women
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Figure A19 Distribution of aorta to radial pulse wave velocity (m/sec) in the elderly men

and women
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Figure A20 Distribution of aorta to foot pulse wave velocity (m/sec) in the elderly men

and women
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Figure A21 Distribution of femoral to foot pulse wave velocity (m/sec) in the elderly men

and women

70

& e < L & 77 7 7 7
» 2 e e R T e T Yy Y T

Femaral to Foot Pulse Wave Velocity (m/sec)

136



Appendix B Local Research Ethics Committee Summary
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Crawley Research Ethics Committee
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Appendix C  Raw data from the young adult’s study

Figure C1 Distribution of height (cm) in the young adults
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Figure C2 Distribution of weight (kg) in the young adults

70

450 650 850 105.0 1250 1450
S50 750 950 1150 1350 155.0

weight (kg)

138



Figure C3 Distribution of body mass index (kg/m?) in the young adults
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Figure C4 Distribution of age (years) in the young adults
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Figure C5 Distribution of weight at birth (kg) in the young adults
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Figure C6 Distribution of head circumference at birth (cm) in the young adults
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Figure C7 Distribution of length at birth (cm) in the young adults
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C8 Distribution of head circumference to length ratio at birth in the young adults
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Figure C9 Distribution of ponderal index at birth (kg/m3) in the young adults
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Figure C10 Distribution of placental weight at birth (g) in the young adults
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Figure C11 Distribution of placenta to birth weight ratio in the young adults
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Figure C12 Distribution of gestational age at birth (days) in the young adults
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Figure C13 Distribution of systolic blood pressure (mmHg) in the young adults
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Figure C14 Distribution of diastolic blood pressure (mmHg) in the young adults
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Figure C15 Distribution of aorta to radial pulse wave velocity (m/sec) in the young adults
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Figure C16 Distribution of aorta to foot pulse wave velocity (m/sec) in the young adults
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Appendix D  Raw data from the children’s study

Figure D1 Distribution of height (cm) in the children
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Figure D2 Distribution of weight (kg) in the children

10

260 28.0 300 320 340 360 3B0 400 420 440 460 480 50.0 520 540 560 580

Weight (kg)

146



Figure D3 Distribution of body mass index (kg/m?) in the children
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Figure D4 Distribution of weight at birth (kg) in the children

16

2.00 225 250 275 3.00 3.25 3.50 3.75 4.00 425 4.50 475 5.00

Birth Weight (kg)

147



Figure D5 Distribution of head circumference at birth (cm) in the children
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Figure D6 Distribution of chest circumference at birth (cm) in the children
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Figure D7 Distribution of abdominal circumference at birth (cm) in the children

14

31.0 320 330 340 350 36.0 370 380 39.0 40.0 410 420 430 440

Abdominal Circumference (cm)

Figure D8 Distribution of length at birth (cm) in the children
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Figure D9 Distribution of head to abdominal circumference ratio at birth in the children
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Figure D10 Distribution of head circumference to length ratio at birth in the children
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Figure D11 Distribution of ponderal index at birth (kg/m®) in the children
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Figure D12 Distribution of placental weight at birth (g) in the children
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Figure D13 Distribution of placenta to birth weight ratio in the children
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Figure D14 Distribution of gestational age at birth (days) in the children

16

2600 2650 2700 2750 280.0 285.0 2900 2950 300.0

Gestational Age (days)

152



Figure D15 Distribution of systolic blood pressure (mmHg) in the children
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Figure D16 Distribution of diastolic blood pressure (mmHg) in the children
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Figure D17 Distribution of aorta to femoral pulse wave velocity (m/sec) in the children
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Figure D18 Distribution of aorta to radial pulse wave velocity (m/sec) in the children
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Figure D19 Distribution of aorta to foot pulse wave velocity (m/sec) in the children
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Figure D20 Distribution of femoral to foot pulse wave velocity (m/sec) in the children

12

10

5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00 13.00
5.50 6.50 7.50 8.50 9.50 10.50 11.50 12.50 13.50

Femoral to Foot Pulse Wave Velocity (m/sec)

155



References

1.

10.

11.

12.

13.

Barker DJP, Winter PD, Osmond C, Margrets B, Simmonds SJ. Weight gain in infancy and
death from ischaemic heart disease. Lancet 1989;577-580.

Barker DJP, Osmond C, Simmonds SJ, Wield GA. The relation of small head circumference
and thinness at birth to death from cardiovascular disease in adult life. British Medical
Journal 1993;306:422-426.

Osmond C, Barker DJP, Winter PD, Fall CHD, Simmonds SJ. Early growth and death from
cardiovascular disease in women. British Medical Journal 1993;307:1519-1524.

Osmond C, Eriksson JG, Tuomilehto J, Teramo K, Barker DJP. Mother's weight in
pregnancy and coronary heart disease in a cohort of Finnish men: follow up study. British
Medical Journal 1997;315:837-840.

Frankel S, Elwood P, Sweetnam P, Yarnell J, Davey Smith G. Birth weight, body-mass index
in middle age, and incident coronary heart disease. Lancet 1996;348:1478-1480.

Koupilova |, Leon D. Birth weight and mortality from ischaemic heart disease and stroke in
Swedish men aged 50-74 years. Journal of Epidemiology and Community Health
1996;50:592(Abstract)

Stein CE, Fall CHD, Kumaran K, Osmond C, Cox V, Barker DJP. Fetal growth and coronary
heart disease in South India. Lancet 1996;348:1269-1273.(Abstract)

Rich-Edwards J, Stampfer MJ, Manson JE, et al. Birth weight, breast feeding and the risk of
coronary heart disease in the nurses health study. American Journal of Epidemiology

1995;141:578

Martyn CN, Barker DJP, Osmond C. Mothers' pelvic size, fetal growth and death from stroke
and coronary heart disease in men in the UK. Lancet 1996;348:1264-1268.(Abstract)

Barker DJP. Mothers, babies and health in later life. London: Churchill Livingstone, 1998;

Law CM, de Swiet M, Osmond C, et al. Initiation of hypertension in uteroc and its

amplification throughout life. British Medical Journal 1993;306:24-27.

Barker DJP. 4: Blood Pressure. In: Mothers, Babies, and Disease in Later Life. London: BMJ

publishing group, 1994;53-64.

Barker DJP, Osmond C, Golding J, Kuh D, Wadsworth MEJ. Growth in utero, blood
pressure in childhood and adult life, and mortality from cardiovascular disease. British
Medical Journal 1989;298:564-567.

156



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Hales CN, Barker DJP, Clark PMS, et al. Fetal and infant growth and impaired glucose
tolerance at age 64. British Medical Journal 1991;303:1019-1022.

Barker DJP, Martyn CN, Osmond C, Hales CN, Fall CHD. Growth in utero and serum
cholesterol concentrations in adult life. British Medical Journal 1993;307:1524-1527.

Barker DJP, Meade TW, Fall CHD, et al. Relation of fetal and infant growth to plasma
fibrinogen and factor VIl concentrations in adult life. British Medical Journal 1992;304:148-

152.

Martyn CN, Meade TW, Stirling Y, Barker DJP. Plasma concentrations of fibrinogen and
factor VIl in adult life and their relation to intra-uterine growth. British Journal of
Haematology 1995;89:142-146.

Stamler J, Stamier R, Neaton JD. Blood pressure, systolic and diastolic, and cardiovascular

risks. Archives of International Medicine 1993;153:598-615.

Law CM, 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-

941.

Launer LJ, Hofman A, Grobbee DE. Relation between birth weight and blood pressure:
fongitudinal study of infants and children. British Medical Journal 1993;307:1451-1454.

Seidman DS, Laor A, Gale R, Stevenson DK, Mashiach S, Danon YL. Birth weight, current

body weight, and blood pressure in late adolescence. British Medical Journal

1991,302:1235-1237.

Woelk GB. Is low birth weight a risk factor for adult hypertension? South African Medical
Journal 1995;85:1348-1353.

Persson E, Jansson T. Low birth weight is associated with elevated adult blood pressure in

the chronically catheterised guinea pig. Acta Physiologica Scandinavica 1992;145:195-196.

Langley SC, Jackson AA. Increased systolic blood pressure in adult rats induced by fetal
exposure to maternal low protein diets. Clinical Science 1994,;86:217-222.

Law CM, Barker DJP, Bull AR, Osmond C. Maternal influences on blood pressure. Archives
of Disease in Childhood 1991;66:1291-1295.

Williams S, St George IM, Silva PA. Intrauterine growth retardation and blood pressure at

age seven and eighteen. Joumnal of Clinical Epidemiology 1992;45:1257-1263.

157



27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Barker DJP, Bull AR, Osmond C, Simmonds SJ. Fetal and placental size and risk of
hypertension in adult life. British Medical Journal 1990;301:259-262.

Martyn CN, Barker DJP, Jespersen S, Greenwald S, Osmond C, Berry C. Growth in utero,
adult blood pressure, and arterial compliance. British Heart Journal 1995;73:116-121.

Taylor SJC, Whincup PH, Cook DG, Papacosta O, Walker M. Size at birth and blood
pressure: cross sectional study in 8-11 year old children. British Medical Journal
1997;314:475-480.

Barker DJP, Gluckman PD, Godfrey KM, Harding JE, Owens JA, Robinson JS. Fetal
nutrition and cardiovascular disease in adult life. Lancet 1993;341:938-941.

Moore VM, Miller AG, Boulton TJC, et al. Placental weight, birth measurements, and blood
pressure at age 8 years. Archives of Disease in Childhood 1996;74:538-541.

Lever AF, Harrap SB. Essential hypertension: a disorder of growth with origins in childhood?

Journal of Hypertension 1992;10:101-120.

Rabkin SW, Mathewson FA, Tate RB. Relaticnship of blood pressure in 20-39-year-old men
to subsequent blood pressure and incidence of hypertension over a 30-year observation
period. Circulation 1982;65:291-300.

de Swiet M, Fayers P, Shinebourne EA. Value of repeated blood pressure measurements in

children - the Brompton study. British Medical Journal 1980;1567-1569.

Lauer RM, Clarke WR, Beaglehole R. Level, trend, and variability of blood pressure during
childhood: the Muscatine study. Circulation 1984;69:242-249.

Rosner B, Hennekens C, Kass EH, Miall WE. Age-specific correlation analysis of

fongitudinal blood pressure data. American Journal of Epidemiology 1977;106:306-313.

Winick M. Cellular changes during placental and fetal growth. American Journal of

Obstetrics and Gynaecology 1971;109:166-176.

Holmes GE, Miller HC, Hassanein K, Lansky SB, Goggin JE. Postnatal somatic growth in
infants with atypical fetal growth patterns. American Journal of Disease in Childhood

1977;131:1078-1083.

Pollack RN, Divon MY. Intrauterine growth retardation: definition, classification and

aetiology. Clinical Obstetrics and Gynaecology 1992;35:99-107.

Villar J, Belizan JM. The timing factor in the pathophysiology of the intrauterine growth
retardation syndrome. Obstetrical and Gynaecological Survey 1982;37:499-506.

158



41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Chiswick ML. Intrauterine growth retardation. British Medical Journal 1985;291:845-848.

Lin C, Su S, River LP. Comparison of associated high risk factors and perinatal outcome
between symmetric and asymmetric fetal intrauterine growth retardation. American Journal
of Obstetrics and Gynaecology 1991;164:1535-1542.

Klopper A, Diczfalusy E. Fetus and placenta. Oxford: Blackwell Scientific Publications, 1969;

Everitt GC. Maternal undernutrition and retarded fetal development in Merino sheep. Nature
1964,201:1341-1342.

Wallace AM. The growth of lambs before and after birth in relation to the level of nutrition.
Journal of Agricultural Science 1984,38:243-302.

McCrab GJ, Egan AR, Hosking BJ. Maternal undernutrition during mid-pregnancy in sheep.
Placental size at its relationship to calcium transfer during late pregnancy. British Journal of

Nutrition 1991,65:157-168.

Faichney GJ, White GA. Effects of maternal nutritional status on fetal and placental growth

and on fetal urea synthesis in sheep. Australian Journal of Biological Science 1987; 40:365-
377.

deGrauw TJ, Myers RE, Scott WJ. Fetal growth retardation in rats from different levels of
hypoxia. Biology of the Neonate 1986;49:85-89.

Beischer NA, Sivasamboo R, Vohra S, Silpisornkosal S, Reid S. Placental hypertrophy in
severe pregnancy anaemia. The Journal of Obstetrics and Gynaecology of the British
Commonwealth 1970;77:398-409.

Godfrey KM, Redman CWG, Barker DJP, Osmond C. The effects of maternal anaemia and
iron deficiency on the ratio of fetal weight to placental weight. British Journal of Obstetrics
and Gynaecology 1991,98:886-891.

Widdowson EM. Immediate and long term consequences of being large or small at birth: a
comparative approach. In: Elliot K, Knight J, Eds. Size at birth. Holland: Elsevier, 1974,65-

82.

Bauer R, Walter B, Hoppe A, et al. Body weight distribution and organ size in newborn swine
(sus scrofa domestica) - A study describing an animal model for asymmetric intrauterine

growth retardation. Experimental Toxicology and Pathology 1998;50:59-65.

Widdowson EM, McCance RA. A review : New thoughts on growth. Paediatric Research

1975;9:154-156.

159



54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

O'Rourke MF. Mechanical Principles in Arterial Disease. Hypertension 1995;26:2-9.

Rushmer RF. The Arterial system: Arteries and Arterioles. In: Ruch TC, Patton HD, Eds.
Physioclogy and Biophysics. London: WB Saunders, 1960;600-616.

Safar ME, Levy BI, Laurent S, London GM. Hypertension and the arterial system: clinical

and therapeutic aspects. Journal of Hypertension 1990;8 (suppl 7):5113-S119

Belz GG. Elastic properties and windkessel function of the human sorta. Cardiovascular
Drugs and Therapy 1995;9:73-83.

Greenwald SE. Elasticity of Blood Vessels. 1996;(Unpublished)

Nichols WW, O'Rourke MF. McDonalds Blood Flow in Arteries. Theoretical, experimental

and clinical principles. London: Edward Arnold, 1990;

Greenwald S, Denyer HT, Sobeh MS. Non invasive measurement of vascular compliance by

a photoplethysmographic technique. SPIE Proceedings 1997;2970:89-97.

Arnett DK, Evans GW, Riley WA. Arterial Stiffness: A new cardiovascular risk factor?
American Journal of Epidemiology 1994;140:669-682.

Lehmann ED. Pulse wave velocity as a marker of vascular disease. Lancet 1996;348:744

Wada T, Kodaira K, Fujishiro K, et al. Correlation of ultrasound-measured common carotid
artery stiffness with pathological findings. Arteriosclerosis and Thrombosis 1994;14:479-
482.

Stefanadis C, Wooley CF, Bush CA, Kolibash AJ, Boudoulas H. Aortic distensibility

abnormalities in coronary artery disease. American Journal of Cardiology 1987,59:1300-

1304.

Dart AM, Lacombe F, Yeoh JK, et al. Aortic distensibility in patients with isolated
hypercholesterolaemia, coronary artery disease or cardiac transplant. Lancet

1991,338:270-273.

Simonson E, Nakagawa K. Effect of age on pulse wave velocity and aortic ejection time in

healthy men and in men with coronary artery disease. Circulation 1960;22:126-129.

Bogren HG, Mohiaddin RH, Klipstein RK, et al. The function of the aorta in ischaemic heart
disease: A magnetic resonance and angiographic study of aortic compliance and blood flow

patterns. American Heart Journal 1989;118:234-247.

160



68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Hirai T, Sasayama S, Kawasaki T, Yagi S. Stiffness of systemic arteries in patients with
myocardial infarction. A non-invasive method to predict severity of atherosclerosis.
Circulation 1989;80:78-86.

Lehmann ED, Hopkins KD, Jones RL, Rudd AG, Gosling RG. Aortic distensibility in patients

with cerebrovascular disease. Clinical Science 1995;89:247-253,

Relf IRN, Lo CS, Myers KA, Wahlgvist ML. Risk factors for changes in aorto-iliac arterial
compliance in healthy men. Arferiosclerosis 1986;6:105-108.

Wahlqvist ML, Lo CS, Myers KA, Simpson RW, Simpson JM. Putative determinants of
arterial wall compliance in NIDDM. Diabetes Care 1988;11:787-790.

Pillsbury HC, Wellington H, Kyle MC, Freis ED. Arterial pulse waves and velocity and
systolic time intervals in diabetic children. American Heart Journal 1974;87:783-790.

London GM, Marchais SJ, Safar ME. Arterial compliance in hypertension. Journal of Human

Hypertension 1989;3:53-56.

Lehmann ED. Clinical value of aortic pulse wave velocity measurement. Lancet
1999;354:528-529.

Roy CS. The elastic properties of the artery wall. Journal of Physiology (London)
1880;3:125-259.

Randall OS, Van den Bos GC, Westerhof N. Systemic compliance: does it play a role in the
genesis of essential hypertension? Cardiovascular Research 1984;18:455-462.

Cunha RS, Benetos A, Laurent S, Safar ME, Asmar RG. Distension capacity of the carotid
artery and ambulatory blood pressure monitoring. American Journal of Hypertension
1995;8:343-352.

Armentano R, Simon A, Levenson J, Chau NP, Megnien JL, Pichel R. Mechanical pressure
versus intrinsic effects of hypertension on large arteries in humans. Hypertension
1991;18.657-664.

Simon A, Levenson J. Use of arterial compliance for evaluation of hypertension. American

Journal of Hypertension 1991,;4:97-105.

Ventura H, Messerli FH, Qigman W, et al. Impaired systemic arterial compliance in

borderline hypertension. American Heart Journal 1984;108:132-136.

161



81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Simon AC, Laurent S, Levenson JA, Bouthier JE, Safar ME. Estimation of forearm arterial
compliance in normal and hypertensive men from simultaneous pressure and flow
measurements in the brachial artery, using a pulsed Doppler device and a first-order arterial
model during diastole. Cardiovascular Research 1983;17:331-338.

Lui Z, Ting CT, Zhu S, Yin FCP. Aortic compliance in human hypertension. Hypertension
1989;14:129-136.

Slama M, Safavian A, Tual JL, Laurent S, Safar ME. Effects of antihypertensive drugs on
large artery compliance. Netherlands Journal of Medicine 1995:47:162-168.

Sandberg LB, Soskel NT, Leslie JG. Elastin structure, biosynthesis, and relation to disease

states. New England Journal of Medicine 1981;304:566-579.

Sage H. The evolution of elastin: correlation of functional properties with protein structure
and phylogenetic distribution. Comparative Biochemistry and Physiology 1983;74B:373-

380.

Rosenbloom J. Biology of disease. Elastin: Relation of protein and gene structure to

disease. Laboratory Investigation 1984;51:605-623.

Mecham RP, Hueser JE. The elastic fibre. In: Hay ED, ed. Cell Biology of the Extracellular
Matrix. New York: Plenum Press, 1991,79-1009.

Rodbard S. Negative feedback mechanisms in the architecture and function of the
connective and cardiovascular tissues. Connective and Cardiovascular Tissues

Perspectives in Biology and Medicine 1970;507-524.

Gosline JM, Rosenbloom J. Elastin. In: Piez KA, Reddi AH, eds. Extracellular matrix

biochemistry. New York: Elsevier, 1984;191-227.

Kreis T, Vale R. Elastin. In: Guidebook to the extracellular matrix and adhesion proteins.

Oxford: Oxford University Press, 1993;50-51.

Langille BL. Arterial remodelling : relation to haemodynamics. Canadian Journal of

Physiology and Pharmacology 1996;74:834-841.

Roach MR, Burton AC. The reason for the shape of the distensibility curves of arteries.

Canadian Journal of Biochemistry and Physiology 1957;35:681-690.

Davidson JM, Hill KE, Alford JL. Developmental changes in collagen and elastin

biosynthesis in the porcine aorta. Developmental Biology 1986;118:103-111.

162



94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Song SH, Park HW. Development of elastin layers in the aortic wall of human fetuses.
Yonsei Medical Journal 1992;33:337-343.

Wolinsky H, Glagov S. A lamellar unit of aortic medial structure and function in mammals.
Circulation Research 1967;20:99-111.

Franzblau C, Faris B. Elastin. In: Hay ED, ed. Cell biology of extracellular matrix. London:

Plenum press, 1981;65-93.

Jensen JG, Bertelsen Sv. Histochemical studies on elastic membranes of fetal human

aortas. Acta Pathologica 1960;51:241-249.

Bendeck MP, Langille BL. Rapid accumulation of elastin and collagen in the aortas of sheep

in the immediate perinatal period. Circulation Research 1991;69:1165-1169.

Martyn CN, Greenwald SE. Impaired synthesis of elastin in walls of aorta and large conduit
arteries during early development as an initiating event in pathogenesis of systematic
hypertension. Lancet 1997;350:953-955.

Johnson DJ, Robson P, Hew Y, Keeley FW. Decreased elastin synthesis in normal
development and in long-term aortic organ and cell cultures is related to rapid and selective
destabilisation of mRNA for elastin. Circulation Research 1995;77:1107-1113.

Parks WC. Posttranscriptional regulation of lung elastin production. American Journal of

Respiratory Cell and Molecular Biology 1997;17:1-2.

Hsu-Wong S, Katchman SD, Ledo |, et al. Tissue specific and developmentally regulated
expression of human elastic promoter activity in transgenic mice. The Journal of Biological
Chemistry 1994;269:18072-18075.

Kucich U, Rosenbloom JC, Abrams WR, Bashir MM, Rosenbloom J. Stabilisation of elastin
mRNA by TGF-beta : Initial characterisation of signalling pathway. American Journal of

Respiratory Cell and Molecular Biology 1998;17:10-16.

Shapiro SD, Endicott SK, Province MA, Pierce JA, Campbell EJ. Marked longevity of human
lung parenchymal elastic fibres deduced from prevalence of D-aspartate and nuclear

weapons related radiocarbon. Journal of Clinical Investigation 1991;87:1828-1834.

Powell JT, Vine N, Crossman M. On the accumulation of D-aspartate in elastin and other

proteins of the ageing aorta. Atherosclerosis 1992;97:201-208.

Davis EC. Stability of elastin in the developing mouse aorta: a quantitative radioautographic
study. Histochemistry 1993;100:17-26.

163



107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Berry CL, Looker T. An alteration in the chemical structure of the aortic wall induced by a

finite period of growth inhibition. Journal of Anatomy 1973;114:83-94.

Berry CL, Gosling RG, Laogun AA, Bryan E. Anomalous iliac compliance in children with a
single umbilical artery. British Heart Journal 1976;38:510-515.

Meyer WW, Lind J. lliac arteries in children with a single umbilical artery. Structure,
calcifications and early atherosclerotic lesions. Archives of Disease in Childhood
1974;49:671-679.

Cattell MA, Anderson JC, Hasleton PS. Age related changes in amounts of collagen and

elastin in normotensive human thoracic aorta. Clinica Chimica Acta 1996;245:73-84.

O'Rourke MF. Ageing and arterial function. In: Arterial function in health and disease.

Edinburgh: Churchill Livingstone, 1982;185-209.

Smulyan H, Csermely TJ, Mookherjee S, Warner RA. Effect of age on arterial distensibility in

asymptomatic humans. Arteriosclerosis 1983;3:199-205.

Hallock P. Arterial elasticity in man in relation to age as evaluated by the pulse wave velocity
method. Archives of International Medicine 1934,;770-798.

Sonesson B, Hansen F, Stale H, Lanne T. Compliance and diameter in the human

abdominal aorta - the influence of age and sex. European Journal of Vascular Surgery

1993;7:690-697.

Learoyd BM, Taylor MG. Alterations with age in the viscoelastic properties of human arterial
walls. Circulation Research 1966;18:278-292.

Newman DL, Lallemand RC. The effect of age in the distensibility of the abdominal aorta of

man. Surgery, Gynaecology and Obstetrics 1978;147:211-213.

Monnier M. Changes in pulse wave velocity in man: a longitudinal series over 20 years.
Experentia 1987;43:378-381.

Avolio AP, Fa-Quan D, Wei-Qiang L, et al. Effects of ageing on arterial distensibility in
populations with high and low prevalence of hypertension: comparison between urban and

rural communities in China. Circulation 1985;71:202-210.

Keeley FW, Bartoszewicz LA. Elastin in systemic and pulmonary hypertension. In: The

molecular biology and pathology of elastic tissues. Chichester: Wiley, 1995;259-273.

Berry CL, Greenwald SE. Effects of hypertension on the static mechanical properties and

chemical composition of the rat aorta. Cardiovascular Research 1976;10:437-451.

164



121. Todorovich-Hunter L, Johnson DJ, Ranger P, Keeley FW, Rabinovitch M. Altered elastin and
collagen synthesis associated with progressive pulmonary hypertension induced by
monocrotaline. A biochemical and ultrastructural study. Laboratory Investigation
1988;58:184-195.

122, Keeley FW, Alatawi A. Response of aortic elastin synthesis and accumulation to developing
hypertension and the inhibitory effects of colchicine on this response. Laboratory
Investigations 1991,64:499-507.

123. Leitschuh M, Chobanian A. Vascular changes in hypertension. Medical Clinics of North
America 1987; 71:827-841.

124. Burton AC. Walls of the blood vessels and their function. In: Physiology and biophysics of
the circulation. Chicago: Year book medical publishers, 1971;72-83.

125. Callaghan FJ, Geddes LA, Babbs CF, Bourland JD. Relationship between pulse wave
velocity and arterial elasticity. Medical and Biological Engineering and Computing

1986,;248-254.

126. Greenwald S, Newman DL, Bowden LR. Comparison between theoretical and directly
measured pulse propagation velocities in the aorta of the anaesthetised dog.
Cardiovascular Research 1978;12:407-414.

127. Laogun AA, Gosling RG. In vivo arterial compliance in man. Clinical Physics and

Physiological Measurements 1982;3:201-212.

128. Higgins JL, Fronek A. Photoplethysmographic evaluation of the relation between skin
reflectance and skin blood volume. Journal of Biomedical Engineering 1986;8:130-136.

129. Greenwald S, Denyer HT, Martyn CN, Bonner SE. Description and validation of a device to

measure pulse wave velocity by an optical method. (Unpublished)

130. Kontis S, Gosling RG. On-line Doppler ultrasound measurements of aortic compliance and
its repeatability in normal subjects. Clinical Physics and Physiological Measurements

1989;10:127-135.

131. Newman DL, Sipkema P, Greenwald S, Westerhof N. High frequency characteristics of the
arterial system. Journal of Biomechanics 1986;19:817-824.

132. Bland JM, Altman DG. Statistical methods for assessing agreement between two methods of

clinical measurement. Lancet 1986;307-310.

133. Barker DJP, Rose G. Epidemiology in medical practice. London: Churchill Livingstone,
1990;

165



134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

O'Rourke MF. Arterial stiffness, systolic blood pressure, and logical treatment of arterial
hypertension. Hypertension 1990;15:339-347.

Rose GA, Blackburn H. Cardiovascular Survey Methods. Geneva: World Health
Organisation, 1968;

Prineas RJ, Crow RS, Blackburn H. The Minnesota code manual for electrocardiographic
findings: standards and procedures for measurement and classification. Boston: John
Wright, 1982;

Walker BR, McConnachie A, Noon JP, Webb DJ, Watt GCM. Contribution of parental blood
pressure to association between low birth weight and adult high blood pressure: cross
sectional study. British Medical Journal 1998;316:834-837.

Walther FJ, Ramaekers LHJ. Growth in early childhood of newborns affected by
disproportionate intrauterine growth retardation. Acta Paediatrica Scandinavica
1982;71:651-656.

Barker DJP, Gluckman PD, Godfrey KM, Harding JE, Owens DR, Robinson JS. Fetal

nutrition and cardiovascular disease in adult life. Lancet 1993;341:938-941.

Eliakim M, Sapoznikov D, Weinman J. Pulse wave velocity in healthy subjects and in

patients with various disease states. American Heart Journal 1971,82:448-457.

Gudbrandsson T, Julius S, Krause L, et al. Correlates of the estimated arterial compliance in

the population of Tecumseh, Michigan. Blood Pressure 1992;1:27-34.

Cunha RS, Pannier B, Benetos A, et al. Association between high heart rate and high
arterial rigidity in normotensive and hypertensive subjects. Journal of Hypertension
1997;15:1423-1430.

Smulyan H, Marchais SJ, Pannier B, Guerin AP, Safar M, London GM. Influence of body
height on pulsatile arterial haemodynamic data. Journal of the American College of

Cardiology 1998;31:1103-1109.

Cameron JD, Rajkumar C, Kingwell BA, Jennings GL, Dart AM. Higher systemic arterial
compliance is associated with greater exercise time and lower blood pressure in a young

older population. Journal of the American Geriatrics Society 1999;47:656

Levenson J, Simon A. Heterogeneity of response of peripheral arteries to antihypertensive

drugs in essential hypertension. Basic effects and functional consequences. Drugs 1988;

35:34-39.

166



146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

McLean CE, Clason WPC, Stoughton PV. The peripheral pulse as a diagnostic tool.
Angiology 1964;15:221-231.

Phillips AN, Shaper AG, Pocock SJ, Walker M, MacFarlane PW. The role of risk factors in
heart attacks occurring in men with pre-existing ischaemic heart disease. British Heart
Journal 1988;60:404-410.

The coronary drug project research group. Blood pressure in survivors of myocardial
infarction. Journal of the American College of Cardiology 1984;4:1135-1147.

Davidson JM, Hill KE, Mason ML, Giro MG. Longitudinal gradients of collagen and elastin
gene expression in the porcine aorta. The Journal of Biological Chemistry 1985;260:1901-

1908.

Gluckman PD, Harding JE. Fetal growth retardation: underlying endocrine mechanisms and

postnatal consequences. Acta Paediatrica 1997;Suppl 422:69-72.

Han VKM, Hill DJ. Growth factors in fetal growth. In: Thorburn GD, Harding R, Eds.
Textbook of fetal physiology. Oxford: Oxford University Press, 1994;48-69.

Nieto-Diaz A, Villar J, Matorras-Weining R, Valenzuela-Ruiz P. Intrauterine Growth
retardation at term: association between anthropometric and endocrine parameters. Acta

Obstetrica et Gynecologica Scandinavica 1996;75:127-131.

Leger J, Noel M, Limal JM, Czernichow P. Growth factors and intrauterine growth
retardation. Il. Serum Growth Hormone, Insulin-Like Growth Factor (IGF) |, and IGF Binding
Protein 3 levels in children with intrauterine growth retardation compared with normal control
subjects: prospective study from birth to two years of age. Paediatric Research
1996;40:101-107.

Hill DJ, Tevaarwerk GJ, Cadell C, Arany E, Kilkenny D, Gregory M. Fibroblast growth factor
2 is elevated in term maternal and cord serum and amniotic fluid in pregnancies complicated
by diabetes: relationship to fetal and placental size. Journal of Clinical Endocrinology and
Metabolism 1995;80:2626-2632.

Jones CT, Lafber HN, Roebuck MM. Studies on growth of the fetal guinea pig. Changes in
plasma hormone concentration during normal and abnormal growth. Journal of
Developmental Physiology 1984;6:461-472.

Parker CR, Buchina ES, Barefoot TK. Abnormal steroidogenesis in growth-retarded

newborn infants. Paediatric Research 1994;35:633-636.

167



157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

Keeley FW, Johnson DJ. Age differences in the effect of hydrocortisone on the synthesis of
insoluble elastin in the aortic tissue of growing chicks. Connective Tissue Research
1987;16:259-268.

Barrineau LL, Rich CB, Przybyla A, Foster JA. Differential expression of aortic and lung

elastin genes during chick embryogenesis. Developmental Biology 1981;87:46-51.

Bendeck MP, Keeley FW, Langille BL. Perinatal accumulation of arterial wall constituents:
relation to haemodynamic changes at birth. American Journal of Physiology
1994;667:H2268-H2279

Smith-Mungo LI, Kagan HM. Lysyl oxidase: properties, regulation and multiple functions in
biology. Matrix Biology 1998;16:387-398.

de Swiet M, Fayers P, Shinebourne EA. Blood pressure in the first 10 years of life: the
Brompton study. British Medical Journal 1992;304:23-26.

Kolacek S, Kapetanovic T, Luzar V. Early determinants of cardiovascular risk factors in
adults. B. Blood Pressure. Acta Paediatrica 1993;82:377-382.

Zureik M, Bonithon-Kopp C, Lecomte E, Siest G, Ducimetiere P. Weights at birth and in
early infancy, systolic pressure, and left ventricular structure in subjects aged 8 to 24 years.
Hypertension 1997;27:339-345.

Uiterwaal CSPM, Anthony S, Launer LJ, et al. Birth weight, Growth, and Blood Pressure. An
annual follow-up study of children aged 5 through 21 years. Hypertension 1997;30:267-271.

Moore VM, Cockington RA, Ryan P, Robinson JS. The relationship between birth weight
and blood pressure amplifies from childhood to adulthood. Journal of Hypertension
1999;17:883-888.

Barker DJP, Godfrey KM, Osmond C, Bull A. The relation of fetal length, ponderal index and
head circumference to blood pressure and the risk of hypertension in adult life. Paediatric

and Perinatal Epidemiology 1992;6:35-44.

Forrester TE, Wilks RJ, Bennett FI, et al. Fetal growth and cardiovascular risk factors in

Jamaican school children. British Medical Journal 1996;312:156-160.

Hashimoto N, Kawasaki T, Kikuchi T, Takahashi H, Uchiyama M. The relationship between
the intrauterine environment and blood pressure in 3 year old Japanese children. Acta

Paediatrica 1996;85:132-138.

168



169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

Siewert-Delle A, 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. American Journal of
Hypertension 1998;11:946-953.

Dawes. Fetal and neonatal physiology. Chicago: Year Book Medical Publishers, 1968;

Gluckman PD, Sizonenko SV, Bassett NS. The transition from fetus to neonate - an

endocrine perspective. Acta Paediatrica 1999;suppl 428:7-11.

Li J, Owens JA, Saunders JC, Fowden AL, Gilmour RS. The ontogeny of hepatic growth
hormone receptor and insulin like growth factor 1 gene expression in sheep fetus during late

gestation: developmental regulation by cortisol. Endocrinology 1996;137 :1650-1657.

Godfrey KM, Forrester T, Barker DJP, et al. Maternal Nutrition Status in Pregnancy and
Blood Pressure in Childhood. British Journal of Obstetrics and Gynaecology 1994;101:398-

403.

Whincup P, Cook D, Papacosta O, Walker M. Birth weight and blood pressure : cross
sectional and longitudinal relations in childhood. British Medical Journal 1995;311:773-776.

McCrab GJ, Egan AR, Hosking BJ. Maternal undernutrition during mid-pregnancy in sheep:
variable effects on placental growth. Journal of Agricultural Science 1992;118:127-132.

Campbell AGM, Dawes GS, Fishman AP, Hyman Al. Regional redistribution of blood flow in
the mature fetal lamb. Circulation Research 1967;21.:229-235.

Wheeler T, Sollero C, Alderman S, Landen J, Anthony F, Osmond C. Relation between
maternal haemoglobin and placental hormone concentrations in early pregnancy. Lancet
1994;343:511-513.

Edwards CRW, Benediktsson R, Lindsay RS, Seckl JR. Dysfunction of placental
glucocorticoid barrier: link between fetal environment and adult hypertension? Lancet

1993;341:355-357.

Rizzo G, Arduini D. Fetal cardiac function in intrauterine growth retardation. American

Journal of Obstetrics and Gynaecology 1991;165:876-882.

Al-Ghazali W, Chita SK, Chapman MG, Allan LD. Evidence of redistribution of cardiac output
in asymmetrical growth retardation. British Journal of Obstetrics and Gynaecology

1989,96:697-704.

Langille BL, Bendeck MP, Keeley FW. Adaptations of carotid arteries of young and mature
rabbits to reduced carotid blood flow. American Journal of Physiology 1989;25 :H931-H939

169



182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

Benediktsson R, Lindsay RS, Noble J, Seckl JR, Edwards CRW. Glucocorticoid exposure in
utero: new model for adult hypertension. Lancef 1993;341:339-341.

Woodall SM, Johnston BM, Breier BH, Gluckman PD. Chronic maternal undernutrition in the
rat leads to delayed postnatal growth and elevated blood pressure in offspring. Paediatric
Research 1996;40:438-443.

Langley-Evans SC, Welham SJM, Jackson AA. Fetal exposure to maternal low protein diet

impairs nephrogenesis and promotes hypertension in the rat. Life Sciences 1999;64 :965-

974.

Langley-Evans SC, Nwagwu M. Impaired growth and increased glucocorticoid-sensitive
enzyme activities in tissue of rat fetuses exposed to maternal low protein diets. Life
Sciences 1998;63:605-615.

Langley-Evans SC, Gardner DS, Jackson AA. Maternal protein restriction influences the
programming of the rat hypothalamic-pituitary-adrenal axis. Journal of Nutrition
1996;1996:6-1578.

Neuman RE, Logan MA. The determination of collagen and elastin in tissues. Journal of

Biological Chemistry 1950;186:556

Neuman RE, Logan MA. The determination of hydroxyproline. Journal of Biological

Chemistry 1950;184:299-306.

Ho KC, Pang CP. Automated analysis of urinary hydroxyproline. Clinica Chimica Acta
1989;185:191-196.

Myers BA, Dubick MA, Gerreits J, et al. Protein deficiency: Effects on lung mechanics and
the accumulation of collagen and elastin in rat lung. Journal of Nutrition 1983;113:2308-

2315.

Sahebjami H, MacGee J. Effects of starvation on lung mechanics and biochemistry in young

and old rats. Journal of Applied Physiology 1985;58:778-784.

Kalenga M, Eeckhout Y. Effects of protein deprivation form the neonatal period on lung

collagen and elastin in the rat. Paediatric Research 1989;26:125-127.

Heaseman L, Clarke L, Stephenson TJ, Symonds ME. The influence of maternal nutrient
restriction in early to mid-pregnancy on placental and fetal development in sheep.
Proceedings of the Nutrition Society 1999;58:283-288.

170



194. Muaku SM, Beauloye V, Thissen JP, Underwood LE, Ketelslegers JM, Maiter D. Effects of
maternal protein malnutrition on fetal growth, plasma insulin-like growth factors, insulin-like
growth factor binding proteins and liver insulin-like growth factor gene expression in the rat.
Paediatric Research 1995;37:334-342.

195. Unwin N, Carr S, Leeson J. Weighing up the evidence from epidemiological studies. In: An
introduction study guide to public health and epidemiology. Buckingham: Open University
Press, 1997;58-68.

196. Spencer JA, Chang TC, Jones J, Robson SC, Preece MA. Third trimester fetal growth and
umbilical venous blood concentrations of IGF-1, IGFBP-1 and growth hormone at term.
Archives of Disease in Childhood 1995;73:F87-F30

197. Ueba H, Kawakami M, Yaginuma T. Shear stress as an inhibitor of smooth muscle cell
proliferation. Role of Transforming Growth Factor beta 1 and tissue type plasminogen

activator. Arteriosclerosis, Thrombosis and Vascular Biology 1997;17:1512-1516.

198. Marchais SJ, Guerin AP, Pannier B, Delavaud G, London GM. Arterial compliance and
blood pressure. Drugs 1993,46:82-87.

199. Westerhof N, O'Rourke MF. Haemodynamic basis for the development of left ventricular
failure in systolic hypertension and for its logical therapy. Journal of Hypertension
1995;13:943-952.

200. Badeer HS. Biological Significance of Cardiac Hypertrophy. The American Journal of
Cardiology 1964;14:133-138.

201. Bouthier JD, DelLuca N, Safar M, Simon A. Cardiac hypertrophy and arterial distensibility in
essential hypertension. American Heart Journal 1985;109:1345-1352.

202. Dahan M, Paillole C, Ferreira B, Gourgon R. Doppler echocardiographic study of the
consequences of ageing and hypertension on the left ventricle and aorta. European Heart
Journal 1990;11:39-45.

203. Watanabe H, Ohtsuka S, Kakihana M, Sugishita Y. Decreased aortic compliance aggravates
subendocardial ischaemia in dogs with stenosed coronary artery. Cardiovascular Research

1992;26:1212-1218.

204. O'Rourke MF. Hypertension. In: Arterial function in health and disease. Edinburgh: Churchill
Livingstone, 1982;210-232.

171



205.

206.

207,

208.

Farrar DJ, Green HD, Bond MG, Wagner WD, Gobbee RA. Aortic pulse wave velocity,
elasticity and composition in a non-human primate model of atherosclerosis. Circulation
Research 1978;43:52-62.

Darne B, Girerd X, Safar M, Cambien F, Guize L. Pulsatile versus steady component of
blood pressure: a cross sectional analysis and a prospective analysis on cardiovascular
mortality. Hypertension 1989;13:392-400.

Eik-Nes SH, Marsal K, Kristoffersen K,. Methodology and basic problems related to blood
flow studies in the human fetus. Ultrasound Med Biol 1984;10(3):329-337

. Boese JM. Bock M. Schoenberg SO. Schad LR. Estimation of aortic compliance using

magnetic resonance pulse wave velocity measurement. Physics in Medicine & Biology. Vol
45(6) (pp 1703-1713), 2000.

172



